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ABSTRACT 

Cardiovascular disease (CVD) is the leading cause of death in the United States, and 

hypertension has been recognized as a major contributor to its manifestation and progression. 

Vascular smooth muscle cells control the tone and elasticity of vessels and their dysfunction in 

hypertension contributes to arterial remodeling and subsequent end organ damage.  

Evidence has indicated that the Endoplasmic Reticulum (ER) Unfolded Protein Response 

(UPR) may be compromised in hypertension, while the contribution of protein aggregate 

formation (a main driver of UPR activation) is undefined. Glucose regulated protein-78 (GRP78), 

a residential ER chaperone, acts to aid in the proper folding of nascent peptides during 

translation, while also acting as the primary signal transducer for UPR. We hypothesize 

overexpression of GRP78 can protect against Angiotensin II induced protein aggregation in 

vascular smooth muscle cells (VSMCs) to reduce pathological ER UPR signaling and 

hypertensive vascular remodeling.  

To test this hypothesis, we investigated protein aggregate induction by Ang II stimulation as 

well as ER UPR activation, and if overexpression of the ER-resident chaperone glucose regulated 

protein 78 (GRP78) could protect against these as well as VSMC remodeling markers: 

hypertrophy, collagen production and inflammation. Utilizing pre-amyloid oligomer (PAO) 

immunofluorescence staining to identify Ang II induction of amyloid in VSMCs, we found 

amyloid accumulation was maximal at 48h post stimulation, which could be prevented with 

adenoviral overexpression of GRP78. Ang II significantly induced ER stress markers p-IRE1α, p-

PERK and cleaved ATF6 in VSMCs. Overexpression of GRP78 was able to attenuate these ER 

stress responders. Interestingly, shotgun proteomic analysis of triton X-100 insoluble aggregate 

fractions revealed proteostasis machinery enriched in Ang II treated VSMC aggregates (HSP70, 

VCP, CryAB), which were attenuated with GR78 overexpression. To investigate pathological 

VSMC remodeling markers, we found that Ang II induced VSMC collagen production, immune 
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cell adhesion, VCAM-1 expression, and hypertrophy (via protein synthesis) which was attenuated 

by GRP78 overexpression.  

Utilizing a VSMC-promoter derived GRP78 overexpression mouse model (GRP78TG 

SM22α Cre-/- or GRP78TG SM22α Cre+/-), we investigated the effect of ER stress inhibition on 

Ang II induced vascular remodeling. Importantly, hypertrophy and fibrosis in the aorta and the 

cardiac vasculature were assessed by Masson’s Trichrome and Sirius red staining and found to be 

increased in Cre-/- mice, while Cre+/- were significantly protected. These effects were 

accompanied with a significant reduction in Ang II-induced aortic amyloid burden (PAO) and ER 

UPR signaling. Blood pressure was monitored via tail cuff which revealed GRP78 Cre+/- mice 

were not protected against Ang II induced hypertension.  

Overall, these findings indicate that VSMC protein aggregation activates the ER stress 

response and contribute to hypertensive vascular remodeling. Furthermore, therapeutically 

targeting this mechanism via overexpression of GRP78 may elude new pharmacological 

interventions for arterial stiffness, while addressing fundamental questions about the mechanisms 

involved. 
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Cardiovascular Health and Disease 

Cardiovascular disease (CVD) is the leading cause of death in the United States1. 

Metabolic syndromes such as hypertension, hypercholesterolemia, obesity, and diabetes are major 

contributors to the manifestation and progression of negative clinical outcomes associated with 

CVD such as myocardial infarction, heart failure, and stroke2 . Ultimately when left untreated, 

these syndromes induce vascular dysfunction among other maladies that progress to multiple 

organ failure (i.e the brain, kidneys and importantly- the heart). In 2010, the American Heart 

Association (AHA) released an Impact Goal that included 2 objectives that would guide 

organizational priorities over the next decade. These were to (1) improve the cardiovascular 

health (CVH) of all Americans by 20%, while (2) reducing deaths from CVDs and stroke by 20% 

by the year 20203. The concept of CVH was introduced in this goal and characterized by 7 

components that the AHA termed “Life’s Simple 7”.  These include controlling healthy behaviors 

(diet quality, physical activity, smoking) and health factors (blood cholesterol, BMI, blood 

pressure, blood glucose).  

These goals were created not only to reduce the societal burden of CVD, but also 

financial burden. The average annual direct and indirect cost of CVD in the US was an estimated 

$378 billion in 2017-2018, which accounted for 12% of total US health expenditures, more than 

any other major diagnostic group3. A study by Cutler et al found that overall, increased use of 

lipid-lowering, antihypertensives, an antidiabetic medication over time accounted for a combined 

51% of the reduction in individual spending on CVD4. Further investigations into new 

therapeutics to reduce CVD will increase availability of healthcare expenditures for other groups 

while increasing healthspan and lifespan for patients.    

Hypertension Epidemiology 

Despite availability of current medications such as angiotensin receptor blockers (ARBs), 

β blockers and angiotensin converting enzyme (ACE) inhibitors; nearly half a million deaths in 

the United States included hypertension as a primary or contributing cause5. Nearly half of adults 
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in the US currently have hypertension (systolic blood pressure >130 mmHg, or diastolic >90 mg), 

and when looking at patients 60 and older, that rises to 65% of Americans. Of adults with 

hypertension, 53.5% do not have their condition under control, and a closer look at adults with 

uncontrolled hypertension reveals that 44.8% are on a treatment that does not successfully control 

their blood pressure 2, 6.  

It has become a consensus that controlling hypertension is difficult because it results 

from many chronic physiological maladaptations against various stressors. These include 

neurohormonal factors [norepinephrine/epinephrine, angiotensin II (Ang II), aldosterone, anti-

diuretic hormone or vasopressin], circulating or local bioactive substances derived from immune 

cells, adipose tissue, skeletal muscle and endothelial cells, mechanical stresses (arterial pressure 

and shear stress), intracellular accumulation of metabolites (carbon dioxide, hydrogen and 

potassium ions) and toxic molecules as well as dysfunctional organelles7-10.  These insults 

eventually leads to disruption of cellular homeostasis, likely contributing to worsened blood 

pressure control and hypertensive complications.  Sedentary lifestyle, excess caloric intake, 

obesity, hyperglycemia and aging likely exaggerate these processes.  It is therefore very 

important to better understand the molecular mechanisms by which affected organs, such as the 

vasculature, cope with “hypertensive” stressors at cellular and organelle levels. 

Animal Models of Hypertension and Limitations  

Animal models of primary hypertension have been developed and extensively reviewed 

elsewhere11.  The main experimental models include Ang II infusion, deoxycorticosterone acetate 

(DOCA)-salt, spontaneously hypertensive rats (SHR), and nitric oxide (NO) synthase inhibition 

via L-N-nitro arginine methyl ester (L-NAME).  The most cited model, chronic Ang II infusion, 

systemically activates the renin-angiotensin aldosterone system (RAAS) and sympathetic nervous 

system and depicts most of the end-organ injuries seen in human hypertension9.  Although studies 

with Ang II infusion have significantly contributed to our understanding of hypertension, the 

inability to mimic aging and other genetic or environmental stressors seen in human hypertension 
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is a limitation. In rodent models, “adult age” is usually between 6 and 20 weeks, likely 

contributing to the lack of translation into clinical outcomes 12.  To overcome these limitations, 

more rigorous studies have begun to combine multiple models such as aging, salt-sensitive 

hypertension, and metabolic dysfunction in rodents13, 14.  Obviously, the use of Ang II alone may 

lead to incomplete conclusions on the impact of a given stress signaling in hypertension.  While 

the experiments in this dissertation use a single (Ang II) model, it is important to reconcile the 

stress mechanisms discussed here with multiple hypertension models for better knowledge as well 

as for potential translation. 

Cardiovascular System Components and a Focus on Aortic Remodeling 

The cardiovascular system comprises the heart and blood vessels to rapidly transport 

oxygen, nutrients, waste products and heat around the body. Circulation of such products within 

blood is controlled by the pumping of the heart.  

The aorta is the main conduit vessel receiving cardiac output from the left ventricle. Due 

to the extreme force exerted by the left ventricle onto the aorta, this vessel is required to be 

complaint and elastically stretch during systole, while recoiling in diastole to enable continued 

blood flow and limit diastolic drop in arterial pressure. The aorta’s ability to provide this 

biomechanical buffering of pulsatile blood flow is called the Windkessel effect15, and during 

aging and/or the development of metabolic syndromes, the aorta can undergo remodeling which 

renders it unable to properly control blood pressure from the heart to organs. A stiffened/less 

compliant aorta leads to increased systolic arterial pressure, as well as decreased diastolic arterial 

pressure. Both of which contribute to an increased pulse pressure16. Aortic stiffness can be 

clinically monitored by pulse wave velocity assessment. This is used as an indicator of poor CVD 

outcomes because when pulse pressure control is compromised, end organ damage results17. 

Hypertension is a complex disease that encompasses dysfunction in all organs and vessels 

of the body, and effects are not exclusive to the aorta. Smaller arteries are an important 

determinate of peripheral resistance which is not examined in this study, though there is an 
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important interaction of hypertension between large and small arteries to cause damage. In a 

vicious circle, alterations of small arteries, that is, reduced lumen diameter, impaired vasodilation, 

and vessel rarefaction trigger an increase in mean blood pressure (BP) which in turn contributes 

to the stiffening of large arteries leading to an increase in central systolic and pulse pressure. The 

increased central BP aggravates small artery damage. A healthy aorta exerts a powerful 

cushioning function, which limits arterial pulsatility and protects the microvasculature from 

potentially harmful fluctuations in pressure and blood flow18.  

Cell types that make up large arteries such as the aorta are: endothelial cells which line 

the lumen of vessels, vascular smooth muscle cells within the medial layer, and fibroblasts around 

the adventia (Figure 1). Extracellular matrix (ECM) such as collagen, elastin and fibronectin act 

as a network connecting these layers and maintaining the mechanical integrity of the vessel.  

Endothelial cells (ECs) come in direct contact with the blood and therefore are major 

communicators between the blood and vessel/organ. In terms of dysfunction, endothelial cells can 

become activated and express adhesion molecules such as vascular cell adhesion molecule-1 

(VCAM-1), platelet/endothelial adhesion molecule-1 (PECAM-1) and intercellular adhesion 

molecule-1 (ICAM-1) to signal immune cell attachment and extravasation into the artery19. 

Clotting factors can be targeted by endothelial cells as well leading to clot formation. ECs control 

the tone of vessels via endothelial nitric oxide synthase (eNOS) activity and the production of 

nitric oxide (NO-) which dilates vessels. In conditions of increased reactive oxygen species 

(ROS), this action can be compromised so that NO availability decreases and vessels do not dilate 

properly20.  

Vascular smooth muscle cells (VSMCs) are the most numerous cell type in arteries, and 

their primary function is to maintain homeostasis via contraction and relaxation. The medial layer 

of large arteries are organized in concentric elastin sheets, inter-twined by VSMCs and matrix 

material, along with collagen fibers running both in the axial and circumferential directions, 

providing mechanical strength to the artery. During adverse remodeling events such as what 
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might occur during hypertension, VSMCs can undergo proliferative and/or hypertrophic 

responses under stress, where they increase protein synthesis and lead to a narrowing of the 

luminal area to negatively regulate blood flow21. VSMCs can also increase their contractility and 

compromise blood vessel tone, as well as becoming mechanically stiff themselves. VSMCs 

secrete matrix regulating elements such as collagen, and matrix metalloproteases MMP-2 and 

MMP-9 to degrade elastin and contribute to artery stiffness. Like ECs, VSMCs can also 

upregulate adhesion molecules to aid in immune cell migration into vessels and tissue22. Lastly, 

fibroblasts in the adventitia contribute to neointimal hyperplasia, ECM production, vessel size 

regulation, and immune cell recruitment23. 

 

 

Figure 1- Large Artery Wall Components and their Contribution to Arterial Stiffness and 

Remodeling. Various mechanisms can increase the stiffness of the intima, media and adventitia. 

The media is however, the most important layer in large arteries. See text for details. (Chirinos 

J.A,et al. “Large Artery Stiffness in Health and Disease: JACC State-of-the-Art Review”. J Am 

Coll Cardiol. 2019 Sep 3; 74(9): 1237-1263) 
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Angiotensin II Signaling in Vascular Cells 

The renin-angiotensin-aldosterone system (RAS or RAAS) is involved in physiological 

regulation of vasoconstriction, fluid volume regulation, cardiac output, cell growth, vascular wall 

integrity, among other functions24. Production of the angiotensin peptide is first initiated by the 

synthesis and processing of preprorenin in juxtaglomerular cells in the kidney. Cleavage of the 

pro-segement of prerenin produces active renin that is secreted into systemic circulation. From 

there, renin cleaves liver-derived angiotensinogen into angiotensin I which is then further 

processed by ACE in the lungs to produce angiotensin II (Ang II)25. Ang II is a vasoactive peptide 

and binds to the angiotensin type 1 recpetor (AT1R) on vascular cells (among other cells outside 

the scope of this dissertation).  

The AT1R is a G protein-coupled receptor (GPCR) that elicits a myriad of downstream 

signaling upon activation. Physiologically, AT1R activation leads to myosin light chain 

phosphorylation and vasoconstriction to preserve blood pressure. Pathophysiological AT1R 

activation leads to increased NAPDH oxidase activity (Nox) to increase cellular ROS, induce 

ERK signaling, transactivate epidermal growth factor receptor (EGFR) via A disintegrin and 

metalloproteinase-17 (ADAM17) cleavage of heparin-binding EGF (HB-EGF). All these 

signaling cascades detrimentally effect cellular organelles such as the mitochondria and 

endoplasmic reticulum (ER), while also initiating inflammatory responses such as cytokine 

production, fibrosis, apoptosis, hypertrophy and migration of VSMCs (Figure 2)26. While 

acknowledging the benefit of blocking pathophysiological AT1R activation has yielded clinical 

treatment options such as ARBs, identifying new pathways and their in vivo significance, is 

important to create the next generation of hypertension therapies. Some expanding areas of novel 

investigations include spatial and temporal organelle signal communications, cellular and tissue 

metabolic modulation, signaling through posttranslational protein modification, microRNAs, and 

long noncoding RNAs. Of interest, organelle dysfunction such as endoplasmic reticulum stress 

inhibition may not only yield promising results in treating hypertension, but other CVDs as well. 
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Figure 2- Angiotensin II signaling plays a Crucial Role in VSMC Physiological and 

Pathophysiological Blood Pressure Control. Ang II signaling involves Gq-mediated Nox, 

phospholipase C (PLC), and protein kinase C (PKC)-δ signaling. PKC-δ and G12/13-induced RhoA 

elicits downstream MLC-mediated contraction. PLC stimulates IP3-mediated Ca2+ release and 

subsequent MLCK activation. ANG II and Nox-dependent ROS are involved in HB-EGF 

shedding through ADAMs leading to EGFR transactivation and ANG II-induced ERK1/2 and 

Akt signaling. ANG II promotes ER stress and downstream inflammatory activation through NF-

κB, apoptosis, and fibrosis through transforming growth factor (TGF)-β signaling. Ang II also 

stimulates organelle stress and activation of clearance pathways including mitochondria 

respiratory dysfunction and autophagy. ROCK induction through Nox-dependent ROS has also 

been implicated in microparticle formation in response to Ang II. (Forrester S.J, et al. 

“Angiotensin II Signal Transduction: An Update on Mechanisms of Physiology and 

Pathophysiology”. APS: Physiological Reviews. 2018 Jul 1; 98(3): 1627-1738.) 
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Endoplasmic Reticulum Structure, Function, and the Unfolded Protein Response 

The ER is an essential organelle for protein folding and secretion, as well as calcium 

(Ca2+) storage and lipid synthesis. It can be subdivided into three domains, the sheet-like ER, the 

tubular ER and the nuclear envelope. The sheet-like ER is rich in ribosomes, for which it received 

the name rough ER, whereas the tubular ER contains fewer ribosomes (smooth ER). The ER 

interacts with other organelles including: the Golgi to support trafficking of proteins throughout 

the cell, the mitochondria through mitochondrial associated membranes (MAMs), it can bud off 

autophagic vesicles (ER-phagy) or communicate with proteasomal components for degradation of 

misfolded proteins (ER-associated degradation/ERAD)27. 

The ER’s protein folding function is aided by chaperones such as heat shock protein-47 

(HSP47), calnexin, calmodulin, and glucose-regulated protein 78/binding immunoglobulin 

protein (GRP78/BiP), as well as isomerases such as protein disulfide family A isomerase-6 

(PDIA6)28.  Protein translation and folding is an error prone situation due to the highly oxidative 

reactions required, and chaperones are utilized to prevent illegitimate molecular interactions, and 

to protect hydrophobic amino acid side chains as they emerge from the ribosome. Based on their 

affinity to bind short peptides with hydrophobic character, molecular chaperones guard against 

misfolding and aggregation. In most cases, chaperones do not increase the rate of folding, but 

rather increase the number of productive interactions and prevent misguided interactions, thus 

augmenting folding efficiency29. When stress induced imbalances in protein synthesis, reduction-

oxidation (redox) status, or Ca2+ handling occur, protein misfolding is increased. This state in 

which accumulation of protein misfolding occurs is termed “ER stress”. Chronic ER stress is 

emerging as a relevant factor contributing to various pathological conditions such as cancer, 

neurodegeneration, and cardiovascular diseases30.  

GRP78 acts not only as a chaperone, but also as the major signal transducer of ER stress. 

Due to the protein’s resting conformation bound to the luminal domain of ER stress sensors, 

GRP78 keeps them in an inactive state during homeostasis. Under ER stress, GRP78 
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preferentially associated with misfolded proteins, leading to its detachment from the luminal side 

of these sensors, and in turn, activates them. The activation of these sensors is required to 

transduce ER stress signaling to the nucleus, resulting in inhibition of nonessential protein 

translation and simultaneously enhanced transcriptional activity leading to production of more 

chaperones and/or autophagy machinery. This allows for the return to homeostatic protein folding 

capacity in acute conditions, while inflammatory and pro-apoptotic factors can result from 

chronic misfolding. 

This concerted ER stress response is called the Unfolded Protein Response (UPR). The 

three transmembrane ER sensors that are activated upon GRP78 detachment are: activating 

transcription factor 6 (ATF6), double-stranded RNA-activated protein kinase-like ER kinase 

(PERK), and inositol‐requiring transmembrane kinase 1 alpha (IRE1α).  Transcription factors 

affected downstream of these three sensors’ activation mainly include cleaved ATF6, ATF4, 

C/EBP homologous protein (CHOP), and spliced X-box binding protein 1 (XBP1s). These 

transcription factors bind ER stress response elements (ERSE), leading to the expression of 

chaperones, proteasomal/ERAD genes, and autophagy machinery, thus restoring ER protein 

folding competency (Figure 3)31.   

IRE1α is the most conserved ER stress responder among metazoans. It is a 

transmembrane receptor that dimerizes and autophosphorylates upon activation. This leads to the 

utilization of its RNase domain to cleave XBP1 into a spliced isoform XBP1s (a transcription 

factor). The RNase activity of IRE1α also degrades selected mRNAs and microRNAs through a 

process known as regulated IRE1-dependent decay (RIDD), contributing to cell death and 

inflammation32. In situations of chronic ER stress, co-immunoprecipitation experiments have 

investigated IRE1α binding partners and have found that it forms a complex with the adaptor 

protein TNF-receptor associated factor-2 (TRAF2), and apoptosis signaling kinase-1 (ASK1) 

followed by the downstream activation of c-Jun N-terminal Kinase (JNK)33.  Dominant negative 
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studies have shown that induction of NF-κB and AP-1 by ER stressor Thapsigargin is mediated 

via IRE134. 

PERK is a type I transmembrane kinase that oligomerizes upon ER stress and 

autotransphosphorylates to induce its own activation, leading to the phosphorylation of the 

translation initiator factor eIF2α. This is done to attenuate general protein translation to reduce 

protein overload of the ER. Additionally, eIF2α phosphorylation allow for the selective 

translation of transcription factor ATF4, which regulates proteostasis machinery and antioxidant 

response. Chronic ER stress leads to ATF4 upregulation of CHOP, which induces GADD34 (a 

eIF2α phosphotase), to turn off PERK signaling. CHOP also triggers apoptosis by controlling 

expression of BCL-2 family members and ROS production35. Activation of PERK facilitates 

autophagy and lysosome biogenesis via TFEB activation, another mechanism by which protein 

aggregation can be reduced36. 

Lastly, ATF6 activation via GRP78 detachment leads to it’s translocation from the ER 

lumen to the Golgi where it is cleaved into it’s active form. It encodes basic Leu zippler (bZIP) 

transcription factors including ATF6α, ATF6β and CREB3, 3L1, 3L2, 4. Site-1 proteases cleave 

ATF6 in the Golgi at it’s ER luminal domain, and site-2 proteases cleave at its region that spans 

the Golgi phospholipid bilayer, releasing a cytosolic fragment (ATF6f) that directly controls 

genes encoding ERAD components, and XBP137. 
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Figure 3- Endoplasmic Reticulum Unfolded Protein Response. (Ren J, et al. 

“Endoplasmic Reticulum Stress and Unfolded Protein Response in Cardiovascular 

Diseases”. Nature Reviews Cardiology. Jul 2021; 18(7): 499-521) 
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ER UPR Therapeutic Targeting in Cardiovascular Disease 

Pharmacological agents that directly modulate the UPR are emerging as promising tools 

towards effective treatment of CVD. Potential strategies to modulate the UPR include (1) 

reducing unfolded proteins, (2) preventing the UPR sensors from excessive activation (i.e., 

enhancing the binding between GRP78 and UPR transducers), or (3) suppressing the over-

activated UPR sensors and effectors, etc. Many studies have identified ER stress involvement in 

CVD (Figure 4). For example, single cell transcriptomics of hearts from angiotensin II (Ang II)-

infused mice identified ER stress elements to be increased in hypertensive cardiac remodeling38. 

Other mouse studies found that Ang II induces protein aggregate formation in the heart39 and 

kidney40.  At the cellular level, a variety of extracellular stressors and humoral factors, including 

Ang II, elicit induction of ER stress/UPR markers in endothelial cells (ECs), vascular smooth 

muscle cells (VSMCs), cardiac myocytes and cardiac fibroblasts41.  In human samples, enhanced 

ER stress/UPR within biopsied endothelial cells has been found in obese adults with endothelial 

dysfunction42. While some studies find suppressing ER stress response to be beneficial, others 

find increasing certain arms of the UPR to be protective, warranting further investigations into 

disease model specificity.  

Chaperone targeting in CVD 

Chemical chaperones have been developed and tested in a variety of protein misfolding 

diseases43. In terms of hypertension, chemical chaperone 4-phenylbutyric acid (4-PBA) and/or 

tauroursodeoxycholic acid (TUDCA) reduce fibrosis, inflammation, vascular hypercontractility, 

and increased blood pressure in mouse/rat models44-47.  I have found adenoviral GRP78 delivery 

attenuated Ang II-induced protein aggregate formation and inflammatory monocyte adhesion to 

VSMCs28.  Moreover, pre-amyloid oligomers were formed in VSMCs in response to Ang II 

stimulation, which were attenuated with 4-PBA treatment48.  This suggests that Ang II-induced 

proteotoxicity in the vasculature is a novel target for hypertension therapy. In VSMC from SHR, 

compared with those from WKY, NAPDH oxidases are increasingly localized in the ER, which 
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overall contributes to increased oxidative stress.  Moreover, treatment with 4-PBA reduces 

vascular dysfunction in stroke-prone SHR (SHRSP)44.  In a combination model of hypertensive 

chronic kidney disease (CKD) utilizing Ang II infusion plus DOCA-salt, 4-PBA treatment not 

only reduced blood pressure and renal ER stress markers, but significantly attenuated gene 

expression of inflammatory and fibrotic markers49.  An ongoing clinical trial is testing TUDCA 

effects on vascular dysfunction in older and obese individuals (Clinical trials.gov identifier: 

NCT04001647).   

In hypertension-associated atrial fibrillation, lipid oxidation develops and contributes to 

amyloid deposition in the heart.  Scavenging these reactive peroxidation lipid products via 

chaperone 2-HOBA reduces atrial amyloid burden and blood pressure in Ang II-infused mice50.  

These observations suggest a potential application of protein chaperoning therapy against 

hypertension and related CVD in consonance with clinical trials for age-associated 

neurodegenerative diseases.   

p-IRE1α targeting in CVD 

Unraveling pIRE1-α regulation in CVD has been a subject of interest because IRE1 

controls the phylogenetically most conserved branch of the UPR from fungi to metazoans. 

Several lines of evidence support the notion that selective pharmacological targeting of IRE1 is a 

desirable therapeutic approach for treatment of CVD. For example, a profound increase in IRE1 

phosphorylation and XBP1s expression is observed in atherosclerotic plaques of mice and 

humans51. Experimentally sustained Xbp1 mRNA splicing in the vessel wall promotes 

atherosclerosis, whereas its ablation ameliorates hypercholesterolemia in obese or apolipoprotein 

E-deficient (ApoE−/− ) mice52.  

Pharmacological targeting of this pathway has yielded mixed results. The tyrosine kinase 

inhibitor sunitinib can directly stimulate IRE1 with the consequent activation of XBP1s and 

alleviation of ER stress43. However, in patients with previous clinical history of hypertension and 

heart disease, sunitinib was reported to increase the risk for cardiovascular disease53. Further 
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exploration of human endomyocardial biopsies from failing hearts has revealed reduced XBP1s 

transcripts compared to controls, associated with downregulated IRE1α phosphorylation, and 

overexpression of XBP1s could ameliorate cardiac dysfunction in a mouse model of pressure 

overload and HFpEF54. In these cases of human trials, it appears that fine tuning of this IRE1-

XBP1 pathways is required for translational application. In mouse models, IRE1α molecular 

inhibitors, 4µ8c, KIRA6 or STF-08310 have had anti-fibrotic effects in pulmonary hypertension 

and anti-inflammatory effects specific to immune cell function in atherosclerosis, respectively55-

57.    

ATF6 targeting in CVD 

ATF6 activity regulation is currently underexplored in CVD, and more knowledge is 

required to understand a precise balance between therapeutic potential of inhibition vs activation. 

In a mouse model of transverse aortic constriction, adaptive cardiac myocyte hypertrophy with 

preserved cardiac function correlated with increased ATF6. Cardiac myocyte-specific deletion of 

ATF6 blunted transverse aortic constriction myocyte hypertrophy and impaired cardiac 

function58. Transcript profiling and chromatin immunoprecipitation identified RHEB (Ras 

homologue enriched in brain) as an ATF6 target gene in the heart in this study. Furthermore, 

RHEB is an activator of mTORC1 (mammalian/mechanistic target of rapamycin complex 1), a 

major inducer of protein synthesis and subsequent cell growth which may define ATF6 

involvement in hypertrophy. A pharmacological activator of ATF6 activity called compound 

14759 has been used in testing cardiac arrest outcomes, and shown to improve neurologic score, 

behavioral tests and survival60. Compound 147 or overexpression of ATF6 can protect against 

excessive ROS and cell death in an I/R model of myocardial ischemia61. Lastly, enhanced ATF6 

activation decreases activation of cardiac fibroblasts in response to TGF-β62. Ang II infusion 

increases CHOP and ATF6 in vivo, and global CHOP deficient mice are protected from 

hypertension-mediated cardiac hypertrophy, fibrosis and vascular dysfunction63 .   
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PERK targeting in CVD 

As a master controller of translation inhibition, PERK is an interesting target in CVD and 

can have vastly different effects on disease pathology, depending on the model and manipulation. 

In a cardiac-specific PERK knockout mouse model, chronic transverse aortic constriction induced 

pressure overload lead to decreased ejection fraction, increased left ventricular fibrosis, enhanced 

cardiomyocyte apoptosis and exacerbated lung remodeling compared with wild-type mice64. In 

opposition to this, another study found that inhibition of PERK-ATF4 signaling in an I/R mouse 

model via melatonin could be cardioprotective to reduce cardiomyocyte apoptosis65. Downstream 

PERK modulation via salubrinal, an eIF2α phosphatase inhibitor, significantly increases GRP78 

expression and protects the heart against ER stress-associated cardiomyocyte apoptosis in a rat 

myocardial infarction model66. PERK activation in an I/R mouse model is protective via 

decreased cardiac protein synthesis. Specifically mitochondrial complex production is reduced to 

reduce oxidative stress67. Teasing out PERK signaling by targeting ATF4 downstream has shown 

promising results in a model of vascular calcification. VSMCs with ATF4 knockdown show 

reduced calcium and ALP deposition under TNF-α exposure68. Overall, PERK signaling has 

many downstream players that can be manipulated and GRP78 targeting as the master controller 

may be a way to regulate the entire pathway for beneficial protection.  
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Figure 4- Maladaptive ER UPR signaling in cardiovascular disease. (Ren J, et al. “Endoplasmic 

Reticulum Stress and Unfolded Protein Response in Cardiovascular Diseases”. Nature Reviews 

Cardiology. Jul 2021; 18(7): 499-521) 
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A note on UPR independent ER targeting in CVD: ER-phagy or ERAD  

While the ER UPR is the main topic of this dissertation, it must be noted that the other 

main ER mechanisms ER-phagy and ERAD contribute to, and can be targeted, in CVD. 

Autophagy also plays a key role in alteration of ER stress by removing toxic protein aggregates 

termed ER-phagy.  In several CVD models, including Ang II-induced hypertension and 

cardiovascular remodeling, both pharmacological and genetic manipulation of autophagy have 

been conducted.   

For example, Ang II was infused in heterozygous mice for the autophagy protein 5 

(Atg5), an E3 ubiquitin ligase that mediates autophagosome formation.  In control wild type 

mice, Ang II infusion enhanced autophagy, assessed by induction of Atg5, and increased LC3-

II/LC3-I ratio.  Mitophagy in macrophages was also enhanced in Ang II-infused mice.  As 

expected for the homeostatic roles of autophagy and mitophagy, Ang II-induced cardiac fibrosis 

was exaggerated in Atg5+/- mice and this was associated with enhanced reactive oxygen species 

(ROS) production and NF-κB activation in macrophages69.  In line with these observations, in 

hearts of a swine model of renovascular hypertension, Ang II type 1 receptor (AT1R) antagonism 

attenuated markers of enhanced autophagy and mitophagy70.  However, it remains unclear 

whether Ang II signaling or hypertension drives autophagy in mice, while Ang II-induced 

autophagy is observed in VSMCs71. In SHR, supplementation with the autophagy inducer 

trehalose did not change blood pressure. However, mesenteric resistance arteries displayed 

preserved endothelial function and reduced arterial stiffness72.   

Under chronic ER stress, ATF4-induced autophagy is known to function at 

overwhelming ERAD capacity73  and this is a part of the common integrated stress 

response pathways74.  In high-salt diet hypertensive mouse models, vascular expression of the ER 

stress-dependent transcription factor ATF4 is increased and regulates blood pressure and 

endothelial function. To target this, authors targeted gut-microbiota composition via potassium 

supplementation to reduce ATF4 expression and, subsequently, blood pressure75.  Another ERAD 
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component is ATPase vasolin-containing protein (VCP), and is reduced in SHR.  Overexpression 

of VCP attenuates Ang II-induced hypertrophy in vitro via mTOR signaling, and reduces cardiac 

dysfunction associated with pressure overload in mice76.  Overall, initial studies show ERAD and 

ER-phagy activity enhancement to reduce hypertensive vascular pathology seems promising.  

However, a deeper dive into other regulators of the pathway in hypertension role remains to be 

explored.  

Protein Aggregation in CVD 

CVD and/or aging are associated with protein aggregation that can be caused by (1) 

misfolding in the ER, (2) post translational modifications of proteins in the cytosol (3) 

dysfunctional clearance methods or (4) proteins containing amyloidogenic amino acid sequences. 

In terms of protein folding, nascent polypeptides may aggregate due to unwanted interactions 

amongst hydrophobic amino acid side chains. Protein misfolding and aggregation is common and 

responsible for several human pathologies, such as Alzheimer’s disease, Huntington’s disease, 

Parkinson’s disease, and α1-antitrypsin deficiency. Protein aggregation can lead to the formation 

of amyloid deposits in tissues throughout the body. Even though the proteins that result in 

amyloid fibril production are quite varied, the fibrils share many general structural features, 

suggesting a common fate amongst many aggregated products. However, the propensity of a 

given polypeptide to form amyloids is highly sensitive to the cellular environment. 

Cardiac proteinopathy is a feature of a large subset of heart disease. There are genetic and 

disease related causes of ventricular dysfunction related to aggregates including desmin-related 

cardiomyopathy and atrial fibrillation. Mutation in chaperone crystallin AB, CryABR120G leads to 

cardiac dysfunction and modifying the ubiquitin proteasome system via Ube2v1 expression can 

be protective against aggregate formation in a mouse model77. Subramanian et al found that pre 

amyloid oligomers (PAO) could be extracted from human iDCM samples, and were enriched in 

cofilin-2, an actin depolymerizing protein known to participate in neurodegenerative diseases78. 

PAO and β-amyloid have been detected in human ischemic heart failure samples as well as hearts 
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from mice infused with Ang II39, 50, 79, however there is limited understanding of aggregate 

formation in peripheral blood vessels, independent of Alzheimer’s Disease. 

Most studies to investigate aortic amyloid have been observational thus far to conclude 

their association with hypertension and aging. For example, a 1992 study investigated aortic 

tissue biospies from 84 patients aged 18-96 years old and identified amyloid deposits in the media 

of 97% of patients over 50 years old80, however there was no conclusion as to what proteins 

aggregated or the cause of the observed vascular proteinopathy. Since then, some studies have 

found amyloidgenic proteins like medin, transthyretin (TTR), APO protein 1 (APO1) and 

immunoglobin γ to be found in vasculature and associated with disease81. Of these amyloidgenic 

proteins, medin seems to associate with aging and hypertension, where treatment on human 

arterioles was shown to impair endothelial function (Ach response) and could be mediated by 

blocking receptor for advanced glycation end products (RAGE)82. Medin can induce oxidative 

stress conditions within HUVECs and conversely, exposure to oxidative conditions alters the rate 

of medin aggregation in vitro and globally change its structure and toxicity83. Overall, 

investigations into global protein misfolding have been limited in vascular pathology. More 

understanding is required to identify: (1) if hypertensive stimuli induce protein aggregates, (2) 

can ER chaperoning reduce aggregate presence in vascular cells and (3) can reduction in 

aggregates prevent vascular pathologies. These unanswered questions lead me to explore my 

hypothesis and subsequent aims. 

Hypothesis 

Pathological vascular remodeling including arterial stiffness develops with hypertension. 

While the molecular mechanisms driving arterial stiffness remains underdeveloped, accumulating 

evidence support the involvement of aortic hypercontractility, fibrosis, collagen/elastin 

deposition, proinflammatory responses, and calcification. Ang II stimulation induces all of the 

above mechanisms and is considered a master driver of the VSMC stiffness syndrome. Arterial 

stiffness is accelerated by age, and age-related diseases are universally hallmarked by a decline in 
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proteostasis. This leads to the accumulation of aggregated proteins thus enhancing pathology. 

However, information regarding the contribution of proteotoxicity to hypertension or arterial 

stiffness has been limited. Evidence has indicated that the ER UPR may be compromised in 

hypertension, while the contribution of protein aggregate formation is undefined. Accordingly, I 

hypothesize Ang II induced protein aggregation in VSMCs activates the ER UPR, and 

contributes to hypertensive vascular remodeling. Furthermore, therapeutically targeting 

ER folding capacity via GRP78 overexpression can reduce aggregate formation and 

subsequent vascular hypertrophy, fibrosis and inflammation associated with Ang II induced 

vascular remodeling. The outcome of my proposal may elude new pharmacological 

interventions for arterial stiffness and associated CVD, while addressing fundamental questions 

about the mechanisms involved.  

Specific Aim 1: Characterize protein aggregate induction by Ang II stimulation and protective 

effect of GRP78 in VSMCs 

• Sub Aim 1: Utilize protein aggregate staining and detergent insoluble isolation 

techniques to quantify Ang II induction of aggregates in VSMCs 

• Sub Aim 2: Utilize adenoviral delivery of GRP78 to identify reduction in global protein 

aggregation as well as specific protein via unbiased mass spectroscopy/proteomics and 

immunoblotting 

Specific Aim 2: Identify GRP78 protective effect against Ang II induced ER UPR signaling and 

VSMC dysfunction  

• Sub Aim 1: Quantify ER UPR arm activation by AngII and reduction by GRP78 via 

immunoblotting 

• Sub Aim 2: Investigate GRP78 protection against Ang II induced VSMC pathological 

markers; protein synthesis, immune cell adhesion and extracellular matrix generation  
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Specific Aim 3: Elucidate the protective role of smooth muscle GRP78 (SM-GRP78) in an in 

vivo model of Ang II induced vascular remodeling 

• Sub Aim 1: Utilizing SM22α Cre-/- and Cre +/- GRP78TG mice, investigate GRP78 

protection against aortic and cardiac hypertrophy, fibrosis and inflammation via ECHO 

and immunohistological techniques 

• Sub Aim 2: Investigate protective effect of SM-GRP78 in aortic ER UPR signaling and 

aggregate accumulation  

• Sub Aim 3: Investigate blood pressure changes in SM-GRP78 mice under Ang II infusion 

via tail cuff method 
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CHAPTER 2 

MATERIALS AND METHODS 
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In Vitro Cell Culture  

Thoracic aortic VSMCs were cultured from 12-week old male Sprague-Dawley rat 

(300~350g Charles River Laboratories) by explant method as previously described 84, 85.  VSMCs 

were pooled from 2~3 rats and renewed every 2 months.  VSMCs were cultured in DMEM 

supplemented with 1 g/L D-glucose, 1 mM sodium pyruvate and 10% FBS.  VSMCs were used 

between passage 3~9 in all experiments.  A recombinant adenoviral vector encoding the full-

length cDNA of mus musculus GRP78 (Genbank ID: NM_022310) was engineered and then 

generated by the University of Iowa Gene Transfer Vector Core. The adenovirus was based on 

the human Ad serotype 5 in which the E1a and E1b replication genes have been deleted. GRP78 

was under the control of the CMV promoter and in the same construct the reporter gene β-

galactosidase was driven off the RSV promoter, as described previously86.  For gene transduction, 

80~90% confluent VSMCs were serum-starved for 24-48 hours and infected with 100 

multiplicity of infection (moi) adenoviral GRP78 (ad-GRP78) or respective control adeno viral 

LacZ HSV control (ad-LacZ), in serum-free DMEM containing 4 μg/mL polybrene for 90 min87, 

followed by the addition of fresh serum-free media for another 24 hours.  The cells were then 

washed and incubated with serum-free media for 24 hours and stimulated with AngII for the 

indicated time periods.  

Proteostat Immunofluorescent Staining 

A protein aggregation dye, ProteoStat (Enzo Life Scinces, ENZO-51035-K100) was used 

to stain VSMCs seeded onto glass coverslips in 12 well dishes as described by manufacturer.  

Proteostat is a molecular rotor that works in such a way to spin with no fluorescence in the 

absence of aggregates, however in their presence, the dye slips into the exposed cavities of 

aggregated protein thereby causing the dye rotation to be constrained, resulting in fluorescence 88.  

Briefly, following respective treatments, VSMCs were washed twice with 1× PBS, then fixed 

with 4% formaldehyde for 30 min at room temperature.  Next, cells were washed three times with 

1× PBS and then permeabilized with 0.5% Triton X-100 in 1× assay buffer with 3 mM EDTA, 
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pH 8.0 for 30 min at 4˚C on a rocker.  Cells were washed twice with PBS and then stained with 

Dual Detection Reagent (Proteostat Detection Reagent diluted 1:2000, and Hoechst nuclear stain 

1:1000, in 1× assay buffer).  Following dye incubation, coverslips were washed with PBS and 

mounted onto glass slides, then imaged at 60× magnification.  Aggregate size and number per 

4′,6-diamidino-2-phenylindole (DAPI) count were counted for analysis in ImageJ.  

Detergent Insoluble Aggregate Fractionation 

For separation of insoluble aggregates from total cell lysates, the following fractionation 

method was utilized based on methods described previously89, 90.  VSMCs were cultured and 

infected with adenoviruses in 10 cm dishes.  VSMCs were harvested by digestion in trypsin at 

37˚C for 5 min.  VSMCs were centrifugated at 3,000 x g for 5 min to remove trypsin.  Cells were 

washed with PBS followed by another centrifugation.  PBS was aspirated and cell pellets were 

resuspended in 200 µL Triton buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-

100, protease and phosphatase inhibitors).  Lysates were passed through an 27G needle syringe 

five times and incubated on ice for 15 min.  Lysates were then spun at 12,000 x g for 15 min at 4 

˚C.  Supernatant was collected as the soluble fraction.  The insoluble pellet was washed three 

times with cold PBS and spun following each wash at 12,000 x g for 10 min.   

The pellet was then resuspended in 200 µL Triton buffer and sonicated for BCA analysis, 

followed by dilution with 5× SDS loading buffer for gel electrophoresis.  10% 

acrylamide/bisacrylamide resolving gels were utilized and proteins were transferred onto 0.45 µm 

nitrocellulose membranes overnight at 30V.  Membranes were blocked for 1 hour in 5% non-fat 

dry milk in TBS-T.  Protein aggregate detection was performed using primary antibody for 

Oligomer A11 (ThermoFisher, AHB0052), where antibody was diluted 1:10,000 in TBS-T and 

incubated overnight at 4˚C, rocking.  Secondary antibody incubation followed for 2 hour at room 

temperature with subsequent chemiluminescence development on film for protein detection and 

quantification utilizing UN-SCAN-IT software. For proteomic confirmation of VCP, Annexin 

A2, HSP70, CryAB, and Testin (Antibody information listed in Table 1, Reagents), IRDye Li-
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Cor secondaries were used and blots visualized using an iBright imager and analyzed using Image 

Studio Lite Version 5.2 software. 

Detergent Insoluble Aggregate Mass Spectroscopy: Shotgun Proteomics 

Cell were inoculated with LacZ control or GRP78 adenovirus as described followed by 

48h Ang II stimulation. Lysates were collected and fractionated as described in ‘Detergent 

Insoluble Fractionation’ section. Detergent insoluble pellets were resuspended with 100 µL urea 

lysis buffer (8 mol/L urea, 50 mmol/L NH4HCO3, 1:100 dilution of protease inhibitor mix from 

GE Healthcare). Samples were diluted 4-fold with 50 mmol/L ammonium bicarbonate and 

digested overnight at room temperature with 0.05 µg/mL Trypsin Gold (Promega). Digestion was 

enzymatically quenched with addition of 20% trifluoroacetic acid and the samples were 

lyophilized. Protein digests (1 µg) were analyzed using a mass spectrometry for protein 

identification. For protein and peptide identifications, the obtained MS/MS data were subjected to 

database searches using the MASCOT program (Matrix Science Ltd., London, UK) with the 

following parameters: two missed cleavage sites and a peptide and MS/MS mass tolerance setting 

of ± 5 ppm and ± 0.05 Da, respectively, for MS/MS Ions Search. The database used for this 

search consisted of amino acid sequences of rat proteins, which were retrieved from a subset of 

the UniProtKB/SWISS-PROT database (2014_07). Variable modifications such as oxidation of 

methionine, carbamylation and acetylation of N-termini, and carbamidomethylation of cysteine 

were taken into consideration for the database searches. We used a 1% overall false discovery 

rate as a cutoff value to export our results from the database search using the MASCOT. P value 

<0.05 between GRP78+AngII vs Cntrl+AngII protein squences were further confirmed by 

immunoblotting. DAVID.gov was used for gene ontology term and enrichment score analysis. 

Immunofluorescent Cell Culture Staining 

VSMC were cultured on coverslips in 12-well plates and serum-starved for 48 hours prior 

to stimulation. Cells were stimulated as indicated in experiments with Ang II for 48 hr followed 

by fixation with 3.7% paraformaldehyde 48 solution for 10 min at RT. Cells were washed 3 times 
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with PBS, followed by making cell membranes permeable with 0.1% Triton-X/PBS for 20 min at 

4˚C. Cells were blocked for 1 hr at RT with 1% BSA-TBS-T (0.1% Tween). Oligoemr A11 

(PAO) antibody was diluted 1:500 and incubated overnight at 4˚C. After washing 3x with PBS, 

cells were incubated with either Goat anti-rabbit Alexa Fluor 488nm or 568nm for 2 hr at RT, 

1:1,000. Cells were washed a final 3x with PBS and mounted on coverslips with Prolong Gold 

w/DAPI followed by imaging at either 40x or 60x magnification. 

Immunoblotting of VSMC or Aorta lysates 

Protein samples ( ~50 µg) from aorta or cell culture lysates were subjected to SDS-PAGE 

gel electrophoresis and electrophoretically transferred to a nitrocellulose membrane. Cell lysates 

were extracted in 1X SDS loading buffer containing protease/phosphatase inhibitors and β-

mercaptoethanol, and heated at 95 °C for 5 min. Aortas subjected to immunoblotting had been 

collected from anesthetized mice via dissection and aota cleaning in ice cold PBS to remove 

excess fat, then flash frozen in liquid nitrogen. For protein extraction, aortas were minced in 

RIPA buffer containing fresh protease/phosphatase inhibitor and then homogenized The 

membranes were then exposed to primary antibodies (listed in Reagents section) overnight at 4 

°C. After incubation with the peroxidase linked fluorescent secondary antibody (either IRDye 

800CW or IRDye 680CW goat anti-rabbit or anti-mouse, see Reagents section) for 1 hour at 

room temperature, immunoreactive proteins were visualized using an iBright imager and 

analyzed using Image Studio Lite Version 5.2 software.  

Monocyte Adhesion Assay 

THP-1 monocyte adhesion assay was performed as previously described91.  VSMCs were 

plated in 24 well dishes and serum starved for 48 hours at 80~90% confluency.  Media was 

replaced 1 hour prior to AngII stimulation (100 nM) or pretreatments.  48 hours after AngII 

treatment, VSMC monolayer was washed 3 times with DMEM containing 0.2% BSA.  THP-1 

cells were cultured in RPMI 1640 media supplemented with 10 U/mL penicillin, 10 mg/mL 

streptomycin, β-mercaptoethanol and 10% FBS.  Cells were maintained at 4~10×105 cells/mL.  
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THP-1 cells were collected for experiment at 30,000 cells/well and incubated with nuclear stain 

Hoescht (1:2000) in 0.2% bovine serum albumin (BSA) containing RPMI media for 30 min at 

37˚C, 5% CO2.  Following incubation, THP-1 cells were washed with DMEM 0.2% BSA three 

times to remove excess dye with centrifugation to pellet cells in between.  Subsequently, THP-1 

cells were resuspended and added to experimental VSMC conditions at a final concentration of 

30,000 cells/well, and incubated on the VSMC monolayer at 37˚C, 5% CO2, for 30 min. 

Nonadherent THP-1 cells were gently washed with warmed 0.2% BSA media, and DAPI images 

were taken on Olympus microscope at 20×.  5 images per well were collected and analyzed for 

cell number to represent number of adherent THP-1 cells per condition. 

Puromycin Incorporation Assay 

Analysis of new protein synthesis in VSMCs was performed using an adapted Surface 

Sensing of Translation (SUnSET) assay protocol as previously described92. Briefly, VSMCs were 

serum starved for 24 hr to synchronize cell cycle and infected with adenoviruses (ad-LacZ control 

or ad-GRP78) for 48 hr prior to AngII stimulation for 6 h. At conclusion of the experiment, cells 

were pulsed with 5 µM puromycin (diluted 1 mg/mL puromycin stock into 1 mL cell culture 

medium) for 30 min. Cells were washed twice with PBS, harvested and cell lysates prepared for 

immunoblotting with a puromycin antibody (See Reagents Table 1).  

Senescence Associated β-galactosidase staining (SA β-gal) 

SA-β gal was measured using X-Gal staining system (Goldbio) as previously described 

93.  Following the treatments, VSMCs were fixed with a 4% paraformaldehyde solution (Electron 

microscopy sciences) for 10 min, washed with the Hanks buffer saline solution (with calcium) 

four times, followed by 16-hour incubation at 37˚C in X gal staining solution (40 mM phosphate 

buffer containing 1 mg/mL X-Gal in 150 mM NaCl, 2 mM MgCl2, 5 mM K3Fe(CN)6 and 5 mM 

K4Fe(CN)6).  Cells were washed with Hanks solution with calcium and magnesium, and counter 

stained nuclei with Hoechst 33342 (ThermoFisher) for 5 min.  VSMCs were visualized at 10x 

magnification using brightfield and fluorescent microscopy (Olympus), and CellSens software.  
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Images were quantified in ImageJ to identify percent SA-β gal positive cells per image.  Two 

wells per condition in three independent experiments were utilized. 

Human subjects and specimens 

Formalin-fixed aortas were obtained from Advanced Tissue Services and with assurances 

that the donors have no medical history or diagnosed disease. 51 year old donor: Caucasian male 

(ID: ATS-13-0638). 71 year old donor: Caucasian male (ID-18-1210). 80 year old donor: 

Caucasian male (ID-18-1240).  

Animal Protocols 

All animal procedures were performed with prior approval of the Temple University 

Institutional Animal Care and Use Committee (No. 4940) and in accordance with National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. About 8-10 week old 

male C57BL/6 mice were bred inhouse or obtained from the Jackson Laboratory. Standard 

laboratory diet and water were available ad libitum. For all AngII infusion procedures, mice were 

anesthetized by isoflurane inhalation and osmotic mini-pumps (Alzet micro-osmotic mini pump) 

containing AngII (Bachem, 4006473), were implanted subcutaneously into the dorsum of the 

mouse.   In our hypertension model, AngII was delivered at a rate of 1 µg/kg/min for 2 weeks via 

subcutaneous infusion.  

Generation of SM22α Cre x GRP78 TG mice 

GRP78TG mice were obtained from Dr. Zhao Wang’s laboratory at the University of 

Texas Southwestern Medical Center in Dallas, TX, USA. The mice were engineered as follows: 

GRP78 cDNA was amplified from a mouse brain cDNA library, cloned into the pCR4TA vector 

(Thermo Scientific) and verified by sequencing (Genewiz). The CAG promoter was cloned from 

the pCAGEN vector1 into the pBluescript vector. A transcriptional/translational “stop” cassette2 

flanked by lox P sites was inserted downstream of the CAG promoter between Xba I and Nru I 

sites. The GRP78 cDNA was then inserted downstream of the second lox P site between Sac I 

and Sph I sites. The transgene cassette was liberated by digestion with Sfi I and Sal I restriction 
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enzymes, and the resulting 6kb fragment of CAG-loxP-STOP-loxP-GRP78 was separated and 

isolated for pronuclear injection94.  

Transgene-positive lines were then crossed with SM22α-Cre mice obtained from Jackson 

(B6.Cg-Tg(Tagln-cre)1Her/J Strain# 017491) to achieve smooth muscle-specific expression of 

GRP78. When crossed with the loxP site-flanked STOP codon of the GRP78 mice, the STOP 

codon is removed so that GRP78 can be overexpressed in the vascular smooth muscle cells of Cre 

+/- mice. SM22α-Cre +/- GRP78TG mice were bred with SM22α-Cre -/- GRP78TG to maintain the 

colony. Genotyping PCR primers are provided in Reagents Table 2. 

Blood Pressure Assessment 

Blood pressure was assessed by a tail-cuff method as previously described95. Briefly, 

mice were acclimated in restraints for 5 minutes on heated platform prior to recordings using 

CODA Noninvasive Blood Pressure System (Kent Scientific). 15 to 25 recordings were obtained, 

and of those, last 10 recording were averaged for each mouse. Measurements with the SD values 

greater than 30 were excluded.  Measurements were taken for at least 5 days prior to osmotic 

minipump implantation to familiarize mice to device, followed by day 0, 3, 5, 7, 10, 11, 12, 13 

and day 14 recordings. Systolic, diastolic, mean arterial and pulse pressure were evaluated.  

Cardiac Echocardiogram 

Evaluation of cardiac morphology and function was conducted with echocardiogram 

using the VisualSonics Vevo 2100. Left Ventricular Posterior Wall (LVPW), Left Ventricular 

Internal Diameter (LVID), and Intraventricular Septum (IVS) were all measured in diastole and 

systole via M mode imaging. Ejection Fraction (EF), Cardiac Output (CO), and Fractional 

Shortening (FS) were also monitored. 

Histology 

Masson trichrome staining and Sirius Red staining were performed with aorta and heart 

samples as previously reported47, 96. In brief, extracted aortas and hearts were fixed in 10% 
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formalin overnight, dehydrated in 70% ethanol at 4°C for 24 hours, then processed and embedded 

in wax.  

For cardiac histology, serial cross-sections (5 µm) were stained in Sirius Red (EMS, 

Hatfield PA). To assess cardiac perivascular fibrosis, the value of fibrosis area was subtracted 

from vessel area and divided by the true area of the vessel. True area was calculated by outer 

medial perimeter2 divided by 4π. The value generated was the area of the vessel in true circular 

form. To assess cardiac vascular hypertrophy, the value of vascular medial area was divided by 

the true area of the vessel. In total, three vessels per animal (4-6 animals per condition) were 

analyzed.  

To evaluate medial hypertrophy of aortas, Masson trichrome staining was performed to 

distinguish medial area from adventitia in thoracic aortas Briefly, after de-paraffinization and re-

hydration, sections were incubated with Bouin’s fluid for 1 h at 56 ˚C. Sections were washed 

three times in distilled water for 3 min per wash and then incubated with Working hematoxylin 

and eosin solution for 7.5 min followed by washing in distilled water for 30 sec. Sections were 

then incubated with Biebrich Scarlet-Acid Fuchsin solution for 5 min. After incubation with 

phosphotungstic-phosphomolyhdic acid solution for 5 min, sections were stained with Aniline 

Blue for 5 min. They were then dehydrated and penetrated with ethanol and xylene and mounted 

with a glass coverslip and mounting medium (Fisher Permount, SP15-100). Medial thickness was 

quantified by measurements of 4 randomly-selected locations per slide. 3 representative vascular 

images were analyzed per sample.  

Immunofluorescence Staining of Aorta and Heart Sections 

The formalin fixed 5 µm thick aorta sections were cut via microtome onto charged slides 

which were then incubated at 37 °C overnight. To perform immunofluorescent staining, slides 

were washed in xylene to remove wax, then rehydrated in decreasing levels of ethanol water, 

boiled in sodium citrate followed by PBS washing. Blocking and permeabilization was performed 

simultaneously with 5% normal goat serum and 1% BSA in PBS containing 0.3% TritonX-100 
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for 1 hour at room temperature, followed by washes in PBS with 0.03% TritonX-100. Aorta 

sections were then incubated with 1:500 dilution of respective primary antibodies overnight at 

4°C. Upon washing in PBS with 0.03% Triton-X100 in PBS, the sections were incubated in 

AlexaFluor secondary anti-rabbit or anti-mouse IgG at room temperature for 2 hours, then and 

subsequently incubated with TrueVIEW Autofluorescence Quenching Kit (VectorLabs SP-8400-

15) to reduce autofluorescence. Slides were incubated with Hoescht to stain for nuclei (1:1,000 

dilution), then mounted with the mounting solution in the VectorLabs Quenchin Kit. Slides were 

dried overnight and images were obtained at 40X on EVOS2100 microscope. Mean fluorescence 

intensity was quantified in ImageJ.  

Statistical Analysis 

Data are presented as bar representing mean±SEM. Comparisons were performed via t 

test for 2 groups, 1-way ANOVA with the post hoc Tukey method for multiple groups, or 2-way 

ANOVA when time point and multiple groups are needed using Prism software (GraphPad, San 

Diego, CA). Differences were considered statistically significant at p <0.05. 
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 Reagents 

 

Table 1: List of Reagents. Antibody (Ab), Immunofluorescent staining (IFC), Immunoblotting 

(IB)  

 

Table 2: List of Genotyping Primers 

 

 

 

Category Antibody, species Manufacturer Cat # Dilution Experiment

CD45, rat BD  Biosciences BD 553076 1:500 Aorta IFC

Collagen III N-terminal, rabbit Proteintech 22734-1-AP 1:500 Aorta IFC

Oligomer A11 (PAO), rabbit Life Technologies AHB0052 1:10,000 Aorta and VSMC IB

VCAM-1, rabbit Abcam ab134047 1:100,000 VSMC IB

Puromycin, clone 12D10 mouse Sigma MABE343 1:10,000 VSMC IB

c-Jun, rabbit Santa Cruz SC-1694 1:1,000 VSMC IB

c-Fos, rabbit Santa Cruz sc-52 1:1,000 VSMC IB

Ser 724 p-IRE1α, rabbit Novus NB100-2323 1:10,000 Aorta and VSMC IB

total IRE1α, rabbit Cell Signaling 3294S 1:10,000 VSMC IB

Thr 980 p-PERK, rabbit BioSource bs-2469R-TR 1:10,000 VSMC IB

total PERK, rabbit BioSource bs-2469-TR 1:10,000 VSMC IB

ATF6, mouse Novus NBP1-40256 1:10,000 Aorta and VSMC IB

XBP1-S (D2C1F), rabbit Cell Signaling 12782 1:10,000 VSMC IB

GRP78/BiP, rabbit Proteintech 11587-1-AP 1:10,000 Aorta and VSMC IB

CHOP, mouse Cell Signaling 2895S 1:10,000 Aorta and VSMC IB

VCP, rabbit Cell Signaling 2648S 1:10,000 Aggregate IB

Annexin A2 (D11G2), rabbit Cell Signaling 8235S 1:10,000 Aggregate IB

HSP70, rabbit Cell Signaling 4872S 1:10,000 Aggregate IB

Crystallin AB, rabbit Enzo Life Sciences ADI-SPA-223-D 1:10,000 Aggregate IB

Testin, mouse Santa Cruz sc-271184 1:10,000 Aggregate IB

Ubiquitin (9P4D1), mouse Santa Cruz sc-8017 1:10,000 Aggregate IB

GAPDH, mouse Millipore MAB374
1:10,000

Aorta and VSMC IB

α-smooth muscle actin, mouse Sigma A2547 1:500 Aorta IFC

Loading control Ponceau S solution Sigma P7170-1L n/a IB

IRDye 800CW, Goat anti-rabbit Li-Cor 926-32211
1:10,000

IB

IRDye 800CW, Goat anti-mouse Li-Cor 926-32210 1:10,000 IB

IRDye 680CW, Goat anti-rabbit Li-Cor 926-68071 1:10,000 IB

IRDye 680CW, Goat anti-mouse Li-Cor 926-68070 1:10,000 IB

AlexaFluor 488, Goat anti-rabbit IgG Invitrogen A11034
1:1,000

IFC

AlexaFluor 488, Goat anti-mouse IgG Invitrogen A11001 1:1,000 IFC

AlexaFluor 594, Goat anti-rabbit IgG Molecular Probes A11012 1:1,000 IFC

AlexaFluor 594, Goat anti-mouse IgG Invitrogen A11005 1:1,000 IFC

AlexaFluor 594, Goat anti-rat IgGJackson ImmunoResearch112-585-167 1:1,000 IFC

Secondary Ab for 

Immunofluorescence

Primary antibodies 

(Pathology markers)

Primary antibodies        (ER 

stress markers)

Primary antibodies 

(Insoluble aggregate 

confirmation)

Primary antibodies (other)

Secondary Ab for 

Immunoblotting

Gene Species

Fw CCTCTCTGGTGATCAGGATA 

Rv  CGTGGAGAAGATCTGAGACT

Fw CCTGGAAAATGCTTCTGTCCG

Rv CAGGGTGTTATAAGCAATCCC

mouseGRP78

Sequence

mouseCre
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CHAPTER 3 

CHARACTERIZATION OF PROTEIN AGGREGATES INDUCED BY ANGIOTENSIN 

II IN VASCULAR SMOOTH MUSCLE CELLS 
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Results 

Aggregates are induced by age in Human aorta and by Ang II in rat aortic VSMCs 

Aortic aggregate presence has been briefly described and characterized in aged and 

hypertensive vessels81-83, however successful therapeutic targeting has remained elusive. 

Furthermore, human hypertensive/failing hearts have aggregate accumulation97, 98, but 

investigations to aggregates in the peripheral vasculature have been limited. To justify further 

investigations of ER chaperoning as a potential target for aortic medial aggregate accumulation, 

human vessels were examined to confirm aggregates accumulate with age, as well as ER stress 

marker GRP78 (unmedicated hypertensive human samples could not be obtained). Based on 

previous evidence that hypertension is considered a premature aging disease of vessels7, we 

justify using aged samples for this investigation in lieu of hypertensive subjects.  

Human aorta sections from a healthy/unmedicated 51 year old control subject were 

compared to those collected from otherwise healthy/unmedicated 71 and 80 year aged patients. 

Staining was performed for α-smooth muscle actin to demarcate medial layer colocalization with 

GRP78 (Figure 1A). Compared to the 51 year old control, there was an enhancement in GRP78 

positivity in the medial layer of the aged aortas. As described previously, ER stress induces 

GRP78 expression therefore age increased ER stress in human aortas. Next, to identify aggregate 

presence, an amino acid sequence-independent antibody was used called Oligomer A11 which 

stains for pre-amyloid oligomers (PAO). Oligomer A11 antibody can detection low molecular 

weight oligomers that are considered cytotoxic. This antibody was developed by immunizing 

rabbits to a specific Aβ. The anti-sera from these rabbits was then used in ELISA for other 

amyloidgenic proteins such as IAPP, insulin, Prion106-126, polyglutamine, and α-synuclein. It 

was found that this anti-sera could detect PAO independent of amino acid sequence, since all of 

these could be reactive with the antibody, as detected in ELISA99. The PAO antibody specifically 

detects soluble amyloid assemblies distinct from fibrillar amyloid β (Aβ), previously detecting 

only 27–56 kDa complexes in extracellular-enriched extracts100. In Alzheimer’s Disease studies, 
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immunoreactivity of the high-molecular mass complexes with 6E10, 4G8 antibodies indicate 

insoluble amyloid β fibrils, however soluble amyloid oligomers are considered much more 

toxic101. PAO staining of human aortas revealed that amyloid oligomers increase with age (Figure 

1B).  

To recapitulate the aggregate detection in our in vitro system, Proteostat Dye was used. 

Proteostat is a molecular rotor that works in such a way to spin with no fluorescence in the 

absence of aggregates, however in their presence, the dye slips into the exposed cavities of 

aggregated protein thereby causing the dye rotation to be constrained, resulting in fluorescence 88.  

Rat primary thoracic aortic VSMCs were used in vitro, since VSMCs are the majority cell present 

in the aorta, and make up the medial layer (where aggregates were found in human aged 

samples). VSMCs were seeded onto glass coverslips and treated with Ang II (100 nM) for 0, 24, 

48, and 72 hours. Time points past 24 hours were stimulated daily to recapitulate chronic 

exposure to elevated Ang II levels. Following Ang II stimulation, VSMCs were fixed and labeled 

with Proteostat Dye and imaged at 60 X (Figure 1C). Interestingly, it appeared Ang II could 

stimulate aggregate accumulation in VSMCs at each time point, with 48 hours being the maximal 

accumulation time (Figure 1D). Not only did the number of aggregates/cells increase with time, 

but also the size of these aggregates (Figure 1E).  
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Figure 5 Human aortic aggregates and ER stress occur with age and 
aggregates can be induced by Ang II in rat VSMCs: A. Human aortas 
collected from 50, 70, and 80 yr old patients were stained for GRP78 and 
αSMA B. Human aorta stained for PAO aggregate marker C Primary Rat 
aortic VSMCs stimulated with 100 nM Ang II every 24 h for either 72 h, 48 h, 
24 h, or 0 h. Cells fixed and stained with Proteostat Dye and DAPI. Images 
taken at 60X Mag, scale bar= 15 µm. D. ImageJ analysis to quantify number 

of aggregates per DAPI E. ImageJ analysis of aggregate size per cell. 
*P<0.05 , **P<0.01, ***P<0.001, ns= not significant. Dots represent individual 
images analyzed. 5 images taken per well, 4-6 wells per experiment. Bars 
represent Mean. Error bars= SEM. One-way ANOVA with post-hoc Tukey 
test performed 
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Pharmacological ER Chaperone 4-PBA can reduce aggregate formation and 

insoluble PAO induced by Ang II 

To investigate if ER chaperoning could be therapeutically targeted to reduce Ang II 

induced aggregate accumulation, the chemical chaperone sodium phenylbutyrate  (4-PBA) was 

investigated. 4-PBA is a chemical compound that has varying degrees of hydrophobicity yet still 

soluble in aqueous environments, and act by binding to solvent-exposed hydrophobic segments of 

unfolded or improperly folded proteins, thereby “protecting” them from aggregation43.  The 

compound is a well-tolerated FDA approved drug used to treat urea cycle disorders. 4-PBA is 

also a histone deacetylase inhibitor in addition to it’s chemical chaperone properties, and is under 

clinical trial for use in protein misfolding diseases such as cystic fibrosis, Parkinson disease and 

Huntington disease98.   

VSMCs were pretreated with 1 mM 4-PBA for 30 minutes (or vehicle) prior to 

stimulation with Ang II for 48 hours, then processed for Proteostat analysis. Aggregate number 

per cell analysis revealed that ER chaperoning could indeed reduce the aggregate burden induced 

by Ang II (Figure 2A and B). Next, to further assess the reactivity of these misfolded protein with 

the PAO antibody, detergent insoluble aggregates were separated from soluble portion via Triton 

X-100 extraction following a previously described protocol48, 78, 89 The detergent soluble and 

insoluble portions were resuspended in SDS dye and boiled prior to running on an SDS gel. The 

resultant separated proteins were probed with the PAO antibody and normalized to total protein 

via Ponceau staining (Figure 2C). Soluble fraction showed low reactivity with the PAO antibody 

however the insoluble fraction treated with Ang II was significantly enriched in the 27-56 kDa 

range which is comparable with the literature for these oligomer fractions100. 4-PBA pretreated 

VSMCs were significantly protected from Ang II induced insoluble PAO (Figure 2D). 

 

https://en.wikipedia.org/wiki/Urea_cycle_disorder
https://en.wikipedia.org/wiki/Histone_deacetylase_inhibitor
https://en.wikipedia.org/wiki/Chemical_chaperone
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Figure 6 ER chaperoning reduces Angiotensin II induced protein aggregation. 
A: VSMCs labeled with Proteostat dye following Veh or 4-PBA pretreatment + 48h 
AngII stimulation (100 nM). Images are 60X magnification, scale bar 15 µm. B: 
Quantification of number of Aggregates per cell (normalized to DAPI), processed in 
ImageJ. Dots represent individual images, 5 images per well, 5-6 wells per condition. 
Bars represent Mean. Error bars= SEM, ***P<0.001, ns=not significant. One-way 
ANOVA with post hoc Tukey test  C: Cell lysates fractioned into soluble and insoluble 
portions utilizing TritonX100 detergent, following treatment with vehicle or 4-PBA and 
48h AngII stimulation. Fractions subjected to SDS page gel and probed for pre-
amyloid oligomers (PAO) wth Oligomer A11 antibody. D: whole blot expression of 
PAO quantified and normalized to total protein Ponceau. N=4, values represented as 
fold change relative to vehicle untreated control. Error bars= SEM, *P<0.05 One-way 
ANOVA with post hoc Tukey test  
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Genetic overexpression of GRP78 reduces Ang II induced protein misfolding in 

VSMCs 

Because pharmacological chaperone 4-PBA has off target effects independent of it’s 

chaperoning capacities, we next sought to hone in on targeting ER chaperoning genetically for 

enhanced specificity. The ER chaperone GRP78 (78-kDa glucose regulated protein), also referred 

to as BiP (Binding immunoglobulin protein) or HSPA5 (heat shock protein family A, member 5), 

is considered an essential ER chaperone and a master regulator of ER homeostasis. GRP78 

facilitates folding and assembly of nascent polypeptides, prevents their misfolding and 

aggregation, targets misfolded proteins for proteasome degradation, and controls the signaling for 

the initiation of the various arms of the UPR. GRP78 overexpression reduces prion propagation, 

whereas it’s silencing exacerbates prion formation, further warranting its necessary role in 

regulating proteostasis102. GRP78 is ubiquitously expressed in mammalian cells and highly 

conserved across species. Mutations in GRP78 are rarely seen in adulthood due to its crucial role 

in protein folding, and deletion of GRP78 in mice causes very early embryonic lethality103. One 

GRP78 mutant called baffled, displays severe thalamocortical axon defects via a point mutation in 

the Hspa5 gene104.  

GRP78 has two structural domains (Figure 7), a nucleotide binding domain (NBD) and a 

substrate binding domain (SBD). The NBD binds and hydrolyzes ATP, and the SBD binds 

polypeptides. The NBD subdomains are separated by a cleft where the nucleotide, one MG2+, and 

two K+ ions bind and connect all four domains. The SBD is divided into two subdomains, one 

that serves as a binding pocket for peptides, and one as a helical lid to cover the binding 

pocket105. Half of GRP78’s sequence is identical to the other HSP70 members: HS71A 

(HSPA1A), HS71B (HSPA1B), GRP75 (HSPA9), HSP7C (HSPA8), HSP72 (HSPA2). The NBD 

and SBD of these proteins are conserved. GRP78 is unique from these members however by the 

fact that it possesses an ER signal sequence at the N-terminus and a KDEL retrieval sequence at 
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the C-terminus. KDEL is an abbreviation for Lys-Asp-Glu-Leu, the amino acid sequence that 

prevents a protein from being secreted from the ER, therefore these two features enable GRP78 to 

translocate into the ER and remain as an ER protein106. 

Utilizing an adenoviral construct, VSMCs were transduced with either control vector 

(LacZ, “ad-Cntrl”) and ad-GRP78 for 48h prior to stimulation with Ang II for 48 hours. The cells 

were fixed stained and labeled for PAO as well as α-SMA for clear visualization of the cells 

(Figure 8A). PAO per cell was quantified by normalizing green positivity to DAPI (Figure 8B), 

and adGRP78 significantly protected against Ang II induced PAO formation. GRP78 

overexpression in these cells was confirmed via immunoblotting (Figure 8C). 
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Figure 7: Protein Structure of GRP78. The upper panel represents the primary 

structure of GRP78/BiP, including the nucleotide binding domain (NBD) and 

substrate binding domain (SBD). In addition to the NBD and SBD, BiP has an N-

terminal signal sequence, which is an 18-amino acid long signal peptide for ER 

targeting and translocation, and a C-terminal ER retrieval sequence, lys-asp-glu-leu 

(KDEL), which prevents BiP from being secreted from the ER. The lower panel 

shows the structures of the NBD (PDB: 3IUC) and SBD (PDB: 5e85) of human BiP. 

The magenta stick represents the ADP that binds to the NBD of BiP.. (Mitaya Y, et 

al. “HSPA5. “Encyclopedia of Signaling Molecules”. Springer International 

Publishing. 2018. 2429-2451 
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Figure 8 ER chaperone GRP78 reduces Angiotensin II induced protein 
aggregation. A: VSMCs labeled with PAO (green) and α-SMA (red) following 
adCntrl or adGRP78 transduction + 48h AngII stimulation (100 nM). Images are 60X 
magnification, scale bar 15 µm. B: Quantification of number of Aggregates (PAO) per 
cell (normalized to DAPI), processed in ImageJ. Dots represent individual images, 3 
images per well, 3 wells per condition. Bars represent Mean. Error bars=SEM, 
****P<0.0001, ns=not significant. One-way ANOVA with post hoc Tukey test C: 
Immunoblot confirmation of GRP78 overexpression in lysates collected from adCntrl 
and adGRP78 transduced cells. 
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Shotgun Proteomic Investigation of Detergent Insoluble Aggregates reveals specific 

proteins that aggregate upon Ang II stimulation 

GRP78 visually reducing protein aggregation in VSMCs led next to the exploration of 

detergent insoluble aggregate fractions in order to assess specific proteins that were prone to 

aggregation under Ang II stimulation and resolved with GRP78 overexpression via mass 

spectroscopy. Therefore, utilizing TritonX-100 detergent fractionation described previously, 

VSMCs infected with either control or GRP78 adenovirus vector were treated with Ang II for 48 

hours prior to collection and separation. Then, samples underwent processing for Mass 

Spectroscopy analysis (Figure 9). 

Unbiased mass spectroscopy can be performed can prove to be more sensitive and 

specific than western blotting due to lack of a requirement for antibodies. Insoluble fractions were 

isolated from VSMC in vitro cultures and subjected to ‘shotgun’ proteomics – a indirect method 

determining the abundance of proteins using peptide abundance after digestion of proteins in a 

mixture107. This methodology utilizes tandem liquid chromatography-mass spectroscopy 

technology in identifying the peptides against known databases. Data obtained from proteomic 

analysis was compared in the following ways: Control vs Ang II (ad-Cntrl), comparing all groups, 

and comparing ad-Cntrl+Ang II to ad-GRP78+ Ang II, in order to identify differential regulation 

of protein misfolding. In exploring untreated vs Ang II treated VSMCs with ad-Cntrl only, there 

were 124 proteins that were significantly enriched in the Ang II insoluble aggregate fraction 

relative to control. Mostly significantly enriched Go Terms via DAVID Functional annotation 

were: (1) actin filament binding, (2) proteosome complex, (3) protein chaperoning and processing 

in the ER (Figure 10). 
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Figure 9 Proteomic assessment of detergent insoluble fractions. Flow 

chart representing steps of the process for treating VSMCs, collecting 

samples and processing for mass spectroscopy shotgun proteomic analysis 

of insoluble (aggregate) fractions 
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Figure 10. Comparing ad-Cntrl untreated vs Ang II stimulated VSMC 

detergent insoluble aggregate proteomic hits. A. Heat map representing 

significantly increased proteins in Ang II aggregates relative to control 

(P<0.05). B DAVID.gov analysis of functional GO Terms significantly 

enriched in Ang II insoluble aggregates relative to control 
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Overexpression of GRP78 reduces the abundance of proteostasis regulators in 

aggregates 

Interestingly, comparing across groups for significance induced by Ang II and resolved 

by GRP78 overexpression, we found that GRP78 resolved the presence of chaperones in 

aggregates (Figure 11). Specifically, HSPA8 family proteins, Annexin A2, and CryAB are all 

considered chaperone proteins which were increased in the insoluble portion of Ang II treated 

VSMCs and resolved by GRP78. Other proteins were acting binding elements such as actinin 1 

and 4, and testin. Lastly proteasomal subunits Psma5, Psma6, and ERAD specific component 

VCP were enriched in Ang II aggregates and alleviated with GRP78 overexpression. These 

results indicate GRP78 overexpression attenuates ERAD/protein chaperone activation induced by 

Ang II. 

To confirm the mass spectroscopy results, immunoblotting of soluble and insoluble 

fractions was done. VSMCs were infected with either ad-Cntrl or ad-GRP78 as done in mass 

spectroscopy experiment, followed by Ang II stimulation for 48 hours. The soluble and insoluble 

fractions were separated in Triton X100 lysis buffer and both ran on an SDS gel. We probed for 

hits identified by mass spectroscopy including HSP70, Annexin A2, CryAB, VCP, and Testin, 

and normalized the insoluble signal to total protein as stained by Ponceau (Figure 12A). These 

data confirm a trend in Ang II enrichment of the aforementioned proteins in insoluble fraction, 

with attenuation by GRP78. 
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Figure 11. Proteomic analysis of insoluble aggregates collected from VSMCs treated with 

Ang II +/- GRP78 overexpression. A. Volcano plot of differentially aggregated proteins, 

red=significantly upregulated and blue= significantly down regulated, green=proteins that were 

significantly increased by Ang II relative to control, and suppressed by GRP78 overexpression. B. 

Heat map of aggregates induced by Ang II in VSMCs and significantly attenuated by GRP78 

overexpression.  
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Figure 12. Proteomic immunoblotting confirmation of soluble and insoluble 

fractions from VSMCs treated with Ang II +/- Cntrl or GRP78 adenovirus. A.  

Immunoblot of VSMC Triton X-100 soluble and insoluble fractions treated with Ang 

II for 48 hr after being transduced with control or GRP78 overexpressing adenovirus 

and probed for proteomic significant hits B. Insoluble HSP70/Ponceau Fold Change 

relative to ad-Cntrl untreated C. Insoluble Anxa2/Ponceau Fold Change relative to ad-

Cntrl untreated D. Insoluble CryAB/Ponceau Fold Change relative to ad-Cntrl 

untreated E. Insoluble VCP/Ponceau Fold Change relative to ad-Cntrl untreated F. 

Insoluble Testin/Ponceau Fold Change relative to ad-Cntrl untreated 
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Discussion 

 In this chapter, characterization of Ang II induced protein aggregation was done in rat 

aortic primary VSMCs. We observed that AngII induces PAO, and furthermore mass 

spectroscopy identified previously unknown proteins that are enriched in the insoluble/aggregated 

fraction of VSMCs. This information greatly expands therapeutic target potential of 

antihypertensive drugs, especially the therapeutic potential of GRP78 to reduce hypertensive 

aggregate accumulation in vascular cells.  

Chaperone enrichment of aggregates was significant in Ang II fractions. Firstly, HSPA8 

family protein has been indicated in hypertensive disorder of pregnancy by modulating β-

arrestin1108, whereby overexpression of HSPA8 promoted cell proliferation, migration, and 

MMP-2 and MMP-9 levels. It has also been found that HSP90 regulates mitochondrial dynamics 

and fibroblast dysfunction in hypertension, and it’s inhibition is protective against mitochondrial 

fission and aortic remodeling109. Therefore, the groundwork has previously been laid to identify 

hypertension induces heat shock family expression, but this study now highlights that they are 

functionally enriched in aggregates, and GRP78 overexpression may be a therapeutic for reducing 

hypertension via reduction of demand on heat shock family proteins.  

The next identified protein was annexin a2 (Anxa2). Anxa2 plays many roles in the cell 

including motility, cytoskeleton, endocytosis, and ion channel formation. There has also been 

shown to be an interplay between HSP70 and annexin a2 in pulmonary hypertension110, where 

pathological shear stress significantly increases HSP70 in endothelial cells with compensatory 

downregulation of annexin a2. A novel role for annexins has been established in their 

coordination of extracellular vesicle (EV) trafficking, which could contribute to why aggregates 

were enriched with Anxa2. Human VSMC EVs contain tethering proteins Anxa1 and Anxa2, 

which leads to their extracellular matrix deposition and aggregation, therefore promoting vascular 

calification111. Overall, EVs are insoluble and could lead to their enrichment in the cytosolic 

aggregate fraction of VSMCs stimulated by Ang II, and furthermore GRP78 suppresses their 
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enrichment. The results of this study may demonstrate a novel role of GRP78 in EV trafficking. 

Previous evidence has found ER stress induces the release of EVs loaded with GRP78 from 

VSMCs to enhance vascular calcification112, further supporting the observation in this 

dissertation. 

 CryAB is a heat shock family chaperone that has been extensively studied for it’s 

contribution to CVD in the context of genetic mutation77, 113 causing cardiac proteotoxicity. 

Cardiomyocyte specific expression of mutant αB-crystallin (CryABR120G) causes desmin-related 

cardiomyopathy, resulting in significant cardiac fibrosis and reduced ejection fraction. 

Downregulation of wild type cryAB also contributes to Parkinson’s Disease hallmark 

accumulation of α-synuclein inclusion bodies114. Due to the observation of cryAB with 

aggregates previously, it is very indicative that the Ang II insoluble portion is in fact enriched in 

misfolded proteins relative to untreated control fractions. Most interestingly, previous evidence 

has shown that anchoring cryAB to the ER prevents aberrant protein aggregation115, further tying 

it’s role into ER stress induces protein misfolding regulation. Because GRP78 overexpression 

resolves the presence of cryAB in aggregates, this may be an indicator that global ER misfolding 

is suppressed, reducing the needs for cryAB to bind misfolded proteins. 

Lastly in terms of proteins involved in protein misfolding, VCP was significantly 

enriched in Ang II aggregates, and reduces with GRP78 overexpression. Valosin containing 

peptide/VCP, also called p97 or Cdc48, is a highly conserved type II AAA+ ATPase that 

regulates proteasomal/lysosomal degradation of misfolded proteins in the ER. VCP recognizes 

and modulates ubiquitin assembly on substrates as well as orchestrates their segregation and 

degradation by 26S proteasomal subunit116. VCP has recently been proposed to be protective in 

myocardial infarction117 and renal ischemia-reperfusion injury118. It has also been identified as a 

biomarker for human coronary disease due to it’s elevation in patient serum119. Inhibition of VCP 

induces cardiac dilation and dysfunction in a transgenic mouse model120. Due to it’s regulation of 

CVD, it is interesting to see it elevated in Ang II insoluble fractions in our studies. This may have 
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been precipitated out in the insoluble portion due to it’s interaction with misfolded proteins 

targeted to the proteasome/lysosome. Furthermore, GRP78 overexpression reduction of VCP 

enrichment in Ang II treated fractions demonstrates that GRP78 not only reduces chaperone 

activity but ERAD components as well. This shows an alleviation of proteostatic stress by GRP78 

when induced by Ang II in VSMCs. 

Analysis of mass spectroscopy hits revealed actin related proteins aggregate under Ang II 

treatment as well. Testin was one such protein that could be significantly induced by Ang II and 

resolved with GRP78 overexpression. Testin is a focal adhesion protein, which is utilized by the 

cell to connect to the ECM and mechanotransduce signals to the cytoskeleton to regulate cell 

stiffness, contraction, motility, and apoptosis121. In a cohort comparing the genome of 1071 

control patients versus 561 cases of thoracic aortic aneurysms, testin was revealed to be the most 

significantly causal gene122. Variants in testin induce abnormalities VSMC contractility, and it’s 

function is necessary for blood pressure homeostasis. Therefore, enrichment of testin in aggregate 

fractions of Ang II treated VSMCs may reveal a novel way in which contractility of VSMCs 

becomes dysfunctional in hypertension. Though the propensity of testin to aggregate is unknown, 

focal adhesions themselves aggregate in responsive to increased force121, therefore what may be 

seen in the insoluble fractions is actually a reduction in focal adhesion complex assembly with 

GRP78 overexpression. Further immunofluorescent visualization or immunoprecipitation studies 

would be needed to confirm if the presence of testin in the insoluble fraction represent a 

misfolded protein or an insoluble focal adhesion complex. In turn, GRP78 regulation of 

proteostasis may extend beyond the context of ameliorating misfolded proteins and into VSMC 

mechanotransduction. 

Limitations  

While the aforementioned aggregate studies provide novel information regarding Ang II 

regulation of VSMC proteostasis, there are many limitations to these experiments that must be 

mentioned as a caveat. To start, the VSMCs used in this study are of rat origin and therefore 
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human studies are required to confirm the observations to conclude that targeting ER chaperoning 

reduces the same aggregate fractions. Furthermore, the aggregate purification performed in these 

studies utilized Triton X100 lysis buffer methods as done with cardiac and Alzheimer’s disease 

samples78, 89, 123. However, Sarkosyl has been used in other studies to identify even more proteins 

that aggregate in the heart of Ang II infused mice39. False positives or falsely induced aggregation 

can occur with the extraction of insoluble fractions from soluble lysates as well, therefore 

investigation of these aggregate hits in intact human vessel would greatly support the conclusions 

generated here. An increase in protein post-translational carbonylation has been identified in aged 

mice, and this modification induces protein misfolding 124, therefore protein carbonylation could 

be monitored in whole cell lysates and detergent insoluble aggregates utilizing 2,4-

dinitrophenylhydazine (DNPH) immunoblotting 125 

In terms of GRP78 targeting in VSMCs, adenoviral construct highjack protein synthesis 

pathways in order to overexpress proteins. Therefore, there is a chance that either ad-Cntrl or ad-

GRP78 vectors may influence the proteins that are translated and folding in the ER, which would 

impact mass spectroscopy findings. Utilizing pharmacological chaperones such as 4-PBA or BiP 

inducer X (BiX) may be an alternative treatment to compare aggregate enrichment in these 

conditions.  

Treating cell with Ang II is a standard method of recapitulating hypertensive conditions 

in vitro, however it is not the only contributor to vascular dysfunction observed in patients. 

Utilizing high salt stimulation, mineral corticoid receptor activation, aged cells or explant cells 

from hypertensive patients/animals may be another way to observe aggregates in hypertension 

independent of Ang II stimulation. Because AT1R activation is highly correlative with 

hypertension, these results are a first step into observing how proteostasis is dysregulated in 

medial vascular cells. However, investigation into endothelial cell, fibroblast, and immune cell 

proteostasis regulation via Ang II is required in future studies to allow better understanding of 

overall proteinopathy in hypertensive vessels. 
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CHAPTER 4 

GRP78 PROTECTS AGAINST ER UPR SIGNALING AND VSMC DYSFUNCTION 

INDUCED BY ANGIOTENSIN II 
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Results 

ER UPR is induced by Ang II and modulated by GRP78 overexpression 

GRP78 has been shown to exert chaperone activity to protect against Ang II induced 

protein misfolding, however this is just one of two roles GRP78 plays in the ER. Aside from 

chaperone function, GRP78 is the major signal transducer/initiator of the UPR signaling cascade. 

As reviewed in the Introduction as well as elsewhere, the adaptive/acute UPR functions to 

preserve protein homeostasis and sustain cell survival through several mechanisms that improve 

protein folding, reduce protein overload and improve the degradation of misfolded proteins. 

However maladaptive UPR signaling results in chronic disease scenarios, therefore we wished to 

investigate how GRP78 overexpression might mitigate this in a hypertensive in vitro model. The 

three main distinct signaling branches that control the UPR (IRE1α, ATF6, and PERK) are kept 

in an inactive state through interaction with the GRP78 in homeostatic conditions. Although the 

adaptive UPR is the initial line of defense against ER stress to maintain ER homeostasis, 

sustained or overwhelmed UPR activation might switch to maladaptive UPR, resulting in 

irreversible cell injury and death. 

Protein misfolding is the event that spurs UPR activation,  therefore the individual arms 

of the signaling cascade and how they may be induced by Ang II treatment was examined. 

GRP78 overexpression may have multiple roles where protein misfolding is suppressed but also 

overexpression may yield more GRP78 available to bind UPR sensors and maintain them in an 

inactive state. Therefore, Ang II stimulation in rat aortic VSMCs was done with either LacZ 

Control ad GRP78 adenoviral overexpression. In Figure 13, VSMCs were stimulated with Ang II 

for 0, 1, 3, and 6 hours and lysates were collected to examine UPR activation by Ang II and what 

effect over expression of GRP78 might have on these individual arms. Ang II significantly 

induces p-IRE1α within 1 hr of stimulation and that effect is sustained over the 6 hour period 

(Figure 13B). IRE1α dimerizes upon phosphorylation and therefore the double banded 

appearance may indicate different activation levels, or cross reaction with IRE1β. Interestingly, 
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GRP78 overexpression is able to attenuate this induction. Furthermore, downstream splicing of 

XBP1s which is regulated by the RNase activity of p-IRE1α is increased 1 hour post Ang II 

stimulation in control infected cells, and this is reduced in GRP78 overexpressing VSMCs 

(Figure 13C). This shows that p-IRE1α functionality is reduced by GRP78 overexpression.  

Looking into the next arm of the UPR, PERK phosphorylation (Thr980 site) was 

examined. This is an autophosphorylation sight that results in change in confirmation upon 

release of GRP78 to induce dimerization of this signal transducer, similar to IRE1α. However, 

PERK does not have RNase activity and instead is a master controller of translation attenuation. 

In our model, Ang II stimulation does not significantly increase PERK phosphorylation at any 

time point relative to untreated control cells, however, GRP78 overexpression completely ablates 

the signal (Figure 13D). This shows that although Ang II may preferentially activate IRE1α arm 

over PERK, GRP78 overexpression does allow for UPR signal transduction control to completely 

eliminate PERK activation. The observation that there is basal PERK phosphorylation in control 

treated cells may be an indication that serum starvation alone is stressful, and that GRP78 

overexpression eliminates the stress caused by nutrient deprivation.  

Upon ER stress, the ER-localized 90 kDa activating transcription factor 6 (p90ATF6) is 

proteolytically cleaved to produce the transcriptionally active amino-terminal 50 kDa (p50ATF6) 

product where it enters the nucleus to activate a subset of unfolded protein response and ERAD 

genes. Expression of ATF6 cleavage, or the 50 kDa transcriptionally active subunit was examined 

under Ang II stimulation +/- GRP78 overexpression. Like PERK phosphorylation, activation of 

ATF6 does not occur at a high magnitude under Ang II stimulation. However, at 6 hours post 

Ang II stimulation there is a significant increase in cleaved ATF6 relative to 0 hours (Figure 

13E). Moreover, GRP78 overexpression ablates ATF6 cleavage. This is an observation again 

confirming that GRP78’s activity as the UPR master controller is strong enough to not only 

protect against stimuli activation, but under basal conditions as well. Figure 13F confirms GRP78 

overexpression in this cell culture model. 
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Figure 13. GRP78 overexpression modulates ER UPR activation by Ang II in 

VSMCs. A. Immunoblot panel of VSMCs infected with 30 MOI ad-Cntrl or ad-

GRP78 for 48h prior to Ang II (100 nM) stimulation for 0, 1, 3, 6 hours. Lysates 

collected in 1X SDS dye and subjected to gel electrophoresis and immunoblotting. B. 

Quantification of pIRE1α Ser724/GAPDH Fold change relative to untreated control C. 

XBP1s/GAPDH Fold change relative to untreated control. D. 

pPERK(Thr980)/GAPDH Fold change relative to untreated control. E. Cleaved 

ATF6/GAPDH Fold Change relative to untreated control. F. GRP78/GAPDH Fold 

change relative to untreated control. n=3-5 per condition. Points represent mean, Error 

bars= SEM *P<0.05 compared to LacZCntrl 0 hr. #P<0.05 Between LacZCntrl and 

LacZGRP78, at respective time point. 2 way ANOVA with Bonferroni post hoc test 

utilized. 
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GRP78 overexpression reduces Ang II induced pro-hypertrophic and inflammatory 

phenotype in VSMCs 

Taken together that (1) GRP78 does in fact modulate UPR activation and that (2) the 

IRE1α arm seems to be most robustly effect by Ang II stimulation, we next sought out to 

determine if blocking UPR activation reduces VSMC inflammation. This is because it has been 

well established that IRE1α chronic activation results in NFκB and AP-1 signaling126, both of 

which are involve in inflammation and pathology in multiple diseases. To determine GRP78 

regulation of AngII inflammation, immunoblotting was performed to investigate changes in 

expression of vascular adhesion molecule-1 (VCAM-1). A recent study found that inhibition of 

VSMC ER stress reduced neointima formation in a balloon injury model, which was 

accompanied by a reduction of VCAM-1127. Furthermore, IRE1α inhibition has been found to 

reduce collagen content in bleomycin-induced pulmonary fibrosis128. In our model of Ang II 

stimulation, VCAM-1 induction occurs at 24h post stimulation, and GRP78 overexpression seems 

to significantly attenuate this induction (Figure 15 A and B).  

In order to assess functional changes in VSMC pathology, we sought out to determine 

protein synthesis rate changes due to GRP78 overexpression. Authors using IRE1-/- fibroblasts 

following TGFβ treatment to elucidate the role of ER stress in fibrosis found XBP1s induction 

leads to ER expansion and enhanced ECM synthesis129. ER stress induction of ER expansion is an 

adaptive response to resolve high protein synthesis demand, however can become maladaptive. 

Ang II is a known inducer of protein synthesis130, and assays to detect changes in this have been 

developed. Specifically, protein synthesis rates are commonly measured by using isotopic tracers 

to quantify the incorporation of a labelled amino acid into muscle proteins. Here, the non-isotopic 

SUnSET technique is utilized in which labeled puromycin was pulsed into VSMCS following 6 

hr of Ang II stimulation, with and without GRP78 overexpression. Ang II significantly increases 

puromycin incorporation in lacZ cntrl infected cells, and GRP78 overexpression reduces the 

protein synthesis rate at 6 hours (Figure 15D and E).  
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Lastly to translationally assess Ang II increases in VCAM-1 expression which were 

inhibited by GRP78 overexpression, a THP-1 adhesion assay was utilized. This allows for the 

monitoring of immune cell adhesion to inflamed VSMCs. Ang II has been shown to increase the 

adhesion and infiltration of immune cells into the vasculature via adhesion molecule expression 

in multiple cells types131, therefore this is a functional assay to confirm GRP78 not only reduced 

VCAM-1 expression, but functional inflammation of VSMCs. THP-1 cells are a monocytic cell 

line and were incubated with Hoescht to label them fluorescently. VSMCs were infected with 

adeno control or GRP78 prior to treatment with Ang II for 48 hr. Following their treatment they 

were washed and incubated with labeled THP-1 cells for 30 minutes to allow adhesion. Following 

30 minutes, non-adherent THP-1 cells were gently washed away and then the cells were fixed on 

the VSMC monolayer with 4% PFA. Images were taken at 20X and number of THP-1 per image 

were counted. Ang II significantly increased the adhesion of monocytes to VSMCs at 48 hours, 

and GRP78 overexpression was able to reduce this (Figure 15F and G). 
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Figure 14 Genetic overexpression of GRP78 reduces Ang II induced VSMC 

inflammation. A. Rat aortic VSMCs infected with either control adeno or GRP78 

overexpression vector were stimulated with or without Ang II (100 nM) for 24 hrs and lysates 

probed for VCAM-1. B. Quantification of VCAM-1/GAPDH Fold change relative to 

untreated control C. VSMCs transduced with adenovirus encoding GRP78 or control GFP at 

100 moi for 48 h were stimulated with 100 nM AngII for 48 h and  incubated with 30,000 

THP-1 cells labeled with Hoescht for nuclei for 30 min, then washed away non-adherent cells 

and imaged at 10X (10 images per well, 3 wells per condition). Scale bar is 100 μm. D. 

Quantification of adherent THP-1 cells to VSMC monolayer. . Dots represent individual 

image analyzed, Bars represent Mean. Error bars= SEM ***P<0.001, **P<0.01, ns=not 

significant. One way ANOVA, post hoc Tukey test performed. E. SUNset assay-VSMCs 

transduced with adenovirus encoding control or GRP78 at 30 MOI for 48h prior to Ang II 6 

hr treatment and 30 min puromycin pulse for incorporation into newly synthesized proteins. 

Lysates extracted and immunoblot probe for puromycin. F. Puromycin/Ponceau (total 

protein) Fold change relative to untreated control. 
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IRE1α phosphorylation at Ser724 induces dimerization which results in a scaffold for 

TRAF2-IKK complex132, as well as for JNK (c-jun N-terminal kinase) activation133 which can 

induce cFos and cJun expression as well as cell death. The c-Jun and c-fos proto-oncogenes 

encode proteins that form a complex which regulates transcription from promoters containing 

AP-1 activation elements. c-Jun has specific DNA binding activity, while c-Fos has homology to 

the DNA binding domain of c-Jun. These subunits become phosphorylated and dimerize to 

become the active transcription factor AP-1 which is known to mediate a plethora of Ang II 

pathological targets like hypertrophy and fibrosis134. Other transcriptional pathways such as 

calcineurin/NFAT, JAK/STAT, or GATA factors are involved in the control of gene 

programming by Ang II/hypertensive signaling, but the role of ER stress in these pathways is still 

being elucidated. Overall because there is a link between p-IRE1α and JNK activation, cFos and 

cJun expression were explored (Figure 16). Ang II increases cFos and cJun expression ~30-60 

min post stimulation, however GRP78 was only able to attenuate cJun protein amount (Figure 

16C). 

THP-1 adhesion reduced by ER chaperoning was also confirmed utilizing the 

pharmacological chaperone 4-PBA. In Figure (17 and B), VSMCs treated with either vehicle or 

control were incubated with Ang II for 48 hour prior to THP-1 assay and 4-PBA was protective 

against Ang II induced attachment. In addition, collagen production was assessed utilizing an in 

vitro Sirius Red assay. Ang II treatment increased VSMC collagen production, and 4-PBA 

prevented this (Figure 17C). Furthermore, senescence was examined in these cells since ER UPR 

decline in proteotasis is observed in aging and we found that Ang II induced VSMC senescence at 

48 hours post stimulation, and 4-PBA pretreatment is protective against this. These results 

indicate that maintaining protein folding and UPR signaling is necessary for cellular longevity 

and response to hypertensive insults like Ang II (Figure 17D and E).  
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Figure 15. GRP78 overexpression modulates JNK signaling A. Rat aortic VSMCs 

were infected with adeno Lac Z control or GRP78 (30 MOI, 48 hr). Then stimulated 

with Ang II for a short time course of 0, 10, 30 or 60 minutes. Lysates were collected 

and probed for c-Fos, c-Jun, and GAPDH. B. cFos/GAPDH fold change induction 

relative to 0 hr Cntrl. C. cJun/GAPDH fold change induction relative to 0 hr control. 

N=3 independent experiments. Points represent Mean, Error bars=SEM *P<0.05. Two 

way ANOVA, Bonferroni post hoc test 
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Figure 16. Pharmacological ER chaperoning via 4-PBA reduces VSMC dysfunction A. 

Rat aortic VSMCs pretreated with chemical chaperone 4-PBA (1 mM) for 30 min prior to 

stimulation with Ang II 48h h were then incubated with 30,000 THP-1 cells labeled with 

Hoescht for nuclei for 30 min, then washed away non-adherent cells and imaged at 10X (10 

images per well). Representative images were shown from 3 independent experiments.  Scale 

bar is 100 μm..  B. Quantification of adherent monocytes per condition (Cell # per image) 

Dots represent value from individual images. 10 images were taken per well, 3 wells per 

condition. Dots represent individual image analyzed, Bars represent Mean. Error bars= SEM 

*P<0.05, ns=not significant. One way ANOVA with post hoc Tukey test C. Chondrex Sirius 

Red Collagen quantification kit utilized on VSMC lysates after being pretreated with 1 mM 4-

PBA +/- Ang II for 48 hr Fold Change relative to untreated control. D. Senescence associated 

β-galactosidase(SA-β gal) staining of VSMCs pretreated with 4-PBA +/- Ang II. E 

Quantification of SA-β gal positive cells per image,  normalized to nuclei (Hoescht). 5 images 

per well, 4 wells per condition. Dots represent individual image analyzed, Bars represent 

Mean. Error bars= SEM *P<0.05, ***P<0.001 ns=not significant. One way ANOVA, Tukey 

post hoc test performed. 
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Exploring GRP78 overexpression effect on oxidative stress induced by Ang II  

Ang II signaling induces oxidative stress in vascular cells135 , and enhances the presence 

of cytosolic ROS. This can result in post translational modifications like peroxidation of proteins 

resulting in carbonylation136, sulfenylation137, or tyrosine nitration138. All these modifications 

occur in hypertensive vessels, can obscure signaling cascade, increase stress in cells, and overall 

lead to pathological remodeling of tissues139, 140. Tyrosine nitration is mediated by reactive 

nitrogen species such as peroxynitrite anion (ONOO-) and nitrogen dioxide (NO2), formed as 

secondary products of NO metabolism in the presence of superoxide radicals O2- and hydrogen 

peroxide (H2O2). To investigate if GRP78 plays any protective role in this pathway, VSMCs 

infected with either control or GRP78 adeno were treated with Ang II for 48 hours and collected 

for immunoblotting of nitrotyrosine (nTyr) (Figure 18). Although Ang II significantly increased 

nitrotyrosine in VSMCs, there was a trend but not significantly reduction with GRP78 

overexpression. Overall, GRP78 role as a chaperone and UPR transducer may be independent of 

Ang II signaling pathology that is dependent on oxidative stress. 
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Figure 17. GRP78 overexpression slightly but not significantly modulates 

oxidative  stress induced by Ang II in VSMCs. A. Immunoblot panel of VSMCs 

infected with 30 MOI ad-Cntrl or ad-GRP78 for 48h prior to Ang II (100 nM) 

stimulation for 0, 1, 3, 6 hours. Lysates collected in 1X SDS dye and subjected to gel 

electrophoresis and immunoblotting. B. Quantification of pIRE1α Ser724/GAPDH 

Fold change relative to untreated control C. XBP1s/GAPDH Fold change relative to 

untreated control. D. pPERK(Thr980)/GAPDH Fold change relative to untreated 

control. E. Cleaved ATF6/GAPDH Fold Change relative to untreated control. F. 

GRP78/GAPDH Fold change relative to untreated control. n=3-5 per condition. 

*P<0.05 compared to LacZCntrl 0 hr. #P<0.05 Between ad-Cntrl and ad-GRP78, at 

respective time point. One way ANOVA Tukey post hoc test utilized. 
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Discussion 

UPR activation has been implicated in many cardiovascular diseases57, 61, 64, 141 and here 

we find that Ang II, a major signaling peptide involved in CVD, induces preferential responses in 

each UPR arm in VSMCs. Significantly, IRE1α activation via Ser724 phosphorylation seems 

dominate under Ang II stimulation in VSMCs, which can be attenuated with GRP78 

overexpression. Less affected is ATF6 cleavage, though significant induction is seen by 6 hours, 

and perhaps expanding our investigation out to 24 and 48 hours may yield more insightful results 

of the longevity of this response. PERK phosphorylation was not induced at all by Ang II and 

may be a purposeful mechanism by which translation is not attenuated, since Ang II drives 

protein synthesis in vascular cells. In both ATF6 and p-PERK, GRP78 overexpression completely 

silences these arms of the UPR and may be a valid target in other disease model that may be more 

effected by the induction of these arms.  

Because p-IRE1α has been implicated to be heavily involved in the 

maladaptive/inflammatory arm of the chronic UPR, we chose to investigate inflammatory 

markers of VSMC pathology. VCAM-1 induction is mediated by NFκB which is induced by Ang 

II and reduced by GRP78. Similar to the THP-1 assay results reported here, other studies have 

found reduced immune cell migration via GRP78 therapeutic targeting. For instance, in an in vivo 

study of transient focal cerebral ischemia, GRP78 upregulation was seen in subsets of neuronal, 

immune, and vascular cells. The spatiotemporal coincidence between vascular GRP78 expression 

and blood brain barrier leakage revealed substantial correlation between ER stress in vascular 

cells and enhanced migration of macrophages142. 

The ability of ad-GRP78 to ablate ER UPR p-PERK and ATF6 activation may play a role 

in the reduce protein synthesis observed in the SUNset assay. In a study of transverse aortic 

constriction induced cardiac hypertrophy, Nogo-B was therapeutically targeted. Nogo-B is an 

essential ER protein that regulates stress signaling. Inhibition of Nogo-B activates PERK/ATF4 

signaling to induce cardiac hypertrophy143. Furthermore, genetic inducible ablation of PERK in 
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satellite cells inhibits skeletal muscle regeneration in adult mice. Cardiac myocyte-specific 

deletion of ATF6 blunted transverse aortic constriction myocyte hypertrophy and impaired 

cardiac function58. Transcript profiling and chromatin immunoprecipitation identified RHEB (Ras 

homologue enriched in brain) as an ATF6 target gene in the heart in this study. Furthermore, 

RHEB is an activator of mTORC1 (mammalian/mechanistic target of rapamycin complex 1), a 

major inducer of protein synthesis and subsequent cell growth which may define ATF6 

involvement in hypertrophy. Another study found that ATF6 induces expression of regulator of 

calcineurin 1 (RCAN1) via an ERSRE in the transcriptional promoter. This induction correlated 

with increased leucine incorporation (similar to the puromycin incorporation), and silencing 

ATF6 reduced the cardiomyocyte hypertrophic growth response to phenylephrine144. This study 

represents a role of calcium handling contribution to ER stress induced hypertrophic growth. 

Another study found that ERAD component Herpud1 is required to reduce hypertrophic growth 

via degradation of IP3R145. In terms of IRE1α, it was recently reported that IRE1α activation 

stimulates skeletal muscle regeneration through RIDD-mediated reduction in myostatin levels146. 

More recently, IRE1α deletion has shown a significant reduction in myofiber area in transverse 

abdominus muscle following injury147, further confirming the necessity of muscle cell UPR 

activation for stress response mediated growth.  

Ang II has previously been shown to induce premature senescence148, 149, which leads to a 

permanent cell cycle arrest through induction of DNA repair ATM arm or growth factor signaling 

and upregulation of cyclin dependent kinase inhibitors (CDKi) p16INK4A and p53/p21CIP1 149-151.  

Senescent cells are a problem in the vasculature because the evade immune clearance and 

undergo senescence-associated heterochromatin foci (SAHF) changes, leading to upregulation of 

anti-apoptotic proteins BCL-xL and BCL-2 152. This dictates their ability to reside long term in 

tissue and contribute to organismal dysfunction 153.  Upregulation of NF-κB signaling also occurs 

and coincides with SASP, which is an increase in secretion of inflammatory cytokines such as 
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IGFBP2, IL-1α IL-6, IL1β, IL-8, GM-CSF, MCP-1, MMP-1, MMP-3, PAI-1, TNF-α, MCP-1, 

and HMGB1) 154.   

It has been shown that the ER UPR declines with age155, which contributes to age related 

protein aggregate accumulation. However, it has yet to be elucidated if enhancing ER 

functionality with pharmacological or genetic chaperones may delay the onset of aging or 

senescence. In this study, Ang II-induced VSMC senescence does appear to rely on 

proteinopathy/proteotoxicity mechanisms due to protein aggregation, since 4-PBA pretreatment is 

able to alleviate the accumulation of both senescent VSMCs and aggregates in vitro. An 

exaggerated UPR signature has been found in aged animals, with higher translation of ER stress-

related proteins, lower translation of all other proteins, lower rates of GRP78 protein synthesis 

and mRNA abundance higher in aged animals with tunicamycin-induced ER stress156. Moreover, 

because the ER is responsible for the trafficking and secretion of many proteins, ER stress alters 

the SASP composition while also propagating proteotoxicity and UPR signaling157. In CVD, the 

lamin A variant progerin accelerates aging, and has been shown to induce ER stress and UPR 

activation in aortic VSMCs, which overall exacerbates atherosclerosis158. Overall, targeting the 

UPR in hypertension may be a multimodal approach to delay vascular aging. 

Lastly, investigations of oxidative stress mediation by ER stress reduction was 

performed. Though Ang II significantly induces nTyr in VSMCs, GRP78 was not able to 

significantly attenuate this signal. However, other studies have found ER stress inhibitors block 

ROS. 4-PBA treatment reduces reactive oxygen species measured by reduction of carbonyl 

groups in a hyperoxia-induced acute lung inury159. DHE staining to measure ROS has been used 

to find oxidative stress elevation in a SHR carotid arteries relative to WKY controls. ER stress 

markers: eIF2α phosphorylation, ATF3, ATF6, and XBP1 are also elevated, and these 

pathological alterations were reversed by ER stress inhibitors, 4-PBA and TUCDA160. Therefore, 

ER stress modulation does seem to effect oxidative stress levels, however this may depend on the 
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assay used to measure the stress (DHE vs nTyr), as well as the off target effects of 

pharmacological ER stress inhibitors.  

Limitations 

IRE1α mediation of inflammation may be through TRAF2 docking on IRE1α, but further 

exploration utilizing IP studies would be needed to confirm GRP78 reduces this interaction by 

inhibiting IRE1α dimerization. Other downstream mediators of ER stress like ATF4, p-eIF2α, 

and CHOP were not monitored in this study and a more comprehensive assessment of all 

downstream molecules across multiple time points would give a clearer picture of Ang II induced 

UPR. Chronic Ang II stimulation is difficult to recapitulate in an in vitro system so it is difficult 

to determine if the UPR activation observed is adaptive or maladaptive. Using aged or 

hypertensive explants would further elucidate this question. Utilizing other hypertensive stimuli 

like mineralocorticoid receptor activation, high fat, and/or high salt would allow a more 

translational analysis of how metabolic syndromes compound the effect on the UPR. The use of 

Losartan in future studies are necessary to understand if current medications that induce AT1R 

blockade would reduce these effects on the UPR seen, as well as downstream VSMC pathology. 

Ang II elicits a myriad of signaling pathways in VSMCs, and AP-1 NFKB signaling can be 

induced independent of the ER UPR, therefore further understanding of GRP78 in inflammation 

is required to address the pathology changes observed. SUNset assay was used to observe cell 

growth, however monitor cell volume or area in other visual assays would confirm GRP78 

protects against Ang II induced hypertrophic growth and not just protein synthesis. THP-1 

adhesion assay was used to confirm functional inflammation of VSMCs but it may be useful in 

the future to expand these studies to ECs, since these are the cells that would allow monocyte 

adhesion and they may differentiate into macrophages in the vessel as they migrate through the 

VSMC-rich medial layer. Other adhesion molecules like ICAM-1 and selectins play a role in 

monocyte adhesion and would need to be investigated as well.  
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CHAPTER 5 

IN VIVO VASCULAR SMOOTH MUSCLE SPECIFIC OVEREXPRESSION OF GRP78 

PROTECTS AGAINST ANGIOTENSIN II INDUCED VASCULAR REMODELING  
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Results 

Generating a smooth muscle specific GRP78 overexpression mouse model 

A smooth muscle specific, constitutive cre GRP78 transgenic (SM22α Cre-/- or +/- 

GRP78TG) mouse line was made as described in the Materials & Methods section. Figure 19A 

depicts the mechanism of action of the SM22α Cre recombinase when crossed with GRP78 mice 

which contain a floxed STOP codon at the start of the promoter. To confirm GRP78 was 

overexpressed in the smooth muscle layer, the aorta was taken from a Cre- and Cre+ mouse and 

subjected to either immunofluorescent staining (Figure 19B), or immunoblotting (Figure 19C). In 

the immunofluorescent staining of the aorta, Cre- mice have low basal levels of GRP78 

expression, and Cre+ mice have an enhanced expression level that colocalizes with αSMA to 

demarcate the smooth muscle layer. Furthermore, whole aorta immunoblotting reveals there is 

increased expression of GRP78 in Cre+ mice relative to Cre- controls. 
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Figure 18. Generation of SM22α Cre GRP78TG mice. A. Schematic representation 

of breed generation. B. Aorta immunofluorescent staining, thoracic aorta taken from 

Cre-/- or Cre+/- mouse and labeled for DAPI (Blue), αSMA (Red), or GRP78 (Green). 

C. Aorta immunoblotting, thoracic aorta taken from Cre-/- or Cre+/- mice and probed 

for GRP78 and β actin 
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SM-GRP78 protects against Ang II induced vascular remodeling 

 Ang II-triggered proliferation, migration, and hypertrophy of VSMCs play a critical role 

in the development of hypertension. Because GRP78 protected against protein synthesis, collagen 

deposition, and inflammation in vitro, we next sought to determine if these results could translate 

to an in vivo model. To first assess changes in vascular remodeling, Cre-/- and Cre+/- mice were 

chronically infused with Ang II (1 µg/kg/min) which was administered via an osmotic minipump. 

This infusion occurred over the course of 14 days, and sham mice were used as control. 

Following 14 days of Ang II infusion, aortas were collected and processed for Masson’s 

Trichrome staining. This assay is a reliable way to observe pathological changes in the aorta such 

as smooth muscle cell hypertrophy, and/or collagen deposition47, 96. In Figure 19, Ang II infusion 

significantly increases hypertrophy or thickening of the aortic medial layer. Interestingly, GRP78 

overexpression in smooth muscle cells seems to attenuate the Ang II induced growth observed 

(Figure 19B).  

 To observe changes in resistance arteries/arterioles instead of the conduit vessels like the 

aorta, the heart and kidney were collected and processed for Sirius Red staining. This is another 

immunohistochemical technique that is useful for observing pathological changes in tissue, 

especially collagen deposition. Cross sections were used in the heart and kidney to image 3 X 

vessels per tissue, per mouse. In the heart, vascular hypertrophy ratio is significantly induced by 

Ang II in SM22α Cre-/- GRP78TG relative to sham, as measured by the medial area/total vessel 

area. This increase is attenuated in SM22α Cre+/- GRP78TG mice (Figure 20A and B), similar to 

the aorta observation. Moreover, since the vessels are untampered with when inside tissue, we are 

able to quantify collagen signal in these samples. The fibrotic area (Fibrotic outer area-vessel 

area/total area) is increased by Ang II in Cre-/- mice and again attenuated with GRP78 

overexpression in smooth muscle cells (Figure 20C). This observation may reveal communication 

between VSMCs and fibroblasts to mitigate their fibrotic response to Ang II. When observing the 

kidney however, the Ang II induced hypertrophy is not significantly seen in these vessels (Figure 
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20D and E), however fibrosis is increased by Ang II in the kidney, and resolved by SM-GRP78 

(Figure 20F). 

SM-GRP78 mitigates Ang II induced aortic fibrosis and immune cell adhesion   

 Ang II signaling increases extracellular matrix production and deposition, as well as 

immune cell adhesion and migration in the vasculature131. To quantify aortic collagen deposition, 

a collagen III N-terminal antibody was used. Type III collagen is a fibrillar forming collagen 

comprising three α1 chains in a variety of internal organs and skin. It occurs most in soft 

connective tissues along with type I collagen and is encoded by the COL3A1 gene for 

procollagen type III. Mutations in this gene are associated with vascular pathology such as 

Ehlers-Danlos syndrome161, 162 and aortic aneurysms163. Ang II induces COL3A1 in arteries as 

well as VSMCs164, and this can be influenced by T cell chemotaxis165. Immune cells can adhere to 

activated endothelial cells, migrate through the medial layer, and increase perivascular 

inflammation as well. CD45 was used as a pan leukocyte marker and has previously been used to 

identify immune cell infiltration in the aorta, kidney and lymph nodes of mice following Ang II 

infusion166. Moreover, flow cytometry analysis of aorta, kidney and lymph node revealed 

increased infiltration of T lymphocytes (CD3+ and CD4+) in these tissues166. In an in vivo model 

of ER stress (injections with Tunicamycin), aortic ER stress markers are upregulated which 

coincide with an increase in vascular dysfunction via endothelial oxidative stress167. Furthermore, 

ER stress causes smooth muscle cell loss and aneurysm development, and microparticle release 

stimulated by ER stress can upregulate endothelial inflammatory molecules; VCAM-1, ICAM-1, 

IL1β, and IL-6168. Therefore, a previous link between vascular ER stress and vascular 

inflammation has been established, but the role of GRP78 in smooth muscle cells remains to be 

explored. 

 Collagen III staining was quantified by Mean Fluorescence Intensity using 10X 

magnification images of the thoracic aorta from Cre-/- and Cre+/- mice with and without Ang II 

infusion. Ang II significantly increases Collagen III, and SM-GRP78 is able to reduce this signal 
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(Figure 20A and C). In conjunction, Ang II infusion significantly increased the number of CD45+ 

cells infiltrated into the aorta, and SM-GRP78 was also able to attenuate this (Figure 20B and D). 

SM22α Cre+/- GRP78TG protects against Ang II induced aortic ER stress and PAO 

accumulation 

 Aortic and smooth muscle ER stress induction has previously been identified in 

hypertensive vessels and VSMCs, where chemical chaperones have been utilized to reduce these 

succesfully44, 46, 169, 170. Due to the off target effects of pharmacological chaperones, and the lack 

of cell type specificity in previous models, our mouse model was developed. Collecting aortas 

from Cre-/- and Cre+/- mice with and without Ang II infusion revealed that there is a trend in p-

IRE1α and CHOP elevation by Ang II, which my be suppressed in Cre+/- aortas (Figure 21A-C).  

 The major cause and consequence of ER stress is protein misfolding, therefore pre-

amyloid oligomer detection was performed to assess Ang II induction of protein misfolding in the 

aorta. As described previously, the Oligomer A11 antibody can detection pre-amyloid oligomers 

that are cytotoxic. This antibody was developed by immunizing rabbits to a specific Aβ. The anti-

sera from these rabbits was then used in ELISA for other amyloidgenic proteins such as IAPP, 

insulin, Prion106-126, polyglutamine, and α-synuclein. It was found that this anti-sera could 

detect pre-amyloid oligomers independent of amino acid sequence, since all of these could be 

reactive with the antibody, as detected in ELISA99. Aorta lysates subjected to PAO detection 

(normalized to total protein via Ponceau staining) revealed Ang II may induce their aortic 

accumulation, and that SM-GRP78 may reduce their presence (Figure 21D and E). 
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Figure 19. SM22α Cre+/- GRP78TG mice are protected against Ang II induced 

aortic remodeling. A. Masson’s Trichrome images (20X magnification) from Cre-/- 

and Cre+/- either sham or infused with Ang II for 14 days (1 µg/kg/min). B. 

Quantification of Medial thickness (distance from lumen to edge of medial layer). 

N=4-8 aortas per group, 3 images per aorta. Dots represent each image measurement. 

Bars are Mean. Error bars= SEM. ****P<0.0001, ***P<0.001, *P<0.05. One way 

ANOVA with Tukey post hoc test used. 
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Figure 20. SM22α Cre+/- GRP78TG mice are protected against Ang II induced 

collagen III production and CD45+ leukocyte adhesion in the thoracic aorta A. 

10X magnification images of aortas from Cre-/- and Cre+/- mice labeled for Col III 

(green), CD45 (red), and DAPI (blue) B. 40X magnification images (used for Collagen 

III and CD45 analysis) C. Quantification of collagen III mean intensity in 40X images 

via ImageJ, 3 images per aorta, 4-5 aortas used per condition. D. Quantification of 

CD45+ nuclei per total nuclei in aorta 40X image, 3 image per aorta, N=4-5 aortas per 

group. Individual dots represent each image. Bars represent Mean. Error bars represent 

SEM. ****P<0.0001, ***P<0.001. One way ANOVA with post hoc Tukey test 

utilized. 
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Figure 21. Aortas from SM22α Cre+/- GRP78TG mice are protected against Ang 

II induced ER stress and PAO accumulation. A. Aortas from Cre-/- and Cre+/- 

either sham or infused with Ang II for 14 days (1 µg/kg/min) were subjected to gel 

electrophoresis and immunoblotting of ER stress markers. B. p-IRE1α/βactin relative 

intensity units (Fold Change). C. CHOP/β actin Fold change. D. Aorta lysates were 

immunoblotted with Oligomer A11 antibody to assess aortic PAO, and Ponceau for 

total protein E. PAO/Ponceau relative unit fold change relative to untreated Cre-/- 

sham. N=3-6 animals per group. Individual dots represent aorta, Bars are Mean +/- 

SEM. One way ANOVA with post hoc Tukey test utilized. 
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SM-GRP78 modulates cardiac hypertrophy response to Ang II 

 To further assess cardiac changes by Ang II, echocardiography was performed. Ang II is 

a known inducer of cardiac hypertrophy; therefore internal and external parameters were 

examined. Figure 22A shows representative ultrasonography images of the heart collected in M 

mode in order to measure the intraventricular septum (IVS), left ventricular posterior wall 

thickness (LVPW), and left ventricular internal diameter (LVID), in systole and diastole at the 

beginning and end of the study. Overall cardiac hypertrophy was assessed via heart weight to 

body weight ratio (HW/BW), in which the heart size of Cre-/- mice significantly increased 

following 14 days of Ang II infusion, and Cre+/- hearts were protected from this hypertrophy 

(Figure 22B). In analyzing the ultrasonography images to get a closer look at this hypertrophic 

change, it seems that Ang II hypertrophic effects were mainly in the IVS, and this resulted in a 

reduced LVID (Figure 22C and D). LVPW remains insignificantly changed in our model of 14 

day Ang II infusion, however longer time points like 1 month have yielded a significant increase 

in LVPW171. 
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Figure 22. SM22α Cre+/- GRP78TG mice display changes in Ang II induced 

cardiac hypertrophy A. Representative images of cardiac ultrasonography. B. Heart 

weight/body weight (HW/BW) ratio measured for hypertrophy assessment. Dots are 

individual hearts. Bars are Mean, error bars are SEM. N=4-11 hearts per condition C. 

Intraventricular septum (IVS), Left Ventricular Posterior Wall (LVPW), and Left 

Ventricular Internal Diameter (LVID) in systole (s) and diastole (d) were measured at 

week 0 and week 2 of Ang II infusion via ultrasonography. Dots represent mean. Error 

bars are SEM D. IVS, LVPW, and LVID in diastole and systole in Week 2 only to 

compare endpoints per condition. Dots are individual animal values, Bars are Mean. 

Error bars are SEM. N=7-11 animals per group *P<0.05. One way ANOVA post hoc 

Tukey test utilized 
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Figure 23. SM22α Cre+/- GRP78TG mice are protected against Ang II induced 

cardiac and kidney vessel remodeling A. Sirius Red images of cardiac vessels (20X 

magnification) from the heart of Cre-/- and Cre+/- either sham or infused with Ang II 

for 14 days (1 µg/kg/min). B. Quantification of cardiac vessel hypertrophy (medial 

area/total area). C. Cardiac vessel fibrotic area ratio (Total area-medial area/Total 

area). D. Sirius red images of kidney vessels (20X magnification). E. Quantification of 

renal vessel hypertrophy. F. Quantification of renal vessel fibrotic area ratio. N=4-5 

animals per group, 3 images per tissue section slide. Individual dots represent 

individual image analysis, Bars are Mean +/- SEM. ***P<0.001, *P<0.05. One way 

ANOVA with Tukey post hoc test used. 
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SM-GRP78 does not protect against Ang II induced hypertension 

 Lastly, to functionally test the significance of GRP78 protection in the aforementioned 

Ang II induced pathologies, blood pressure was recording via CODA tail cuff apparatus95. 

Systolic and diastolic (SBP and DBP) was measured for 2 days prior to Ang II implantation, in 

order to detect basline blood pressure for each animal. Following Ang II pump implantation, 

recordings were taken every other day up to day 14. Figure 23A-B represents SBP and DBP 

between 0 and 2 weeks of Ang II infusion. The induction of increased SBP is significant in Cre-/- 

Ang II mice compared to sham (mean SBP in Cre-/- sham=110.5 mmHg vs 149.53 mmHg in 

Cre-/- with Ang II), but DBP (mean DBP Cre-/- sham= 82.9 mmHg vs Cre-/- Ang II= 112.8 

mmHg), though elevated, is not significant. Cre+/- mice do not appear protected from the Ang II 

induced elevation in systolic or diastolic BP (mean SBP Cre-/- Ang II= 149.53 mmHg vs Cre+/- 

Ang II= 157.9 mmHg) (Figure 23) 
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Figure 24. SM22α Cre+/- GRP78TG mice are not protected from Ang II induced 

hypertension A. Systolic blood pressure (SBP) B. Diastolic blood pressure (DBP) at 

week 0 and 2 time points of Ang II infusion Points represent Mean +/- SEM N=3-6 

animals per group. *P<0.05 comparing Cre- week 0  to week 2, #P<0.05 Cre+ week 0 

to week 2(Ang II effect), Two way ANOVA with Bonferroni multiple comparison post 

hoc test 
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Discussion 

In Chapter 5, the effect of GRP78 overexpression in the smooth muscle layer of the 

vasculature was examined, along with its effect on Ang II induced- vascular remodeling/ER stress 

signaling/protein aggregation/and hypertension. Previous evidence has identified a protective role 

of cardiomyocyte GRP78 overexpression in a mouse model of ischemia/reperfusion injury94. 

GRP78 in cardiomyocytes reduces oxidative stress and carbonylated proteins products, further 

elucidating its capacity for proteostasis maintenance under stress94. However, the same authors 

have found that GRP78 regulates cardiomyocyte hypertrophic growth under Ang II stimulation 

via GATA4 signaling172, therefore our vascular remodeling results seem in opposition of this 

previously identified observation. However, there could be differences in our model since we are 

focused on VSMCs instead of cardiomyocytes. Furthermore, the authors findings utilizing Ang II 

was supplemental, and the main models in this paper were transaortic constriction for pressure 

overload in vivo, and phenylephrine stimulation in vitro172.  

The ER UPR targeting has had various outcomes in preclinical models, and further 

exploration of GRP78 overexpression in more CVD models will elucidate potential therapeutics. 

Vascular hypertrophy observed in vitro via puromycin incorporation assay seems to translate in 

vivo in which the aorta and cardiac vessels in SM22a Cre+/- GRP78TG mice were protected from 

Ang II induced growth. Similarly, collagen production and inflammatory cell adhesion observed 

in vitro in Chapter 4 translated to reduced collagen III content and CD45+ cell adhesion in our in 

vivo by SM22α Cre+/- GRP78TG. Other models utilizing ER stress inhibitors such as IRE1α 

blocking agent KIRA6 have found reduced inflammation and fibrosis55, 128. This is relevant in our 

study of Ang II induced vascular remodeling because it appears Ang II does increase IRE1α 

activation in the aorta which may contribute to inflammatory signaling. Targeting IRE1α 

upstream via GRP78 overexpression may reduce maladaptive UPR associated inflammation. 

CHOP expression was significantly increased in Cre-/- mice following Ang II infusion, and 

GRP78 overexpression in the VSMCs reduces this.  These results are similar to those published 
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by Kassan et al, in which the authors found Ang II infusion increased the ER protein STIM1, and 

smooth muscle specific deletion of STIM1, or global CHOP knockout could protect against 

hypertensive vascular remodeling63.  

Protein aggregation has been observed in cardiac pathophysiology78, 79, but the 

understanding of peripheral vascular proteostasis mechanisms are underdeveloped. Mouse models 

have found that 14 days of Ang II infusion can increase cardiac aggregation of atrial natriuretic 

peptide (ANP) detected by PAO50, therefore it is interesting that this same model can be 

expanded to PAO in the vasculature such as the aorta. PAO targeting can reduce pathology in 

neurological diseases such as Alzheimer’s Disease and Parkinson’s Disease, both of which have 

aging as a common risk factor. Therefore it is interesting to speculate that protein aggregates that 

increase with biological age, i.e hypertension, can also contribute to disease. Proteostasis 

therapeutic development encompasses routes independent of ER UPR such as autophagy, 

protesome and lysosome activation. Further understanding GRP78 regulation of these other 

pathways will allow a better understanding on the clearance mechanisms by which aggregates can 

be targeted for removal. 

Models that have studied smooth muscle specific protein targeting in hypertension have 

found changes in fibrosis, inflammation and remodeling (found here) contribute to aortic 

stiffness, but VSMC contractility, proliferation and migration are also important171, 173. Hence, 

there are many more cell specific pathological readouts that remain to be explored using this 

transgenic mouse model. Additionally, EC and fibroblast specific responses are not studied here. 

Future studies using EC (Cdh5/VEcad, Cre/ERT2, FABP, Tie2174, etc),  or fibroblast (POSTN, 

αSMA, ColL1A1,Col1A2, Fsp1, etc. 175) specific models for ER stress suppression will allow a 

better understanding of each cell type involvement. When investigating the role of these other cell 

types in hypertension it would be important to measure EC dysfunction via NO availability/eNOS 

activity, Ach response (vasorelaxation) or phenylephrine response (vasocontraction).  For 

fibroblasts, measuring their activation via αSMA expression, differentiation markers like 
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periostin and collagen secretion are important to understand this cell type contribution to aortic 

stiffness. Furthermore, VSMCs are the most abundant cell type in the aorta and the medial layer 

is the main determinant of large artery stiffening via its various constituents: the extracellular 

matrix proteins elastin and collagen, cell-matrix connections, and matrix constituents such as 

glycosaminoglycans interconnecting the extracellular matrix. In large arteries, these elements are 

organized in concentric elastin sheets, intertwined by smooth muscle cells and matrix material, 

along with collagen fibers running both in the axial and circumferential directions, providing 

mechanical strength to the artery22. With progressive distance from the heart, arteries evolve from 

elastic (rich in elastin) to muscular (rich in VSMCs). Aortic VSMCs are studied in this thesis to 

contribute to dysfunction via pathological communication with immune cells and fibroblasts 

(inflammation and fibrosis). This contrasts with a focus on their contractility function, which 

plays a much more pronounced role in blood pressure regulation via peripheral resistance at the 

arteriole level. 

Hypertension is a complex disease that encompasses dysfunction in all organs and vessels 

of the body, and effects are not exclusive to the aorta. Smaller arteries are an important 

determinate of peripheral resistance which is not examined in this study, though there is an 

important interaction of hypertension between large and small arteries to cause damage. In a 

vicious circle, alterations of small arteries, that is, reduced lumen diameter, impaired vasodilation, 

and vessel rarefaction trigger an increase in mean blood pressure (BP) which in turn contributes 

to the stiffening of large arteries leading to an increase in central systolic and pulse pressure. The 

increased central BP aggravates small artery damage. A healthy aorta exerts a powerful 

cushioning function, which limits arterial pulsatility and protects the microvasculature from 

potentially harmful fluctuations in pressure and blood flow18.  

Large-artery (aortic) stiffening, which occurs with aging and various pathologic states, is 

the focus of this study however the main functional output to examine aortic stiffness is pulse 

wave velocity (PWV) changes17. Though methods for echocardiography reading of the aorta at 
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the arch and abdominal region have been proposed in mouse studies176, we were unable to 

reliably detect the pulse forms in our model to make a rigorous conclusion regarding this 

physiological output. Ang II infusion studies have found that PWV increases after 4 weeks, and 

correlates with the aortic stiffness observed in hypertensive patients177. Our model may precede 

the time at which a significant elevation in PWV can be observed. Expanding this model to 

longer Ang II infusion times or utilizing aged mice may allow for the measurement of PWV in 

Cre-/- and Cre+/- mice to detect any difference at least between sham and Ang II infused.  

Cardiac hypertrophy was investigated in this study to assess VSMC specific alterations 

contribution to end organ damage. However, because Ang II is a systemic infusion in this model 

it is difficult to tease out the mechanisms by which SM-GRP78 may protect against cardiac 

hypertrophy, especially since PWV was not able to be measured. However, it has been indicated 

in patients that elevated SAP as a result of aortic stiffening increases left ventricular afterload and 

is associated with left ventricular hypertrophy22. In our model, LVPW thickness was not reduced 

by SM-GRP78, and instead Ang II induced changes in LVID and IVS were mitigated by SM-

GRP78.  

The Tagln-Cre/SM22α model has been shown to exert it’s activity in the smooth muscle 

cells of the aorta, uterus, bladder, hepatic arteries, pulmonary arteries, cranial and bronchial arch 

arteries, umbilical arteries and therefore is a useful tool for genetic targeting of vascular and 

visceral smooth muscle. While arterial VSMCs are labeled with nearly 100% efficiency, 

expression has been noted to be transient in cardiac myocytes during embryonic development, in 

the adult ventricular myocardium, in the spleen, as well as myeloid cells and platelets. This is a 

caveat to this model and other smooth muscle targeted tools are available, all of which have some 

extent of non-SMC expression. For instance, the Myh11-CreERT2 model is inducible but also 

marks pericytes. Another Tagln cre driver utilizes knock in technology to express appropriately in 

adult SMCs and not in embryonic or cardiac myocytes. However, this model shows expression in 

adipose precursors and perivascular adipocytes. Lastly, Acta2 cre driver line is inducible with 
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appropriate SMC expression, but also targets myofibroblasts and myoepithelial cells178. Because 

it has been indicated that SM22α is expressed in cardiomyocytes it would be useful to investigate 

the hearts in this study for GRP78 overexpression.  

The CODA tailcuff apparatus was utilized in this study for blood pressure measurement. 

Parameters such as animal handling, heating, and training can significantly affect the results using 

this methodology179. Although it has been recommended to train or condition animals for 5 to 14 

days before commencing tail-cuff measurements, some investigators have demonstrated that even 

10 days of conditioning can fail to prevent the large changes in BP and heart rate induced by 

restraint stress180. Mice in this study were acclimated for 4 days to the restraints before 

experimental values were collected. We were able to observe an Ang II associated increase in 

SBP by day 14 (with no protection by SM-GRP78), but there was not a significant change in BP 

prior to that measurement. This is in opposition to studies using the more sensitive telemetry 

technique where we have been able to see Ang II induced hypertension by day 4 of osmotic 

minipump infusion181. Taken together, blood pressure results should be confirmed with increasing 

N to reduce variability. Telemetry is an alternative method for real time blood pressure data 

collection, however when performed for these mice they died within 3 days of surgery. This 

could indicate SM22α or GRP78 transgene has some effect on blood clotting or vascular 

recovery, and remains to be explored. However, taken the tailcuff blood pressure data that is 

available, the results indicate that SM-GRP78 is sufficient to protect against vascular 

hypertrophy, fibrosis, and inflammation, but this does not translate into a functional protection. 

This may indicate that cardiac, brain, or renal dysfunction contributes to the hypertension that 

cannot be mitigated by smooth muscle cells alone.  

Limitations 

Utilizing only one animal model of hypertension does not fully encompass the 

mechanisms by which blood pressure control can influence vascular inflammation, fibrosis, and 

ER UPR signaling. Studies in spontaneous hypertensive rats (SHR) support the role of ER UPR 
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in vascular dysfunction, however other models like obesity or high salt diet would greatly expand 

on the application of this as a therapeutic target. Furthermore, hypertension onset in humans 

usually occurs later in life (40-60 years old), therefore using an aged mouse model would help 

tease out the role of age associated declining proteostasis in hypertensive protein aggregate 

accumulation. The animal model itself is limiting in that this is a constitutive cre model, and an 

inducible model would give a better therapeutic window for hypertension treatment. There are 

other cre driver systems to target smooth muscle cells like SMMHC/Myh11 and Acta2 promoters 

and these may be used as a confirmational model to target to smooth muscle cells178. 

There is a plethora of animal models of hypertension including inducible or transgenic 

models, all with their own limitations as described in the “Animal Models and Limitations” 

section. Some examples include genetic models of hypertension like salt sensitive hypertensive 

rats, spontaneous hypertensive rats, kidney specific Hsd11b2 knockout, and obesity models like 

obese Zucker rats and ob/ob mice182. Inducible models include targeting mineralocorticoid-salt 

hypertension (DOCA-salt) model, NO inhibition via L-NAME, and Ang II infusion. 

The RAAS plays a fundamental role in normal sodium and water homeostasis. Of NIH–

sponsored hypertension research, studies using Ang II infusion make up a disproportionate share 

(nearly 50%). Only 4% of studies focus on aging and 4% focus on DOCA (deoxy-corticosterone 

acetate)–salt hypertension (which itself does not model primary aldosteronism)183. Thus, there is 

an important unmet need to develop better animal models that more closely mimic the discrete 

hypertensive syndromes that now populate the clinic. In terms of similarities, the RAAS is 

broadly activated in human primary hypertension, and the level of BP elevation achieved with 

commonly used doses of Ang II in mice is on par with that seen in uncontrolled stage 2 

hypertension.  

Different timing and amounts used in Ang II infusion models may yield different stages 

of hypertensive disease. Thus, investigators should titrate the Ang II dose and study duration 

based on the experimental question. For example, slow-pressor dose of 400 ng/kg/min Ang II 
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may mimic the gradual onset of hypertension in humans with primary hypertension184. The 

intermediate dose of 490 to 500 ng/kg/min has been the most widely used in recent years. A 

higher dose of 1000 ng/kg/min Ang II was used to dissect the functions of AT1 receptors in 

distinct tissue pools during hypertension and can provoke measurable renal damage in susceptible 

strains11, 185.  The 1000 ng/kg/min dose was used in these studies, and notably, these doses far 

exceed the Ang II levels observed naturally in humans with hypertension. The duration of 

infusion can be adjusted on the basis of the cardiovascular control center studied. Immediate BP 

effects of Ang II can be appreciated within seconds to minutes, whereas with long-term 

subcutaneous infusions of  ≥500 ng/kg/min Ang II, increases in BP emerge within the first 24 

hours. Vascular remodeling resulting from Ang II is evident within 2 weeks (chosen for the focus 

of this study), and cardiac hypertrophy can be seen at 2 to 4 weeks.  

Renal damage that occurs with high dose Ang II infusion may be caused by renal 

ischemia because of the extreme renal vasculature constriction. Therefore, it is difficult to assess 

kidney damage as a result of Ang II infusion regulating pathological cellular signaling, or due to 

ischemic injury186. Because chronic Ang II hypertension is dependent on the sodium retaining 

effects of Ang II, the resulting hypertension observed can be argued to be caused by having 

sustained effects on increased reno-sympathetic nerve activity (RSNA). In the Ang II infusion 

model of hypertension, the temporal changes in central sympathetic outflow reflect the balance 

between the direct excitatory actions of Ang II on the brain and the indirect effects of pressure-

mediated baroreflex activation to inhibit sympathetic outflow187. Because Ang II promotes 

sodium retention, a low-salt diet can be added to long-term Ang II to understand the extent to 

which the BP elevation seen during Ang II accrues from its capacity to promote sodium retention. 

Similarly, AT1R expression in the heart can contribute to cellular pathological changes 

independent of blood pressure effects. 

Given the clinical importance of hypertension-related target organ damage, it is important 

to use other models that recapitulate hypertension-related disturbances such as left ventricular 
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hypertrophy (LVH), metabolic abnormalities, heart failure, renal damage, and stroke. These 

include SHRs and Dahl salt sensitive (DSS) rats.  However, other hypertension-associated 

conditions such as spontaneous development of atherosclerosis or acute myocardial infarction are 

not typically observed in current models including Ang II infusion. C57/Bl6 mice fed a high 

fat/high-carbohydrate diet supplemented with NaCl need as much as 3 months to develop 

hypertension188, however this may be the most physiologically relevant model to use and should 

be pursued for future studies, in conjunction with aging.  

Vascular remodeling, i.e fibrosis, inflammation, and hypertrophy contribute to the 

development of hypertension. However, kidney regulation of blood volume and salt, cardiac 

output, and the brain are also major players in the physiological regulation of blood pressure. 

Therefore, GRP78 overexpression in the smooth muscle layer is only one piece of the puzzle. 

Studies show ER stress is induced in the brain and adeno viral delivery of GRP78 to the 

subfornical organ could prevent hypertension86. ER stress in the kidney can have detrimental 

effects on sodium transport through nephrons189. Future studies that target these organs 

independent of vascular remodeling may see a better effect on blood pressure control, since we 

were unable to see vascular remodeling attenuation lead to a reduction in Ang II induced 

hypertension. 

 Examining aortic stiffness in other assays such as pulse wave velocity (PWV) 

measurement or ex vivo myography would help to understand the functional change vascular 

remodeling parameters measure here might have on aortic stiffness. Smooth muscle cell 

contractility was not investigated in this study which is one of their main roles in maintaining 

blood pressure therefore sodium nitroprusside response in ex vivo myograph assay would yield 

useful information in this model. Endothelial and fibroblast specific models will allow for teasing 

out ER stress inhibition effect on Ang II induced EC and fibrotic pathological responses.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 
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Conclusions  

This study identified a previously unknown mechanism of protein aggregation associated 

with Ang II signaling in vascular smooth muscle cells. Furthermore, protein misfolding can be 

targeted via GRP78 adenoviral overexpression to reduce aggregate formation. Triton X100 

insoluble fractionation of VSMC lysates can be utilized to identify Ang II induction of PAO, 

which can be reduced by ER chaperoning. Furthermore, shotgun mass spectroscopy methods 

could be utilized to identify novel proteins that are aggregated under Ang II stimulation. GRP78 

targeting allowed for a better understanding of which proteins are delegated to protein aggregates 

due to ER stress, which are namely proteostasis regulating factors like HSP70, CryAB, Annexin 

A2, and VCP. Interestingly, actin filament binding proteins are also enriched in Ang II induced 

aggregates, and one specific protein, Testin was confirmed to be increased by Ang II and reduced 

with GRP78 overexpression. 

VSMC ER UPR is activated by Ang II. In this study, p-IRE1α was induced 1 hr 

following Ang II stimulation and sustained out to 6 hr. ATF6 was increased to a lesser extent by 

which there was a significant increase in cleaved ATF6 at 6 hr. PERK was not significantly 

phosphorylated following Ang II stimulation. When GRP78 was overexpressed in VSMCs prior 

to Ang II stimulation, all three of these arms were significantly reduced. Cleavage of ATF6 and 

p-PERK were completely ablated, with GRP78 reducing the signal of these proteins to below 

basal control treated cells. These results indicate that GRP78 is a powerful regulator of the UPR 

and can modulate this cascade via it’s overexpression. ER UPR activation plays a role in Ang II 

induced VSMC pathological response. Namely, GRP78 overexpression could attenuate Ang II 

induced VCAM-1, collagen, and protein synthesis. 

In this study, a novel mouse line was generated by crossing a SM22α constitutive cre 

mouse with GRP78TG mice so that smooth muscle cells only could overexpress GRP78 to study 

this effect on Ang II signal transduction in vivo. Utilizing this mouse, we were able to identify 

that SM-GRP78 could protect against vascular remodeling in the aorta and the cardiac/renal 
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vessels. Specifically, hypertrophy and collagen deposition were attenuated. Furthermore, immune 

cell adhesion detected via CD45+ cells in the aorta were increased by Ang II and reduced in SM-

GRP78 mice. The resultant protection from pathology may be due to reduce maladaptive ER 

UPR signaling, as we found p-IRE1α and CHOP were increased in Cre-/- mice upon Ang II 

infusion, and reduced in Cre+/- mice. Aortas from SM-GRP78 mice not only had reduced ER 

UPR signaling, but reduced PAO accumulation as well. This confirms GRP78 dual role as a 

chaperone and UPR regulator, and that this can be therapeutically targeted to reduce vascular 

pathology. However, these changes seen in the aorta did not warrant a protection from Ang II 

increased blood pressure. Due to the multiple organs involved in the manifestation of 

hypertension upon a systemic Ang II infusion, it is possible that VSMC protection is not enough. 

Indeed, systemic administration of chemical chaperones 4-PBA190 and TUDCA191 are able to 

reduce blood pressure in SHR and a DOCA-salt model of hypertension, respectively. Therefore, 

these pharmacological chaperones may be the more translatable targets for future studies.  

Future Directions 

Cardiovascular disease is the number one cause of death in developed countries. 

Medication resistance occurs in patients with multiple metabolic syndromes and increased aging, 

therefore novel therapeutic targets are needed.  Targeting aortic remodeling/stiffness may prevent 

end organ damage associated with these CVD. When arterial stiffening occurs, there is a loss of 

Windkessel properties, and this leads to fundamental alterations in central hemodynamics, with 

widespread detrimental implications for organ function. A   major   functional   manifestation   of   

arterial   stiffening is a  progressive  incapacity  to  dampen  the  cyclic  arterial  pressure  changes  

generated  by  pulsatile  cardiac  contractions16. Arterial stiffness ultimately leads to increased 

SAP, as well as decreased diastolic arterial pressure, both of which contribute to an increase in 

pulse pressure. Thus, isolated systolic hypertension, the most common form of hypertension 

among  the  elderly,  is  typically  because  of  age-associated  increases  in  aortic  stiffness  that  

result  in  excess  morbidity  and mortality15. Elevated SAP as a result of aortic stiffening 
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increases left ventricular afterload and is associated with left ventricular hypertrophy. 

Additionally, aortic stiffness reduces diastolic blood pressure and leads to impaired coronary 

perfusion. Hence, the coronary perfusion to myocardial demand equilibrium is unbalanced.   

Clinical studies have demonstrated that aortic stiffness is a strong risk factor and 

contributor to incident HF, including both HFrEF and HFpEF. Moreover, increased aortic 

stiffness may also contribute to severe exercise intolerance in older patients with isolated HF with 

preserved ejection fraction. Increased, or undamped, pulsatile forces also extend to the vulnerable 

microcirculation of unprotected organs with low vascular resistance, such as the brain and 

kidneys. As such, increased arterial stiffness is associated with cerebral small vessel disease and 

impaired cognitive function in the elderly, as well as in young to middle-aged adults. Recently, an 

analysis of the prospective, population-based AGES-Reykjavik study (Age, Gene/Environment 

Susceptibility-Reykjavik) by Ding et al demonstrated that increased carotid arterial stiffness in 

patients aged >65 years is an independent risk factor for incident cerebral micro-bleeds, which 

frequently occur in older populations and are associated with an increased risk of recurrent stroke, 

cognitive impairment, and dementia. Overall, therapeutics aim to reduce aortic remodeling and 

stiffness have the potential to ameliorate a range of disorders associated with cardiac, renal, and 

brain dysfunction. Furthermore, ER stress is elevated in most disease pathologies and global 

targeting may reduce not only aortic stiffness, but organ specific dysfunction. 
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