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vi  Initial velocity 

Vmax  Maximum velocity 

Vmax/Km Maximum transport capacity 

XBP1  X-box binding protein 1 

XBP1s  Spliced X-box binding protein 1 

XBP1u  Unspliced X-box binding protein 1 
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viii. Resumen 

La prevalencia de mujeres con obesidad en Chile ha aumentado drásticamente en las 

últimas décadas, alcanzando un 38,4% de las mujeres mayores de 18 años en el año 2017. La 

obesidad en el embarazo es un factor de riesgo independiente tanto para la madre como para 

el feto, quienes presentan mayor riesgo para el desarrollo de diabetes gestacional, 

preeclampsia, anomalías congénitas, macrosomía y mortalidad materna o fetal. Además, se 

ha demostrado que los efectos adversos inducidos por la obesidad durante el embarazo sobre 

el feto perduran durante toda su vida. Estudios epidemiológicos muestran que la obesidad 

materna pre-gestacional (PGMO) es un factor de riesgo para el desarrollo de resistencia a la 

insulina y disfunción endothelial en neonatos y adolescentes, las cuales son condiciones 

fisiopatológicas consideradas como los primeros estados que conducen al desarrollo de 

síndrome metabólico y complicaciones cardiovasculares. En cuanto a los mecanismos 

involucrados, se ha mostrado que la disfunción endotelial y la resistencia a la insulina 

presentes en obesidad están estrechamente asociadas con estrés del retículo endoplásmico 

(RE). Por otro lado, estudios sugieren que PGMO induce disfunción endotelial y resistencia 

a la insulina en vasculatura fetoplacentaria. Sin embargo, se desconoce si el estrés de RE está 

presente en el endotelio fetoplacentario de embarazos PGMO y si está involucrado en la 

disfunción endotelial y la alterada respuesta a la insulina. Así, la hipótesis de este estudio 

propone que "la obesidad materna pre-gestacional genera una menor respuesta a la insulina 

en la vasculatura fetoplacentaria humana debido a una disfunción endotelial asociada al estrés 

del retículo endoplásmico".  

En esta tesis se desmostró que PGMO se asoció con disfunción endotelial y 

resistencia a la insulina en venas umbilicales, la cuales no mostraron vasodilatación en 
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respuesta a CGRP o insulina. La menor respuesta vascular se asoció con una producción 

reducida de óxido nítrico (NO) debido a una menor activación de la sintasa del NO endotelial 

(eNOS) en las células endoteliales de vena umbilical humana (HUVECs). Además, la 

insulina no activó la vía de señalización metabólica post-IR, eNOS y no aumentó la 

producción de NO en respuesta a la insulina en estas células. Los resultados muestran que el 

transporte de L-arginina estaba aumentado, sugiriendo un mecanismo compensatorio que 

parece no ser suficiente para recuperar la producción de NO. Por otro lado, PGMO se asoció 

con un aumento de la actividad de UPR en HUVECs. Se encontró un aumento en la actividad 

de las vías de señalización asociados a PERK e IRE1α, así como de la translocación de ATF6 

al núcleo. La reducción del estrés de ER mediante TUDCA (100 μM) redujo la actividad de 

las tres vías de la UPR y generó una reducción del transporte de L-arginina, un aumento de 

la actividad eNOS basal e inducida por insulina, de la producción de NO, y sensibilizó la 

activación de la vía de señalización de insulina en respuesta a insulina. Así, el estrés del RE 

asociado a PGMO se asoció con la disfunción endotelial y la desensibilización a la insulina 

presentadas por HUVECs. Por otro lado, las alteraciones observadas en HUVECs PGMO 

fueron reproducidas en HUVECs de embarazos PGMN al inducir ER stress con tunicamicina 

(5 μ). Finalmente, el aumento de la expresión de TRB3 inducida por PERK, una 

pseudoquinasa que inhibe Akt, no parece estar involucrado en la menor respuesta de insulina 

presentada por las HUVECs de embarazos de madres con PGMO. Sin embargo, el aumento 

en la actividad de IRE1α y la consiguiente activación de JNK generó inhibición de IRS1, 

reducción de Akt, activación de eNOS y producción de NO en respuesta a la insulina. Por lo 

tanto, la vía IRE1α/JNK/IRS1 se propone como un probable mecanismo en el deterioro de la 

vía de señalización de insulina producida por el estrés de RE en las HUVEC de embarazos 

PGMO. Así, este estudio plantea que PGMO produce disfunción endotelial y 



 
 

18 
 

desensibilización a la insulina en el endotelio de la vena umbilical a través de la generación 

de estrés de RE. 
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ix. Abstract 

The prevalence of women with obesity has rapidly increased in Chile, reaching 38.4% 

of women over 18 years in 2017. Obesity during pregnancy is an independent risk factor to 

both the mother and the fetus, who are at higher risk to develop gestational diabetes, 

preeclampsia, congenital anomalies, macrosomia, and maternal or fetal mortality. Moreover, 

the obesity-induced adverse effects during pregnancy on the fetus remain throughout the 

offspring lifespan. Epidemiological studies indicated that pre-gestational maternal obesity 

(PGMO) is a risk factor for the development of insulin resistance and endothelial dysfunction 

in neonates and adolescents, which are pathophysiological states considered as the first steps 

leading to the development of metabolic syndrome and cardiovascular complications. On the 

other hand, studies suggest that PGMO induces endothelial dysfunction and insulin resistance 

in fetoplacental vasculature. Among the mechanisms, it has been shown that in obesity the 

endothelial dysfunction and insulin resistance are closely associated with endoplasmic 

reticulum (ER) stress. However, whether ER stress is present in the fetoplacental 

endothelium from PGMO pregnancies and whether it is involved in endothelial dysfunction 

and altered insulin response is unknown. Therefore, we hypothesized that ‘Pre-gestational 

maternal obesity generates a lower response to insulin in the human fetoplacental vasculature 

due to endoplasmic reticulum stress-associated endothelial dysfunction’.  

In this thesis we demonstrated that PGMO was associated with endothelial dysfunction 

and insulin resistance in umbilical veins, which did not show vasodilation in response to 

calcitonin gene-related peptide or insulin. This deficient vascular response was associated 

with reduced nitric oxide (NO) production due to reduced activation of the endothelial nitric 

oxide synthase (eNOS) in human umbilical vein endothelial cells (HUVECs). Moreover, 
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insulin did not activate the post-IR metabolic signaling pathway, eNOS and did not increase 

the NO production in response to insulin in these cells. The transport of L-arginine was found 

increased, suggesting a compensatory mechanism that seems unable to recover the NO 

production. On the other hand, PGMO was associated with higher UPR activity in HUVECs. 

The activity of the signaling pathways activated by PERK and IRE1α was increased, as well 

as the translocation of ATF6 to the nucleus. The amelioration of ERS by TUDCA (100 μM) 

reduced the activity of the three pathways of the UPR and resulted in a reduction of the L-

arginine transport, an increase of the basal and insulin-induced eNOS activity, the NO 

production, and sensitized the activation of the insulin signaling pathway in response to 

insulin. Thus, the PGMO-associated ERS was related to the endothelial dysfunction and the 

insulin desensitization seen in HUVECs. On the other hand, the impairment seen in HUVECs 

from PGMO was reproduced in HUVECs from PGMN pregnancies by the induction of ER 

stress with tunicamycin. Finally, the increased PERK-induced TRB3 expression, a 

pseudokinase that inhibits Akt, was not involved in the lower insulin response by HUVECs 

from PGMO. However, the increased IRE1α activity and the consequent activation of JNK, 

resulted in inhibition of IRS1, inhibition of Akt, eNOS activation and NO production in 

response to insulin. Thus, the IRE1α/JNK/IRS1 pathway is a likely mechanism in the 

deterioration of the insulin signaling pathway produced by the ER stress in the HUVECs 

from PGMO pregnancies. Therefore, this study shows that PGMO resulted in endothelial 

dysfunction and insulin desensitization in the endothelium of the umbilical vein through the 

generation of ER stress. 
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1. Introduction 

Obesity is a metabolic disease whose prevalence is increasing worldwide (World Health 

Organization (WHO), 2018). More than 650 million adults were obese in 2016, three times 

the worldwide prevalence in 1975 (WHO, 2018). According to the latest report from the 

Ministry of Health (MINSAL) of Chile, the prevalence of obesity is 9% higher than in 2011, 

reaching 34.4% of the population. The percentage among women reached 38.4% are women 

(MINSAL, 2017). Epidemiologic evidence shows that pre-gestational maternal obesity 

(PGMO) (body mass index (BMI) ≥30 kg/m2) is an independent risk factor for the 

development of gestational diabetes mellitus or preeclampsia (American College of 

Obstetricians and Gynecologists (ACOG), 2005). Furthermore, the offspring of PGMO 

mothers are predisposed to develop obesity, cardiovascular disease and metabolic disorders 

in childhood and adulthood (Gaillard et al., 2014; Godfrey et al., 2017; Mamun et al., 2009; 

Pirkola et al., 2010; Roberts et al., 2015; Stuebe et al., 2012, 2009). The latter support the 

possibility that some risk factor could be ‘transferable’ from the mothers to their children. 

Indeed, newborns from insulin-resistant obese mothers showed increased insulin resistance 

at birth (Catalano et al., 2009; Desoye, 2018). The possibility that harmful factors would be 

transferred from obese mothers to children has been addressed in the literature (Penfold and 

Ozanne, 2015); however the mechanism(s) involved are not fully understood. 

The transference of risk factors occur during pregnancy (Longtine and Nelson, 2011; 

Sobrevia et al., 2014), in a phenomenon referred to as “fetal programming” (Barker, 1998; 

Gluckman et al., 2008). This is supported by findings showing that after weight loss 

following bariatric surgery, children born to these mothers presented lower incidence of 

obesity and insulin resistance compared to their siblings born before the intervention 

http://www.ncbi.nlm.nih.gov/pubmed/?term=American%20College%20of%20Obstetricians%20and%20Gynecologists%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=American%20College%20of%20Obstetricians%20and%20Gynecologists%5BCorporate%20Author%5D
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(Guenard et al., 2013; Kral et al., 2006; Smith et al., 2009). Fetoplacental tissues play a vital 

role in this phenomenon since they are the structural and functional connection of the fetus 

with the mother (Griffiths and Campbell, 2015). The placenta is an organ specialized in vital 

processes including gas exchange, transport of ions, nutrients, and waste products between 

the maternal and fetal plasma. Maternal substances are transferred from the maternal blood 

through the chorionic villous into the fetal capillaries. Blood flows through chorionic veins 

and reaches the umbilical vein returning the freshly oxygenated blood to the fetal circulation 

(Griffiths and Campbell, 2015; Villalobos-Labra et al., 2018b). Even when the fetoplacental 

tissues are a transient organ, altered function of this tissue is crucial in the fetal outcome with 

lifetime lasting consequences (Howell and Powell, 2017; Longtine and Nelson, 2011; 

Sobrevia et al., 2014). 

Obesity in adults associated with endothelial dysfunction and vascular insulin resistance, 

both of which are critical conditions in the early stages of the development of cardiovascular 

disease (Janus et al., 2016; Prieto et al., 2014; Versari et al., 2009). Reports available in the 

literature showed that, among the alterations associated to obesity, there is a strong 

correlation with abnormal endoplasmic reticulum (ER) homeostasis resulting in 

accumulation of misfolded proteins, a condition referred to as ‘ER stress’ (Battson et al., 

2017; Cnop et al., 2012; Lenna et al., 2014). Obesity during pregnancy associates with 

endothelial dysfunction in human umbilical vein endothelial cells (HUVECs), umbilical 

veins (Pardo et al., 2015; Schneider et al., 2015), chorionic arteries (Schneider et al., 2015), 

and vascular (Pardo et al., 2015)  and systemic (Catalano et al., 2009; Desoye, 2018) insulin 

desensitization in the fetus. Indeed, fetoplacental tissues from mothers with obesity showed 

high plasma level of inflammatory and oxidative markers (Bar et al., 2012; Ferretti et al., 
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2014; Saben et al., 2014), which are in close association with ER stress (Flamment et al., 

2012). Thus, the occurrence of ER stress appears to be a direct factor in the development of 

endothelial dysfunction and insulin resistance in fetoplacental tissues from PGMO mothers. 

 Endothelial dysfunction and vascular insulin response 

 The endothelium  

The endothelium is a continuous monolayer of cells covering the inner side of the blood 

vessels. This tissue not only acts as a barrier of separation and exchange between intra and 

extravascular spaces, but it is also a major player in the control of the vascular tone, blood 

fluidity, platelet aggregation, regulation of immunity, inflammation, angiogenesis, and is 

considered to act as an endocrine organ (Félétou, 2011). Thus, the endothelium participates 

in the signaling to and from the vascular lumen by directly interacting with blood cells (such 

as leukocytes, platelets or erythrocytes) and with other cells from the vascular wall (smooth 

muscle cells, fibroblasts, immune cells). Alterations of these endothelial functions result in a 

condition known as ‘endothelial dysfunction’. The endothelial dysfunction is defined as ‘the 

shift of the properties of the endothelium toward a phenotype characterized by impaired 

vasodilation and a proinflammatory and prothrombic status’ (Soriano et al., 2017). It is 

characterized by ‘an imbalance between vasodilating and vasoconstricting substances 

produced by (or acting on) endothelium’ (Deanfield et al., 2005). This condition is considered 

one of the main and first factors leading to the initiation, development and perpetuation of 

cardiovascular pathologies (Sandoo et al., 2015). The endothelial dysfunction appears even 

decades before a clinical outcome associated with a cardiovascular disease (Davignon and 

Ganz, 2004). Therefore, studying endothelial dysfunction is crucial to understand the cellular 

and molecular mechanisms underlying the development of cardiovascular disease. 
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Endothelial dysfunction associates with abnormal generation of nitric oxide (NO), one of 

the main vasodilators released by the endothelium and critical in the regulation of vasomotor 

tone (Gimbrone and García-Cardeña, 2016). Once NO is produced, it diffuses from the 

endothelium reaching the underlying layer of smooth muscle cells. At this site, NO activates 

the soluble guanylyl cyclase (sGC) leading to the relaxation of smooth muscle cells 

(Gimbrone and García-Cardeña, 2016). Moreover, the deficiency of NO generation has been 

associated with peripheric vasoconstriction, which is a typical characteristic of metabolic 

syndrome (Mendizábal et al., 2013). Therefore, understanding the mechanisms leading to 

abnormal NO synthesis in pathological conditions turns out to be crucial to study the 

contribution of endothelial dysfunction in the development of cardiovascular disease.  

 Structure and function of eNOS 

NO is synthesized from L-arginine via the nitric oxide synthases (NOS), releasing L-

citrulline as a byproduct. There are three mammalian isoforms of NOS: inducible (iNOS), 

neuronal (nNOS) and endothelial (eNOS). The eNOS is the dominant isoform expressed in 

the vasculature, being the main enzyme synthesizing the endothelium-derived NO in 

physiological conditions. It is constitutively expressed but its abundance can be up- or 

downregulated at a transcriptional and post-transcriptional level. Its activity is modulated at 

a post-translational level by Ca2+/calmodulin (CaM) binding, L-arginine uptake, availability 

of cofactors and activating and inhibiting phosphorylations (Balligand et al., 2009; Fleming, 

2010; Förstermann and Sessa, 2012; Mas, 2009; Rafikov et al., 2011).  

eNOS is mainly located in the caveolae and the peri-area of the Golgi apparatus. It is an 

enzyme with two domains that functions as a dimer. Each subunit is formed by an N-terminal 

oxygenase domain that binds to heme, L-arginine, tetrahydrobiopterin (BH4) and 
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Ca2+/calmodulin (CaM), and a C-terminal reductase domain that binds to nicotinamide 

adenine dinucleotide phosphate (NADPH), flavin mononucleotide (FMN), and flavin 

adenine dinucleotide (FAD). In its inactive state, eNOS is coupled to caveolin-1 (Cav-1) 

decreasing its activity by preventing the binding of CaM (Michel et al., 1997). Besides, eNOS 

is constitutively phosphorylated in Thr 495 by PKC, which also prevents the binding to CaM.  

Its activation occurs by an increase in the intracellular calcium level resulting in dissociation 

of eNOS from Cav-1 and formation of a multi-protein complex with CaM, the chaperone 

heat shock protein 90 (HSP-90), and the recruiting of Akt and protein kinase A (PKA). These 

kinases enhance the NO production by phosphorylating the enzyme in serine 1177 (Balligand 

et al., 2009; Fleming, 2010; Gimbrone and García-Cardeña, 2016). 

The mechanism of NO synthesis starts by the delivery of electrons from NADPH to the 

flavins in the reductase domain of one subunit, which are then transferred to the heme in the 

oxygenase domain of the other subunit. Finally, the heme iron binds oxygen (O2) and 

catalyzes the NO synthesis from L-arginine. The CaM-binding is crucial for the eNOS 

activation, since it dimerizes the enzyme and enables the electron transference from the 

reductase to the oxygenase domain (Balligand et al., 2009; Fleming, 2010; Hellermann and 

Solomonson, 1997; Mas, 2009). Moreover, the calcium level is crucial to activate the 

enzyme, but it is only necessary to maintain the basal NO production. The maximal capacity 

of NO production does not depend on the calcium level, but on post-translational 

modifications. Several eNOS activity-modulatory phosphorylations have been reported, but 

the phosphorylation in threonine 495 and serine 1177 are considered the central modulators 

(Fleming, 2010). The phosphorylation in threonine 495 disrupts the binding of CaM to the 

reductase domain, blocking the enzyme activation and reducing the basal eNOS activity by 
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about 10-20 times. On the other hand, phosphorylation in serine 1177 enhances the electron 

flux at the reductase domain increasing the efficiency of NO production by about 2-3 times 

over the basal (Fleming, 2010).  

It is reported that extracellular L-arginine availability is also crucial to eNOS activity in 

endothelial cells (Casanello et al., 2007; Hardy and May, 2002; Mann et al., 2003; Toral et 

al., 2018). However, while the extracellular L-arginine level is around 50-200 μM, the 

intracellular level in endothelial cells can reach 800 μM or higher. Moreover, the affinity of 

purified eNOS for L-arginine is lower than the intracellular level (Km = 2.9 μM) (Hardy and 

May, 2002), suggesting that the enzyme is operating under a saturated level of its substrate. 

Despite this, the NO production by endothelium is highly dependent on the extracellular L-

arginine, as reported in animal models (Cooke et al., 1992), humans (Clarkson et al., 1996; 

Cooke and Dzau, 1997; Drexler et al., 1991; Mirmiran et al., 2016), and in human endothelial 

cell cultures (Toral et al., 2018; Wyatt et al., 2002). The dependence of eNOS activity on the 

extracellular level of L-arginine, even when its intracellular level is higher, is described as 

the ‘L-arginine paradox’ (Hardy and May, 2002; Kurz and Harrison, 1997). This apparent 

controversy could be explained by ‘L-arginine compartmentalization’ (Casanello et al., 2007; 

Closs et al., 2004; Cynober, 2002), where the L-arginine contained in caveolae, which is used 

by eNOS for the synthesis of NO, is dependent on the amino acid transport from the 

extracellular medium and independent on other intracellular pools (Casanello et al., 2007). 

L-Arginine is taken up from the extracellular space via several plasma membrane 

transport systems, including the system y+ (Mann et al., 2003). System y+ is a family of 

proteins referred to as human cationic amino acids transporters (hCATs). hCATs members 

include hCAT-1, hCAT-2A, hCAT-2B, hCAT-3, and hCAT-4 (Mann et al., 2003). The 
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transport of L-arginine in HUVECs is mainly mediated by hCAT1 and hCAT-2B (Rajapakse 

et al., 2016; Vásquez et al., 2004), whose affinities for L-arginine are 100-200 μM and 200-

400 μM, respectively (Casanello et al., 2007). The NO synthesized by eNOS requires the 

expression and activity of CAT-1, since CAT-1 co-localizes with eNOS in caveolae (García-

Cardeña et al., 1996; Mcdonald et al., 1997). Indeed, a direct interaction of eNOS with CAT-

1, which reduces the affinity of eNOS for cav-1 and stimulates its activation, has been 

reported (Li et al., 2005). Moreover, the transport activity of CAT-2B is required for iNOS 

activation in other cell types (Cynober, 2002). Thus, a structural and functional association 

of eNOS with CAT-1 more than CAT-2B is suggested (Casanello et al., 2007). 

 Endothelial dysfunction in PGMO 

Endothelial dysfunction is described in the vasculature of pregnant women with PGMO 

(Stewart et al., 2007). The occurrence of endothelial dysfunction in fetoplacental tissues from 

PGMO women has also been reported. Chorionic arteries from mothers with exceeded weight 

(overweight and obesity) during pregnancy show impaired vasodilation in response to 

calcitonin gene-related peptide (CGRP) (Schneider et al., 2015), an endothelial-dependent 

vasodilator (Brain, 2004; Dong et al., 2004). In addition, umbilical veins from mothers with 

normal pre-pregnancy weight ending the pregnancy with obesity presented lower NOS-

dependent vasodilation. An increased threonine 495 phosphorylation but reduced serine 1177 

phosphorylation, eNOS expression and L-citrulline production was found in HUVECs from 

that condition (Pardo et al., 2015). These findings suggest a deficient activity of eNOS giving 

a mechanistic explanation for the impaired endothelium-dependent vasodilation seen in these 

vessels (Pardo et al., 2015). Likewise, the umbilical arteries from PGMO mothers present 

higher resistance to blood flow, a finding that may relate to the occurrence of endothelial 
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dysfunction in these vessels (Sarno et al., 2015). Altogether, the described results suggest the 

occurrence of endothelial dysfunction in fetoplacental vessels from PGMO mothers and raise 

NO deficiency as one of the potential causes of the altered endothelial function. 

The altered transport of L-arginine in the fetoplacental endothelium has been seen in 

several metabolic pregnancy complications associated with obesity. Among these are 

preeclampsia, intrauterine growth restriction (IUGR) or in gestational diabetes mellitus 

(GDM). HUVECs from GDM showed increased hCAT-1 expression and L-arginine 

transport, which correlated with higher NO production (Vásquez et al., 2004). Meanwhile, 

HUVECs from mothers with preeclampsia showed higher hCAT-1 expression and L-arginine 

transport but lower NO synthesis (Salsoso et al., 2015). Conversely, HUVECs from IUGR 

show reduced hCAT-1 expression, L-arginine transport, and NO synthesis (Casanello et al., 

2009). However, there is no information addressing whether L-arginine and hCAT-1 

expression are altered in the fetal endothelium from PGMO pregnancies.  Interestingly, 

increased L-arginine level and reduced L-citrulline and nitrite/nitrate levels (NOx, an index 

of NO bioavailability) is reported in the serum from subjects with obesity (Giam et al., 2016; 

Gruber et al., 2008). It is also reported that after weight reduction by bariatric surgery there 

is a decrease in the plasma level of L-arginine and increase in the NOx level, suggesting that 

overweight reduced the transport of L-arginine and NO production (Sledzinski et al., 2010). 

On the other hand, obese mice show reduced CAT-1 expression, and the overexpression of 

CAT-1 in the endothelium resulted in preventing obesity-reduced NOx (Rajapakse et al., 

2014). The obesity-induced hypertension was also reduced in these mice (Rajapakse et al., 

2015, 2014). Therefore, the endothelial dysfunction in the fetoplacental vasculature of 

PGMO may involve altered CAT-1 expression and L-arginine transport.  



 
 

29 
 

 Vascular insulin resistance in PGMO 

Obesity also associates with systemic insulin resistance, a condition related to endothelial 

dysfunction and chronic cardiometabolic disorders (Flamment et al., 2012; Georgescu et al., 

2011; Mather et al., 2013; Muniyappa and Sowers, 2013). Insulin resistance characterizes by 

low sensitivity and responsiveness to insulin in target tissues, including the vasculature (Kim 

et al., 2006; M. Breen and Giacca, 2011; Savage et al., 2005). Insulin resistance becomes 

more important in the vasculature since the endothelial insulin resistance contributes to 

induce endothelial dysfunction (Duncan et al., 2008).  

One of the most relevant effects of insulin in the control of vascular tone is the stimulation 

of NO synthesis by the endothelium (Muniyappa et al., 2007; Zeng and Quon, 1996). The 

biological effects of insulin in the vasculature starts with the activation of the insulin receptor 

(IR) in the endothelium. The activation of this tyrosine kinase type receptor results in a 

parallel and balanced activation of two major signaling pathways: the phosphoinositide 3-

kinase (PI3K)/Akt pathway, known as the metabolic branch and has been described to induce 

vasodilation; and the Ras/mitogen-activated protein kinases (MAPK) pathway, known as the 

mitogenic branch and has been described to induce vasoconstriction. The activation of both 

branches promotes cardiovascular and endothelial growth, cell metabolism, and a healthy 

vascular function (D’Oria et al., 2017; Muniyappa and Sowers, 2013). The state of insulin 

resistance is characterized by impaired metabolic branch resulting in excessive activation of 

the mitogenic branch, leading to impaired insulin-induced vasodilation, thus, contributing to 

the endothelial dysfunction (Clark et al., 2003; D’Oria et al., 2017; Mather et al., 2013).  

The activation of the metabolic branch results in vasodilation via increased NO 

production (Muniyappa et al., 2007). The activation of this pathway begins with the IR 
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activation and subsequent activation of the isoform 1 of the insulin receptor substrate 1 

(IRS1) through phosphorylation of tyrosine residues. The phosphorylation of IRS1 exposes 

Src homology 2 (Sh2) domain-binding motifs that bind to Sh2-containing proteins such as 

PI3K. The docking of PI3K to IRS1 activates the protein which produces 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) inducing the phosphorylation and activation 

of phosphoinositide-dependent kinase-1 (PDK1). Subsequently, PDK1 phosphorylates the 

serine residue 473 of Akt which, after being recruited by dimerized eNOS, phosphorylates 

the enzyme in serine 1177 and leads to the increased production of NO (Manrique et al., 

2014; Muniyappa et al., 2007). In this context, the insulin resistance occurs by the 

phosphorylation of IRS1 in serine residues, thus reducing the affinity of the protein for the 

IR and the scaffolding proteins and leading to the inhibition of insulin signaling (Muniyappa 

et al., 2007). 

Patients with obesity show vascular insulin resistance, which is evidenced by lower 

insulin-induced vasodilation (Farb et al., 2016; Georgescu et al., 2011). Insulin resistance 

impaired the metabolic branch, in several tissues in obese patients, such as adipose tissue, 

liver, or skeletal muscle. Therefore, we speculate that the reduced insulin-induced 

vasodilation in the vasculature from obese patients is due to its associated blunted metabolic 

branch (Huang, 2009; Huang et al., 2018; Mather et al., 2013). There is evidence supporting 

this idea from studies in animal models showing that the vasculature from obese mice show 

lower insulin-induced activation of IRS1, Akt, and eNOS (Naruse et al., 2006; Symons et al., 

2009).    

It is also reported that newborns (Catalano et al., 2009), children and adults (Mingrone 

et al., 2008; O’Reilly and Reynolds, 2013; Tan et al., 2015) born to mothers with PGMO also 
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showed systemic insulin resistance. In a study of the transcriptome of trophoblast cells from 

the first trimester of pregnancy in mothers with PGMO, the insulin-induced gene expression 

was lower compared with cells from normal pregnancies (Lassance et al., 2015). These 

findings suggest lower insulin sensitivity in these cells from obese mothers. In another set of 

studies the fetoplacental vasculature from mothers with obesity also shows signs of insulin 

resistance since a genetic profile associated to insulin resistance in umbilical cords from 

PGMO mothers was found (Thakali et al., 2014). Additionally, a null response to insulin was 

reported by umbilical veins from mother that started pregnancy with normal weight and 

ended with obesity (Pardo et al., 2015). Thus, although there are no reports directly 

addressing it, the occurrence of insulin resistance in the fetoplacental vasculature from 

PGMO mothers is strongly suggested.  

 Endoplasmic Reticulum Stress 

Several factors in obesity contribute to the dysfunction of metabolic organs, including 

the vasculature, such as systemic proinflammatory state, increased concentration of 

circulating free fatty acids in blood, or hyperlipidemia (Hardy et al., 2012; Noakes, 2018). 

Interestingly, all these factors are involved in the induction of ER stress (Alhusaini et al., 

2010; Boden et al., 2014; Esser et al., 2014; Mandal et al., 2017; Villalobos-Labra et al., 

2018b) and obesity associated-metabolic dysfunction (Table 1) (Villalobos-Labra et al., 

2018b; Yilmaz, 2017). Indeed, ER stress shows a strong relationship with insulin resistance 

and endothelial dysfunction in obesity (Table 2), and with other metabolic syndrome-

associated diseases (Battson et al., 2017; Cnop et al., 2012; Flamment et al., 2012). Thus, ER 

stress is proposed as a key factor in the mechanism of obesity-induced insulin resistance and 

endothelial dysfunction (Cnop et al., 2012; Flamment et al., 2012; Yilmaz, 2017). However, 
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the cellular mechanisms linking ER stress with endothelial dysfunction and vascular insulin 

resistance in PGMO are not described. Hence, this thesis focused on the understanding of the 

effect of ER stress on endothelial dysfunction and insulin resistance in the fetoplacental 

vasculature from PGMO mothers. 

 



 
 

33 
 

Table 1. UPR activation in metabolic tissues of patients with obesity 

 

EC, endothelial cells; SAT, subcutaneous adipose tissue; OAT, omental adipose tissue; VAT, 

visceral adipose tissue; P~PERK, phosphorylated protein kinase RNA-like endoplasmic 

reticulum kinase; TRB3, tribbles-like protein 3; PDI, protein disulfide isomerase A3; CRT, 

calreticulin; CNX, calnexin; P~JNK1, phosphorylated c-jun N-terminal kinase 1; XBP1s, 

spliced X-box binding protein 1 mRNA; IRE1α, inositol-requiring enzyme 1α; BiP, binding 

immunoglobulin protein; P~eIF2, phosphorylated eukaryotic translation initiator factor 2; 

ATF6, activating transcription factor 6; CHOP, CCAAT-enhancer-binding protein 

homologous protein. –, not reported. a Severe obesity refers to BMI ≥ 40 kg/m2. 

Pathology Tissue/cell Effect  
Protein 

abundance 

mRNA 

level 
Reference 

      

Obesity SAT Increased PDI 

CRT 

CNX 

P~JNK1  

 

XBP1s Boden et al., 2008 

Obesity Antecubital 

vein EC 

Increased PERK 

IRE1α 

ATF6 

 Kaplon et al., 2013 

PGMO 

 

OAT Increased IRE1α 

BiP 

 

XBP1s   Liong and Lappas, 2015 

Obesity Adipose tissue Increased P~eIF2  

 

XBP1s  

ATF6 

 

Sharma et al., 2008 

Obesity Abdominal 

SAT 

Increased P~eIF2 

BiP 

P~JNK1 

 

XBP1s Gregor et al., 2009 

Obesity Abdominal 

SAT 

Increased IRE1α 

BiP 

 

ATF6 Alhusaini et al., 2010 

Obesity  SAT Increased CHOP 

P~JNK1 

 

– Díaz-Ruiz et al., 2015 

PGMO 

 

Skeletal 

muscle 

Increased IRE1α 

BiP   

 

XBP1s Liong and Lappas, 2016 

PGMO 

 

Placenta Increased P~eIF2 XBP1s Yung et al., 2016 

Severe obesity a VAT, SAT Increased BiP XBP1s Vendrell et al., 2010 
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 ER stress and the unfolded protein response 

ER is an organelle responsible for the synthesis and processing of secretory and 

membrane proteins, Ca2+ storage and lipid biosynthesis (Cnop et al., 2012; Flamment et al., 

2012). The ER homeostasis is maintained by a variety of modulatory mechanisms to ensure 

cell survival, proliferation, and growth, among others. A disturbance of this state results in 

the accumulation of misfolded proteins that leads to ER stress and the unfolded protein 

response (UPR). The latter is intended to restore the homeostasis of the endoplasmic 

reticulum and results in the alteration of the cellular metabolism. UPR is the starting point 

for activation of three canonical ER stress transducers at the ER membrane, i.e. the protein 

kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1-alpha 

(IRE1α), and activating transcription factor 6 (ATF6) (Ghemrawi et al., 2018; Hetz et al., 

2015; Mukherjee et al., 2015) (Figure 1). One major modulator described to UPR activation 

after ER stress is the ER chaperone binding immunoglobulin protein (BiP) (Flamment et al., 

2012). During unstressed conditions, PERK, IRE1α and ATF6 are inactivated by binding to 

BiP at the lumen side of the ER. Under ER stress, BiP is displaced from the transducers to 

bind with misfolded luminal proteins, which releases PERK, IRE1α and ATF6 and leads to 

their activation (Cnop et al., 2012; Flamment et al., 2012). 

PERK is a tyrosine kinase-like protein which is activated by phosphorylation in threonine 

981. This kinase phosphorylates the alpha subunits of the eukaryotic initiation factor 2 

(eIF2α) in serine 51, leading to its inactivation and thus to a rapid decrease of cap-dependent 

translation, causing the attenuation of the global protein synthesis. However, that alteration 

results in the selective translation of specific proteins that are translated by other mechanisms. 

One of them is cap-independent, which do not require the eIF2-protein complex because they 
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have internal ribosome entry sites (IRESs) (Komar and Hatzoglou, 2011). Other mechanism 

is for proteins containing more than one upstream open reading frame in their mRNA 

sequence (Chambers and Marciniak, 2014; Kilberg et al., 2009), as for the activating 

transcriptor factor 4 (ATF4). ATF4 is a key transcription factor for PERK-modulated gene 

expression, which triggers the transcription by binding to CCAAT-enhancer binding protein-

activating transcription factor response elements (CARE).  

IRE1α is activated by trans-autophosphorylation and shows kinase and endoribonuclease 

activity catalyzing the processing of X-box binding protein 1 (XBP1) mRNA cleaving a 26-

nucleotide intron and shifting the reading frame to translate the processed form of the 

transcription factor XBP1 (XBP1s). Additionally, IRE1α degrades other RNA targets by a 

process known as regulated IRE1-dependent decay (RIDD). The cytosolic domain of IRE1α 

binds to tumor necrosis factor receptor-associated factor 2 (TRAF2), activating the c-jun N-

terminal kinase (JNK) pathway through IRE1α kinase domain. Meanwhile, ATF6 

translocates to the Golgi where is cleaved. The cleaved-off cytoplasmic domain acts as a 

transcription factor leading to the suppression and expression of several genes. Through 

phenomena such as expression of chaperones, foldases, and proteins involved in ER-

associated degradation (ERAD) machinery, redox metabolism, autophagy, and apoptosis 

(e.g. CCAAT-enhancer-binding protein homologous protein (CHOP)), among others, the 

UPR reduces the unfolded protein load and increases the size and the folding capacity of ER 

to restore its homeostasis (Cnop et al., 2012; Dufey et al., 2014; Ghemrawi et al., 2018). 
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Figure 1. Endoplasmic reticulum stress and unfolded protein response. Endoplasmic 

reticulum (ER) stress leads to the activation of the unfolded protein response through the 

activation of protein kinase RNA-like endoplasmic reticulum kinase (PERK), inositol-

requiring enzyme 1-alpha (IRE1α) and activating transcription factor 6 (ATF6). PERK 

phosphorylates the α subunit of eukaryotic translation initiator factor 2 (eIF2), attenuating 

the general translation and enhancing the expression of activating transcription factor 4 

(ATF4), CCAAT-enhancer-binding protein homologous protein (CHOP) and ultimately 

tribbles-like protein 3 (TRB3), which alters insulin signaling by inhibiting Akt. IRE1α 

activates c-jun N-terminal kinase (JNK) by phosphorylation, which reduces insulin signaling 

by phosphorylating insulin receptor substrate 1 (IRS1) in serine residues. IRE1α also 

produces an unconventional splicing of the unspliced X-box binding protein 1 (uXBP1) 

mRNA, shifting the reading frame to translate a more stable protein known as spliced XBP1 

(sXBP1). Besides, IRE1α contributes to the attenuation of the general translation by the 

regulated IRE1-dependent decay (RIDD) of mRNA. ATF6 migrates to the Golgi where is 

cleaved, releasing a fraction that works as transcription factor. ATF4, sXBP1 and the cleaved 

fraction of ATF6 work as transcription factors addressed to modulate genes involved in ER 

metabolism, ER-associated degradation (ERAD), redox metabolism, autophagy and 

apoptosis, among others, leading to restore the ER homeostasis or, ultimately, cell death. 
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 Association of ER stress with insulin resistance and endothelial dysfunction 

Several mechanisms linking ER stress with insulin resistance are described in obesity. 

The most studied are the IRE1α-dependent activation of JNK and the activation of 

PERK/eIF2/ATF4 signaling (Figure 1). JNK phosphorylates IRS1 in serine residues, 

inhibiting the enzyme and contributing to the obesity associated-systemic insulin resistance 

(Flamment et al., 2012; Hirosumi et al., 2002; Ozcan et al., 2004). It is also reported that JNK 

is involved in reducing the vasodilation in response to insulin of visceral arterioles from 

obese subjects (Farb et al., 2016). The activation of PERK/eIF2/ATF4 signaling results from 

ATF4 inducing the expression of CHOP, a transcription factor that together with ATF4 leads 

to the expression of  tribbles-like protein 3 (TRB3) (Ohoka et al., 2005). TRB3 is a 

pseudokinase that inhibits Akt activity promoting insulin resistance (Du et al., 2003; 

Flamment et al., 2012; Koh et al., 2013; Marinho et al., 2015; Ozcan et al., 2013). TRB3 

expression is increased in the blood (Nourbakhsh et al., 2017) and skeletal muscle (Koh et 

al., 2013) from obese subjects, as well as in other metabolic tissues affected by obesity in 

mice (Du et al., 2003; Lima et al., 2009; Liu et al., 2010; Ozcan et al., 2013). Thus, JNK and 

TRB3 are factors involved in the obesity-induced insulin resistance and both are potential 

candidates in the development of insulin resistance in the fetoplacental vasculature from 

PGMO. 

ER stress is also related to the development of endothelial dysfunction (Battson et al., 

2017) (Table 2). The treatment of mouse coronary artery endothelial cells with tunicamycin, 

which induces ER stress by the inhibition of N-glycosylation of proteins (Mahoney and 

Duksin, 1980), reduced the levels of mRNA, protein, serine 1177 phosphorylation of eNOS 

and nitrite. Co-incubation of these cells with tauroursodeoxycholic acid (TUDCA), a bile 
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acid that acts as a chaperone reducing ER stress (Kraskiewicz and Fitzgerald, 2012), blocked 

tunicamycin-induced ER stress (Galán et al., 2014). Furthermore, HUVECs treated with 

tunicamycin showed reduced serine 1177 phosphorylation of eNOS and null production of 

NO in response to a calcium ionophore (Murugan et al., 2015), as described in mouse aortic 

endothelial cells (Cheang et al., 2014). Thus, ER stress has been linked with lower eNOS 

activity in endothelial cells.  

On the other hand, ER stress is proposed to affect endothelial function by affecting the 

L-arginine transport. CAT-1 expression is shown to increase following the activation of the 

PERK/eIF2/ATF4 signaling pathway (Kilberg et al., 2009). CAT-1 expression is increased 

after eIF2α phosphorylation (Fernandez et al., 2002b) since its gene contains an IRES region 

(Fernandez et al., 2002a). Moreover, the sequence of hCAT-1 has a CARE region whose 

expression is regulated by ATF4 (Kilberg et al., 2009; Lopez et al., 2007; Majumder et al., 

2009). Thus, the expression of CAT-1 depends on the levels of phosphorylated eIF2α and 

ATF4 (Huang et al., 2010; Lopez et al., 2007) suggesting a key role of the PERK/eIF2/ATF4 

signaling as an inductor of L-arginine transport. Since the structural interaction (Li et al., 

2005) and the L-arginine transport by CAT-1 is crucial to eNOS activity, and because the ER 

stress reduced the expression and activity of eNOS, it is likely that the ER stress in the 

endothelium results in endothelial dysfunction. Therefore, the occurrence of endothelial 

dysfunction could be due to ER stress in the fetoplacental vasculature from PGMO mothers. 
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Table 2. ER stress and induction of endothelial dysfunction and insulin resistance in the vasculature 

 Tissue/EC 
ER stress modulation UPR 

protein 

evaluated 

Effect Parameter evaluated Reference 
Induction Reduction 

        

Endothelial 

function 

Mouse aorta  

MCEC 

 

Tunicamycin TUDCA P~PERK 

P~eIF2α  

CHOP 

BiP 

ATF6 

Decrease P~eNOS  

NO production 

Endothelium-dependent 

response 

Galán et al., 2014 

Mouse aorta  

MRA 

Angiotensin II 

Tunicamycin 

TUDCA 

PBA 

P~eIF2α 

ATF4 

CHOP  

BiP 

Decrease P~eNOS  

Endothelium-dependent 

response 

Kassan et al., 2012 

Mouse aorta 

HUVECs 

Angiotensin II 

Tunicamycin 

TUDCA 

PBA 

P~eIF2α  

CHOP 

BiP 

ATF6 

Decrease P~eNOS 

NO production  

Endothelium-dependent 

response 

Murugan et al., 2015 

Mouse aorta  

MAECs 

HFDa 

Tunicamycin 

Metformin P~eIF2α  

ATF6 

Decrease P~eNOS  

NO production  

Nitrite levels  

Endothelium-dependent 

response 

Cheang et al., 2014 

Rat aorta Homocysteine TUDCA 

PBA 

P~eIF2α  

ATF6 

Decrease Endothelium-dependent 

response 

Cheang et al., 2015 

Mouse aorta 

MAECs 

db/dbb 

Hyperglycemia 

TUDCA 

PBA 

P~eIF2α 

ATF6 

XBP1s  

P~JNK 

Decrease P~eNOS 

NO production 

Endothelium-dependent 

response 

Cheang et al., 2017 

Mouse aorta 

MRA  

HUVECs 

Tunicamycin TUDCA BiP  

P~PERK  

P~eIF2α  

CHOP 

Decrease Endothelium-dependent 

response 

Kassan et al., 2017 



 
 

40 
 

ATF6 

Coronary artery db/dbb 

 

TUDCA BiP  

P~PERK 

P~eIF2α 

P~IRE1α 

Decrease Endothelium-dependent 

response  

ICAM  

VCAM 

Choi et al., 2016 

Human brachial 

artery 

Hyperglycemia TUDCA – Decrease FMD Walsh et al., 2016 

        

        

Insulin response HUVECs Plasmac 

Thapsigargin 

Tunicamycin 

TUDCA 

PBA 

BiP  

P~PERK 

P~eIF2α 

P~IRE1α 

XBP1s 

Decrease Insulin-induced  

P~eNOS 

NO production 

Di Pietro et al., 2017 

Mesentery 

arterioles 

HAECs 

BAECs 

Palmitate 

HFDa 

 

TUDCA BiP 

CHOP 

XBP1s 

JNK 

Decrease Insulin-induced 

P~IRS1  

P~Akt  

P~eNOS 

Vasodilation 

Kim et al., 2015 

Human ECd  Diabetes Liraglutide P~IRE1α 

P~PERK 

P~JNK 

CHOP 

Decrease Insulin-induced  

P~eNOS 

Bretón-Romero et al., 

2018 

        

 

EC, endothelial cell; ER stress, endoplasmic reticulum stress; UPR, unfolded protein response; MCECs, mouse coronary endothelial 

cells; TUDCA, Tauroursodeoxycholic acid; MRA, mesenteric resistance arteries; HUVECs, human umbilical vein endothelial cells; 

MAECs, mouse aortic endothelial cells; FMD, flow-mediated dilation; HAECs, human aortic endothelial cells; BAECs, bovine aortic 

endothelial cells. –, not reported. aHigh-fat diet-fed mouse as a model of obesity; bleptin receptor deficient db/db mouse as a model for 

obesity and type 2 diabetes; cPlasma from obese young patients; dHuman peripheral venous endothelial cells from forearm veins of 

diabetic and non diabetic patients. 
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 ER stress in fetoplacental vasculature from PGMO 

Obese subjects show over-activation of the UPR in the antecubital vein endothelial cells 

suggesting a condition of ER stress (Kaplon et al., 2013). Also, skeletal muscle from PGMO 

women shows ER stress (Liong and Lappas, 2015). Moreover, offspring from pregnant mice 

with obesity presented with ER stress in liver and adipose tissue, suggesting a likely 

transference of this metabolic alteration from mothers with PGMO to their offspring. 

However, there is not information addressing whether the fetoplacental vasculature from 

PGMO mothers presents ER stress.  

The occurrence of some alterations associated with ER stress in the fetoplacental tissue 

from obese women suggest the occurrence of ER stress in this tissue. Placentas from mothers 

with obesity showed higher levels of tumor necrosis factor α (TNFα) and interleukin 6 (IL-

6) (Bar et al., 2012; Ferretti et al., 2014; Saben et al., 2014), two pro-inflammatory cytokines 

that induce ER stress in different cell types (Denis et al., 2010; Hardy et al., 2012; Hu et al., 

2006; McArdle et al., 2013; Xue et al., 2005). Oxidative stress, which is also tightly 

associated with ER stress (Flamment et al., 2012), was also detected in these placentas. 

Moreover, other studies showed that placentas from PGMO mothers exhibit higher 

expression of phosphorylated JNK (Saben et al., 2013), suggesting activation of IRE1α and 

JNK as probable candidate in the induction of insulin resistance in this tissue. The latter, 

along with the occurrence of endothelial dysfunction and insulin resistance in the 

fetoplacental vasculature, suggests that ER stress might be present and participate in vascular 

dysfunction in the fetoplacental vasculature from PGMO mothers.  

The available information strongly suggests that the fetoplacental vasculature from 

PGMO mothers shows endothelial dysfunction and insulin resistance. Also, ER stress could 
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be crucial in the transference of risk from the mother to the fetus. Thus, this thesis proposes 

that PGMO induces endothelial dysfunction and insulin resistance in the fetoplacental 

vasculature via a mechanism involving ER stress in the vascular endothelium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

43 
 

2. Hypothesis 

 

Pre-gestational maternal obesity causes a lower response to insulin in the 

fetoplacental vasculature due to endoplasmic reticulum stress-associated endothelial 

dysfunction. 
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3. Objectives 

 General objectives 

1. To establish whether PGMO pregnancy resulted in endothelial dysfunction and 

reduced fetoplacental vasculature response to insulin. 

2. To establish whether PGMO pregnancy caused endoplasmic reticulum stress in 

the fetoplacental endothelium. 

3. To evaluate whether PGMO-associated endoplasmic reticulum stress caused 

endothelial dysfunction and insulin resistance in fetoplacental vasculature. 

 

 Specific objectives 

For general objective 1  

1. To assess whether the human umbilical veins from PGMO pregnancy show 

reduced endothelium-dependent dilation in response to insulin. 

2. To demonstrate whether PGMO reduces the eNOS expression and activity in 

HUVECs. 

3. To demonstrate whether PGMO alters the L-arginine transport and hCAT-1 

expression in HUVECs. 

4. To evaluate whether HUVECs from PGMO present reduced insulin-induced 

activation of the insulin signaling pathway and eNOS. 
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For general objective 2  

1. To assess whether HUVECs from PGMO pregnancy show increased activation of 

the PERK signaling pathway. 

2. To evaluate whether HUVECs from PGMO pregnancy show increased 

endoribonuclease and kinase activity of IRE1α.  

3. To assay whether ATF6 is activated in HUVECs from PGMO pregnancy. 

 

For general objective 3  

1. To assay whether the repression of endoplasmic reticulum stress restores the 

vasodilation in response to insulin in umbilical veins from PGMO pregnancy. 

2. To determine whether the repression of endoplasmic reticulum stress restores L-

arginine transport, eNOS activity, and insulin-induced activation of the insulin 

signaling pathway in HUVECs from PGMO pregnancy. 

3. To evaluate whether the inhibition of PERK restores the insulin response in 

HUVECs from PGMO pregnancy. 

4. To evaluate whether the inhibition of IRE1α restores insulin response in HUVECs 

from PGMO pregnancy. 

5. To propose a model for the causal relationship between endoplasmic reticulum 

stress, endothelial dysfunction, and insulin signaling in the fetoplacental 

vasculature from PGMO pregnancy.  
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4. Methods 

 Study groups  

This study included patients from the Hospital Clínico UC-CHRISTUS and San Juan 

de Dios Hospital (Santiago, Chile). The umbilical cords was collected at birth from pregnant 

women with pre-pregnancy normal weight (n = 48) (hereafter referred as ‘PGMN’, BMI 

18.5-24.9 kg/m2) or with pre-pregnancy obesity (n = 64) (hereafter referred as ‘PGMO’, BMI 

30 kg/m2) (IOM and NRC, 2009; WHO, 2018). PGMN and PGMO groups were selected 

based on the inclusion and exclusion criteria listed in Table 3. Pregnant women included in 

this study did not smoke or consume drugs or alcohol and had no intrauterine infection or 

any other medical or obstetrical complications. The ethnicity of patients included in this study 

was Hispanic. The investigation conforms to the principles outlined in the Declaration of 

Helsinki and counts with Ethics Committee approval from the Faculty of Medicine of the 

Pontificia Universidad Católica de Chile. Patient written and informed consents were 

obtained 12-24 h before delivery.  

Weight of women before pregnancy was self-reported. All pregnant women were 

evaluated for weight and height, and BMI was recorded at the first interview with the treating 

obstetrician (i.e. 5-12 weeks of gestation, 1st trimester of pregnancy) and at delivery (37.1-

41.0 weeks of gestation). Pregnant women with normal glycaemia at the first trimester of 

pregnancy were also evaluated by the oral glucose tolerance test (OGTT) with a unique 

glucose load (75 g fasting) at 24-28 weeks of gestation to discard GDM (according to the 

Perinatal Guide 2015 from the Health Ministry of Chile) (Ministerio de Salud; Gobierno de 

Chile, 2015). Basal glycemia <5.55 mM (<100 mg/dL) after 8-9 hours from the last feeding 
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and <7.9 mM (<140 mg/dL) at two hours after glucose load was considered as normal 

(Ministerio de Salud; Gobierno de Chile, 2015). 
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 Table 3. Selection criteria of biological samples  

 

PGMN, pre-gestational maternal normal weight; PGMO, pre-gestational maternal obesity; 

BMI, body mass index; GDM, gestational diabetes mellitus; DMT1, diabetes mellitus type 

1; DMT2, diabetes mellitus type 2; IUGR, intrauterine growth restriction; Rh, Rhesus D 

antigen. 

 

 

Inclusion   Exclusion 
   

PGMN, Pre-gestational BMI 18.5-24.9 kg/m2 

 
 GDM 

 

PGMO, Pre-gestational BMI ≥30 kg/m2 

 
 DMT1 or DMT2 

 

Single fetus 

  

Pre-eclampsia 

 

Gestational age ≥37 weeks 

 
 IUGR 

 

  Clinical chorioamnionitis 

 

  Intrahepatic cholestasis of pregnancy 

 

  Rh isoimmunization 

 

  Renal alteration 

 

  Hypertension 

 

  Autoimmune alteration 

 

  Presence of meconium in the amniotic fluid 

 

  Chronic pathology 

 

  Consumption of cigarettes, alcohol or any other drug 

during pregnancy 
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 Collection of umbilical cords and isolation of HUVECs 

Placentas were collected at delivery on ice and transferred to the laboratory until use 

15-30 minutes later. Middle sections of umbilical cords (100-120 mm length) were dissected 

into 200 mL phosphate-buffered saline (PBS) solution (mM: 130 NaCl, 2.7 KCl, 0.8 

Na2HPO4, 1.4 KH2PO4, pH 7.4, 4ºC) and kept in this solution until use 6-12 hours later for 

the isolation of the endothelial cells. 

HUVECs were obtained from the umbilical cord vein by the method described 

initially by Jaffe and colleagues (Jaffe et al., 1973) and adapted in the laboratory (Villalobos-

Labra et al., 2018a). The protocol consisted of cannulating the umbilical vein, replenishing 

the venous lumen with type II collagenase (0.25 mg/mL; Collagenase Type II from 

Clostridium histolyticum, Boehringer, Mannheim, Germany) dissolved in M199 medium 

(Gibco, Gibco Life Technologies, Carlsbad, CA), and incubating the umbilical cord at 37°C 

for 15 minutes. After digestion, the cord was gently massaged and the cell suspension was 

removed by centrifugation at 1200 rpm for 10 minutes. The resulting pellet was resuspended 

in primary culture medium (PCM: M199 supplemented with 3.2 mM L-glutamine, 100 U/mL 

penicillin/streptomycin (Gibco, Gibco Life Technologies, Carlsbad, CA), 10% fetal bovine 

serum (FBS) (Gibco) and 10% newborn calf serum (NBCS) (Gibco)). The cell suspension 

was transferred to cell culture dishes (25 cm2 surface) previously covered with 1% gelatin 

(Merck Millipore, Billirica, MA, USA). Cells were kept in a humidified environment at 37°C 

with an atmosphere of 5% CO2 equilibrated with air. The whole PCM was completely 

replaced every 48 hours.  The cell culture was expanded to passage 3. Each passage was 

made upon reaching 100% confluence (i.e. endothelial monolayer).  
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 Experimental conditions 

Cells at 90% confluence in passage 3 were incubated with M199 supplemented with 

1% FBS and 1% NBCS sera (deprivation medium) for 12 hours. To evaluate the involvement 

of ER stress, the cells were incubated with or without tunicamycin (5 µM, Merck Millipore, 

inducer of ER stress) (Oslowski and Urano, 2011), TUDCA (100 µM, Merck Millipore, 

redactor of ER stress) (Yoon et al., 2016), GSK2606115 (3 μM, Merck Millipore, PERK 

inhibitor), KIRA6 (3 μM, Merck Millipore, IRE1α inhibitor), or SP600125 (30 μM, Merck 

Millipore, JNK inhibitor) by 8 hours, or different periods and concentrations as indicated for 

curves. Cells were first incubated for 1 hour with TUDCA, GSK2606115, KIRA6 or 

SP600125, followed by tunicamycin for further 8 hours. Thirty minutes before the end of the 

8 hours incubation period, L-NAME (100 µM, NOS inhibitor) (Fleming and Busse, 2003) 

was added to evaluate the involvement of NOS activity in the NO production. After the 8 

hours of incubation with the drugs, the cells were exposed to 1 nM insulin (20 min). The ki 

values for each inhibitor are listed in Table 3. 

 Isolation and quantification of proteins 

Total protein was obtained from confluent cells at passage three 3, washed twice with 

ice-cold PBS and harvested in 100 μL of lysis buffer composed by 63.7 mM Tris/HCl (pH 

6.8), 10% glycerol, 2% sodium dodecyl sulphate (SDS), 1 mM sodium orthovanadate, 50 

mg/mL leupeptin, and 5% 2-mercaptoethanol. Cells were sonicated (6 cycles, 5 s, 100 Watts, 

4ºC) and total protein was separated by centrifugation (14000 g, 15 min, 4°C). Since the use 

of detergent in the protein extraction protocol, the protein quantification was performed by 

the bicinchoninic acid (BCA) assay (Smith et al., 1985) (BCA Protein Assay Kit, Thermo 

Fisher Scientific, Waltham, MA, USA). This method is based on the biuret reaction 
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(reduction of Cu2+ to Cu+ by protein bonds) and the chelation of the Cu+ by BCA forming an 

intense purple complex with a peak absorbance at 562 nm. The protocol was performed 

according to the recommendations provided by the manufacturer. Aliquotes of 10 μL of the 

total protein lysate were prepared and 5 times diluted. Also, a standard curve was prepared 

with bovine serum albumin (BSA) containing 0, 31.3, 62.5, 125, 250, 500, and 1000 ng/mL. 

Aliquotes of 25 μL of each standard or unknown sample were transferred in duplicate into 

96-well plates. Then, 200 μL of the working reagent were added and the plate was incubated 

for 30 minutes at 37°C. From the standard curve, the values were interpolated with the 

absorbances measured at 560 nm wavelength for each sample in a spectrophotometer 

(Multiskan EX, Thermo LabSystems). 

 Western blot 

Proteins (40 µg) were separated by SDS-polyacrylamide gel (10%) electrophoresis 

and transferred onto Immobilon-P polyvinylidene difluoride membranes (BioRad 

Laboratories, Hertfordshire, UK). The membranes were blocked for 1 hour in blocking 

solution (5% skim milk or 5% BSA + Tris Tween saline solution (TBS-T): 50 mM Tris/HCl, 

150 mM NaCl, 0.02% v/v Tween 20, 4°C, pH 7.4), and then incubated with the antibodies 

listed in table 4. The membranes were rinsed in TBS-T and incubated (1 h) in blocking 

solution containing secondary horseradish peroxidase-conjugated goat anti-rabbit or anti-

mouse antibodies. Proteins were detected by enhanced chemiluminescence (SuperSignal 

West Femto, SuperSignal West Dura, Thermo Fisher Scientific) in a ChemiDoc-It 510 

Imagen System (UVP, LCC Upland, CA, USA), analysed and quantified by densitometry 

using the ImageJ version 1.51j8 (National Institutes of Health, Bethesda, MD, USA). 
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Table 4. Antibodies used in Western blot 

 

eNOS, endothelial nitric oxide synthase; PERK, protein kinase RNA-like endoplasmic 

reticulum kinase; CHOP, CCAAT-enhancer-binding protein homologous protein; P~, 

phosphorylated at (residue); IgG-Fc, fragment crystallisable region of immunoglobulin G; 

eIF2α, eukaryotic initiation factor 2 α;  IRS1, insulin receptor substrate 1; IRE1α, inositol-

requiring enzyme 1-alpha; JNK, c-jun N-terminal kinase; TRB3, tribbles-like protein 3. 

 

 

 

Company Host Against Dilution 
Incubation 

time (h) 
Temperature 

      

Santa Cruz Biotechnology, 

Santa Cruz, CA, USA 

Mouse eNOS 1:1000 8 4°C 

Rabbit PERK 1:500 8 4°C 

Rabbit P~Thr981 PERK 1:500 8 4°C 

Rabbit CHOP 1:1000 8 4°C 

Goat IgG-Fc rabbit 1:2500 1 RT 

Goat IgG-Fc mouse 1:5000 1 RT 

BD Transduction Laboratories, 

New Jersey, USA 
Mouse P~Ser1177 eNOS 1:1000 8 4°C 

Mouse P~Thr495 eNOS 1:1000 8 4°C 

Cell Signaling, Technology Inc, 

Danvers, MA, USA 
Rabbit Akt 1:1000 8 4°C 

Rabbit P~Ser473 Akt 1:1000 8 4°C 

Rabbit eIF2α 1:1000 8 4°C 

Rabbit P~Ser51 eIF2α 1:1000 8 4°C 

Thermo Fisher Scientific, 

Waltham, MA, USA 
Rabbit IRS1 1:1000 8 4°C 

Rabbit P~Ser307 IRS1 1:1000 8 4°C 

Abcam, Cambridge, UK Rabbit IRE1α 1:1000 8 4°C 

Rabbit P~Ser724 IRE1α 1:1000 8 4°C 

Rabbit JNK1 1:1000 1 RT 

Rabbit 
P~Thr183/Tyr185 

JNK 
1:1000 8 4°C 

Merck Millipore Rabbit TRB3 1:1000 8 4°C 

Sigma-Aldrich Mouse ß-actin 1:4000 1 RT 
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 Umbilical vein reactivity  

Umbilical vein rings (2-4 mm in diameter) from PGMN or PGMO pregnancies were 

dissected and stored in sterile PBS. The rings were mounted in a myograph (610M Multiwire 

Myograph System, Danish Myo Technology A/S, Denmark) for the measurement of 

isometric force in Krebs solution (mM: 118.5 NaCl, 4.7 KCl, 25 NaHCO3, 1.2 MgSO4, 1.2 

KH2PO4, 2.5 CaCl2, 5.5 D-glucose, 37°C, pH 7.4) maintained with constant bubbling of a 

95% O2/5% CO2 mixture.  

For determination of the role of ER stress in the vascular reactivity, the rings were 

incubated in M199 (5% CO2, 37°C) for 8 hours in the absence or presence of tunicamycin (5 

μM), TUDCA (100 μM) or both, prior to mounting on the myograph. After a 30 minutes 

equilibration period in Krebs solution, vein rings were stretched to their optimal lumen 

diameter for active tension development determined by the maximum contraction response 

to KCl (62.5 mM). After a second period of 30 minutes for equilibration, vascular reactivity 

in response to insulin (0.1-1000 nM), CGRP (0.01-100 nM), or sodium nitroprusside (SNP, 

1 µM, NO donor) (Sigma-Aldrich, St Louis, MO, USA) was measured in vessel rings pre-

contracted with KCl (37.5 mM) in the absence or presence of L-NAME (100 μM). Changes 

in isometric tension were recorded using the LabChart computer program (LabChart 7Pro for 

Windows, ADInstruments, Australia) coupled with a PowerLab device (PowerLab 8/30 Data 

Acquisition System, ADIntruments, Australia). The response of the vessel rings was 

expressed as a percentage of maximal contraction in response to KCl (37.5 mM) (Villalobos-

Labra et al., 2019). 
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 Total RNA extraction and reverse transcription 

The total RNA was isolated using the TRIzol reagent. The RNA was quantified by 

spectrophotometry (OD260 nm) and its quality and integrity were evaluated by agarose gel (2 

%m/V) visualization and spectrophotometric analysis (OD260/280). For the reverse 

transcription reaction, aliquots of 1 μg of total RNA were used with oligo (dT), random 

primers and the enzyme MMLV-RT (Moline Murine Leukaemia Virus-Reverse 

Transcriptase, Promega) according to the recommendations provided by the manufacturers. 

 Non-quantitative PCR 

The cDNAs of XBP1 unspliced or spliced were amplified using the primers (0.2 μM) 

described in Table 5 in a solution containing dNTP (0.5 mM each), Taq DNA polymerase (1 

IU/μL), MgCl2 (25 mM) (González et al., 2011, 2004). The incubation cycle was carried out 

at 95°C for 5-7 minutes, 40 cycles including a denaturation step for 30 seconds at 95°C, 

alignment at 56°C and an elongation phase by the polymerase at 72°C for 7 minutes. The 

PCR reactions were carried out in an I-Cycler thermocycler from BioRad. 

The amplified cDNA was separated by electrophoresis on a 1.5% agarose gel in Tris-

borate-EDTA buffer solution (Winkler, Santiago, Chile), containing 0.5 μg/mL of GelRed 

(Biotium, Hayward, CA, USA) to differentiate the spliced and unspliced XBP1 cDNA as 

described (Uemura et al., 2009). The amplification products were observed by the exposure 

of the gel to UV light in a transilluminator. Images were captured and digitized by a NIKON 

camera (USA) and analyzed by the ImageJ software. 

 Quantitative PCR 

Experiments were performed using a StepOne Real-Time PCR system (Applied 

Biosystems, Foster City, CA, USA) in a reaction mix containing 0.2 μM primers and master 
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mix provided in the brilliant SYBR green qPCR Master Mix (Stratagene, La Jolla, CA, USA). 

Hot-start DNA polymerase was activated (20 s, 95°C), and the PCR cycling profile included 

a 95ºC denaturation (3 s), annealing (30 s) at 56°C (CHOP, TRB3, BIP, XBP1s, and β-actin) 

and 54ºC (28S), and extension (30 s) at 72ºC. Product melting temperature values were 

79.3°C (CHOP), 83.7°C (TRB3), 73.8°C (BIP), 80.2°C (β-actin), and 80ºC (28S). Primers 

efficiency were 101.5% (CHOP), 91.3% (TRB3), 103.1% (BIP), 93.3% (β-actin), and 

109.3% (28S). The sequences of the oligonucleotide primers are listed in Table 5. The 

relative gene expression was estimated by the 2–ΔΔCt method (Antonov et al., 2005). The 28S 

and -actin cDNA were used as internal standards.  
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Table 5. Oligonucleotide sequences for non-quantitative and quantitative PCR 

 

TRB3, tribbles-like protein 3; CHOP, CCAAT-enhancer-binding protein homologous 

protein; BiP, binding immunoglobulin protein; XBP1u; unspliced X-box binding protein 1 

mRNA; XBP1s, spliced X-box binding protein 1 mRNA; hCAT-1, human cationic amino 

acids transporter 1; 28S, ribosomal RNA of the 28S subunit. 

Primer DNA strand Sequence 

   

TRB3 Sense 5'-ATT AGG CAG GGT CTG TCC TGT G-3' 

Antisense 5'-AGT ATG GAC CTG GGA TTG TGG A-3' 

   

CHOP Sense 5'-AAT GAA CGG CTC AAG CAG GA-3' 

Antisense 5'-TGC AGA TTC ACC ATT CGG TCA-3' 

   

BiP/GRP78 Sense 5'-CCA CCA AGA TGC TGA CAT TG-3' 

Antisense 5'-AGG GCC TGC ACT TCC ATA GA-3' 

   

XBP1u and s (Variant 1 and 2) Sense 5'-GGA GTT AAG ACA GCG CTT GGG GA-3' 

Antisense 5'-TGT TCT GGA GGG GTG ACA ACT GGG-3' 

   

XBP1s (Variant 2) Sense 5'-TGC TGA GTC CGC AGC AGG TG-3' 

Antisense 5'-GCT GGC AGG CTC TGG GGA AG-3' 

   

hCAT-1 Sense 5'-GAG TTA GAT CCA GCA GAC CA-3' 

Antisense 5'-TGT TCA CAA TTA GCC CAG AG-3' 

   

28S Sense 5'-TTG AAA ATC CGG GGG AGA G-3' 

Antisense 5'-ACA TTG TTC CAA CAT GCC AG-3' 

   

β-actin Sense 5'-GCC GGG ACC TGA CTG ACT AC-3' 

Antisense 5'-TTC TCC TTA ATG TCA CGC ACG AT-3' 
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 L-Arginine transport 

The transport of L-arginine was carried out in confluent cells (~90%) in passage 3 in 

96-plates as described (Guzmán-Gutiérrez et al., 2016). After 12 hours of incubation with 

deprivation medium, the culture medium was removed and the cells were washed (x2) with 

200 μL/well of Krebs solution (mM: 31 NaCl, 5.6 KCl, 25 NaHCO3, 1 NaH2PO4, 5 D-

glucose, 20 HEPES, 2.5 CaCl2, 1 MgCl2, pH 7.4). The cells were exposed to 62.5 to 1000 

μM L-arginine mixed with L-[3H]arginine (NEN, Dreieich, FRG) (3 μCi/mL) for 1 minute 

(initial velocity) at 37°C in Krebs solution. The transport of L-arginine was stopped by 

removing the uptake medium and washing (x2) with Krebs solution at 4°C. Cells were then 

digested with 100 μL of 0.5 N KOH. Aliquotes of 80 μL of the cell digest were transferred 

to plastic tubes and mixed with scintillation liquid (2 mL). The remaining 20 μL were used 

for protein determination (Salsoso et al., 2015; Guzmán-Gutiérrez et al., 2016). The kinetic 

parameters of the L-arginine transport (apparent constant of Michaelis-Menten and maximal 

velocity, Km and Vmax, respectively) were determined using the data obtained after 

quantifying the samples with a scintillation counter.  

The calculations for the transport of L-arginine were made according to the following 

expression: 

Saturable component = (overall uptake) - (non-saturable component)           (Equation 1) 

 

in which, overall uptake (CT) was defined by 

 

+ (m • [Arg])               (Equation 2) 

              

         Vmax • [Arg]  

           Km +[Arg] 
CT=  
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where [Arg] was the concentration of L-arginine in the medium and m • [Arg] was the non-saturable 

(linear) component of transport in the range of concentrations used in this study. 

From the graphical representation of the overall transport data, the slope value of the 

linear phase corresponding to the non-saturable transport component was calculated. By 

subtracting the non-saturable component of the overall transport, the saturable transport data 

was obtained and represented by the Michaelis-Menten equation:  

 

 

  

 

where v corresponds to the initial transport velocity at different concentrations of L-arginine. 

The kinetic parameter Vmax was expressed as pmol/μg protein/minute and the apparent Km as 

μM. The maximum transport capacity of L-arginine was estimated by the Vmax/Km ratio 

(Deves and Boyd, 1998; Mann et al., 2003). 

The initial rate of uptake (i.e. linear uptake up to 1 minute) was derived from the slope 

of the linear phases of L-arginine uptakes. Values for uptake were adjusted to the one phase 

exponential association equation considering the least squares fit: 

 

where vi is initial velocity, Vm is the highest velocity reached at a given time (t) and L-arginine 

concentration, and e and k are constants.  

 

         Vmax • [Arg]  

           Km +[Arg] 

                                   (Equation 3) 

              
v =    

                                   (Equation 4) 
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 Intracellular NO determination 

Intracellular NO was determined using the fluorescent dye 4-amino-5-methylamino-

2',7'-difluorofluorescein diacetate (DAF-FM, Merck Millipore). Confluent cells grown on 

black 96-well plates in passage 3 were incubated in the absence or presence of tunicamycin 

(5 µM, 8 h) and/or TUDCA (100 µM, 8 h), and then exposed (1 h, 37ºC) to 5 μM DAF-FM 

in the absence or presence of 100 µM L-NAME in Krebs buffer (37ºC, pH 7.4). The fraction 

of NOS-activity derived NO was estimated by the difference between the fluorescence in the 

presence and absence of L-NAME. The fluorescence (λexc/λem : 485/538 nm) was determined 

in an Infinite M200PRO Tecan (Männedorf, Zürich, Switzerland). After the experiment, 

aliquots of 100 uL of 0.5 N KOH were added to lyse the cells for protein quantification. 

 L-Citrulline determination 

The intracellular content of L-citrulline was determined by high-performance liquid 

chromatography (HPLC) (Pardo et al., 2015). The cells were incubated (60 min) in HEPES 

buffer (1 mL) supplemented with 100 μM L-arginine in the absence or presence of 100 μM 

of L -NAME. The cells were then washed (x2) with PBS (4°C), scraped and collected in 600 

μL of PBS containing 1 μM L-arginine. The cell suspension was homogenized by sonication 

(6 cycles, 5 s, 100 W, 4°C) and centrifuged (13,500 g, 15 min, 4°C). Aliquots of 100 μL were 

used for determination of proteins by the BCA method (see above). The remaining 500 μL 

of HUVECs extracts were centrifuged (10,000 g, 2 min, 4°C), and the resulting pellet was 

resuspended with 200 μL of HClO4 (1.5 M) and vigorously mixed in vortex (1 min). The 

suspension was mixed with 100 μL of K2CO3 (2 M), centrifuged (3,000 g, 5 min, 4°C) and 

aliquots of 100 μL of supernatant were collected for amino acid determination. The 

supernatant was subjected to derivatization reactions by mixing with 20 μL of 0.1 M sodium 
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borate and 20 μL of o-phthalaldehyde (30 mM in 0.2% β-mercaptoethanol). Samples were 

filtered with a filter attached to a syringe and loaded onto the analytical column (C18: 4.6 

mm × 250 mm) coupled to the HPLC system (PU2089s; JASCO, Tokyo, Japan). The 

columns were equilibrated with 0.1 M NaH2PO4 (mobile phase: 17% acetonitrile, pH 5.0, 40 

min, flow 0.7 mL/min). The fluorescence was monitored by wavelengths of 340 nm 

excitation and 455 nm emission, using the fluorescence detector (FP 2020 Plus, JASCO) of 

the HPLC system. The L-citrulline concentration was determined as a function of a standard 

curve of L-citrulline (0-3 nM). The chromatograms obtained were analyzed using the 

ChromPass 1.7 Software (JASCO). 

 Arginase activity 

Total urea production from L-arginine was measured as previously described in 

HUVECs (Prieto et al., 2011).  Confluent HUVECs on Petri dishes (100 mm diameter) in 

passage 3 were incubated in the absence or presence of tunicamycin (5 μM) or TUDCA (100 

μM), or both, and 20 μM S-(2-boronoethyl)-L-cysteine (BEC, arginases inhibitor) (Kim et 

al., 2001). The cells were then washed twice with cold PBS (4°C, pH 7.4) and incubated (5 

min, on ice) with lysis buffer (1 μM pepstatin A, 1 μM leupeptin, 200 μM 

phenylmethylsulfonyl fluoride (PMSF), 50 mM Tris-HCl (pH 7.5), 0.2% Triton X-100). Cell 

lysate was sonicated (20 pulses, 150 Watts, x3) and total protein content was determined by 

Bradford method. The total cell protein aliquotes (70 μg contained in 90 μL) obtained from 

the lysates were preincubated (10 min, 55°C) with 100 mM MnCl2 in 50 mM Tris-HCl buffer 

(pH 7.5) and then mixed with L-arginine (50 mM, 60 min, 37°C). The reaction was stopped 

by addition (400 μL) of an acid mix (H2SO4:H3PO4:H2O = 1:3:7 v/v) and incubated (45 min, 

100°C) with 9% -isonitrosopropiophenone (25 μL) for colorimetric determination of urea 
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(absorbance at 540 nm) in a microplate reader (Multiskan EX, Thermo LabSystems). 

Arginases activity was calculated from the urea formation in the absence of BEC minus the 

urea formation in the presence of this inhibitor (Prieto et al., 2011). The activity was 

expressed as pmol urea/μg protein/minute.  

 Quantification of proteins in lysates extracted with KOH 

Because basicity interferes with protein quantification by the BCA method, proteins 

extracted with KOH were quantified by the Bradford method (Bradford, 1976). This method 

is based on the change in coloration of Coomassie brilliant blue at different protein 

concentrations. The lysate of proteins extracted by KOH method were homogenized by 

agitation and then 20 μL of the sample were transferred to 96-well plates. Bradford's 

commercial solution (Bio-Rad Protein Assay) was diluted 1:5 (v/v) and aliquots of 200 μL 

were added to each well. Additionally, a standard curve was prepared with BSA containing 

0, 20, 30, 50, 80 and 100 ng/mL. From this standard curve, the values were interpolated with 

the absorbances measured at 595 nm wavelength for each sample in a spectrophotometer 

(Multiskan EX, Thermo LabSystems). 

 Immunofluorescence and confocal microscopy 

HUVECs were grown on glass coverslips (6x104 cells per slide) (Sail Brand, 

Shanghai, China) in PCM up to 100% confluence. Cells were then cultured in medium M199 

containing 1% FCS and 1% NBCS in the absence or presence of tunicamycin (5 µM, 8 h), 

TUDCA (100 µM, 8 h), or both molecules. The cells were then fixed in 4% paraformaldehyde 

(5 min), rinsed (x3) with PBS, permeabilized, and blocked with 1% BSA-containing blocking 

solution (50 mM NH4Cl, and 0.05% Triton X-100 in PBS (2 h) (Sáez et al., 2013). ATF6 was 

immunolocalized by incubating the cells with primary monoclonal rabbit anti-ATF6 (1:30 
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dilution) (Spring Bioscience, Pleasanton, CA, USA) overnight at 4°C in 1% BSA-blocking 

solution. The cells were then washed (x3) with PBS, followed by incubation (1 h, 22°C) with 

the secondary antibody Alexa Fluor 568 goat anti-rabbit IgG (H+L, exc/em: 578/603 nm, 

1:500 dilution) (Life Technologies) in 1% BSA-blocking solution. Nuclei were 

counterstained with DAPI (5 μM, Life Technologies) and the coverslips mounted with 

Fluoromount G (Electron Microscopy Sciences, Washington, PA, USA).  

Images were acquired under an inverted Eclipse C2 confocal Nikon microscope using 

a 60x oil immersion objective lens (numerical aperture 1.4) and the confocal acquisition 

software NIS-Elements C (Nikon, Tokio, Japan). Each sample was examined through 

successive 0.3 μm optical slices along the z-axis to capture 15 slices per cell. Relative 

fluorescence was measured using ImageJ version 1.52b and the ratio between the ATF6 

fluorescence at the nuclear region and the perinuclear region of each cell was determined. 

Nuclear regions defined by DAPI fluorescence were also analysed for the optical slide 

number 7, i.e. 2.1 m from the cell culture surface. ATF6 fluorescence at the perinuclear 

area (pnA) was derived from the expression:  

pnA = (1.9  nA) – nA 

where nA is the nuclear area corresponding to DAPI fluorescence and 1.9 is the increase in 

the nA fixed for each cell. 

 IRE1α suppression 

Suppression of IRE1α expression was done using the commercially available short 

interference RNAs (siRNA) IRE1α siRNA (h) or control sequence (siC) (Santa Cruz 

Biotechnology) following the manufacturer’s instructions. HUVECs in passage 3 (2x105 

 

                                    (Equation 5) 
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cells) were seeded into six-well culture plates with antibiotic-free PCM and incubated at 

37°C for 18 hours until reaching a confluence of 60-70%. Cells were washed (x2) with 

transfection medium and incubated for 8 hours with 1 mL of transfection medium mixed with 

transfection reagent plus IRE1α siRNA or siRNA negative control. Then, 1 mL of PCM with 

double the concentration of the antibiotic and NBCS and FBS sera was added, and cells were 

left incubating further 12 hours. The medium was removed and replaced with PCM, and the 

cells left incubating for 18 hours. After this period of 18 hours cells were exposed to deprived 

medium for further 12 hours. Finally, cells were incubated in the absence or presence of 

tunicamycin (5 μM) for 8 hours. After the experiments the cells were washed with cold PBS 

(4°C) and proteins were extracted for Western blot. 

 Sample size estimation 

The insulin-induced relaxation values in the umbilical veins and the protein 

abundance of eIF2α in HUVECs were used to calculate the sample size. The sample size to 

be used for each variable was calculated with the expression:  

2(Zα + Zβ)2  
* S2         (Equation 6) 

d2 

Where, 

n = study subjects 

Zα = value of Z corresponding to the desired risk for unilateral test (1,645) 

Zβ = value of Z corresponding to the power of 90% (1,282) 

S = variance of the control group (1,028) 

d = minimum value of the difference to be detected (1,664) 

n = 
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Thus, at least 7 samples per group should be included by analysis to determine differences in 

relation to insulin effect and UPR activation.  

 Statistical analysis 

Values for clinical parameters are as mean ± S.D. (range). For in vitro assays the 

values are mean ± S.E.M., where n indicates the number of different biological samples (48 

umbilical cords from PGMN, 64 umbilical cords from PGMO). The normal distribution of 

the data was tested by the D’Agostino-Pearson omnibus test. Comparisons between two 

groups were performed using Student’s unpaired t-test or Mann-Whitney test for parametric 

or non-parametric data, respectively. The differences between more than two groups were 

performed by analysis of variance (ANOVA, one or two-ways). If the ANOVA demonstrated 

a significant interaction between variables, post hoc analyses were performed by the 

multiple-comparison Tukey test. In case of data presented as a percentage, an arcsin 

transformation was first performed, and then ANOVA analysis was applied. The statistical 

software GraphPad Prism 8.2.0 (GraphPad Software Inc., San Diego, CA, USA) was used 

for data analysis. All tests used a confidence interval of 95% (95%CI) and P<0.05 was 

considered significant. 
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5. Results 

 Patients 

 Study groups 

Pregnancies were with a single fetus and pregnant women showed similar age and 

height, were normotensive, with similar OGTT and normal glycemia at delivery (Table 6). 

The pre-pregnancy weight and BMI were higher (~1.5 fold) in PGMO compared with 

PGMN. The gestational weight gain (GWG) was lower (~17%) in PGMO than PGMN. There 

were no differences in birth weight, height and ponderal index in newborns from both 

conditions. The glycemia in the umbilical vein did not show significant differences; however, 

insulin (~1.7 fold) and C-peptide (~1.5 fold) levels and HOMA-IR (2.4 fold) were higher, 

and QUICKI was lower (~10%) in umbilical vein blood from PGMO mothers.  

 Association of GWG and birth weight with the pre-pregnancy BMI 

Pre-pregnancy BMI showed a negative correlation to gestational weight gain in 

PGMN (r = -0.5638) and PGMO (r= -0.2870) mothers (Figure 2A,B). On the other hand, the 

birth weight did not show dependence on the pre-pregnancy BMI (Figure 2C,D) or GWG of 

the mother (Figure 2E and 2F). 
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Table 6. Clinical characteristics of pregnant women and newborns 

Pregnant women were with a normal pre-pregnancy body mass index (BMI 18.5–24.9 kg/m2) 

(PGMN) or with pre-pregnancy obesity (BMI30 kg/m2) (PGMO) according to the US 

Institute of Medicine (IOM, 2009). aPre-pregnancy weight corresponds to self-reported 

weight by the pregnant women at their first interview with the medical specialist (i.e., 4-12 

weeks of pregnancy), the annotated weight in clinical charts after routine medical screening 

(i.e. 1-3 months before pregnancy) or the weight measured at the 1st (0-14 weeks of gestation) 

trimester. bThe gestational weight gain (GWG) corresponds to the difference between the 

weight at pre-pregnancy and delivery. c 46.2% of the patients were out of the IOM 

recommended range. Oral glucose tolerance test (OGTT, 75 g glucose load) was measured 

between 24-28 weeks of gestation. HOMA-IR, Homeostatic Model Assessment for Insulin 

Resistance; QUICKI, Quantitative Insulin Sensitivity Check Index. Values are mean ± S.D. 

(range). P<0.05. * vs corresponding values in PMGN. 

Variables      PGMN 

    (n = 48) 

   PGMO 

   (n = 64) 

Maternal variables   

 Age (years) 29.5 ± 5.5 (21–40) 30.9 ± 3.8 (24–38) 

 Height (cm) 160.9 ± 4.7 (149–170) 159.6 ± 6.3 (146–175) 

 Weight (kg)   

  Pre-pregnancy a 57.0 ± 6.5 (45–65) 83.5 ± 16.6 * (70–127) 

  Delivery 70.6 ± 5.1 (57–83) 90.2 ± 14.8 * (72–135) 

 GWG (kg)b 12.3 ± 1.8 (9.4–16.0) 9.6 ± 4.2 * (2.0–21.0) c 

 BMI (kg/m2)   

  Pre-pregnancy (0–12 wg) 22.6 ± 1.5 (19.2–24.9) 32.8 ± 4.0 * (30.0–44.1) 

  Delivery 27.2 ± 1.3 (24.0–28.7) 35.7 ± 4.8 * (33.0–48.1) 

 Blood pressure at 3rd trimester (mmHg)   

  Systolic 

Diastolic 

Mean 

108 ± 11 (90–125) 

70 ± 8 (60–85) 

89 ± 8 (75–105) 

113 ± 9 (100–120) 

72 ± 7 (60–80) 

92 ± 7 (80–100) 

 Basal glycaemia at delivery (mg/dL) 

OGTT (mg/dL) 

79 ± 4 (73–85)  78 ± 6 (69–94) 

  Glycemia basal 76 ± 6 (68–85) 77 ± 9 (67–95) 

  Glycemia 2 h after glucose load 94 ± 15 (56–125) 98 ± 17 (60–135) 

   

Newborn variables   

 Sex (female/male) 25/23 25/39 

 Gestational age (weeks) 39.2 ± 0.9 (37.1–41.0) 39.1 ± 0.9 (37.1–40.9) 

 Birth weight (grams) 3384 ± 335 (2810–3860) 3489 ± 398 (2710–3990) 

 Height (cm) 50.5 ± 1.7 (47.0–54.0) 50.7 ± 1.7 (47.5–55.0) 

 Ponderal index (grams/cm3 x 100) 2.6 ± 0.2 (2.2–3.2) 2.7 ± 0.2 (2.3–3.3) 

 Umbilical vein glycaemia (mg/dL) 64.8 ± 1.8 (48.6–73.9) 68.5 ± 1.8 (57.7–77.5) 

 Umbilical vein insulin (μU/mL) 5.01 ± 0.36 (2.6–6.4) 8.36 ± 1.78 (4.6–19.7) * 

 Umbilical vein C-peptide (ng/mL) 0.65 ± 0.03 (0.50–0.90) 0.94 ± 0.12 (0.58–1.50) * 

 HOMA-IR 0.44 ± 0.02 (0.37–0.57) 1.05 ± 0.28 (0.52–2.64) * 

 QUICKI  

 

0.40 ±0.02 (0.36–0.47) 

 

0.36 ± 0.04 (0.31–0.41) * 
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Figure 2. Relationship of the dependence of gestational weight gain and birth weight on 

the maternal pre-pregnancy BMI. Pregnant women were with normal pre-pregnancy body 

mass index (BMI 18.5–24.9 kg/m2) (PGMN) or with pre-pregnancy obesity (BMI 30 kg/m2) 

(PGMO) according to the US Institute of Medicine guidelines (IOM and NRC, 2009). A and 

B, scatter plots of gestational weight gain (GWG) vs pre-gestational body max index (BMI) 

of the mothers. The best fitting line and the 95% confidence level envelopes are shown in the 

graph with a significant correlation. C and D, scatter plots of fetal birth weight vs BMI of 

mothers. E and F, scatter plots of birthweight vs GWG of the mother. Correlations were 

computed by the Pearson correlation coefficients. r and P-value are shown. 
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 Endothelial dysfunction and insulin resistance 

 Characteristics of the umbilical vein rings 

The stretch needed to reach the optimal diameter was higher (Δ ~1,1 mm) in umbilical 

veins from PGMO than from PGMN pregnancies (Figure 3). On the other hand, the 

contraction induced by KCl (32,5 mM) once the optimal diameter was reached was lower 

(~56%) in rings from PGMN than the contraction in rings from PGMO (Figure 4). In a 

parallel set of assays, the incubation with SNP caused a comparable dilation in umbilical 

veins from both conditions (PGMN ~33%, PGMO ~29%) (Figure 5). 

 Vascular reactivity in response to insulin 

The umbilical vein response to insulin was assayed in a wire myograph using an 

increasing concentration of insulin (0.1 to 1 μM). Insulin induced relaxation (Rmax 21%) 

in umbilical vein rings from PGMN pregnancies. However, umbilical veins from PGMO did 

not respond to insulin. The preincubation with L-NAME blocked the effect of insulin on 

PGMN rings. The Rmax for the NOS-dependent vasodilation in response to insulin in 

umbilical veins from PGMN was ~14% (Figure 6, Table 7). 

 Vascular reactivity in response to CGRP 

CGRP was used to evaluate the endothelium status of the umbilical veins. CGRP 

caused relaxation in umbilical veins from PGMN pregnancies (Rmax ~26,6%) but not in 

umbilical veins from PGMO pregnancies (Figure 7). Pre-incubation with L-NAME blocked 

the CGRP-induced vasodilation in umbilical veins from PGMN and did not induce changes 

in rings from PGMO pregnancies. The Rmax for the NOS-dependent relaxation was ~23% 

(Figure 7, Table 7) 
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Figure 3. Stretching at the optimal diameter. The stretch necessary to achieve the 

maximum contraction in response to KCl 65 mM (optimal diameter) of the human umbilical 

vein rings from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO) mounted on a myograph was 

measured. Values are mean ± S.E.M. P<0.05. * vs PGMN (n = 5 PGMN, 7 PGMO). 
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Figure 4. KCl-induced contraction at the optimal diameter. The maximum strain induced 

by 65 mM KCl at the optimal diameter of human umbilical vein rings from PGMN or PGMO 

pregnancies was measured in a myograph. The response is shown as the delta (Δ) between 

the force after incubation with KCl and the force induced in resting condition. Values are 

mean ± S.E.M. P<0.05. * vs PGMN (n = 5 PGMN, 7 PGMO). 
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Figure 5. SNP-induced vasodilation. The maximal response of human umbilical vein rings 

from pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) 

or pre-gestational maternal obesity (PGMO) pre-contracted with KCl (32.5 mM) was 

measured in a myograph. Vein rings were in the absence (-) or presence (+) of sodium 

nitroprusside (SNP, 10 μM, 5 min) (see Methods). Values are mean ± S.E.M. P<0.05. * vs 

control PGMN, † vs control PGMO (n = 5 PGMN, 7 PGMO). 
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Figure 6. Insulin-induced relaxation in human umbilical vein rings. A, Human umbilical 

vein rings from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO) were pre-contracted with KCl 

32.5 mM and incubated without or with L-NAME (30 minutes, 100 μM) and then exposed 

(5 minutes) to insulin (see Methods). B, NOS-dependent vasodilation determined by the 

subtraction of the total insulin response minus the response in the presence of L-NAME. 

Values are mean ± S.E.M. P<0.05. * vs the corresponding values in PGMN (n = 5 PGMN, 

7 PGMO). 
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Figure 7. CGRP-induced relaxation in human umbilical vein rings. A, Human umbilical 

vein rings from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO) were pre-contracted with KCl 

32.5 mM whithout or with L-NAME (30 minutes, 100 μM), and then exposed (5 minutes) to 

CGRP (see Methods). B, NOS-dependent vasodilation determined by the subtraction of the 

total CGRP response minus the response in the presence of L-NAME. Values are mean ± 

S.E.M. P<0.05. * vs the corresponding values in PGMN (n = 3 PGMN, 3 PGMO). 
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Table 7. Parameters for NOS-dependent relaxation to insulin and CGRP in human 

umbilical vein rings. 

 

 Condition EC
50

 (nM) R
max

 R
max

/EC
50

 

Insulin 

PGMN 0.42 ± 0.04 17.5 ± 1.7 43.7 ± 7.0 

PGMO - - - 

CGRP 

PGMN 0.30 ± 0.02 23.3 ± 1.9 77.5 ± 3.5 

PGMO - - - 

 

 

CGRP, Calcitonin gene-related peptide; EC50, half maximal effective concentration. Rmax, 

maximum response. Values are mean ± S.E.M. (n in insulin was 5 PGMN and 7 PGMO, n 

in CGRP was 3 PGMN and 3 PGMO) 
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 NO production by HUVECs in response to insulin 

 Since the vasodilation in response to insulin is mediated by the endothelium-derived 

NO, the expression and activity of eNOS in HUVECs from PGMN or PGMO pregnancies 

was determined. Scheme 1 shows a representation of the key elements evaluated in sections 

5.2.4 and 5.2.5. Insulin increased (~2.0 fold) the relative fluorescence for NO in HUVECs 

from PGMN but it was unaltered in HUVECs from PGMO (Figures 8 and 9A). L-NAME 

blocked the action of insulin in HUVECs from PGMN. The production of NOS-dependent 

NO was calculated from the subtraction between the overall production of NO and that 

inhibited by L-NAME. The basal NOS-dependent NO production was lower (~55%) in 

HUVECs PGMO than HUVECs PGMN (Figure 9B). The increase in the NOS-dependent 

NO production in response to insulin (~2.7 fold) in HUVECs from PGMN was similar to the 

overall production, with no changes in HUVECs from PGMO.  

The analysis of protein abundance showed that there was no change in the total 

expression of eNOS (Figure 10A). However, HUVECs from PGMO showed lower activating 

phosphorylation of eNOS (serine 1177, ~34%) compared with HUVECs from PGMN, and 

the incubation with insulin increased the phosphorylation of this residue only in cells from 

PGMN pregnancies (Figure 10B). Conversely, the inhibiting phosphorylation of eNOS in 

Thr 495 was higher (~1,5 fold) in HUVECs from PGMO, and the incubation with insulin did 

not alter this phosphorylation in cells from both groups (Figure 10C). Thus, the lack of insulin 

response in umbilical veins and HUVECs from PGMO might also be due to a lower 

activation of eNOS. 
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Scheme 1. L-arginine uptake and NO generation. hCAT1, human cationic amino acid 

transporter 1; eNOS, endothelial nitric oxide synthase; P in green, activating phosphorylation 

in serine 1177; P in orange, inhibiting phosphorylation in threonine 495; NO, nitric oxide. 
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Figure 8. DAF-FM fluorescent signal in HUVECs. The level of intracellular NO was 

evaluated by loading HUVECs from pregnancies where the mother showed pre-gestational 

maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO) with the probe 

sensitive to NO, DAF-FM, in the absence or presence of L-NAME (NOS inhibitor, pre-

incubated 30 minutes, 100 μM) and insulin (1 nM) (see Methods). The images are 

photographs taken by an epifluorescence microscope with white light and green fluorescence 

in cultures of HUVECs. Representative of other 7 experiments. 
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Figure 9. Total and NOS-dependent NO generation in response to insulin by HUVECs. 

The level of intracellular NO in HUVECs from pregnancies where the mother showed pre-

gestational maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO) 

was evaluated in cells loaded with DAF-FM (1 hour, 5 µM) in the absence (-) or presence 

(+) of L-NAME (pre-incubated 30 minutes, 100 μM), insulin (1 nM) and SNP (100 μM) (see 

Methods). A, total fluorescence. B, NOS-dependent fraction of NOS calculated by 

subtracting the signal from cells treated with L-NAME. The values are the mean ± S.E.M. 

Two ways ANOVA denoted significant differences between PGMN and PGMO groups, 

insulin tratment and interaction. P<0.05. * vs PGMN in basal condition. ϕ vs PGMN + 

insulin. (n = 5 PGMN, 6 PGMO). 

 

 

0

1

2

3

4
PGMN

PGMO

Insulin

*

N
O

S
-d

e
p
e
n
d
e
n
t 
N

O
 p

ro
d
u
c
tio

n

R
F

U
/

g
 p

ro
te

in

(A
rb

itr
a
ry

 u
n
its

)

-                        +


*

0.00

0.05

0.10

0.15

0.20

0.25

N
O

 p
ro

d
u
c
tio

n

R
F

U
/

g
 p

ro
te

in

Without L-NAME

With L-NAME

Insulin
SNP

-         +          -         +        -
-         -           -         -        +

*

*

PGMN PGMO



 
 

80 
 

A                                                 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

0

1

2

3

Insulin          -             +            -             +

*

* *

PGMN

PGMO

P
~

S
e
r1

1
7

7
 e

N
O

S
/T

o
ta

l 
e
N

O
S

(A
rb

it
ra

ry
 u

n
it
s
)

0.0

0.5

1.0

1.5

Insulin          -             +            -             +

PGMN

PGMO

T
o
ta

l 
e
N

O
S

/


-a
c
ti
n

(A
rb

it
ra

ry
 u

n
it
s
)



 
 

81 
 

 

 

 

 

C 

 

 

 

 

 

 

Figure 10. Abundance and activation status of eNOS. The protein abundance and the 

activating and inhibiting phosphorylations of eNOS in HUVECS from pregnancies where 

the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO) incubated without (-) or with (+) insulin (1 nM) were evaluated 

by western blot (see Methods). A, Representative western blot for the eNOS. B, Densitometry 

for the total protein abundance of eNOS relative to β-actin. C, Densitometry for eNOS 

phosphorylated in serine 1177 over eNOS total. D, Densitometry for eNOS phosphorylated 

in threonine 495 over eNOS total. The densitometry was normalized to 1 with the data in 

HUVECs PGMN in absence of insulin. Values are mean ± S.E.M. In B, two ways ANOVA 

denoted significant differences between PGMN and PGMO groups, insulin treatment and 

interaction. In C, two ways ANOVA denoted significant differences between PGMN and 

PGMO groups. P<0,05. * vs PGMN control. (n = 6 PGMN, 7 PGMO). 
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 L-Arginine transport and hCAT-1 

The vi for the overall transport was higher (~1.4 fold) in cells from PGMO than 

PGMN with KD values that were lower in PGMO compared with PGMN (Table 8). Overall 

transport data was semisaturable and showed a non-linear behavior in the Eadie-Hofstee plot 

representation (Figure 11).  

After subtracting the linear, non-saturable transport component from the overall 

transport, the remaining L-arginine transport was saturable and adjusted to a single 

Michaelis-Menten equation and a linear representation in the Eadie-Hofstee plot (Figure 

11C,D). The saturable transport in cells from PGMO showed higher Vmax and maximal 

transport capacity (Vmax/Km) compared with cells from PGMN pregnancies (Table 8). The 

apparent Km values were not significantly altered in cells from these two study groups in all 

experimental conditions. Concordant with the L-arginine transport, the hCAT-1 protein 

abundance was higher (~1.5 fold) in cells from PGMO compared with PGMN (Figure 12). 
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Figure 11. L-arginine transport in HUVECs. The overall L-arginine transport was 

determined in HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) or pre-gestational maternal obesity (PGMO). The cells were 

incubated with L-arginine (0-1000 µM, 3 µCi/mL of L-[3H]arginine, 37ºC, 1 minute) (see 

Methods). A, overall L-arginine transport. Data were adjusted to the Michaelis-Menten 

hyperbola plus a nonsaturable, linear component. B, Eadie-Hofstee plots for overall transport 

data. C, Saturable transport of L-arginine derived from data in A adjusted to a single 

Michaelis-Menten equation. D, Eadie-Hofstee plots for saturable transport data. Values are 

mean ± S.E.M. (n = 12 PGMN, 12 PGMO). 
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Table 8. Kinetic parameters for the L-arginine transport in HUVECs 

 

 

L-Arginine transport (0–1000 μmo/L, 1 min, 37 °C) was measured in HUVECs from women PGMN or PGMO (see Methods). Maximal 

velocity (Vmax) and apparent Michaelis-Menten constant (Km) of saturable transport were calculated assuming a single Michaelis-Menten 

hyperbola. The Vmax/Km represents maximal L-arginine transport capacity. The lineal phase of overall transport of L-arginine (KD) was 

obtained from transport data fitted to a Michaelis-Menten equation increased in a lineal component. Initial velocity (vi) was calculated 

for 0.5 s with 100 μmol/L L-arginine transport. P<0.05. * vs the PGMN control. Values are mean ± S.E.M. (n = 12 PGMN, 12 PGMO).

 
Saturable transport 

 
Overall transport 

Vmax 

(pmol/µg protein/ 

minute) 

 Km 

(µM) 
 Vmax/Km 

(pmol/µg protein/ 

minute/(µM)) 

 KD  

(pmol/µg protein/ 

minute/(µM)) 

 vi  

(pmol/µg protein/ 

0.5 s) 

 

 
          

          

 PGMN  3.86 ± 0.29  195 ± 42  0.0198 ± 0.0029  0.0081 ± 0.0042   0.0069 ± 0.0001  

           

 PGMO  7.26 ± 0.59 *  253 ± 58  0.0287 ± 0.0043 *  0.0021 ± 0.0010 *   0.0099 ± 0.0001 *  

             

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Protein abundance of hCAT-1 in HUVECs. Western blot for hCAT-1 and β-

actin  protein abundance in HUVECs from pregnancies where the mother showed pre-

gestational maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO). 

Lower panel: hCAT-1/β-actin ratio densitometry normalized to 1 in PGMN. Values are mean 

± S.E.M. P<0.05. * vs PGMN (n = 9 PGMN, 9 PGMO). 
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 Insulin signaling 

Insulin signaling pathway was evaluated by the activation of IR, IRS1, and Akt in 

basal conditions and in response to insulin (see Scheme 2). There were no significant 

differences in the total protein abundance of β-IR (Figure 13A), IRS1 (Figure 14A), and Akt 

(Figure15A). Also, there were no changes in the activating phosphorylation in tyrosine 1361 

of the β-IR at basal conditions but insulin increased the phosphorylation at this residue which 

was similar (~7.5 fold) in cells from PGMN or PGMO pregnancies (Figure 13B). However, 

the inhibiting phosphorylation of IRS1 on serine 307 was higher (~2.0 fold) in HUVECs 

from PGMO compared with cells from PGMN (Figure 14B). The phosphorylation of IRS1 

on serine 307 was unaltered by insulin in cells from both study groups. Consistent with higher 

inhibition of IRS1, the activating phosphorylation of Akt in serine 473 was reduced (~31%) 

in HUVECs from PGMO compared with PGMN, and the treatment with insulin resulted in 

higher (~1.7 fold) Akt phosphorylation only in HUVECs from PGMN (Figure 15B).  
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Scheme 2. Insulin signaling pathway in endothelium. IRS1, insulin receptor substrate 1; 

eNOS, endothelial nitric oxide synthase; P in orange, inhibiting phosphorylation; P in green, 

activating phosphorylation. 
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Figure 13. Abundance and insulin-induced activation of IR. A, Western blot for total β-

IR, phosphorylated β-IR, and β-actin protein abundance in HUVECs from pregnancies where 

the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Cells were incubated without (–) or with (+) insulin (20 min) (see 

Methods). Lower graphs show Total β-IR/β-actin and (B) phosphorylated β-IR/total β-IR 

ratio densitometries normalized to 1 in PGMN without insulin. Values are mean ± S.E.M. 

Two ways ANOVA denoted significant differences for insulin treatment. P<0,05. * vs 

PGMN control. † vs PGMO control (n = 4 PGMN, 4 PGMO). 
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Figure 14. Abundance and activation status of IRS1. A, Western blot for total IRS-1, 

phosphorylated IRS-1, and β-actin protein abundance in HUVECs from pregnancies where 

the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Cells were incubated without (–) or with (+) insulin (20 min) (see 

Methods). Lower graphs show Total IRS-1/β-actin and (B) phosphorylated IRS-1/total IRS-

1 ratio densitometries normalized to 1 in PGMN without insulin.  Values are mean ± S.E.M. 

Two ways ANOVA denoted significant differences between groups. P<0,05. * vs PGMN 

control. (n = 4 PGMN, 4 PGMO). 
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Figure 15. Abundance and insulin-induced activation of Akt. A, Western blot for total 

Akt and phosphorylated Akt, and β-actin protein abundance in HUVECs from pregnancies 

where the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Cells were incubated without (–) or with (+) insulin (20 min) (see 

Methods). Lower graphs show Total Akt/β-actin and (B) phosphorylated Akt/total Akt ratio 

densitometries normalized to 1 in PGMN without insulin. Values are mean ± S.E.M. P<0,05. 

Two ways ANOVA denoted significant differences between PGMN and PGMO groups and 

insulin treatment. * vs PGMN control. (n = 10 PGMN, 13 PGMO). 
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 Activation of UPR 

The occurrence of ER stress was evaluated through the activation of key proteins of 

the UPR, whose are represented in the Scheme 3. 

 Activation of the master UPR sensors 

The activating phosphorylation of PERK at threonine 981 (Figure 16) and eIF2 at 

serine 51 (Figure 17) in the α subunit were higher in HUVECs from PGMO than PGMN 

pregnancies (~2.0 and ~2.7 fold, respectively); however, there were no significant differences 

in total protein abundance. Conversely, there was an increase (~1.9 fold) in the total protein 

abundance of IRE1α in cells from PGMO, but the activating phosphorylation in serine 724 

was unaltered (Figure 18). Parallel assays in HUVECs from PGMO showed a higher 

localization of ATF6 at the nucleus (~2,6 fold) compared with cells from PGMN (Figure 19). 

 Pharmacologic modulation of ER stress 

Tunicamycin and TUDCA were used to modulate ER stress in HUVECs from both 

conditions. The standardization of the time and concentration were determined by evaluating 

the inhibiting phosphorylation of eIF2α. Tunicamycin (5 μM, 0-12 h) increased (2.9 fold) the 

eIF2α phosphorylation in HUVECs from PGMN (Figure 20) but did not change it in cells 

from PGMO (Figure 21). Meanwhile, TUDCA (100 μM, 0-12 hours) did not change the 

phosphorylation of eIF2α in cells from PGMN (Figure 22) but reduced it (~73%) in HUVECs 

from PGMO at 8 hours of incubation (Figure 23).  

The concentration curve (8 h, 0-10 μM) showed that tunicamycin treatment at 5 μM 

increased the phosphorylation of eIF2α with an EC50 of 2.3 ± 1.9 μM  (Figure 24A). 

According to the available literature (see Table 9), the concentration of tunicamycin used in 

order to induce ER stress is between 1 to 10 μM. Therefore, in this study, a concentration of 
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5 μM tunicamycin for 8 hours incubation was used for the induction of ER stress in HUVECs. 

On the other hand, the treatment with TUDCA (8 h, 0-1000 μM) at 100 μM reduced the 

phosphorylation of eIF2α (~37%, EC50 was 46,7 ± 56.5 μM) to a similar level to that reached 

by 500 μM and 1000 μM TUDCA in HUVECs from PGMO (Figure 24 C), but not in cells 

from PGMN. The concentrations of TUDCA described in the literature to reduce ER stress 

in cultured cells are from 20 μM to 10 mM (Table 9). Thus, the concentration and time chosen 

for the treatment of cells with TUDCA were 100 μM and 8 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

93 
 

 

 

 

 

 

 

 

 

 

 

Scheme 3. Key proteins of the unfolded protein response. ER, endoplasmic reticulum; 

ATF6, activating transcription factor 6; IRE1α, Inositol-requiring enzyme 1α; JNK, c-jun N-

terminal kinase 1; sXBP1, spliced X-box binding protein 1 mRNA; PERK, Protein kinase 

RNA-like endoplasmic reticulum kinase; eIF2α, subunit α of the eukaryotic translation 

initiator factor 2; CHOP, CCAAT-enhancer-binding protein homologous protein; TRB3, 

Tribbles-like protein 3. 
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Figure 16. Abundance and activation status of PERK. A, Western blot for total and 

phosphorylated PERK, and β-actin  protein abundance in HUVECs from pregnancies where 

the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Lower graphs show Total PERK/β-actin and (B) phosphorylated 

PERK/total PERK ratio densitometries normalized to 1 in PGMN. Values are mean ± S.E.M. 

P<0,05. * vs PGMN. (n = 9 PGMN, 9 PGMO). 
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Figure 17. Abundance and activation state of eIF2α. A, Western blot for total eIF2α and 

phosphorylated eIF2α, and β-actin  protein abundance in HUVECs from pregnancies where 

the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Lower graphs show Total eIF2α/β-actin and (B) phosphorylated 

eIF2α/total eIF2α ratio densitometries normalized to 1 in PGMN. Values are mean ± S.E.M. 

P<0,05. * vs PGMN. (n = 9 PGMN, 9 PGMO). 
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Figure 18. Abundance and activation status of IRE1α. A, Western blot for total IRE1α 

and phosphorylated IRE1α, and β-actin  protein abundance in HUVECs from pregnancies 

where the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Lower graphs show Total IRE1α/β-actin and (B) phosphorylated 

IRE1α/total IRE1α ratio densitometries normalized to 1 in PGMN. Values are mean ± S.E.M. 

P<0,05. * vs PGMN. (n = 8 PGMN, 8 PGMO). 
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Figure 19. Cellular localization of ATF6. The localization of ATF6 was evaluated by 

immunofluorescence in confocal microscopy (see Methods). Images show the 

immunofluorescence for cellular localization of ATF6 (representative of other 7 

experiments) in HUVECs from pregnancies where the mother showed pre-gestational 

maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO). ATF6 is 

shown in red and the nuclei in blue (DAPI). The graph shows the Nuclear/perinuclear ratio 

of the localization of ATF6. The values were normalized to 1 with data in HUVECs PGMN. 

P<0.05. * vs PGMN. Values are mean ± S.E.M. (n = 8 PGMN, 8 PGMO). 
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Figure 20. Time curve for inactivation of eIF2α in response to tunicamycin in HUVECs 

from PGMN pregnancies. The effect of tunicamycin (5 μM) on the inactivating 

phosphorylation of eIF2α was evaluated by western blot at the indicated times in HUVECs 

from pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) 

(see Methods). A, Western blot for total eIF2α and phosphorylated eIF2α, and β-actin  protein 

abundance. Lower graphs show Total eIF2α/β-actin and (B) phosphorylated eIF2α/total 

eIF2α ratio densitometries normalized to 1 in control. Values are mean ± S.E.M. P<0,05. * 

vs control. (n = 3). 
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Figure 21. Time curve for inactivation of eIF2α in response to tunicamycin in HUVECs 

from PGMO pregnancies. The effect of tunicamycin (5 μM) on the inactivating 

phosphorylation of eIF2α was evaluated by western blot at the indicated times abundance in 

HUVECs from pregnancies where the mother showed pre-gestational maternal obesity 

(PGMO) (see Methods). A, Western blot for total and phosphorylated eIF2α, and β-actin  

protein abundance. Lower graphs show Total eIF2α/β-actin and (B) phosphorylated 

eIF2α/total eIF2α ratio densitometries normalized to 1 in control. Values are mean ± S.E.M. 

P<0,05. * vs control. (n = 3). 
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Figure 22. Time curve for inactivation of eIF2α in response to TUDCA in HUVECs 

from PGMN pregnancies. The effect of TUDCA (100 μM) on the inactivating 

phosphorylation of eIF2α was evaluated by western blot at the indicated times in HUVECs 

from pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) 

(see Methods). A, Western blot for total and phosphorylated eIF2α, and β-actin  protein 

abundance. Lower graphs show Total eIF2α/β-actin and (B) phosphorylated eIF2α/total 

eIF2α ratio densitometries normalized to 1 in control. Values are mean ± S.E.M. P<0,05. * 

vs control. (n = 3). 
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Figure 23. Time curve for inactivation of eIF2α in response to TUDCA in HUVECs 

from PGMO pregnancies. The effect of TUDCA (100 μM) on the inactivating 

phosphorylation of eIF2α was evaluated by western blot at the indicated times in HUVECs 

from pregnancies where the mother showed pre-gestational maternal obesity (PGMO) (see 

Methods). A, Western blot for total and phosphorylated eIF2α, and β-actin protein 

abundance. Lower graphs show Total eIF2α/β-actin and (B) phosphorylated eIF2α/total 

eIF2α ratio densitometries normalized to 1 in control. Values are mean ± S.E.M. P<0,05. * 

vs control. (n = 3). 
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Figure 24. eIF2α activation state in response to different concentrations of tunicamycin 

and TUDCA in HUVECs. The effects of tunicamycin (8 hours) and TUDCA (8 hours) on 

the inactivating phosphorylation of eIF2α were evaluated by western blot at the indicated 

concentrations in HUVECs from pregnancies where the mother showed pre-gestational 

maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO) (see 

Methods). A, Representative western blot for the phosphorylation of eIF2α in HUVECs from 

PGMN pregnancies. The graph shows the densitometry for phosphorylation of eIF2α over 

total eIF2α. The densitometry was normalized to 1 with data in control. B, Dose-response 

curve representation for cells treated with tunicamycin. C, Representative western blot for 

the phosphorylation of eIF2α in HUVECs from PGMO pregnancies. The graph shows the 

densitometry for phosphorylation of eIF2α over total eIF2α. D, Dose-response curve 

representation for cells treated with TUDCA. Values are mean ± S.E.M. * P<0.05 vs cells in 

control. (n = 3 PGMN; 3 PGMO). 
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Table 9. Tunicamycin and TUDCA concentrations and incubation times used in the 

treatment of cells cultures 

 

Concentrations and incubation times of tunicamycin and TUDCA reported in the literature 

for the treatment of endothelial cell cultures. HUVECs: human umbilical vein endothelial 

cells; MCAECs: mouse coronary artery endothelial cell, HRMECs: human retinal 

microvascular endothelial cell; ER: endoplasmic reticulum; eNOS: endothelial nitric oxide 

synthase; GRP78: glucose-regulated protein 78 (also known as binding immunoglobulin 

protein, BiP); CHOP: CCAAT-enhancer-binding protein homologous protein; NO: nitric 

oxide; P~eIF2α: Inhibiting phosphorylation of the α subunit of the eukaryotic initiation factor 

2. 

 

 Cellular 

type 

Concentration 

(μM) 

Incubation 

time (h) 
Parameter Reference 

Tunicamycin 
HUVECs 2,5-5   48  N-glycosilation Ghoshal et al., 2014 

 
HUVECs 1   6  N-glycosilation Kothari et al., 2013 

 
MCAECs 1   8  ER stress, eNOS Galán et al., 2014 

 
HUVECs 0,75   24  

GRP78 

(BiP)/CHOP 
Suganya et al., 2014 

 
HUVECs 10   8  GRP78 (BiP) Matsushita et al., 2011 

 
HUVECs 2,2   16  NO production Murugan et al., 2015 

TUDCA 
MCAECs 1,000 9  

eNOS, NO, ER 

stress 
Galán et al., 2014 

 
HUVECs 10,000 5  

GRP78 (BiP), 

CHOP 
Yang et al., 2013 

 
HUVECs 20   24  ER stress Murugan et al., 2015 

 
HRMECs 125   24  NO content Wang et al., 2016 

 
HUVECs 1,000 50  NO production Wu et al., 2015 

 
Astrocytes 200   24 P~eIF2α 

Yanguas-Casás et al., 

2014 
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 Activity of PERK branch 

PERK 

The treatment of cells with tunicamycin increased the level of activating 

phosphorylation of PERK (~2.2 fold) in HUVECs from PGMN pregnancies, but did not alter 

its phosphorylation in cells from PGMO pregnancies (Figure 25A). The co-incubation with 

TUDCA prevented the increase caused by tunicamycin in cells from PGMN. On the other 

hand, TUDCA reduced the PGMO-increased phosphorylation of PERK (~42%) in the 

absence and presence of tunicamycin. There were no significant changes in the total protein 

abundance of PERK in cells from PGMN or PGMO pregnancies (Figure 25A,B). 

eIF2α 

The total protein abundance of eIF2α did not show significant differences between 

the experimental conditions in PGMN or PGMO pregnancies (Figure 26A). Tunicamycin 

increased the phosphorylation of eIF2α (~1.6 fold) in HUVECs from PGMN pregnancies, an 

effect prevented by the co-incubation with TUDCA (Figure 26B). The PGMO-increased 

phosphorylation was reduced by TUDCA, either in the presence or absence of tunicamycin.  

CHOP, TRB3, and BiP 

Since CHOP and TRB3 are transcription factors involved in the ER stress-associated 

insulin resistance, their total protein abundance were evaluated. Both CHOP and TRB3 

protein abundance were found elevated (~2.3 and ~1.8 fold, respectively) along with their 

mRNA (~28.6  and ~4.6 fold) in HUVECs from PGMO compared to cells from PGMN 

pregnancies (Figures 27 and 28, respectively). Tunicamycin increased the abundance of both 

proteins in HUVECs from PGMN and the mRNA but did not alter their expression in 

HUVECs from PGMO. TUDCA decreased the CHOP and TRB3 protein abundance (~44% 
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and ~41%, respectively) and their mRNA (~89% and ~84%, respectively) in cells from 

PGMO pregnacnies (Figure 27 and 28). However, TUDCA was not effective in cells from 

PGMO trated with tunicamycin for the protein and mRNA expression of CHOP and TRB3. 

Finally, the BiP mRNA showed a pattern similar to that presented by CHOP and TRB3 

mRNA (Figure 29). 
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Figure 25. Modulation of PERK phosphorylation by tunicamycin and TUDCA. A, 

Western blot for total PERK and phosphorylated PERK, and β-actin  protein abundance in 

HUVECs from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were incubated without 

(–) or with (+) tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) (see Methods). 

Lower graphs show Total PERK/β-actin and (B) phosphorylated PERK/total PERK ratio 

densitometries normalized to 1 in PGMN control. Values are mean ± S.E.M. P<0,05. 

P<0,05. * vs PGMN control; † vs PGMO control (n = 9 PGMN, 9 PGMO). 
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Figure 26. Modulation of eIF2α phosphorylation by tunicamycin and TUDCA. A, 

Western blot for total eIF2α and phosphorylated eIF2α (P~eIF2), and β-actin  protein 

abundance in HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were incubated 

without (–) or with (+) tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) (see 

Methods). Lower graphs show Total eIF2α/β-actin and (B) phosphorylated eIF2α/total eIF2α 

ratio densitometries normalized to 1 in PGMN control. Values are mean ± S.E.M. P<0,05. * 

vs PGMN control. † vs PGMO control. ‡ vs PGMO + tunicamycin (n = 9 PGMN, 9 PGMO). 
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Figure 27. Modulation of CHOP expression by tunicamycin and TUDCA. A, Western 

blot for CHOP and β-actin  protein abundance in HUVECs from pregnancies where the 

mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational maternal 

obesity (PGMO). Cells were incubated without (–) or with (+) tunicamycin (5 μM, 8 hours) 

and TUDCA (100 μM, 8 hours) (see Methods). Lower panel shows CHOP/β-actin ratio 

densitometry normalized to 1 in PGMN control (n = 9 PGMN, 9 PGMO). B, Relative mRNA 

expression for CHOP in HUVECs as in A (n = 5 PGMN, 8 PGMO). Values are mean ± 

S.E.M. P<0,05. * vs PGMN. † vs PGMO in the baseline condition. 
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Figure 28. Modulation of TRB3 expression by tunicamycin and TUDCA. A, Western 

blot for TRB3 and β-actin  protein abundance in HUVECs from pregnancies where the 

mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational maternal 

obesity (PGMO). Cells were incubated without (–) or with (+) tunicamycin (5 μM, 8 hours) 

and TUDCA (100 μM, 8 hours) (see Methods). Lower panel shows TRB3/β-actin ratio 

densitometry normalized to 1 in PGMN control (n = 9 PGMN, 9 PGMO). B, Relative mRNA 

expression for TRB3 in HUVECs as in A (n = 5 PGMN, 8 PGMO). Values are mean ± S.E.M. 

P<0,05. * vs PGMN control. † vs PGMO control. 
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Figure 29. Modulation of BiP mRNA levels by tunicamycin and TUDCA. The mRNA 

abundance of BiP in HUVECs from PGMN and PGMO pregnancies treated or not with 

tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) was evaluated by RT-qPCR 

(see Methods). The graph shows the relative abundance of BiP mRNA analyzed by the ΔΔCT 

method. Values are mean ± S.E.M. P<0,05. * vs PGMN in the baseline condition. § vs PGMN 

+ tunicamycin. † vs PGMO in the baseline condition. (n= 5 PGMN, 8 PGMO). 
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 Activity of the IRE1α branch 

IRE1α 

Tunicamycin increased the total protein abundance of IRE1α (~2.3 fold) in HUVECs 

from PGMN but did not affect the level of this protein in cells from PGMO (Figure 30A). 

Conversely, TUDCA decreased the total IRE1α protein abundance (33%) in HUVECs from 

PGMO and did not induce a change in HUVECs from PGMN in the absence or presence of 

tunicamycin. There were no significant changes in the ratio of activating phosphorylation of 

IRE1α protein abundance (Figure 30B). 

JNK 

There were no significant differences in the total protein abundance of JNK in cells 

from PGMN or PGMO pregnancies (Figure 31A). The activating phosphorylations of JNK 

in threonine 183 and tyrosine 185 were measured since it is activated after ER stress by 

IRE1α kinase activity. The activating phosphorylation of JNK was increased in HUVECs 

from PGMO (~1.5 fold) compared with cells from PGMN pregnancies, an effect that was 

reduced (~32%) by TUDCA (Figure 31B). Meanwhile, tunicamycin increased the level of 

phosphorylated JNK in HUVECs from PGMN (~1.8 fold) but not in cells from PGMO. The 

co-incubation with TUDCA prevented the tunicamycin-increased phosphorylation of JNK in 

HUVECs from PGMN, and tunicamycin did not change the reduction caused by TUDCA in 

HUVECs from PGMO pregnancies.  

XBP1 

The processing of the XBP1 mRNA was measured in order to evaluate the 

endoribonuclease activity of IRE1α. Assays using conventional PCR showed similar 

abundance of the processed form of XBP1 mRNA in cells from both conditions (Figure 32A). 
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Tunicamycin increased the processing of XBP1 mRNA (product of 138 bp) at similar levels 

(~12.0 fold) in cells from both conditions. The RT-qPCR assay was performed with specific 

primers for the processed form of the mRNA confirming that there were no differences in 

the processing of XBP1 mRNA between HUVECs from PGMN and PGMO pregnancies 

(Figure 32B). On the other hand, tunicamycin increased its level in both conditions (~48.1 

fold), an effect blocked by TUDCA in HUVECs from PGMN but not in cells from PGMO 

pregnancies. TUDCA alone did not induce changes in the level of the processed mRNA in 

cells from both conditions (Figure 32B). 

 Activation of ATF6 

Activation of ATF6 was determined by the ratio for nuclear/cytoplasmic fluorescence 

in HUVECs from both conditions. In the absence of tunicamycin or TUDCA, ATF6 was 

detected mainly at the perinuclear region in cells from PGMN pregnancies (Fig. 33). 

However, ATF6 was detected in the nuclear region in cells from PGMO pregnancies. 

Tunicamycin increased (~2.6 fold) the ATF6 signal at the nuclear region in cells from PGMN 

PGMN but did not alter the nuclear signal for this protein in cells from PGMO. presence of 

ATF6 in the nucleus than in cells from PGMN (Figure 33). The treatment of cells with 

tunicamycin increased the ATF6 nuclear localization in HUVECs from PGMN (~2.1 fold), 

but it did not alter the localization in the HUVECs from PGMO. TUDCA did not alter the 

perinuclear distribution of ATF6 signal in cells from PGMN but abolished the ATF6 signal 

at the nuclear region in cells from PGMO pregnancies. TUDCA also reduced  the 

tunicamycin-increased signal at the nuclear region resulting in higher perinuclear signal for 

this protein in cells from PGMN pregnancies. In cells from PGMO pregnancies treated with 



 
 

114 
 

tunicamycin, TUDCA reduced (~40%) the nuclear signal for ATF6 protein, which was 

prevented by co-incubation with tunicamycin (Figure 33).  
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Figure 30. Modulation of IRE1α by tunicamycin and TUDCA. A, Western blot for total 

and phosphorylated IRE1α, and β-actin protein abundance in HUVECs from pregnancies 

where the mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational 

maternal obesity (PGMO). Cells were incubated without (–) or with (+) tunicamycin (5 μM, 

8 hours) and TUDCA (100 μM, 8 hours) (see Methods). Lower graphs show Total IRE1α/β-

actin and (B) phosphorylated IRE1α/total IRE1α ratio densitometries normalized to 1 in 

PGMN control. Values are mean ± S.E.M. P<0,05. * vs PGMN in the baseline condition. † 

vs PGMO in the baseline condition. § vs PGMN + tunicamycin (n = 8 PGMN, 8 PGMO). 
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Figure 31. Modulation of JNK by tunicamycin and TUDCA. A, Western blot for total and 

phosphorylated JNK, and β-actin protein abundance in HUVECs from pregnancies where the 

mother showed pre-gestational maternal normal weight (PGMN) or pre-gestational maternal 

obesity (PGMO). Cells were incubated without (–) or with (+) tunicamycin (5 μM, 8 hours) 

and TUDCA (100 μM, 8 hours) (see Methods). Lower graphs show Total JNK1/β-actin and 

(B) phosphorylated Thr183/Tyr185 JNK/total JNK1 ratio densitometries normalized to 1 in 

PGMN control. Values are mean ± S.E.M. P<0,05. * vs PGMN in the baseline condition. † 

vs PGMO in the baseline condition (n = 8 PGMN, 8 PGMO). 
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Figure 32. Processing of XBP1 mRNA by Tunicamycin and TUDCA. The processing and 

abundance of XBP1 mRNA in HUVECs from PGMN and PGMO pregnancies treated or not 

with tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) were evaluated by PCR 

and RT-qPCR (see Methods). A, Photograph of an agarose gel representative of the 

unprocessed XBP1 amplified cDNA (XBP1us, 164 pb) and processed (XBP1s, 138 bp) and 

28S rRNA in HUVECs from PGMN and PGMO pregnancies treated or not with tunicamycin.  

The graph shows the XBP1s mRNA/28S rRNA ratio of the densitometries normalized to 1 

in PGMN in the absence of tunicamycin. B, Graph showing the relative abundance of XBP1s 

mRNA analyzed by the ΔΔCT method. Values are mean ± S.E.M. P<0.05. * vs PGMN in 

baseline condition. † vs PGMO in the baseline condition. (n = RT-PCR: 8 PGMN, 8 PGMO; 

RT-qPCR: 4 PGMN, 10 PGMO). 
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Figure 33. Effect of tunicamycin and TUDCA treatment on the cellular localization of 

ATF6. The localization of ATF6 was evaluated by immunofluorescence in a confocal 

microscope in HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were exposed (8 

h) to the culture medium without (Control) or with tunicamycin (5 μM), TUDCA (100 μM), 

or both (see Methods). Confocal microscopy immunofluorescence of ATF6 (red 

fluorescence) and nuclei (blue fluorescence, counterstained with DAPI) was assayed. Fifteen 

confocal images were taken through the Z-axis (each 0.3 μm) from the bottom to the top of 

the cells. A, Pictures represent Z-stacked images (15 images, 40X). B, Pictures show the Z-

plane for the optical slide number 7, i.e., ~2.1- 2.4 m from cell culture surface. An 

amplification is shown at the inserts in each picture. C, Negative control for ATF6 in cells 

from PGMN. D, Immunofluorescent signal at the nuclear over the perinuclear region. Values 

are mean ± S.E.M. P<0.05. * vs control in PGMN. † vs control and tunicamycin in PGMO. 

§ vs tunicamycin in PGMN (n= 8 PGMN, 8 PGMO).  
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 ER stress, endothelial dysfunction, and insulin resistance 

 ER stress and endothelial dysfunction 

The ER stress involvement in endothelial function was evaluated by the induction of 

reduction of ER stress and its effect on key elements of the endothelial function, as 

represented in Scheme 4. 

ER stress and basal NO generation 

The basal production of NOS-dependent NO was lower in HUVECs from PGMO 

(~35%) than HUVECs from PGMO pregnancies (Figure 34). The incubation with 

tunicamycin reduced the level of NO in HUVECs PGMN (~33%), but this molecule did not 

affect the basal production in HUVECs from PGMO. Conversely, TUDCA increased (~1.4 

fold) the basal level of NO in HUVECs PGMO and did not change the NO level in HUVECs 

from PGMN (Figure 34).  

The NOS-dependent L-citrulline formation was lower (~77%) in HUVECs from 

PGMO in comparison to cells from PGMN (Figure 35). Tunicamycin reduced the content of 

L-citrulline in cells from both conditions (~59 and ~75%, respectively), and TUDCA 

increased the content of L-citrulline (~6.5 fold) in cells from PGMO but did not induce 

changes in cells from PGMN pregnancies. The co-incubation of both compounds prevented 

the tunicamycin-induced decrease of L-citrulline in HUVECs from PGMN and the TUDCA-

induced increase of L-citrulline in HUVECs from PGMO (Figure 35). 

ER stress and eNOS 

Tunicamycin, TUDCA, or both did not change the total protein abundance of eNOS 

(Figure 36A). The level of eNOS phosphorylated in serine 1177 decreased (~52%) in 

HUVECs from PGMN pregnancies treated with tunicamycin but there were no changes in 
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HUVECs from PGMO pregnancies  (Figure 36B). On the other hand, TUDCA increased 

(~1.7 fold) this phosphorylation in HUVECs PGMO to levels thar were similar to those 

detected in HUVECs of PGMN pregnancies. Tunicamycin did not change the inhibiting 

phosphorylation (threonine 495) of eNOS in HUVECs from both conditions (Figure 36C). 

TUDCA did not change the threonine 495 phosphorylation of eNOS in HUVECs from 

PGMN but reduced it (~56%) in HUVECs from PGMN to a level that was similar to 

HUVECs from PGMN at basal conditions. The treatment of cells with both compounds 

prevented the effect of tunicamycin alone on the phosphorylation in serine 1177 in HUVECs 

from PGMN and the effect of TUDCA alone on phosphorylations in serine 1177 and 

threonine 495 in HUVECs from PGMO pregnancies (Figure 36). 

ER stress and Akt 

 The basal activation status of Akt was evaluated since it is one of the eNOS activating 

kinases that are described to be altered either in a state of endothelial dysfunction or ER 

stress. There was no significant change in the total protein abundance of Akt after treatment 

of cells with tunicamycin, TUDCA, or both in HUVECs from both conditions (Figure 37A). 

Tunicamycin reduced (~33%) the activating phosphorylation of Akt in HUVECs from 

PGMN, but did not generate changes in HUVECs from PGMO. TUDCA did not change Akt 

phosphorylation in HUVECs from PGMN but increased (~1.9 times) the phosphorylation of 

Akt in PGMO pregnancies similar levels as those in HUVECs from PGMN pregnancies. The 

treatment with both compounds prevented the tunicamycin-induced decrease in HUVECs 

from PGMN and the TUDCA-induced increase in HUVECs from PGMO of the activating 

phosphorylation of Akt (Figure 37B). 
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Scheme 4. ER stress and endothelial function. ER, endoplasmic reticulum; hCAT-1, 

human cationic amino acid transporter 1; eNOS, endothelial nitric oxide synthase; P in green, 

activating phosphorylation; P in orange, inhibiting phosphorylation; NO, nitric oxide; 

HUVEC, human umbilical vein endothelial cell. 
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Figure 34. ER stress modulation of NO generation in HUVECs. The total and the NOS-

dependent generation of NO were evaluated in HUVECS from pregnancies where the mother 

showed pre-gestational maternal normal weight (PGMN) or pre-gestational maternal obesity 

(PGMO). Cells were incubated without (-) or with (+) tunicamycin (5 μM, 8 hours), TUDCA 

(100 μM, 8 hours) and L-NAME (100 µM, 30 minutes) and NO was detected by fluorescence 

lecture after loading the cells with the probe DAF-FM (1 hour, 5 µM) (see Methods). A, 

Relative fluorescence units (RFU). B, The fraction of the RFU inhibited by L-NAME (i.e., 

dependent on NOS activity) derived from the data presented in A. Values are mean ± S.E.M. 

P<0.05. * vs PGMN in basal condition. † vs PGMO in the baseline condition. (n = 9 PGMN, 

9 PGMO). 
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Figure 35. ER stress modulation of L-citrulline content in HUVECs. The intracellular 

content of L-citrulline was measured by h.p.l.c. in cells from pregnancies where the mother 

showed pre-gestational maternal normal weight (PGMN) or pre-gestational maternal obesity 

(PGMO). Cells were incubated with (-) or without (+) L-NAME (100 µM, 30 minutes), 

tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours). A, Total L-citrulline content. 

B, The fraction of the L-citrulline content inhibited by L-NAME (i.e., dependent on NOS 

activity) derived from the data presented in A. P<0.05. * vs PGMN in basal condition. Values 

are mean ± S.E.M. § vs PGMN + tunicamycin. † vs PGMO in the baseline condition. ‡ vs 

PGMO + tunicamycin. (n= 3 PGMN, 3 PGMO). 
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Figure 36. Modulation of eNOS abundance and activation state by ER stress. The 

protein abundance and the activating and inhibiting phosphorylation of eNOS were evaluated 

in HUVECS from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were incubated without 

(-) or with (+) tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) (see Methods). 

A, Western blot for the activating phosphorylation on serine 1177, the inhibiting 

phosphorylation in threonine 495, the total protein abundance and β-actin. The lower graph 

shows the densitometry for the total protein abundance of eNOS over β-actin. B, 

Densitometry of eNOS phosphorylated in serine 1177 over eNOS total. C, Densitometry for 

eNOS phosphorylated in threonine 495 over eNOS total. The densitometry was normalized 

to 1 with data in PGMN control. Values are mean ± S.E.M. P<0.05. * vs PGMN in basal 

condition. § vs PGMN + tunicamycin. † P vs PGMO in the baseline condition. (n: PGMN = 

9, PGMO = 9). 
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Figure 37. Modulation of Akt abundance and activation state by ER stress. The protein 

abundance and the activating phosphorylation of Akt were evaluated in HUVECS from 

pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) or 

pre-gestational maternal obesity (PGMO). Cells were incubated without (-) or with (+) 

tunicamycin (5 μM, 8 hours) and TUDCA (100 μM, 8 hours) (see Methods). A, Western blot 

for the phosphorylation of Akt, the total protein abundance and β-actin. The lower graph 

shows the densitometry for the total protein abundance of Akt over β-actin. B, Densitometry 

of phosphorylated Akt over total Akt. The densitometry was normalized to 1 with data in 

PGMN control. Values are mean ± S.E.M. P<0.05. * vs PGMN in basal condition. † vs 

PGMO in the baseline condition. (n= 9 PGMN, 9 PGMO). 
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Arginase activity 

The activity of the arginases was measured since these enzymes compete with eNOS 

for the L-arginine, is associated with ER stress, and is involved in endothelial dysfunction. 

The arginases activity was determined by the formation of urea and the use of BEC, an 

inhibitor of arginases. The total urea formation was higher in HUVECs from PGMO than in 

PGMN pregnancies. Tunicamycin increased it in cells from PGMN and TUDCA reduced it 

in HUVECs from PGMO. BEC reduced the total urea formation in all the conditions (Figure 

38A). The production of urea dependent on the arginases activity was higher (~2.1 fold) in 

HUVECs from PGMO compared with HUVECs from PGMN pregnancies (Figure 38B). 

Tunicamycin increased (~3.2 times) arginases activity in HUVECs from PGMN but did not 

changes it in HUVECs from PGMO. TUDCA reduced the level (~50%) in HUVECs from 

PGMO at similar levels than those seen in HUVECs from PGMN at basal conditions. The 

treatment with both molecules prevented the increase in arginases activity induced by 

tunicamycin in HUVECs from PGMN and did not alter the reduction caused by TUDCA in 

HUVECs from PGMO (Figure 38B). 

L-Arginine transport and hCAT-1 expression 

Values for vi were higher in cells from PGMO compared with PGMN (Table 10). 

Tunicamycin increased the vi in cells from PGMN to values close to those from PGMO; 

however, did not alter this parameter in cells from PGMO. TUDCA reversed the increase 

seen in the vi in cells from PGMO in the absence or presence of tunicamycin and in cells 

from PGMN incubated with tunicamycin. However, TUDCA did not alter the vi in cells from 

PGMN in the absence of this ER stress inducer. 
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The treatment with tunicamycin increased the overall transport of L-arginine in 

HUVECs from PGMN and did not produce changes in HUVECs from PGMO (Figure 39A, 

Table 10). TUDCA treatment reduced the overall transport in cells from PGMO to values 

close to those detected in HUVECs from PGMN. The overall transport was adjusted to a 

semi-saturable transport system for all conditions. After subtracting the non-saturable 

component from total transport, the transport of L-arginine adjusted to the Michaelis-Menten 

equation (Figure 39B) and was linear in the of Eadie-Hofstee representation. The incubation 

with tunicamycin increased the Vmax and the maximum transport capacity (Vmax/Km) in 

HUVECs from PGMN pregnancies, an effect blocked by TUDCA (Table 10). The increased 

Vmax and Vmax/Km seen in cells from PGMO was unaltered by tunicamycin but blocked by 

TUDCA in the absence or presence of tunicamycin. TUDCA did not change the parameters 

in HUVECs from PGMN. The apparent Km values were not significantly altered in cells from 

these two study groups in all experimental conditions (Table 10). 

The protein and mRNA abundance of hCAT-1 presented a similar behavior (Figure 

40), increasing the protein abundance (~1.5 fold) and mRNA expression (~34 fold) in 

HUVECs from PGMN treated with tunicamycin and decreasing the protein abundance 

(~53%) and mRNA expression (~92%) after incubation with TUDCA in HUVECs from 

PGMO. The co-incubation of both compounds prevented the increase of mRNA and protein 

induced by tunicamycin in HUVECs from PGMN and blocked the reduction of mRNA 

produced by TUDCA in HUVECs from PGMO. 
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Figure 38. ER stress effect on arginases activity. The activity of arginases was assayed in 

lysates of HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were treated with 

tunicamycin (5 µM, 8 hours), TUDCA (100 µM, 8 hours) and S-(2-boronoethyl)-L-cysteine 

(BEC, arginase inhibitor, 20 μM, 10 minutes) and the urea formation was determined by a 

colorimetric method (see Methods). A, total urea formation. B, the fraction of urea formation 

inhibited by BEC (i.e., dependent on the activity of arginase) derived from the data in A. 

Values are mean ± S.E.M. P<0.05. * vs PGMN control. § vs PGMN + tunicamycin. † vs 

PGMO control. (n = 3 PGMN, 3 PGMO). 
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Figure 39. ER stress effect on L-arginine transport. The overall L-arginine transport was 

determined in from pregnancies where the mother showed pre-gestational maternal normal 

weight (PGMN) or pre-gestational maternal obesity (PGMO). Cells were incubated without 

or with tunicamycin (5 µM, 8 hours), TUDCA (100 µM, 8 hours) and L-arginine (0-1000 

µM, 3 µCi/mL of L-[3H]arginine, 37ºC, 1 minute) (see Methods). A, Left graphs show the 

overall transport of L-arginine. Right graphs show the representation of the Eadie-Hofstee 

plot of the data obtained in left graphs. B, Left graphs show the saturated transport resulting 

from the subtraction of the linear component of the data in A and adjusted to the Michaelis-

Menten equation. Right graphs show the representation of the Eadie-Hofstee graph of the 

data obtained in left graphs. Values are mean ± S.E.M. (n = 12 PGMN, 12 PGMO). 
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Table 10. Kinetic parameters for the L-arginine transport in HUVECs 

 

The overall L-arginine transport was determined in HUVECs from PGMN or PGMO pregnancies treated or not with tunicamycin (5 

µM, 8 hours) or TUDCA (100 µM, 8 hours). The cells were incubated with L-arginine (0-1000 µM, 3 µCi/mL of L-[3H]arginine, 37ºC, 

1 minute) as described in methods. The saturated transport resulted from the subtraction of the linear component to the overall transport. 

Vmax: maximum transport velocity; Km: apparent constant of Michaelis-Menten; KD: linear component; vi: initial velocity; Vmax/Km: 

maximal transport capacity. Values are mean ± S.E.M. P<0.05. * vs the PGMN control. † vs PGMO in baseline condition. (n = 12 

PGMN, 12 PGMO). 

 
Saturable transport 

 
Overall transport 

Vmax 

(pmol/µg protein/ 

minute) 

 Km 

(µM) 
 Vmax/Km 

(pmol/µg protein/ 

minute/(µM)) 

 KD  

(pmol/µg protein/ 

minute/(µM)) 

 vi  

(pmol/µg protein/ 

0.5 s) 

 

PGMN 
          

          

 Control  3.86 ± 0.29  195 ± 42  0.0198 ± 0.0029  0.0081 ± 0.0042   0.0069 ± 0.0001  

 Tunicamycin  9.50 ± 0.30 *  220 ± 45  0.0432 ± 0.0094 *  0.0109 ± 0.0025   0.0150 ± 0.0001*  

 TUDCA  4.85 ± 0.35  224 ± 35  0.0217 ± 0.0025  0.0099 ± 0.0013   0.0075 ± 0.0002  

 Tunicamycin + TUDCA  4.06 ± 0.43  152 ± 51  0.0267 ± 0.0058  0.0114 ± 0.0018   0.0088 ± 0.0001  

             

PGMO 
          

          

 Control  7.26 ± 0.59 *  253 ± 58  0.0287 ± 0.0043 *  0.0021 ± 0.0010 *   0.0099 ± 0.0001 *  

 Tunicamycin  7.67 ± 0.49 *  193 ± 36  0.0397 ± 0.0049 *  0.0102 ± 0.0031 †   0.0102 ± 0.0002 *  

 TUDCA  4.71 ± 0.63 †  203 ± 77  0.0230 ± 0.0025 †  0.0084 ± 0.0026 †   0.0070 ± 0.0002 †  

 Tunicamycin + TUDCA  4.06 ± 0.10 †  271 ± 18  0.0150 ± 0.0015 †  0.0064 ± 0.0005 †   0.0052 ± 0.0002 †  
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Figure 40. Modulation of hCAT-1 expression in HUVECs by ER stress. The protein and 

mRNA abundance of hCAT-1 were determined by western blot and RT-qPCR in HUVECS 

from pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) 

or pre-gestational maternal obesity (PGMO) (see Methods). A, Representative western blot 

for hCAT-1. The graph shows the densitometry for hCAT-1 over β-actin. The densitometry 

was normalized to 1 with the data obtained in HUVECs PGMN at basal conditions. B, 

Relative abundance of hCAT-1 mRNA analyzed by the ΔΔCT method. Values are mean ± 

S.E.M. P<0.05. * vs PGMN at basal conditions. † vs PGMO control. (n = 9 PGMN, 9 

PGMO). 
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 ER stress and insulin response 

The involvement of ER stress on the insulin response was evaluated by inducing or 

reducing ER stress and its effect on the activation of key proteins of the insulin signaling 

pathway, as represented in Scheme 5. 

Umbilical vein reactivity 

Tunicamycin reduced the insulin response in umbilical vein rings from PGMN and 

did not generate changes in vessels from PGMO pregnancies (Figure 41A,B). TUDCA 

increased the effect of insulin in vessels from PGMO pregnancies reducing the EC50 (~84%) 

and generating a Rmax (~19%) similar to that determined in the untreated vessels from 

PGMN pregnancies. The incubation of vein rings with both compounds prevented the 

impairment in the insulin response induced by tunicamycin in umbilical veins from PGMN 

and blunted the sensitization induced by TUDCA in umbilical veins from PGMO pregnancies 

(Figure 41A,B, Table 10). 

ER stress and NO generation by HUVECs 

Tunicamycin blocked the relative fluorescence increased by insulin in HUVECs from 

PGMN pregnancies and did not induce changes in HUVECs from PGMO pregnancies 

incubated with insulin (Figure 42A) (see Scheme 5). TUDCA did not produce changes in the 

insulin response in both conditions. Regarding the NOS-dependent NO production, 

tunicamycin induced a similar effect to that seen for the relative fluorescence (Figure 42B). 

However, the incubation with TUDCA increased the effect of insulin in HUVECs from 

PGMO, leading to higher NOS-dependent NO production (~3.5 fold) compared with 

HUVECS from PGMO at basal conditions. The increased NO production in response to 

TUDCA was still lower than the insulin-induced NO production in HUVECs from PGMN 
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treated with TUDCA (Figure 42B). The co-incubation of TUDCA with tunicamycin blocked 

TUDCA-induced response in the HUVECs from PGMO. 
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Figure 41. Involvement of ER stress in the insulin-induced relaxation in umbilical vein 

rings. Human umbilical vein rings from pregnancies where the mother showed pre-

gestational maternal normal weight (PGMN) or pre-gestational maternal obesity (PGMO) 

were pre-contracted with KCl 32.5 mM and incubated without or with tunicamycin (5 µM, 8 

hours), TUDCA (100 µM, 8 hours) and L-NAME (30 minutes, 100 μM), and then exposed 

(5 minutes) to insulin. A, Vasodilation curves of vessels from PGMN (left graph) and PGMO 

(right graph) pregnancies in the absence or presence of L-NAME. B, NOS-dependent 

vasodilation determined by the subtraction of the total insulin response minus the response 

in the presence of L-NAME. Values are mean ± S.E.M. * P<0.05 vs the corresponding values 

in PGMN or PGMO at basal conditions. (n = 2-5 PGMN, 2-7 PGMO). 

 

PGMO

-11 -10 -9 -8 -7 -6

0

70

80

90

100

Control

Log [Insulin] M

L-NAME

TUDCA

TUDCA + L-NAME

Tunicamycin

Tunicamycin + L-NAME

TUDCA + Tunicamycin

TUDCA + Tunicamycin + L-NAME

*

*
*

R
e
la

ti
ve

 r
e
sp

o
n
se

(%
 o

f 
K

C
l)

PGMN

-11 -10 -9 -8 -7 -6

0

60

70

80

90

100

Control

Log [Insulin] M

L-NAME

Tunicamycin

Tunicamycin + L-NAME

TUDCA

TUDCA + L-NAME

TUDCA + Tunicamycin

TUDCA + Tunicamycin + L-NAME

* * * *

R
e
la

ti
ve

 r
e
sp

o
n
se

(%
 o

f 
K

C
l)

PGMN

-11 -10 -9 -8 -7 -6

0

60

70

80

90

100

Control

Log [Insulin] M

Tunicamycin

TUDCA

TUDCA + Tunicamycin

* * * *

N
O

S
-d

e
p
e
n
d
e
n
t 

re
la

ti
ve

 r
e
sp

o
n
se

(%
 o

f 
K

C
l)

PGMO

-11 -10 -9 -8 -7 -6

0

70

80

90

100

Control

Log [Insulin] M

TUDCA

Tunicamycin

TUDCA + Tunicamycin

*
*

*

N
O

S
-d

e
p
e
n
d
e
n
t 

re
la

ti
v
e
 r

e
s
p
o
n
se

(%
 o

f 
K

C
l)



 
 

138 
 

Table 11. Parameters dose-response of relaxation in response to insulin in human umbilical vein rings treated with 

tunicamycin or TUDCA 

Condition Treatment 
EC50 

-Log [Ins] M 

EC50 

[Ins] nM 
Rmax % Relaxation Rmax/EC50 

       

PGMN Control  9.14 ± 0.29    0.72 ± 0.02 78.72 ± 1.88 21.28 ± 1.88 108.66 ± 6.04 

L-NAME  8.35 ± 0.60    4.47 ± 0.32 * 96.21 ± 0.81 *   3.79 ± 0.81 * 21.54 ± 1.073 * 

Tunicamycin  8.16 ± 0.15    6.92 ± 0.13 97.55 ± 0.14   2.45 ± 0.14 14.10 ± 0.28 

Tunicamycin + L-NAME  7.69 ± 0.10  20.42  ± 0.27 96.46 ± 0.14   3.54 ± 0.14 4.72 ± 0.07 

TUDCA  9.14 ± 0.43    0.72 ± 0.06 70.42 ± 3.56 29.58 ± 3.56 97.21 ± 9.49 

TUDCA + L-NAME  7.30 ± 0.71  50.12 ± 4.87 96.56 ± 1.29   3.44 ± 1.29 1.92 ± 0.21 

TUDCA + Tunicamycin  7.60 ± 0.37  25.12 ± 5.02 92.14 ± 1.20   7.86 ± 1.20 3.67 ± 0.23 

TUDCA + Tunicamycin + L-

NAME 
 7.68 ± 0.56  20.89 ± 3.85 98.34 ± 0.40   1.66 ± 0.40 4.71 ± 0.36 

PGMO Control  8.13 ± 1.02    7.41 ± 0.93 * 93.99 ± 3.61 *   6.01 ± 3.61 * 12.68 ± 2.08 * 

L-NAME  7.05 ± 0.72  89.13 ± 9.10 * 95.61 ± 1.92 *   4.39 ± 1.92 * 1.07 ± 0.13 * 

Tunicamycin  8.15 ± 0.63    7.08 ± 0.55 95.65 ± 1.05   4.34 ± 1.05 13.51 ± 1.19 

Tunicamycin + L-NAME  7.42 ± 0.68  38.02 ± 3.48 96.06 ± 2.10   3.94 ± 2.10 2.53 ± 0.29 

TUDCA  8.92 ± 0.22      1.2 ± 0.03 † 81.37 ±1.32 † 18.63 ± 1.32 †  67.68 ± 2.77 † 

TUDCA + L-NAME  7.23 ± 0.61  58.88 ± 4.97 95.20 ± 1.59     4.8 ± 1.59 1.62 ± 0.16 

TUDCA + Tunicamycin  8.0 ± 1.24  10.00 ± 1.55 95.39 ± 0.36   4.61 ± 0.36 9.54 ± 1.51 

TUDCA + Tunicamycin + L-

NAME 
 7.80 ± 0.47  15.85 ± 0.95 96.48  ± 1.84   3.52 ± 1.84 6.09 ± 0.48 

       

EC50, Half maximal effective concentration. Rmax, Maximum response. Values are mean ± S.E.M. P<0.05. * vs PGMN control, † vs 

PGMO control . (n= PGMN control: 5, PGMO control: 7, PGMO + TUDCA: 4, all other treatments: 2) 
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Scheme 5. ER stress and insulin signaling pathway. ER, endoplasmic reticulum; IRS1, 

insulin receptor substrate 1; eNOS, endothelial nitric oxide synthase; P in orange, inhibiting 

phosphorylation; P in green, activating phosphorylation; NO, nitric oxide; HUVEC, human 

umbilical vein endothelial cell. 
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Figure 42. ER stress modulation of NO generation in response to insulin by HUVECs.  

The total (relative fluorescence) and the NOS-dependent generation of NO in HUVECS from 

pregnancies where the mother showed pre-gestational maternal normal weight (PGMN) or 

pre-gestational maternal obesity (PGMO) were evaluated by fluorescence lecture after 

loading the cells with the probe DAF-FM (1 hour, 5 µM). Cells were incubated without (-) 

or with (+) tunicamycin (5 μM, 8 hours), TUDCA (100 μM, 8 hours), L-NAME (100 µM, 

30 minutes) and insulin (1nM) (see Methods). A, Relative fluoresncece units (RFU). B, The 

fraction of the RFU inhibited by L-NAME (i.e., dependent on NOS activity) derived from 

the data presented in A. Values are mean ± S.E.M. P<0.05. * vs PGMN in basal condition. 

# vs PGMN + insulin. † vs PGMO in the baseline condition. ‡ vs PGMN + TUDCA + insulin. 

(n = 5 PGMN, 6 PGMO). 
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eNOS and Akt activation 

Tunicamycin and TUDCA did not change the protein abundance for total eNOS and 

Akt in HUVECs from both conditions (Figures 43, 44, 45, and 46, section A). The incubation 

with tunicamycin blocked the increase in the activating phosphorylation of eNOS (Figure 

43B) and Akt (Figure 45B) caused by insulin in HUVECs from PGMN pregnancies and did 

not change the levels of both protein phosphorylations in HUVECs from PGMO pregnancies 

treated with insulin. On the contrary, the incubation with insulin in cells treated with TUDCA 

increased the activating phosphorylation of eNOS and Akt (~2.3 fold, ~ 2.5 fold, 

respectively) in HUVECs from PGMO (Figures 44B, 46B), and did not alter the insulin-

induced increase in HUVECs from PGMN pregnancies (Figures 43B, 45B). The co-

incubation of TUDCA with tunicamycin prevented the effect of TUDCA on the insulin 

response in HUVECs from PGMO. Additionally, the treatment with TUDCA in the presence 

of tunicamycin did not revert the tunicamycin-induced impaired insulin-induced 

phosphorylation of both proteins in HUVECs from PGMN. 

The inhibiting phosphorylation of eNOS in threonine 495 did not present changes 

after treatments with tunicamycin or TUDCA in HUVECs from PGMN pregnancies (Figure 

43C). However, TUDCA reduced the PGMO-increased phosphorylation and were kept at the 

same level after insulin treatment (Figure 44C). The treatment with both compounds did not 

produce changes in HUVECs from PGMN and prevented the TUDCA-promoted reduction 

of the inhibiting phosphorylation in HUVECs from PGMO. 
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Figure 43. Modulation of the abundance and activation state of eNOS in response to 

inulin by ER stress. The protein abundance and the activating and inhibiting 

phosphorylation of eNOS were evaluated in HUVECS from pregnancies where the mother 

showed pre-gestational maternal normal weight (PGMN). Cells were incubated without (-) 

or with (+) tunicamycin (5 μM, 8 hours), TUDCA (100 μM, 8 hours) and insulin (1 nM, 20 

minutes) (see Methods). A, Representative western blot for the activating and inhibiting 

phosphorylation of eNOS, the total protein abundance and β-actin. The graph shows the 

densitometry for the total protein abundance of eNOS over β-actin. B, Densitometry for 

eNOS phosphorylated in serine 1177 over total eNOS. C, Densitometry for eNOS 

phosphorylated in threonine 495 over total eNOS. The densitometry was normalized to 1 

with data in PGMN control. Values are mean ± S.E.M. P <0.05. * vs control. (n = 5). 
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Figure 44. Modulation of the abundance and activation state of eNOS in response to 

inulin by ER stress. The protein abundance and the activating and inhibiting 

phosphorylation of eNOS were evaluated in HUVECS from pregnancies where the mother 

showed pre-gestational maternal obesity (PGMO). Cells were incubated without (-) or with 

(+) tunicamycin (5 μM, 8 hours), TUDCA (100 μM, 8 hours) and insulin (1 nM, 20 minutes) 

(see Methods). A, Representative western blot for the activating and inhibiting 

phosphorylation of eNOS, the total protein abundance and β-actin. The graph shows the 

densitometry for the total protein abundance of eNOS over β-actin. B, Densitometry for 

eNOS phosphorylated in serine 1177 over total eNOS. C, Densitometry for eNOS 

phosphorylated in threonine 495 over total eNOS. The densitometry was normalized to 1 

with data in control. Values are mean ± S.E.M. P <0.05. * vs control (n = 7). 

 

 

 

 

0.0

0.5

1.0

1.5

2.0

*

Insulin
Tunicamycin

      TUDCA

P
~

T
h
r4

9
5
e
N

O
S

/T
o
ta

l 
e
N

O
S

(A
rb

it
ra

ry
 u

n
it
s
)

*

-
-
-

+
-
-

-
+
-

+
+
-

-
-
+

+
-
+

-
+
+

+
+
+



 
 

146 
 

A 

 

 

 

 

 

 

 

 

B 

 

 

 

 

Figure 45. Modulation of Akt abundance and activation in response to insulin by ER 

stress. The protein abundance and the phosphorylation of Akt were evaluated in HUVECS 

from pregnancies where the mother showed pre-gestational maternal normal weight 

(PGMN). Cells were incubated without (-) or with (+) tunicamycin (5 μM, 8 hours), TUDCA 

(100 μM, 8 hours) and insulin (1 nM, 20 minutes) (see Methods). A, Representative western 

blot for Akt phosphorylated, the total protein abundance and β-actin. The graph shows the 

densitometry for the total protein abundance of Akt over β-actin. B, Densitometry for Akt 

phosphorylated over total Akt. The densitometry was normalized to 1 with data in control. 

Values are mean ± S.E.M. P<0.05. * vs control (n = 5). 
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Figure 46. Modulation of Akt abundance and activation state by ER stress. The protein 

abundance and the phosphorylation of Akt were evaluated in HUVECS from pregnancies 

where the mother showed pre-gestational maternal obesity (PGMO). Cells were incubated 

without (-) or with (+) tunicamycin (5 μM, 8 hours), TUDCA (100 μM, 8 hours) and insulin 

(1 nM, 20 minutes) (see Methods). A, Representative western blot for Akt phosphorylated, 

the total protein abundance and β-actin. The graph shows the densitometry for the total 

protein abundance of Akt over β-actin. B, Densitometry for Akt phosphorylated over total 

Akt. The densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. 

P<0.05. * vs control. † vs TUDCA (n = 7). 
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 Pharmacological inhibition of PERK, IRE1α, and knockdown of IRE1α 

The inhibitor of PERK, GSK2606115, and the inhibitor of the kinase and 

endoribonuclease activity of IRE1α, KIRA6, were used for the evaluation of the involvement 

of these proteins in the ER stress-associated endothelial dysfunction and insulin 

desensitization seen in HUVECs from PGMO. The incubation of HUVECs from PGMO with 

6 μM of GSK2606414 reduced the phosphorylation of PERK in the absence of tunicamycin, 

and at 3 μM it reduced by ~ 40% in the presence of tunicamycin (Figure 47). A similar effect 

was observed for the inhibiting phosphorylation of eIF2α, reaching a maximal reduction at 3 

μM even in the presence of tunicamycin (Figure 48). The inhibitor did not cause significant 

changes in the total abundance of PERK. Thus, the involvement of PERK in the insulin 

response was evaluated using GSK2606115 at 3 μM. 

The incubation of HUVECs from PGMN pregnancies with KIRA6 for 8 hours at a 

concentration of 3 μM reduced the activating phosphorylation of IRE1α (~49%) in HUVECs 

from PGMN pregnancies treated with tunicamycin (Figure 49B), with and EC50 of 1.1 ± 1.3  

μM. In concordance, KIRA6 at 3 and 6 μM  also  reduced the activating phosphorylations of 

JNK (JNK1 and JNK2) in the presence of tunicamycin (Figure 50B). The inhibitor did not 

change the total abundance of IRE1α and JNK. On the other hand, the increase of sXBP1 

mRNA induced by tunicamycin in HUVECs from PGMN was prevented by the incubation 

of cells with 3 μM and 6 μM (Figure 50C). Therefore, with those data, it was decided to 

evaluate the involvement of IRE1α in the insulin response using KIRA6 at 3 μM. 

The participation of IRE1α in HUVECs from PGMO was further evaluated by the use 

of a small interfering RNA against IRE1α. The IRE1α knockdown decreased (~37%) the 

total expression of IRE1α in comparison to control, which remained low (~64%) when the 
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knockdown cells were treated with tunicamycin (Figure 51). IRE1α knockdown showed a 

similar effect on the JNK phosphorylation, which decreased (~29%) in comparison to the 

control and remained low (~55%) in the presence of tunicamycin (Figure 52B). There were 

no changes in total JNK.  

The involvement of JNK was evaluated by the use of the inhibitor SP600125. The 

incubation of HUVECs from PGMN pregnancies with SP600125 at 25 μM for 8 hours 

reduced (~54%) the activating phosphorylations of JNK in the presence of tunicamycin 

(Figure 53B). SP600125 did not cause significant changes in the total abundance of JNK. 

Thus, the involvement of JNK was evaluated using SP600125 at 25 μM.  
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Figure 47. Inhibition of PERK by GSK2606114. The protein abundance and the 

phosphorylation of PERK were evaluated in HUVECS from pregnancies where the mother 

showed pre-gestational maternal obesity (PGMO). Cells were incubated without (-) or with 

(+) tunicamycin (5 μM, 8 hours) and GSK2606114 (8 hours at the indicated concentrations) 

(see Methods). A, Representative western blot for PERK phosphorylated, the total protein 

abundance and β-actin. The graph shows the densitometry for the total protein abundance of 

PERK over β-actin. B, Densitometry for PERK phosphorylated over total PERK. The 

densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. P<0.05. * 

vs control. † vs TUDCA (n = 3). 
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Figure 48. PERK-induction of eIF2α activation in HUVECs. The protein abundance and 

the phosphorylation of eIF2α were evaluated in HUVECS from pregnancies where the 

mother showed pre-gestational maternal obesity (PGMO). Cells were incubated without (-) 

or with (+) tunicamycin (5 μM, 8 hours) and GSK2606114 (8 hours at the indicated 

concentrations) (see Methods). A, Representative western blot for eIF2α phosphorylated, the 

total protein abundance and β-actin. The graph shows the densitometry for the total protein 

abundance of eIF2α over β-actin. B, Densitometry for eIF2α phosphorylated over total eIF2α. 

The densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. 

P<0.05. * vs control. † vs TUDCA (n = 3). 
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Figure 49. Inhibition of IRE1α by KIRA6. The protein abundance and the phosphorylation 

of IRE1α were evaluated in HUVECS from pregnancies where the mother showed pre-

gestational maternal normal weight (PGMN). Cells were incubated without (-) or with (+) 

tunicamycin (5 μM, 8 hours) and KIRA6 (8 hours at the indicated concentrations) (see 

Methods). A, Representative western blot for IRE1α phosphorylated, the total protein 

abundance and β-actin. The graph shows the densitometry for the total protein abundance of 

IRE1α over β-actin. B, Densitometry for IRE1α phosphorylated over total IRE1α. C, 

Inhibition curve of IRE1α in cells treated with tunicamycin. The densitometry was 

normalized to 1 with data in control. Values are mean ± S.E.M. P<0.05. * vs tunicamycin (n 

= 3). 
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Figure 50. IRE1α-inhibition effect on JNK and XBP1 processing. The protein abundance 

and the phosphorylation of JNK, and XBP1 mRNA levels, were evaluated in HUVECS from 

pregnancies where the mother showed pre-gestational maternal normal weight (PGMN). 

Cells were incubated without (-) or with (+) tunicamycin (5 μM, 8 hours) and KIRA6 (8 

hours at the indicated concentrations) (see Methods). A, Representative western blot for JNK 

phosphorylated, the total protein abundance and β-actin. The graph shows the densitometry 

for the total protein abundance of JNK over β-actin. B, Densitometry for JNK phosphorylated 

over total JNK. C, Relative abundance of XBP1s mRNA analyzed by the ΔΔCT method. The 

densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. P<0.05. * 

vs control, † vs tunicamycin (n = 3). 
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Figure 51. Knockdown of IRE1α. The protein abundance of IRE1α was evaluated by 

western blot in HUVECS from pregnancies where the mother showed pre-gestational 

maternal normal weight (PGMN) pre-treated (+) or not (-) with siRNA against IRE1α 

(According to the manufacturer indications) and tunicamycin (5 μM, 8 hours) (see Methods). 

The panel shows a representative western blot for the total protein abundance of IRE1α and 

β-actin. The graph shows the densitometry for the total protein abundance of IRE1α over β-

actin. The densitometry was normalized to 1 with the data obtained in control. Values are 

mean ± S.E.M. P<0.05. * vs the basal condition- † vs tunicamycin. (n = 4). 
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Figure 52. Effect of IRE1α Knockdown on the activation of JNK. The protein abundance 

and phosphorylation of JNK were evaluated by western blot in HUVECS from pregnancies 

where the mother showed pre-gestational maternal normal weight (PGMN) pre-treated (+) 

or not (-) with siRNA against IRE1α (According to the manufacturer indications) and 

tunicamycin (5 μM, 8 hours) (see Methods). A, Representative western blot for the 

phosphorylation of JNK, the total protein abundance, and β-actin. The graph shows the 

densitometry for the total protein abundance of JNK over β-actin. B, Densitometry for JNK 

phosphorylated over total JNK. The densitometry was normalized to 1 with the data in 

control. Values are mean ± S.E.M. P<0.05. * vs the basal condition- † vs tunicamycin. (n = 

4). 
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Figure 53. Inhibition of JNK by SP600125. The protein abundance and the phosphorylation 

of JNK were evaluated in HUVECS from pregnancies where the mother showed pre-

gestational maternal normal weight (PGMN). Cells were incubated without (-) or with (+) 

tunicamycin (5 μM, 8 hours) and SP600125 (8 hours at the indicated concentrations) (see 

Methods). A, Representative western blot for JNK phosphorylated, the total protein 

abundance and β-actin. The graph shows the densitometry for the total protein abundance of 

JNK over β-actin. B, Densitometry for JNK phosphorylated over total IRE1α. The 

densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. P<0.05. * 
vs tunicamycin (n = 3). 
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 PERK and IRE1α involvement in the impairment of the insulin response 

Insulin-induced NO generation 

 The participation of PERK and IRE1α in the insulin response was evaluated by 

pharmacological inhibition of PERK and IRE1α, and the knockdown of IRE1α and their 

effects on the activation of key elements of the insulin signaling pathway, as represented in 

Scheme 6.  

The inhibition of PERK with GSK2606414 did not generate changes either in the 

basal production of NO nor in response to insulin in HUVECs from PGMN and PGMO 

pregnancies (Figure 54A,B) (see Scheme 6). Furthermore, GSK2606414 did not prevent the 

tunicamycin-induced impairment of the NOS-dependent NO generation in HUVECs from 

PGMN. KIRA6 did not alter the NOS-dependent NO production in response to insulin in 

HUVECs from PGMN but this inhibitor prevented the impaired NO production caused by 

tunicamycin (Figure 55A). Furthermore, KIRA6 increased the NOS-dependent NO 

production in response to insulin in HUVECs from PGMO (Figure 55B). However, in the 

presence of tunicamycin, KIRA6 did not improve the insulin action in these cells. The co-

incubation of GSK2606414 and KIRA6 showed a similar pattern than that presented by 

inhibition of IRE1α (Figure 56). 

Insulin signaling pathway 

The knockdown of IRE1α reduced (~32%) the inhibiting phosphorylation of IRS1 in 

serine 307 in HUVECs from PGMO in comparison to the baseline condition, and decrease it 

(~53%) in knockdown cells treated with tunicamycin (Figure 57B). In addition, the inhibition 

of JNK  reduced (~46%) the same phosphorylation in HUVECs from PGMN pregnancies 

treated with tunicamycin (Figure 58B). The knockdown and the inhibition of JNK did not 
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induce changes in the total protein abundance of IRS1 (Figure 57A, 58A). On the other hand, 

the inhibition of IRE1α, but not PERK, caused insulin to increase (~2.4 fold) the activating 

phosphorylation of eNOS in HUVECs from PGMO pregnancies (Figure 59B). A similar 

effect was that presented by the activating phosphorylation of Akt, which increased (~3.0 

fold) in response to insulin by the inhibition of IRE1α but not PERK in cells from that 

condition (Figure 60B). The inhibition of both proteins did not generate significant changes 

in the total abundance of eNOS or Akt (Figure 59A, 60A). 
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Scheme 6. PERK and IRE1α involvement in the  insulin signaling pathway. ER, 

endoplasmic reticulum; IRE1α, Inositol-requiring enzyme 1α; JNK, c-jun N-terminal kinase 

1; PERK, Protein kinase RNA-like endoplasmic reticulum kinase; IRS1, insulin receptor 

substrate 1; eNOS, endothelial nitric oxide synthase; P in green, activating phosphorylation; 

P in orange, inhibiting phosphorylation; NO, nitric oxide; HUVEC, human umbilical 

endothelial cell. 
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Figure 54. PERK-inhibition effect on the NOS-dependent NO production in response 

to insulin. HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) (A) or pre-gestational maternal obesity (PGMO) (B) were incubated 

without (-) or with (+) GSK2606414 (3 μM, 8 hours), tunicamycin (5 μM, 8 hours), L-NAME 

(100 µM, 30 minutes) and insulin (1nM) (see Methods). The NOS-dependent generation of 

NO was evaluated by fluorescence lecture after loading the cells with the probe DAF-FM (1 

hour, 5 µM) and substracting the inhibitable fraction by L-NAME. Values are mean ± S.E.M. 

P<0.05. * vs control. (n = 6 PGMN, 4 PGMO). 
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Figure 55. Effect of IRE1α inhibition on the NOS-dependent NO production in response 

to insulin. HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) (A) or pre-gestational maternal obesity (PGMO) (B) were incubated 

without (-) or with (+) KIRA6 (3 μM, 8 hours), tunicamycin (5 μM, 8 hours), L-NAME (100 

µM, 30 minutes) and insulin (1nM) (see Methods). The NOS-dependent generation of NO 

was evaluated by fluorescence lecture after loading the cells with the probe DAF-FM (1 hour, 

5 µM) and substracting the inhibitable fraction by L-NAME. Values are mean ± S.E.M. 

P<0.05. * vs control, † vs tunicamycin, ‡ vs tunicamycin plus KIRA6 (n = 6 PGMN, 4 

PGMO). 
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Figure 56. Effect of IRE1α inhibition on the NOS-dependent NO production in response 

to insulin. HUVECs from pregnancies where the mother showed pre-gestational maternal 

normal weight (PGMN) (A) or pre-gestational maternal obesity (PGMO) (B) were incubated 

without (-) or with (+) a mixture of GSK2606414 plus KIRA6 (3 μM each, 8 hours), and 

tunicamycin (5 μM, 8 hours), L-NAME (100 µM, 30 minutes) and insulin (1nM) (see 

Methods). The NOS-dependent generation of NO was evaluated by fluorescence lecture after 

loading the cells with the probe DAF-FM (1 hour, 5 µM) and substracting the inhibitable 

fraction by L-NAME. Values are mean ± S.E.M. P<0.05. * vs control, † vs tunicamycin (n 

= 6 PGMN, 4 PGMO). 
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Figure 57. Effect of IRE1α Knockdown on the activation of IRS1. The protein abundance 

and phosphorylation of IRS1 were evaluated by western blot in HUVECS from pregnancies 

where the mother showed pre-gestational maternal normal weight (PGMN) pre-treated (+) 

or not (-) with siRNA against IRE1α (According to the manufacturer indications) and 

tunicamycin (5 μM, 8 hours) (see Methods). A, Representative western blot for the 

phosphorylation of IRS1, the total protein abundance, and β-actin. The graph shows the 

densitometry for the total protein abundance of IRS1 over β-actin. B, Densitometry for IRS1 

phosphorylated over total IRS1. The densitometry was normalized to 1 with the data in 

control. Values are mean ± S.E.M. P<0.05. * vs the basal condition- † vs tunicamycin. (n = 

4). 
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Figure 58. JNK-inhibition effect on the IRS1 activation state. The protein abundance and 

the phosphorylation of IRS1 were evaluated in HUVECS from pregnancies where the mother 

showed pre-gestational maternal normal weight (PGMN). Cells were incubated without (-) 

or with (+) tunicamycin (5 μM, 8 hours) and SP600125 (8 hours at the indicated 

concentrations) (see Methods). A, Representative western blot for IRS1 phosphorylated, the 

total protein abundance and β-actin. The graph shows the densitometry for the total protein 

abundance of IRS1 over β-actin. B, Densitometry for IRS1 phosphorylated over total IRS1. 

The densitometry was normalized to 1 with data in control. Values are mean ± S.E.M. 

P<0.05. * vs tunicamycin (n = 3). 
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Figure 59.  IRE1α involvement in the insulin-induced eNOS activation in HUVECs 

from PGMO. The protein abundance and the activating and inhibiting phosphorylation of 

eNOS were evaluated in HUVECS from pregnancies where the mother showed pre-

gestational maternal obesity (PGMO). Cells were incubated without (-) or with (+) KIRA6 

(3 μM, 8 hours), GSK260414 (3 μM, 8 hours), and insulin (1 nM, 20 minutes) (see Methods). 

A, Representative western blot for the activating and inhibiting phosphorylation of eNOS, 

the total protein abundance and β-actin. The graph shows the densitometry for the total 

protein abundance of eNOS over β-actin. B, Densitometry for eNOS phosphorylated in serine 

1177 over total eNOS. The densitometry was normalized to 1 with data in control. Values 

are mean ± S.E.M. P <0.05. * vs control (n = 7). 
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Figure 60. IRE1α involvement in the insulin-induced Akt activation in HUVECs from 

PGMO. The protein abundance and the phosphorylation of Akt were evaluated in HUVECS 

from pregnancies where the mother showed pre-gestational maternal obesity (PGMO). Cells 

were incubated without (-) or with (+) KIRA6 (3 μM, 8 hours), GSK260414 (3 μM, 8 hours), 

and insulin (1 nM, 20 minutes) (see Methods). A, Representative western blot for Akt 

phosphorylated, the total protein abundance and β-actin. The graph shows the densitometry 

for the total protein abundance of Akt over β-actin. B, Densitometry for Akt phosphorylated 

over total Akt. The densitometry was normalized to 1 with data in control. Values are mean 

± S.E.M. P<0.05. * vs the control, † vs KIRA6 (n = 7). 
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6. Discussion 

This thesis shows the occurrence of endothelial dysfunction and insulin resistance in the 

umbilical vein endothelium of PGMO mothers and how ER stress is involved in the 

development of both. The present findings evidence an abnormal response to insulin by 

umbilical veins from PGMO pregnancies, which was associated with reduced basal and 

insulin-induced NO generation in HUVECs. Further analysis showed a reduced basal and 

insulin-induced insulin signaling pathway and eNOS activation along with higher L-arginine 

transport. These results suggest a state of endothelial dysfunction and insulin desensitization 

in HUVECs that may explain the reduced vasodilation in umbilical vein rings from this 

condition. Furthermore, higher activation of key proteins of the UPR was found, evidencing 

the occurrence of ER stress in cells from PGMO. The treatment of PGMO cells with TUDCA, 

a chemical chaperone that reduces ER stress, reduced the PGMO-activated UPR markers 

evaluated. In addition, the treatment with TUDCA improved the basal generation of NO and 

activation state of eNOS, reduced the L-arginine transport and increased the insulin-induced 

activation of the insulin signaling pathway, eNOS and NO generation in HUVECs from 

PGMO pregnancies. Additionally, treatment with TUDCA reversed the PGMO-reduced 

insulin response in umbilical vein rings. Conversely, treatment with the ER stress inductor 

tunicamycin induced endothelial dysfunction and blocked the action of insulin in HUVECs 

and umbilical vein rings from PGMN pregnancies. On the other hand, the inhibition of 

IRE1α, but not PERK, improved insulin-induced NO generation in HUVECs from PGMO 

and prevented the tunicamycin-induced blockade of the NO generation in response to insulin 

in HUVECs from PGMN pregnancies. Considering these findings altogether, and the fact 

that current literature shows the association of ER stress with endothelial dysfunction and 



 
 

170 
 

insulin resistance, the proposal of this thesis is that the pathological condition of PGMO 

induces ER stress in the human umbilical vein endothelium leading to endothelial 

dysfunction and insulin desensitization in the fetoplacental vasculature. 

  Pregestational maternal obesity 

Obesity is a worldwide epidemic that also affects pregnancy. The prevalence of women 

starting their pregnancy with obesity is increasing worldwide (WHO, 2018), reaching an 

estimated of 14.9 million obese pregnant women in 2014 (Chen et al., 2018). Countries with 

high and middle income showed the highest prevalence, which correlated with the income 

level, caloric supply, and urbanization. However, obesity is also increasing rapidly in areas 

with lower incomes, as in countries of central Africa, where the prevalence of women in 

childbearing age has doubled between 1991 and 2014 (Amugsi et al., 2017). 

 Obesity-associated complications during pregnancy include a higher risk to develop 

pregnancy hypertensive disorders, preeclampsia, GDM, cesarean delivery, fetal 

malformation, macrosomia, and fetal death (Fuchs et al., 2017; Shen et al., 2018; Yang et al., 

2017), which are positively correlated with pregestational BMI (Fuchs et al., 2017; Stuebe et 

al., 2012). Also, PGMO is not only associated with pregnancy complications, but its 

consequences also affect the offspring’s health later in life. The latter have a higher risk to 

develop obesity and metabolic syndrome in childhood and adulthood (Eriksson et al., 2015, 

2014; Forsen et al., 1997; Gaillard et al., 2014; Godfrey et al., 2017; Hochner et al., 2012; 

Pirkola et al., 2010; Stuebe et al., 2009), and are associated with greater premature death 

while adults (Reynolds et al., 2013). Additionally, newborns born to PGMO mothers have 

shorter telomeres evidencing a lower biological age that could be associated with shorter life 
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expectancy (Martens et al., 2016). Thus, obesity during pregnancy is considered as a growing 

public health hazard for both the mother and the fetus. 

According to the Institute of Medicine and the National Research Council (IOM and 

NRC, 2009), women that start their pregnancy with a normal BMI (BMI 18.5-24,9 kg/m2) 

should increase 11.5 to 16 kg of body weight during pregnancy, while those starting with 

obesity (BMI ≥ 30 kg/m2) should increase 5 to 9 kg. These ranges were established according 

to published literature at the time and considering a lower prevalence of the following factors: 

cesarean delivery, postpartum weight retention, preterm birth, small- or large-for-gestational-

age birth, and childhood obesity. While IOM recommends a narrow range of GWG for 

PGMO mothers, they also emphasize that more studies should be performed to evaluate this 

interval, due to the little data available. As a matter of fact, potential cardiovascular effects 

induced by excessive GWG (eGWG) on the offspring were not considered. Additionally, 

since these guidelines were designed using data from people from North American, new 

studies considering ethnicity, geographical location, and demographic features are 

encouraged to establish adequate guidelines for other countries. Therefore, the use of these 

as a reference for Chilean population may not be the most appropriate. However, since there 

are no similar studies in Latin-American countries, this study considered the guidelines 

established by the IOM.  

As predicted by the IOM, subsequent epidemiological studies have shown that eGWG is 

a risk factor for the development of cardiometabolic risk in the offspring of women starting 

pregnancy with normal BMI (Fraser et al., 2010; Yang et al., 2017). Nonetheless, there is not 

a clear consensus about whether eGWG exacerbates the problems induced by a PGMO state. 

Studies by Kaar and colleagues showed that in a group of 164 pre-pregnant overweight/obese 



 
 

172 
 

women the eGWG further increased cardiovascular risk induced by a pre-pregnancy 

overweight/obesity state on their children at the age of ~10 years old (Kaar et al., 2014). 

However, it is shown that independently of the GWG, a high pre-pregnancy BMI is enough 

to induce the worsening of long-term health in the offspring, and eGWG does not worsen 

that outcome in newborns  (Hochner et al., 2012). Indeed, a recent meta-analysis performed 

with data from 162,129 women from 37 cohort studies from Australia, Europe, and North 

America, showed that eGWG in women with PGMO has not further effects on their 

offspring’s overweight and obesity than that induced by only PGMO (Voerman et al., 2019). 

This apparent discrepancy with the findings reported by Kaar and colleagues could be 

explained by the fact that they did not discriminate between overweight and obese pregnant 

women; therefore, cardiovascular risk induced by eGWG in the descend in addition to that 

induced by BMI before pregnancy may demonstrate an effect of eGWG only in pre-pregnant 

overweight mothers rather than in PGMO mothers. Thus, unlike for the offspring from 

PGMN mothers, the PGMO-induced increase of cardiovascular risk on the offspring would 

predominate over the one induced by eGWG.  

The present study included a group of PGMN women with an adequate GWG and a group 

of PGMO women where 46,2% had an eGWG. This finding is consistent with the fact that 

women with PGMO tend to have excessive gestational weight gain more frequently than 

PGMN women (IOM and NRC, 2009). Indeed, eGWG for North American population 

reached 55.8% in 2013 (Deputy et al., 2015) while in the studies used by IOM to elaborate 

the guidelines only one-third of the PGMO patients had a GWG within the ranges 

recommended by the IOM (IOM and NRC, 2009). As indicated above, because eGWG did 

not affect the cardiovascular risk in addition to that induced by the PGMO condition, the 
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results obtained in this study show evidence of the alterations induced only by PGMO that 

are unlikely to be affected by eGWG. However, a more in-depth study should be made in 

order to differentiate between PGMO with adequate GWG from those with eGWG. 

The evaluation of the patient's data revealed a negative correlation between GWG and 

BMI in mothers with PGMN and PGMO, an association that has been reported in the 

literature (Fraser et al., 2010; IOM and NRC, 2009). On the other hand, most of the literature 

reported positive correlations between BMI and GWG of the mother and the weight and fat 

accumulation of the fetus (Catalano et al., 2009; Fraser et al., 2010; Stirrat and Reynolds, 

2014). Despite the above, our study showed that birth weight and ponderal index were similar 

in fetuses from both conditions, and birth weight was not dependent on the pre-gestational 

BMI or GWG of the mother. The lack of effect of GWG on birthweight in PGMO is 

supported by a study performed in 4814 women with PGMO, which showed that GWG did 

not increase the percentage of large for gestational age newborns, even in those cases where 

women had a GWG over 20 kg (Nohr et al., 2008). Even though our findings showed neither 

a significant difference nor a tendency concerning the BMI, the small number of patients 

participating in this study could impede to observe a potential increase that may be more 

clearly evidenced with a higher number of patients.  

Neonates from PGMO pregnancies showed higher umbilical vein blood levels of 

insulin and C-peptide, in agreement with the previously reported increase of these parameters 

in umbilical vein blood from PGMO mothers (Catalano et al., 2009). Furthermore, the 

increased C-peptide level associated with insulin resistance in preterm infants (Mitanchez-

Mokhtari et al., 2004; Salis et al., 2017) along with higher umbilical blood C-peptide and 

insulin values suggest insulin desensitization in neonates from PGMO mothers. The latter is 
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supported by a 10% reduction in the QUICKI (Katz et al., 2000) and a 2.4 fold HOMA-

IR increase (Matthews et al., 1985) in neonates born to PGMO mothers. Glycemia levels 

were similar in PGMO and PGMN umbilical vein blood. These findings suggest a potential 

state of insulin resistance in these individuals.  

 Insulin desensitization and endothelial dysfunction in fetoplacental vasculature 

Obesity is associated with endothelial dysfunction and vascular insulin resistance in the 

adult population (Janus et al., 2016; Prieto et al., 2014; Versari et al., 2009). It is also reported 

that pregnant women with PGMO present with endothelial dysfunction (Stewart et al., 2007). 

Endothelial dysfunction and insulin resistance are factors associated with the initiation, 

development, and perpetuation of cardiovascular pathologies (Breen and Giacca, 2011; 

Sandoo et al., 2015). Both conditions occur in the first steps that lead to cardiovascular 

disease, even decades before the clinical outcome (Davignon and Ganz, 2004). On the other 

hand, dysfunction of fetoplacental tissues is crucial in the fetal outcome, and its effects 

remain present for a lifetime in the offspring (Howell and Powell, 2017; Longtine and 

Nelson, 2011; Sobrevia et al., 2014). Therefore, the occurrence of endothelial dysfunction 

and insulin resistance in the fetoplacental vasculature from PGMO suggest a higher risk to 

develop cardiovascular disease later in life in the offspring.   

Some studies suggest the occurrence of both phenomena in fetoplacental tissues or 

fetuses from PGMO mothers. Increased resistance to flow in the umbilical arteries from 

PGMO mothers was reported (Sarno et al., 2015), likely suggesting a state of endothelial 

dysfunction as an explanation for the vascular dysfunction. Additionally, insulin resistance 

in newborns (Catalano et al., 2009), a reduced response to insulin by trophoblastic cells 

(Lassance et al., 2015) and a transcriptome profile associated to insulin resistance in 
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umbilical cords (Thakali et al., 2014) has been reported. Thus, the available evidence 

suggests a probable state of endothelial dysfunction and insulin resistance in fetoplacental 

tissues from PGMO.  

 PGMO effect on umbilical vein reactivity 

Null insulin-induced vasodilation in umbilical veins from PGMO compared with the 

response in vessels from PGMN pregnancies was observed in this study. These findings show 

that PGMO reduces insulin sensitivity in the fetal vasculature ex vivo. It is worth noting that 

similar results were obtained by Pardo and colleagues in a group of women that started 

pregnancy with normal BMI but had eGWG, reaching obesity at the third trimester (Pardo et 

al., 2015). Thus, eGWG, obesity in the third trimester, or a combination of both conditions 

may be enough to elicit a similar vascular dysfunction in the umbilical vein to that seen in 

the umbilical vein from women with PGMO. 

Vasodilation induced by insulin is dependent on NO production by eNOS in the 

endothelium (Muniyappa et al., 2007). In this regard, L-NAME, a NOS inhibitor, blocked 

the insulin-induced vasodilation in umbilical veins from PGMN pregnancies. The results also 

showed that NOS activity is required for insulin-induced vasodilation in umbilical veins from 

PGMN. However, L-NAME did not change the response of umbilical vein rings to insulin in 

PGMO. These results suggest that the lack of response to insulin could be due to a reduced 

production of NO, which is characteristic of endothelial dysfunction (Tousoulis et al., 2012; 

Yuyun et al., 2018).  

To further support the occurrence of endothelial dysfunction in the umbilical vein vessels, 

the endothelium-dependent vasodilator CGRP was assayed. CGRP’s vasodilator effect is 

dependent on NOS activity (Brain, 2004; Dong et al., 2004). As expected, umbilical veins 
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from PGMO were insensitive to CGRP. However, vessels from PGMN dilated in response 

to CGRP, agreeing with similar findings in chorionic arteries from mothers with pre-

pregnancy overweight and PGMO (Schneider et al., 2015). Similar to what was observed 

with insulin, the inhibition of NOS activity by L-NAME blocked the GCRP-induced 

vasodilation in vessels from PGMN showing that the effect of CGRP also depends on NOS 

activity in umbilical veins. Additionally, vascular response to SNP (spontaneous NO donor) 

remained intact in vessels from PGMN and PGMO, suggesting that the lack of effect of 

insulin and CGRP in PGMO might be due to an inadequate response of the vascular 

endothelium rather than a lack of response from the vascular smooth muscle. Altogether these 

findings suggest a significant role played by NOS activity in the insulin and GGRP response 

and evidence the likely occurrence of endothelial dysfunction in umbilical veins from 

PGMO. The latter is a phenomenon that might be involved in insulin desensitization of the 

human placental vasculature in this maternal metabolic alteration in pregnancy.  

Because vascular reactivity in response to agonists depends on the initial conditions 

in which the vessel was set, it was necessary to define a common basal condition for the 

vessels studied. The vessels were normalized at the point where they generated the maximum 

active tension in response to KCl as described (Lew and McPherson, 1996). The procedure 

required stretching the vessel to the point where the myosin and actin fibers are in such a 

superposition that they reach their highest possible interaction, which was evidenced by the 

generation of the maximum contraction induced by KCl. The maximum contraction point is 

defined as the ideal baseline stretch or optimal diameter (Lew and McPherson, 1996). The 

stretch needed to reach the optimal diameter depends on the caliber of each vessel. 

Additionally, it is described that basal physiological tension of blood vessels in the organism 
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is closer to the optimal length (Burkholder and Lieber, 2001; Winters et al., 2011). Therefore, 

this parameter allows inferring differences in the diameter of each vessel under physiological 

conditions. The results in this study show that vessels from PGMO mothers required greater 

stretch than those from PGMN pregnancies, suggesting that the caliber of umbilical veins 

may be higher in PGMO than in those from PGMN pregnancies. On the other hand, the 

stretch-induced by KCl was lower in the PGMO vessels, which may suggest a lower number 

of smooth muscle cells (Lew and McPherson, 1996; Mulvany and Halpern, 1977) or a higher 

baseline precontraction state in those vessels. Since endothelial dysfunction is associated 

with vasoconstriction (De Artinano and Gonzalez, 1999), the last explanation is in line with 

the occurrence of endothelial dysfunction. Therefore, the lower vasoconstriction induced by 

KCl may suggest a state of endothelial dysfunction in umbilical veins from PGMO mothers. 

 PGMO effect on endothelial function and insulin response in HUVECs 

In line with the endothelial dysfunction suggested by the results obtained with myography 

assays, primary cultures of HUVECs from PGMO showed lower basal NO production 

compared with HUVECs from PGMN pregnancies. These results suggest a state of 

endothelial dysfunction and may explain the lack of response to the vasodilatory factors 

insulin and CGRP in human umbilical vein rings with intact endothelium. Besides, insulin 

only increased NO generation in HUVECs from PGMN but not in PGMO cells. To further 

validate these findings, the activation state of eNOS was evaluated. Two main 

phosphorylation sites regulate the activity of eNOS, i.e. serine 1177, which activates eNOS, 

and threonine 495, which inhibits eNOS (Fleming, 2010). The results showed that in the 

absence of insulin HUVECs from PGMO showed lower levels of serine 1177 

phosphorylation and higher levels of threonine 495 compared with cells from PGMN. Insulin 
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did not change the level of both phosphorylation sites in cells from PGMO. Thus, the reduced 

bioavailability of NO may be due to lower basal activity of eNOS and a reduced capacity of 

insulin to activate this enzyme. These results agree with those reported in HUVECs from 

PGMN mothers with eGWG where a reduced NO synthesis as well as reduced level of serine 

1177 phosphorylation and a higher level of threonine 495 phosphorylation was reported 

(Pardo et al., 2015). 

 PGMO effect on L-arginine transport in HUVECs 

The activity of eNOS is tightly dependent on L-arginine transport from the 

extracellular medium, even when the intracellular concentrations of L-arginine exceed the 

Km of the enzyme for this amino acid. This apparent discrepancy is known as the ‘L-arginine 

paradox’ (Hardy and May, 2002), and the most acceptable explanation for this is the 

hypothesis of L-arginine compartmentalization (Casanello et al., 2007; Closs et al., 2004; 

Cynober, 2002), where eNOS would use the L-arginine taken up by hCAT and that contained 

in caveolae. L-arginine transport is mainly mediated by hCAT-1 and hCAT-2, but 

preferentially hCAT-1–mediated L-arginine transport has been associated with NO 

production by eNOS (García-Cardeña et al., 1996; Mcdonald et al., 1997). Both proteins 

colocalized in caveolae and showed a direct structural interaction between them, which 

results in the activation of eNOS (Li et al., 2005). Thus, hCAT-1-mediated L-arginine 

transport is crucial to maintain a healthy endothelial function. Therefore, it is another 

characteristic that is altered in a state of endothelial dysfunction. The results showed that 

HUVECs from PGMO exhibit higher L-arginine transport than HUVECs from PGMN. The 

Km values were in the range of hCAT-1 Km and the hCAT-1 expression was increased in 

these cells. Thus, it is likely that the increased L-arginine transport is due to a higher 
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availability of hCAT-1 in the cells from this condition. However, despite the increased L-

arginine transport, NO production was lower. Therefore, it seems that the apparent 

compensation for the increase of the substrate is not sufficient to counteract the state of 

inactivation of eNOS. Interestingly, this phenomenon may be preventing higher damage in 

HUVECs from PGMO pregnancies. Other studies showed that higher extracellular 

concentrations of L-arginine associated with reduced plasma NOx in patients with obesity, a 

phenomenon proposed to result from lower L-arginine transport (Gruber et al., 2008; 

Sledzinski et al., 2010). Indeed, reduced CAT-1–mediated L-arginine transport in the 

endothelium of obese mice is also reported (Rajapakse et al., 2015, 2014). However, there is 

no information addressing this phenomenon in the endothelium of obese subjects nor the fetal 

endothelium from PGMO women. Besides, L-arginine plasma concentrations depend more 

on the diet, protein breakdown and hepatic metabolism than the endothelial L-arginine use 

(Luiking and Deutz, 2007). Thus, a higher L-arginine concentration may be reflecting other 

metabolic alterations and not necessarily changes in L-arginine transport, such as ER stress 

(Kilberg et al., 2009). 

eNOS competes for the L-arginine substrate with arginases (Fleming, 2010; Prieto et 

al., 2011). Arginases metabolize L-arginine into urea and L-ornithine. Interestingly, 

endothelial dysfunction associated with higher abundance and activity of the arginases, 

resulting in taking away the substrate from eNOS and thus contributing to the reduced NO 

availability (Fleming, 2010; Prieto et al., 2011). Other pathologies of pregnancy presenting 

endothelial dysfunction in fetoplacental tissues, such as preeclampsia (Sankaralingam et al., 

2010), maternal hypercholesterolemia (Leiva et al., 2013) or IUGR (Prieto et al., 2011), are 

shown to present increased arginases activity. In this regard, the results of this study show 
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that arginase activity was higher in HUVECs from PGMO, a phenomenon that may result in 

the higher metabolization of L-arginine available as the result of an increased transport via 

hCAT in these cells.  

 PGMO effect on the insulin signaling pathway in HUVECs 

Insulin exerts a vasodilatory effect through the activation of the IR at the endothelium 

and the subsequent activation of the metabolic pathway (Muniyappa and Quon, 2007). 

Insulin binding to IR causes phosphorylation of IRS1 in tyrosine residues and downstream 

activation of Akt. Activation of Akt increases eNOS phosphorylation in serine 1177 leading 

to increased NO production and, ultimately, to vasodilation (Manrique et al., 2014; 

Muniyappa et al., 2007). Thus, insulin resistance in metabolic tissues as well as in the 

vasculature may occur by alterations in the metabolic pathway downstream of IR activation. 

This phenomenon is mainly modulated by inhibiting IRS1 phosphorylation on serine residues 

leading to reduced activation of the IR/PIK3/Akt pathway (Muniyappa and Sowers, 2013). 

In this regard, our results showed higher inhibiting phosphorylation of IRS1 in serine 307 in 

HUVECs from PGMO, suggesting an impairment of the metabolic pathway at the beginning 

of this insulin signaling branch. Also, the activating phosphorylation of Akt was reduced in 

basal conditions and in response to insulin, suggesting a reduced activation of this metabolic 

pathway in HUVECs from this condition. However, since Akt is also a target for other 

proteins (Hemmings and Restuccia, 2012), the reduction of Akt activation state could be 

affected by other inhibiting mechanisms. The impairment of the metabolic insulin signaling 

pathway seen in this study supports findings reporting an association between a gene 

expression profile with insulin resistance in umbilical cords from PGMO mothers by a higher 

expression of proinflammatory cytokines and reduced expression of PDK1 (Thakali et al., 
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2014). The PDK1 is a kinase that activates Akt leading to increased activity of the 

IR/PI3K/Akt signaling pathway. Also, insulin changed the transcriptome of trophoblast cells 

from the first trimester of pregnancy in a lower proportion in cells from PGMO compared 

with PGMN pregnancies, a phenomenon likely resulting from insulin resistance in these cells 

(Lassance et al., 2015). Thus, evidence reported in the literature and the results obtained in 

this study show that, along with an endothelial dysfunction state, the fetoplacental 

endothelium from mothers with PGMO shows an impaired basal insulin signaling and 

response to this hormone which could explain the reduced insulin-induced vasodilation seen 

in the umbilical veins from this condition. 

 Endoplasmic reticulum stress in HUVECs from PGMO pregnancies 

ER stress is proposed as one of the causes of obesity-associated endothelial 

dysfunction and insulin resistance in metabolic tissues (Flamment et al., 2012; Lenna et al., 

2014). Obese subjects show increased activity of UPR proteins in the liver, adipose tissue, 

skeletal muscle, and endothelial cells (Flamment et al., 2012; Villalobos-Labra et al., 2018b). 

Interestingly, the skeletal muscle from PGMO mothers showed increased activation of UPR 

proteins (Liong and Lappas, 2016). Also, women with PGMO show placentas with higher 

JNK activation (Saben et al., 2013) and elevated markers of inflammation (Saben et al., 2014, 

2013), alterations that are described as closely related to the activation of UPR (Garg et al., 

2012). Thus, altogether, this information suggests that pregnant mothers with obesity may 

present with ER stress in the fetoplacental tissues. The findings obtained in this study showed 

activation of the three canonical pathways of UPR in HUVECs from PGMO pregnancies, 

i.e., PERK, IRE1α, and ATF6; supporting the presence of ER stress in the fetoplacental 

endothelium.  
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 PERK signaling branch in HUVECs from PGMO pregnancies 

Activation of the three canonical pathways of UPR in HUVECs from PGMO 

pregnancies, i.e. PERK, IRE1α, and ATF6, were found in this study. These findings support 

the presence of ER stress in the fetoplacental endothelium in pregnancies where the mother 

was with PGMO. PERK activation leads to the phosphorylation of the α subunit of eIF2, 

causing its inactivation and leading to the overall attenuation of the cap-dependent protein 

translation. This selective inhibition of translation leads to the expression of specific proteins 

such as ATF4, which is a crucial transcription factor of the PERK-induced response. ATF4 

induces the expression of CHOP, transcription factor involved in the triggering of ER-stress 

induced apoptosis and inflammation (Nishitoh, 2012) and that in association with ATF4, 

induces the expression of TRB3 (Ohoka et al., 2005). TRB3 plays a major role in the context 

of insulin resistance since it is a pseudokinase that prevents the activation of Akt (Du et al., 

2003). Thus, ATF4 is proposed to disrupt the insulin signaling pathway and elicit insulin 

resistance.  

TRB3 is linked to obesity-induction of insulin resistance in metabolic tissues such as 

liver, skeletal muscle, and adipose (Koh et al., 2013; Liu et al., 2010; Marinho et al., 2015; 

Prudente et al., 2012). Thus, TRB3 is a key protein linking ER stress and insulin resistance 

through the activation of PERK branch signaling (Cnop et al., 2012; Flamment et al., 2012). 

However, whether PERK signaling and TRB3 expression were increased in the fetoplacental 

endothelium from PGMO mothers is unknown. The results of this study showed that the 

HUVECs from PGMO pregnancies exhibit higher phosphorylation of PERK, eIF2α, and the 

expression of CHOP and TRB3. These results support a higher activity of the PERK signaling 

branch in these cells. Also, a reduction of ER stress with TUDCA resulted in lowering all the 
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PGMO-induced changes supporting the involvement of ER stress in the activation of this 

signaling branch in PGMO cells. Since TRB3 involvement in the induction of insulin 

resistance, the greater TRB3 expression can be associated with reduced activity of the insulin 

signaling pathway in the cells from PGMO.  

 IRE1α signaling branch in HUVECs from PGMO pregnancies 

IRE1α is one of the most conserved UPR signaling branches (Dufey et al., 2014). It 

is activated by homodimerization-induced trans-autophosphorylation after being detached 

from BiP, which leads to its kinase and endoribonuclease activity at the cytosolic side. The 

domain with endoribonuclease activity catalyzes the unconventional splicing of XBP1 

mRNA, which encodes a transcription factor called XBP1s. XBP1s function ameliorates the 

ER stress and associated with improving metabolic alterations induced by obesity in animal 

models (Cnop et al., 2012; Flamment et al., 2012; Jiang et al., 2015). On the other hand, the 

XBP1 kinase domain binds the adapter protein TRAF2, promoting the activation of other 

pathways, including JNK. The activation of the JNK signaling pathway leads to the 

expression of proinflammatory cytokines, apoptosis, and links to the impairment of the 

insulin signaling pathway (Flamment et al., 2012). 

The results found in this study showed higher IRE1α protein abundance in HUVECs 

from PGMO pregnancies, with no changes in the phosphorylation state of this protein. 

Despite the finding that the percentage of activated protein is unaltered in these cells, a greater 

abundance will result in a higher volume of activated protein, eventually leading to greater 

activation of the IRE1α-mediated signaling pathway. Interestingly, the activating 

phosphorylation of JNK was higher in HUVECs from PGMO, a finding agreeing with the 

increased activity of this kinase reported in placentas (Saben et al., 2013) and the higher pro-
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inflammatory state of fetoplacental tissues from PGMO women (Saben et al., 2014, 2013; 

Thakali et al., 2014). The induction of ER stress with tunicamycin increased IRE1α total 

protein abundance and JNK phosphorylation in HUVECs PGMN, and the inhibition of 

IRE1α prevented the tunicamycin-induced increase of JNK phosphorylation. These findings 

agree with the higher JNK activation shown to depend on IRE1α activity (Ozcan et al., 2004). 

Besides, the lower ER stress caused by TUDCA reduced IRE1α total protein abundance and 

JNK phosphorylation in HUVECs from PGMO. Thus, increased activity of IRE1α/JNK 

signaling branch in HUVECs from PGMO pregnancies is likely.  

Interestingly, the alternative splicing of XBP1 was unaltered in HUVECs from 

PGMO, but tunicamycin-induced ER stress resulted in higher processing at similar levels in 

HUVECs from PGMN and PGMO pregnancies. The higher JNK activation and unaltered 

XBP1 mRNA splicing suggest a higher IRE1α kinase but not endonuclease activity in PGMO 

cells. The latter is plausible since IRE1α/JNK activity is activated independently of the 

endoribonuclease activity of IRE1α (Dufey et al., 2014). Indeed, XBP1s protein inhibits 

IRE1α/JNK branch activity (Ozcan et al., 2004). Furthermore, the results agree with the 

increased activity of UPR proteins in the liver of ob/ob mice (HFD mice model) at 7, 12 and 

16 week-old relative to lean controls (Yang et al., 2015). However, although an increase was 

observed in the first weeks, and despite a sustained activation of IRE1α and JNK, the 

alternative splicing of XBP1 was gradually reduced, being even lower than in lean mice. 

Thus, it seems that in a chronic state of obesity the kinase activity of IRE1α is maintained 

and likely enhanced by lower endoribonuclease activity. 

 XBP1 is involved in the resolution of ER stress and protects from the deleterious 

effects of ER stress on insulin desensitization (Jiang et al., 2015; Ozcan et al., 2004). Thus, 
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the reduced splicing of XBP1 despite the increased IRE1α activity may contribute to the 

insulin resistance seen in HUVECs from PGMO pregnancies. The translocation mechanism 

of sXBP1 to the nucleus requires the disruption induced by insulin of the heterodimerization 

of the regulatory subunits of PI3K p85α and p85β. The resulting monomers of p85 interact 

with sXBP1 promoting its translocation to the nucleus (Park et al., 2010). Reduced 

interaction between p85 subunits and sXBP1 and sXBP1 translocation to the nucleus was 

detected in the liver of ob/ob mice, which was restored by the overexpression of p85α and 

p85β (Park et al., 2010). Thus, the insulin desensitization seen in HUVECs from PGMO 

could contribute to a reduction in the IRE1α/XBP1 mediated effects exacerbating the ER 

stress and the impairment of the insulin signaling in these cells.  

 ATF6 activation in HUVECs from PGMO 

After BiP is displaced to interact with misfolded luminal proteins, ATF6 translocates 

from the ER membrane to the Golgi where it is cleaved by intramembrane proteolysis. The 

cleaved-off cytoplasmic domain acts as a transcriptional activator for several genes encoding 

ER chaperones, ERAD proteins, and protein foldases (Flamment et al., 2012), aimed to 

prevent ER stress-associated damage. ATF6 interacts with IRE1α activity by binding directly 

to the promoter of XBP1 gene enhancing its expression (Guo et al., 2014), and it is associated 

with regulation of the PERK signaling branch (Yan et al., 2002). Thus, ATF6 acts as a 

regulator of PERK and IRE1α resulting in a protective effect against ER stress (Wu et al., 

2007). Studies in animal models of obesity showed that ATF6 is activated in target metabolic 

tissues (Flamment et al., 2012; Villalobos-Labra et al., 2018b), but in patients with obesity 

ATF6 activation has only been studied in the liver (Kumashiro et al., 2011) and endothelial 

cells (Kaplon et al., 2013). The findings obtained in this study showed higher activation of 
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ATF6 by increased nuclear localization in HUVECs from PGMO pregnancies. The PGMO-

induced nuclear localization of ATF6 was reduced after the treatment with the chemical 

chaperone TUDCA, showing that ATF6 activation was due to the occurrence of ER stress in 

these cells. Besides, together with the activation of PERK and IRE1α, the activation of ATF6 

suggests that HUVECs from mother with PGMO present ER stress, activating the three 

canonical pathways of the UPR in HUVECs.  

On the other hand, ATF6 is reported to have a beneficial effect against insulin 

resistance in the liver in the context of obesity. Lower expression of ATF6 is reported in the 

liver from obese subjects with insulin resistance compared with non-insulin resistant subjects 

(Kumashiro et al., 2011). Also, the overexpression of ATF6 in the liver of db/db and diet-

induced obesity (DIO) mice protected from obesity-induced hyperglycemia; and conversely, 

ATF6 knockdown induced hyperglycemia (Wang et al., 2009), which is the result of systemic 

insulin resistance (Martyn et al., 2009). The ATF6-associated improvement of insulin 

sensitivity in the liver may result from inhibition of PERK branch caused by ATF6 in 

hepatocytes leading to lower TRB3 expression (Yan et al., 2002) and subsequent increase in 

the insulin response (Ozcan et al., 2013). Indeed, the overexpression of ATF6 in the liver of 

obese mice inhibited the PERK/TRB3 branch and protected the mice from obesity-induced 

insulin resistance not only in the liver but also at a systemic level (Ozcan et al., 2016). All 

these studies suggest an ATF6 protecting role of the obesity-associated insulin resistance. 

Thus, the increased activity of ATF6 could prevent a major alteration in the insulin response 

in HUVECs from PGMO mothers. However, wether ATF6 crosstalk with PERK signaling 

occurs and wether this mechanism improves insulin signaling pathway in the endothelium of 

the human placenta is still unknown. 
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 PGMO-associated ER stress and endothelial dysfunction 

Several studies show endothelial dysfunction as a result of ER stress in different 

vascular beds including the aorta (Cheang et al., 2015, 2014; Murugan et al., 2015), heart 

(Galán et al., 2014; Kassan et al., 2012), lung (Shah et al., 2017), mesenteric vessels (Hong 

et al., 2018) or HUVECs (Murugan et al., 2015). Also, murine models of obesity suggest a 

link between obesity-associated ER stress and the induction of endothelial dysfunction 

(Cheang et al., 2014; Lenna et al., 2014; Maamoun et al., 2019; Shah and Urbina, 2017; Shah 

et al., 2015). Thus, the involvement of ER stress in the endothelial dysfunction observed in 

HUVECs and fetoplacental vasculature from PGMO pregnancies is likely. 

 PGMO-associated ER stress and NO production 

Our results showed that the reduction of ER stress by TUDCA improved the NOS-

dependent NO availability in HUVECs from PGMO, and the induction of ER stress impaired 

it in cells from PGMN. Furthermore, the L-citrulline production (index of NOS activity), was 

also reduced in HUVECs from PGMO and restored after the treatment of cells with TUDCA. 

Also, TUDCA prevented the tunicamycin-induced impairment in HUVECs from PGMN, 

supporting the role of ER stress in the reduction of NO synthesis. On the other hand, the pre-

incubation with TUDCA did not improve NO synthesis in the presence of tunicamycin in 

HUVECs from PGMO, suggesting that TUDCA at that concentration is ineffective against 

the ER stress which was already present in these cells in addition to that induced by an 

exogenous stressor. The association of ER stress with reduced NO generation was also 

reported in HUVECs where treatment with tunicamycin blunted the induction of NO 

production in response to calcium entrance (Murugan et al., 2015). The later was also 

reported in endothelial cells from mice (Cheang et al., 2014; Galán et al., 2014). The pre-
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incubation with TUDCA also supported the involvement of ER stress, which prevented the 

effect induced by tunicamycin (Galán et al., 2014). Furthermore, ex vivo experiments in 

aortas from DIO mice showed that obesity impaired the vasodilation induced by the NOS-

dependent vasodilator acetylcholine (Durand and Gutterman, 2013), a phenomenon 

prevented by the treatment of mice with a reducer of ER stress (Cheang et al., 2014). A 

similar impairment of the Ach response occurred in mouse mesenteric arteries when the 

isolated vessels (Hong et al., 2018) or mice (Galán et al., 2014; Kassan et al., 2012) were 

treated with tunicamycin. Thus, the literature shows a link between ER stress and endothelial 

dysfunction. Taken these findings together and in the context of this study, the ER stress 

detected in HUVECs from PGMO is involved in the PGMO-induced impairment of the NOS-

dependent NO production by these cells. The latter may explain the reduced CGRP and 

insulin-induced vasodilation seen in umbilical veins from PGMO. 

 PGMO-associated ER stress and eNOS activation state 

Since eNOS mainly mediates NO production at physiological conditions in the 

endothelium, the next step was to evaluate whether the ER stress and its modulation altered 

the eNOS activation state in HUVECs from both conditions. It is described that obesity 

reduced eNOS activating phosphorylation on serine 1177 in aortas from DIO mice, an effect 

prevented by the reduction of ER stress after the treatment of mice with metformin (Cheang 

et al., 2014). In mouse aortas, coronary endothelial cells, and HUVECs, tunicamycin-induced 

ER stress resulted in lower eNOS activation (Galán et al., 2014; Murugan et al., 2015). Also, 

prevention of ER stress by TUDCA blocked the effect induced by tunicamycin (Galán et al., 

2014). Since TUDCA reverted the inhibition of eNOS in PGMO increasing the activating 

phosphorylation and reducing the increased levels of the inhibitory phosphorylation on 
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threonine 495, a post-translational mechanism is involved. Also, the induction of ER stress 

in HUVECs from PGMN reduced the activating phosphorylation of this enzyme, a change 

prevented by pre-incubation of the cells with TUDCA. Thus, the involvement of ER stress 

in the reduction of serine 1177 phosphorylation is likely. Interestingly, the induction of ER 

stress by tunicamycin did not increase the level of the inhibiting phosphorylation of eNOS. 

The latter suggests that acute induction of ER stress may not alter the induction of 

phosphorylation on threonine 495, but impaired the phosphorylation on the activating site of 

eNOS. These findings suggest that the reduction of NO availability seen in HUVECs from 

PGMO may result from the inactivation of eNOS induced by the ER stress present in these 

cells. 

 PGMO-associated ER stress and L-arginine transport 

ER stress is also associated with higher amino acids transport into the cells (Usuki et 

al., 2017). It is described that the activation of PERK branch signaling increases CAT-1 

expression after ER stress (Kilberg et al., 2009). The inhibition of eIF2α was shown as crucial 

for the increased protein abundance since CAT1 mRNA translation initiates in an IRES 

region and not by a cap-dependent mechanism (Fernandez et al., 2002b, 2002a). Furthermore, 

the transcription of SLC7A1 (for hCAT-1) is increased by ATF4 due to the presence of a 

CARE region on its sequence (Kilberg et al., 2009; Lopez et al., 2007; Majumder et al., 

2009). XBP1s is also shown to participate in the transcription regulation of this gene (Huang 

et al., 2010). Thus, the expression of CAT-1 depends on the levels of phosphorylated eIF2α, 

ATF4, and XBP1s (Huang et al., 2010; Lopez et al., 2007). In the latter phenomenon, the 

PERK/eIF2/ATF4 and IRE1α/XBP1s signaling mechanisms act as modulators of L-arginine 

transport via hCAT-1. Thus, ER stress could be linked to endothelial dysfunction not only 
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by affecting the state of eNOS activity but also altering the access of eNOS to its crucial 

substrate L-arginine. The results in this study show that the reduction of ER stress in 

HUVECs from PGMO reverted the PGMO-increased L-arginine transport, and conversely, 

the induction of ER stress in cells from PGMN increased this cell response. Also, the pre-

incubation with TUDCA prevented tunicamycin-increased L-arginine transport in PGMN 

cells but did not change the increased transport seen in HUVECs from PGMO in the presence 

of tunicamycin. Altogether these results show that ER stress depends on L-arginine transport 

in HUVECs and explain the increased transport of this amino acid in cells from PGMO 

pregnancies. On the other hand, the expression of mRNA and protein of hCAT-1 followed a 

similar pattern than the one seen for L-arginine transport, revealing that the changes in L-

arginine transport induced by ER stress depend on the ER stress modulation of hCAT-1 

expression in HUVECs from PGMO pregnancies. 

 PGMO-associated ER stress and arginases activity 

Although the increase in L-arginine uptake in cells from PGMO suggested an over-

abundance of the substrate for the production of NO by eNOS, NO production is diminished 

by lower activation of the enzyme. The over-availability of L-arginine suggests its use in 

other metabolic routes in the cell. In this line, arginases compete with eNOS for the substrate 

L-arginine to synthesize urea in endothelial cells (Leiva et al., 2013; Prieto et al., 2011). 

Indeed, their increased activity was associated with endothelial dysfunction in HUVECs from 

pregnant women with hypercholesterolemia (Leiva et al., 2013) or IUGR (Krause et al., 2013, 

2012).  Other reports showed that ER stress is associated with higher arginases expression in 

mice immune cells (Lee et al., 2014; Mahadevan et al., 2011). The results in the present study 

showed that arginase activity was increased in HUVECs from PGMO and that ER stress 
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inhibition restored these alterations. Conversely, induction of ER stress increased arginases 

activity in HUVECs from PGMN. Thus, PGMO-induced ER stress in HUVECs from PGMO 

induced the activity of arginases. This alteration may lead to the reduced availability of L-

arginine to eNOS despite the increased L-arginine uptake, and thus to contribute to the lower 

NO generation seen in cells from PGMO pregnancies. 

 PGMO-associated ER stress and desensitization to insulin 

The link between obesity-induced ER stress and insulin resistance in metabolic 

tissues is widely described (Flamment et al., 2012; Villalobos-Labra et al., 2018b; Yilmaz, 

2017) but it is less explored in the vasculature. It is reported that plasma from obese children 

caused in vitro ER stress and insulin resistance in HUVECs by impairing insulin-stimulated 

NO production, a response prevented by reducing the ER stress after the incubation of the 

chemical chaperones sodium 4-phenylbutyrate (PBA) or TUDCA (Di Pietro et al., 2017). 

Moreover, the treatment of mice with palmitate, a free fatty acid in the human bloodstream 

that increases in obesity and induces insulin resistance in obesity (Sears and Perry, 2015), 

impaired the insulin-induced vasodilation in mesenteric arterioles by a mechanism that 

involves ER stress. Furthermore, the pre-treatment of these animals with TUDCA prevented 

the palmitate-induced insulin resistance state (Kim et al., 2015). Thus, ER stress is a plausible 

mechanism in the obesity-induced insulin resistance in the vasculature.  

 PGMO-associated ER stress and impaired insulin response 

The results of this study show that ER stress reduction by TUDCA sensitized the 

NOS-dependent vasodilation induced by insulin in umbilical veins from PGMO pregnancies. 

These findings suggest that ER stress was blocking the insulin response in these placental 

vessels. Conversely, the induction of ER stress by tunicamycin blocked the insulin response 
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in umbilical veins from PGMN pregnancies. Based on these results it is suggested that ER 

stress is involved in the impairment of the insulin response detected in umbilical veins from 

PGMO pregnancies. The evaluation of the intracellular mechanisms involved in this 

abnormal response of the umbilical veins revealed that ER stress inhibition improved the 

insulin signaling pathway by activating Akt and eNOS in HUVECs from PGMO. The latter 

resulted in a higher insulin-induced synthesis of NOS-dependent NO. Conversely, the 

induction of ER stress resulted in the opposite effect in HUVECs from PGMN pregnancies. 

These findings show that PGMO-associated ER stress in HUVECs is involved in the 

impairment of the insulin signaling pathway and supports the involvement of ER stress in the 

deficient insulin-induced vasodilation from PGMO umbilical veins.  

 PERK and IRE1α involvement in the impairment of the insulin response 

Studies in animals and humans showed two signaling pathways linking ER stress with 

the impairment of the insulin signaling pathway, i.e. IRE1α/JNK and PERK/TRB3. The 

IRE1α/JNK was first described in hepatocytes and liver of mice (Ozcan et al., 2004), where 

after ER stress induction, IRE1α inhibited IRS1 through JNK activation. The latter resulted 

in deficient activation of Akt in response to insulin. Thus, IRE1α activation of JNK impaired 

insulin signaling by inhibiting IRS1. Since IRE1α also has endoribonuclease activity, the 

authors also evaluated the involvement of XBP1 processing in their results. The effect of 

XBP1s opposed to that seen for JNK, and XBP1s prevented IRE1α-induced activation of 

JNK and protected from the obesity-associated insulin resistance in mice (Ozcan et al., 2004). 

Thus, IRE1α/JNK branch activity may induce insulin resistance in obesity. Moreover, JNK 

activity is involved in the obesity-induction of insulin resistance in mice (Hirosumi et al., 

2002), and mediates deficient vasodilation induced by insulin in visceral arterioles from 
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obese subjects (Farb et al., 2016). On the other hand, a study conducted in diabetic patients 

showed that greater activation of IRE1α in endothelial cells was associated with lower FMD 

associating IRE1α activity with endothelial dysfunction (Bretón-Romero et al., 2018). 

Therefore, IRE1α/JNK is involved in vascular insulin resistance induced by obesity in 

humans. The results in this study show that the inhibition of IRE1α improved the insulin-

induced NO production in HUVECs from PGMO. Furthermore, the blocking action of 

tunicamycin on the insulin response in HUVECs from PGMN was abolished by pre-

incubation of these cells with a pharmacological inhibitor of IRE1α. Thus, IRE1α was 

involved in the ER stress induction of the impaired insulin response seen in HUVECs from 

PGMO.  

Other results suggested a potential role for JNK in the abnormal response of HUVECs 

from this metabolic condition of the mother. The inhibition of IRE1α prevented the 

tunicamycin-induced increase of JNK phosphorylation in HUEVCs from PGMN. 

Furthermore, the inhibiting phosphorylation of IRS1 was reduced by the inhibition of JNK 

in HUVECs from PGMN even in the presence of tunicamycin. Likewise, the IRE1α 

knockdown reduced the JNK phosphorylation and serine 307 phosphorylation of IRS1 at the 

basal condition or at the presence of tunicamycin. Thus, ER stress-induced IRE1α activation 

inhibited IRS1 following activation of JNK in HUVECs. The latter is proposed as a 

mechanism explaining the inactivation of the downstream signaling pathway and the 

concomitant inefficient insulin response seen in HUVECs from PGMO pregnancies. Since 

XBP1s prevented the IRE1α-induced activation of JNK (Ozcan et al., 2004), a similar XBP1 

processing between HUVECs from PGMN and PGMO despite the greater IRE1α protein 
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abundance seen in HUVECs from PGMO, may result in improved activity of the IRE1α/JNK 

branch by contributing to the deterioration of the insulin response in these cells.   

TRB3 is a catalytically inactive pseudokinase (Boudeau et al., 2006; Hegedus et al., 2007) 

that inhibits activation of Akt, impairing the insulin signaling pathway and promoting insulin 

resistance (Du et al., 2003). Modulation of TRB3 expression by PERK activity was first 

described by Ohoka and colleagues (Ohoka et al., 2005), and since then several studies in 

obese mice have emerged linking ER stress with the induction of insulin resistance through 

the PERK/TRB3 pathway in cardiomyocytes and heart (Avery et al., 2010), skeletal muscle 

(Koh et al., 2013), liver (Ozcan et al., 2013), and adipose tissue (Du and Ding, 2009; Sun et 

al., 2017). Furthermore, TRB3 expression is higher in the skeletal muscle (Koh et al., 2013) 

and serum (Nourbakhsh et al., 2017) from obese patients. In addition, a polymorphism of 

TRB3 that gives the protein greater stability and affinity for Akt (Liew et al., 2010) was 

associated with higher risk for the development of insulin resistance in non-diabetic 

individuals and with the presence of a cluster of insulin resistance-related cardiovascular risk 

factors (Prudente et al., 2005). Therefore, TRB3 associates with the development of insulin 

resistance in obesity and other metabolic syndrome-associated diseases (Flamment et al., 

2012; Marinho et al., 2015; Prudente et al., 2012).  

A recent study showed that PERK inhibitor GSK2606114 and IRE1α inhibitor KIRA6, 

also inhibit KIT receptor tyrosine kinase (Mahameed et al., 2019), a cell-surface receptor 

involved in cell survival, migration, and proliferation (Lennartsson and Rönnstrand, 2012). 

Mature endothelial cells, including HUVECs, are shown to express this receptor (König et 

al., 1997; Matsui et al., 2004). Assays done in isolated KIT showed that its activity was 

blocked with a Kd of 600 nM for GSK2606114 and 10 μM for KIRA6. GSK2606114 and 
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KIRA6 inhibited KIT activity at nanomolar concentrations in MEL526 WT or  MEL526 

PERK KO cells, respectively (Mahameed et al., 2019). Since a concentration of 3 μM of 

GSK2606114 and KIRA6 was used in this thesis, these inhibitors may also inhibit the activity 

of KIT. Thus, the results showing PERK and IRE1α activity in the presence of these 

inhibitors may be affected by a potential inhibition of KIT in HUVECs. 

The literature discussed above suggests that the increased activation of the PERK 

signaling branch and the consequent increase in the expression of TRB3 found in HUVECs 

from PGMO pregnancies participate in the insulin desensitization in these cells. However, 

our results showed that the inhibition of PERK did not improve the insulin-induced NO 

production in HUVECs from PGMO and did not prevent the tunicamycin-induced 

impairment of insulin response in HUVECs from PGMN. These findings suggest that despite 

having increased expression of TRB3 in HUVECs from PGMO, PERK inhibition for 8 hours 

did not change the level of TRB3 enough to see an effect on the response to insulin, needing 

perhaps a longer period of PERK inhibition to observe an effect on the level of TRB3. The 

latter is likely given that the stability of TRB3 protein has a half-life of around 9 hours (Liew 

et al., 2010), and the decrease of its expression by inhibition of the PERK pathway requires 

a previous decrease in the abundance of ATF4 and CHOP (Ohoka et al., 2005). Therefore, 

new experimental strategies are needed to confirm or rule out the participation of PERK in 

the deterioration of the insulin signaling pathway in HUVECs of PGMO pregnancies. 

 

 Final comments 

This study suggests that PGMO is a condition that causes endothelial dysfunction and 

reduced endothelial sensitivity to insulin in the umbilical vein endothelium as a result of the 



 
 

196 
 

occurrence of ER stress (Figure 61). This observation suggests a subclinical condition of 

insulin resistance in the fetus and a state of endothelial dysfunction of the umbilical vein, 

which could alter the local circulation in pregnancy. Also, considering the role played by the 

umbilical vein in the delivery of fresh blood to the arterial system of the fetus (Griffiths and 

Campbell, 2015) it may also affect the systemic hemodynamics of the fetus. Furthermore, 

even though fetoplacental tissues are a transient organ, its dysfunction is crucial in the fetal 

outcome, and altered functions in this tissue remain throughout the lifespan of the offspring 

(Howell and Powell, 2017; Longtine and Nelson, 2011; Sobrevia et al., 2014). Considering 

further the continuity of the endothelium of the umbilical vein with the endothelium of the 

arterial system of the fetus, the deleterious effects of pre-gestational obesity seen in the 

umbilical vein can occur in the fetal vasculature. Since endothelial dysfunction and insulin 

resistance are considered the first steps towards the development of cardiovascular diseases 

(Breen and Giacca, 2011; Sandoo et al., 2015), the potential occurrence of these alterations 

in the vasculature of the newborn suggest the possibility of developing serious consequences 

in their vascular system in young and adulthood. Indeed, the alterations shown in this thesis 

are in tune with the higher cardiovascular risk in the descendants of the PGMO mothers 

(Gaillard et al., 2014; Pirkola et al., 2010; Stuebe et al., 2009).  

It is worth mentioning that the alterations presented by the HUVECs from PGMO 

pregnancies were maintained in culture after three passages and under the same conditions 

as the PGMN HUVECs. These observations suggest that the harmful effects of PGMO on 

the endothelium are intrinsic and lasting. Moreover, the endothelial dysfunction and the 

inadequate insulin response seen in HUVECs was in concordance with the alterations 
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presented by the ex vivo assays in umbilical vein rings. However, changes seen in vitro may 

result as an adaptation to culture and not necessarily reflecting a similar situation in vivo.  

This study also presents ER stress as a cause of PGMO-induction of endothelial 

dysfunction and insulin resistance in fetoplacental umbilical vein, pointing to the modulation 

of ER stress as a potential treatment to improve the outcome of the newborn. Interestingly, 

TUDCA was used in clinical trials for the treatment of diseases associated with ER stress 

(Elia et al., 2016; Vang et al., 2014). The oral administration of TUDCA prevented 

endothelial dysfunction induced by the ingestion of a high glucose load in young humans 

(Walsh et al., 2016). Thus, these approaches showed that using ER stress blockers in humans 

is effective and safe. Unfortunately, there are not reports in vivo in human subjects regarding 

pregnant women with PGMO or other complication of pregnancy (Villalobos-Labra et al., 

2018a). Considering these findings in vivo, we propose that adequate management of ER 

stress in the mother with PGMO may result in a better metabolic outcome of the newborn 

born to these women. 
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Figure 61. The potential involvement of pre-pregnancy maternal obesity-induced 

endoplasmic reticulum stress in human umbilical vein endothelial cell dysfunction and insulin 

desensitization. PGMO associated with increased activity of the UPR proteins in human 

umbilical vein endothelial cells. The activity of the signaling pathways activated by PERK 

and IRE1α was found to be increased, as well as the translocation of ATF6 to the nucleus. 

On the other hand, despite presenting higher transport of L-arginine, the substrate for the 

production of NO by eNOS, NO production was lower due to a lower activation status of 

eNOS. Also, in these cells, insulin did not activate the post-IR metabolic signaling pathway, 

not activating eNOS and not increasing NO production in response to insulin. A lower 

endothelium-derived NO could explain the deficient vasodilation observed in the umbilical 

veins of PGMO pregnancies. ER stress reduction reduced the activity of the three pathways 

of the UPR and resulted in a reduction in L-arginine transport, increase in basal and insulin-

induced eNOS activity, NO production, and in sensitization of the insulin signaling pathway 

in response to insulin. Thus, the PGMO-associated ER stress was related to the endothelial 

dysfunction and the insulin desensitization presented by HUVECs. Among the UPR proteins 

activated in HUVECs PGMO, the increased PERK-induced TRB3 expression, a 

pseudokinase that inhibits Akt, did not show to be part of the lower insulin response presented 

by these cells. However, the increase in IRE1α activity and the consequent activation of JNK 

resulted in the inhibition of IRS1, reduction of Akt and eNOS activation, and reduction of 

NO production in response to insulin. Thus, the IRE1/JNK/IRS1 pathway is proposed as a 

probable mechanism in the deterioration of the insulin signaling pathway produced by the 

ER stress in the HUVECs from PGMO pregnancies. 
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7. Conclusions 

 

This study suggests that obesity of the mother may be a potential deleterious condition 

for the newborn.  

The metabolic alterations of the mother due to pre-gestational maternal obesity may 

result in: 

1. Endothelial dysfunction and insulin resistance in the umbilical vein from PGMO 

pregnancies. 

2. Increased activation of the UPR in HUVECs from PGMO, evidencing the occurrence of 

ER stress. 

3. The induction of endothelial dysfunction and insulin resistance by PGMO-associated ER 

stress in HUVECs via activation of IRE1α/JNK signaling branch. 
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8. Appendix 

DOCUMENTO DE CONSENTIMIENTO PARA LA DONACIÓN DE 

PLACENTA, CORDÓN UMBILICAL Y SANGRE MATERNA PARA SU 

USO EN INVESTIGACIONES BIOMÉDICAS EN LA FACULTAD DE 

MEDICINA DE LA PONTIFICIA UNIVERSIDAD CATÓLICA DE CHILE 

 

El propósito de esta información es ayudarle a usted a tomar la decisión de donar -o no-, su placenta, 

el cordón umbilical y una muestra de su sangre para fines de investigación biomédica.  

 

Tome todo el tiempo que necesite para decidirse, lea cuidadosamente este documento y hágale las 

preguntas que desee al médico. 

 

OBJETIVOS DE LA INVESTIGACIÓN BIOMÉDICA EN PLACENTA.  

 

La placenta es el tejido encargado de llevar los nutrientes y el oxígeno que el feto requiere para 

crecer mientras está en el útero de la madre.  

 

La placenta y el cordón umbilical son expulsados del útero después del nacimiento de su hijo/hija 

(alumbramiento), ya sea que nazca por un parto normal o por medio de una operación cesárea. 

Después del alumbramiento la placenta no presta ninguna función, por lo que es eliminada como 

desecho biológico.  

 

Diferentes investigadores de la Escuela de Medicina están interesados en estudiar la estructura y 

función de la placenta, el cordón umbilical y la sangre materna en variadas investigaciones 

biomédicas incluyendo investigaciones genéticas. 

 

PROCEDIMIENTO DE LA INVESTIGACIÓN.  

 

Estamos invitando a participar a todas las pacientes mayores de 18 años, que tengan su parto en la 

Maternidad del Hospital Clínico de la Pontificia Universidad Católica de Chile. 
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Si usted acepta participar, le solicitamos que done  -a la Facultad de Medicina P. Universidad Católica 

de Chile- su placenta y cordón umbilical posterior a su parto y que nos permita acceder y usar los 

datos médicos contenidos en su ficha clínica. Adicionalmente, le solicitamos que autorice la 

obtención de una muestra de sangre materna no mayor de 6 ml (equivalente a una cucharada 

sopera) en el momento del ingreso a la maternidad. 

 

La placenta, el cordón umbilical y la muestra de sangre, así como los datos clínicos relevantes 

obtenidos serán usados únicamente para los propósitos de las diferentes investigaciones 

biomédicas.  La placenta, el cordón umbilical y la muestra de sangre serán guardados en el 

Laboratorio de Investigación en Perinatología en forma anónima por un tiempo indefinido y bajo la 

responsabilidad de la Dra. Paola Casanello. 

 

La placenta, el cordón umbilical y la muestra de sangre donada no será comercializada. 

 

BENEFICIOS. 

 

Usted no se beneficiará por la donación de su placenta, cordón umbilical o muestra de sangre 

materna. Sin embargo, la información científica que se obtenga será de utilidad para conocer más 

acerca del funcionamiento de la placenta humana y eventualmente en el largo plazo podría 

beneficiar a diferentes personas. 

 

RIESGOS.  

 

La utilización de su placenta, cordón umbilical y sangre materna no involucra ningún riesgo para su 

hijo/hija o para usted, ya que la placenta y el cordón umbilical son tejidos que normalmente se 

desechan después del parto. Por su parte, la obtención de la muestra de sangre es un procedimiento 

habitual de mínimo riesgo que se realiza en toda paciente que ingresa a la maternidad, por lo que 

no se requerirá una punción venosa adicional. 

 

COSTOS.  

 

Si usted decide donar su placenta, cordón umbilical y sangre materna, esta donación no tendrá 

ningún costo para usted.  

 

 



 
 

202 
 

COMPENSACIONES.  

 

No se le pagará por la donación de su placenta, cordón umbilical y sangre materna. 

 

CONFIDENCIALIDAD DE LA INFORMACIÓN.  

 

Sus datos personales y los de su hijo/hija no serán conocidos y las muestras de placenta, cordón 

umbilical y sangre materna se guardarán en forma anónima. Los resultados obtenidos de las 

diferentes investigaciones biomédicas podrían ser presentados en congresos científicos o dados a 

conocer en revistas médicas y científicas, sin embargo, su nombre –ni el de su hijo/hija- no será 

dado a conocer. 

 

VOLUNTARIEDAD.  

 

Su donación es completamente voluntaria. Usted tiene el derecho a no aceptar el donar su placenta,  

el cordón umbilical o una muestra de su sangre. Al hacerlo, usted y su hijo/hija no pierden ningún 

derecho que les asisten como pacientes de esta institución y no se verá afectada la calidad de la 

atención médica que merecen.  

 

Si usted retira su voluntad de donar su placenta, cordón umbilical y sangre materna, estas muestras 

serán eliminadas y la información obtenida no será utilizada. 

 

PREGUNTAS.  

 

Si tiene preguntas acerca de esta donación de su placenta, cordón umbilical y sangre materna para 

su uso en investigaciones biomédicas puede contactar a la Dra. Paola Casanello, al teléfono 2 354 

8116. 

 

Si tiene preguntas acerca de sus derechos como donante y participante en investigaciones 

biomédicas, puede llamar a la Dra. Beatriz Shand K., Presidente del Comité de Ética en Investigación 

de la Escuela de Medicina de la Pontificia Universidad Católica de Chile, al teléfono 2 354 8173, o 

enviar un correo electrónico a  etica.investigacion@med.puc.cl. 

 

mailto:etica.investigacion@med.puc.cl
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DECLARACIÓN DE DONACIÓN. 

 Se me ha explicado el propósito de la donación de placenta, cordón umbilical y sangre materna, 
los procedimientos, los riesgos, los beneficios y los derechos que me asisten.  

 Firmo este documento voluntariamente, sin ser forzada a hacerlo.  

 No estoy renunciando a ningún derecho que me asista. 

 Se me ha informado que tengo el derecho a reevaluar mi participación según mi parecer, en 
cualquier momento. 

 Yo autorizo el acceso y uso de los datos contenidos en mi ficha clínica, al investigador y sus 
colaboradores, para los propósitos de las diferentes investigaciones biomédicas. 

 Al momento de la firma, se me entrega una copia firmada de este documento. 
 

FIRMAS 

 

 

 

 

______________________ ___________________ __________________ 

Nombre participante Firma Fecha 

 

 

 

 

______________________ ___________________ __________________ 

Nombre Investigador Firma Fecha 

 

 

 

 

______________________ ___________________ __________________ 

Nombre Director de la Firma Fecha 

Institución o su Delegado 
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