
 

 
   

D
2023 

 

 

  

DOUTORAMENTO EM CIÊNCIAS FARMACÊUTICAS 

FITOQUIÍMICA E FARMACOGNOSIA 

The natural product chemical space for 

modulating endoplasmic reticulum 

stress in chronic diseases 

 

Daniela Correia da Silva 



 

 

  



 
 

 

 
 

 

 

 

 

 

 

The natural product chemical space for modulating  

endoplasmic reticulum stress in chronic diseases 

 

 

 

 

 

 

Daniela Correia da Silva 

 

Thesis for Doctor Degree in Pharmaceutical Sciences 
Phytochemistry and Pharmacognosy specialty 

 

 

 

 

 

 

 

Under the supervision of: 

Prof. Doctor David Pereira 

 

And co-supervision of: 

Prof. Doctor Patrícia Valentão 

 

 

 

 

 

 

 

 

 

 

 
April, 2023



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“You should laugh every moment you live,  

for you'll find it decidedly difficult afterwards.” 

 
Joe Abercrombie 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

vi 
 

The work developed throughout this thesis was financially supported by FCT/MCTES 

through national funds (UIDB/50006/2020 and UIDP/50006/2020). The candidate 

extends special thanks to the Fundação para Ciência e Tecnologia (FCT) for the doctoral 

grant (SFRH/BD/130998/2017) and its exceptional extension (COVID/BD/152734/2022). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

vii 
   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PARTIAL OR FULL REPRODUCTION OF THIS THESIS IS AUTHORIZED FOR 

RESEARCH PURPOSES ONLY, UNDER WRITTEN STATEMENT OF THE INTERESTED 

PARTY COMMITTING TO DO SO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Publications 
 

ix 
   

PUBLICATIONS 

 

The following publications contain the work developed throughout the course of this thesis. 

 

 

Publications in indexed international peer-reviewed journals: 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. Endoplasmic reticulum stress 

signaling in cancer and neurodegenerative disorders: Tools and strategies to understand its 

complexity. Pharmacological Research 2020; 155:104702. 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. A pipeline for natural small 

molecule inhibitors of endoplasmic reticulum stress. Frontiers in Pharmacology, 2022, 13, 

956154. 

 

Correia da Silva D, Valentão P, Pereira DM. A survey of naturally occurring molecules as 

new endoplasmic reticulum stress activators with selective anticancer activity. Cancers, 

2023, 15(1), 293. 

 

Correia da Silva D, Valentão P, Pereira DM. Naturally occurring small molecules with 

dual effect upon inflammatory signaling pathways and endoplasmic reticulum stress 

response. (Submitted) 

 

Correia da Silva D, Jervis PJ, Martins JA, Valentão P, Ferreira PMT, Pereira DM. Fisetin 

derivatives exhibit enhanced anti-inflammatory activity and modulation of endoplasmic 

reticulum stress. International Immunopharmacology, 2023, 119, 110178. 

 

 

Oral communications: 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. ER stress and inflammation: 

towards natural product-derived modulators of ER stress. Natural Products in Drug 

Discovery and Human Health (NatProdDDH) - PSE Meeting 2019. 28-31 July 2019, Lisbon, 

Portugal. 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. Polyphenolic modulators of 

endoplasmic reticulum stress as anticancer agents. International IBERPHENOL 

Conference: “Advances in the role of phenols in health effects and other uses”. 5-6 

November 2020, Coimbra, Portugal. 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. A drug discovery pipeline for 

endoplasmic reticulum stress inhibitors. 14th National Organic Chemistry Meeting & 7th 

National Medicinal Chemistry Meeting. 20-22 April 2022, Almada, Portugal. 

 

 

 

 

 



Publications 
 

x 
 

Poster communications: 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. Towards polyphenol 

modulators of inflammation and endoplasmic reticulum stress. 9th International 

Conference on Polyphenols and Health. 28 November-1 December 2019, Kobe, Japan. 

 

Correia da Silva D, Valentão P, Andrade PB, Pereira DM. A drug discovery pipeline for 

endoplasmic reticulum stress inhibitors from natural products. Encontro Ciência ’21. 28-30 

June 2022, Lisboa, Portugal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

AUTHOR STATEMENT 

 

The author states to have had a major contribution to the technical execution, interpretation 

of the results and manuscript preparation of all works included in this thesis, with the 

collaboration of other co-authors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Acknowledgements 
 

xii 
 

ACKNOWLEDGEMENTS 

 

O percurso que passa agora pela escrita destas linhas não se teria materializado de 

igual forma sem a participação e apoio daqueles que irei aqui assinalar. 

 

Em primeiro lugar, expresso a minha gratidão à Fundação para a Ciência e Tecnologia 

FCT pela atribuição da bolsa de doutoramento que me permitiu percorrer esta jornada. 

 

Estarei sempre grata ao meu Orientador, Prof. Doutor David Pereira, por tudo o que 

me ensinou, por ser uma parte tão importante deste trabalho, por ter confiado tantas vezes 

em mim, tendo-me apoiado melhor do que eu soube fazer. Nunca me vou esquecer de si. 

 

À minha Coorientadora, Prof. Doutora Patrícia Valentão, agradeço o interesse 

demonstrado, a presença, garantida sempre que necessária, e por ter sempre algo 

pertinente a acrescentar. 

 

Agradeço ao Peter Jervis, José Martins e Paula Ferreira, do Centro de Química da 

Universidade do Minho, pela colaboração na síntese dos derivados da fisetina.  

 

Não poderei deixar de agradecer a toda a equipa do Laboratório de Farmacognosia 

que me acompanhou durante o percurso no Laboratório, por ter encontrado ajuda sempre 

que essa necessidade foi sentida. Em especial, agradeço à Vera e ao Renato, que tantas vezes 

incomodei durante a escrita desta tese. 

 

Todas as contribuições acima mencionadas culminam na escrita destas linhas. No 

entanto, para a chegada deste dia contribuiu o impacto positivo gerado por aqueles que me 

rodeiam. Assim, agradeço ainda às minhas gatas, por serem tão boa companhia ao final de 

mais um dia. 

 

Aos meus amigos, sem os quais seria certamente uma pessoa diferente. A todos os 

meus Amigos, todos tão especiais, muito obrigada.  

 

A toda a minha família, a todos os que me têm apoiado e também àqueles que não 

verão este dia, pela oportunidade de ter sido criada com tanto carinho, demonstrado tantas 

vezes com tantas pequenas coisas, todas elas tão importantes.  

 



Acknowledgements 
 

xiii 
   

Agradeço de forma muito especial aos meus Pais, que são, sem discussão possível, os 

melhores que há. 

 

Ao Daniel, por conhecer todas as minhas insuficiências e escolher vê-las à melhor luz 

possível, e, acima de tudo, por ser a melhor coisa do Mundo. 

 

Tenho sorte de vos ter encontrado a todos. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

 

 

 

 

 

 

 

 

 

 



 
 

 



Abstract 
 

xvi 
 

ABSTRACT 

 

Homeostasis in eukaryotes is inseverable of that of the endoplasmic reticulum (ER) 

and proteostasis. The ER performs the synthesis and folding of the majority of the 

proteome, being also the major reservoir of ionic calcium in the cell. Multiple factors can 

induce stress upon this organelle. When unresolved, this stress leads to the activation of 

stress response signaling pathways collectively termed as the unfolded protein response 

(UPR). This signaling cascade aims to restore homeostasis, but it can, nonetheless, result in 

deleterious effects upon cells if chronically or intensely activated. 

Among molecules capable of modulating ER stress and the UPR, those of natural 

occurrence are the most common. For this reason, this work addresses a chemical library of 

over 100 natural products. The compounds were subjected to a battery of assays designed 

to evaluate their potential to modulate ER stress in different contexts, aiming to describe 

natural small molecules that can act as ER stress modulators. 

Compromised ER function and chronic UPR activation underlie the pathogenesis of 

neurodegenerative disease. To identify molecules that can counter UPR activation and 

protein aggregation that characterize this type of illness, their effect upon calcium 

homeostasis, key gene and protein expression, and levels of protein aggregation in cells 

were determined. From this effort resulted the identification of several bioactive natural 

products, with particular emphasis on delphinidin, that displayed a strong potential against 

protein aggregation in neuronal cells, indicating that it may be a valuable ally in the research 

and drug development against neurodegeneration. 

Chronic activation of ER stress-resolving pathways also occurs concomitantly to the 

inflammatory response, reason for which this organelle may be a relevant molecular target 

for treating inflammatory conditions. Aiming to provide building blocks for the 

development of new strategies to treat chronic inflammatory disorders, this work describes 

the inflammatory/UPR-related molecular machinery modulated by a panel of natural 

products. The molecules were analyzed in what regards their NF-κB inhibitory potential, 

their effect upon ROS generation, inflammasome activation, cytokine release and UPR-

related gene expression. This work demonstrates that 5-deoxykaempferol, berberine, 

luteolin-4’-O-glucoside, myricetin, quercetagetin and sennoside B can simultaneously 

ameliorate inflammatory and UPR signaling.  

In the case of cancer, and as consequence of their abnormally high protein synthesis 

rates, malignant cells present a known vulnerability against ER stress. For this reason, the 

same library was screened for their selective cytotoxicity against cancer cell lines by 

triggering ER stress. The molecules that exerted this cytotoxicity were further studied to 

clarify the involvement of UPR activation in the observed effect, namely by evaluating their 
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impact upon calcium homeostasis, caspase activation, and UPR-related gene expression. by 

According to our results, berberine and emodin are characterized as potential leads for the 

subsequent research and drug development of selective anticancer agents. Berberine was 

effective against two cells lines, AGS (gastric adenocarcinoma) and A549 (lung 

adenocarcinoma), disrupting Ca2+ homeostasis, upregulating UPR target gene expression 

and ER-resident caspase-4 activation. For these reasons, it stands out as the most promising 

molecule against neoplastic disease. 

Fisetin was another hit identified in this work. A set of derivatives of this compound 

was synthesized and tested, along with the parent molecule, to determine their potential 

against ER stress in the aforementioned contexts. At noncytotoxic concentrations, fisetin 

was effective against LPS-induced NF-κB signaling, cytokine release, inflammasome 

activation, ROS generation and UPR gene expression. This activity was shared among some 

of its derivatives and shows that it is possible to tailor small molecules for improved ER 

modulation capacity. 

Globally, the results presented in this work add to the premise that natural products 

can offer valuable tools for the discovery and pharmaceutical development of chemical 

entities to modulate proteostasis and the UPR, as well as the inflammatory response. 

 

Keywords: endoplasmic reticulum, unfolded protein response, inflammation, natural 

products, fisetin 
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RESUMO 

 

A homeostasia de um organismo eucarionte é inseparável da do retículo 

endoplasmático (RE) e da proteostasia. O RE executa a síntese e enovelamento da maior 

parte do proteoma, sendo também o principal reservatório celular de cálcio iónico. O stress 

neste organelo pode ser induzido por múltiplos fatores. Quando não é resolvido, esse stress 

leva à ativação de vias de sinalização citoprotetoras, coletivamente denominadas de 

resposta a proteínas mal enoveladas (UPR, do inglês unfolded protein response). Esta 

cascata de sinalização visa restaurar a homeostasia, mas pode, no entanto, resultar em 

efeitos deletérios sobre a célula se intensa ou cronicamente ativada. 

Entre as moléculas capazes de modular o stress reticular e a UPR as de ocorrência 

natural são as mais comuns. Por esta razão, este trabalho foi realizado considerando uma 

biblioteca química de mais de 100 produtos naturais. Os compostos foram submetidos a 

uma bateria de ensaios destinados a avaliar seu potencial para modular o stress reticular 

em diferentes contextos, visando descrever pequenas moléculas naturais que possam atuar 

como moduladores do stress reticular. 

Uma função reticular comprometida e a ativação crónica da UPR são a base da 

patogénese das doenças neurodegenerativas. De forma a identificar as moléculas que 

conseguem contrariar a ativação da UPR e a agregação proteica que caracterizam estas 

doenças, foi analisado o seu efeito relativamente à homeostasia do cálcio, expressão génica 

e proteica e níveis de agregação proteica na célula. Deste esforço resultou a identificação de 

vários produtos naturais bioativos, com particular destaque para a delfinidina, que 

apresentou um forte potencial contra a agregação de proteínas em células neuronais, 

indicando que poderá ser um valioso aliado na investigação e desenvolvimento de fármacos 

contra a neurodegeneração. 

A ativação crónica das vias de resolução de stress reticular ocorre também 

concomitantemente à resposta inflamatória, razão pela qual o RE pode ser um alvo 

molecular relevante para o tratamento de doenças inflamatórias. Com o objetivo de fornecer 

peças fundamentais para o desenvolvimento de novas estratégias para tratar doenças 

inflamatórios crónicas, este trabalho descreve a maquinaria molecular relacionada com a 

inflamação/UPR modulada por um painel de produtos naturais. As moléculas foram 

analisadas quanto à sua capacidade para inibir o NF-κB, seu efeito na geração de ROS, 

ativação do inflamassoma, libertação de citocinas e expressão génica relacionada à UPR. 

Este trabalho demonstra que as moléculas 5-desoxicaempferol, berberina, luteolina-4'-O-

glicósido, miricetina, quercetagetina e senósido B simultaneamente atenuam a sinalização 

inflamatória e da UPR. 
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No caso do cancro, graças ao seu ritmo de síntese proteica anormal, as células 

malignas apresentam uma conhecida vulnerabilidade ao stress reticular. Por esta razão, os 

produtos naturais foram triados para moléculas seletivamente citotóxicas contra linhas 

celulares cancerígenas que atuem desencadeando o stress reticular. As moléculas que 

exerceram esta citotoxicidade foram ainda estudadas para esclarecer o envolvimento da 

ativação da UPR no efeito observado, nomeadamente avaliando o seu impacto na 

homeostasia do cálcio, ativação de caspases e expressão génica relacionada com a UPR. A 

berberina e a emodina são caracterizadas pelos nossos resultados como potenciais 

compostos líder para a subsequente investigação e desenvolvimento de fármacos 

anticancerígenos seletivos. A berberina foi eficaz contra dois modelos celulares, 

nomeadamente células AGS (adenocarcinoma gástrico) e A549 (adenocarcinoma 

pulmonar), perturbando a homeostasia do cálcio, induzindo a expressão génica de 

biomarcadores da UPR e a ativação da caspase-4, residente no RE. Por esses motivos 

destaca-se como a molécula mais promissora contra a doença neoplásica. 

A fisetina foi outro composto ativo identificado ao longo deste trabalho. Foi 

sintetizado um conjunto de derivados deste composto, que foi testado juntamente com a 

molécula-mãe para determinar seu potencial contra o stress reticular nos vários contextos 

mencionados acima. Em concentrações não-citotóxicas, a fisetina foi eficaz contra a 

sinalização de NF-κB, libertação de citocinas, ativação do inflamassoma, produção de ROS 

e expressão génica de biomarcadores da UPR induzidos pelo LPS. Esta atividade é 

partilhada com alguns dos seus derivados e demonstra que é possível desenhar pequenas 

moléculas com melhor capacidade de modular o RE. 

Estes resultados reforçam a premissa de que os produtos naturais podem oferecer 

ferramentas valiosas para a descoberta e desenvolvimento farmacêutico de entidades 

químicas para modular a proteostasia e a UPR, bem como a resposta inflamatória. 

 

Palavras-chave: retículo endoplasmático, resposta a proteínas mal enoveladas, 

inflamação, produtos naturais, fisetina 
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THESIS OUTLINE 

 

This doctoral thesis comprises five main sections: 

 

Chapter I – Introduction 

 

The first chapter contains a review article produced under the scope of this thesis, with the 

title “Endoplasmic reticulum stress signaling in cancer and neurodegenerative disorders: 

Tools and strategies to understand its complexity”. This work provides an overview on the 

molecular biology of the endoplasmic reticulum, its role in health and disease (emphasizing 

cancer and neurodegenerative diseases), and methodologies that can be employed to study 

these topics. It was also necessary to address the topic of inflammation and endoplasmic 

reticulum stress, reason for which an additional original text on this subject ensues. 

 

Chapter II – Objectives 

 

The objectives that were outlined for this work are disclosed herein. 

 

Chapter III – Results 

 

This section contains the results obtained during this thesis, which are presented by the 

means of the resulting original research articles. 

 

The first work presented here is titled “A pipeline for natural small molecule inhibitors of 

endoplasmic reticulum stress” (Original Article #1), and describes the potential of a library 

of natural products against endoplasmic reticulum stress in the context of 

neurodegeneration. As a result of being the first work to be published, it also includes a 

description of the chemical library used in this thesis, including from a chemometric point 

of view. 

 

The second (original article #2), “A survey of naturally occurring molecules as new 

endoplasmic reticulum stress activators with selective anticancer activity”, explores the 

bioactivity of these molecules in what concerns to endoplasmic reticulum stress induction 

in cancer cells.  
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The same chemical library was surveyed for anti-inflammatory compounds with 

simultaneous amelioration of endoplasmic reticulum stress, resulting in the original article 

#3, “Naturally occurring small molecules with dual effect upon inflammatory signaling 

pathways and endoplasmic reticulum stress response”.  

 

Finally, derivatives of fisetin were synthesized and prospected for anti-endoplasmic 

reticulum stress and anti-inflammatory bioactivities, as described throughout the section 

and in original article #4, “Anti-inflammatory activity of fisetin derivatives”. 

 

Chapter IV – Discussion, conclusions and future 

perspectives 

 

This section contains an integrated interpretation and discussion of the works presented in 

the previous chapter. The main conclusions are summarized, and perspectives for future 

endeavors are traced. 

 

Chapter V – References 

 

The final chapter of this thesis provides the bibliographic references that supported its state 

of the art, discussion and writing. 
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Abstract 

 

The endoplasmic reticulum (ER) comprises a network of tubules and vesicles that 

constitutes the largest organelle of the eukaryotic cell. Being the location where most 

proteins are synthesized and folded, it is crucial for the upkeep of cellular homeostasis.  

Disturbed ER homeostasis triggers the activation of a conserved molecular 

machinery, termed the unfolded protein response (UPR), that comprises three major 

signaling branches, initiated by the protein kinase RNA-like endoplasmic reticulum kinase 

(PERK), inositol-requiring enzyme 1 (IRE1) and the activating transcription factor 6 

(ATF6). Given the impact of this intricate signaling network upon an extensive list of cellular 

processes, including protein turnover and autophagy, ER stress is involved in the onset and 

progression of multiple diseases, including cancer and neurodegenerative disorders. There 

is, for this reason, an increasing number of publications focused on characterizing and/or 

modulating ER stress, which have resulted in a wide array of techniques employed to study 

ER-related molecular events. This review aims to sum up the essentials on the current 

knowledge of the molecular biology of endoplasmic reticulum stress, while highlighting the 

available tools used in studies of this nature.  

Keywords: unfolded protein response, endoplasmic reticulum stress, PERK, IRE-1, ATF6, 

autophagy 
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1.1. Endoplasmic reticulum (ER) function, structure and dynamics 

 

The endoplasmic reticulum (ER) is the largest organelle of eukaryotic cells, 

comprising an intricate and highly dynamic network of tubules and branches that emerge 

from the nucleus and are distributed throughout the cytoplasm.  

From a structural point of view, the ER comprises the rough ER, constituted by sheets, 

and the smooth ER, constituted by tubules, each structure being related to the type of 

processes that takes place at the site. The rough ER is easily distinguished from the smooth 

ER due to the density of ribosomes it presents on its cytosolic surface, while the smooth ER 

lodges few ribosomes and presents smoother and more curved surfaces (1-3). 

The reticular architecture is highly dynamic, with new tubules being formed at 

constant rates, as well as their cytoskeletal transport along microtubules and homotypic 

fusion. New tubules branch from the older ones and slide along the others, being that the 

microtubule motors govern the expansion of the ER towards the cell membrane, while the 

inwards movements are microtubule-independent (4). Nonetheless, in the absence of 

microtubules, peripheral ER tubules may also move along actin filaments. Furthermore, 

microtubule polymerization may, by itself, push the movement of the ER tubules (4). 

Altogether, microtubule and actin filament dynamics influence the tubule-to-sheet ratio of 

the ER, as has been shown by cell imaging/ 3D-electron microscopy techniques (5).  

The ER plays a role of the utmost importance in the homeostasis of a wide array of 

cellular processes, even though it is classically associated to its main function: the de novo 

synthesis and folding of proteins (mainly in the rough ER). It is in the ER that the synthesis 

of most proteins takes place, mainly secreted and transmembrane proteins, but also some 

cytosolic ones. In the presence of a signal recognition particle (SRP), ribosomes containing 

mRNAs to be translated are recruited to bind the surface of the ER and proceed with their 

translation (1). The next step is protein folding, which encompasses the formation of 

disulfide bonds between cysteine residues of peptides at the ER lumen. After this, post-

translational modifications, such as N-linked glycosylation, also take place (6). As discussed 

later (Section 7), the inability to properly conduct this folding step is the basis of a number 

of proteinopathies, notably several neurodegenerative diseases.  

The ER is also involved in the transport of newly-synthesized protein and their 

delivery to target site through the secretory pathway, which involves the rough ER, ER exit 

sites, the ER-to-Golgi intermediate compartment, the Golgi apparatus itself and post-Golgi 

carriers that transport the proteins to their final target site (7). Although on a smaller scale, 

the synthesis and transportation of phospholipids and steroids also takes place in this 

organelle, mostly in the smooth ER (1). Furthermore, the ER constitutes the most important 

reservoir of ionic calcium in the cell, as discussed in depth in Section 1.5. 
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1.1.1. Studying ER morphology 

 

Changes the reticular morphology are commonly evaluated in studies regarding ER 

stress. Concerning ER labeling, even though the number of selective probes towards the ER 

is scarce, there are a few commercial options for direct ER imaging. Assessing ER 

morphology resorting to this sort of probe can be useful to detect ER stress by observing its 

characteristic traits, such as dilation, expansion, granulation or vacuolization of the 

organelle (8, 9). For instance, the ER is reported to expand in response to thapsigargin (10) 

or cyclosporine (11). On the fungus Pisolithus tinctorius, ER expansion and modified 

localization were observed upon treatment with brefeldin (12). 

ER trackers include ER-Tracker™ Blue-White, DPX ER-Tracker™ Green 

(glibenclamide BODIPY® FL) and ER-Tracker™ Red (glibenclamide BODIPY® TR). The 

green and red options consist of a dye of the selected spectrum bound to glibenclamide, 

which binds sulfonylurea receptors of ATP-sensitive K+ channels in the ER, potentially 

bearing the disadvantage of impairing the normal function of the organelle. On the other 

hand, the blue-white option is more environmentally sensitive and decreases its quantum 

yield on the presence of highly polar solvents, which can pose a great disadvantage when 

working with live cells (13-15). To choose the color of the probe relies solely on the 

preference of the researcher, being that it should be of a distinct color when the user intends 

to co-stain with dyes for other organelles. 

Another option is CellLight® products, that transfect green or red fluorescent protein-

based constructs fused to an ER retention signal that, in both cases, is calreticulin and 

KDEL, into cells. These options are to be used on live cells only, unlike ER trackers, which 

allow ER visualization both on live or fixed cells (16, 17). Furthermore, in 2016, McDonald 

et al. reported the first two fluorescent flavonoids that accumulate in the ER lumen. This 

accumulation is reported to be selective, as it was comparable with the localization of ER-

Tracker™ Red. However, the authors did not evaluate if these molecules accumulated in 

other cellular compartments, such as mitochondria or the Golgi apparatus, reason for which 

the there is still room for improving the knowledge regarding the selectivity of these 

compounds (18). Meinig et al. synthesized analogues of the flurophore rhodol that display 

the same properties (19).  

 The number of selective probes towards the ER is quite scarce. Furthermore, they are 

associated to a few limitations, since they may not be the most specific labeling tool and the 

manufacturer may not clearly indicate their target, enabling constraints in result 

interpretation. For these reasons, immunohistochemistry is often used to image the ER. The 

use of antibodies anti-reticular proteins combined with secondary antibodies with 

fluorogenic properties are the most frequent instances of this procedure. There are 
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published examples for several ER proteins, such as PDI (20), calpain-1 (21), calnexin (22, 

23), calreticulin (24) or the binding immunoglobulin protein (BiP) (25). The selectivity 

inherent to this sort of method is higher than that of the previously mentioned ER probes 

in that it allows visualization of a specific antigen, providing information regarding its 

expression at the protein level while simultaneously allowing to capture its subcellular 

localization (26). Differently, some commercially available probes do not always inform on 

the biological basis of the ER-affinity, which may lead to problems regarding selectivity. 

Recently, a promising alternative to conventional antibodies has emerged, namely the 

use of nanobodies or single-domain antibodies. These are fragments of antibodies that can 

be used in fluorescence microscopy and in the investigation of protein functions and 

interactions (27). Such approach has already been used to study the plasma membrane 

junctions with the ER on mammalian neurons (28) and to analyze retrograde transport to 

the Golgi apparatus (29). There is also a report concerning the development of a toolkit of 

functionalized nanobodies to study calcium dynamics (30). Even though currently this is 

not (yet) a common approach to study ER morphology, it is likely that will be the case in the 

years to come. This tool offers new possibilities to accurately study and visualize protein 

function in real time on live cells, posing a set of major advantages when compared to 

traditional antibodies. Briefly, these single domain antibodies are more stable in the cellular 

environment, more soluble, more resistant to varying thermal of chemical conditions and 

possess higher affinity towards the antigen (31). Nanobodies are highly specific due to their 

size, which allows them to bind cavities on the surface of the antigen, such as ligand-binding 

sites of receptors or catalytic sites on enzymes, and thus reducing nonspecific background 

binding. Furthermore, the production yield of this type of antibody considerably higher (32, 

33). 

 

1.1.2. Assessing misfolded proteins 

 

Chaperones aid newly synthesized proteins acquire their correct tridimensional 

conformation (34). In order to fulfill its role in protein folding, the ER relies on three 

chaperone families: i) the heat shock family, such as BiP, a member of the heat shock protein 

70 kDa family (HSP70), also termed glucose regulated protein 78 (GRP78), and the glucose-

related protein-94 (GRP94), which belongs to the heat shock protein 90 kDa family 

(HSP90); ii) lectins, such as calreticulin, calnexin and the ER degradation-enhancing α-

mannosidase-like protein (EDEM) and iii) the protein disulfide isomerase family (PDI) 

(35).  

BiP regulates one of the two major chaperone systems by recognizing exposed 

hydrophobic regions rich in tryptophan, phenylalanine or leucine, typical of misfolded 
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proteins. This is a monomeric protein that possesses two binding domains, one peptide-

binding and one ATP-binding. The second system is led by the two lectin chaperones 

calnexin (integral membrane protein) and calreticulin (luminal protein) that present 

glycoproteins to ERp57, a member of the PDI family, for disulfide bond formation and 

isomerization (35, 36). Whenever the calnexin-calreticulin deglycosylation-glycosylation 

cycle fails to produce correctly assembled peptides, the aberrant proteins are forwarded to 

endoplasmic reticulum-associated degradation (ERAD), that involves ubiquitination of 

targeted proteins and their subsequent degradation by the proteasome (37). 

The BiP system differs from calnexin in that it only detects the unfolded regions 

mentioned above, while calnexin/calreticulin system also detects N-linked glycans (36, 38). 

Hence, BiP is strongly associated to the detection of unfolded non-glycosylated peptides. 

Furthermore, this chaperone is important for maintaining of the permeability of the ER 

translocon. Once recognized as misfolded, proteins are directed to the cytosol via a protein 

channel formed by Sec61p, where the 26S proteasome can be found. Substrates recognized 

by calnexin/calreticulin are transferred to EDEM, while peptides associated to BiP are freed 

from the folding enzyme ERdj3/6 and bound to ERdh4/5 for degradation (36, 38). Even 

though the mechanism by which the ER can distinguish and target misfolded proteins from 

nascent polypeptides is yet to be clarified, chaperone GRP94 is considered to have a role on 

the process, since its knockdown inhibits the degradation of known ERAD substrates. It is 

therefore proposed that this chaperone interacts with ERAD sensor proteins (39). Like 

other members of the HSP90 family, GRP94 displays an N-terminal domain, and acidic 

linker domain, a middle domain and a C-terminal domain and functions as a dimer. Being 

more selective, it possesses a shorter client list than other chaperones (39). 

The accumulation of protein aggregates in the ER lumen is a hallmark of ER stress, 

reason for which its detection and quantification is a powerful tool to detect compromised 

reticular homeostasis, particularly in fields in which proteotoxicity is pivotal, such as 

neurodegeneration (40). Thioflavin T (ThT, Ex. 458 nm excitation, Em. 480–520 nm) is a 

small molecule that issues a fluorescent response when bound to protein aggregates. 

Techniques based on this molecule can be employed for both imaging and quantitation of 

misfolded protein accumulation. Nonetheless, this approach does not provide insight into 

the molecular machinery activated during that disturbance. ThT is reported to have a 

particular affinity towards β-sheets (41). In a study designed to assess the feasibility of its 

use to detect ER stress, it was successfully employed in a cell culture system with mouse 

embryonic fibroblasts (MEFs), human hepatocarcinoma cells (HepG2), and human aortic 

endothelial cells (HAEC), and also on ApoE-/- mouse liver sections. In thapsigargin (a potent 

ER stress inducer)-challenged cells (1 µM, 12 h), 5 µM ThT resulted in maximum differences 

of 5.5 fold against control cells. It also responded to treatments with other known ER stress 
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inducers, namely dithiothreitol (DTT), glucosamine and palmitate. Increasing thapsigargin 

concentration (from 0 to 1 µM) revealed a linear response, relatable to the degree of ER 

stress. This study also develops a staining method employing ThT, which allows 

visualization of the fluorescent compound in the ER lumen, where misfolded proteins 

accumulate (42).  

Anti-KDEL staining has been used to visualize increased chaperone protein levels 

under ER stress, using monoclonal antibodies that bind these ER stress biomarkers. KDEL 

represents the aminoacid sequence Lys-Asp-Glu-Leu, characteristic of ER-synthesized 

proteins for the secretory pathway (42, 43). The use of this technique is vastly described in 

the literature, using several ER stress biomarkers (44-49). However, even though KDEL is 

a retention signal to the ER, it also works as a retrieval signal from the Golgi apparatus, and 

hence anti-KDEL staining may suffer some interference from peptides that are in the latter 

organelle to be retrotransported to the ER (50). 

Protein disulfide isomerases (PDIs) play a pivotal role in protein folding. For this 

reason, cell-free enzymatic assays have been developed to analyze the ability of candidate 

molecules to modulate the activity of these enzymes, which can be a demanding task 

considering PDIs can mediate up to four distinct reactions. Isomerase activity is measured 

when substrates presents scrambled disulfide bonds. PDI converts it to its native state, 

restoring its activity. Oxidase activity occurs when the substrate is in a reduced and PDI 

performs its oxidative refolding. Reductase activity, on the other hand, occurs when the 

substrate is oxidized. Finally, chaperone activity can be measured using substrates that do 

not contain disulfide bonds. This last can be determined through recovery of substrate 

activity, thus its subsequent determination is required (such as the reductase or isomerase) 

and also through changes in substrate aggregation (51, 52). A summary of the substrates 

that are commonly used for the determination of each type of PDI activity can be found in 

Table 1. 

 

Table 1. Common substrates for the determination of each type of PDI activity. 

 

 

Activity Substrates References 

Reductase 
Insulin along with DTT or glutathione (GSH); di-(o-aminobenzoyl)-GSSG 

(diabz-GSSG); dieosinGSSG (Di-E-GSSG) 
(53) 

Oxidase RNAse; bovine pancreatic trypsin inhibitor (BPTI) lysozyme (51, 52) 

Isomerase Scrambled RNAse; riboflavin-binding protein (51, 52) 

Chaperone 

D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 

lactate dehydrogenase; rhodanase or citrate synthase; alcohol 

dehydrogenase 

(54, 55) 
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1.2. The unfolded protein response 

 

In cases where homeostasis of any of the aforementioned ER-based processes is 

disturbed, the resulting stress conditions may compromise this organelle’s ability to 

correctly assemble and process peptides. Eventually, the amount of newly synthesized 

proteins surpasses the amount awaiting folding in the ER, leading to the accumulation and 

aggregation of misfolded and/or unfolded proteins in the ER lumen. At this point, the 

unfolded protein response (UPR) is triggered, a chain of molecular events that has evolved 

to restore homeostatic conditions. Briefly, the UPR i) decreases the rate of protein synthesis 

to alleviate protein overload, while promoting the correct processing of synthesized proteins 

and preventing aggregation in the ER lumen, ii) promotes ERAD and iii) boosts the 

expansion of the ER network. Nevertheless, if the stress upon the ER is of such intensity or 

duration that it cannot be repaired, the UPR signaling switches from survival to pro-death 

mechanisms (56). The major molecular events resulting from UPR activation will be 

discussed hereafter.  

BiP, senses the accumulation of misfolded polypeptides in the ER by binding their 

exposed hydrophobic residues to its C-terminal domain, thus acting as a chaperone. When 

misfolded proteins are sensed on its C-terminal domain, ATP is hydrolyzed at the N-

terminal domain, increasing the affinity of the C-terminal domain towards its incorrectly 

processed substrate, thus keeping it in the ER lumen for a more extended period of time, in 

order to allow for other mechanism to intervene and correct the mistake. Under homeostatic 

conditions, BiP localizes on the ER lumen, binding the luminal domain of all of the three 

major transmembrane proteins that sense ER stress. The classic UPR model indicates that, 

upon ER stress and increased levels of misfolded proteins, BiP detaches from these sensors, 

subsequently leading to their activation (57, 58). These sensor proteins are the 

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

1 (IRE1) and the activating transcription factor 6 (ATF6). Their mechanisms of action will 

be detailed below and are schematized in Figure 1. 
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Figure 1. Major molecular machinery involved in the activation of the unfolded protein 

response (UPR). 

 

By minimizing or even silencing gene expression, interfering RNA (RNAi) is a 

powerful tool of gene knockdown. An example of one of these instances was developed to 

study the role of BiP on palate development. Towards this goal, a small RNAi of BiP was 

inserted on a fluorescent vector and injected on palate explants. This injection resulted, as 

it was to be expected, on reduced UPR gene expression (59). 

 

1.2.1. PERK branch 

 

The first of the three major branches of the UPR discussed here is initiated by PERK. 

When BiP dissociates from this sensor, PERK is activated by homodimerization and trans-

autophosphorylation. Then, it phosphorylates the α subunit of the eukaryotic initiation 

factor 2 (eIF2), which, in turn, attenuates protein translation in order to decrease the load 

of proteins in the ER lumen that await processing. This pro-survival signaling may allow the 

XBP1

sXBP1 p50ATF6

ATF4

ATF4

Protein 
synthesis

ER expansion

Enhanced translation of UPR 
and ERAD chaperones

Cell death / Apoptosis

ATF6

p50ATF6

PERK
ATF6

IRE1

PP

P P

P eIF2α

Nucleus

Endoplasmic reticulum

Golgi



Review Article 

18 
 

cell to cope with the stress conditions it is under, thus helping restore homeostasis. 

However, if these stress conditions are too severe or last for too long, this branch can switch 

to pro-apoptotic signaling by activating the activating transcription factor 4 (ATF4). ATF4 

is a basic leucine zipper transcription factor responsible for enhancing the expression of 

genes related to amino acid metabolism, nutrient uptake, anti-oxidation, protein folding 

and apoptosis, working along with other transcription factor in the UPR (60, 61). This 

transcription factor induces the expression of genes like the one encoding for the CCAAT-

enhancer-binding protein homologous protein (CHOP), which triggers apoptosis (62). 

Although the mechanisms through which CHOP triggers regulated cell death are still not 

completely understood, it is accepted that there is a correlation between CHOP-induced cell 

death and downregulation of the pro-survival protein B-cell lymphoma-2 (Bcl-2), 

concurrently with upregulation of caspase-3, Bcl-X (Bcl-2 like protein 1), Bax (Bcl-2 

associated X-protein), GADD34 (growth arrest and DNA damage-inducible protein), as well 

as the EOR1α and TRB3 genes (63, 64). GADD34 restores protein synthesis rates by 

stimulating eIF2α dephosphorylation, which, in turn, results in proteotoxicity by increased 

reactive oxygen species (ROS) production and ATP depletion (64). The relationship 

between oxidative stress and ER stress will be more detailed on Section 1.4.. TRB3 is 

another CHOP-induced gene known to be involved in cell death and to downregulate its 

own expression by repressing CHOP activity (65). Finally, ER oxidoreductin 1 (EOR1) sets 

off the CHOP-EOR1α-IP3R-calcium-calcium/calmodulin-dependent protein kinase II 

(CaMKII) pathway, which culminates in mitochondria permeabilization and release of 

Bax/Bak (63). 

Phosphorylation of eIF2α favors the translation of a few genes, designated by 

integrated stress response (ISR) genes (66). These genes include ATF4 and CHOP. As is it 

associated to triggering stress-induced apoptosis, basal levels of CHOP are usually low. 

However, they quickly rise upon ATF4 activation, even though it can also be induced in a 

PERK-, IRE1- or ATF6-dependent manner. This transcription factor is crucial for ensuing 

ER stress-induced apoptotic signaling (67). Molecular events ensuing the activation of the 

PERK branch of the UPR are schematized in Figure 2. 
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Figure 2. Molecular events ensuing the activation of the PERK branch of the UPR. 

 

Badr et al. employed Western Blotting to analyze UPR activation by assessing ATF4 

protein levels and distinguish between phosphorylated and unphosphorylated eIF2α, using 

a specific antibody for the phosphorylated form and a pan-eIF2α antibody (68). In brief, 

this sort of technique is robust and widespread throughout the literature regarding ER 

stress. 

In order to infer about the role of a given pathway in in the UPR, some selective 

pharmacological inhibitors are available. Most of these molecules have been discovered or 

developed in the attempt to create drugs acting specifically in the ER, yet their toxicity 

deemed their use for research only. 

GSK2606414 is a selective inhibitor of PERK. In in vivo models of prion-disease, 

GSK2606414 restored protein synthesis, resulting in neuroprotection and prevention of 

disease onset. However, the compound presented marked toxicity, inducing weight loss and 

hyperglycemia (69). Salubrinal is a pharmacological inhibitor of eIF2α dephosphorylation 

that acts by blocking the activity of the protein complex growth arrest and GADD34/protein 

phosphatase 1 (PP1) (70). There is a considerable number of studies indicating that 

salubrinal is able to protect cells against a set of toxic compounds that act by triggering ER 

stress. Multiple studies rely in the co-incubation of cells with a toxic compound in the 

presence of salubrinal and subsequently measure cell viability or death pathways. 

Concentrations of salubrinal used are usually in the 5-100 µM range and, in some cases, this 

molecule is pre-incubated one to two hours before the target toxic compound (70-75). 
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Salubrinal has also been tested in vivo, being injected via intracerebral ventricle to study 

the impact of ER stress in autophagy induced by brain ischemic preconditioning. The 

concentrations of salubrinal tested in this study are considerably lower (75-150 pM) than 

usually reported (76). In different reports, however, salubrinal was administrated through 

intraperitoneal injection at 1 mg/kg (77, 78), in the intra-articular space at 1.5 mg/kg (73) 

or intravenously at 2.0 mg/kg (75). This significant variation in protocols calls for a 

standard in the field which can contribute to improve the benchmarking between distinct 

studies. There are also in vivo studies that reported the high toxicity of the compound, 

reason for which its use is currently reserved for research purposes (69, 79). 

 

1.2.2. IRE1 branch 

 

The IRE1 branch of the UPR is initiated upon activation of the kinase through 

autophosphorylation and homodimerization or oligomerization. Of all the UPR 

transducers, IRE1 is the most conserved (80).  

Not unlike PERK, this branch can also promote survival or trigger cell death, as 

summarized in Figure 3. In addition to its kinase function, IRE1 also has RNAse activity 

and it splices the mRNA encoding for X-box binding protein 1 (XBP1), removing its introns 

and thus leading to the formation of spliced XBP1 (XBP1s) and its subsequent translation 

into a transcription factor.  

 

Figure 3. Molecular events ensuing the activation of the IRE1 and ATF6 branches of the 

UPR. 
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This requires the cooperation of IRE1 units and is involved in its pro-survival action 

(80-84). Its pro-death action, however, can be carried out by a single unit of the enzyme, 

and consists of a process termed regulated IRE1-dependent decay (RIDD), ultimately 

resulting in cell death. RIDD involves the preferential cleavage of ER-associated mRNAs 

encoding for growth-promoting proteins, the resulting fragments being rapidly degraded by 

the action of exoribonucleases (80-82). It is worth mentioning that IRE1 occurs in two 

different isoforms (IRE1α and –β) and, even though both are activated upon ER stress 

conditions, IRE1α is the most relevant, since it occurs ubiquitously in the organism, unlike 

IRE1β, which is restricted to gastrointestinal and respiratory epithelial cells (80, 85, 86). 

XBP1s is a potent transcription factor that binds the endoplasmic reticulum stress 

response element (ERSE) and unfolded protein response element (UPRE) and, 

consequently, enhances the expression of genes comprised in the ER machinery, such as 

BiP. Although its cleavage is associated to the IRE1 pathway, its expression can also be 

induced by ATF6 (87, 88). 

A luminescence-based high-throughput IRE1 activity assay has been designed to 

identify its potential modulators. The authors identified peptides derived from the kinase 

domain of IRE1 that can modulate its activity and performed in vitro (in human 

hepatocellular carcinoma cells) and in vivo (in Caenorhabditis elegans) experiments that 

conclude that these peptides can enhance IRE1 oligomerization and promote cell survival 

upon ER stress conditions by enhancing XBP1 splicing but simultaneously limiting JNK 

activation and RIDD. This poses the possibility of selectively modulating of IRE1 activity, 

being that the establishment of modulators of the pro-survival activity of this protein may 

build a new strategy against the nefarious effects of ER stress (89, 90). 

In the case of xbp-1, to simply determine total mRNA amounts by qPCR is not 

illustrative of its activity, since its activation as a transcription factor involves mRNA 

splicing. As so, experimental frameworks should compare the amounts of spliced and 

unspliced xbp1 mRNA to be able to draw any conclusions (87). There is a report on a spliced-

xbp1 specific RT-PCR technique, which allows to separate spliced and unspliced mRNA in 

a human monocytic cell line (THP-1) (87).  

Gene expression levels of ern1 (IRE1 gene) may also be misleading, since it is more 

assertive to infer about its activation by determining its phosphorylation status by Western 

Blotting. There are numerous IRE1-specific antibodies available, not only to determine the 

whole IRE1 protein but also to specifically analyze the phosphorylated portion of the latter 

(91, 92). For this reason, researchers have resorted to the determination of mRNA levels of 

genes like erdj4, which is an ERAD-related gene downstream of xbp1 (93). 

Reporter genes assays have also been employed to study the IRE1 branch of the UPR. 

One such instance are Venus-based constructs, a variant of green fluorescent protein. By 
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fusing it to XBP1, it is possible to analyze its splicing by IRE-1 under ER stress conditions, 

by detecting the fluorescence of the translated protein (94). Furthermore, XBP-1 has been 

implied in the antimyeloma activity of bortezomib via RNAi knockdown in cell lines (95). 

This type of technique has also been used on XBP-1 and IRE1 to study the mechanism of 

RIDD (96). There are also reports of dominant-negative IRE1 transgenes expressed in cell 

lines, as well as IRE1 knockout mice models (97). 

4µ8C is one of the pharmacological inhibitors available that acts upon the IRE1 

branch of the UPR. It inhibits both the kinase and RNAse activity of IRE1 by binding its 

kinase domain at K599 and its RNAse domain at K907 (98, 99). In vitro, the concentration in 

which 4µ8C is used is quite wide (72, 100-102), including a report of 150 nM as its IE50 (50% 

inhibition efficacy) towards XBP1 splicing inhibition in macrophages (103), to 

concentrations as high as 100 µM described for the same cell type (92). In vivo, it has been 

used at 10 mg/kg, administrated by intraperitoneal injection (104). 

STF083010, like 4µ8C, acts as an IRE1 inhibitor. However, it inhibits only its RNAse 

domain, thus allowing it to retain its kinase activity while preventing XBP1 mRNA splicing 

and RIDD. In vitro, it is commonly used at 50 or 60 µM (92, 104-106). In vivo, it has been 

used at 30 mg/kg via intraperitoneal injection (104, 107). 

 

1.2.3. ATF6 branch 

 

The transcription factor ATF6 is embedded in the ER membrane, being released upon 

accumulation of misfolded proteins in the ER lumen. Once activated, it translocates to the 

Golgi apparatus, where it is cleaved by site-1 and site-2 proteases, originating p50ATF6. It 

then translocates to the nucleus, where it is responsible for inducing the transcription of ER 

chaperones by binding ERSE in an attempt to restore homeostasis (108-111). Under optimal 

conditions, ATF6 is maintained in the ER binding BiP, which inhibits Golgi localization 

signals (112). The events resulting from the activation of this transcription factor are 

depicted in Figure 3. 

Not unlike other UPR transducers, simply assessing gene expression levels of ATF6 

may not provide enough information, being that it is important to determine its activation 

by analyzing its cleavage and localization. Another possible approach is to determine gene 

expression levels of its downstream genes, such as HYOU1 and HERPUD (113). There are 

also several reports of green fluorescent protein constructs with ATF6 that can be useful in 

assessing its subcellular localization, and therefore infer about its activation status (114). 

There are not many examples in the literature of the use of pharmacological inhibitors 

towards the ATF6 branch of the UPR. However, in 2016, Gallagher et al. discovered that a 

class of pyrazole amides named ceapins can inhibit ATF6 signaling, without affecting other 
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proteins involved in the UPR, and thus allowing for the analysis of the impact of all the three 

major UPR branches separately. The IC50 of ceapins are 4.9 µM for ceapin A1 and 2.6 µM 

and 0.59 µM for ceapin A6 and ceapin A7, respectively (115). There have not been 

noteworthy advances since this, and thus there is still a significant need for new ATF6 

modulators. There are, however, reports of a pharmacological inducer of this transcription 

factor, discovered among a library of over 600,000 molecules (116), and subsequent studies 

on knockout mice models. The discovery of an ATF6 inducer led to the hypothesis that 

stimulation of this signaling branch may greatly benefit proteostasis under pathological 

conditions in which it is compromised (117).  

Mice models have been an important tool to the achievement of the current knowledge 

of ER stress and the UPR. There are available in vivo knockout models to study multiple 

UPR transducers, like atf6, ern1, xbp1, perk, eif2α, atf4 and ddit3, as reviewed elsewhere 

(118). 

A brief summary of the functions of the major proteins involved in the UPR can be 

found in Table 2. 

 

Table 2. Description of the activation and mechanisms of action of the major proteins 

involved in the UPR. 

 

Assessment of changes in the mRNA levels of UPR target genes is one of the strategies 

most commonly found in the literature (44, 45, 48, 68, 124-127). Table 3 presents the most 

relevant UPR genes, which expression is often evaluated in ER stress-related studies. 

Protein Class Mechanism of action References 

ATF4 
Transcription 

factor 

Upregulates pro-apoptotic genes such as CHOP or 

activating transcription factor 3 (ATF3) / 

upregulates pro-survival genes like BiP  

(68) 

ATF6 
Transcription 

factor 
Upregulation of UPR machinery and CHOP (119, 120) 

BiP Chaperone Binding of unfolded/misfolded proteins,  (57) 

CHOP 
Transcription 

factor 
Triggers apoptosis via Bcl-2 downregulation (67) 

eIF2α 
Translation 

initiation factor 

Impairment of translation initiation, selectively 

upregulation of a few UPR proteins 
(121) 

IRE1 
Kinase and 

RNAse 
Splicing of the XBP1mRNA  (81) 

PERK Kinase Phosphorylation of eIF2α (122, 123) 

XBP1s 
Transcription 

factor 

Binding of ERSE and UPRE, upregulating UPR 

machinery 
(88) 
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Table 3. Name, NCBI reference sequence, chromosomal location and function of the most 

widely-used UPR genes, according to the GenBank database. 

 

In the case of several key mediators of the UPR, mRNA expression by itself does not 

provide sufficient information. For example, in the case of IRE1, PERK or eIF2α, the 

phosphorylation status should also be determined, in order to correctly infer about their 

activity. Analogously, the gene expression of ATF6 or XBP1 provides little information about 

its activity as a transcription factor, since it depends on proteolytic or mRNA cleavage, 

respectively. Thus, it is necessary to distinguish between the native and cleaved forms, 

rather than just assessing total mRNA amount.  

In order to understand and modulate ER stress, several molecules of different origins 

were established as modulators of one or more of its signaling pathways. The most 

commonly used molecules on research are listed on Table 4, along with a brief description 

of their mechanism of action, in order to provide insights about their use on assays aiming 

Gene/Protein 
NCBI Reference 

Sequence 

Chromosomal 

Location 
Expression/Function 

atf4/ATF4 
Var1: NM_001675.4 

Var2:  NM_182810.2 
22q13.1 

Ubiquitous expression. Broadly 

expressed in bone marrow. 

atf6/ATF6 NM_007348.4 1q23.3 

Ubiquitous expression, particularly 

high on thyroid, placenta, brain, 

kidneys and appendix. 

ddit3/CHOP 

Var1: NM_001195053.1 

Var2: NM_001195054.1 

Var3: NM_001195055.1 

Var4:  NM_001195056.1 

Var5:  NM_004083.5 

Var6:  NM_001195057.1 

12q13.3 

Expressed in virtually every type of 

tissue, notably on thyroid and bone 

marrow. 

eif2ak3/PERK 
Var1: NM_004836.6 

Var2: NM_001313915.1 
2p11.2 

Higher expression in thyroid, 

stomach, colon and bone marrow.  

eif2s1/eIF2α NM_004094.5 14q23.3 
Expressed in all tissues, highlighting 

testis and esophagus. 

ern1/IRE1 

 

NM_001433.5 

 

17q23.3 

Ubiquitously expressed. Broadly 

expressed in adrenal glands and 

pancreas 

hspa5/BiP NM_005347.5 9q33.3 

Broadly expressed in every tissue, 

particularly in thyroid, bone marrow 

and placenta. 

xbp1/XBP1 
Var1: NM_005080.3 

Var2: NM_001079539.1 
22q12.1; 22q12 

Ubiquitous expression, albeit 

especially high in salivary glands, 

liver and urinary bladder. 
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to analyze ER stress. For a deeper insight on the subject of ER stress modulators, the reader 

is referred to a few available reviews (128-132). 

 

Table 4. ER stress modulators classified according to their respective mechanism of action.

  
Molecule Effect Mechanism of action References 

4-Phenylbutyric acid Protector Chemical chaperone. (125, 133-135) 

Salubrinal Protector Inhibition of eIF2α dephosphorylation 
(70, 71, 76, 136, 

137) 

Brefeldin Inducer Inhibition of ER-Golgi transport. (138-140) 

DTT Inducer Impairment of protein folding (141) 

Palmitate Inducer 
Activation of caspase-4 and JNK, 

induction of ATF4 and CHOP. 
(142, 143) 

Thapsigargin Inducer Irreversible SERCA pump inhibition. (144, 145) 

Tunicamycin Inducer N-linked glycosylation inhibition. (146) 

 

1.3. The ER-mitochondria axis 

 

The ER and mitochondria mutually communicate through zones collectively termed 

mitochondria-associated ER membrane (MAM). Both organelles are dynamic structures 

that can relocate within the cytoplasm by moving through the cytoskeleton according to the 

needs of the cell. For this reason, under ER stress MAM surface increases, particularly on 

the perinuclear region. MAM encloses a significant portion of the outer mitochondrial 

membrane (OMM), up to 20%. At these sites, there are direct channels for calcium transfer 

from the ER lumen into the mitochondria, since chaperone GRP75 directly links IP3-R on 

the ER membrane and the voltage-dependent anion channel (VDAC) on the OMM. Under 

ER stress, this transfer may be overwhelming for mitochondria, leading to the 

depolarization of the inner mitochondrial membrane (IMM) and potentially triggering 

regulated cell death mechanisms, as depicted on Figure 4 (147). Currently, it is possible to 

isolate MAMs resorting to subcellular fractionation techniques (148). 
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Figure 4. ER-induced mitochondria-dependent regulated cell death. Dynamin-related 

protein 1 (Drp1) mediates mitochondrial membrane fission. Phosphofurin acidic cluster 

sorting protein 2 (PACS-2) is necessary for the connection between the ER and 

mitochondria. Apoptosis signal-regulating kinase 1 (ASK1) is a member of the mitogen-

activated protein kinase MAPK family, as well as dual specificity mitogen-activated protein 

kinase kinases -4 and -7 (MKK4/7). 

 

Depolarization of IMM disrupts its otherwise low permeability and results in the 

release of cytochrome c and other pro-apoptotic factors. Such proteins include the BH3-

only proteins of the Bcl-2 family; Bid, Bad, Bim and Puma, which bind other proteins of the 

Bcl-2 and block their pro-survival action (149, 150). Apoptotic cell death is classically 

divided in two pathways: the intrinsic, or mitochondrial, and the extrinsic, or death receptor 

pathway. While ER stress is known to trigger the intrinsic pathway, ER stress-mediated 

pathway have been associated to distinct apoptotic models, namely the cell death receptor-

mediated apoptosis (151). ER stress-induced regulated cell death involves the activation of 

the inflammatory caspase-4 in humans (caspase-12 in rodents (152)), which resides in the 

ER in homeostatic conditions (127, 153). Shortly, the involvement of the UPR in the process 

is known to involve changes on PERK and IRE1α signaling, as well as calcium release from 
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the ER lumen, elements of the Bcl-2 family and MAPK-kinases, namely the c-Jun N-

terminal kinase (JNK) (64, 154). 

In order to study the communication between the ER and the mitochondria, the most 

extensively used techniques have been electron microscopy, calcium dynamics and ROS 

production (155).  

 

1.4. Crosstalk between ER stress and ROS 

 

Recent research has established that oxidative stress can trigger ER stress, the 

opposite event also being possible (156). In fact, it is currently known that protein folding 

and generation of ROS are inseparable events. As mentioned before, protein folding 

implicates the formation of disulfide bonds between cysteine pairs and allows the protein 

to acquire its correct tertiary structure. The highly oxidizing redox potential of the ER is 

pivotal for oxidative protein folding to take place, namely disulfide bond formation, and 

thus the accumulation of unfolded proteins on the ER lumen is accompanied by changes on 

its redox status, beyond UPR activation. The redox status of this organelle is actively 

regulated by a number of thiol oxidoreductases and low-molecular weight redox-active 

electron carriers, which regulate the activities of the ER-resident oxidases peroxiredoxin 4 

and ERO1 (157). ROS are physiologically present in the ER as a product of the transference 

of electrons between PDI and ERO1. When the ER is overloaded with misfolded proteins, 

ROS are overproduced and interact with ER enzymes, chaperones and calcium channels, 

leading to the leakage of ionic calcium into the cytosol, leading the mitochondria to generate 

more ROS and disrupting the mitochondrial membrane potential and thus inducing 

programmed cell death events or triggering autophagy (158-160). In a thapsigargin-induced 

model of cell death, overexpression of antioxidant enzymes like superoxide dismutase has 

been observed to protect neuronal cells, thus evidencing the role ROS in ER-mediated cell 

death (161). In vitro and in vivo studies with Chop -/- mice have elucidated that this gene is 

required for the response to oxidative stress and subsequent progression of apoptosis, since 

its knockout protects against the induction of UPR related genes, such as EDEM1, while 

simultaneously reducing the expression of ERO1 (159, 162). Furthermore, CHOP 

contributes to oxidative stress by inhibiting the expression of Bcl-2 and enhancing JNK 

signaling (163). 

Redox-sensitive green fluorescent proteins (GFP) have been successfully employed to 

evaluate redox changes on the ER both in vitro and in vivo. These reporters, termed eroGFP 

(ER-targeted redox-sensitive GFP), possess a cysteine pair that becomes disulfide-linked 

when in and oxidizing environment, changing its fluorescence excitability maximum from 

490 to 400 nm. These reporters are therefore advantageous in that they allow the 



Review Article 

28 
 

determination of the ratio between the fluorescence excitation of both wavelengths, hence 

allowing to minimize interferences such as photobleaching or operator errors. Combining 

this reporter with a red fluorescent protein-based construct designed to evaluate UPR 

activation, the authors conclude that unfolded protein accumulation induced by ER 

stressors results in reduction of the ER redox potential and UPR activation (164). This 

construct contained KDEL, the mammalian ER retrieval signal, on the C-terminus of the 

reporter, and the sequence of BiP on its N-terminus. It was observed that, in vivo, the probe 

is nearly completely oxidized under homeostatic conditions, and that impaired ERO1 or 

peroxiredoxin 4 activities compromise the oxidizing potential of the ER (165). Subsequent 

reports mention green fluorescent protein-based constructs (roGFP1-iL) detect oxidizing 

and reducing changes between -190 and -130 mV (as determined in 3T3-L1 fibroblasts) by 

glutathione (GSH)-mediated formation of disulfide bonds and dimerization, significantly 

increasing the molecule’s reduction potential (157). A similar green-fluorescent protein 

probe for measuring the ER redox potential has been developed by Hoseki et al. by 

substituting specific amino acids in order to increase folding efficacy of the protein. This 

new probe was named ER-targeted roGFP-S4 and was tested in HeLa cells. Like the 

previously mentioned reporter, this probe presents two excitations maxima depending on 

the surrounding redox status. This study reports that an enhanced ERO1 redox cycle 

increases ER oxidation. Consequently, protein folding is enhanced, since this enzyme 

generates H2O2 via transference of electrons to H2O molecules. As expected and like in the 

previously mentioned studies, the ER redox state was found to reduce after treatment with 

reference ER stress inducers (thapsigargin and tunicamycin) (166). 

 

1.5. Role of the ER in calcium homeostasis 

 

Maintenance of proteostasis is not the only role that the ER plays in the cellular 

upkeep. This organelle is the main calcium reservoir of the cell and is involved in the tight 

regulation of its levels, which in turn are involved in processes such as cell proliferation, 

differentiation, metabolism, apoptosis and gene expression (167). The normal 

concentration of calcium outside the cell can be as high as 2 mM, while in the cytosol it is 

estimated to be around 100 nM (167, 168). 

Fundamental mechanisms of calcium concentration upkeep in the ER involve three 

types of proteins: i) pumps to import Ca2+ ions from the cytosol, ii) luminal proteins to bind 

calcium and iii) channels to release these ions according to the cellular context, controlled 

by an electrochemical gradient. Several calcium-binding ER proteins are involved on 

calcium buffering, like BiP and other chaperones, such as GRP94 and calreticulin, as well 

as proteins from the PDI family. One of the best-known pumps involved in this process is 
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the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA). This ATPase, regulated by 

calnexin and calreticulin, is in charge of calcium uptake by the ER, importing two calcium 

ions from the cytosol for each ATP molecule hydrolyzed (169). On the other hand, the 

release of calcium ions into the cytosol requires the inositol 1,4,5-triphosphate receptor 

(IP3R) and the ryanodine receptor (RyR) (170). The relationship between ionic calcium 

levels and proteostasis is further established, since insufficient calcium on the ER will 

impair the function of these proteins.  

Binding of calcium to chaperones results in two major consequences: i) buffering ER 

calcium levels and ii) regulation of the calcium-dependent function of these proteins. 

GRP94 represents 5 to 10% of the pool of luminal proteins in the ER and possesses 19 

calcium binding sites. BiP has a lower capacity to bind calcium (1 to 2 mol of calcium per 

mol). However, due to its high expression, it contributes to about 25% of the calcium storage 

capacity of the ER. This monomeric protein possesses two binding domains, one peptide-

binding and one ATP-binding. PDI and PDI-like proteins also contribute to calcium 

buffering in the reticular environment. Examples of such PDI-like proteins are calcistorin, 

calsequestrin, ERp72 and ERp44 (37).  

Evidently, intracellular calcium levels are tightly regulated within the cell, being that 

the occurrence of ER stress may lead to its displacement from the ER lumen into the cytosol. 

It also works on the opposite direction, i.e., temporal and/or spatial imbalances on calcium 

upkeep may lead to ER stress. For this reason, disturbances in calcium homeostasis are 

frequently analyzed in ER stress studies. Fura-2-acetoxymethyl ester or Fura-2/AM, a 

membrane-permeable derivative of the original calcium dye Fura-2, is the most commonly 

employed calcium probe in the ER-related literature nowadays. It is a ratiometric dye that 

is used both for intracellular calcium imaging and quantitation; the fact that it is ratiometric 

confers it a high reliability, due to decreased errors brought by uneven pipetting, 

photobleaching, or differences in cell lines. Once in the cell, cellular esterases cleave the 

acetoxymethyl group; then, the calcium-bound molecule will display its excitation 

wavelength at approximately 340 nm, while the free form is centered around 380 nm, being 

that the emission is maximum at 510 nm in both cases. Hence, the amount of intracellular 

calcium is presented as the F340/510/F380/510 ratio (171-173).This fluorescent dye has been 

used extensively in a wide set of cell lines in the 3-5 µM range (72, 174-176). 

There are other fluorescent calcium probes commercially available. One example is 

Fura-PE3/AM, a variant of Fura-2/AM that is designed to avoid possible 

compartmentalization in the cell. Suppliers report that hydrolysis of this molecule by 

esterases will trap it inside the cytosol and make it cell membrane impermeable (177, 178). 

Other methodologies available include quantitation of radiolabeled 45Ca2+ in ER 

microsomes and whole cells (168). 
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Assays to determine SERCA pump activity are not found in the literature quite as often 

as other less direct approaches to infer about changes on calcium homeostasis. A reason for 

this may be the technical difficulties posed by direct measurements of its activity. There are, 

however, a few reports concerning the indirect determination of SERCA activity. Towards 

this goal, McMullen and co-workers developed a 96-well plate colorimetric assay to quantify 

the amount of inorganic phosphate that is released by the pump following ATP hydrolysis, 

which then complexes with ammonium molybdate and malachite green. The authors 

proceeded to isolate microsomes from brain tissue and prepared an inorganic phosphate 

quantification reagent that binds with inorganic phosphate, whereas the resulting complex 

issues a green color that can be measured at 660 nm in a spectrophotometer (168).  

Another approach for the analysis of SERCA pump activity in vitro is based on the 

chemiluminescent calcium-binding protein aequorin targeted to the ER. This allows for the 

analysis of the rate of calcium import into the ER lumen, which is related to SERCA activity. 

The same authors propose a protocol for determining SERCA activity in vivo, through 

isolation of ER vesicles and their analysis of their calcium uptake resorting to the fluorescent 

calcium dye Fluo-3 (46). 

 

1.6. A role for ER stress and the UPR in autophagy 

 

Autophagy, a highly conserved catabolic mechanism, is critical for organism 

development and cellular homeostasis by assuring the protein turnover of the cell, 

refurnishing it with the amino acids that result from the breakdown of intracellular 

components like soluble peptides, protein aggregates or even organelles. The process begins 

with the formation of the phagophore, often arising from the ER membrane, and comes to 

an end with the elimination of the autophagosome (179).  

Autophagy is involved on the pathogenesis of several diseases. This process 

progressively subsides with age, leading to the reduced formation of autophagic vesicles and 

their impaired fusion with lysosomes (180). In fact, the accumulation of toxic protein 

aggregate that are characteristic of some neurodegenerative diseases is connected to 

unsuccessful autophagy following the cell’s inability to properly fold these proteins. 

However, on the case of neoplastic disease, a dual role is attributed to the autophagic 

pathway: on one hand, it suppresses initial tumor development, on the other hand, it may 

protect it from the immune response (181).  

Autophagy can be sorted in three different types, i. e. i) macroautophagy, that implies 

the enclosure of cytoplasmic content in double-walled vesicles destined to fuse with 

lysosomes and is generally referred to simply as autophagy, ii) microautophagy, that occurs 

when the cytoplasmic content, labeled with a signal peptide, is directly gorged by the 
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lysosome and iii) selective autophagy, that eliminates mitochondria, endoplasmic 

reticulum, lipid droplets and invading pathogens (181). Autophagy is triggered by 

mammalian target of rapamycin (mTOR) inactivation, resulting in activation of the 

autophagy-related protein 1 (ATG1) and that phosphorylation of ATG13, which in turn 

recruits other ATG proteins, ultimately leading to the formation of the autophagosome. 

Detailed insights on the molecular and cell biology of autophagy surpasses the scope of this 

article and thus the reader is referred to comprehensive reviews on the subject (182-184). 

Early in the current century, the crosstalk between this catabolic process and the UPR 

was first reported, when it was noticed that ER stress inducers could trigger the formation 

of autophagosomes (185, 186). Activation of any of the three major signaling branches of 

the UPR can impact the autophagic process. Activated IRE1 induces autophagy by 

phosphorylating the MAPK8, that in turn promotes the activity of the downstream 

autophagy mediator Beclin-1. In addition, UPR-mediated JNK activation (either by the 

IRE1 or PERK branch) also results in MAPK8 phosphorylation by this kinase. JNK itself has 

a direct effect on autophagy by stimulating the expression of ATG5. Furthermore, this 

kinase activates c-Jun, which plays a role in increasing the expression of the autophagosome 

initiator Beclin-1 by interacting with its promoter. Finally, JNK also prevents the association 

of Beclin-1 to Bcl-2 by phosphorylating the latter. This will result in complexation of Beclin-

1 with the phosphoinositide-3-kinase-kinase (PI3K) and leads to autophagosome 

formation. IRE1/JNK/-cJun signaling pathway is, for this reason, a major mechanism by 

which the UPR influences autophagy. A role for XBP1 in autophagy, by indirectly regulating 

Bcl-2 and directly inducing Beclin-1 expressions, is also in place (187-191).  

The involvement of the PERK branch of the UPR on the autophagic process is 

mediated its transcription factors ATF4 and CHOP, which increase the expression of 

autophagic proteins such as ATG5, ATG12 and Beclin-1. Furthermore, as a result of overall 

impaired protein synthesis induced by the activation of the PERK branch, Bcl-2 levels are 

reduced and, consequently, Beclin-1 is released. In addition, ATF4 induces the expression 

of microtubule-associated protein 1 light chain 3β (LC3β), a structural protein in 

autophagosomes (188-190, 192-194). Since it leads to the expansion of the ER machinery, 

including CHOP and XBP1, ATF6 activation can also result in the occurrence of autophagy 

(188-190, 195, 196). 

The exit of ionic calcium from the ER lumen into the cytosol leads the activation of 

autophagic enzymes, such as the on calcium/calmodulin-dependent protein kinase kinase 

2 (CAMKK2), that leads to the inhibition of mTORC1, consequently resulting in autophagy 

initiation. In fact, this is the mechanism behind the calcium-induced autophagy elicited by 

thapsigargin (197, 198). In recent years many paths connecting ER stress, the UPR and 

autophagy have been described (184). Learning how to modulate ER stress may constitute 
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a strategy to fine-tune autophagy, and consequently pave the way for new therapeutic 

strategies, particularly given the increasingly recognized potential of autophagy modulation 

in pathologies such as immune diseases, cancer and neurodegenerative diseases (180, 184, 

189). This interplay between the UPR and autophagy is summarized in Figure 5. 

 

 

Figure 5. Molecular crosstalk between the UPR and autophagy.  

 

The analysis of autophagy incorporated the identification of autophagic structures 

and measuring of the autophagic flux, as reviewed elsewhere (199). 

The selective lysosomal degradation of ER fragments and/or protein aggregates is 

termed reticulophagy (200). Together with the UPR and ERAD, reticulophagy is another 

major quality control pathway that bridges ER turnover and homeostasis. FAM134B (family 

with sequence similarity 134, member B)/RETREG1 is a reticulophagy receptor, and thus 

its inhibition enhances proteotoxicity. In malignant cells, it is reported that this receptor 

inhibits tumoral growth. Concurrently, it is known that aggressive cancers often carry 

mutations on the corresponding gene. It may also play a role on several other types of 

chronic disease and on viral infection. For these reasons, it is a potential biomarker of 

disease (201). Its expression has been evaluated at gene and protein level through through 

qPCR and Western Blotting, respectively (202), while knockout mouse embryonic 
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fibroblasts are currently available (203, 204). Recently, an increasing number of such 

receptors have been identified, including the cargo receptor Atlastin GTPase3 (ATL3), 

translocation protein SEC63 homolog (SEC63), the long splice variant of RTN3 (RTN3L and 

CCPG1) (205). 

 

1.7. ER stress in health and disease 

 

ER stress has been observed throughout the pathogenesis of a number of severe 

diseases of considerable prevalence worldwide, such as cancer, neurodegenerative diseases, 

cardiovascular diseases, obesity and diabetes mellitus. Furthermore, the link between ER 

stress and inflammation has already been established. 

The latest numbers available show that in 2015 there were some staggering 17.5 

million cancer cases worldwide and 8.7 million deaths (206). The enhanced metabolic rates 

of cancer, resulting from aberrant proliferation under a low vascularized state, results in an 

adverse microenvironment that includes acidic pH, low oxygen and also and low glucose, as 

well as other nutrient deficiencies (126). These conditions result in the accumulation of 

misfolded proteins, reason for which cancer cells depend heavily in adequate proteostasis. 

For this reason, acute states of the UPR may benefit tumor progression by enhancing the 

protein folding capacity of malignant cells, hence maintaining proteostasis. However, if the 

UPR fails to restore ER proteostasis, or if it is augmented beyond a tolerability threshold, 

tumor cell apoptosis ensues (207). 

Building on this information, the pivotal role of the UPR in tumor survival can be 

exploited from the standpoint of diagnosis and treatment. For example, GRP78 is frequently 

found to be highly expressed in breast, lung cancer and prostate, as well as other cancers 

(208-210), being clinically associated to poor prognosis (211, 212). Interestingly, this 

overexpression of GRP78 in the surface of cancer cells is not found in non-cancer cells (213), 

which may pave the way for a UPR-guided sorting of cancer cells. Other branches of the 

UPR are equally known to be involved. For example, increased XBP1 expression and 

splicing have been described in breast cancer and hepatocellular carcinoma (214-216), 

which can in turn be a consequence of its regulatory function over GRP78. We refer the 

reader to previous works that have reviewed the evidence of ER stress and UPR activation 

in various human cancers (216, 217). There are promising results that suggest this role of 

UPR branches in tumor progression can be exploited as a therapeutic strategy. For example, 

the XBP1 splicing inhibitor MKC-3946 has reduced the growth of MM and potentiate the 

pro-apoptotic effect of the anticancer drug bortezomib (218), a result also found for the IRE1 

endonuclease inhibitor STF-083010 (106). 
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There is sufficient evidence in literature suggesting that triggering ER stress in cancer 

cells can be an effective strategy for eliciting cancer cell death, both with stand-alone ER 

stress inducers (72, 219-221) and in combination with well-established anticancer drugs 

(222, 223). 

A significant number of neurodegenerative diseases are, from a pathophysiological 

point of view, proteinopathies which symptoms arise from upstream protein aggregation or 

misfolding. Each disease has its typically-involved proteins, such as huntingtin in 

Huntington’s disease, amyloid-β in Alzheimer’s (AD) or α-synuclein in Parkinson’s disease 

(PD). AD and PD are the two neurodegenerative disorders of highest incidence worldwide. 

For many neurodegenerative diseases ER stress and the activation of the UPR have 

been established as hallmarks of the aforementioned disorders, being also biomarkers of 

these conditions (56). Increased levels of phosphorylated PERK and IRE1α have been found 

in the hippocampus of patients with AD, where they colocalize with phosphorylated tau, one 

of the hallmarks of the disease (224, 225). In cultured human neurons, exposure to amyloid-

β42 (Aβ42), the major component of amyloid plaques, induces CHOP expression, while 

treatment with CHOP antisense RNA results in increased survival, thus suggesting a role 

for the ER in Aβ42-mediated cell death and hence a potential pharmaceutical target (225, 

226). The involvement of ER stress in neuronal death in AD is further strengthened if we 

consider that administration of Aβ42 results in activation of the ER-resident caspases-4/12, 

which are involved in ER stress-induced apoptosis (227). Promisingly, co-incubation with 

the ER protector salubrinal results in decreased toxicity of Aβ42 in primary neurons (209).  

Disturbances in the secretory pathway are known to be significant to the onset and 

progression of PD (228, 229). A few in vivo reports establish a relationship between UPR 

activation and the progression of PD. A number of works show that α-synuclein 

accumulation at the ER of dopaminergic neuros is accompanied by UPR activation and that 

ER protectors, such as salubrinal, improve motor performance, alleviate α-synuclein 

accumulation at the ER and ultimately improve the lifespan of PD models (230). 

Even though the existence of a relationship between ER stress and neurodegenerative 

disorders is fairly documented in the literature, a lot remains to be described in what seems 

to be a vicious cycle of cause-effect in which ER stress triggers and is triggered by the 

progression of these diseases. Regardless, the fact that pharmacological intervention with 

molecules capable of alleviating ER stress show clinical gains in animal models (209, 224, 

225) may represent an exciting and promising strategy.  

 

 

 



   Review Article 

35 
 

1.8. Conclusions and future perspectives 

 

The performance and UPR signature of the ER are crucial to the physiology of the cell 

and to its built-in stress response mechanisms. Its importance towards stress recognition 

and response relies on complex signaling processes that have evolved in eukaryotic 

organisms.  

Regardless of the intense research that has focused in the signaling pathways of the 

ER and its involvement in disease onset, it is clear that no universal biomarker of UPR 

activation is currently known. This is to be expected, considering the distinct branches of 

the UPR and the myriad of pathways that connect the events taking place during the UPR 

to many other cellular events. Specific UPR signatures have already been identified in 

cancer cells and have been used as a prognostic marker and as a tool to predict response to 

chemotherapy. When considering the tight interconnection of cancer to upregulated UPR 

signature markers, a provocative line of research could be the clarification of potentially 

oncogenic nature of misfolded proteins.  

Likewise, brain tissue of AD and PD patients have shown to overexpress a number of 

UPR proteins. Are these proteins a consequence of the diseases, or can they perhaps be 

involved in their very onset? This is still unclear nowadays, however the next few years are 

expected to shed a light on this apparent cause-effect cycle. It could be the case that both 

hypotheses are correct and that the explanation lies in the kinetics of the UPR, with different 

functions in different moments of the cellular fate. 

From a pharmacological point of view, there is an increasing number of small 

molecules known to modulate ER function. Unfortunately, several of those molecules have 

displayed high toxicity and their use remains in the domain of biochemical tools. 

Furthermore, it was only in 2016 that one of the first classes of selective ATF6 modulators 

was described, which furthers the need for more specific and non-toxic ER modulators.  

Nonetheless, increasing knowledge of the ER stress molecular network, as well as the 

establishment of more and more high-throughput techniques that allow testing dozens or 

even hundreds of molecules at the same time will certainly lead to the identification of novel 

bioactive molecules on a short term. Furthermore, the field requires more information 

regarding the impact of the model under study to the stress pathways investigated. For 

example, ER stress responses in 3D and heterotypic systems are still mostly lacking, as is 

the detailed knowledge on the kinetics of UPR responses. In a near future, new ER-based 

strategies will hopefully evolve and add to the current pharmacological arsenal for 

countering ER stress in disease and, perhaps, establish the ER as a drug target. 
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1.9. Inflammation 

 

The occurrence of inflammation has been acknowledged since the 1st century in 

Ancient Rome, where it was documented by Celsus as a set of phenomena that include 

redness, swelling, heat and pain upon tissue injury. The 19th century witnessed the addition 

of organ dysfunction to this list, as well as phagocytosis (231). Today, inflammation is 

regarded as the response to tissue injury or infection by invading pathogens, while also 

regarded as pathological if the inflammatory signaling is chronical (231). Evolution has 

carved out inflammatory signaling axes over millions of years to perceive and respond to 

danger signals that are widespread in the tree of life, with some ranging from mammals to 

jawless fish, invertebrates, and even the plant kingdom (232). Currently, our knowledge of 

inflammation remains in steady evolution, allowing us to identify the cell types and the 

signaling mechanisms involved in its course (231). 

As a response to harm, resulting either from pathogen infection, cell or tissue damage, 

harmful xenobiotics or radiation, the immune system triggers inflammation. Aiming to 

eliminate the harmful factor and heal the resulting injury, the occurrence of inflammation 

is crucial in the maintenance of homeostasis (233). When the harmful stimulus is detected, 

the ensuing signaling cascade involves the release of multiple inflammatory mediators, 

including cytokines, free radicals, and hormones, as well as leukocyte chemotaxis (234). The 

signaling machinery that is activated will be detailed hereafter; however, in brief, 

inflammatory signaling initiates when cellular receptors recognize a threat, leading to the 

release of inflammatory mediators and, finally, leucocyte recruitment from the blood into 

tissue (233).  

 

1.9.1. Immune responses and cell types 

 

Even though there is crosstalk between both lines of defense, classically we divide 

immune responses in two different types, namely the innate and the adaptive.  

The innate immune response is responsible for the recognition of pathogen-

associated molecular patterns (PAMPs), in order to rapidly respond to the trigger. In this 

sort of response, a second exposure to the same insult results in the same stereotyped 

response (235). Briefly, innate immune cells are able to synthesize multiple types of 

inflammatory mediators upon activation and even perform the phagocytosis of pathogens 

(236). 

On the other hand, the adaptive immune response is activated at a lengthier pace. 

However, unlike in innate responses, effector cells have their molecular memories altered 
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to act upon specific triggers, relying on antigen receptor production towards specific 

molecular patterns (235). 

Both types of immune response involve the recruitment of several cell types. This 

section enumerates the cell types involved in the innate immune response. Monocytes and 

macrophages, along with dendritic cells, integrate the mononuclear phagocytic system. 

These cell types share common traits and differentiate from hematopoietic stem cell 

monoblasts. Once they differentiate into monocytes, they enter the blood stream, 

differentiating into macrophages later on, in tissues. Besides their roles in development and 

homeostasis, macrophages are pivotal cells for both innate and adaptive immune response, 

and they can differentiate into two opposing phenotypes, a pro-inflammatory type (or M1) 

and an anti-inflammatory one (or M2). M1 macrophages are essential to eliminate 

pathogens and perform phagocytosis of their components, as well as to produce pro-

inflammatory mediators and induce the differentiation of T cells. Differently, M2 

macrophages, are vital to the resolution of inflammation and tissue repair (237, 238). 

Monocytes can also give rise to dendritic cells (238). Dendritic cells are innate immune 

cells that provide an interface between adaptive immune responses. While they recognize 

PAMPs and damage-associated molecular patterns (DAMPs), they also interact with T cells 

as antigen-presenting cells, inducing their activation (239). Recognition of PAMPs and/or 

DAMPs, as well as the presence of endogenous inflammatory stimuli, induce their 

maturation and migration (240). Similarly, mast cells also derive from the myeloid lineage 

and are implied in innate and adaptive defenses. Notably, these cells mediate inflammation 

and allergic reactions, like anaphylaxis. Mast cells are thought to have evolved before 

antibodies, since urochordates present homologous cells (241). Like dendritic cells, mast 

cells migrate and mature upon the presence of endogenous inflammatory stimuli, and can 

be activated upon recognition of PAMPs or DAMPs. Furthermore, they can undergo 

antigen-specific immunoglobulin E (IgE)-mediated activation. These cells harbor pre-

formed secretory granules containing proteases and inflammatory mediators, being also 

capable of producing newly-synthesized mediators. These mediators include pro- and anti-

inflammatory cytokines, chemokines, leukotrienes, prostaglandins and eicosanoids (242, 

243). Natural killer (NK) cells are short-lived granular cells that belong to the innate 

lymphoid cell family. These cells possess cytolytic activity against infected, malignant and 

activated immune cells, which produce ligands that are recognized by cell surface receptors. 

Furthermore, these cells can secrete pro-inflammatory cytokines. Thus, NK cells are capable 

of upregulating or downregulating immune responses, thereby keeping homeostasis (244). 

The recruitment of NK cells involves chemotaxis and the expression of adhesion molecules, 

for instance, by mast cells or dendritic cells. However, it is possible for these cells to act 

upon their targets without priming of any kind, albeit their cytolytic activity is strongly 
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enhanced upon activation by cytokines (245). In spite of being considered innate immune 

cells, it has been established that NK cells can acquire immunological memory like adaptive 

immune cells (246). Another kind myeloid cells that are front-line responders of the innate 

immune system are neutrophils, that comprise half or more of circulating leukocytes. 

These cells are associated to the innate response to pathogen infection, which can cause 

their production to increase ten-fold (247). Neutrophils present strategies against pathogen 

infection that include degranulation (since, like mast cells, they possess secretory granules), 

phagocytosis or neutrophil extracellular traps. The latter are built from proteins and DNA 

from neutrophils into extracellular fibers (248, 249). Even though these cells were once 

considered a homogeneous population, evidence arises that there are discrete populations 

of neutrophils, even though they are yet to be precisely defined (248, 250). Generally, 1-5% 

of leukocytes in the blood are eosinophils, that are traditionally associated to parasitic 

infections and allergy. These bone marrow-derived cells release both stored and newly-

synthesized inflammatory mediators upon recruitment and activation. The referred 

mediators comprise cytokines, chemokines, lipids and cytotoxic granule proteins (251, 252).   

The defensive capacity of epithelial cells goes beyond the physical barrier they 

constitute against the entry of pathogens into the organism, since they can produce 

cytokines to mount immune responses and counter the invasion (245). That is also the case 

of endothelial cells (236). Other cell types that are not classically associated to immune 

responses but have also been observed to be involved in innate immunity are fibroblasts 

(253), keratinocytes (254) and smooth muscle cells (255). Finally, natural killer T 

cells present a hybrid nature between innate and adaptive immune cells. They received 

their designation due to the fact that they present cell receptors of NK cells along with a T 

cell (adaptive cells) receptor (256).  

On the other hand, the adaptive immune response relies on T and B lymphocytes. 

While both are hematopoietic cells, T cells have the peculiarity of maturing in the thymus. 

Both cell types can be further divided in subsets; briefly, T lymphocytes are in charge of the 

cytotoxic immunity, while B lymphocytes take the role of producing antibodies and other 

macromolecules (257). T-cells may originate two types of T helper (Th) cells, being that Th1 

cells produce cytokines, including interferon-γ (IFN-γ), and Th2 cells elicit B-cell 

maturation (231). 

Upon infection or tissue damage, immune cells undergo chemotaxis towards the 

affected site. Neutrophils are the first to reach the site, ahead of monocytes, NK cells, T and 

B cells, and mast cells (233). 
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1.9.2. Inflammatory signaling 

 

DAMPs are endogenous biomolecules, like ATP, DNA or heat shock proteins (HSPs), 

that are released upon cell or tissue damage (258). PAMPs are components from pathogens, 

including lipopolysaccharides, heat shock proteins, peptidoglycans and cytosine phosphate-

guanin units (232). DAMPs and PAMPs are recognized by pathogen recognition receptors 

(PRRs), that include toll-like receptors (TLRs), mannose binding lectin (MBL) and 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). The response to 

DAMPs and PAMPs allows the organism to differentiate endogenous threats from pathogen 

infection (232). 

PRRs are expressed by innate immune cells and are activated upon detection of 

PAMPs or DAMPs, in immune cells and also in other cell types, initiating both infectious 

and noninfectious inflammatory signaling. Activation of these receptors results in the 

activation of signaling cascades that will be discussed herein, namely the nuclear factor 

kappa-B (NF-κB), mitogen-activated protein kinase (MAPK) and Janus kinase-signal 

transducer and activator of transcription (JAK-STAT) pathways. These are the main 

signaling pathways of inflammation, which will be discussed throughout this section and 

schematized in Figure 6. Impaired function of one or more of them can lead to disease 

development (233). 

 

1.9.2.1. NF-κB  

 

The inflammatory process is largely mediated by NF-κB, a transcription factor that is 

activated upon many different insults, from infection to physical damage, and is pivotal for 

both innate and adaptive immune responses. This transcription factor was first observed in 

human B cells and has been a subject of intense research ever since, given its pivotal role in 

commanding innate immune cells (259).  

When inactive, NF-κB remains in the cytoplasm, where it is kept in this form by 

binding NF-κB inhibitors (IκBs) (158). The active form of the NF-κB is a dimer comprising 

a combination of two of the five Rel family proteins, namely p65 (or RelA), RelB, c-Rel, 

p105/p50 (or NF-κB1) and p100/52 (or NF-κB2), being that p65, RelB or c-Rel have to be 

present to render it active. This occurs because, even though all five mentioned proteins 

possess a Rel Homology Region (RHR) that includes a DNA-binding domain in the N-

terminal region, a dimerization domain in the C-terminal region, and a nuclear localization 

signal (NLS), only p65, RelB and c-Rel display a transcription activation domain (158, 259). 

NF-κB1 p50 and NF-κB2 p52 form homodimers that have an inhibitory effect, unlike the 

other NF-κB Rel proteins (259). The units that are assembled into an active transcription 

factor, and thus its transcriptional outcome, depend on the cell type and environment. For 
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instance, c-REL is of particular relevance to macrophages and, on the other hand, dimers 

containing RelA/p50 are abundant in fibroblasts. Elimination of c-Rel and p50 in mice 

macrophages result in disabled phagocytosis and antimicrobial protein synthesis, and thus 

impaired response towards bacterial infection (259). 

NF-κB activation may occur through canonical on non-canonical pathways. The 

canonical pathway consists in the activation of cytokine receptors, antigen receptors and 

PRRs, leading to IκB phosphorylation (158). Once IκB is phosphorylated, it is degraded by 

the proteasome and results in the release of NF-κB, its translocation to the nucleus and 

subsequent DNA binding. At this point, this transcription factor will govern cytokine 

synthesis and cell recruitment (233). The NF-κB essential modulator (NEMO or IKKγ), 

along with IKKβ, constitute the IKK2 complex. IKK2 is phosphorylated upon cytokine or 

PRR signaling, and phosphorylates IκB, tagging it for ubiquitination and subsequent 

degradation. This process makes up the canonical NF-κB signaling pathway. Upon 

translocation to the nucleus, the active transcription factor promotes the expression of 

primary response genes such as TNF and IL1B (259). IκB proteins block the DNA-binding 

sites on the Rel proteins, while also preventing the translocation of the transcription factor 

into the nucleus, until they are degraded by the proteasome. De novo IκB synthesis leads to 

the establishment of a negative feedback loop that modulates the dynamics of NF-κB 

signaling. New IκB will promote the inactivation of NF-κB and its translocation to the 

cytoplasm, where it can be reactivated (259). The noncanonical NF-κB pathway integrates 

with the canonical pathway in the adaptive immune response. Briefly, it implies p100 (NF-

κB2 precursor protein) processing, being activated in the presence of ligands of tumor 

necrosis factor superfamily receptors (TNFRs). This is a signaling pathway that lasts longer 

than the canonical pathway, albeit taking longer to activate (260). Activated NF-κB acts as 

a transcription factor, upregulating the expression of pro-inflammatory genes, including 

cytokines and chemokines (260). Different transcriptional outcomes may be due to the 

diversity of ligands and receptors that result in NF-κB activation (259). The importance of 

NF-κB signaling comprises both innate and adaptive immunity. The canonical NF-κB 

pathway is of particular relevance to the innate immune response, given that it is quickly 

initiated in the involved cells, like macrophages (259).  

Canonical NF-κB activation induces the expression of a battery of pro-inflammatory 

genes, including genes coding for cytokines, chemokines, enzymes and other inflammatory 

mediators, that either are direct players of the inflammatory response or indirect, 

promoting immune cell differentiation. Furthermore, NF-κB regulates the function of T 

cells and inflammasome activation (260). Among the activators of NF-κB we can include 

pathogen-derived ligands, cytokines and enzymes (233). NF-κB can be activated by PRRs, 

including TLRs and NOD-like receptors, T and B cell receptors, cytokine receptors such as 
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TNFRs and IL1Rs, and others (259). TLR4 activation leads to NF-κB activation via MyD88 

(259). TLRs are the most broadly studied of all the PRRs. These receptors engage in 

inflammation initiation, mediating the transmission of PAMPs and DAMPs and ensuing the 

activation a signaling cascade (233).  

LPS binds the TLR4 receptor on the macrophage membrane. This can occur through 

two adapters. When it occurs through the MyD88 adapter, it induces the polarization of the 

macrophage towards the M1 phenotype and results in the expression of pro-inflammatory 

genes. On the other hand, activation via the TRIF adapter results in the induction of IFNs 

and, consequently, of genes that are upregulated in the presence of IFNs (260).  

 

1.9.2.2. JAK-STAT and MAPK 

 

Besides NF-κB signaling, there are other signaling cascades that govern inflammatory 

signaling. The Janus kinase/signal transduction and activator of transcription (JAK-STAT) 

signaling pathway implicates extracellular factors (namely cytokines and growth factors) 

that regulate gene expression by inducing the activation of STATs, which are cytoplasmic 

transcription factors. JAKs are associated with receptors, and, upon the presence of their 

ligands, they phosphorylate each other, leading to the formation of docking sites for STATs. 

After recruitment, STATs are phosphorylated and then dimerize. Translocation to the 

nucleus ensues, where they perform their function as transcription factors (233). This 

signaling pathway can be initiated by anti- or pro-inflammatory cytokines. 

The serine/threonine protein kinases known as MAPKs comprise the c-Jun N-

terminal kinase (JNK), the extracellular-signal-regulated kinase (ERK) and the p38 MAPK. 

Each of these can occur in different isoforms. MAPKs regulate many cellular processes. In 

the event of TLR signaling, JNK and p38 MAPK are activated (233, 261). The MAPK 

pathway is activated along with the interferon regulatory factors 5 (IRF5) and 3 (IRF3), 

leading to the expression of antiviral genes such as the ones encoding interferons (IFNs) 

(259). 
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Figure 6. Scheme of the signaling cascades underlying inflammatory signaling, namely 

NF-κB, MAPK and JAK-STAT pathways. 

 

1.9.3. Cytokines 

 

Upon injury or infection, multiple cell types can produce and secrete cytokines in 

order to modulate the immune response and activate immune cells. Depending on the cell 

type they are targeting, cytokines can be pleiotropic, redundant or synergistic (232, 262). 

Essentially, cytokine release constitutes a communication network among innate immune 

cells and between innate and adaptive immunity, regulating inflammatory signaling and 

mediating the activation of T and B cells (236). According to whether they elicit or inhibit 

inflammation, cytokines can be pro- or anti-inflammatory. Pro-inflammatory cytokines are, 

as mentioned before, secreted by M1 macrophages. Conversely, anti-inflammatory 

cytokines are released by macrophages displaying the M2 phenotype (260). Just like 

pathogen products, cytokines are primary inflammatory stimuli. Primary inflammatory 

stimuli are defined as products that can mediate inflammatory signaling by activating 

inflammatory receptors, like TLRs, the IL-6 receptor (IL-6R), the tumor necrosis factor 

(TNF) receptor or the IL-1 receptor (IL-1R) (233). The release of cytokines may occur in a 

constitutive or inducible manner. One instance of the latter is when it occurs in response to 

TLR signaling and cytokine receptor activation. After synthesis, that takes place in the ER, 

most cytokines are translocated to the Golgi apparatus in order to be directed to their site 
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of storage within the cell or to be released by exocytosis, even though some cytokines are 

released by different mechanisms (e. g. IL-18) (236). 

Interleukin-6 (IL-6), TNF-α and IL-1β are the major proinflammatory cytokines. IL-

6 has a major role in acute phase inflammatory signaling and B cell differentiation (263). 

TNF-α is predominantly secreted by Th1 cells and induces the activation of macrophages 

towards the M1 phenotype (237). The TNF-α activates the TNFR through NF-κB signaling. 

It can trigger Fas and caspase-mediated regulated cell death. IL-1β is produced upon PRR 

activation of macrophages and dendritic cells. Its activation involves the proteolysis of the 

IL-1β precursor, that can be carried out, by caspase-1 upon inflammasome activation (232). 

Nonetheless, there are many other proinflammatory cytokines and chemokines, such as the 

IL-8, also referred to as chemokine ligand 8 or CXCL-8. This is a strong chemokine that 

induces neutrophil and T cell chemotaxis (e. g. recruitment to target site), and is synthesized 

and released upon TLR signaling via NF-κB and JNK signaling (232). On the other hand, 

anti-inflammatory cytokines include ILs like IL-4 and -10, that are secreted by Th2 cells and 

differentiate macrophages to the M2 anti-inflammatory phenotype (237).  

Macrophages synthesize cytokines and inflammatory mediators upon activation, 

releasing them immediately upon synthesis by constitutive exocytosis via recycling 

endosomes and small secretory vesicles. Differently, mast cells, eosinophils and neutrophils 

are granulocytes. This means that they synthesize and store cytokines from early on to 

release upon activation. Prior to release, cytokines may be stored in the Golgi apparatus, in 

secretory granules or vesicles, and undergo regulated exocytosis upon receptor activation in 

the cell membrane (236). 

 

1.9.4. Reactive oxygen species (ROS) 

 

ROS are byproducts of aerobic metabolism that are partly reduced and present a 

strong oxidizing potential. They comprise the singlet oxygen (1O2), superoxide anion 

(O2•-), hydroxyl (HO•), hydrogen peroxide (H2O2), hydroperoxyl (HO•2) and 

hypochlorous acid (HOCl), being that the latter five occur the most frequently (264, 265).  

Generation of ROS as byproducts of metabolic function can occur in the cytoplasm, 

cell membrane, ER, mitochondria and peroxisome (266). The majority of ROS are 

generated by the electron transport chain (ETC) in the mitochondria (265). The ETC and a 

proton gradient to drive ATP production govern mitochondrial respiration, producing ROS 

as a byproduct. For this reason, inflammatory and metabolic diseases implicate 

overproduction of mitochondrial ROS. Macrophage activation implicates mitochondrial 

hyperpolarization and succinate oxidation, shifting towards glycolysis-derived ATP 
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production and enhanced ROS production (266). As a consequence, inflammatory signaling 

shifts the ratio of reduced/oxidized GSH in favor of the oxidized form (264).  

Nonetheless, the mitochondria also produces ROS by enzymatic activity, such as by 

action of the dehydrogenases that reside in the matrix (264).  Other than this, the activity 

of multiple enzymes that reside in other locations can result in ROS production, as is the 

case of the activities of cyclooxygenases, lipoxygenases, nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidases and cytochrome P450 enzymes (264). In fact, a significant 

amount of cellular ROS is the direct result of the activity of NADPH oxidase (265, 266). 

Given their role in aerobic metabolism, peroxisomes are another major source of ROS. 

These organelles possess several enzymes that result in the generation of hydrogen 

peroxide, such as xanthine oxidase, acyl-CoA oxidases (ACOX) and polyamine oxidase 

(266). 

There are several roles for ROS in the inflammatory process. Upon inflammation 

initiation, phagocytic cells, such as macrophages, phagocytize invading pathogens and 

cellular debris that are to be eliminated, resulting in NADPH oxidase activation and 

reduction of molecular oxygen, that ultimately leads to more ROS production, in a process 

that is known as the “oxidative burst”. Generated ROS are then released, directly killing 

invading pathogens by oxidation of several biomolecules. ROS contribute to pathogen 

elimination in a multitude of other mechanisms, including enzymatic or autophagy (264, 

267). ROS also play a part in the performance of phagocytosis and efferocytosis by 

macrophages, being that these functions require efficient oxidative signaling, for example, 

in order for lysosomal fusion and phagosomal clearance of apoptotic cells to occur (266). 

Increased ROS levels resulting from inflammation further regulate NF-κB activation, 

inflammasome activation and cytokine release, as well as proteasome activity and 

transcription of genes of the antioxidant machinery (266). 

ROS regulate blood leukocyte migration through the expression of intercellular 

adhesion molecules on the endothelial surface of the target site (268). In fact, one of the 

factors that governs leukocyte migration is the emergence of a H2O2 gradient (264). 

Furthermore, ROS mediate inflammation indirectly by promoting the generation of reactive 

nitrogen species (RNS), which also play a pro-inflammatory part (265). Mitochondrial ROS 

regulate LPS-mediated NF-κB activation, release of cytokines, NLRP3 inflammasome 

priming and activation, activator protein 1 (AP-1) activity (266). Finally, the apoptosis of 

neutrophils and other granulocytes, a major event in the resolution of inflammation, is 

governed by ROS-dependent signaling pathways (264).  
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1.10. Inflammation and ER stress 

  

The architecture of the ER comprises the rough ER, the smooth ER and the nuclear 

envelope. The latter composes another domain of the ER itself, being contiguous and 

structurally similar to the rough ER (269). As mentioned before, the ER carries out protein 

biosynthesis and transport to target sites, protein folding, biosynthesis of lipids and 

steroids, calcium storage, and also carbohydrate metabolism. This variety of functions leads 

to a complex architecture of the peripheral ER, that varies between different cell types, 

according to their necessities, since each function is related to a respective physical domain 

within the organelle. In a general manner, cells that present higher protein synthesis rates 

present a more developed rough ER, while cells specialized in lipid biogenesis exhibit a 

larger smooth ER (1). Specifically, plasma and beta cells synthesize large amounts of 

proteins for the secretory pathway, and therefore present a highly developed rough ER. On 

the other hand, smooth ER is more abundant in the liver (158). Furthermore, the ER 

possesses specialized areas that communicate with other cellular organelles, such as the 

Golgi apparatus and mitochondria, that are dubbed membrane contact sites (270, 271). The 

synthesis of proteins within the ER is mainly of proteins for the secretory pathway and 

membrane proteins, but also includes proteins destined to the cytosol. This occurs in the 

rough ER, since it requires the presence of ribosomes to the cytosolic surface of the organelle 

(1). The function of this organelle, as well as the molecular machinery that underlies its 

stress response, were detailed in Section 1.1.. 

Both inflammation and ER stress signaling have evolved and are activated as 

protective and coping mechanisms. However, when triggered in an intense or prolonged 

manner, both can lead to organized cell death (158). Notably, both processes occur 

concomitantly in multiple settings, which prompts the introduction to the relationship 

between them in this section. In fact, chronic diseases are often characterized by the 

concomitance of inflammation and ER stress (158, 233). For instance, it has been shown 

that ER stress aggravates inflammatory processes in pancreatic cells, stimulating the 

pathogenesis of type I diabetes (158). 

Even though, in most cases, whether ER stress is a cause or consequence of a 

particular disease is yet to be defined, there is a consensus in that it can be a therapeutic 

target. Notably, mitigating ER stress associated to inflammation has proven to result in few 

undesirable side effects (158). 
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1.10.1. Inflammatory signaling 

 

Known ER stressors, such as thapsigargin and tunicamycin, are known to activate NF-

κB, which can result from the activation of any of the three major signaling branches of the 

UPR. ER stress inhibition proved efficient in reducing inflammation in several in vitro and 

in vivo models (158).  

Phosphorylated eIF2α, as mentioned in Section 1.2.1., leads to a halt in global 

protein synthesis rates. The mechanism through which the PERK branch of the UPR can 

trigger NF-κB lies in this fact, since this halt exerts a crisp effect upon short-lived proteins, 

as is the case of IκB (158). In fact, it was observed that the knockdown of PERK resulted in 

impaired NF-κB activation in astrocytes (272). Nonetheless, it selectively enhances the 

translation of genes that possess internal ribosome entry sites, such as ATF4. One example 

of this is that PERK-ATF4 signaling is reported to promote cell survival in hibernating bats 

by inducing NF-κB activation, as well as Nrf2 activation and modulation of Akt signaling 

(273). Nrf2 relates to redox homeostasis, while Akt promotes cell growth and survival (274, 

275).  

Concurrently, the kinase activity of IRE1 maintains the activity of IKK (276). 

Moreover, the IRE1-XBP1 signaling axis governs NK cell proliferation (277). Relevantly, ER 

stress leads to JNK activation via IRE1 signaling. Upon activation, IRE1 binds the TNF 

receptor-associated factor 2 (TRAF2) that will, in turn, recruit ASK1, ultimately activating 

JNK (278). At this point, JNK will phosphorylate the transcription factor activator protein 

1 (AP-1), promoting the expression of pro-inflammatory genes (234). Furthermore, IRE1 

activation results in ERK activation (158). Other than its established functions in innate 

immunity, interleukin-1 receptor-associated kinase-2 (IRAK2) is an amplifier of the IRE1 

branch of the UPR (158).  

Similarly, activation of the ATF6 signaling branch of the UPR has also been observed 

to induce NF-κB and Akt activation and cytokine release, and also enhance cytokine 

synthesis (279, 280). 

 

1.10.2. Oxidative stress 

  

As mentioned before, protein folding is carried out by the ER. This process is 

responsible for up to 25% of the generation of ROS within a cell, as the organelle needs to 

maintain an oxidizing environment for the formation of disulfide bonds. The formation of 

this disulfide bonds is catalyzed by the protein disulfide isomerase (PDI) by thio-disulfide 

oxidation, reduction and isomerization between cysteine residues of newly synthesized 

peptides. The ER membrane-associated oxidoreduction (ERO1) is then in charge of 
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transferring the electrons from reduced PDI to O2 molecules, resulting in ROS production. 

Furthermore, disulfide bonds that are to be eliminated are reduced by GSH leading to a 

decreased ratio of GSH to oxidized glutathione (GSSG). While in the cell the average 

GSH:GSSG ratio is anywhere between 30:1 and 100:1, in the ER this ratio oscillates between 

1:1 and 3:1. Additionally, the activity of the ER transmembrane protein NADPH oxidase 

complex (Nox4) leads to the production of superoxide anion and hydrogen peroxide (158). 

 

1.10.3. Calcium homeostasis 

 

As mentioned before, the ER stores the majority of the cellular Ca2+. The organelle has 

evolved to be capable of regulating its extracellular concentration in a millimolar range (10-

100 mM) and maintaining a concentration of Ca2+ in its lumen in the µM range (100-800 

µM), while the cytosolic concentrations can be as low as 100 nM. This is achieved through 

a network of channels, pumps, sensors and calcium-buffering proteins (1, 158, 169). This 

second messenger is released into the cytosol when necessary, through inositol 1,4,5-

triphosphate receptors (IP3Rs). Conversely, Ca2+ reuptake occurs through the the Sarco/ER 

calcium-ATPase (SERCA) pump (169). In the ER lumen, Ca2+ is buffered predominantly by 

proteins of low affinity but high capacity to bind Ca2+ like calreticulun and calsequestrin. In 

the cytosol, calcium buffers present high affinity but low capacity to bind Ca2+, like 

parvalbumin or calbinidin. Ca2+ sensors include calmodulin. This and other sensors can, 

however, also buffer Ca2+ (169).  

Ca2+ transfer from the ER to the mitochondria (via MAMs) is essential for healthy 

mitochondrial function. However, upon severe ER stress, misfolded protein accumulation 

provokes the efflux of Ca2+ from the ER stores, via IP3Rs. These ions will influx into the 

mitochondria, resulting in ATP depletion and ROS accumulation, leading to cell death. On 

the other hand, Ca2+ induces the depolarization of the mitochondrial membrane, resulting 

in the opening of pores, fragmentation of the mitochondrial and release of cytochrome c 

and other proteins, this triggering the mitochondrial pathway of apoptosis (281). 

Activation of T-cell receptors (TCR) results in inositol phosphate generation and Ca2+ 

release from the ER stores. The efflux of Ca2+ is recognized by the N-terminal domain of the 

luminal Ca2+ sensors EF-handed stromal interaction molecules 1 and 2 (STIM-1 and -2), 

ultimately inducing its translocation to the plasma membrane to engage in the activation of 

Ca2+ release-activated Ca2+ channels (CRAC) on the cell membrane by store-operated Ca2+ 

entry (SOCE) and consequent and influx of extracellular ions into the cell (282). SOCE also 

plays a part in ROS production by NADPH oxidase, since the activation of the latter is Ca2+-

dependent (282). Moreover, stimulation of TCRs by Ca2+ signaling leads to the activation of 

nuclear factor of activated T cells (NFAT), that regulates T cell activation (282-286).  
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Excess intracellular Ca2+ increases cytokine expression and activates calcineurin, that 

dephosphorylates NFAT, leading to its activation. This renders an active transcription factor 

that governs cytokine expression. It can also activate the calmodulin-dependent protein 

kinase II (CaMKII), that promotes NF-κB signaling by phophorylating IκB (282). 

Increases in intracellular Ca2+ correlates with the process of degranulation and 

cytokine release in neutrophils, and this increase is possibly enough to trigger exocytosis by 

itself (282). Ca2+ regulates not only macrophage activation but also their polarization 

towards the M1 phenotype and phagocytic activity, as documented in in vivo studies in mice 

(287, 288). In zebrafish, Ca2+ was identified as the first signal for macrophage recruitment 

and activation upon wounding, as well as regulating phagocytosis, cytokine expression and 

polarization of macrophages towards the M1 phenotype (289). 

Abnormal ROS production and abnormal Ca2+ generate a positive feedback loop 

between each other, given that excess ROS can also promote the cellular uptake of Ca2+ 

(290). Finally, as will be discussed below, Ca2+ signaling impacts inflammasome activation. 

 

1.10.4. Inflammasome 

 

Upon the recognition of PAMPs and DAMPs, inflammatory caspase activation and the 

assembly of intracellular multi-protein complexes may occur. These complexes are labeled 

inflammasomes and are most extensively present in macrophages, but also in dendritic 

cells, neutrophils and non-hematopoietic cells involved in inflammatory signaling, 

integrating the innate immunity (291). Inflammasomes are constituted by three parts: a 

receptor (the sensor), caspase-activation recruitment domain (apoptosis associated speck-

like protein containing CARD (ASC), the adaptor), and the cysteine protease caspase-1 (the 

effector). 

The receptor is a member of the NLR family, either NLRP1, NLRP3 or NLRC4, or 

AIM2, being that the NLRP3 inflammasome is the most studied among these complexes 

(260). The adapter is the ASC. The ligand-sensing receptor oligomerizes when activated, 

hereupon the pro-caspase-1 is recruitment occurs, mediated by the ASC. Pro-caspase-1 

endures proteolytic cleavage to originate the active form of caspase-1, that in turn processes 

the precursors of IL-1β and IL-18. Both cytokines are subsequently released in their mature 

forms. Inflammasome activation also requires binding of NIMA-related kinase 7 (NEK7), a 

regulatory protein, to NLRP3 (292). 

NLRP3 inflammasome activation implies two signaling steps: the first relies on NF-

κB signaling and is termed priming; the second leads to assembly and activation of the 

inflammasome, resulting in caspase-1 activation and maturation and release of IL-1β (293). 

Priming enhances the expression of the genes corresponding to NLRP3 and pro-IL-1β, as 
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well as post translational modifications including the deubiquitination of NLRP3. 

Activation can be induced by any NLRP3 agonist, like the efflux of K+ or Ca2+ ions, ROS or 

proteases, resulting in caspase-1 activation and maturation and release of IL-1β (260) (294). 

Cellular organelles, namely the ER and mitochondria, participate in NLRP3 

inflammasome activation. The influx of Ca2+ from the ER stores into the mitochondria leads 

to the leakage of mitochondrial contents and results in NLRP3 activation. Furthermore, the 

area between the ER and mitochondria provides a platform for NLRP3 inflammasome 

assembly, since the inactivated NLRP3 locates mainly in the ER but translocates to this 

interface upon activation (295).  

A brief overview of the relationship between inflammation and ER stress is 

schematized in Figure 7. 

 

 

Figure 7. Overview of the interplay between inflammatory signaling and the UPR. 

 

1.11. Naturally occurring ER stress modulators 

 

Humans have resorted to Nature as a source of medicine from immemorial times. For 

millennia, it was the sole provider of medicine, being that the oldest records found so far 

date back to 2600 BC in Mesopotamia and include the use of Papaver somniferum L. oil, 

still used nowadays to obtain morphine. Today, it is estimated that roughly 80% of the 

global population still relies on traditional medicine, specifically on plant products, to 

obtain health care (296). Plant extracts and plant-derived drugs, often arising from the 
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knowledge of traditional medicine, still play an important part in the health care provided 

to the population of developed countries. Despite the remarkable contribution of Nature to 

the modern pharmacological arsenal, most of its value is yet to be uncovered. The 

percentage of higher plants that have been analyzed for the presence of bioactive natural 

products is estimated at only 5-15%, the percentage of fungus is thought to be under 5% and 

bacteria under 1% (296). The potential of most of the world’s biodiversity remains 

untapped, especially that of extreme environments, where a lot of potential may lie. 

Currently, endangered ecosystems may be lost, along with some of this biodiversity and its 

underlying potential (296). 

Figure 8 illustrates the relevance of natural products in the bulk of new approved 

drugs over the last 40 years. We see that the portion of pure natural products approved for 

pharmacological use is rather small (<5%). Nonetheless, natural product derivatives 

represent a larger percentage of these drugs. Natural products, their derivatives and the so-

called botanical drugs account for nearly 25 % of all approved drugs in this time frame. 

Other than this, it is worth mentioning that some synthetic drugs are designed to 

incorporate a known pharmacophore from a natural product. Taking this into account, only 

36% of all the drugs approved in this time period are truly synthetic, and a portion of those 

is designed to mimic a natural product, i.e., to compete with an endogenous substrate of a 

given target. The importance of natural products to modern medicine is therefore 

insurmountable. 

 

 

 

Figure 8. Origin of the approved drugs over the last four decades. Adapted from (297). 

NP: natural product, B: botanical drug, NPD: natural product derivative, B: biological 

macromolecule, V: vaccine, SD: synthetic drug, SD (NPP): synthetic drug with natural 

product pharmacophore. 
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Relevantly, the scientific literature attributes the ability to modulate ER stress to 

multiple natural products, as reviewed elsewhere (128, 298). A few examples are referred 

below, and their chemical structures are presented in Figure 9. 
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Figure 9. Chemical structures of the natural products with known ability to modulate ER 

stress that are discussed in this section. 
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Thapsigargin, a sesquiterpene lactone, occurs naturally in the poisonous plant 

Thapsia garganica L., which is spread throughout the Mediterranean area (299). It has 

been extensively employed in ER stress research since its characterization as a selective 

SERCA pump inhibitor in the early 1990’s (144, 145). The SERCA pump is in charge of 

uptaking Ca2+ ions from the cytosol and store them in the ER lumen, and thus its function 

is essential in keeping Ca2+ homeostasis in the cell. Its inhibition leads to a rise on Ca2+ levels 

in the cytoplasm, which, in turn, depolarize mitochondrial membranes, leading to their 

disruption and triggering programmed cell death, resulting from the release of factors like 

the cytochrome c, which resides in the mitochondria (300, 301). 

Along with thapsigargin, tunicamycin, a mixture of nucleoside homologues isolated 

from Streptomyces sp., is one of the most common agents to be used by researchers as an 

ER stress inducer (302). Tunicamycin triggers ER stress by inhibiting N-linked 

glycosylation of newly synthesised proteins, leading to the build-up of unfolded protein 

aggregates in the ER lumen and consequent triggering of the UPR. By now, this mechanism 

of action has been observed in an extensive set of in vitro and in vivo models (146). In that 

list is the developing brain of rats, where tunicamycin has induced UPR activation and 

apoptosis (146). In the human monocyte line THP-1, tunicamycin increased resistin mRNA, 

through activation of the PERK-ATF4-CHOP branch of the UPR (303). The same had been 

previously reported in 3T3-L1 mouse adipocytes (304). In the breast cancer cells MCF7, 

tunicamycin impacted selected cells with cancer stem cell phenotype, specifically increasing 

XBP-1 splicing, translocation of ATF6 to the nucleus, and CHOP mRNA expression. It 

inhibited invasion and suppressed cell proliferation on these cells (305). This is one of the 

studies available pointing out the possibility of the application of tunicamycin against 

malignancies. Another of these instances was performed by Guha et al., who analysed whole 

genome expression in tunicamycin treated PC-3 (prostate cancer) cells, concluding that this 

molecule induces prostate cancer cell death via activation of mTORC1 complex (306).  

Resveratrol, among other stilbenes, is commonly present in our diet through 

sources like berries, grapes or peanuts, even though its bioavailability in the organism is 

thought to be very low (307). In mice and in 3T3-L1 mice adipocytes, resveratrol displayed 

the capacity to ameliorate obesity-induced insulin resistance and ER stress (308). 

Furthermore, it was reported that, in an in vivo model of Parkinson’s disease, resveratrol 

was also able to alleviate ER stress, namely by lowering mRNA levels of CHOP and GRP78 

(309). On the other hand, there is a considerable amount of research concerning the ER 

stress-inducing potential of resveratrol on cancer cells. One study aimed to combine 

glycolysis inhibition with 2-deoxy-D-glucose and resveratrol on neuroblastoma cell lines, 

and observed that the latter enhanced the ER stress caused by glycolysis inhibition (47). In 

the colon carcinoma cell line HT29 resveratrol induced caspase-4-dependent apoptosis, 
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through ER stress induction. It was observed the upregulation of GRP78 and CHOP, 

increased eIF2α phosphorylation, and augmented XBP-1 splicing (310). 

A tetramer of resveratrol, vaticanol B, has also displayed protective activity against 

ER stress in the macrophage cell line RAW 264.7, namely by preventing the upregulation of 

GRP78 and CHOP. Furthermore, this compound inhibited the production of key 

inflammation mediators, namely tumor necrosis factor-α (TNF-α), nitric oxide, and 

prostaglandin E2 (311).  

Basiliolides have a lot in common with thapsigargin, despite the unrelatedness of 

their chemistries. Besides sharing their natural origin, being tetracyclic C19 lactones that 

occur in T. garganica, they also induce ER stress by disturbing Ca2+ homeostasis through 

inhibition of the SERCA pump. However, there are some differences in the underlying 

mechanism of action, since, in Jurkat cells, basiliolides failed to induce apoptosis, unlike 

thapsigargin. Ranked in decreasing order, the most potent of these compounds are 

basiliolides A1, B and C, the latter being much weaker than the others (312). 

Withaferin A, a C28-steroidal triterpenoid lactone of the category of withanolides, 

naturally occurs in the solanaceous species Withania somnifera (L.) Dunal (313). It was 

reported that this molecule induced ER stress associated cell death in the human renal 

cancer cell line Caki, where it induced eIF2α phosphorylation, induced XBP-1 splicing and 

increased GRP78 and CHOP levels (314). A different study observed increases on BiP and 

GRP94 on withaferin A-treated Xenopus laevis kidney epithelial cells, and also proteasomal 

inhibition (315). In a mouse model of chronic renal disease, withaferin A (3 mg/kg/day, 

orally administered) decreased the expression of inflammatory mediators (phospho-NF-

κB-p65, IL-1β and COX-2) and ER stress-related proteins (BiP, GRP94, ATF4, CHOP, 

phospho-eIF2α and caspase-12) (316). 

Agelasine B is a trans-clerodane diterpene isolated from the marine sponge Agelas 

clathrodes (Schmidt, 1870). The toxicity of this molecule was evaluated against human 

fibroblasts and MCF-7, SKBr3 (breast cancer cell lines) and PC-3 (prostate cancer cell line) 

cells, where it showed higher toxicity towards all the malignant cells (IC50s of 2.99 µM, 3.22 

µM and 6.86 µM, respectively) than towards fibroblasts (IC50 = 32.91 µM). It was further 

determined that the mechanism underlying this toxicity relies on inhibition of the SERCA 

pump and consequent increase of cytosolic amounts of Ca2+, which were quantified with the 

aid of the Fura-2-AM fluorescent probe. Also, Ca2+ signalling was visualized through 

confocal microscopy, incubating the cells with Rhod-2/AM and BODIPY-FL-Ryanodine 

(317). 

Cephalostatin 1 is a marine bis-steroidal pyrazine that was identified in extracts of 

Cephalodiscus gilchristi Ridewood, 1908, a marine worm that dwells in Southeast Africa, 

along with several other cephalostatins. This molecule has caught the attention of 
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researchers due to its striking activity against the 60 cell line in vitro screening of the 

National Cancer Institute, in which it exhibited a mean panel 50% growth inhibition 

concentration of ≈ 1nM (318). Subsequent studies have determined that cephalostatin 1 

induces ER stress, increasing GRP78 and CHOP expressions, inducing eIF2α 

phosphorylation and leading to caspase-4 and, then, caspase-9 activation (319). The fact 

that the amounts of this molecule that can be found in Nature are very limited and its 

synthesis is complicated, efforts have been made to synthesise analogues that can mimic its 

activity. Two stereospecific analogues have shown promising results in vitro, since their 

cytotoxicity seems to be fairly cancer-specific. In non-cancer cells, namely white blood cells, 

retinal pigmented epithelial cell line ARPE-19 and skin fibroblasts GM2149, both 

compounds resulted in no more than 15% of cell viability loss at 10 µM, while in six different 

malignant cell lines, that concentration resulted in virtually 100% cell viability loss (namely 

against breast cancer cell line MCF-7, cervical cancer cells HeLa, prostate cancer cell line 

DU-145, osteosarcoma cells SAOS-2 and U2OS and chronic myelogenous leukemic cell line 

K562) (320). 

Hydroxytyrosol is a phenolic compound that can be extracted in large amounts 

from Olea europaea L. leaves (321). It was reported that, in HepG2 cells, this molecule 

exerts a protective effect against tunicamycin-induced ER stress. This was observed through 

RT-PCR and Western Blot analysis of UPR markers, which confirmed that hydroxytyrosol 

lowered eIF2α phosphorylation and downregulated the gene expression of hspa5, atf6 and 

atf4 (322). 

Palmitic acid is a quite common fatty acid in our diet and widely distributed in 

Nature (323). In the liver cancer cell line H4IIE, palmitic acid induced calcium flux-

dependent apoptosis, even though the expression of ER stress markers such as BiP or CHOP 

was not increased (324). In 3T3-L1 adipocytes, palmitic acid triggered ER stress, as 

demonstrated by increased JNK phosphorylation and CHOP, BiP and ATF4 expressions. 

This stress response culminated in JNK-dependent triggering of autophagy (142). 

Evodiamine, a quinolone alkaloid from Evodia rutaecarpa (Juss.) Benth, is reported to 

induce apoptotic cell death in multiple ovarian cancer cell lines at concentrations of 1-4 µM, 

upregulating the phosphorylation of PERK and eIF2α (325). The triterpenoid corosolic 

acid, from Eriobotrya japonica (Thunb.) Lindl., induces regulated cell death in prostate 

cancer cell lines PC-3 and DU145 by activating PERK and IRE1 signaling. The effect was 

observed in the presence of the compound at 5 µM (326). 

Unlike most compounds discussed on this section, berberine has been proposed to 

prevent ER stress. One study aimed to determine whether or not the insulin-sensitizing 

potential of berberine is due to ER stress prevention. Towards this goal, the authors pre-

treated HepG2 (liver cancer cell line) cells with berberine before incubation with 
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tunicamycin to induce ER stress. Under these conditions, JNK activation was blocked and 

PERK and eIF2α phosphorylation was inhibited, while Akt phosphorylation was higher 

(327). Moreover, there is evidence that this potential against ER stress may turn berberine 

useful in precluding the progression of hepatic steatosis to more serious conditions like 

steatohepatitis or fibrosis. Both in primary hepatocytes and hepatocyte cell lines, berberine 

was effective against tunicamycin-induced ER stress, lowering protein aggregation and 

preventing lipogenesis through the ATF6/SREBP-1c pathway. In vivo, namely on leptin 

resistant db/db mice and methionine-choline-deficient diet fed mice, triglyceride and 

collagen deposition was diminished, while hepatic inflammation was alleviated (328).  

 Considering that natural products remain a valuable source of new drugs, and that the 

scientific literature conveys a multitude of possibilities among the chemical space of natural 

products to find new modulators of ER stress, it is likely that the future sees the approval of 

new natural product-based strategies to modulate ER stress and UPR activation in the 

context of disease.  
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2. Objectives 

 

Considering that Nature remains a source of bioactive molecules, and that, as 

pointed out in the previous section, modulation of ER stress response can be of interest 

to counter several chronic diseases, the purposes of this thesis were outlined as follows: 

 

• Exploit a set of naturally occurring molecules for compounds that can 

counter ER stress in the context of neurodegeneration; 

 

• Identify, among this library, molecules that can induce selective toxicity on 

malignant cells by inducing ER stress signaling; 

 

• Describe bioactive molecules against inflammation and ER stress, 

exploring the correlation between the anti-inflammatory activity and 

prevention of UPR activation; 

 

• Exploit some of the most promising and accessible molecules and obtain 

semi-synthetic derivatives towards enhanced bioactivity. 

 

• Confirm the role of natural molecules as potential ER stress modulators, 

contributing to the discovery of new chemical entities capable of acting upon 

ER signaling pathways. 
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Abstract 

 The homeostasis of eukaryotic cells is inseverable of that of the endoplasmic reticulum 

(ER). The main function of this organelle is the synthesis and folding of a significant portion 

of cellular proteins, while it is also the major calcium reservoir of the cell. Upon unresolved 

ER stress, a set of stress response signaling pathways that are collectively labeled as the 

unfolded protein response (UPR) is activated. Prolonged or intense activation of this 

molecular machinery may be deleterious. It is known that compromised ER homeostasis, 

and consequent UPR activation, characterizes the pathogenesis of neurodegenerative 

disease. 

 In an effort to discover new small molecules capable of countering ER stress, we 

subjected a panel of over 100 natural molecules to a battery of assays designed to evaluate 

several hallmarks of ER stress. The protective potential of these compounds against ER 

stress was evaluated at the levels of calcium homeostasis, key gene and protein expressions, 

and levels of protein aggregation in fibroblasts. The most promising compounds were 

subsequently tested in neuronal cells. This framework resulted in the identification of 

several bioactive molecules capable of countering ER stress and deleterious events 

associated to it. Delphinidin stands out as the most promising candidate against 

neurodegeneration. This compound significantly inhibited the expression of UPR 

biomarkers, and displayed a strong potential to inhibit protein aggregation in the two 

aforementioned cell models. Our results indicate that natural products may be a valuable 

resource in the development of an effective therapeutic strategy against ER stress-related 

diseases. 

 

Keywords: endoplasmic reticulum stress, unfolded protein response, proteostasis, drug 

discovery, natural products, chemical library 
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3.1.1. Introduction 

 

The endoplasmic reticulum (ER) plays a substantial role in the upkeep of the 

proteostasis of any eukaryotic cell. Upon unresolved ER stress, several stress response 

signaling pathways are activated in this organelle. These pathways are collectively 

termed as the unfolded protein response (UPR) and aim to restore reticular homeostasis, 

but may be deleterious upon sustained or intense activation. Shortly, the UPR relies on three 

major signaling branches, each initiated by its respective sensor: the protein kinase RNA-

like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1 (IRE1) or the 

activating transcription factor 6 (ATF6) (128, 329). 

Disturbances in the secretory pathway of proteins and consequent stress upon the ER 

are hallmarks of several disease etiologies, including those of neurodegenerative nature. 

Presently, neurodegenerative diseases have a high prevalence around the world, and their 

incidence is expected to increase as the population ages (329-331). Pharmacological 

intervention by modulating ER stress has shown promising results against 

neurodegeneration in vitro and in vivo (116, 332-334). Accordingly, we consider the 

development of ER-based strategies against neurodegenerative diseases a necessary step to 

overcome the burden that these diseases represent to society. 

Natural products have been used as medicinal agents from immemorial times and 

remain the best source of lead compounds and new drugs to modern medicine (296). This 

chemical space has been gifted with immense structural diversity and has been 

evolutionarily tailored to provide drug-like molecules, displaying multiple chemotypes and 

pharmacophores (296, 335). Furthermore, it is known that the time when pharmaceutical 

companies decided to reduce natural product research projects correlates with decreased 

numbers of new drugs entering the market (335). A literature survey on nature-derived ER 

modulators (128) shows the importance of the natural product chemical space for this end, 

including molecules as distinct as basiliolides (312), fisetin (336-338), berberine (327, 328, 

339), withaferin A (314, 315), agelasine B (317), cephalostatin 1 (319, 320), and 

hydroxytyrosol (322). Notably, most of these molecules are associated to ER stress 

induction, while hydroxytyrosol and berberine are reported to ameliorate ER stress. 

Herein we propose a pipeline for the identification of potential ER stress inhibitors 

among a library of natural products. 
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3.1.2. Materials and Methods 

 

3.1.2.1. Chemical library and reagents 

 

 The compounds 5,7,8-trihydroxyflavone, 5-deoxykaempferol, acacetin, apigenin, 

apigetrin, β-escin, chrysoeriol, chrysophanol, coumarin, cyanidin, delphinidin, diosmetin, 

diosmin, ellagic acid, eriocitrin, eriodictyol, eriodictyol-7-O-glucoside, eupatorin, ferulic 

acid, fisetin, flavanone, galangin, gallic acid, genkwanin, gentisic acid, guaiazulene, 

herniarin, hesperidin, homoeriodictyol, homoorientin, homovanillic acid, hyoscyamine, 

isorhamnetin, isorhamnetin-3-O-glucoside, isorhamnetin-3-O-rutinoside, isorhoifolin, 

juglone, kaempferide, kaempferol, kaempferol-3-O-rutinoside, kaempferol-7-O-glucoside, 

kaempferol-7-O-neohesperidoside, linarin, liquiritigenin, lutein, luteolin, luteolin 

tetramethylether, luteolin-3’,7-di-O-glucoside, luteolin-4’-O-glucoside, luteolin-7-O-

glucoside, malvidin, mangiferin, maritimein, myricetin, myricitrin, myrtillin, naringenin-7-

O-glucoside, narirutin, oleuropein, orientin, pelargonidin, pelargonin, phloroglucinol, 

pyrogallol, quercetin-3-O-(-6-acetylglucoside), quercetagetin, quercetin-3,3’,4’,7-

tetramethylether, quercetin-3,4’-dimethylether, quercetin-3-methylether, quercetin-3-O-

glucuronide, rhoifolin, robinin, saponarin, scopolamine, sennoside A, sennoside B, 

sulfuretin, tectochrysin, tiliroside, verbascoside and vitexin were purchased from 

Extrasynthese (Genay, France). The molecules (-)-norepinephrine, (+/-)-

dihydrokaempferol, 1,4-naphtoquinone, 18α-glycyrrhetinic acid, 3,4-dihydrobenzoic acid, 

3,4-dimethoxycinnamic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 5-

methoxypsoralen, ajmalicine, berberine, betanin, betulin, boldine, catechol, cholesta-3,5-

diene, chrysin, cynarin, daidzein, emodin, galanthamine, genistein, guaiaverin, hesperetin, 

hydroquinone, lupeol, myristic acid, naringenin, naringin, p-coumaric acid, phloridzin, 

pinocembrin, plumbagin, quercetin, quercetin-3-O-β-D-glucoside, quercitrin, rosmarinic 

acid, rutin and silibinin were acquired from Sigma-Aldrich (St. Louis, MO, USA). 5,8-

Dihydroxy-1,4-naphtoquinone and caffeine were from Fluka (Buchs, Switzerland), vanillin 

was supplied by Vaz Pereira (Santarém, Portugal), vicenin-2 was purchased from Honeywell 

(Charlotte, NC, USA). Chlorogenic acid was from PhytoLab (Vestenbergsgreuth, Germany). 

Cinnamic acid was obtained through Biopurify (Chengdug, China). Swertiamarin was from 

ChemFaces (Wuhan, China). 

 Minimum Essential Medium (MEM), Dulbecco's Modified Eagle Medium/Nutrient 

Mixture F-12 (DMEM/F-12), fetal bovine serum, penicillin/streptomycin solution 

(penicillin 5000 units/mL and streptomycin 5000 µg/mL), trypsin-EDTA (0.25%), Qubit® 

RNA IQ assay kit and Qubit® RNA HS assay kit, the SuperScriptTM IV VILOTM 

MasterMix, the Qubit® Protein Assay Kit, the anti-BiP mouse monoclonal antibody 
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(Catalog # MA5-15619, lot WI3375321) and the anti-mouse secondary antibody (Catalog # 

61-6520, lot WB319554) were obtained from Invitrogen (Grand Island, NE, USA). Dimethyl 

sulfoxide (DMSO) was acquired from Fisher Chemical (Loughborough, UK). Isopropanol 

was obtained from Merck (Darmstadt, Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium Bromide (MTT), calcium ionophore A23187, thapsigargin, RNAzol®, 

chloroform, isopropanol, diethyl pyrocarbonate (DEPC), KAPA SYBR® FAST qPCR Kit 

Master Mix (2X) Universal, Aβ25-35, 2-(4-amidinophenyl)-6-indolecarbamidine 

dihydrochloride (DAPI), protease inhibitor cocktail, phosphatase inhibitor cocktail, 

acrylamide/bis-acrylamide 30% solution, bromophenol blue, glycerol, sodium 

dodecylsulfate (SDS), glycine, Trizma® base, Trizma® hydrochloride, sodium 

deoxycholate, sodium chloride, potassium phosphate monobasic, potassium chloride, 

sodium phosphate dibasic, sodium bicarbonate, D-glucose and Triton X-100 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA), while formaldehyde was from Bio-

Optica (Milan, Italy). The fluorescent probe Fura-2/AM, as well as the anti-GAPDH 

(Catalog # ab181602) rabbit monoclonal antibody and the anti-rabbit secondary antibody 

(Catalog # ab6721, lot GR172025-6), were obtained from Abcam (Cambridge, UK). 

Thioflavin T was from Alfa Aesar (Kandel, Germany). The WesternBright® ECL HRP was 

supplied by Advansta (Menlo Park, CA, USA). Trans-Blot Turbo Mini 0.2 µm Nitrocellulose 

Transfer Packs were acquired from Bio-Rad (Hercules, CA, USA). 

 

3.1.2.2. Chemometric analysis 

 

Since it is the most detailed and up to date database of annotated natural products 

(340), we started from the COCONUT database (https://coconut.naturalproducts.net), and 

created a data frame comprising all the molecules under study, where each row 

corresponded to a different molecule and columns to features. Among all the original 

features, we have decided to keep only 48, as the remaining ones did not contain relevant 

information for this work (SMILE notation, fragments, among others). Supplementary 

Table S1 contains a list of all variables kept and their description. All data was cleaned and 

explored using Python 3.9. For preprocessing data, we have used Simple Imputer, Standard 

Scaler, Ordinal Encoder and Label Encoder from Scikit-learn (341). Dimensionality 

reduction was conducted using Scikit-learn (341) library (Principal Component Analysis 

[PCA], Multidimensional Scaling [MDS], t-distributed Stochastic Neighbor Embedding 

[TSNE] and Uniform Manifold Approximation and Projection (UMAP) used the UMAP 

library (342). For t-SNE we have used number of neighbors of 5, 13 and 45 and minimum 

distance of 0.01, 0.1 and 0.5. In the case of UMAP we have iterated through perplexity of 5, 

20, 50 and 100 and number of iterations of 300, 900, 1500 and 2000. Unless otherwise 
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specified, specifications of each algorithm were set for default. Graphics in Figures 10, 16, 

17 and Supplementary Figure S4 were created using Seaborn or MatPlotLib and the 

remaining ones in GraphPad Prism 8. 

 

3.1.2.3. Cell culture conditions 

 

 MRC-5 fibroblasts (European Collection of Authenticated Cell Cultures, Porton Down 

Salisbury, UK) were cultured in MEM and SH-SY5Y (American Type Culture Collection, 

LGC Standards S.L.U., Spain) cells were cultured in DMEM/F-12. Both mediums contained 

10% FBS and 1% penicillin/streptomycin and both cell lines were maintained at 37 ºC with 

5% CO2.  

 

3.1.2.4. Viability assays 

 

 For viability assessment, MRC-5 fibroblasts were seeded at a density of 2 x 104 

cells/well. After 24 h the cells were incubated with the compounds of interest. 24 h later, 

the wells are aspirated, the medium was replaced by MTT at 0.5 mg/mL and incubated for 

2 h. At the end of this period, the solution was discarded and the formazan crystals in the 

wells dissolved in 200 µL of a 3:1 DMSO:isopropanol solution. The absorbance at 560 nm 

was read in a Thermo ScientificTM MultiskanTM GO microplate reader.  

 Results are presented as the percentage of control and correspond to the mean ± SEM 

of at least three independent experiments, each of them performed in triplicate. 

 

3.1.2.5. Cytosolic calcium level determination 

 

 MRC-5 fibroblasts were plated on black bottomed-96-well plates at the density of 2 x 

104 cells/well. After 24 h, the fluorescent probe Fura-2/AM was added at 5 µM and 

incubated for 1 h. Then these were incubated with the selected nontoxic compounds in 

HBSS. The calcium ionophore A23187 was added at a final concentration of 5 µM after 2 h. 

Finally, 2 h later the fluorescence was read at 340/505 and 380/505 on a CytationTM 3 

(BioTek (Vermont, MA, USA)) multifunctional microplate reader. Data analysis was 

performed considering the ratio F340/505/F380/505. Results are presented as fold decrease vs 

positive control and represent the mean ± SEM of at least three independent experiments, 

each of them performed in triplicate. 
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3.1.2.6. RNA extraction and quantification, cDNA synthesis and RT-qPCR 

reaction 

 

 Cells were seeded at 1.6 x 105 cells/well in 12-well plates, left at 37 ºC for 24 h and 

then incubated with the compounds that displayed positive results in previous assays. After 

2 h, thapsigargin (Tg) was used as a positive control and added at a final concentration of 3 

µM, and a period of 16 h of incubation ensued. The cells were lysed by aspirating the culture 

medium and adding 500 µL of PureZOL RNA isolation reagent, pipetting up and down 

multiple times. The lysate was kept at room temperature for 5 min and then RNA extraction 

ensued. 

 The extraction was performed by phase separation, by adding 100 µL of chloroform, 

shaking, incubating for 5 min and centrifuging at 12000 g for 15 min at 4 ºC. The aqueous 

phase was collected and 250 µL of isopropyl alcohol were added, following 5 min of 

incubation and new centrifugation at 12000 g for 10 min, at 4ºC.  The supernatant was then 

discarded, and the pellet was washed with 75% ethanol, vortexed, centrifuged at 7500 g for 

5 min at 4 ºC, air dried and resuspended in DEPC-treated water. The RNA in the sample 

was quantified resorting to the Qubit® RNA HS assay kit. Sample integrity was then 

evaluated with the Qubit® RNA IQ assay kit, and, if in appropriate conditions, 1 µg was 

converted to cDNA using the SuperScriptTM IV VILOTM MasterMix.  

 RT-qPCR reaction was performed in the following thermal cycling conditions: 3 min 

at 95 ºC, 40 cycles of 95 ºC for 3 s (denaturation), gene-specific temperature for 20 s 

(annealing temperatures listed on Table 5) and 20 s at 72 ºC (extension). The employed 

mastermix was KAPA SYBR® FAST qPCR Kit Master Mix (2X) Universal. The reaction was 

conducted on a qTOWER3 G (Analytik Jena AG, Germany), and the data were analyzed on 

the software supplied along with the equipment (qPCRsoft 4.0). Primers for target genes 

were designed on Primer BLAST (NCBI, Bethesda, MD, USA) and synthesized by Thermo 

Fisher (Waltham, MA, USA). The respective nucleotide sequences are presented on Table 

5. Product specificity was checked with melting curves. Gapdh was selected as the reference 

gene for normalization of expression. All the RT-qPCR reactions were performed in 

duplicate, and the experiments were repeated, at least, four times. Results are presented as 

mean ± SEM. 
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Table 5. Data concerning analyzed genes and designed primer sequences. 

Gene 
Accession 

number 
Primers 

Annealing 

Temperature (ºC) 

Amplicon length 

(bp) 

gapdh 

(GAPDH) 
NM_002046.6 

F: AGGTCGGAGTCAACGGATTT 
60 157 

R: TGGAATTTGCCATGGGTGGA 

hspa5 

(GRP78) 
NM_005347.4 

F: ACTCCTGAAGGGGAACGTCT 
59.5 161 

R: TTTTCAACCACCTTGAACGGC 

ddit3  

(CHOP) 
NM_001195053.1 

F: AAGTCTAAGGCACTGAGCGT 
59 93 

R: TTGAACACTCTCTCCTCAGGT 

hsp90β1  

(GRP94) 
NM_003299.2 

F: GCTCTATGTGCGCCGTGTAT 
60.5 91 

R: ATCTGAGTCCACCACACCCTT 

atf4  

(ATF4) 
NM_001675.4 

F: ACAACAGCAAGGAGGATGCC 
60 135 

R: CCAACGTGGTCAGAAGGTCA 

edem1  

(EDEM1) 
NM_014674.2 

F: GCGGGGACCCTTCAAATCT 
60 117 

R: CGGCTTTCTGGAACTCGGAT 

 

 

3.1.2.7. Quantification and imaging of protein aggregates 

 

 On black bottomed-96-well plates, MRC-5 and SH-SY5Y cells were seeded at the 

densities of 2 x 104 and 3 x 104 cells/well, respectively. In the following day, they were 

incubated with the selected molecules in the presence of Aβ25-35 at 10 µM. After an 

incubation period of 24 h, cells were washed with HBSS and incubated for 30 min with 

thioflavin T at 5 µM (prepared in HBSS). At this point, fluorescence was read at 450/482 

nm on a CytationTM 3 (BioTek (Vermont, MA, USA)) multifunctional microplate reader. 

Results represent the fold decrease on fluorescence compared to the positive control. We 

present the mean ± SEM of, at least, three independent assays, individually performed in 

triplicate. 

 To image protein aggregates, cells were seeded on clear bottomed-96-well plates at 

the aforementioned density and treated with the molecules of interest for 24 h in the 

presence of Aβ25-35 at 10 µM. Cells were fixed on 4% formaldehyde at room temperature for 

15 min and incubated with 10 µM thioflavin T for 60 min. The counter staining was 

performed with DAPI at 0.25 µg/mL, for 30 min. Finally, three washing steps with HBSS 

for 5 min were carried out and cells were imaged under an Eclipse Ts2R-FL (Nikon) 

fluorescence microscope equipped with a Retiga R1 camera. A FITC filter was employed to 

observe thioflavin T and DAPI staining was imaged using a DAPI filter. Images were 

analyzed resorting to the CellProfiler software version 4.2.1 (Broad Institute of MIT and 

Harvard, Cambridge, MA). 
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3.1.2.8. Western blotting analysis 

 

 MRC-5 and SH-SY5Y cells were seeded in 6-well plates at the densities of 3.2 x 105 

and 4.8 x 105 cells/well. After 24 h, they were incubated with compounds selected as 

promising in previous experiments. After 2 h, Tg at 3 µM was added, and the plates were 

left in the incubator for another 22 h. Ended this time frame, cell samples were lysed in 

RIPA buffer containing 1% protease inhibitor cocktail and 1% phosphatase inhibitor cocktail 

for 15 min at 4 ºC, and subsequently centrifuged at 14000 g for 15 min to remove cell debris. 

The supernatant was then collected, and the protein content was determined resorting to 

the Qubit® Protein Assay Kit.  

 The following step was to submit 30 µg of each sample, previously denatured at 76 ºC 

for 10 min, to 10% SDS-PAGE electrophoresis, in a gel containing 10 % 

acrylamide/bisacrylamide. The proteins were then transferred to a nitrocellulose 

membrane on a Trans-Blot® Turbo (Bio-Rad; Hercules, CA, USA). The membrane was 

blocked in a PBS solution containing 5% non-fat milk and 0.1% Triton X-100 for 1 h with 

orbital agitation. Hereupon, the membrane was incubated with the primary antibody 

overnight, at 4 ºC, with agitation. The anti-BiP mouse monoclonal antibody was used at a 

working dilution of 1:1250, while the anti-GAPDH rabbit monoclonal antibody was used at 

a dilution of 1:10000. A washing step was then performed with PBS 0.1% Triton X-100 for 

30 min. Then, the secondary antibody was incubated for 2 h at room temperature. The anti-

mouse secondary antibody was used at 1:2000, and the anti-rabbit secondary antibody at 

1:3000. At this point, two more washing steps were performed with PBS 0.1% Triton X-100 

for 15 min and then with PBS, again twice for 15 min. Finally, bands were detected by 

addition of a chemiluminescent substrate, WesternBright ECL HRP. The resulting bands 

were visualized on a ChemiDoc™ Imaging System (Bio-Rad, Hercules, CA, USA). Their 

relative optical density was calculated by densitometry resorting to the Fiji/ImageJ software 

version 1.51 (Fiji, Madison, WI, USA) and normalized against the loading control (GAPDH). 

Results are presented as mean ± SEM of, at least, three independent experiments. 

 

3.1.2.9. Statistical analysis 

 

 The statistical analysis was performed using GraphPad Prism 8 software. We resorted 

to unpaired Student’s t-tests to compare every single individual treatment to the control 

group. Values of p < 0.05 were considered statistically significant. Outliers were identified 

and excluded by the Grubbs’ test. 
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3.1.3. Results 

 

3.1.3.1. Chemical space of the library 

 

We compiled a library of 134 molecules of natural origin (Supplementary Table S2). 

The average molecular weight was 358 g/mol, the inferior limit being 110.1 g/mol (catechol 

and p-hydroquinone) and the upper limit 1131.3 (β-escin) (Figure 10). The computed 

natural product-likeness score, a parameter that tries to quantify how much a given 

molecule is “natural product-like” (343) had an average of 1.29 (min: -0.4, max: 2.72, 

Figure 10). Over 50% of the molecules displayed no violations of Lipinski’s Rule of 5 with 

over 30% displaying 2 or more (Figure 10), a relevant trait for candidate drugs. 

For chemical ontology, we have used the computed chemical classes generated by 

ClassyFire (344). From a chemical point of view, the distribution of the molecules by 

chemical superclass can be found in Figure 10. Phenylpropanoids and polyketides 

corresponded to the majority of the entries (65.9%), followed by benzenoids (14.4%) and 

lipids or lipid-like molecules (6.1%). Within phenylpropanoids, flavonoids were the most 

prevalent molecules (Figure 10), followed by cinnamic acids and their derivatives. In the 

case of benzenoids, simple phenols were predominant, while in the case of lipids, prenol 

lipids were the most representative (Figure 10). The chemical structures of all of the 

molecules are represented in Supplementary Figure 1 A-H, separated according to the 

herein mentioned chemical superclasses. 
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Figure 10. Physico-chemical properties of the library used, and distribution of the 

chemical (super)classes of the molecules present in the library. 

 

3.1.3.2. Impact of molecules upon cell viability 

 

Given the high number of molecules involved, all compounds were tested at a single 

concentration (50 µM). Statistically significant decreases in MTT reduction were 

interpreted as negative impact on cellular viability and the corresponding molecules 

excluded from subsequent experiments. As evidenced by Figure 11, 37 molecules (depicted 

in Supplementary Table 2) were dropped from the pipeline for their toxicity. 
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The remaining 97 compounds were screened for potentially protective capacity against 

ER stress. The legend for the heatmap presented in Figure 11 can be consulted in 

Supplementary Table S2, while Supplementary Figure 2 contains the individual 

results for each molecule represented in the bar charts. 

 

 

Figure 11. Impact of a library of natural products on MRC-5 fibroblasts viability, as 

determined by MTT reduction assay. Results represent the percentage of the control and 

correspond to, at least, three independent experiments, each performed in triplicate. 

 

3.1.3.3. Effect of the library upon cytosolic calcium levels 
 

 

The next step involved the screening of the nontoxic molecules for potential protection 

against the onset of ER stress. Towards this goal, and considering the high number of 

molecules still in the pipeline, we selected changes on calcium levels as an indicator of 

compromised ER homeostasis. The maintenance of the high concentration of calcium in the 

ER lumen creates an appropriate environment for protein folding, and thus changes on its 

levels heavily impact ER function (37, 345). This organelle is able to maintain its calcium 

levels due to the abundance of resident calcium-buffering proteins, like calnexin and 

calreticulin (346). Under stress conditions, the ER may release calcium through channels, 

such as IP3R and RyRs. Eventually, this may lead to increased calcium in mitochondria, 

indirectly inducing the generation of ROS and triggering the dissipation of the 

mitochondrial membrane potential, ultimately leading to the release of resident 

proapoptotic factors (347).  

To evaluate the potential protective effect of the molecules under study, we conducted 

experiments with the fluorescent probe Fura-2/AM. Calcium ions were detected employing 
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the divalent cation ionophore A23187 (5 µM) as a positive control for calcium leakage into 

the cytosol and molecules that could inhibit or counter its effect were searched. Calcium 

ionophore A23187, or calcimycin, is a calcium-binding molecule that increases the cellular 

permeability of ionic calcium (348). There are multiple examples in the literature of the use 

of this molecule to increase cytosolic calcium levels, inducing ER stress, UPR activation and 

eventual apoptosis or autophagy (349-351).  

Under these experimental conditions, we were able to identify several molecules that 

significantly prevented or ameliorated the calcium overload caused by A23187, as displayed 

in Figure 12. Such molecules included six polyphenols (5-deoxykaempferol, delphinidin, 

fisetin, naringenin, naringin, quercetin-3-O-β-D-glucoside), one anthraquinone (sennoside 

B), one fatty acid (myristic acid) and one biogenic polyamine (spermine). The full list of 

molecules tested in this assay can be consulted in Supplementary Table 3 while 

Supplementary Figure 3 represents these data in the bar charts. 

 

 

 

 

Figure 12. Cytosolic calcium levels in MRC-5 fibroblasts in response to co-incubation of 

calcium ionophore A23187 at 5 µM and nontoxic molecules (50 µM), as determined by the 

fluorescence of the probe Fura-2/AM. A) Heatmap representing all molecules tested; B) 

Molecules that caused a statistically significant decrease in calcium levels when compared 

to the positive control. Results correspond to the mean of, at least, three independent 

experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 
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3.1.3.4. ER stress counter candidates inhibit thapsigargin-induced UPR 

signaling in MRC-5 fibroblasts 

 

The non-toxic molecules that successfully lowered Ca2+ levels were considered potential 

candidates for countering ER stress. As so, they were evaluated for their effect upon UPR 

signaling pathways.  

Thapsigargin, a natural sesquiterpene lactone that is widely used as UPR inducer, was 

the positive control. This molecule acts as an irreversible SERCA pump inhibitor, leading to 

an impaired calcium homeostasis and subsequent onset of organized cell death mechanisms 

(128). Accordingly, as evidenced by Figure 13, we can see that thapsigargin (3 µM) 

significantly increased the expression of all the genes of interest, namely the transcription 

factors ddit3 and atf4, the chaperones hspa5 and hsp90β1 (BiP and GRP94 proteins, 

respectively), and edem1, a gene coding for the ER degradation-enhancing alpha-

mannosidase-like protein 1, an enzyme involved in ER-associated degradation.  

5-Deoxykaempferol at 50 µM inhibited the expression of ddit3, hsp90β1, edem1 and 

hspa5, even though it did not significantly decrease atf4 expression. Fisetin was the only 

molecule to prevent the increase of all target genes in a significant manner. Delphinidin 

negatively impacted the expression of atf4, hsp90β1 and edem1. Myristic acid and 

quercetin-3-O-β-D-glucoside displayed a similar pattern in the protection against UPR 

activation, by modulating hsp90β1 and edem1 expressions. Sennoside B acted upon atf4 

and edem1, while naringenin, naringin and spermine failed to inhibit any of the selected 

genes. 
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Figure 13. Effect of 5-deoxykaempferol, delphinidin, fisetin, myristic acid, naringenin, 

naringin, sennoside B, spermine and quercetin-3-O-β-D-glucoside on Tg-induced UPR 

signaling, as determined by RT-qPCR. Results correspond to the mean ± standard error of 

the mean of, at least, four independent experiments, each performed in duplicate. Gapdh 

was used as a reference gene for normalization of expression. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. 

 

3.1.3.5. Molecules that counter ER stress ameliorate protein aggregation in 

MRC-5 fibroblasts and attenuate UPR activation at the protein level 

 

As discussed earlier, activation of the UPR affects the capacity of cells to fold proteins 

properly, which frequently results in the formation of protein aggregates and may lead to 

proteinopathies (56, 352). Conversely, several diseases, notably those of neurodegenerative 

nature, are associated with these aggregates (353). As so, new molecules capable to 
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countering ER stress are expected to be able to prevent or lower the amounts of protein 

aggregates in a biological context. To confirm this, we proceeded to an experimental model 

of ER stress-triggered protein aggregation using Aβ25-35 as a protein aggregation inducer. 

Aβ25-35 is an active fragment of Aβ42 (354), a peptide that is associated to the pathogenesis of 

Alzheimer’s disease (AD) and has been characterized in experimental models, where it can 

lead to the formation of protein aggregates in vitro and AD in vivo (355).  

As shown in Figure 14 A, incubation of MRC-5 cells with Aβ25-35 elicits protein 

aggregation, as assessed with thioflavin T, a benzothiazole that presents high fluorescence 

when bound to β-sheet-rich structures common in protein aggregates, both in a microplate-

based (Figure 14 A) and an immunocytochemistry method (Figure 14 B). In the same 

conditions, delphinidin, fisetin, myristic acid, sennoside B and quercetin-3-O-β-D-

glucoside significantly inhibited this effect.  

Our Western blotting results show that the exposure of Tg-insulted MRC-5 cells to 

delphinidin and fisetin clearly reduced BiP expression, and, consequently, we presume that 

the UPR activation in the presence of these molecules is mitigated. 
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Figure 14. A: Impact of delphinidin, fisetin, myristic acid, sennoside B and quercetin-3-

O-β-D-glucoside on Aβ25-35-induced protein aggregation in MRC-5 cells, determined by the 

fluorescence of thioflavin T. Results correspond to the mean ± standard error of the mean 

of, at least, three independent experiments, individually performed in triplicate. *p < 0.05, 

**p < 0.01, ****p < 0.0001. B: The protective effect of bioactive molecules was captured 

under a fluorescence microscope. The fluorescent signal of thioflavin T is represented in the 

histograms. C: Effect of delphinidin on Tg-induced BiP expression in MRC-5 cells, as 

evaluated by Western blotting. Results correspond to the mean ± standard error of the mean 

of, at least, three independent experiments. **p < 0.01, ***p < 0.001. D: Images obtained 

through Western blotting analysis.  

 

3.1.3.6. Selected molecules counter protein aggregation and UPR activation at 

the translational level in neuronal cells 

 

For this assay, the concentrations of the molecules under study had to be adjusted to the 

highest nontoxic concentration towards this cell line. Fisetin was tested at 25 µM, while the 

remaining molecules were tested at the concentrations used in MRC-5 cells (50 µM). The 
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effect of this compound was not replicated on SH-SY5Y cells. We hypothesize that this may 

be due to the reduction of the concentration that was necessary in order not to impact cell 

viability in this model. On the other hand, the effect of delphinidin translates to these cells, 

virtually nullifying the advent of protein aggregates, as evidenced by Figure 15 A and B.  

 

 

Figure 15. A: Effect of delphinidin and fisetin on Aβ25-35-induced protein aggregation in 

SH-SY5Y cells, as evaluated by determination of the fluorescence of thioflavin T. Results 

correspond to the mean ± standard error of the mean of, at least, three independent 

experiments, each performed in triplicate. ****p < 0.0001. B: The effect of bioactive 

molecules was observed under a fluorescence microscope. The fluorescent signal of 

thioflavin T is represented in the histograms.  C: Effect of delphinidin on Tg-induced BiP 

expression in SH-SY5Y cells, as evaluated by Western blotting. Results correspond to the 

mean ± standard error of the mean of, at least, three independent experiments. *p < 0.05. 

D: Example of the obtained Western blotting results. 

 

3.1.3.7. Defining a chemical space for future drug development 

 

Considering all the information generated during this work, together with the chemical, 

structural and topographical information available for the molecules under study, we were 

interested in understanding if the physico-chemical properties of the library could, per se, 

be a good indicator for its activity. To this end, we took all the molecules used and computed 

multiple pairs of their properties, sorting them as active or inactive according to the results 

C
ontr

ol 


 25-3

5

D
elp

hin
id

in

Fis
eti

n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

P
r

o
te

in
 a

g
g

r
e

g
a

ti
o

n
(F

o
ld

 d
e

c
r

e
a

s
e

 v
s

 p
o

s
it

iv
e

 c
o

n
tr

o
l)

****
****

BiP
70 kDa

GAPDH
37 kDa

C
ontr

ol 

T
hapsi

garg
in

 3
 

M

D
elp

hin
id

in

0

1

2

3

4

5

6

7

8

N
o

r
m

a
li

z
e

d
 B

iP
 e

x
p

r
e

s
s
io

n
(F

o
ld

 i
n

c
r

e
a

s
e

v
s

 c
o

n
tr

o
l,

 a
g

a
in

s
t 

G
A

P
D

H
)

*

****

A B

C D

0.005 0.010 0.015 0.020 0.025
0

10

20

30

40

Control

0.005 0.010 0.015 0.020 0.025
0

10

20

30

40

A25-35

0.005 0.010 0.015 0.020 0.025
0

10

20

30

40 Delphinidin

A25-35

DAPI FITC Merged

A
β

2
5

-3
5

C
o

n
tr

o
l

D
e

lp
h

in
id

in



Original Article #1 
 

84 
 

of the aggregation assays depicted in Figure 14. While there seemed to be a tendency of 

active molecule to be apart from inactive molecules in some cases (Supplementary 

Figure 4), it soon became apparent that a pairwise comparison could leave behind 

important features of the molecules, as it reduces high dimensional data to just two 

dimensions. As so, we have decided to use other methodologies that could take into account 

all the features of the library, namely dimensionality reduction algorithms, which allows the 

combination of different features into principal components that can be more easily 

graphed and understood. We first conducted a correlation study in order to identify 

molecular features that were highly correlated, which could negatively impact the 

performance of the statistical analysis given the redundancy it would add. Figure 16 shows 

the original features, where it is clear that many are highly correlated, for example, the 

features “total atom number” and “number of carbons” (0.98), as one directly affects the 

other. Such features were dropped, and the remaining ones were used. We also decided to 

assess the robustness of the methods in identifying the chemical space occupied by the 

molecule that was shown to be active in both cell lines, namely delphinidin. 
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Figure 16. Correlation matrix for the features used for the chemical library used in this 

work. 
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We initially used the classical algorithm for principal component analysis (PCA), which 

is widely used both for chemometric and biological data (356, 357). As shown, PCA was 

unable to identify a chemical space occupied solely by the molecule that was shown to be 

active in all the assays used (Figure 17 A), the same being true for multidimensional scaling 

(MDS, Figure 17 B). In light of this, we applied a suite of other algorithms, both 

individually and in tandem with PCA, namely uniform manifold approximation and 

projection (UMAP) and t-distributed stochastic neighbor embedding (t-SNE). 

Differently from PCA and MSD, the combined used of PCA+UMAP led to a 2-principal 

component-based space, in which delphinidin clearly occupies an outlier space. We have 

tried distinct combinations of parameters, as stated in the Materials section, the number of 

neighbors of 45 giving the best performance, both for minimum distance of 0.01 and 0.1. In 

order to confirm this result, we have employed an additional algorithm, namely PCA+t-

SNE. Again, it was shown that delphinidin, together with an outlier, occupies a space that 

is distinct from over 98% of the library. 
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Figure 17. Different dimensionality reduction methods applied to chemical library under 

study. The active molecule delphinidin is presented in orange and inactive molecules in 

blue. 
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3.1.4. Discussion 

Having performed the characterization of our in-house library of over 130 natural 

products, considering that new candidates for countering ER stress should be devoid of 

toxicity, we proceeded to the evaluation of the impact of all the molecules in the viability of 

fibroblasts, as assessed by the MTT reduction assay. Fibroblasts present a highly developed 

endoplasmic reticulum, since their function relates to the production of components of the 

extracellular matrix, and thus are particularly susceptible to ER stress, reason for which 

they were chosen as experimental model in this work (358).  

The maintenance of the high concentration of calcium in the ER lumen creates an 

appropriate environment for protein folding, and thus changes on its levels heavily impact 

ER function (37, 345). This organelle is able to maintain its calcium levels due to the 

abundance of resident calcium-buffering proteins, like calnexin and calreticulin (346). 

Under stress conditions, the ER may release calcium through channels, such as IP3R and 

RyR. Eventually, this may lead to increased calcium in mitochondria, indirectly inducing 

the generation of ROS and triggering the dissipation of the mitochondrial membrane 

potential, ultimately leading to the release of resident proapoptotic factors (347). We were 

able to identify molecules with the capacity to ameliorate ionic calcium leakage into the 

cytosol, namely 5-deoxykaempferol, delphinidin, fisetin, naringenin, naringin, quercetin-3-

O-β-D-glucoside, sennoside B, myristic acid and spermine, and thus deemed these 

molecules with potentially protective against ER stress, and selected them to subsequent 

assays. 

Regarding the RT-qPCR results, we show that 6 out of the 9 molecules that effectively 

countered the calcium overload were, simultaneously, capable of downregulating UPR-

associated genes, which suggests that the assessment of cytosolic calcium levels is a reliable 

method to screen of the capacity to counter ER stress in this experimental model. 

Considering that 5-deoxykaempferol, delphinidin, fisetin, myristic acid, sennoside B and 

quercetin-3-O-β-D-glucoside were capable of significantly preventing the Tg-induced 

increased expression of, at least, two UPR-related genes, they were selected for subsequent 

studies. Among this molecules, fisetin displayed the strongest bioactivity at the mRNA 

expression level since it significantly inhibited the expression of all target genes.  In 

contrast, naringin, naringenin and spermine failed to inhibit the expression of any of the 

analyzed genes, thus they were dropped from the pipeline.  

Taking into account that increased UPR-related gene expression characterizes ER 

stress, many natural products have been described as ER stress modulators (either inducers 

or inhibitors) upon observation of their impact on the expression of these genes (128). Most 

of the molecules that here displayed the potential to ameliorate UPR signaling have not been 
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described before as ER stress modulators. However, fisetin has already been reported as an 

ER stress inhibitor, reducing hspa5 (BiP) mRNA expression in hepatocytes (359). 

Relevantly, fisetin has already been described as neuroprotective by inhibition of protein 

aggregation and neuroinflammation in mice (360). There are also several reports of its 

bioactivity as an UPR inducer in different contexts (338, 361). 

On MRC-5 fibroblasts, we show that the molecules that had been selected on the basis 

of their ability to attenuate UPR pathways were able to act upon the endpoint biological 

effect of this cascade, namely protein aggregation. As mentioned before, the UPR relies on 

three major signaling branches. They are all governed by the major chaperone BiP, coded 

by the gene hspa5. Under homeostatic conditions, BiP remains bound to the three major 

UPR players (PERK, IRE1 and ATF6), releasing them whenever it recognizes the presence 

of misfolded proteins. This extends the permanence of these proteins in the ER lumen, in 

order to promote their correct processing. For these reasons, BiP is a key regulator of UPR 

signaling and its activation prevents protein aggregation (362). In light of our results, we 

conclude that the UPR activation in the presence of delphinidin and fisetin is mitigated, as 

they clearly reduced BiP expression. Since both molecules significantly decreased the 

occurrence of protein aggregates in the cells, we conclude that the observed BiP levels, closer 

to the basal levels of the control group, are a consequence of a decreased UPR activation. 

This implies that ER stress levels on the presence of a stress inducer are restored by the 

presence of delphinidin or fisetin, whether the inducer is thapsigargin or protein 

aggregation. We can therefore assume that both molecules contribute to a homeostatic 

protein folding environment in the ER lumen. 

It is described that the expression of this chaperone is increased throughout the course 

of neurodegenerative disease (363). In human brains of AD patients, it was observed a 

significant increase in BiP expression when compared to samples of non-demented patients 

(364, 365). It is known that this increased expression emerges early in the pathogenesis of 

AD and, at this stage, correlates with the adaptive response of the UPR; however, the 

sustained UPR activation that underlies the disease results in neurodegeneration (224). 

Additionally, there is considerable amount of evidence indicating the neuroprotective effect 

of UPR inhibition (69, 366, 367). This is, to the extent of our knowledge, the first report of 

the protective effect of delphinidin against ER stress and UPR activation.  

Given the promising results on MRC-5 fibroblasts, we repeated the experiment, this 

time with SH-SY5Y cells, in order to analyze whether these compounds could also be 

protective on this neuronal cell line. The SH-SY5Y cell line has been widely used and 

described as a good in vitro model for the study of protein aggregation (368-371), a process 

that has been shown to be both consequence and cause of misfolded proteins in the ER and 

subsequent activation of the UPR (225). Relevantly, in the case of AD it has been shown that 
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increased levels of phosphorylated PERK and IRE1α are found in the hippocampus of the 

patients and that they colocalize with phosphorylated tau. Furthermore, treatment of cells 

with Aβ42, the major component of amyloid plaques, induces CHOP expression, which is a 

product of the PERK and ATF6 branches of the UPR (363, 372, 373). The literature already 

conveys reports of the bioactivity of naturally occurring small molecules as pharmacological 

chaperones, for instance, flavonoid glycosides that were protective against protein 

aggregation in cell-based experiments (374). In murine cells, a study of over 200 naturally 

occurring molecules of discrete chemical classes concluded that flavonoids displayed the 

strongest potential to decrease the formation of protein aggregates in the context of AD 

(375). 

The final step in this work was the attempt to define a chemical space where to search 

for bioactive molecules. Again, it was shown that delphinidin, together with an outlier, 

occupies a space that is distinct from over 98% of the library. Taken together, these results 

show that chemometric tools, in tandem with biological data generated from significant 

number of samples, can be used for future selection of drug candidates relying on data 

science-based approaches. As so, the composition of the principal components identified 

can be used for the subsequent selection of novel molecules capable of countering ER stress 

by screening large databases of molecules for ideal chemical descriptors. 

Our framework blending data science-based methods to biological data resulted in the 

identification of several potentially active molecules against the onset of ER stress. 

Delphinidin stood out as the most promising candidate against UPR activation and protein 

aggregation in a cellular model of neurodegenerative disease, being capable to 

simultaneously modulate calcium levels and downregulate UPR pathways with meaningful 

biological endpoints.  

In light of our results, it is safe to assume that the natural product chemical space may 

provide molecules that ultimately lead to the development of novel pharmacological 

strategies to counter ER stress-related pathologies, as is the case of neurodegenerative 

diseases. 
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Supplementary Material 

 

Supplementary Table S1. Variables used in the chemometric analysis.  

Variable Description 
coconut_id Identifier used in the COCONUT database 

contains_sugar Bolean for the presence of sugars 

heavy_atom_number Number of heavy atoms 

Name Name of the molecule 

contains_ring_sugars Bolean for the presence of sugars 

molecular_formula Molecular formula 

molecular_weight Molecular weight 

npl_noh_score 

Natural product-likeness score without taking into account any hydrogen in 

the molecular structure 

npl_score Natural product-likeness score 

npl_sugar_score NP-likeness score computed on the glycosylated molecule 

number_of_carbons Number of carbons 

number_of_nitrogens Number of nitrogens 

number_of_oxygens Number of oxygens 

max_number_of_rings Maximal number of rings 

min_number_of_rings Minimal number of rings 

sugar_free_heavy_atom_number Heavy atoms number, excluding sugars 

sugar_free_total_atom_number Total atom number, excluding sugars 

total_atom_number Total atom number 

Alogp AlogP 

alogp2 AlogP squared 

Amralogp AMR - molar refractivity 

Apol Sum of the atomic polarizabilities 

Bpol BPol descriptor 

eccentricConnectivityIndexDescriptor Eccentric Connectivity Index Descriptor 

fmfDescriptor fmf Descriptor 

fsp3 fsp3 

fragmentComplexityDescriptor Fragment Complexity Descriptor 

hBondAcceptorCount Hydrogen bond acceptor count 

hBondDonorCount Hydrogen bond donor count 

hybridizationRatioDescriptor Hybridization Ratio Descriptor (fraction of sp3 carbons to sp2 carbons) 

kappaShapeIndex1 First kappa shape index 

kappaShapeIndex2 Second kappa shape index 

kappaShapeIndex3 Third kappa shape index 

manholdlogp LogP descriptor (Mannhold version) 

petitjeanNumber Petit Jean Number 

petitjeanShapeTopo Petitjean geometrical shape index 

lipinskiRuleOf5Failures Number of Lipinski Rule of 5 violations 

vertexAdjMagnitude Vertex adjacency information 

weinerPathNumber Wiener Path Number 

weinerPolarityNumber Wiener Polarity Number 

zagrebIndex Zagreg Index 

topoPSA Topological polar surface area descriptor 

tpsaEfficiency Fractional polar surface area descriptor 

iupac_name IUPAC name 

chemicalClass Chemical Class 

chemicalSubClass Chemical SubClass 

chemicalSuperClass Chemical SuperClass 

directParentClassification Classification of parent molecule 
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Supplementary Table S2. Molecules tested in the cell viability assays. Molecules in 

purple were excluded given their toxicity.  

 

 

Supplementary Table S3. Molecules screened for their ability to preserve cytosolic 

calcium levels. Molecules in blue were selected for subsequent studies.  

 

 

 

 

 

  A B C D E 
1 Control 5,7,8-Trihydroxyflavone Betanin Chrysophanol Ellagic acid 
2 (-)-Norepinephrine 5,8-Dihydroxy-1,4-naphtoquinone Betulin Cinnamic acid Emodin 
3 (+/-)-Dihydrokaempferol 5-Deoxykaempferol Boldine Coumarin Eriocitrin 
4 1,4-Naphtoquinone 5-Methoxypsoralen Caffeine Cyanidin Eriodictyol 
5 18α-Glycyrrhetinic acid Acacetin Catechol Cynarin Eriodictyol-7-O-glucoside 
6 3,4-Dihydrobenzoic acid Ajmalicine Chlorogenic acid Daidzein Eupatorin 
7 3,4-Dimethoxycinnamic acid Apigenin Cholesta-3,5-diene Delphinidin Ferulic acid 
8 3-Hydroxybenzoic acid Apigetrin Chrysin Diosmetin Fisetin 
9 4-Hydroxybenzoic acid Berberine Chrysoeriol Diosmin Flavanone 

  F G H I J 
1 Galangin Hesperetin Isorhamnetin-3-O-rutinoside Liquiritigenin Mangiferin 
2 Galanthamine Hesperidin Isorhoifolin Lupeol Maritimein 
3 Gallic acid Homoeriodictyol Juglone Lutein Myricetin 
4 Genistein Homoorientin Kaempferide Luteolin Myricitrin 
5 Genkwanin Homovannilic acid Kaempferol Luteolin tetramethylether Myristic acid 
6 Gentisic acid Hydroquinone Kaempferol-3-O-rutinoside Luteolin-3’,7-di-O-glucoside Myrtillin 
7 Guaiaverin Hyoscyamine Kaempferol-7-O-glucoside Luteolin-4'-O-glucoside Naringenin 
8 Guaiazulene Isorhamnetin Kaempferol-7-O-neohesperidoside Luteolin-7-O-glucoside Naringenin-7-glucoside 
9 Herniarin Isorhamnetin-3-O-glucoside Linarin Malvidin Naringin 

  K L M N O 
1 Narirutin Plumbagin Quercetin-3-O-ß-D-glucoside Sennoside B Tiliroside 
2 Oleuropein Pyrogallol Quercitrin Silibinin Trigonelline 
3 Orientin Quercetagetin Rhoifolin Spermine Vanillin 
4 p-Coumaric acid Quercetin Robinin Sulfuretin Verbascoside 
5 Pelargonidin Quercetin-3,3’,4',7-tetramethylether Rosmarinic acid Swertiamarin Vicenin-2 
6 Pelargonin Quercetin-3,4'-dimethylether Rutin Taxifolin Vitexin 
7 Phloroglucinol Quercetin-3-methylether Saponarin Tectochrysin Vitexin-2-O-rhamnoside 
8 Pinocembrin Quercetin-3-O-(-6-acetylglucoside) Scopolamine Theobromine Xanthone 
9 Pyrogallol Quercetin-3-O-glucuronide Sennoside A Theophylline ß-escin 

  A B C D E 

1 Control 5-Deoxykaempferol Cinnamic acid Eriocitrin Gentisic acid 

2 Ionophore Apigetrin Coumarin Eriodictyol Guaiaverin 

3 (-)-Norepinephrine Berberine Cyanidin Eriodictyol-7-O-glucoside Herniarin 

4 (+/-)-Dihydrokaempferol Betanin Cynarin Ferulic acid Hesperetin 

5 3,4-Dihydrobenzoic acid Boldine Daidzein Fisetin Homoeriodictyol 

6 3,4-Dimethoxycinnamic acid Caffeine Delphinidin Flavanone Homoorientin 

7 3-Hydroxybenzoic acid Catechol Diosmetin Galanthamine Homovannilic acid 

8 4-Hydroxybenzoic acid Chlorogenic acid Ellagic acid Gallic acid Isorhamnetin-3-O-glucoside 

9 5,7,8-Trihydroxyflavone Cholesta-3,5-diene Emodin Genistein Isorhamnetin-3-O-rutinoside 

  F G H I J 

1 Isorhoifolin Malvidin Narirutin Pyrogallol Saponarin 

2 Juglone Maritimein Oleuropein Quercetin-3-O-ß-D-glucoside Scopolamine 

3 Kaempferol Myricetin Orientin Quercetin-3-O-(-6-acetylglucoside) Sennoside B 

4 Kaempferol-3-O-rutinoside Myricitrin p-Coumaric acid Quercetin-3-O-glucuronide Silibinin 

5 Kaempferol-7-O-neohesperidoside Myristic acid Pelargonidin Quercitrin Spermine 

6 Liquiritigenin Myrtillin Pelargonin Rhoifolin Sulfuretin 

7 Luteolin-3’,7-di-O-glucoside Naringenin Phloridzin Robinin Swertiamarin 

8 Luteolin-4'-O-glucoside Naringenin-7-glucoside Phloroglucinol Rosmarinic acid Taxifolin 

9 Luteolin-7-O-glucoside Naringin Pinocembrin Rutin Theobromine 

  K         

1 Theophylline    
 

2 Tiliroside    
 

3 Trigonelline    
 

4 Vanillin    
 

5 Verbascoside    
 

6 Vicenin-2    
 

7 Vitexin     
8 Vitexin-2-O-rhamnoside     
9 Xanthone         
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Supplementary Figure S1-A. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire. 

Phenylpropanoids and polyketides
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Supplementary Figure S1-B. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

 

Phenylpropanoids and polyketides (cont.)
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Supplementary Figure S1-C. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

Phenylpropanoids and polyketides (cont.)
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Supplementary Figure S1-D. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

Phenylpropanoids and polyketides (cont.)
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Supplementary Figure S1-E. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

 

Benzenoids
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Supplementary Figure S1-F. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

 

 

 

 
Supplementary Figure S1-G. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

 

Lipids and lipid-like molecules

Alkaloids and derivatives
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Supplementary Figure S1-H. Chemical structures of all tested molecules, grouped 

according to the respective chemical superclass according to ClassyFire (cont.). 

 

Organoheterocyclic compounds

Organic nitrogen compounds

Organic oxygen compounds

Organic acid and derivatives

Lignans, neolignans and related compounds
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Supplementary Figure S2. Impact of a library of natural products on MRC-5 fibroblasts 

upon cell viability, as determined by MTT reduction assay. All compounds were tested at 50 

µM. Results correspond to the mean ± standard error of the mean and represent, at least, 

three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. 
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Supplementary Figure S3. Cytosolic calcium levels in MRC-5 fibroblasts in response to 

co-incubation of calcium ionophore A23187 at 5 µM and nontoxic molecules, as determined 

by the fluorescence of the probe Fura-2/AM. Results correspond to the mean ± standard 

error of the mean and represent, at least, three independent experiments, each performed 

in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Supplementary Figure S4. Pairwise comparison of different features of the dataset. Blue 

= inactive molecules, orange = active molecules as per the results of Figure 14 A.  
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Abstract 

 

The last century has witnessed the establishment of neoplastic disease as the second 

cause of death in the world. Nonetheless, the road towards desirable success rates of cancer 

treatments is still long and paved with uncertainty. This work aims to select natural 

products that act via endoplasmic reticulum (ER) stress, a known vulnerability of malignant 

cells, and display selective toxicity against cancer cell lines. Among an in-house chemical 

library, nontoxic molecules towards noncancer cells were assessed for toxicity towards 

cancer cells, namely the human gastric adenocarcinoma cell line AGS and the lung 

adenocarcinoma cell line A549. Active molecules towards at least one of these cell lines were 

studied in a battery of ensuing assays to clarify the involvement of ER stress and unfolded 

protein response (UPR) in the cytotoxic effect. Several natural products are selectively 

cytotoxic against malignant cells, and that the effect often relies on ER stress induction. 

Berberine was the most promising molecule, being active against both cell models by 

disrupting Ca2+ homeostasis, inducing UPR target gene expression and ER-resident 

caspase-4 activation. Our results indicate that berberine and emodin are potential leads for 

the development of more potent ER stressors to be used as selective anticancer agents. 

Keywords: unfolded protein response, endoplasmic reticulum stress, natural products, 

chemical library, drug discovery, ATF4, CHOP, EDEM1, caspase-4, calcium homeostasis 
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3.2.1. Introduction 

 

Recent decades have witnessed an increase in favorable outcomes of cancer patients. 

There is, however, a long road until high success rates in cancer treatments (376). In fact, 

neoplastic diseases remain one of the major causes of death worldwide, second only to 

cardiovascular disease. Furthermore, the incidence of this type of disease has been 

increasing (377). 

In the eukaryotic cell, protein synthesis and folding, as well as stress response, are 

inseverable of the endoplasmic reticulum (ER) function. This organelle possesses robust 

signaling networks that evolved towards recognition and mitigation of disturbances in 

proteostasis, which, globally, trigger the unfolded protein response (UPR) (378). The UPR 

encompasses three major signaling branches, each activated with one of three leading 

sensors, namely the i) protein kinase RNA-like ER kinase (PERK), the ii) inositol-requiring 

protein 1 (IRE1), and the iii) activating transcription factor 6 (ATF6) (147, 378, 379). UPR 

activation decreases the protein load to be processed in the ER lumen by bringing the 

secretory pathway to a halt. It globally impairs protein synthesis, while enhancing ER-

associated degradation of misfolded proteins (ERAD). Whenever it cannot restore 

proteostasis, UPR activation conducts to programmed cell death events (379). 

Given their aberrant protein synthesis rates , cancer cells endure chronic ER stress, 

and their survival strongly relies on UPR activation (329). Notably, expression of UPR 

biomarkers is associated to multiple types of cancers, often implying therapy resistance and 

poor prognosis (329). The types of neoplasm in which this has been observed includes lung, 

breast, colon, gastric, pancreas, liver, prostate, kidney, skin, lymphoblastic leukemias, and 

β-cell lymphoma (216). 

One increasingly promising anticancer strategy is the use of molecules capable of 

triggering ER stress in cancer cells (380). Relevantly, ER stress inducers often display 

selective cytotoxic activity against malignant cells, which may be central to the development 

of safer pharmacological strategies against cancer (381). When the UPR tolerance threshold 

is reached in cancer cells, it leads to the occurrence of organized cell death (380). 

The natural product chemical space, due to its immense structural variability, is a 

prolific source of ER stress and UPR modulators (128, 219, 382). Two remarkable examples 

of such molecules are thapsigargin (Tg) and tunicamycin, commonly used as research tools 

to induce ER stress (144-146, 299, 302, 303). Nonetheless, most reports on selective 

cytotoxic molecules describe cytotoxicity to non-cancer cells, even though milder than 

towards cancer cells (383). Others are reported as selectively cytotoxic, due to their specific 

cytotoxicity towards few types of cancer cells, but they were not, however, compared to non-

cancer cells (384).  



Original Article #2 
 

108 
 

Lung and stomach cancers represent a significant fraction of cancer incidence and 

death worldwide (377). Here we report several natural products that are more toxic against 

a lung cancer cell line than towards lung fibroblasts, most of them being also toxic against 

a gastric cancer cell line. This work aims to report cytotoxic compounds against cancer cells, 

among a library of non-toxic natural products, that act by triggering ER stress, a known 

vulnerability of malignant cells (385, 386). 

 

3.2.2. Materials and Methods 

 

3.2.2.1. Chemical library and reagents 

 

The compounds 5,7,8-trihydroxyflavone, 5-deoxykaempferol, apigetrin, coumarin, 

cyanidin, delphinidin, diosmetin, ellagic acid, eriocitrin, eriodictyol, eriodictyol-7-O-

glucoside, ferulic acid, fisetin, flavanone, gallic acid, gentisic acid, herniarin, 

homoeriodictyol, homoorientin, homovanillic acid, isorhamnetin-3-O-glucoside, 

isorhamnetin-3-O-rutinoside, isorhoifolin, juglone, kaempferol, kaempferol-3-O-

rutinoside, kaempferol-7-O-neohesperidoside, liquiritigenin, luteolin-3’,7-di-O-glucoside, 

luteolin-4’-O-glucoside, luteolin-7-O-glucoside, malvidin, maritimein, myricetin, 

myricitrin, myrtillin, naringenin-7-O-glucoside, narirutin, oleuropein, orientin, 

pelargonidin, pelargonin, phloroglucinol, pyrogallol, quercetin-3-O-(-6-acetylglucoside), 

quercetin-3-O-glucuronide, rhoifolin, robinin, saponarin, scopolamine, sennoside B, 

sulfuretin, tiliroside, verbascoside and vitexin were purchased from Extrasynthese (Genay, 

France). The molecules (-)-norepinephrine, (+/-)-dihydrokaempferol, 3,4-dihydrobenzoic 

acid, 3,4-dimethoxycinnamic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 

berberine, betanin, boldine, catechol, cholesta-3,5-diene, cynarin, daidzein, emodin, 

galanthamine, genistein, guaiaverin, hesperetin, myristic acid, naringenin, naringin, p-

coumaric acid, phloridzin, pinocembrin, quercetin-3-O-β-D-glucoside, quercitrin, 

rosmarinic acid, rutin and silibinin were acquired from Sigma-Aldrich (St. Louis, MO, USA). 

Caffeine was from Fluka (Buchs, Switzerland), vanillin was supplied by Vaz Pereira 

(Santarém, Portugal), vicenin-2 was purchased from Honeywell (Charlotte, NC, USA). 

Chlorogenic acid was from PhytoLab (Vestenbergsgreuth, Germany). Cinnamic acid was 

obtained from Biopurify (Chengdug, China). Swertiamarin was from ChemFaces (Wuhan, 

China). 

Dulbecco´s Modified Eagle Medium (DMEM), Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 (DMEM/F-12), fetal bovine serum, penicillin/streptomycin 

solution (penicillin 5000 units/mL and streptomycin 5000 µg/mL), trypsin-EDTA (0.25%), 

Qubit™ dsDNA HS assay kit, QubitTM RNA IQ assay kit, QubitTM RNA HS assay kit, 
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SuperScriptTM IV VILOTM MasterMix, and the QubitTM Protein Assay Kit were acquired from 

Invitrogen (Grand Island, NE, USA). Dimethyl sulfoxide (DMSO) was acquired from Fisher 

Chemical (Loughborough, UK). Isopropanol was obtained from Merck (Darmstadt, 

Germany). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT), calcium 

ionophore A23187, thapsigargin, RNAzol®, chloroform, isopropanol, diethyl pyrocarbonate 

(DEPC), KAPA SYBR® FAST qPCR Kit Master Mix (2X) Universal, Trizma® base, sodium 

chloride, potassium phosphate monobasic, potassium chloride, sodium phosphate dibasic, 

sodium bicarbonate, D-glucose, phorbol 12-myristate 13-acetate (PMA), 4µ8C and Triton 

X-100 were obtained through Sigma-Aldrich (St. Louis, MO, USA). The fluorescent probe 

Fura-2/AM and caspase-4 assay kit (fluorometric) were purchased from Abcam 

(Cambridge, UK). Promega Caspase-Glo™ 3/7 Assay Kit was obtained from Promega 

Corporation (Madison, WI, USA). Salubrinal and JC-1 iodide were acquired from Santa 

Cruz Biotechnology (Dallas, TX, USA). Irestatin 9398 was acquired through Axon Medchem 

(Groningen, Netherlands). 

 

3.2.2.2. Cell culture conditions 

 

AGS human gastric adenocarcinoma cell line (American Type Culture Collection, LGC 

Standards S.L.U., Spain) was cultured in Dulbecco’s Modified Eagle Medium (DMEM) + 

GlutaMAXTM containing 10% FBS and 1% penicillin/streptomycin. A549 human lung 

adenocarcinoma cell line (American Type Culture Collection, LGC Standards S.L.U., Spain) 

was cultured in Dulbecco’s Modified Eagle Medium/F12 (DMEM) + GlutaMAXTM 

containing 10% FBS and 1% penicillin/streptomycin.  Both were maintained at 37 ºC with 

5% CO2. In order to obtain spheroids, AGS and A549 cells were seeded in hydrophobic 

round-bottomed 96-well plates, in appropriate cell culture medium containing collagen (0.3 

µg/mL), at a density of 5 x 103 cells/well. Under these conditions, spheroids were fully 

formed after 72 h at 37 ºC. 

 

3.2.2.3. Monolayer and 3D cell viability assays 

 

For the determination of cellular viability in monolayer cell culture, AGS cells were 

seeded at a density of 1.5 x 104 cells/well, while A549 were seeded at 1 x 104 cells/well. 

Afterwards, the cells were maintained at 37 ºC for 24 h. After this growth period, the wells 

were incubated with the compounds under study (100 µL/well) for another 24 h. The 

medium was aspirated and replaced by fresh medium containing MTT at 0.5 mg/mL. Cells 

were incubated for 90 (AGS) or 120 min (A549). Finally, the MTT solution was discarded, 

the resulting formazan crystals dissolved in a 3:1 DMSO:isopropanol solution (200 µL/well) 
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and the absorbance at 560 nm read in a Thermo ScientificTM MultiskanTM GO microplate 

reader. All experiments were performed in triplicate. Results are presented as the 

percentage of the control value and correspond to the mean ± SEM of, at least, three 

independent experiments. 

To determine the viability of cells under 3D culture conditions, the compounds of 

interest were incubated on the spheroids for a period of 7 days. After this, the Presto BlueTM 

reagent was added according to the instructions from the manufacturer and incubated for 

4 h at 37 ºC, for both cell lines. Finally, fluorescence at 560/590 nm was read on a CytationTM 

3 (BioTek) multifunctional microplate reader.  

 

3.2.2.4. Evaluation of the mitochondrial membrane potential (ΔΨm) 

 

Cells were seeded at the previously referred densities on 96-well plates. 24 h later they 

were incubated with the compounds of interest for another 24 h at 37 ºC. Afterwards, the 

medium was replaced by HBSS containing the ratiometric probe JC-1 at 7 μM. After 45 min 

at 37 ºC, the wells were carefully washed three times with HBSS. Fluorescence was read at 

485/530 nm and at 530/590 nm in a Cytation™ 3 (BioTek) multifunctional microplate 

reader. The effect upon mitochondrial membrane potential was inferred from the ratio 

F530/590/F485/530. PMA at 100 nM was resorted to as a positive control for the disruption of 

the mitochondrial membrane, while molecules under study were tested at 50 µM. All 

determinations were performed in triplicate. Results are presented as fold decrease vs 

control, representing the mean ± SEM of, at least, three independent experiments. 

 

3.2.2.5. RNA sample preparation, conversion to cDNA and RT-qPCR analysis 

 

AGS were seeded at 1.2 x 105 cells/well and A549 at 8 x 104 cells/well, in 12-well plates. 

The plates were then kept at 37 ºC for 24 h prior to the incubation with compounds of 

interest (50 µM) for other 16 h. Tg at 3 µM was used as a positive control for upregulated 

UPR gene expression. Cells were lysed by replacing the culture medium by 500 µL of 

PureZOL RNA isolation reagent in each well. The lysate was pipetted up and down several 

times and the PureZOL reagent transferred to the duplicate well. The process was repeated, 

and the lysates maintained at room temperature for 5 min. 

The RNA was extracted by phase separation, by adding 100 µL of chloroform to each 

sample and thoroughly mixing, followed by 5 min at room temperature and 15 min 

centrifugation at 12,000 g, at 4 ºC. The resulting aqueous phase was transferred to a new 
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tube and mixed with 250 µL of isopropyl alcohol. Again, the mixture was left to stand for 5 

min at room temperature and then centrifuged at 12,000 g for 10 min, at 4ºC. The 

supernatant was discarded, and the RNA pellet washed with 500 µL of 75 % ethanol and 

centrifuged for 5 min at 7,500 g (4 ºC). Finally, the supernatant was again discarded, and 

the pellet was air-dried for a few minutes and resuspended in 25 µL of DEPC-treated water.  

RNA quantification was performed using a QubitTM RNA IQ assay kit and its integrity 

assessed with the QubitTM RNA IQ assay kit, according to the instructions provided by the 

manufacturer. Conversion to cDNA was performed with the SuperScriptTM IV VILOTM 

MasterMix, using 1 µg of RNA sample. The primers  were designed on Primer BLAST (NCBI, 

Bethesda, MD, USA) and synthesized by Thermo Fisher (Waltham, MA, USA). The RT-

qPCR reaction was performed with the KAPA SYBR® FAST qPCR Kit Master Mix (2X) 

Universal in the following thermal cycling conditions: 3 min at 95 ºC, 40 cycles of 95 ºC for 

3 s, gene-specific temperature for 20 s (specified on Table 6), and 20 s at 72 ºC. The 

reactions took place in a qTOWER3 G (Analytik Jena AG, Germany), and the results were 

viewed on the software supplied with the equipment (qPCRsoft 4.0). Gapdh was selected as 

a reference gene for expression normalization. The results correspond to, at least, four 

independent experiments and every reaction was performed in duplicate. 

 

 Table 6. Data relative to the selected UPR-related genes and respective primers. 

 

3.2.2.6. Cytosolic Ca2+ level determination 

 

AGS and A549 cells were plated at the aforementioned densities on black bottomed-

96-well plates and incubated at 37 ºC for 24 h. Then, the medium was replaced by the 

fluorescent probe Fura-2/AM at 5 µM in HBSS and incubated for 1 h. The molecules under 

Gene Accession number Primers 
Annealing 

Temperature (ºC) 

Amplicon 

length (bp) 

gapdh NM_002046.6 
F: AGGTCGGAGTCAACGGATTT 

60 157 
R: TGGAATTTGCCATGGGTGGA 

hspa5 NM_005347.4 
F: ACTCCTGAAGGGGAACGTCT 

59.5 161 
R: TTTTCAACCACCTTGAACGGC 

ddit3 NM_001195053.1 
F: AAGTCTAAGGCACTGAGCGT 

59 93 
R: TTGAACACTCTCTCCTCAGGT 

hsp90β1 NM_003299.2 
F: GCTCTATGTGCGCCGTGTAT 

60.5 91 
R: ATCTGAGTCCACCACACCCTT 

atf4 NM_001675.4 
F: ACAACAGCAAGGAGGATGCC 

60 135 
R: CCAACGTGGTCAGAAGGTCA 

edem1 NM_014674.2 
F: GCGGGGACCCTTCAAATCT 

60 117 
R: CGGCTTTCTGGAACTCGGAT 
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study (50 µM) were then prepared in HBSS and added to the plate. Two hours later the wells 

were washed three times with HBSS and fluorescence was read at 340/505 and 380/505 on 

a CytationTM 3 (BioTek) multifunctional microplate reader. Data analysis was conducted 

considering the ratio F340/505/F380/505. Each experiment was performed in triplicate. Results 

are presented as fold increase vs control and represent the mean ± SEM of, at least, three 

independent experiments. 

 

3.2.2.7. Caspase-3 and -4 activities 

 

To determine the activity of caspase-4, cells were plated in 6-well plates at 2.4 x 105 

cells/well for AGS cells and 1.6 x 105 cells for A549, and incubated at 37 ºC overnight. The 

compounds of interest were then added at 50 µM and cells were incubated for 6 h. After this 

period, cells lysates were prepared in the lysis buffer provided by the manufacturer of the 

caspase-4 assay kit, using a volume of 50 µL for each sample. The protein was quantified 

resorting to the QubitTM Protein Assay. The assay was conducted in black-bottomed 96-well 

plates, using 100 µg of protein for each determination. The protein samples were incubated 

with the reaction buffer and the caspase-4 substrate LEVD-AFC at 50 µM, for 2 h at 37 ºC 

and, finally, the fluorescent signal was read at 400/505 nm in a CytationTM 3 (BioTek) 

multifunctional microplate reader. The experiments were individually performed in 

duplicate, and the results represent the mean ± SEM of, at least, three independent 

experiments. 

The activation of caspase-3 was evaluated using the Caspase-Glo® 3/7 kit assay. Cells 

were seeded as described above, on white bottomed-96-well plates. 24 h elapsed, the cells 

were incubated with the molecules under study for a new period of 24 h. Staurosporine at 

100 nM was employed as a positive control for caspase-3 activation. Afterwards, 60 of the 

100 µL of medium contained in each well were discarded and replaced by 40 µL of the 

Caspase-Glo® 3/7 buffer, containing Caspase-Glo® 3/7 substrate. The plate was incubated 

for 30 min at 22 ºC and the luminescent signal was measured in a Cytation™ 3 (BioTek) 

multifunctional microplate reader. All measurements were performed in duplicate. Results 

are presented as fold increase vs control and represent the mean ± SEM of, at least, three 

independent experiments. 

The obtained results were normalized for the DNA amounts present after 24 h 

incubation with the molecules. After 24 h, cells were incubated with ultra-pure water at 37 

ºC, for 30 min, and subsequently frozen at -80 ºC. DNA was quantified with the QubitTM 

dsDNA HS Assay Kit. Caspase activity results were then normalized with the determined 

DNA amounts. 
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3.2.2.8. Study of the involvement of the PERK and IRE-1 branches of the UPR 

on cell viability 

 

Cells were seeded as described for the MTT reduction assay and incubated with the 

toxic compounds (50 µM) in the presence or absence of salubrinal (1 μM), an inhibitor of 

eIF2α dephosphorylation and, thus, of PERK signaling, irestatin 9398 (5 μM), an inhibitor 

of the IRE-1 endonuclease activity, or 4µ8C (2 μM), an inhibitor of both endonuclease and 

kinase activities of IRE-1. Prior to the incubation of the molecules under study in the 

presence of the mentioned UPR inhibitors, a pre-incubation of 1 h with these inhibitors was 

conducted. The medium was then replaced by a solution containing the molecule and the 

inhibitor at the aforementioned concentrations. Cell viability was determined 24 h later via 

MTT reduction assay. 

 

3.2.2.9. Statistical analysis 

 

Statistical analysis was carried out on the GraphPad Prism 8 software. In order to 

compare single treatments with control groups, we employed the unpaired Student’s t-test, 

and values of p < 0.05 were considered statistically significant. The Grubbs’ test was used 

to detect outliers. 

 

3.2.3. Results 

 

3.2.3.1. Cytotoxicity evaluation 

 

 The physico-chemical properties of the compound library used herein, as well as 

information on the toxicity of the molecules in non-cancer cells, were reported in our 

previous work (387). Considering the results obtained with the 97 molecules 

(Supplementary Table S4, Supplementary Figures S5 and S6), Figure 18 A/B 

shows the molecules that caused loss of viability of the two cancer cells lines used, AGS 

(gastric carcinoma) and A549 (lung adenocarcinoma), at a single concentration (50 µM). 

Most of the hits revealed toxicity to both cells lines, with three exceptions: boldine and 

spermine were toxic only for AGS cells, while emodin displayed a cytotoxic effect only 

towards A549 cells. On the other hand, 5-deoxykaempferol, diosmetin, fisetin, berberine, 

genistein and kaempferol were toxic towards both studied cell lines (Figure 18 C). All the 

results are presented in bar charts in Supplementary Figure S5 and Supplementary 

Figure S6. 
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Figure 18. A/B: Impact of each compound on the viability AGS (A) or A549 (B) cells after 

24 h, as determined by the MTT reduction assay. Every molecule was tested at 50 µM. 

Results are presented as the percentage of the control value and correspond to the mean of, 

at least, three independent experiments. C: Impact of each of the selectively cytotoxic 

molecules on the viability of AGS and A549 cells, representing the mean of, at least, three 

independent experiments ± SEM. D/E: Impact of the selected cytotoxic molecules on the 

mitochondrial membrane potential (ΔΨm) of AGS (D) and A549 (E) cells. Results consider 

F530/590/F485/530 and express the mean ± SEM of at least three independent assays, all the 

latter conducted in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

 

As shown in Figure 18 D/E, all molecules caused a reduction of ΔΨm on both cell 

lines, with the exception of genistein, which was for this reason dropped from the pipeline 
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(Figure 18 D/E). It is reported in the literature that PMA causes the disruption of the ΔΨm 

at very low concentrations, alongside increased ROS production, by being and agonist of 

protein kinase C (PKC), as well as inducing its mitochondrial translocation, and hence it 

was used here as a positive control (72, 388). We have observed that many of our active 

molecules at 50 µM could exert a stronger effect at this level than PMA, even though the 

latter was used at 100 nM. This was observed with both kaempferol and 5-deoxykaempferol 

on both cell lines. Furthermore, emodin displayed a potent effect on the ΔΨm dissipation in 

A549 cells. 

 

3.2.3.2. Effect of cytotoxic molecules on UPR activation 

 

The activation of the UPR involves the increased expression of multiple target genes, 

representing definitive evidence of stress upon the ER. Representative genes from multiple 

UPR branches and chaperones (atf4, hspa5, ddit3, hsp90β1 and edem1) were selected and 

their expression following treatment with the cytotoxic molecules was studied. 

As shown in Figure 19 A, both AGS and A549 cells had a similar response in terms 

of atf4 and edem1 expression when challenged with Tg, increasing the expression of these 

genes by around 3/4-fold. In the case of the remaining genes, namely hspa5, ddit3, and 

hsp90β1, the response was different between the two cell lines, A549 exhibiting a stronger 

response than AGS. These results show that the genes selected are adequate for assessing 

the UPR. 

After assessing the genetic response in the context of UPR, all the molecules selected 

as cytotoxic were evaluated in the same conditions. As shown in Figure 19 B/C, all 

molecules were able to upregulate the expression of at least one of the target genes, with the 

exception of boldine in the case of AGS cells. As so, we hypothesized that the toxicity exerted 

by this molecule does not involve the UPR, reason for which it was dropped from the 

pipeline. In these cells, diosmetin and fisetin upregulated all of the analyzed target genes, 

while kaempferol and spermine upregulated only edem1 and ddit3, respectively. The action 

of 5-deoxykaempferol resulted in upregulated ddit3 and hspa5 expression, while berberine 

increased the transcription factors atf4 and ddit3 and also edem1. In what concerns to A549 

cells, 5-deoxykaempferol increased the expression of all target genes, berberine and emodin 

increasing the expression of atf4, hspa5, and ddit3. Fisetin upregulated all genes but edem1. 

Kaempferol upregulated atf4, hspa5, and edem1. Diosmetin treatment resulted in increased 

expression of both chaperones.  
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Figure 19. A: Effect of Tg (3 µM) on the expression of UPR-related genes in AGS and A549 

cells, as determined by RT-qPCR. B: Effect of the selected cytotoxic molecules on the 

expression of UPR-related genes in AGS cells, as determined by RT-qPCR. C: Effect of the 

selected cytotoxic molecules on the expression of UPR-related genes in A549 cells, as 

determined by RT-qPCR. In both cell lines, gapdh was selected as a reference gene for the 

normalization of gene expression. Results portray the mean ± SEM of three independent 

assays individually conducted in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 
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3.2.3.3. Selected molecules impact Ca2+ homeostasis and caspase activity 

 

Berberine, diosmetin and kaempferol caused Ca2+ to flow from the ER into the cytosol 

on the AGS cell line (Figure 20 A). Regarding A549 cells (Figure 20 B), only berberine 

and emodin increased the amounts of cytosolic Ca2+.  

Berberine elicited caspase-4 activation in both cell lines, being the only molecule that 

could do so in concomitance with impacting Ca2+ homeostasis under the selected 

experimental conditions. Fisetin could also significantly induce caspase-4 activation in both 

cell lines, while 5-deoxykaempferol and diosmetin only exerted a visible effect on AGS cells. 

Regarding caspase-3 activation, fisetin was the only compound that could trigger this effect 

in both cell lines (Figure 20 A and Figure 20 B). Other than this, 5-deoxykaempferol 

triggered caspase-3 activation on A549 cells (Figure 20 B). 

 

 
Figure 20. Effect of the molecules under study on the amounts of cytosolic Ca2+ in AGS 

(A) and A549 (B) cells, as determined with the fluorescent probe Fura-2/AM. Results are 

calculated considering F340/505/F380/505 and represent the mean ± SEM of, at least, three 

independent assays, individually performed in triplicate. Impact of the selected cytotoxic 

molecules activities of caspase-4 and caspase-3 in AGS cells (A) and in A549 cells (B). The 

displayed results represent the mean ± SEM of, at least, three independent experiments. *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.2.3.4. Pharmacological modulation of UPR impacts cytotoxicity of ER 

stressors 

 

In AGS cells, pre-incubation with salubrinal (1 µM) resulted in reduced toxicity of 

berberine (Figure 21 A). As for A549 cells, the same effect was observed in the cases of 

berberine and emodin (Figure 21 B). Berberine was the only of these molecules to be tested 

on both cells lines, and the results show that its effect extends to both. Furthermore, the 

salubrinal-induced increase on PERK phosphorylation enhances the toxicity of spermine in 

AGS cells. 

Unlike what was verified in the presence of salubrinal, IRE1 inhibitors failed to 

prevent the toxicity of berberine on AGS cells (Figure 21 A). Regarding A549 cells, both 

irestastin 9398 and 4µ8C could prevent cell death induced by berberine and emodin 

(Figure 21 B).  
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Figure 21. Effect of UPR inhibitors salubrinal, irestatin 9398 and 4µ8C on the impact on 

cell viability provoked on AGS (A) and A549 (B) cells by selected natural products. Results 

express the mean ± SEM of, at least, three independent experiments, all performed in 

triplicate. *p < 0.05, **p < 0.01. 

 

 

3.2.3.5. Cytotoxic effect of ER stressors is retained in 3D models  

 

A 3D cell culture system was implemented to test the selected compounds (Figure 

22). In AGS cells (Figure 22 A), berberine retained the cytotoxic effect. In the case of A549 
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cells (Figure 22 B), both berberine and emodin were active in this regard. Notably, 

berberine and emodin present a stronger effect than that of the positive control.  

 

 
Figure 22. Effect of the molecules under study on the viability of AGS (A) and A549 (B) 

cells, in 3D cell culture conditions, as determined by the fluorescence of PrestoBlueTM. 

Results are calculated considering F560/590 nm and represent the mean ± SEM of, at least, 

three independent assays, individually performed in triplicate. **p < 0.01, ***p < 0.001, 

****p < 0.0001. 

 

3.2.4. Discussion 

 

3.2.4.1. Selection of cytotoxic molecules towards cancer cells 

 

Aiming to avoid the development of anticancer molecules lacking selectivity towards 

cancer cells, in this work we have used only non-toxic compounds towards human non-

cancer cells. It is widely reported that, even though the search for molecules that do not 

exert undesirable side effects on healthy cells is fierce, the vast majority of attempts at 

discovery of such molecules has fallen short (389). 

Considering that most novel cytotoxic cancer drugs are capable of triggering an array 

of events that are classified as organized cell death (OCD), we were interested in further 

filtering the results from cell viability. We have chosen to evaluate the impact of these 

molecules in the mitochondrial membrane potential (ΔΨm), since loss of ΔΨm is involved in 

most processes of OCD,  its dissipation being also a hallmark of ER stress, as consequence 

of the upregulation of BH3-only proteins (390). As so, molecules that have displayed 

selective cytotoxicity along with decreased ΔΨm have been studies in the following assays. 
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3.2.4.2. The selected molecules are capable of triggering UPR activation 

 

The onset of ER stress leads to the upregulation of the expression of a battery of genes, 

including genes encoding chaperones and transcription factors downstream of the 

activation of any of the major signaling branches of the UPR. 

The atf4 gene encodes the activating transcription factor-4 (ATF4), a transcription 

factor inducible by UPR activation, specifically of the PERK signaling branch. Even though 

PERK signaling leads to an overall decrease of the protein synthesis rate, though enhanced 

translation of a discrete group of proteins, including ATF4, occurs (391). In turn, ATF4 

upregulates genes like ddit3, which encodes the C/EBP homologous protein (CHOP). This 

transcription factor is pivotal in the process of ER stress-induced apoptosis, and its 

transcription may also be induced by IRE1 or ATF6 signaling, the other two major signaling 

branches of the UPR (392). The hspa5 gene corresponds to the binding immunoglobulin 

protein (BiP) or 78-kDa glucose-regulated protein (GRP78), while hsp90β1 encodes the 94-

kDa glucose-regulated protein (GRP94). Both genes correspond to Ca2+ binding proteins 

and the most abundantly expressed chaperones in the ER. In fact, BiP is firmly established 

as the major gatekeeper of UPR activation (393). Furthermore, the expression of both genes 

is known to be upregulated upon ATF6 activation (394). Under homeostatic conditions the 

mRNA encoding the transcription factor X-box-binding protein 1 (XBP1) is found in the cell 

in its unspliced form. IRE1 activation leads to its splicing and activation, resulting in the 

increased expression of genes such as the edem1, that generates the ER degradation-

enhancing alpha-mannosidase-like protein 1 (EDEM1) (395). This well-known target of 

XBP1 is involved in ERAD (396). The involvement of these genes in ER stress is schematized 

in Figure 23. 

Figure 23. Involvement of the genes analyzed by RT-qPCR in ER stress signaling. 
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Tg was used as a positive control for the upregulation of the aforementioned target 

genes in each cell line, accounting for cell-specific differences in the cellular response, as 

displayed in Figure 19 A. This compound has been extensively employed as a positive 

control for the occurrence ER stress and the activation of the UPR ever since its 

characterization as a selective SERCA pump inhibitor in the early 1990’s (144, 145). The 

SERCA pump oversees uptaking Ca2+ ions from the cytosol and their storage in the ER 

lumen, and thus its function is essential in keeping Ca2+ homeostasis in the cell.  

The obtained results indicate that 5-deoxykaempferol, diosmetin, fisetin, berberine, 

emodin and kaempferol are eliciting the activation of one or more signaling branches of the 

UPR, reason for which they were considered for subsequent assays. Other than this, the 

results make clear that UPR activation by the same molecule occurs differently in each cell 

model, hinting at the relevance of studying each cell type individually, since UPR activation 

depends on the ER capacity and function of the respective cell (397). This is also ascertained 

by Figure 19 A, evidencing that the same Tg treatment induces different expression of 

target genes in each cell line. 

 

3.2.4.3. ER stressors disturb Ca2+ homeostasis and elicit caspase activation 

 

The ER is the largest Ca2+ reservoir of the cell, being in charge of keeping appropriate 

concentrations of this second messenger. Tight regulation of these concentrations is 

essential to the upkeep of cellular homeostasis. The ER possesses an intricate network of 

transporters, channels, and pumps to govern Ca2+ homeostasis. Disturbances on this, 

leading to Ca2+ efflux into the cytosol, are a hallmark of ER stress (37, 169). Furthermore, 

this efflux leads to the dissipation of the ΔΨm (398). For all this, spatial and temporal 

changes in this ion are of pivotal relevance when studying ER modulators. As a positive 

control, we used the calcium ionophore A23187, that has been observed to trigger Ca2+ 

depletion from the ER (399, 400). 

The literature shows that, even though organized cell death is inseverable from the 

dissipation of the ΔΨm, it does not always trigger caspase activation. However, caspase 

activation is known as a possible downstream event of ER stress (401). Caspase-4 resides in 

the ER and is activated by ER stress activators such as Tg and tunicamycin (227). As such, 

Tg was used as a positive control for caspase-4 activation. In turn, caspase-4 can cleave 

procaspase-9, rendering it active and inducing the subsequent caspase-3 activation (152, 

402). Regarding caspase-3, we used staurosporine as positive control, since it is extensively 

reported to induce caspase activation (72, 403, 404). 
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The fact that molecules, such as emodin, seem to trigger every hallmark of UPR 

activation except for caspase activation may be due to the experimental conditions here 

employed in what concerns, for example, time period, since it is known that caspase 

expression and activation can change over time (405). Alternatively, there are reports of ER 

stress triggering organized cell death independently of caspase activation, which is an 

hypothesis for the mechanism of action of emodin in A549 cell, as well as other molecules 

that failed to induce caspase activation (406). Similarly, free Ca2+ concentrations may be 

time-dependent, reason for which changes can be overlooked. Moreover, ions may be 

relocated to the mitochondria instead of remaining in the cytosol (167). 

 

3.2.4.4. Cytotoxic molecules disturb ER homeostasis at different levels 

 

After showing that the cytotoxicity of the molecules under study was mediated by the 

ER, we were interested in detailing the UPR branch that might have been involved, 

specifically the PERK and IRE1 pathways. Briefly, PERK signaling results in increased 

phosphorylation of the eukaryotic initiation factor 2 alpha (eIF2α), leading global protein 

synthesis to a halt, while selectively enhancing the synthesis of proteins like ATF4 (66). 

Salubrinal is a cell-permeable selective inhibitor of eIF2α dephosphorylation that acts by 

inhibiting protein phosphatase 1 (PP1). The effect of salubrinal protects cells against ER 

stress by preventing the halt in mRNA translation caused by phosphorylated eIF2α (70). As 

mentioned before, phosphorylated eIF2α selectively upregulates the expression of ATF4 

that, in turn, induces the expression of target genes responsible for ER stress-induced OCD 

mechanisms, such as ddit3 (66, 70). Thus, it is to be expected that, if cells are undergoing 

OCD events related to insufficient PERK signaling, salubrinal may relieve the cytotoxicity, 

allowing to infer the role of this pathway in the mechanism of action of target compounds 

(72). 

The toxicity of berberine is shown to be decreased when enhancing PERK-mediated 

UPR signaling (Figure 21 A). On the other hand, in the case of spermine, it is likely that 

enhancing eIF2α phosphorylation resulted in increased translation of pro-apoptotic genes, 

and consequently, increased toxicity. 

The IRE1 enzyme possesses both kinase and endonuclease activities. It is activated by 

transautophosphorylation and plays a dual role on the UPR signaling, being able to promote 

cell death or survival, like PERK. On one hand, its endonuclease activity results in the 

splicing of the mRNA corresponding to the transcription factor XBP1, that promotes cell 

survival by inducing the expression of ER-related genes. On the other hand, it can lead to 

cell death through increased IRE1-dependent decay of RNA (RIDD) (80, 329). 4µ8C is 
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capable of inhibiting both activities of IRE1 by binding both its kinase and RNAse domains, 

simultaneously halting mRNA splicing and RIDD (98, 99, 329). Irestatin 9398, on the other 

hand, inhibits only its RNAse domain, thus preventing XBP1 mRNA splicing (407). Co-

incubation of target molecules with these specific inhibitors may therefore shed a light in 

the involvement of IRE1 signaling on their effect. 

In brief, regarding the active molecules, namely berberine towards AGS cells and 

berberine and emodin towards A549 cells, the selective inhibitors of PP1 and IRE1, were 

effective in preventing cell death. These results show that the molecules induce ER stress, 

leading to a collective activation of at least two of the three major branches of the UPR 

machinery. However, these results prove the involvement of the UPR in the effects of 

berberine and emodin, but they do not refute the involvement of the UPR in the cytotoxic 

effect of the remaining molecules, as the UPR signaling branches are often redundant and 

can potentially be overactivated once one of them is inhibited (207, 408, 409). 

 

3.2.4.5. Cytotoxic effect of ER stressors is retained in 3D models 

 

Traditional monolayer cell cultures are, to this day, a powerful and the most 

extensively employed tool in the discovery of drug candidates and subsequent 

characterization of their mechanism of action (410). However, the surrounding 

environment of a cell cultured in monolayers differs considerably from an in vivo situation. 

These cells attach to the polystyrene surface of cell culture plates, losing their three-

dimensional conformation, lacking normal cell-to-cell interactions, and growing in the 

absence of extracellular matrix. The deprivation of a natural microenvironment often leads 

to misleading results (411, 412). 3D cell culture systems recreate the natural 

microenvironment of the cells more closely (410). On monolayer cell cultures, the test 

subjects are proliferating cells, while, in these systems, the test subjects are spheroids, that 

retain natural cell morphology, cell-cell and cell-matrix interactions, and include 

proliferating, apoptotic and necrotic cells. The proliferating cells are present in the outer 

areas, whereas the core of the spheroid remains under the pressure of receiving less oxygen 

and nutrients, and, therefore, may be in a quiescent, hypoxic or necrotic state (412, 413). 

Berberine induced UPR activation in both cell models analyzed, and it was confirmed 

that its cytotoxic effect translates into a 3D cell model. Emodin was active specifically 

against A549 cells in previous assays, and it retained its cytotoxic potential in a 3D cell 

model based on this cell line. 
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3.2.5. Conclusions 

 

The occurrence of selective cytotoxic effect among a group of natural products was 

described. The cytotoxicity of some of these molecules was shown to rely on the induction 

of ER stress. The future may provide opportunities for further studies with both 

compounds, expanding the tested concentrations and increasing the diversity of employed 

cell models to clarify whether the potential of the molecules is broader than the types of 

cancer here represented. 

Berberine induced the expression of UPR target genes, as well as disturbing Ca2+ 

homeostasis and promoting ER-resident caspase-4 activation. UPR activation was further 

confirmed upon experiments with selective pharmacological inhibitors of key UPR 

mediators. Emodin resulted in increased expression of the same genes as berberine in A549 

cells, namely atf4, ddit3 and hspa5, disturbed cytosolic Ca2+ levels, and its toxicity was 

mitigated by co-incubation with UPR modulators. Relevantly, both molecules were effective 

on decreasing the viability of a 3D cell model of the cell lines against which they were active. 

Being active against the two evaluated cell models, berberine is ascribed as the most 

promising compound to develop a selectively cytotoxic drug that induces ER stress on 

cancer cells. 
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Supplementary Material 

 

 

Supplementary Table S4. Legend of the heatmap, containing the molecules that were 

tested in cell viability assays. 

  

 

 A B C D E 

1 Control Berberine Cynarin Fisetin Homoorientin 

2 (-)-Norepinephrine Betanin Daidzein Flavanone Homovannilic acid 

3 (+/-)-Dihydrokaempferol Boldine Delphinidin Galanthamine Isorhamnetin-3-O-glucoside 

4 3,4-Dihydrobenzoic acid Caffeine Diosmetin Gallic acid Isorhamnetin-3-O-rutinoside 

5 3,4-Dimethoxycinnamic acid Catechol Ellagic acid Genistein Isorhoifolin 

6 3-Hydroxybenzoic acid Chlorogenic acid Emodin Gentisic acid Juglone 

7 4-Hydroxybenzoic acid Cholesta-3,5-diene Eriocitrin Guaiaverin Kaempferol 

8 5,7,8-Trihydroxyflavone Cinnamic acid Eriodictyol Herniarin Kaempferol-3-O-rutinoside 

9 5-Deoxykaempferol Coumarin Eriodictyol-7-O-glucoside Hesperetin Kaempferol-7-O-neohesperidoside 

10 Apigetrin Cyanidin Ferulic acid Homoeriodictyol Liquiritigenin 

  F G H I J 

1 Luteolin-3-7-di-glucoside 
Naringenin-7-

glucoside Pinocembrin Saponarin Tiliroside 

2 Luteolin-4'-O-glucoside Naringin Pyrogallol Scopolamine Trigonelline 

3 Luteolin-7-O-glucoside Narirutin 
Quercetin-3-O-(-6-

acetylglucoside) Sennoside B Vanillin 

4 Malvidin Oleuropein Quercetin-3-O-glucuronide Silibinin Verbascoside 

5 Maritimein Orientin Quercetin-3-ß-D-glucoside Spermine Vicenin-2 

6 Myricetin p-Coumaric acid Quercitrin Sulfuretin Vitexin 

7 Myricitrin Pelargonidin Rhoifolin Swertiamarin Vitexin-2-O-rhamnoside 

8 Myristic acid Pelargonin Robinin Taxifolin Xanthone 

9 Myrtillin Phloridzin Rosmarinic acid Theobromine  

10 Naringenin Phloroglucinol Rutin Theophylline  
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Supplementary Figure S5. Effect of a library of natural products upon AGS cell viability, 

as determined by MTT reduction assays. All compounds were tested at 50 µM. Results 

correspond to the mean ± standard error of the mean and represent, at least, three 

independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. 
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Supplementary Figure S6. Effect of a library of natural products upon A549 cell 

viability, as determined by MTT reduction assays. All compounds were tested at 50 µM. 

Results correspond to the mean ± standard error of the mean and represent, at least, three 

independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01.
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Abstract 

 

The endoplasmic reticulum (ER) is determinant to maintain cellular proteostasis. 

Upon unresolved ER stress, this organelle activates the unfolded protein response (UPR). 

Sustained UPR activates is known to occur in inflammatory processes, deeming the ER a 

potential molecular target for the treatment of inflammation. This work characterizes the 

inflammatory/UPR-related molecular machinery modulated by an in-house library of 

natural products, aiming to pave the way for the development of new selective drugs that 

act upon the ER to counter inflammation-related chronic diseases. 

Starting from a library of 134 compounds of natural occurrence, mostly occurring in 

medicinal plants, nontoxic molecules were screened for their inhibitory capacity against 

LPS-induced nuclear factor kappa B (NF-κB) activation in a luciferase-based reporter gene 

assay. Since several natural products inhibited NF-κB expression in THP-1 macrophages, 

their effect on reactive oxygen species (ROS) production and inflammasome activation was 

assessed, as well as their transcriptional outcome regarding ER stress. 

The bioactivities of several natural products are described herein for the first time. We 

report the anti-inflammatory potential of guaiazulene and describe 5-deoxykaempferol as a 

novel inhibitor of inflammasome activation. Furthermore, we describe the dual potential of 

5-deoxykaempferol, berberine, guaiazulene, luteolin-4’-O-glucoside, myricetin, 

quercetagetin and sennoside B to modulate inflammatory signaling and ER stress. Our 

results show that natural products are promising molecules for the discovery and 

pharmaceutical development of chemical entities able to modulate the inflammatory 

response, as well as proteostasis and the UPR. 

 

Keywords: IL-6, TNF-α, IL-1β, ATF4, CHOP, caspase-1 

 

 

 

 

 

 

 

 

 



Original Article #3 
 

133 
 

3.3.1. Introduction 

 

The endoplasmic reticulum (ER) is responsible for most of the protein production of 

eukaryotic cells, and thus cells rely on tight proteostasis regulation to survive. A set of 

signaling pathways has evolved in this organelle, rendering it able to detect and respond to 

anomalies in protein folding. As a whole, these signaling pathways are known as the 

unfolded protein response (UPR) (329, 414).  

Three major signaling branches constitute the UPR network, each possessing its 

respective transmembrane sensor. All of these sensors are bound to chaperones, the most 

expressive being the binding immunoglobulin protein (BiP or GRP78). BiP binds misfolded 

proteins on the ER lumen on its C-terminal domain, releasing the aforementioned 

transmembrane sensors from its N-terminal domain and initiating the UPR. These 

transmembrane proteins are: i) protein kinase RNA-like endoplasmic reticulum kinase 

(PERK), ii) inositol-requiring enzyme 1 (IRE1), and iii) activating transcription factor 6 

(ATF6). The signaling cascades they initiate scale down global protein synthesis rates, while 

increasing the expression of selected genes and proteins that are involved in the expansion 

of the ER machinery or the UPR, ER-associated degradation (ERAD) or ultimately involved 

in cell death (329, 378, 379).  

ER stress signaling pathway activation has been shown to occur in the pathogenesis 

of several types of diseases, being virtually omnipresent in chronic and age-related ones 

(414-416). ER stress and the UPR are implicated in the pancreatic β-cell dysfunction 

underlying types I and II diabetes mellitus, viral infection, in proteinopathy-associated 

neurodegenerative diseases, and in the death or survival of cancer cells (379, 414). 

Inflammatory signaling is traditionally associated to infectious diseases and mechanical 

trauma. However, not unlike ER stress, inflammation is deeply associated to chronic 

diseases, such as cancer, diabetes and neurodegenerative disorders (417). The most broadly 

reported mechanism connecting ER stress to inflammatory signaling pathways is related to 

the fact that the UPR both reduces the synthesis and promotes degradation of several short-

lived proteins, including the nuclear factor kappa B (NF-κB) inhibitor (IκB). Its eventual 

depletion owing to its relatively short half-life, contributes to the activation of the NF-κB 

(128, 418). As so, ER stress and the resulting UPR directly potentiate the propagation of 

inflammatory processes. Furthermore, the UPR additionally results in the upregulation of 

several proinflammatory proteins. For instance, in intestinal cells ATF6 increases the 

expression of TNF-α and other inflammatory cytokines, leading to the hypothesis that 

inhibiting the activation of this signaling pathway may be useful to counter inflammatory 

bowel diseases (280).  
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Increased levels of the C/EBP homologous protein (CHOP), a UPR-associated 

transcription factor, induces the expression of IL-23, while ATF6 induces the transcription 

of acute phase proteins (419). We have shown before that treating M1 macrophages (pro-

inflammatory phenotype) with marine-derived molecules, such as ergosta-7,22,dien-3-ol 

results in downregulation of CHOP and also cyclooxygenase-2 (COX-2) and inducible nitric 

oxide synthase (iNOS), simultaneously resulting in the upregulation of NF-κB inhibitor IκB-

α (128).  

Previous works have shown that many described ER stress modulators are naturally 

occurring small molecules (128, 219, 387). In this work, we compiled and assessed over 100 

small molecules, aiming to repurpose previously characterized and commercially available 

natural products. We investigated if these molecules could exert inhibitory effects on both 

inflammatory and ER stress signaling on THP-1 macrophages, thus providing additional 

advantages versus single-target molecules. 

 

3.3.2. Materials and Methods 

 

3.3.2.1. Chemical library and reagents 

 

Our chemical library consisted solely on commercially acquired natural products. (-)-

Norepinephrine, (+/-)-dihydrokaempferol, 1,4-naphtoquinone, 18α-glycyrrhetinic acid, 

3,4-dihydrobenzoic acid, 3,4-dimethoxycinnamic acid, 3-hydroxybenzoic acid, 4-

hydroxybenzoic acid, 5-methoxypsoralen, ajmalicine, berberine, betanin, betulin, boldine, 

catechol, cholesta-3,5-diene, chrysin, cynarin, daidzein, emodin, galanthamine, genistein, 

guaiaverin, hesperetin, hydroquinone, lupeol, myristic acid, naringenin, naringin, p-

coumaric acid, phloridzin, pinocembrin, plumbagin, quercetin, quercetin-3-O-β-D-

glucoside, quercitrin, rosmarinic acid, rutin, and silibinin were purchased from Sigma-

Aldrich (St. Louis, MO, USA). 5,7,8-Trihydroxyflavone, 5-deoxykaempferol, acacetin, 

apigenin, apigetrin, β-escin, chrysoeriol, chrysophanol, coumarin, cyanidin, delphinidin, 

diosmetin, diosmin, ellagic acid, eriocitrin, eriodictyol, eriodictyol-7-O-glucoside, 

eupatorin, ferulic acid, fisetin, flavanone, galangin, gallic acid, genkwanin, gentisic acid, 

guaiazulene, herniarin, hesperidin, homoeriodictyol, homoorientin, homovanillic acid, 

hyoscyamine, isorhamnetin, isorhamnetin-3-O-glucoside, isorhamnetin-3-O-rutinoside, 

isorhoifolin, juglone, kaempferide, kaempferol, kaempferol-3-O-rutinoside, kaempferol-7-

O-glucoside, kaempferol-7-O-neohesperidoside, linarin, liquiritigenin, lutein, luteolin, 

luteolin tetramethylether, luteolin-3’,7-di-O-glucoside, luteolin-4’-O-glucoside, luteolin-7-

O-glucoside, malvidin, mangiferin, maritimein, myricetin, myricitrin, myrtillin, 
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naringenin-7-O-glucoside, narirutin, oleuropein, orientin, pelargonidin, pelargonin, 

phloroglucinol, pyrogallol, quercetin-3-O-(-6-acetylglucoside), quercetagetin, quercetin-

3,3’,4’,7-tetramethylether, quercetin-3,4’-dimethylether, quercetin-3-methylether, 

quercetin-3-O-glucuronide, rhoifolin, robinin, saponarin, scopolamine, sennoside A, 

sennoside B, sulfuretin, tectochrysin, tiliroside, verbascoside, and vitexin were obtained 

from Extrasynthese (Genay, France). Chlorogenic acid was acquired from PhytoLab 

(Vestenbergsgreuth, Germany). Cinnamic acid was purchased from Biopurify (Chengdug, 

China). Swertiamarin was obtained from ChemFaces (Wuhan, China). 5,8-Dihydroxy-1,4-

naphtoquinone and caffeine were supplied from Fluka (Buchs, Switzerland), vanillin was 

obtained from Vaz Pereira (Santarém, Portugal), and vicenin-2 from Honeywell (Charlotte, 

NC, USA). 

Roswell Park Memorial Institute (RPMI) 1640 Medium, fetal bovine serum, 

penicillin/streptomycin solution (penicillin 5000 units/mL and streptomycin 5000 

µg/mL), trypsin-EDTA (0.25%), Qubit® RNA IQ assay kit and Qubit® RNA HS assay kit and 

the SuperScriptTM IV VILOTM MasterMix were obtained from Invitrogen (Grand Island, NE, 

USA). Dimethyl sulfoxide (DMSO) was acquired from Fisher Chemical (Loughborough, 

UK). Isopropanol was obtained from Merck (Darmstadt, Germany). 

Dichlorodihydrofluorescein diacetate (DCFH-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT), RNAzol®, chloroform, isopropanol, diethyl 

pyrocarbonate (DEPC), KAPA SYBR® FAST qPCR Kit Master Mix (2X) Universal, protease 

inhibitor cocktail, sodium dodecylsulfate (SDS), Trizma® hydrochloride, sodium 

deoxycholate, sodium chloride, potassium phosphate monobasic, potassium chloride, 

sodium phosphate dibasic, sodium bicarbonate, D-glucose and Triton X-100 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Formaldehyde was from Bio-Optica 

(Milan, Italy). The ELISA MAX™ Deluxe Set Human IL-6, ELISA MAX™ Deluxe Set 

Human TNF-α, and ELISA MAX™ Deluxe Set Human IL-1β were supplied by BioLegend 

(San Diego, CA, USA), while the Caspase-Glo® 1 Inflammasome Assay kit was obtained 

from Promega Corporation (Madison, WI, USA). 

 

3.3.2.2. Cell culture conditions  

 

THP-1 monocytes (American Type Culture Collection, LGC Standards S.L.U., Spain) 

were maintained in RPMI 1640 medium (p5-p20), containing 10% FBS and 1% 

penicillin/streptomycin and HEPES at 25 mM. THP-1 Lucia™ NF-κB monocytes 

(Invivogen, San Diego, CA, USA) were maintained in the same medium containing 100 

μg/ml Normocin™ and a selective antibiotic, Zeocin™, was added every other passage at 
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100 μg/mL, as recommended by the supplier (p2-p8). Both cell lines were kept at 37 ºC with 

5% CO2. 

 

3.3.2.3. MTT reduction assay 

 

THP-1 monocytes were seeded at a density of 6 x 104 cells/well. PMA at 50 nM was 

added as a differentiation agent into macrophages. After 24 h, this medium was discarded 

and replaced by fresh PMA-free medium for another 24 h period, after which the 

differentiated macrophages were incubated with the compounds of interest. 24 h later, the 

wells are aspirated, and the medium replaced by MTT at 0.5 mg/mL and incubated for 2 h. 

At the end of this period, the solution was discarded and the formazan crystals in the well 

were dissolved in 200 µL of a 3:1 DMSO:isopropanol solution. The absorbance was read at 

560 nm in a Thermo ScientificTM MultiskanTM GO microplate reader. 

 

3.3.2.4. NF-κB luciferase assay 

 

For the evaluation of the NF-κB activation status, a luciferase-based assay was used. 

THP-1 Lucia™ NF-κB monocytes were seeded on 96-well plates, differentiated into 

macrophages as described above for non-transfected THP-1 monocytes, and incubated with 

the selected compounds. After 2 h, LPS from E. coli was added to each well at a final 

concentration of 1 µg/mL, to induce polarization into M1 pro-inflammatory macrophages. 

22 h later, 20 µL of supernatant were collected from each well and transferred to a white 

96-well plate. Then, as indicated by the supplier, 50 µL of QUANTI-Luc™ assay solution 

were added to each well, the plate was shaken, and luminescence was immediately read in 

a CytationTM 3 (BioTek) microplate reader. 

 

3.3.2.5. Cytokine analysis by ELISA 

 

THP-1 macrophages were obtained as described before on 96-well plates. After 

exposure to LPS on the presence of the molecules under study, supernatants were collected, 

and the cells were lysed in RIPA buffer containing 1% protease inhibitor cocktail for 30 min 

on ice. The concentration of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and 

interleukin-1β (IL-1β) in the supernatants was determined by ELISA, following the 
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instructions from the manufacturer of a specific kit for each of the pro-inflammatory 

cytokines under analysis (BioLegend Inc.; San Diego, CA, USA).  

 

3.3.2.6. Detection of reactive oxygen species (ROS) production 

 

THP-1 monocytes were seeded at a density of 6 x 104 cells/well on black-bottomed 96-

well plates and the differentiation was carried out as mentioned before. The resulting 

macrophages were incubated with the compounds of interest and, 2 h later, LPS from E. coli 

was added to each well at a final concentration of 1 µg/mL. Cells were carefully washed with 

HBSS after 22 h and incubated with the fluorescent probe DCFH-DA at 25 µM for 30 min, 

in HBSS. Finally, fluorescence at 490/520 nm was read in a CytationTM 3 (BioTek) 

microplate reader. 

 

3.3.2.7. Caspase-Glo® 1 Inflammasome Assay 

 

Cells were plated and incubated as above described for the NF-κB luciferase assay, yet 

directly on white 96-well plates. After the differentiation process, the cells were incubated 

with the molecules of interest and, 2 h later, LPS was added at a final concentration of 1 

µg/mL and incubated for 90 min. Caspase-Glo® 1 Reagent was added to each well, in the 

absence and presence of the selective caspase-1 inhibitor Ac-YVAD-CHO, according to the 

instructions provided by the manufacturer. After a period of 60 min of incubation at room 

temperature, luminescence was read on a CytationTM 3 (BioTek) microplate reader. 

 

3.3.2.8. RNA extraction and quantification, conversion to cDNA and RT-qPCR  

 

Cells were seeded at 4.8 x 105 cells/well in 12-well plates, left at 37 ºC for 24 h and 

then incubated with the molecules selected in previous assays. After 2 h, LPS from E. coli at 

1 µg/mL was added. The plates were then left in the incubator for a period of 16 h. Samples 

were collected in 500 µL of PureZOL RNA isolation reagent. The lysate was kept at room 

temperature for 5 min and then RNA extraction was performed by phase separation by 

adding 100 µL of chloroform, shaking, incubating for 5 min and centrifuging at 12000 g for 

15 min at 4ºC. The aqueous phase was collected and 250 µL of isopropyl alcohol were added, 

following 5 min of incubation and new centrifugation at 12000 g for 10 min at 4ºC.  The 

supernatant was then discarded, and the pellet was washed with 75% ethanol, vortexed, 

centrifuged at 7500 g for 5 min at 4 ºC, air dried and resuspended in DEPC-treated water. 

The RNA in the solution was quantified resorting to the Qubit® RNA IQ assay kit. Sample 
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integrity was then evaluated with the Qubit® RNA IQ assay kit, and, if in appropriate 

conditions, 1 µg was converted to cDNA using the SuperScriptTM IV VILOTM MasterMix. 

Primers for target genes were designed on Primer BLAST (NCBI, Bethesda, MD, USA) and 

synthesized by Thermo Fisher (Waltham, MA, USA). The respective nucleotide sequences 

are presented on Table 7. RT-qPCR cycles consisted in 3 min at 95 ºC, 40 cycles of 95 ºC 

for 3 s, gene-specific temperature for 20 s and 20 s at 72 ºC and took place in a qTOWER3 

G (Analytik Jena AG, Germany), using the KAPA SYBR® FAST qPCR Kit Master Mix (2X) 

Universal mastermix. Data were analyzed resorting to the qPCRsoft 4.0 software. Product 

specificity was verified with melting curves. Gapdh was selected as reference genes for 

expression normalization.  

 

 Table 7. Genes studied by qPCR, NCBI accession numbers and respective primers, 

annealing temperatures and amplification product size. 

 

3.3.2.9. Statistical analysis 

 

Statistical analysis was performed in the GraphPad Prism 8 software. The unpaired 

Student’s t-test was used to compare single treatments with control groups. Values of p < 

0.05 were considered statistically significant. The Grubbs’ test was resorted to in order to 

detect outliers. 

 

 

 

 

 

Gene 
Accession 
number Primers 

Annealing Temperature 
(ºC) 

Amplicon length 
(bp) 

gapdh NM_002046.6 
F: AGGTCGGAGTCAACGGATTT 

60 157 
R: TGGAATTTGCCATGGGTGGA 

hspa5 NM_005347.4 
F: ACTCCTGAAGGGGAACGTCT 

59.5 161 
R: TTTTCAACCACCTTGAACGGC 

ddit3 NM_001195053.1 
F: AAGTCTAAGGCACTGAGCGT 

59 93 
R: TTGAACACTCTCTCCTCAGGT 

hsp90β1 NM_003299.2 
F: GCTCTATGTGCGCCGTGTAT 

60.5 91 
R: ATCTGAGTCCACCACACCCTT 

atf4 NM_001675.4 
F: ACAACAGCAAGGAGGATGCC 

60 135 
R: CCAACGTGGTCAGAAGGTCA 

edem1 NM_014674.2 
F: GCGGGGACCCTTCAAATCT 

60 117 
R: CGGCTTTCTGGAACTCGGAT 
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3.3.3. Results 

 

3.3.3.1. Selection of non-toxic molecules and their effect upon NF-κB 

signaling pathway 

 

In the literature, THP-1 macrophages have been extensively used as a cell model of 

monocyte/macrophage signaling pathways (420). The first step of our work was to assess 

the impact of the molecules under study upon cell viability of THP-1 macrophages (Figure 

24 A), as a strategy to identify and remove potentially toxic molecules early in the pipeline. 

Due to the large number of molecules, all of them were tested at the single 

concentration of 50 µM. Among all compounds, 47 had a negative impact in cell viability, 

reason for which they were removed from the study. The remaining 87 molecules were kept 

and proceeded to subsequent studies (Supplementary Table S5).  

Non-toxic molecules arising from the experiment described above were tested for 

their ability to decrease NF-κB signaling in LPS-activated macrophages, using a luciferase-

based activity assay. NF-κB is a pivotal inflammatory mediator, inducing the expression of 

multiple downstream pro-inflammatory genes (260). From the set of compounds tested 

herein (Figure 24 B), around 40% (35 molecules) were able to reduce luciferase 

activity/NF-κB signaling in a significant manner.  
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Figure 24. A: Impact of each molecule upon cell viability of THP-1 macrophages after 24 

h, as determined by the MTT reduction assay. The yellow color stands for maximum cell 

viability, which translates to 100% of that of the control group, while purple color represents 

reduced cell viability. All molecules were tested at 50 µM. Results are expressed as 

percentage of the control (A1) and correspond to the mean of at least three independent 

experiments, individually performed in triplicate. The legend to this heatmap can be found 

in Supplementary Table S5. Bar charts for this data containing error bars can be found 

in Supplementary Figure 7. B:  Effect of nontoxic natural products upon NF-κB gene 

expression on THP-1 Lucia™ NF-κB cells after 24 h, as determined by the QUANTI-Luc™ 

luciferase activity assay. The purple color represents minimum luminescent signal, closer 

to that of the control group (low NF-κB activation, represented as A1). The yellow color 

A B C D E F G H I J K L M N O

1

2

3

4

5

6

7

8

9
0

20

40

60

80

100

A B C D E F G H I J

1

2

3

4

5

6

7

8

9

0

0.2

0.4

0.6

0.8

1.0

Control LPS

0.0

0.2

0.4

0.6

0.8

1.0

L
u

c
if

e
r

a
s

e
 a

c
ti

v
it

y
(F

o
ld

 d
e

c
r

e
a

s
e

v
s

 L
P

S
)

****

A

B



Original Article #3 
 

141 
 

represents maximum NF-κB activation, closer to the positive control (LPS-induced 

activation, represented by A2). Results express the relative change against the positive 

control (A2) and represent the mean of at least three independent experiments. ****p < 

0.0001. The legend to this heatmap can be found in Supplementary Table S6. Bar charts 

for this data presenting standard errors can be found in Supplementary Figure S8. 

 

Our set of molecules of interest to study subsequently in mechanistic studies was 

scaled down to 36 molecules (Supplementary Table S6) displaying the inhibition of NF-

κB signaling, namely (-)-norepinephrine (A3), (+/-)-dihydrokaempferol (A4), 5,7,8-

trihydroxyflavone (A8), 5-deoxykaempferol (A9), 5-methoxypsoralen (B1), berberine (B3), 

boldine (B5), catechol (B7), daidzein (C4), delphinidin (C5), diosmetin (C6), eriodictyol 

(C8), genistein (D4), guaiazulene (D7), hesperetin (D9), homoeriodictyol (E2), 

isorhamnetin-3-O-glucoside (E7), kaempferol-7-O-neohesperidoside (F2), liquiritigenin 

(F3), luteolin-4’-O-glucoside (F5), malvidin (F6), maritimein (F8), myricetin (F9), 

naringenin (G4), pelargonidin (G9), pinocembrin (H4), pyrogallol (H5), quercetagetin 

(H6), quercetin-3-β-D-O-glucoside (H7), quercetin-3-O-glucuronide (H8), sennoside B 

(I7), silibinin (I8), spermine (I9), taxifolin (J2), and tiliroside (J5). The molecules 

displaying the strongest activities were 5-deoxykaempferol (over 95% inhibition of LPS-

induced NF-κB signaling), eriodictyol (about 70% inhibition), homoeriodictyol (around 

60%), and diosmetin (over 80%).  

 

3.3.3.2. Impact of anti-inflammatory molecules on inflammation-triggered 

ROS production 

 

We evaluated whether our active compounds (i.e., those that inhibited NF-κB 

signaling in the previous experiment), could inhibit ROS overproduction in a context of 

inflammatory phenotype, namely M1 macrophages. The results narrowed down our group 

of target compounds from 36 to 22 (Figure 25) that inhibited ROS overproduction in LPS-

activated macrophages, showing that 5,7,8-trihydroxyflavone (A5), 5-deoxykaempferol 

(B1), berberine (B3), boldine (B4), catechol (B5), delphinidin (C2), diosmetin (C3), 

eriodictyol (C4), guaiazulene (D1), kaempferol-7-O-neohesperidoside (E1), luteolin-4’-O-

glucoside (E3), malvidin (E4), myricetin (F1), pelargonidin (F3), pyrogallol (F5), 

quercetagetin (G1), quercetin-3-β-D-O-glucoside (G2), quercetin-3-O-glucuronide (G3), 

sennoside B (G4), silibinin (G5), spermine (H1), and tiliroside (H3) mitigated the LPS-

induced increased generation of ROS (Supplementary Table S7). 
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Figure 25. Effect of anti-inflammatory molecules on ROS production on THP-1 

macrophages after 24 h of incubation, as determined with the fluorescent probe DCFH-DA. 

Results express the relative change against the positive control (A2) and represent the mean 

of at least three independent experiments. ****p < 0.0001. The legend to this heatmap can 

be found in Supplementary Table S7. Bar charts for this data presenting standard errors 

can be found in Supplementary Figure S9. 

 

3.3.3.3. Effect of selected molecules upon proinflammatory cytokine secretion 

and impact upon inflammasome formation 

 

Out of the 22 tested molecules, 15 displayed a capacity to significantly inhibit the 

expression of the IL-6 cytokine (Figure 26 A). 5-Deoxykaempferol, boldine, delphinidin, 

diosmetin, guaiazulene, myricetin, pelargonidin, pyrogallol, quercetagetin, quercetin-3-β-

D-O-glucoside, quercetin-3-O-glucuronide, sennoside B, silibinin, spermine and tiliroside 

all resulted in the inhibition of IL-6 production in this incubation period, at a concentration 

of 50 µM. Seven compounds, mostly of phenolic nature, successfully inhibited the 

expression of TNF-α, namely 5-deoxykaempferol, delphinidin, diosmetin, eriodictyol, 

guaiazulene, pyrogallol, quercetagetin and spermine. At the same concentration of the 

molecules under study, dexamethasone was employed as a positive control, inhibiting the 

release of both pro-inflammatory cytokines. Thus, most of the selected compounds were 

able to inhibit LPS-mediated IL-6 upregulation, while this effect was less frequent at the 

level of the TNF-α production.  

In our experimental model, the molecules tested were the least effective against the 

release of IL-1β. Only two molecules were effective against the production of all of the three 

major inflammatory cytokines, and those were 5-deoxykaempferol and spermine. Notably, 

the reference anti-inflammatory compound dexamethasone also failed to exert this effect 

under the stated experimental conditions, even though this molecule is employed in 
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therapeutics, implying that IL-1β per se is not a sufficiently robust parameter to assess anti-

inflammatory activity. Furthermore, the same phenomenon has been described in mice 

(421). 

On the other hand, 5,7,8-trihydroxyflavone, berberine, catechol, kaempferol-7-O-

neohesperidoside, luteolin-4’-O-glucoside and malvidin did not reduce the secretion of the 

analyzed pro-inflammatory cytokines. We hypothesize the NF-κB inhibition is insufficient 

with this concentration of the molecule, and/or in the chosen experimental period, to allow 

the observation of the reduced cytokine expression that was expected, as hinted by a 

generally weaker activity of these compounds in the NF-κB activity assay presented above. 

Boldine, myricetin, pelargonidin, quercetin-3-β-D-O-glucoside, quercetin-3-O-

glucuronide, sennoside B, silibinin, and tiliroside exclusively reduced the production of IL-

6, while eriodictyol lead to a mitigated secretion of TNF-α only. Finally, delphinidin, 

diosmetin, guaiazulene, pyrogallol, and quercetagetin inhibited the release of both IL-6 and 

TNF-α. 

Among the 22 molecules that build our library at this point, 8 were effective at 

significantly reducing the LPS-induced activation of caspase-1 under our experimental 

conditions. Thus, 5-deoxykaempferol, berberine, guaiazulene, luteolin-4’-O-glucoside, 

myricetin, quercetagetin, quercetin-3-O-glucuronide and sennoside B were shown to be 

inhibitors of NLRP3 inflammasome activation (Figure 26 B).  
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Figure 26. A: Influence of active molecules on the expression of IL-6, TNF-α and IL-1β, 

evaluated by ELISA. Results presented as mean ± standard deviation of the mean of at least 

three independent experiments, each conducted in triplicate. B: Effect of selected molecules 

on LPS-induced NLRP3 inflammasome activation, as determined by caspase-1 activation. 

Each column represents the mean ± standard error of the mean of at least three 

independent experiments, individually performed in duplicate. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001. 
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3.3.3.4. Effect of anti-inflammatory molecules on UPR-related gene expression 

 

Incubation with LPS at 1 µg/mL for 16 h results in the upregulation UPR-related genes 

atf4, ddit3 and edem1 (Figure 27). However, the same conditions did not result in 

significant increases in the reticular chaperones hspa5 and hsp90β1 (data not shown). As it 

was mentioned before, activation of the UPR is characterized by the increased expression of 

multiple target genes, including atf4, ddit3 and edem1, and thus this experimental model 

faithfully encompasses traits of inflammation (Figure 26) and UPR signaling (Figure 27). 

The molecules displaying ability to downregulate cytokine release or NLRP3 

inflammasome activation, as determined by the previous assay, were tested for their 

capacity to reduce the impact of LPS-induced UPR signaling on THP-1 macrophages. The 

results indicate that berberine is the only among these 8 molecules that can significantly 

inhibit atf4 expression under the stated experimental conditions (Figure 27). 

Furthermore, this molecule also inhibited the expression of the other tested transcription 

factor, ddit3. 5-Deoxykaempferol and guaiazulene have resulted in a significant inhibition 

of both ddit3 and edem1 genes. Luteolin-4’-O-glucoside was the only compound revealing 

the ability to inhibit only the expression of ddit3. Finally, myricetin, quercetagetin, and 

sennoside B inhibited the LPS-induced increase in the expression of edem1.  

 

 

Figure 27. Effect of LPS on the expression of the UPR-related genes coding for atf4, ddit3 

and edem1, as determined by qPCR. Gapdh was the selected reference gene. Results 

represent the mean ± standard error of the mean of three independent experiments, 

individually performed in duplicate. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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3.3.4. Discussion 

 

Our library initially comprised 134 molecules and their detailed physico-chemical 

properties have been published elsewhere by us (387). The library comprised 65.9% of 

phenylpropanoids/polyketides, 14.4% of benzenoids and 6% of lipids and lipid-like 

molecules. Within phenylpropanoids/polyketides, the most prevalent subclass was 

flavonoids, followed by cinnamic acids and coumarins, all of which are widespread in 

vegetable species present in human diet.  

The ability to counter or inhibit NF-κB signaling is an important indicator of anti-

inflammatory activity. NF-κB is rendered inactive by negative regulation by IκBα, which is 

bound to the transcription factor under homeostatic conditions. Whenever a cytokine or 

pattern recognition receptor recognizes a ligand, the activation of a signaling cascade takes 

place, releasing NF-κB and allowing its activity as a transcription factor, and thus inducing 

inflammatory gene expression (259). For this reason, we excluded molecules that failed to 

inhibit NF-κB signaling from our library. 

The relationship between oxidative stress and inflammation is a two-way street. One 

does not occur without the other, and the increase of one enhances the other (422). It is 

known that NF-κB signaling regulates ROS generation, and, conversely, that ROS can 

positively or negatively impact NF-κB signaling (423, 424). ROS overproduction leads to 

the phosphorylation of the IκBα, leading to its degradation by the proteasome, resulting in 

NF-κB activation (425). On the other hand, ROS production is inherent to protein folding, 

and ER stress implicates oxidative stress (426). Inhibiting ROS overproduction can 

therefore be of interest to ameliorate inflammatory processes, and for that reason this was 

the ensuing exclusion criterion. Molecules that failed to reduce LPS-induce ROS generation 

were excluded of further experiments. Notably, the past few years have witnessed the 

discovery of an additional crosstalk between oxidative stress and ER stress. The generation 

of ROS is inherent to protein folding (427) and, on the other hand, increased levels of ROS 

result in ionic calcium influx into the cytosol, triggering ER stress and further ROS 

generation (329, 426). Accordingly, the molecules identified herein as capable of countering 

ROS overproduction can be of interest when trying to mitigate ER stress. 

Inflammatory signaling is largely regulated by cytokines. Interleukin-6 (IL-6), tumour 

necrosis factor (TNFα) and interleukin-1β (IL-1β) are key pro-inflammatory cytokines that 

signal via the type I cytokine receptors. All of these cytokines are abundantly secreted by 

M1 macrophages (428). For this reason, we were interested in studying the ability of the 

molecules under study to negatively modulate these cytokines in macrophages. 

Innate immune cells contain the intracellular sensor NOD-, LRR- and pyrin domain-

containing protein 3 (NLRP3), that detects danger signals (pathogens, environmental or 
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endogenous), acting as a sensor of cellular stress, leading to the assembly and activation of 

the NLRP3 inflammasome and subsequent processing of procaspase-1 into catalytically 

active caspase-1, which, in turn, results in the activation and release of cytokines IL-1β and 

IL-18, and in the occurrence of pyroptosis (293).  There are reports linking the activation of 

all three major signaling branches of the UPR to inflammasome activation, mainly IRE1 and 

PERK. Briefly, UPR signaling promotes NF-κB signaling, increasing the expression of IL-1β 

and NLRP3. Additionally, UPR activation promotes ROS production and NLRP3 

association to the mitochondria, leading to leakage of mitochondrial contents that, in turn, 

activate NLRP3 (295). A disturbance in Ca2+ levels is also reported to be linked to NLRP3 

activation, being that it can occur both upstream or downstream of this event (293).  

Inflammatory and ER stress signaling share the trait of being activated in order to 

protect cellular function. There are multiple signaling of crosstalk between these two 

molecular machineries. In fact, NF-κB activation may result from the activation of any of 

the three major signaling branches of the UPR, whereas inflammatory signaling results in 

UPR activation. Furthermore, both signaling pathways can be deleterious when intensely 

and/or chronically induced (158). 

The gene atf4 encodes the activating transcription factor 4 (ATF4), a transcription 

factor that is translated in response to the activation of the PERK branch of the UPR. 

Activation of PERK causes increased phosphorylation levels of the eIF2α, leading to an 

overall halt in protein synthesis. However, eIF2α phosphorylation promotes the synthesis 

of a few target proteins, such as the ATF4. In turn, ATF4 induces the expression of specific 

genes, including ddit3, the gene that codes for the CHOP transcription factor (429). The 

latter is involved in ER stress-associated regulated cell death mechanisms when the 

activation of the UPR fails to restore proteostasis (392). 

The ER degradation-enhancing alpha-mannosidase-like protein 1 (EDEM1), the 

enzyme that corresponds to the edem1 gene, participates in endoplasmic reticulum-

associated degradation (ERAD) of misfolded glycoproteins, by removing them of the 

calnexin cycle. Enhancement of ERAD is known to be a downstream event of the activation 

of the ATF6 signaling branch of the UPR (35, 430). 

As all of these molecules inhibited inflammatory signaling in previous assays, we can 

confirm the dual activity of 5-deoxykaempferol, berberine, guaiazulene, luteolin-4’-O-

glucoside, myricetin, quercetagetin and sennoside B. Even though at different levels, these 

natural products can significantly mitigate inflammatory and UPR signaling. The genes atf4 

and ddit3 are more associated to the deleterious effects of ER stress signaling, since, as 

mentioned before, ATF4 induces the expression of CHOP, that, in turn, is involved in ER 

stress-induced regulated cell death. For this reason, we hypothesize that berberine is the 

most promising molecule within our group, given that it was the only that significantly 
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inhibited the expression of both genes in our experimental model. However, ATF4 can also 

be associated to the adaptive effects of UPR activation, unlike ddit3. Thus, the effects of 

luteolin-4’-O-glucoside should also be considered, even though it only inhibited the 

expression of ddit3 in a significant manner. Increased EDEM1 expression enhances ERAD, 

promoting proteasome-mediated degradation of toxic misfolded proteins. Loss of 

mannoses in these peptides indicates that they have remained in the calnexin cycle for too 

long to endure several failed attempts at correct folding, and they should be forwarded for 

degradation (431).  Diminished edem1 expression might indicate a reduced presence of toxic 

misfolded proteins in the lumen of the ER, and, for this reason, 5-deoxykaempferol, 

guaiazulene, myricetin, quercetagetin, and sennoside B have shown to preserve homeostatic 

conditions in the organelle. 

To our knowledge, this is the first report of 5-deoxykaempferol as an inhibitor of 

inflammasome or caspase-1 activation, even though its anti-inflammatory potential has 

already been described in a murine macrophage model. In RAW264.7 cells, this molecule 

inhibited NO production, TNF-α and IL-1β mRNA expression, as well as iNOS and COX-2 

protein expression, at the same concentration that was employed in this study (50 µM) and 

lower concentrations (432). In concentrations up to 75 µM, albeit with a different 

incubation period, berberine inhibited inflammasome activation and IL-1β secretion in 

THP-1 macrophages (433). A similar effect has been observed in BV2 (434) and AML12 cells 

(435). Notably, NLRP3 inhibition and IL-1β downregulation by this compound have also 

been observed in vivo (436). In Caco-2 cells (intestinal epithelial cells), berberine seems to 

prevent tunicamycin- or proinflammatory cytokine-induced ER stress. Under these 

conditions, berberine reduced GRP78 expression and XBP-1 splicing, and downregulated 

JNK, caspase-12 and caspase-3, successfully preventing apoptosis. For these reasons, the 

authors hypothesise that berberine can be useful against the pathogenesis of the 

inflammatory bowel disease (339). Guaiazulene bioactivity in the scope of inflammation, to 

the extent of our knowledge, has not been characterized so far. Luteolin-4’-O-glucoside has 

reduced the levels of IL-1β and TNF-α and displayed the ability to reduced paw edema in 

mice (437). However, there are no other reports concerning the anti-inflammatory potential 

of this molecule, namely at the level of inflammasome activation. Myricetin was reported to 

inhibit NF-κB signaling in RAW264.7 macrophages (25-100 µM), as well as in mice. 

Interestingly, this effect results from suppressed degradation of the IκBα (438). Besides 

inhibiting NF-κB signaling, myricetin is described as a NLRP3 inflammasome activation 

inhibitor (25-75 µM), by inducing NLRP3 ubiquitination and reducing ASC ubiquitination, 

therefore blocking inflammasome assembly, in primary peritoneal macrophages (PMs) 

(294). To the extent of our knowledge, there are no other reports of quercetagetin as an 

inhibitor of inflammasome activation. However, its anti-inflammatory potential has been 
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evaluated before, albeit in cell models different than those we employed here. In H9c2 rat 

myoblasts, quercetagetin (10 µM) decreased COX-2 expression and decreased IκBα 

degradation (439). Furthermore, in HaCaT human keratinocytes, quercetagetin (12.5-50 

µM) inhibited the production of the thymus and activation-regulated chemokine (TARC) 

and macrophage-derived chemokine (MDC) (440). Quercetin-3-O-glucuronide inhibited 

ROS overproduction in human umbilical vein endothelial cells (HUVECs), as well as IL-6 

and TNF-α protein levels, at concentrations from 1 µM (441). In LPS-insulted RAW 264.7 

macrophages, at concentrations from 50 µM, quercetin-3-O-glucuronide inhibited NO and 

PGE2 production, as well as iNOS and COX-2 expressions at the protein level, while 

inhibiting JNK activation from 10 µM (442). Furthermore, this natural product has 

displayed its anti-inflammatory activity in vivo, inhibiting ear edema in mice (443). 

Recently, sennoside B was identified as a strong inhibitor of the activity of TNF-α on a 

competitive binding assay based on analytical size exclusion chromatography, even though 

the effect at the gene level expression is not reported (444). 

The literature conveys no reports of the activity on 5-deoxykaempferol against ER 

stress besides our previous study, in which we describe this molecule’s ability to counter 

thapsigargin-induced ER stress (387). As so, we hypothesize that the protective effect of this 

molecule against ER stress may be involved in the anti-inflammatory effect here reported. 

In HepG2 cells, berberine has demonstrated to inhibit ER stress, as evidenced by the 

decreased levels of phosphorylation PERK and eIF2α in tunicamycin-insulted cells after 

exposure to berberine up to 20 µM (327). In a mice model, this molecule was effective in 

reducing ER stress, as observed by the decrease in the expression of BiP, p-PERK and p-

eIF2α, that resulted in the inhibition of tau hyperphosphorylation (445). Berberine was 

protective against palmitate-induced ER stress in a mouse podocyte cell line (MPC5), 

reducing the expression of multiple ER stress biomarkers (446). Myricetin triggered the 

efflux of Ca2+ into the cytosol, while increasing the expression of UPR markers in 

concentrations from 20 µM, in JAR and JEG-3 cells (both from placental choriocarcinomas) 

(447). This concurs with results observed on an ovarian cancer cell line (SKOV3), in which 

an increase of BiP expression was observed upon treatment with myricetin (40 µg/mL) 

(448). However, this molecule has also displayed protective potential against ER stress 

before (20 µM), protecting rat primary pancreatic β-cells from high glucose-induced 

apoptosis and preventing the abnormal expression of UPR biomarkers, such as BiP, p-

PERK, p-eIF2α, ATF4 and CHOP (449). Regarding luteolin-4’-O-glucoside, quercetagetin 

and sennoside B, we find no accounts in the literature of their potential to modulate ER 

stress. 

In the present day, a significant part of the most prevalent chronic diseases are of 

inflammatory nature (428). On the other hand, ER stress and activation of the UPR is deeply 
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associated with chronic diseases (450-452). Conversely, it is increasingly documented that 

inflammatory pathways are highly linked to UPR activation (Figure 28) (414). It has been 

suggested the foundation of chronic inflammatory disease may be the NLRP3 

inflammasome activation triggered by ER stress. The two phenomena are deeply connected, 

since ER stress may trigger NLRP3 inflammasome activation via oxidative stress, Ca2+ 

signaling and NF-κB activation (453).  

 

Figure 28. Crosstalk between ER stress and inflammatory signaling. 

 

For this reason, there is a need for molecules that can display a dual effect against 

both inflammatory and UPR signaling. This work led to the identification of promising drug 

candidates against these diseases among a library of small molecules of natural origin, being 

that 5-deoxykaempferol stood out as the most auspicious molecule.  
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Supplementary Materials 

 

Supplementary Table S5. List of compounds tested in the MTT reduction assays. 

Highlighted names represent the molecules that were excluded from subsequent 

experiments due to a significant decrease in cell viability. 

  A B C D E 

1 Control 5,7,8-Trihydroxyflavone Betanin Chrysophanol Ellagic acid 

2 (-)-Norepinephrine 5,8-Dihydroxy-1,4-naphtoquinone Betulin Cinnamic acid Emodin 

3 (+/-)-Dihydrokaempferol 5-Deoxykaempferol Boldine Coumarin Eriocitrin 

4 1,4-Naphtoquinone 5-Methoxypsoralen Caffeine Cyanidin Eriodictyol 

5 18α-Glycyrrhetinic acid Acacetin Catechol Cynarin Eriodictyol-7-O-glucoside 

6 3,4-Dihydrobenzoic acid Ajmalicine Chlorogenic acid Daidzein Eupatorin 

7 3,4-Dimethoxycinnamic acid Apigenin Cholesta-3,5-diene Delphinidin Ferulic acid 

8 3-Hydroxybenzoic acid Apigetrin Chrysin Diosmetin Fisetin 

9 4-Hydroxybenzoic acid Berberine Chrysoeriol Diosmin Flavanone 

  F G H I J 

1 Galangin Hesperetin Isorhamnetin-3-O-rutinoside Liquiritigenin Mangiferin trihydrate 

2 Galanthamine Hesperidin Isorhoifolin Lupeol Maritimein 

3 Gallic acid Homoeriodictyol Juglone Lutein Myricetin 

4 Genistein Homoorientin Kaempferide Luteolin Myricitrin 

5 Genkwanin Homovannilic acid Kaempferol Luteolin tetramethylether Myristic acid 

6 Gentisic acid Hydroquinone Kaempferol-3-O-rutinoside Luteolin-3’,7-di-O-glucoside Myrtillin 

7 Guaiaverin Hyoscyamine Kaempferol-7-O-glucoside Luteolin-4'-O-glucoside Naringenin 

8 Guaiazulene Isorhamnetin Kaempferol-7-O-neohesperidoside Luteolin-7-O-glucoside Naringenin-7-glucoside 

9 Herniarin Isorhamnetin-3-O-glucoside Linarin Malvidin chloride Naringin 

  K L M N O 

1 Narirutin Plumbagin Quercetin-3-ß-D-O-glucoside Sennoside B Tiliroside 

2 Oleuropein Pyrogallol Quercitrin Silibinin Trigonelline 

3 Orientin Quercetin-3-O-(-6-acetylglucoside) Rhoifolin Spermine Vanillin 

4 p-Coumaric acid Quercetagetin Robinin Sulfuretin Verbascoside 

5 Pelargonidin Quercetin Rosmarinic acid Swertiamarin Vicenin-2 

6 Pelargonin Quercetin-3,3’,4',7-tetramethylether Rutin Taxifolin Vitexin 

7 Phloridzin Quercetin-3,4'-dimethylether Saponarin Tectochrysin Vitexin-2-O-rhamnoside 

8 Phloroglucinol Quercetin-3-methylether Scopolamine Theobromine Xanthone 

9 Pinocembrin Quercetin-3-O-glucuronide Sennoside A Theophylline ß-escin 
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Supplementary Table S6. List of compounds tested in NF-κB reporter assays. 

Highlighted names represent molecules that significantly decreased NF-κB expression, as 

determined by this assay, and were selected for subsequent studies. 

  A B C D E 

1 Control 5-Methoxypsoralen Coumarin Ferulic acid Hesperidin 

2 LPS Apigetrin Cyanidin Flavanone Homoeriodictyol 

3 (-)-Norepinephrine Berberine Cynarin Galanthamine Homoorientin 

4 (+/-)-Dihydrokaempferol Betanin Daidzein Genistein Homovannilic acid 

5 3,4-Dihydrobenzoic acid Boldine Delphinidin Gentisic acid Hydroquinone 

6 3-Hydroxybenzoic acid Caffeine Diosmetin Guaiaverin Hyoscyamine 

7 4-Hydroxybenzoic acid Catechol Eriocitrin Guaiazulene Isorhamnetin-3-O-glucoside 

8 5,7,8-Trihydroxyflavone Cholesta-3,5-diene Eriodictyol Herniarin Isorhamnetin-3-O-rutinoside 

9 5-Deoxykaempferol Cinnamic acid Eriodictyol-7-O-glucoside Hesperetin Isorhoifolin 

  F G H I J 

1 Kaempferol-7-O-glucoside Myricitrin Pelargonin Rhoifolin Swertiamarin 

2 Kaempferol-7-O-neohesperidoside Myristic acid Phloridzin Robinin Taxifolin 

3 Liquiritigenin Myrtillin Phloroglucinol Rutin Theobromine 

4 Lupeol Naringenin Pinocembrin Saponarin Theophylline 

5 Luteolin-4'-O-glucoside Naringenin-7-glucoside Pyrogallol Scopolamine Tiliroside 

6 Malvidin Naringin Quercetagetin Sennoside A Trigonelline 

7 Mangiferin Narirutin Quercetin-3-β-D-O-glucoside Sennoside B Vanillin 

8 Maritimein Orientin Quercetin-3-O-glucuronide Silibinin Vitexin 

9 Myricetin Pelargonidin Quercitrin Spermine Vitexin-2-O-rhamnoside 

 

 

Supplementary Table S7. List of compounds tested in ROS production assay. 

Highlighted names represent molecules that significantly decreased ROS levels, as 

determined by this assay, and were selected for subsequent studies. 

 
 

 

 

 

 

 

  A B C D E 

1 Control 5-Deoxykaempferol Daidzein Guaiazulene Kaempferol-7-O-neohesperidoside 

2 LPS 5-Methoxypsoralen Delphinidin Hesperetin Liquiritigenin 

3 (-)-Norepinephrine Berberine Diosmetin Homoeriodictyol Luteolin-4'-O-glucoside 

4 (+/-)-Dihydrokaempferol Boldine Eriodictyol Hyperoside Malvidin 

5 5,7,8-Trihydroxyflavone Catechol Genistein Isorhamnetin-3-O-glucoside Maritimein 

  F G H     

1 Myricetin Quercetagetin Spermine   

2 Naringenin Quercetin-3-ß-D-O-glucoside Taxifolin   

3 Pelargonidin Quercetin-3-O-glucuronide Tiliroside   

4 Pinocembrin Sennoside B    

5 Pyrogallol Silibinin       
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Supplementary Figure S7. Impact of the natural products upon cell viability after 24 h, 

as determined by the MTT reduction assay. All molecules were tested at 50 µM. Results 

correspond to the mean ± standard error of the mean of at least three independent 

experiments, each performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 
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Supplementary Figure S8. Effect of nontoxic natural products upon NF-κB gene 

expression on THP-1 Lucia™ NF-κB after 24 h, determined by the QUANTI-Luc™ 

luciferase activity assay. Results express the relative change against the positive control and 

correspond to the mean of at least three independent experiments. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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Supplementary Figure S9.  Effect of anti-inflammatory molecules on ROS production 

on THP-1 macrophages after 24 h of incubation, as determined with the fluorescent probe 

DCFH-DA. Results express the relative change against the positive control and represent 

the mean of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001.
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3.4.1. Impact of fisetin derivatives upon cell viability and proteostasis in MRC-

5 and SH-SY5Y cells 

  

In light of the results presented in sections 3.1. and 3.2., fisetin was considered a 

promising molecule in what concerns its potential against neurodegeneration and against 

cancer. Considering this, a set of derivatives of this molecule were synthesized and screened 

for these bioactivities. 

To determine cellular viability after exposure to these molecules, MRC-5, AGS and 

A549 cells were seeded and incubated as it was described for MTT assays in sections 

3.1.2.4. and 3.2.2.3.. After the incubation period, the Presto BlueTM reagent was added as 

according to the instructions from the supplier, and incubated for 30 min at 37 ºC, for AGS 

cells and 1 h for A549 cells. At this point, fluorescence was read at 560/590 nm on a 

CytationTM 3 (BioTek) multifunctional microplate reader. This assay was selected 

considering the possibility to transition to a 3D cell model in subsequent experiments. The 

differences between the MTT reduction assays and the Presto BlueTM assays are summed up 

in Figure 29. 

 

 
Figure 29. Reactions undergoing the MTT and resazurin reduction assays. MTT (yellow) 

is reduced to formazan (purple) by mitochondrial reductases of viable cells. Resazurin 

(blue) is reduced to resorufin (pink, fluorescent) by a similar mechanism. 

 

When bound to amyloid fibrils and excited at 450 nm, ThT produces a fluorescent 

signal at 482 nm. It is hypothesized that this increased fluorescence is due to rotational 

immobilization of the central C-C bond connecting its benzothiazole and aniline rings. The 

NADH/H+ NAD/H2O

Mitochondrial reductases

Resazurin Resorufin

NADH/H+ NAD/H2O

MTT Formazan

Mitochondrial dehydrogenases
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chemical structure of the compound in represented in Figure 30 (454). Regarding the 

mechanism through which ThT binds amyloid fibrils, it is known that the can forms 

micelles, owing to its positive charge, and that these micelles bind the amyloid fibrils (455). 

 

 
 

Figure 30. Chemical structure of thioflavin T. 

 

Our results considering the potential of fisetin to inhibit protein aggregation in 

fibroblasts were promising, even though the molecule failed to inhibit protein aggregation 

in SH-SY5Y at subcytotoxic concentrations. Nonetheless, the neuroprotective potential of 

fisetin reported throughout the literature (456, 457). These facts prompted us to test a 

library of fisetin derivatives to screen for improved potential against neurodegeneration. 

However, the fisetin derivatives displayed poor to activity against protein aggregation in 

both MRC-5 and SH-SY5Y cells, as is evidenced by Figure 31 and Figure 32, respectively. 
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Figure 31. A: Cell viability of MRC-5 cells after 24 h of incubation with fisetin (FST) and 

its synthetic derivatives FST1-7, as determined by PrestoBlueTM cell viability assay. B: Effect 

the two highest nontoxic concentrations of FST and derivatives on Aβ25-35-induced protein 

aggregation in MRC-5 cells, determined by the fluorescence of ThT. All experiments were 

individually conducted in triplicate. Results are presented as the percentage of the control 

and represent to the mean ± SEM of, at least, three independent experiments. **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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Figure 32. A: Cell viability of SH-SY5Y cells after 24 h of incubation with fisetin (FST) and 

its synthetic derivatives FST1-7, as determined by PrestoBlueTM cell viability assay. B: Effect 

the two highest nontoxic concentrations of FST and derivatives on Aβ25-35-induced protein 

aggregation in SH-SY5Y cells, determined by the fluorescence of ThT. All experiments were 

individually conducted in triplicate. Results are presented as the percentage of the control 

and represent to the mean ± SEM of, at least, three independent experiments. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

3.4.2. Cytotoxicity of fisetin and derivatives upon MRC-5, AGS and A549 cells 

 

The literature contains several reports concerning the potential of fisetin against 

malignant cells through induction of ER stress. One of those reports tests the compound 

against two very aggressive metastatic human melanoma cell lines (A375 and 451Lu), where 

it induced IRE1α, sXBP-1, ATF4 and GRP78 expression levels, and activated the intrinsic 

and extrinsic apoptotic mechanisms, while inducing autophagy. The authors also observed 
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the toxicity of fisetin against this type of cell to occur both dependent or independently of 

AMPK signalling (336). Fisetin was also effective against the oral cancer cell line HSC3, and 

the authors of the study propose that this potential was endoplasmic reticulum- and 

mitochondria-related, as they observed increased levels of Ca2+ and ROS. Furthermore, they 

observed increased activities of caspases -3, -8 and -9, chromatin condensation, and release 

of cytochrome c, apoptosis inducing factor (AIF) and endonuclease G (endoG) from the 

mitochondria (337). In the non-small cell lung cancer cell line NCI-H460, fisetin also 

induced MAPK-dependent ER stress. In this case, silencing this pathway actually prevented 

its effect. Upon the effect of the compound, the cells display increased cytosolic Ca2+ 

overload, as well as increases in several key UPR biomarkers, as are GRP78 and CHOP 

levels, IRE1, PERK and eIF2α phosphorylation, ATF6 cleavage and XBP-1 splicing (338). In 

light of this, the toxicity of fisetin against cancer cells seems to strongly rely on ER stress 

and MAPK signaling.  

A survey of the literature regarding the anticancer potential of fisetin, along with our 

results, that indicate a selective cytotoxicity of the compound against both AGS and A549 

cells, took us to test a library of fisetin derivatives to screen for improved potential. 

However, as evidenced by Figure 33, this attempt has resulted in poor activity of the 

derivatives regarding cytotoxicity. 
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Figure 33. Cell viability of MRC-5, AGS and A549 cells after 24 h of incubation with FST 

and compounds FST1-7, as determined by PrestoBlueTM cell viability assay. Every 

experiment was performed in triplicate. Results are represented as the percentage of the 

control and express the mean ± SEM of, at least, three independent experiments. *p < 0.05, 

**p < 0.01, ***p < 0.001. 

 

The anti-inflammatory potential of fisetin is often referred to throughout the scientific 

literature, regarding inflammation or even in different contexts such as anticancer activity 

(458) or neuroprotection (459). For this reason, we tested a library of fisetin derivatives to 

search for molecules with stronger anti-inflammatory and anti-ER stress activities, and also 

decreased cytotoxicity. This work is presented in the following section. 
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Abstract 

 

Inflammation and endoplasmic reticulum (ER) stress are often hand in hand in the 

context of chronic disease. Both are activated upon perceived disturbances in homeostasis, 

being deleterious when intensely or chronically activated. Fisetin (FST) is a dietary flavonol 

that is known to possess multiple relevant bioactivities, raising the question of its potential 

health benefits and even its use in novel pharmacological approaches against ER stress and 

inflammation. To attain this prospect, some limitations to this molecule, namely its poor 

bioavailability and solubility, must be addressed.  

In an attempt to improve the biological properties of the parent molecule, we have 

synthesized a set of FST derivatives. These new molecules were tested along with the 

original compound for their ability to mitigate the activation of the signaling pathways 

underlying inflammation and ER stress. By reducing LPS-induced nuclear factor-kappa B 

(NF-κB) activation, cytokine release, inflammasome activation and reactive oxygen species 

(ROS) generation, FST has proven to be effective against the onset of inflammation. The 

molecule also decreases the activation of the unfolded protein response (UPR), as evidenced 

by the reduced expression of relevant UPR-related genes upon ER stress induction. Some 

of the tested derivatives are novel inhibitors of targets associated to inflammation and ER 

stress signaling, in some cases more potent than the parent compound. Furthermore, the 

reduced cytotoxicity of some of these molecules enabled the use of higher concentrations 

than that of FST, resulting in the observation of enhanced bioactivities. 

 

Keywords: natural products, fisetin, endoplasmic reticulum stress, inflammation, 

inflammasome, IL-6, TNF-α, IL-1β, ATF4, CHOP 
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3.5.1. Introduction 

 

Inflammation encompasses the activation of several signaling cascades and the 

recruitment of specialized cells. This activation constitutes an attempt to restore 

homeostasis upon the detection of danger signals, arising either from injury or infection. 

Despite the importance of inflammatory signaling to solve these instances, its chronic 

activation is known to underlie several chronic diseases (233). 

The endoplasmic reticulum (ER) is in charge of protein synthesis and folding of a 

substantial portion of the proteome of eukaryotes. The complexity of the protein folding 

process renders it error prone, and thus this organelle relies on signaling pathways to detect 

misfolded/unfolded protein in the ER lumen and attempt to restore homeostasis. These 

signaling pathways are known as the unfolded protein response (UPR) (460). Even though 

UPR signaling has evolved to promote cell survival, it can be deleterious. In fact, like 

inflammation, the UPR is chronically activated in the context of a number of chronic 

diseases (231, 415). 

The flavonol fisetin (FST), or 3,3’,4’,7-tetrahydroxyflavone, was first isolated in 1833 

from Rhus cotinus L., commonly known as venetian sumac. Its chemical structure was 

elucidated near the end of the century (461). This flavonol is synthesized as a specialized 

metabolite in leaves, stems, barks, hardwoods and fruits of multiple plants, including plants 

relevant to the human diet, such as strawberries (160 µg/g), apples (26.9 µg/g), persimmons 

(10.6 µg/g), onions (4.8 µg/g), grapes (3.9 µg/g) and kiwis (2.0 µg/g) (461, 462).  

The average dietary intake of FST is estimated at 0.4 mg/day in geographies where this 

information is available, namely the Japanese population (463). Dietary supplements 

containing FST are available in the market, and are advertised as conveyers of multiple 

health benefits due to the multiple relevant bioactivities of the molecule, as well as its ability 

to cross the blood-brain-barrier (464). Even though no FST-based products are used for 

pharmacological purposes (461), there are several ongoing clinical trials, including phase 

III clinical trials (NCT05482672, NCT05505747). 

FST is described as a free radical scavenger. This antioxidant potential is thought to be 

owed to the o-dihydroxy structure in the B ring, as well as the 3-hydroxy group and 2,3-

double bond in the C ring (462). Additionally, FST has a possible therapeutic effect against 

cancer by exerting antiproliferative and apoptotic effects, while modulating key signaling 

pathways such as the nuclear factor-kappa B (NF-κB) and mitogen-activated protein kinase 

(MAPK) (465-467). FST has been described as neuroprotective by being antioxidant and 

anti-inflammatory, increasing intracellular glutathione levels and promoting synaptic 

plasticity (456, 457, 464, 468). Furthermore, it is described as being capable of modulating 

ER stress response, resulting in decreased protein aggregation under stress conditions 
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(387). Relevantly, FST has shown promise in areas that implicate both inflammation and 

ER stress signaling, such as neurodegeneration and cancer. 

Low solubility in water and poor bioavailability may be limiting the use of this molecule 

in the pharmacological context (465, 469). For this reason, it is important to tailor this 

molecule into safer, more stable and active derivatives that can aid in the development of 

FST-based pharmacological strategies and also add to the current understanding of its 

bioactivities. In this work, we describe the bioactivity of several novel synthetic FST 

derivatives in the context of inflammatory and ER stress signaling. The discoveries 

published herein may contribute to provide new modulators of both signaling pathways into 

the current pharmacological arsenal. 

 

3.5.2. Materials and Methods 

 

3.5.2.1. Synthesis 

 

 FST derivatives FST1–7 were synthesized using methods developed in our laboratory, 

as outlined in Figure 34. The experimental procedures and characterization data for the 

compounds FST1–7 are presented in the Supplementary Material. FST was acquired from 

the Abcam chemical company (Cambridge, UK). All other reagents were purchased from 

Sigma-Aldrich or Acros and used without further purification. Analytical grade solvents 

were used, and dried by standard methods when required. Distilled water was used when 

aqueous medium was needed. Reactions were monitored by thin layer chromatography 

(TLC) on Merck-Kieselgel plates 60 F254 and detection was made by examination under 

UV light (240 nm) or by adsorption of iodine vapour. Chromatographic separations were 

performed on silica MN Kieselgel 60 M (230–400 mesh). NMR spectra were acquired on a 

Bruker Avance III 400 spectrometer. NMR spectra were recorded at 25 °C, using the 

residual solvent signals as reference. Deuterated dimethyl sulfoxide (DMSO-d6) and 

deuterated chloroform (CDCl3) were used as solvents. Chemical shifts are given in parts per 

million (ppm) and the coupling constants in Hertz (Hz). Mass spectrometry data were 

recorded by a ThermoFinnigan LxQ (Linear Ion Trap) mass detector with electrospray 

ionisation (ESI).   
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Figure 34. Synthetic routes to FST derivatives (FST1-7). 

 

3.5.2.2. Cell culture conditions  

 

THP-1 and THP-1 Lucia™ NF-κB monocytes were cultured at 37 ºC with 5% CO2, 

in RPMI 1640 medium, with 10% FBS, 1% penicillin/streptomycin and HEPES at 25 mM. 

Additionally, as recommended by the supplier, medium for THP-1 Lucia™ NF-κB 

monocytes contained 100 μg/mL Normocin™. Zeocin™ (100 μg/mL) was included every 

other passage to ensure selective pression. 

 

 

 

 

FST

FST6FST1

FST2

FST7

FST5

FST3 FST4

TMG,
MeCN

72%

(+3 other alternative
mono-deprotection

regioisomers)

i) Fmoc-Gly-OH,
HBTU, Et3N

ii) piperidine

73%

succinic
anhydride,

DMF,
pyridine

66%

Ac2O,
pyridine
86%

i) H-Ser-(tBu)-OtBu,
HBTU, Et3N

ii) TFA
62%

i) H-Ala-OtBu,
HBTU, Et3N

ii) TFA
74%

K2CO3

88%



Original Article #4 
 

170 
 

3.5.2.3. MTT reduction assays 

 

Cellular viability was inferred according to the results of MTT reduction assays, 

carried out in 96-well plates. In these plates, THP-1 monocytes were seeded at a density of 

6 x 104 cells/well. Differentiation of monocytes into macrophages was promoted with the 

addition of PMA at 50 nM when seeding. Medium contained PMA was discarded and 

replaced with fresh medium after 24 h. In the following day, differentiated macrophages 

were incubated with the solutions containing the molecules under analysis. After 24 h of 

incubation with the compounds, the medium was replaced with MTT at 0.5 mg/mL and 

incubated for 2 h. At this point, the MTT solution was discarded. The resulting crystals were 

dissolved in a 3:1 DMSO:isopropanol solution. Finally, the absorbance at 560 nm was read 

in a Thermo ScientificTM MultiskanTM GO microplate reader. 

 

3.5.2.4. NF-κB activation assay 

 

A luciferase based-assay was employed to determine the translation levels of the NF-

κB transcription factor. The seeding of THP-1 Lucia™ NF-κB monocytes was performed as 

described above for the MTT reduction assays. 2 h after the incubation with the molecules 

of interest, LPS (from E. coli) was added at the final concentration of 1 µg/mL, in all wells 

except for the control group, promoting polarization of the macrophages into their pro-

inflammatory phenotype, or M1. 24 h after the incubation with compounds, or 22 h after 

the addition of LPS, 20 µL of medium from each well was transferred to a clean 96-well 

plate, where 50 µL of QUANTI-Luc™ substrate solution was added each well, as according 

to the instructions from the supplier. The plate was shaken, and luminescence was 

immediately read in a CytationTM 3 (BioTek) microplate reader. 

 

3.5.2.5. Morphological analysis 

In order to obtain fluorescence microscopy images, cells were seeded on clear 

bottomed-96-well plates at the aforementioned density and treated with the selected 

concentrations of the active molecules in the presence of LPS. Ended the incubation period, 

cells were fixed in 4% formaldehyde at room temperature for 15 min and incubated with 

DAPI at 0.25 µg/mL and a labeled phalloidin (CF543) at 5 U/mL. Finally, three washing 

steps with HBSS for 5 min were performed and cells were imaged under an inverted Eclipse 

Ts2R-FL (Nikon) fluorescence microscope equipped with a Retiga R1 camera. The DAPI 

staining was imaged using a DAPI filter, while phalloidin staining was visualized with the 
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TRITC filter. Fiji/ImageJ software version 1.51 (Fiji, Madison, WI, USA) was resorted to to 

analyze the images. 

 

 

3.5.2.6. Pro-inflammatory cytokine release by ELISA 

 

As described for the previous assays, THP-1 macrophages were seeded and 

differentiated in 96-well plates. After differentiation, cells were incubated with molecules 

of interest and LPS at 1 µg/mL was added after 2 h. Supernatants were collected 22 h after 

the addition of LPS. Concentrations of TNF-α, IL-6 and IL-1β were determined in the 

supernatant samples by ELISA. A specific kit for each cytokine was acquired, and the 

manufacturer’s instructions (BioLegend Inc.; San Diego, CA, USA) were followed. 

 

3.5.2.7. Quantification of ROS generation 

 

THP-1 monocyte seeding was carried out as in the previous assays, only in black-

bottomed 96-well plates. The molecules were once again incubated for a period of 24 h, 

including 22 h in the presence of LPS at 1 µg/mL. At this point, a washing step with HBSS 

ensued, followed by incubation with the fluorescent probe DCFH-DA at 25 µM for 30 min, 

in HBSS. Fluorescence at 490/520 nm was read in a CytationTM 3 (BioTek) microplate 

reader. 

 

3.5.2.8. Caspase-Glo® 1 Inflammasome Assay 

 

Cells were seeded as mentioned above, only in white-bottomed 96-well plates. After 

the addition of LPS at 1 µg/mL, the incubation period was of 90 min. According to the 

instructions from the supplier, after these 90 min, Caspase-Glo® 1 Reagent was added to 

each well, in the absence and presence of the selective caspase-1 inhibitor Ac-YVAD-CHO, 

following a period of 60 min of incubation at room temperature. Finally, luminescence was 

read on a CytationTM 3 (BioTek) microplate reader. 

 

3.5.2.9. RNA extraction, quantification, conversion and RT-qPCR 

 

In order to obtain mRNA samples, THP-1 monocytes were seeded in 12-well plates at 

a density of 4.8 x 105 cells/well. The compounds were incubated after differentiation of the 

monocytes into macrophages, as mentioned above. LPS was added after 2 h, and the plates 

were left in the incubator for 16 h. At this point, samples were obtained by resorting to the 



Original Article #4 
 

172 
 

PureZOL RNA isolation reagent. RNA extraction was performed by phase separation, 

according to the instructions provided by the supplier. After the extraction, RNA in the 

sample was quantified with the Qubit® RNA HS assay kit. The conversion to cDNA, using 1 

µg of sample, was performed using the SuperScriptTM IV VILOTM MasterMix. Our primers 

(Table 8) were designed on Primer BLAST (NCBI, Bethesda, MD, USA) and purchased to 

Thermo Fisher (Waltham, MA, USA).  

The reaction was conducted with KAPA SYBR® FAST qPCR Kit Master Mix (2X) 

Universal, and took place in a qTOWER3 G (Analytik Jena AG, Germany), in the following 

conditions of thermal cycling: 3 min at 95 ºC, followed by 40 cycles of 95 ºC for 3 s 

(denaturation), gene-specific temperature for 20 s (annealing), and 20 s at 72 ºC 

(extension). Melting curves were observed to guarantee product specificity. Gene 

expression was normalized against the reference gene GAPDH. Data was analyzed in the 

qPCRsoft 4.0 software, supplied with the equipment. 

 

Table 8. Analyzed genes, NCBI accession numbers, primers, annealing temperatures and 

amplification product size. 

 

 

3.5.2.10. Tanimoto coefficient 

 

All molecules were drawn in RdKit having their SMILES strings as input. For the 

calculation of Tanimoto coefficients, SMILES were used to calculate extended-connectivity 

fingerprints (ECFP4) fragments which were then used as input for the calculation of 

Tanimoto coefficients in a pairwise fashion with FST, using the formula: 

𝑆𝐼𝑀𝐴𝐵 =
𝑐

𝑎 + 𝑏 − 𝑐
 

in which c bits set in common in the two fingerprints and a and b are bits set in the 

fingerprints for molecules A and B. 

 

Gene Accession number Primers 
Annealing 

Temperature 
(ºC) 

Amplicon 
length (bp) 

gapdh 
(GAPDH) 

NM_002046.6 
F: AGGTCGGAGTCAACGGATTT 

60 157 
R: TGGAATTTGCCATGGGTGGA 

ddit3  
(CHOP) 

NM_001195053.1 
F: AAGTCTAAGGCACTGAGCGT 

59 93 
R: TTGAACACTCTCTCCTCAGGT 

atf4 
(ATF4) 

NM_001675.4 
F: ACAACAGCAAGGAGGATGCC 

60 135 
R: CCAACGTGGTCAGAAGGTCA 

edem1 
(EDEM1) 

NM_014674.2 
F: GCGGGGACCCTTCAAATCT 

60 117 
R: CGGCTTTCTGGAACTCGGAT 



Original Article #4 
 

173 
 

3.5.2.11. Statistical analysis 

 

GraphPad Prism 8 software was utilized for the statistical analysis, namely to perform 

unpaired Student’s t-test to compare single treatments with control groups, with values of 

p < 0.05 considered statistically significant. Furthermore, outliers were detected with the 

Grubbs’ test. 

 

3.5.3. Results  

 

3.5.3.1. Synthesis of FST derivatives 

 

The parent molecule fisetin (FST) and the derivatives synthesized (FST1–7) were 

synthesized as shown in Figure 34. A number of molecular and topographical descriptors 

were also calculated, and can be found in Table 9. The Tanimoto coefficient was calculated 

for all derivatives (Figure 35), having FST in as the reference molecule, in order to assess 

the degree of chemical divergence introduced by the conducted modifications. 

 

 
Figure 35. FST derivatives sorted according to their Tanimoto coefficient calculated using 

RdKit. FST was used as the reference molecule for pairwise calculation of the coefficient. 

 

 

 

 

 

 

 

 

FST
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FST6
0.481

FST1
0.351

FST2
0.339

FST7
0.333

FST5
0.323

FST3
0.290

FST4
0.270
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 Table 9. Molecular and topographical descriptors of FST and derivatives. BalabanJ: 

Balaban’s J value for a molecule; BertzCT: topological index meant to quantify complexity 

of molecules; FractionCSP3: fraction of carbons that are sp3 hybridized; MolLogP: 

Wildman-Crippen LogP value; MolMR: Wildman-Crippen MR value; MolWt: molecular 

weight; NumValenceElectrons: number of valence electrons; qed: quantitative 

estimation of drug-likeness; TPSA: topological polar surface area. 

 

 

3.5.3.2. Impact of fisetin derivatives on macrophage cell viability 

 

This work began with the evaluation of the cytotoxic effect of FST and its 7 synthetic 

derivatives in order to define the concentrations that could be used in this experimental 

model without impacting cell viability. It is clear on Figure 36 that FST and FST7 present 

the highest cytotoxicity, exerting a statistically significant effect from 25 µM. Two more 

molecules, FST1 and FST2, were cytotoxic at 50 µM. On the other hand, FST3, FST4, FST5 

and FST6 were not cytotoxic up to 50 µM.  

 

 
Figure 36. Effect of FST and each derivative upon cell viability of THP-1 macrophages after 

24 h of incubation, determined by MTT reduction assays. Results as percentage of the 
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Molecule FST FST1 FST2 FST3 FST4  FST5 FST6 FST7 

BalabanJ 2,34 2,27 2,16 2,1 2,12  2,15 2,28 2,24 

BertzCT 909,92 1349,34 1420,95 2114,71 2189,64  1885,01 1237,19 1433,03 

FractionCSP3 0 0,17 0,17 0,34 0,36  0,26 0,14 0,17 

MolLogP 2,28 3,16 1,31 -0,67 -3,36  2,54 2,94 -1,08 

MolMR 74,58 113,16 120,44 190,86 199,71  157,94 103,51 126,68 

MolWt 286,24 454,38 518,38 802,7 864,72  686,53 412,35 514,45 

NumValenceElectrons 106 170 194 306 330  258 154 194 

qed 0,51 0,42 0,25 0,07 0,04  0,12 0,51 0,2 

TPSA 111,13 135,41 216,33 332,73 393,42  284,61 129,34 239,49 
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control correspond to the mean ± SEM of three independent experiments, individually 

conducted in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

3.5.3.3. FST and derivatives inhibit LPS-mediated NF-κB activation 

 

The results displayed in Figure 37 show that FST derivatives FST4, FST5 and FST6 

did not display any capacity to inhibit NF-κB activation in LPS-challenged macrophages in 

any of the tested concentrations. The parent compound, FST, as well as derivatives FST1, 

FST2, FST3 and FST7 were all remarkably effective at inhibiting the activation of NF-κB 

under our experimental conditions, being active in all concentrations tested. The images 

presented in Supplementary Figure S10 confirm that the active molecules at effective 

concentrations and in the presence of LPS do not result in significant changes in cell density 

or morphology. 

 

 
Figure 37. Effect of the two highest nontoxic concentrations of each molecule under study 

upon NF-κB activation after 22 h of LPS exposure, determined by the QUANTI-Luc™ 

luciferase activity assay in THP-1 Lucia™ NF-κB. The presented results express the relative 

NF-κB when compared to the positive control, including the mean ± SEM of three 

independent experiments, individually performed in duplicate. ***p < 0.001, ****p < 

0.0001. 
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3.5.3.4. FST and some derivatives inhibit ROS generation 

 

The results presented in Figure 38 depict the evaluation of the ability of the 

molecules that had displayed anti-inflammatory potential in the previous assay to inhibit 

excessive ROS generation caused by LPS. With the exception of FST2, all molecules were 

effective in decreasing ROS generation in at least one of the tested concentrations. FST 

significantly inhibited ROS production only in the highest tested concentration (12.5 µM), 

the same being true for FST7. FST1, even though inactive at 12.5 µM, was also effective in 

its respective highest tested concentration (25 µM), displaying a stronger effect than that of 

FST and FST7. FST3 was the molecule displaying the stronger effect, reaching over 50% of 

inhibition at the highest tested concentrations. 

 

 
Figure 38. Impact of two highest concentrations of anti-inflammatory molecules on the 

generation of ROS by LPS-insulted THP-1 macrophages, determined by the fluorescence of 

DCFH-DA. Results express mean ± SEM of three independent experiments carried out in 

triplicate. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.5.3.5. FST and its derivatives decrease caspase-1 activation 

 

The results obtained, displayed in Figure 39, show that every molecule under 

analysis was capable of inhibiting caspase-1 activation in its highest tested concentration. 

Only two molecules were effective at inhibiting NLRP3 inflammasome activation in both 

tested concentrations, specifically FST1 and FST3. The degree of inhibition is somewhat 

similar for both of these molecules at the concentration of 25 µM. 
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Figure 39. Effect of anti-inflammatory molecules on LPS-induced caspase-1 activation on 

THP-1 macrophages. Proteolytic activation of caspase-1 indicates NLRP3 inflammasome 

activation. Results are expressed as fold decrease versus maximum activation (on LPS-

challenged cells) and stand for the mean ± SEM of three independent assays, with each 

performed in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.5.3.6. FST and derivatives inhibit LPS-induced pro-inflammatory cytokine 

production 

 

The impact of all molecules under study upon the production of the pro-inflammatory 

cytokines IL-6, TNF-α and IL-1β was assessed, with the steroid anti-inflammatory drug 

dexamethasone being used as a positive control for the inhibition of their release. Regarding 

the potential of FST and derivatives to inhibit LPS-induced IL-6 release, it is displayed in 

Figure 40 that all tested FST derivatives significantly inhibit IL-6 release in both tested 

concentrations. FST is the only molecule under analysis that was effective only in the highest 

tested concentration. In the case of TNF-α, even though every molecule has shown to be 

active (Figure 40), the inhibitory potential was lower than in the case of IL-6. All molecules 

were effective at their highest tested concentration, while only FST3 was effective in both 

concentrations. This molecule was also the only capable of displaying any significant 

inhibition of IL-1β, albeit only at the highest tested concentration, or 50 µM (Figure 40). 
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Figure 40. Influence of active molecules on the protein expression of the pro-

inflammatory cytokines IL-6, TNF-α and IL-1β, as determined by ELISA. Results presented 

fold decrease against maximum activation, and represent the mean ± SEM of at least three 

independent experiments, individually performed in triplicate. *p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001. 

 

3.5.3.7. Anti-inflammatory effect of FST and derivatives is concomitant with 

ER stress attenuation 

 

The UPR-related genes edem1, ddit3 and atf4 saw their expression increased by 

incubation with LPS, as evidenced by the results presented in Figure 41. Incubation with 

FST resulted in significant inhibition of the LPS-induced overexpression of edem1. FST7 

also exhibited a mild effect on this gene, while FST3 exerted a more pronounced effect. 

Notably, regarding ddit3, every molecule was effective at inhibiting its overexpression 

induced by LPS. On the other hand, FST and its derivative compounds failed to restore the 

expression levels of atf4 to basal levels. 
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Figure 41. Effect of the anti-inflammatory molecules on gene expression of UPR target 

genes, namely edem1, ddit3 and atf4, evaluated by RT-qPCR. Gene expression was 

normalized against gapdh. The results display the mean ± SEM of three independent assays, 

with each individually conducted in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. 

 

3.5.4. Discussion 

 

3.5.4.1. Similarity of FST derivatives to the parent molecule 

 

FST6 is the closest molecule to the parent compound FST (Figure 35), followed by 

FST1 and FST2. FST3 and FST4 are the more chemically divergent molecules, owing not 

only to their complexity but also to the nature of their substituents. In fact, the BertzCT 

descriptor, which aims to quantify the complexity of a molecule, as expected, presents the 

highest values of the library for FST3 and FST4 (2114.7 and 2189.6, respectively, against 

909.9 of FST, Table 9). 
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3.5.4.2. FST and derivatives ameliorate inflammation by inhibiting LPS-

induced NF-κB activation 

 

The evaluation of the cytotoxicity of the compounds under analysis in this cell model 

allowed the determination of the two highest nontoxic concentrations of each compound to 

be used in subsequent assays, in order to observe the strongest possible effect of FST and 

derivatives without compromising cell viability. THP-1 monocytes, when differentiated into 

M1 macrophages, are frequently used to assess the anti-inflammatory potential of small 

molecules, given their high expression pattern of relevant receptors such as the toll-like 

receptor 4 (TLR4) (470). 

The NF-κB is a transcription factor that, upon activation, induces the expression of 

multiple pro-inflammatory cytokines and chemokines, as well as inflammasome assembly 

(260). As a major regulator of the inflammatory response, this transcription factor was 

chosen as a target to an initial evaluation of the anti-inflammatory potential of FST and 

derivatives. To infer NF-κB activation levels, we used THP-1 monocytes transfected with a 

NF-κB-inducible luciferase reporter construct (THP1-Lucia™ NF-κB). In light of the 

obtained results, three FST derivatives, namely FST4, FST5 and FST6, were dropped from 

the study and were not tested in the subsequent experiments, having failed to exert any 

inhibition of NF-κB activation under the tested experimental conditions. On the other hand, 

the parent compound and remaining derivatives exhibited a remarkable potential to inhibit 

NF-κB signaling. FST7 displays over 50% of inhibition at a concentration as low as 6.25 µM, 

thus being more active than the parent molecule. The same occurs with FST1 at 12.5 µM. 

The lowest concentration of FST3 results in NF-κB signaling near the basal levels, the most 

potent activity recorded for any of the derivatives. When examining the properties of the 3 

molecules dropped due to lack of activity (FST 4-6), it is clear that they exhibit the most 

extreme logP values (FST4: -3.36, FST5: 2.54, FST6: 2.94), apart from FST1. In the case of 

the latter, it could be the case that the logP value of 3.16, the highest among all tested 

molecules, is relevant to the activity of the molecule.  

 

3.5.4.3. Anti-inflammatory molecules inhibit LPS-induced ROS generation 

 

The activation of NF-κB and other signaling pathways is a hallmark of M1 macrophage 

activation, as well as increased expression of proteins such as the matrix metalloproteinases 

(MMPs), induced expression of pro-inflammatory cytokines like TNF-α, IL-1α, IL-1β, IL-6, 

IL-12, IL-18, and IL-23, generation of nitric oxide (NO), reactive nitrogen species (RNS) and 

ROS (471). ROS are particularly well-established mediators of initiation, progression and 

resolution of inflammation. The oxidative burst is a broadly known phenomenon that 
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results from the extensive phagocytosis of pathogens and cell debris performed by 

neutrophils and macrophages that are recruited towards the inflammation site (264). It is, 

therefore, relevant to analyze what occurs at the level of ROS generation by the action of the 

NF-κB signaling inhibitors that we identified herein. In this regard, FST3 displayed the 

strongest activity among the FST derivatives, inhibiting LPS-induced ROS production in 

both tested concentrations. Even though the tested concentrations were higher (25 and 50 

µM), both were observed before as not impactful towards cell viability, which may explain 

why we were able to achieve a higher inhibition of ROS generation with this molecule, when 

compared to the other active compounds. Notably, FST, FST1 and FST7 were only active in 

the respective highest tested concentrations. 

 

3.5.4.4. FST and its bioactive derivatives inhibit NLRP3 inflammasome 

activation 

 

The NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome is 

a multimeric protein complex that consists of the innate immune receptor NLRP3, the 

adaptor protein ASC (apoptosis-associated speck-like protein containing CARD [caspase 

recruitment domain]) and the inflammatory caspase-1. Proteolytic cleavage of procaspase-

1 in the inflammasome renders the active form of the protease. This event is used in this 

assay as a means to assess the activation of the NLRP3 inflammasome, that is known to be 

induced in the presence of microbe ligands, such as LPS, and result in caspase-1 activation 

and consequent cleavage of pro-IL-1β and release of its active form (472). Furthermore, 

NLRP3 inflammasome activation is one of the bridges connecting inflammatory and ER 

stress signaling, since it is known to mediate ER stress-induced inflammation (453). It is 

then justified to determine the ability of the molecules displaying an anti-inflammatory 

potential to impact caspase-1 activity, and, indirectly, on NLRP3 inflammasome activation. 

Relevantly, NLRP3 inflammasome activation is often triggered by ER stress and UPR 

activation, deeming UPR modulation and NLRP3 inhibition a possible strategy to relieve 

inflammation (473). Currently, there are no approved drugs to modulate NLRP3 (474) or 

caspase-1 (475), since few molecules have entered clinical trials and they have failed. The 

need for modulators of inflammasome activation that are of low toxicity remains, and FST 

and derivatives are promising molecules to attain this goal. In fact, the parent compound 

FST has already been described as inhibitor of caspase-1 expression, as well as of IL-1β 

secretion in vivo (476). Besides describing the inhibitory effect of FST against caspase-1 

activation in THP-1 macrophages, we add FST derivatives to the chemical space that 

comprises inhibitors of NLRP3 inflammasome activation. 
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3.5.4.5. FST and derivatives inhibit LPS-induced pro-inflammatory cytokine 

production 

 

Immune cells, notably macrophages, recognize an infection through its pathogen-

recognition receptors (PRRs), such as TLRs. Following NF-κB activation, the synthesis and 

release of pro-inflammatory mediators ensues, including the cytokines IL-6, TNF-α and IL-

1β (263, 477). These three major cytokines, despite possessing potentially both pro- and 

anti-inflammatory properties, are mainly pro-inflammatory cytokines secreted by activated 

M1 macrophages, being involved in the modulation of the acute phase response (471, 478). 

Unlike the parent compound, every molecule was able to inhibit IL-6 release in the 

two tested concentrations. FST was, nonetheless, effective at the highest tested 

concentration, of 12.5 µM. FST3 at the highest tested concentration inhibited IL-6 release 

almost completely. TNF-α release was at a basal level in the presence of this compound in 

both tested concentrations. Furthermore, this was the only molecule to inhibit the release 

of IL-1β, even though only at the highest concentration. When compared to FST or other 

derivatives, this is the molecule that presents the most promising anti-inflammatory 

potential, being able to strongly modulate every parameter analyzed. 

 

3.5.4.6. Anti-inflammatory effect of FST and and derivatives is concomitant 

with ER stress attenuation 

 

ER stress and the UPR activation that follows result in the enhanced expression of a 

battery of genes. Therefore, the evaluation of the transcriptional outcome at the level of ER 

stress in the presence of LPS and the compounds of interest was assessed. In order to 

facilitate the comprehension of the relevance of these results, it is fundamental to mention 

that UPR activation comprises the activation of three major signaling branches, that are 

initiated by the activation of a sensor protein that can be i) protein kinase R-like 

endoplasmic reticulum kinase (PERK), ii) inositol-requiring enzyme 1 (IRE1) or iii) 

activating transcription factor 6 (ATF6) (329). 

The edem1 gene encodes the EDEM1 (ER degradation enhancing-mannosidase-like 

protein), an important enzyme in ER-associated degradation (ERAD) of misfolded proteins 

(431). Inhibition of the overexpression of this gene indicates that ERAD is decreased, and 

thus ER stress is ameliorated. For this reason, we can conclude that FST, as well as FST3 

and FST7, inhibit UPR signaling. 

Furthermore, apart from FST1, which was still effective in the highest tested 

concentration, every molecule significantly inhibited LPS-induced overexpression of ddit3 

in a statistically significant manner in both tested concentrations, attesting for the ability of 
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FST and derivative compounds to reduce inflammation while restoring ER homeostasis. 

Increased ddit3 expression is classically attributed to PERK/activating transcription factor 

4 (ATF4) signaling, but this gene is a downstream target of every UPR signaling branch, 

including ATF6 and IRE1/X-box binding protein 1 (XBP1) (479). CCAAT-enhancer-binding 

protein homologous protein (CHOP) is a pro-apoptotic transcriptional factor, and thus the 

fact that every molecule inhibits its overexpression attests for their potential to preserve 

cellular homeostasis upon LPS insult (480). Similarly to what was observed in other 

evaluated parameters, FST3 was the molecule that displayed the most promising potential.  

The atf4 gene encodes the ATF4. This is a transcription factor that induces, among 

others, the expression of protein folding-related genes. Its expression is selectively 

enhanced upon UPR activation, that also being the case of ddit3. The translation of the latter 

results in the CHOP transcription factor, that governs processes of ER stress-induced 

regulated cell death (329). Every treatment was ineffective at inhibiting atf4 

overexpression, including FST3 at 50 µM, that had been active in every other parameter 

analyzed throughout this work. However, even though the mRNA expression did not 

decrease, the levels of the active transcription factor may be decreased, which could explain 

the enhanced atf4 mRNA expression at this point. Furthermore, the activation and 

translocation to the nucleus of this transcription factor has been observed to be induced by 

TLR4 signaling in a JNK-dependent manner. ATF4 promotes inflammation by positively 

regulating the secretion of cytokines like IL-6. Furthermore, TLR4 signaling leads to 

increased protein stability of this protein (481). TLR4 signaling is decreased by effect of FST 

and derivatives, further adding to the hypothesis that ATF4 activation may be decreased 

independently of its mRNA levels. 

 

3.5.5. Conclusions 

 

Notwithstanding its wide coverage in scientific literature, the biological activities of 

FST have yet to be present in therapeutic approaches for any type of disease. In this work, 

we add to the knowledge on the bioactivity of this molecule, while presenting synthetic 

derivatives that present enhanced properties. Some of these bioactive derivatives are 

remarkably less cytotoxic towards the cell model employed herein than the parent 

compound itself. This enabled testing of higher concentrations without deleterious effects 

upon the cell, and resulted in the observation of a stronger biological activity on some or all 

of the analyzed parameters, being that FST3 was the molecule that resulted in the most 

promising observations. 

In our experimental model, FST has significantly attenuated LPS-induced onset of 

inflammation and ER stress, simultaneously ameliorating NF-κB activation, ROS 
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generation, pro-inflammatory cytokine release, capase-1 and, consequently, inflammasome 

activation. Concurrently, the presence of FST impaired activation of the UPR signaling that 

was triggered in response to LPS, as observed by the decreased gene expression of relevant 

genes. Notably, FST and all its derivatives that could inhibit NF-κB signaling reduced 

inflammasome activation and cell death-oriented UPR signaling, adding to the connection 

between the molecular machineries that underlie inflammation and ER stress.  
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Supplementary Material 

 

FST 1. Acetic anhydride (0.26 mL, 2.80 mmol) was added to a cooled (0 °C) solution 

of fisetin (80 mg, 0.28 mmol) in pyridine (1.0 mL). The resulting suspension was allowed 

to warm to room temperature and then stirred overnight. Filtration of the suspension 

provided a brown solid, which was recrystallized from chloroform/methanol (50:50) to 

afford FST2 as a white solid (109 mg, 86%). 1H NMR (400 MHz, DMSO-d6, δ): 2.32 (3H, s, 

CH3), 2.33 (6H, s 2 × CH3), 2.34 (3H, s, CH3), 7.36 (1H, dd, J 8.6, 2.2, ArH, 7.53 (1H, dd, J 

8.6, 1.0, ArH), 7.70 (1H, d, J 2.2, ArH), 7.86 (1H, d, J 1.0, ArH), 7.87 (1H, dd, J 8.6, 2.2, 

ArH), 8.13 (1H, d, J 8.6, ArH). m/z (TOF ES+) 455.1 ([M + H]+, 100%). 

FST2. tert-Butyl bromoacetate (240 mg, 1.23 mmol) was added to a suspension of 

fisetin (70 mg, 0.25 mmol) and K2CO3 (170 mg, 1.23 mmol) in DMF (3.0 mL). The resulting 

suspension was stirred overnight, before EtOAc (20 mL) and H2O (20 mL) were added. The 

phases were separated and the organic phase was washed with H2O (2 × 20 mL) and brine 

(20 mL). The organic phase was then dried (MgSO4), filtered and concentrated under 

reduced pressure to afford a white solid, which was immediately dissolved in TFA (2.0 mL) 

and stirred for 1 h. The TFA was then removed under reduced pressure. Residual TFA was 

removed by adding portions of chloroform (3 × 5.0 mL) and then removing under reduced 

pressure, to afford FST2 as a white solid (114 mg, 88%). 1H NMR (400 MHz, DMSO-d6, δ): 

4.78 (2H, s, CH2CO2H), 4.79 (2H, s, CH2CO2H), 4.82 (2H, s, CH2CO2H), 4.88 (2H, s, 

CH2CO2H), 7.06 (1H, d, J 8.8, ArH), 7.09 (1H, dd, J 8.8 2.2, ArH), 7.26 (1H, d, J 2.2, ArH), 

7.76 (1H, dd, J 8.8, 2.2, ArH), 7.82 (1H, d, J 2.2, ArH), 7.97 (1H, d, J 8.8, ArH), 12.96 (4H, 

br s, 4  × CO2H). m/z (TOF ES+) 541.1 ([M + Na]+, 100%). 

FST3. HBTU (148 mg, 0.39 mmol) was added to a solution of FST2 (40 mg, 0.08 

mmol), H-Ala-OtBu•HCl (71 mg, 0.39 mmol) and Et3N (0.16 mL, 1.17 mmol) in MeCN (4.0 

mL) The resulting solution was stirred at room temperature overnight. The solvent was 

removed under reduced pressure and then EtOAc (10 mL) was added. This solution was 

washed with KHSO4 solution (1.0 M, 2 × 10 mL) and NaHCO3 solution (1.0 M, 2 × 10 mL). 

The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure to 

afford a residue which was immediately dissolved in TFA (2.0 mL) and stirred for 1 h. The 

TFA was then removed under reduced pressure. Residual TFA was removed by adding 

portions of chloroform (3 × 5.0 mL) and then removing under reduced pressure, to afford 

FST3 as a white solid (48 mg, 74%). 1H NMR (400 MHz, DMSO-d6, δ): 1.28–1.35 (12H, m, 

4 × CH3), 4.27–4.35 (4H, m 4 × CH), 4.61–4.77 (8H, m, 4 × CH2), 7.11–7.19 (2H, m, 2 × 

ArH), 7.28 (1H, d, J 2.0, ArH), 7.75–7.84 (2H, m, 2 × ArH), 8.01 (1H, m, J 8.8, ArH), 8.28 

(1H, br s, NH), 8.35 (1H, br s, NH), 8.47 (1H, br s NH), 8.51 (1H, br s, NH), 12.43 (4H, br s, 

4 × CO2H). m/z (TOF ES+) 803.2 ([M + H]+, 100%). 
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FST4. HBTU (148 mg, 0.39 mmol) was added to a solution of FST2 (40 mg, 0.08 

mmol), H-Ser(tBu)-OtBu•HCl (99 mg, 0.39 mmol) and Et3N (0.16 mL, 1.17 mmol) in MeCN 

(4.0 mL) The resulting solution was stirred at room temperature overnight. The solvent was 

removed under reduced pressure and then EtOAc (10 mL) was added. This solution was 

washed with KHSO4 solution (1.0 M, 2 × 10 mL) and NaHCO3 solution (1.0 M, 2 × 10 mL). 

The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure to 

afford a residue which was immediately dissolved in TFA (2.0 mL) and stirred for 1 h. The 

TFA was then removed under reduced pressure. Residual TFA was removed by adding 

portions of chloroform (3 × 5.0 mL) and then removing under reduced pressure, to afford 

FST3 as a white solid (43 mg, 62%). 1H NMR (400 MHz, DMSO-d6, δ): 3.62–3.83 (12H, m, 

4 × CH2OH, 4 × CH), 4.53 (4H, br s, 4 × OH), 4.69–4.80 (8H, m, 4 × OCH2CO), 7.12–7.17 

(2H, m, ArH), 7.31 (1H, d, J 2.0, ArH), 7.77 (2H, m, ArH), 8.01 (1H, d, J 8.8, ArH), 8.11–

8.27 (4H, m, 4 × NH). The exchangeable CO2H protons were not observed. m/z (TOF ES+) 

866.2 ([M – H]–, 100%). 

FST5. Succinic anhydride (55 mg, 0.55 mmol) was added to a stirred suspension of 

fisetin (32 mg, 0.11 mmol) and K2CO3 (76 mg, 0.55 mmol) in DMF (3.0 mL). The mixture 

was stirred at room temperature overnight before EtOAc (10 mL) and KHSO4 solution (1.0 

M, 10 mL) were added.  The phases were separated and the aqueous phase was further 

extracted with EtOAc (3 × 10 mL). The combined organic phase was washed with brine (10 

mL), dried (MgSO4), filtered and concentrated under reduced pressure to afford FST5 as a 

white solid (50 mg, 66%). 1H NMR (400 MHz, DMSO-d6, δ): 2.61–2.83 (16H, m, 4 × 

COCH2CH2CO2H), 7.42 (1H, d, J 8.8, 2.2 ArH), 7.54 (1H, d, J 8.8, ArH), 7.72 (1H, d, J 2.2, 

ArH), 7.89 (1H, d, J 2.2, ArH), 7.91 (1H, d, J 8.8, 2.2 ArH), 8.14 (1H, d, J 8.8, ArH), 12.23 

(4H, br s, 4 × CO2H). m/z (TOF ES+) 709.1 ([M + Na]+, 100%). 

FST6. N,N,N’,N’-Tetramethylguanidine (0.12 mL, 0.95 mmol) was added to cooled 

(0 °C) solution of FST1 (45 mg, 0.10 mmol) in MeCN (3.0 mL). After 10 min, the reaction 

mixture was diluted with EtOAc and KHSO4 solution (1.0 M, 10 mL). The phases were 

separated and the aqueous phase was further extracted with EtOAc (3 × 10 mL). The 

combined organic phase was washed with brine (10 mL), dried (MgSO4), filtered and 

concentrated under reduced pressure. The resulting residue was purified by flash column 

chromatography (eluent: 10% MeOH in CHCl3) to afford FST6 as an isomeric mixture of 

three mono-deacetylated products (30 mg, 72%). 1H NMR (400 MHz, CDCl3, δ): 2.32–2.42 

(9H, m, 3 × CH3), 6.87–6.95 (1H, m, ArH), 7.12 (0.4H, d, J 8.8, ArH), 7.17–7.21 (0.6H, m, 

ArH), 7.33–7.47 (1H, m, ArH), 7.66–7.79 (2H, m, ArH), 8.08 (0.4H, J 8.8, ArH), 8.26 

(0.6H, d, J 8.8, ArH). m/z (TOF ES+) 413.1 ([M + H]+, 100%). 

FST7. HBTU (228 mg, 0.60 mmol) was added to a solution of fisetin (35 mg, 0.12 

mmol), Fmoc-Gly-OH (152 mg, 0.60 mmol) and Et3N (0.13 mL, 1.80 mmol) in MeCN (4.0 
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mL) The resulting solution was stirred at room temperature overnight. The solvent was 

removed under reduced pressure and then EtOAc (10 mL) was added. This solution was 

washed with KHSO4 solution (1.0 M, 2 × 10 mL) and NaHCO3 solution (1.0 M, 2 × 10 mL). 

The organic phase was dried (MgSO4), filtered and concentrated under reduced pressure to 

afford a residue which was immediately dissolved in a mixture of DMF/piperidine (3:1, 1.0 

mL) and stirred for 2 h. Et2O (3.0 mL) was added and the mixture was stirred for 5 min. The 

precipitate was collected by filtration and the filter cake was washed with more Et2O (2 × 

3.0 mL). The removal of residual Et2O under reduced pressure afforded FST7 as a white 

solid. (45 mg, 73%). 1H NMR (400 MHz, DMSO-d6, δ): 3.95–4.12 (8H, 4 × CH2NH2), 7.43 

(1H, d, J 8.8, 2.2 ArH), 7.56 (1H, d, J 8.8, ArH), 7.76 (1H, d, J 2.2, ArH), 7.91 (1H, d, J 2.2, 

ArH), 7.93 (1H, d, J 8.8, 2.2 ArH), 8.17 (1H, d, J 8.8, ArH), 8.80 (8H, br s, 4 × NH2). m/z 

(TOF ES+) 515.1 ([M + H]+, 100%). 
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Supplementary Figure S10. Effect of the highest concentration of each active molecule, 

namely FST, FST1, FST2, FST3 and FST7, on cellular density and morphology, as observed 

under a fluorescence microscope. The DAPI channel shows cell nuclei, while the TRITC 

channel displays the cytoskeleton. 
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4.1. Discussion 

 

4.1.1. ER stress, protein aggregation and neurodegeneration 

 

Proteins are complex macromolecules that, in order to function, must attain and 

maintain their so-called native state, while keeping conformational flexibility. Some 

proteins do not possess a stable three-dimensional conformation, acquiring their structure 

after performing their interactions. Proteins that behave like this include tau and α-

synuclein, which renders them prone to aggregation. Misfolded proteins aggregate because 

they display hydrophobic amino-acid residues outwards, while properly folded proteins 

possess their hydrophobic residues inwards. This aggregation may result in amorphous or 

fibrillary aggregates (482).   

A molecular chaperone is a protein that contributes to the successful folding of a 

given protein, not integrating its structure (483). Protein quality control and the 

homeostasis of the proteome is regulated by a network of molecular chaperones to promote 

protein folding and refolding and ubiquitin-proteasome system and autophagy to degrade 

aggregated and terminally misfolded proteins (482). Molecular chaperones ensure 

proteostasis by participating in de novo folding, refolding, assembly, trafficking and 

assistance in the degradation of proteins (482). A small molecule that assists the protein 

folding process is termed a chemical chaperone. Molecules of this kind are frequently 

unable to directly bind proteins. Accordingly, they enhance protein folding through 

different mechanisms. Chemical chaperones are further divided in osmolytes (e. g. glycerol) 

and hydrophobic compounds (e. g. 4-phenylbutyrate). If any molecule, regardless of its 

chemical class or origin, can bind a specific protein and aid it attain its functional 

conformation, this molecule is a pharmacological chaperone (34, 484).  

In this work, we have described the ability of several natural molecules to counter ER 

stress. The chemical structures of those discussed in this section are presented in Figure 

42. 
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Figure 42. Chemical structures of the natural products discussed throughout this section. 

 

Fisetin was effective at reducing protein aggregation in fibroblasts, and delphinidin 

proved to be effective in different contexts, since it could ameliorate the parameters under 

analysis in a cell model of neurodegeneration, but also in fibroblasts, hence having 

concluded that delphinidin could be a promising candidate to counter neurodegeneration. 

The observation of strongly reduced protein aggregation and concomitant normalization of 

chaperone expression hints that both natural molecules may act as chemical or 

pharmacological chaperones, although further studies would be necessary to confirm this 

hypothesis. At this point, it is not possible to classify them as such. 

The literature refers the neuroprotective potential of fisetin. This molecule has been 

confirmed to inhibit tau aggregation by interacting with the protein, preventing the 
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formation of β-strands, approximately from 10 µM, in human embryonic kidney 293 

(HEK293) cells (485). It has also been described as an inhibitor of β-amyloid fibrillation in 

HT22 murine neuroblastoma cells (≈ 40 µM) (375). Furthermore, this molecule has been 

described as neuroprotective due to its antioxidant and anti-inflammatory properties, as 

well as promoting neurotrophy (486, 487). By enhancing the antioxidant machinery of the 

cell and increasing glutathione levels, fisetin reduces intracellular ROS, leading to extended 

neuron lifespan (456, 468). In this thesis, this molecule proved to be effective against β-

amyloid aggregation on MRC-5 fibroblasts at the tested concentration of 50 µM.  However, 

when evaluated using the presented model of neurodegeneration, no beneficial effects of 

were detected. Even though reports of the literature are mentioned herein that describe 

otherwise, these studies have used shorter incubation periods and distinct cell models. This 

shortcoming of the molecule indicates that we could benefit from synthesizing less cytotoxic 

and/or more potent derivatives of this natural product. In fact, we have tested a library of 

fisetin derivatives towards this effect; however, the goal was not achieved as the molecules 

failed to produce significant results (data not shown). 

Delphinidin has been described as a conveyor on multiple beneficial bioactivities, 

ranging from anticancer to antidiabetic, as reviewed elsewhere (488). Anthocyanins, the 

glycosylated counterparts of anthocyanidins, are biosynthesized by the phenylpropanoid 

pathway, glycosylated at C-3 or C-3 and C-5 (489). To this day, thirty-one anthocyanidins 

have been identified, along with more than five hundred anthocyanins (488). There are six 

dietary anthocyanidins, namely delphinidin, cyanidin, malvidin, pelargonidin, peonidin 

and petunidin, and they differ between one another solely in the substitution pattern at C-

3’ and C-5’ by hydrogen, hydroxyl or methoxyl groups (488). It is thereby likely that at least 

some anthocyanidins can share the bioactivities of delphinidin described herein. In this 

regard, it is relevant to mention that malvidin and pelargonidin are herein reported as 

inactive against ER stress, since they failed to preserve Ca2+ homeostasis in MRC-5 cells. 

This hints at the relevance of the hydroxyl groups of delphinidin to its bioactivity. However, 

it remains to be clarified if these molecules could be active in higher concentrations, or if 

they can positively modulate ER stress signaling without impacting Ca2+ in the experimental 

conditions described herein.  

Of particular relevance to the results obtained under the scope of this thesis is that 

anthocyanins have been observed before to cross the blood-brain-barrier, since they can 

accumulate and multiple organs, including the brain (489, 490). From 13 µM, delphinidin 

has inhibited Aβ25-35 (10 µM) induced toxicity towards PC12 cells, and this neuroprotective 

effect was attributed to the preservation of Ca2+ levels upon insult. Tau phosphorylation was 

also observed to decrease (491). Delphinidin-3-O-glucoside, cyanidin-3-O-glucoside and 

petunidin-3-O-glucoside, the three major anthocyanins from Glycine max (L.) Merr., are 
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reported as neuroprotective in concentration from 2 to 25 μg/ml, having been effective 

against oxidative stress and the ROS-dependent activation of ASK1-JNK/p38 pathways is 

SK-N-SH cells (492). While there are no other accounts in literature of the potential of 

delphinidin to reduce ER stress apart from the work included in this thesis, delphinidin-3-

O-galactoside is described as protective against ER stress in mouse hepatocytes, reducing 

ddit3 expression and XBP1 splicing resulting from the effect of (−)-epigallocatechin-3-

gallate (493). 

There are, however, reports of very low blood-brain-barrier permeability of 

anthocyanins, and the suggestion that the neuroprotective effects of these molecules are 

merely a byproduct of improved brain circulation (494). On the other hand, the results 

discussed herein imply that delphinidin exerts a direct effect upon the preservation of 

neuronal fitness. Further studies are necessary to clarify the capacity of the anthocyanidin 

to cross the blood-brain-barrier, and, if its permeability falls short, to develop new strategies 

to aid the molecule reach its target. 

It would be relevant to analyse the potential of fisetin and delphinidin as chemical or 

pharmacological chaperones, since the latter are seen as a potential new strategy to treat 

neurodegenerative diseases (484), and our results open that possibility.  

Relevantly, it was determined that delphinidin occupies a rather distinct chemical space 

than that of the other elements of the chemical library. This is a valuable information to take 

into consideration when designing future studies, as the definition of this space constitutes 

a tool to select similar compounds to maximize the identification of active molecules while 

optimizing the use of resources. 

 

4.1.2. ER stress and cancer 

 

Cancer cells rely on protective UPR activation to counter the permanent stress that is 

inflicted on the ER by their aberrant metabolism. On the other hand, cell death resulting 

from deleterious UPR signaling has been shown to be elicited in cancer cells upon activation 

of each major signaling branch of the UPR (380). This renders the molecules berberine and 

emodin as promising to be leads in the development of new strategies against one of the 

heaviest burdens to modern society, since they display the ability to selectively induce 

deleterious UPR signaling in cancer cell models.  

The isoquinoline alkaloid berberine has been proven to induce autophagy in cancer 

cells, and that the mechanism of action implicates increased expression of HSPA5, since, 

upon knockdown of this gene, autophagy was inhibited. In the results presented herein, the 

increase in the expression of this gene in AGS cells was not observed. However, the 

compound did increase said expression in A549 cells under these experimental conditions. 
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A possible explanation for this difference is that the referred study was conducted in a 

different cell model, namely HCT-116 cells (human colon carcinoma cells), suggesting that 

the effect may be cell type-specific (495). Furthermore, in the mentioned study, the tested 

concentration that produced this effect was much higher: 120 µM at an incubation period 

of 24 h, which by itself could explain why berberine at 50 µM failed to exert this effect on 

AGS cells after 16 h. Since berberine increased other ER stress related genes in these 

conditions (i. e. atf4, ddit3 and edem1), it is plausible that it could also enhance the 

expression of hspa5 in a different setting. Importantly, the molecule at 100 µm did not 

induce hspa5 increase in the non-malignant HL-7702 cells, human liver cells (495). This 

further evidences the selectivity of the molecule to induce ER stress upon cancerous cells. 

In a different work, berberine (100 µM) induced apoptotic cell death in the human cervical 

epidermoid carcinoma cell line CaSki. In this cell model, the alkaloid disrupted Ca2+ 

homeostasis, increased ROS, lowered the ΔΨm and activated caspase-3 (496). This 

mechanism of action shares the disruption of the ΔΨm and Ca2+ homeostasis with our 

results. We did not, however, observe increased activity of caspase-3, but we did notice 

berberine-induced activation of caspase-4 in both tested cell models.  

In the glioblastoma cell line T98G, berberine (from approximately 150 µM at 24 h of 

incubation) exacerbated ROS production, impacted Ca2+ levels and modulated several UPR-

related proteins, namely BiP, CHOP, phosphorylated PERK and eIF2α. These authors also 

observed caspase-3 and -9 activation. Furthermore, the cytotoxic effect of berberine was 

reverted by co-incubation with salubrinal, as we observed in A549 cells. Salubrinal 

maintains eIF2α phosphorylation, and therefore can magnify the protective signaling of the 

UPR. In that case, it resulted in an increase in the level of Bcl-2 with a concomitant decrease 

in Bax and caspase and PARP activation (497). It is also described that caspase-4 can engage 

in regulated cell death mechanisms induced by ER stress with or without the activation of 

other caspases (498), and the latter mechanism of action is suggested by our results. 

Whether caspase-3 can be induced by this molecule on AGS and A549 cells could be 

clarified with dose-response studies over multiple endpoints, in order to rule out the 

involvement of this protease in other experimental conditions. Furthermore, the 

involvement of other mitochondrial proteins in the organized cell death mechanisms could 

also be clarified, namely assessing Bcl-2 and Bax levels. 

Finally, it is worth mentioning that there has been a considerable effort to investigate 

the potential of berberine against cancer, attributing it a myriad of other mechanisms of 

action, as is reviewed elsewhere (499). 

Emodin occurs in free form or glycosylated in several plant families, namely 

Rhamnaceae, Polygonaceae, Fabaceae and Asteraceae, occurring also in fungi of the 

genuses Aspergillus, Cladosporium, Chaetomium, Penicillium and Penicilliosis. In plants, 
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it derives from acetate via the acetate-malonate pathway, while in fungi it derives from 

acetyl-CoA by the polyketide pathway (500). This anthraquinone presents preclinical 

potential against multiple cancer types, with several mechanisms of action reported, notably 

converging towards apoptosis through the mitochondrial pathway (501, 502). However, this 

was not the mechanism that we uncovered in A549 cells, since we did not detect increases 

in caspase activation. Emodin at 25-50 µM induced ROS-mediated, JNK- and RIP1-

dependent necroptosis in several renal cancer cell lines without caspase activation (503), 

which is concurrent to the mechanism of action we have observed in A549 cells. In primary 

human T cells, emodin induced ER stress, as observed by upregulation of the UPR 

biomarkers GRP78, ATF4, XBP1 and CHOP, Ca2+ release, ROS production, compromised 

ΔΨm, and activating caspases -4, -9 and -3 (504). This occurred after 72 h of incubation and 

at higher concentrations (150 µM), and also in a different experimental model. At 72 h of 

incubation, Su et al. report caspase-3 activation by emodin from 20 µM in A549 and also in 

H1299 lung cancer cells. Notably, increased CHOP expression was detected, reinforcing that 

the effect of emodin is ER stress-dependent (505).  

The results presented herein, along with these reports in the literature, warrant for a 

future for this compound as a drug lead. 

 

4.1.3. ER stress and inflammation 

 

The course of inflammation involves enhanced protein synthesis of inflammatory 

mediators, including cytokines, chemokines and transcription factors. This fact can, by 

itself, present a strain on the homeostasis of the ER. Concurrently, ER stress and 

inflammation are connected in a myriad of ways that remain to be fully understood (506, 

507).  In this scope, we identified natural products that can modulate both ER stress 

signaling and inflammation, by inhibiting NF-κB activation, ROS overproduction, caspase-

1 activation, pro-inflammatory cytokine release and UPR-related gene expression. The 

model used in this work is based on the LPS-induced activation of the UPR, which has been 

observed before (508-511). 

Most of the molecules described herein as dually active against inflammation and ER 

stress, namely 5-deoxykaempferol, berberine, guaiazulene, luteolin-4’-O-glucoside, 

myricetin, sennoside B and quercetagetin, are present in the human diet. 5-

Deoxykaempferol occurs in plants from the Fabaceae family, namely Anthyllis 

vulneraria L. (226) and Astragalus beckari (512). Astragalus species have been used as 

food supplements (513), while this genus is also important in traditional medicine (514). 

Furthermore, since the Fabaceae family is one of the most important in agriculture, it is 

likely that this compound may be identified in more dietary plants. Berberine has been 
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obtained from plants such as Berberis vulgaris L. (common barberry) and Coptis chinensis 

Franch. (Chinese goldthread) for use in traditional medicines for many years (515). The 

fruits of B. vulgaris are used for human consumption in many countries (516). Nowadays, 

this alkaloid is available in food supplements (517). Evidence of the versatility of the 

bioactivities of natural products is the described effect of berberine throughout this work, 

where this molecule decreased the activity of caspase-1, an inflammatory caspase, in THP-

1 macrophages. The activation of this caspase indicates that the assembly of the multimeric 

complex known as the inflammasome has occurred (518-520). Along with cytokine release, 

this is a hallmark of inflammatory signaling. Furthermore, the ER plays a part in the process 

of inflammasome activation. It was for these reasons that the capacity of the selected 

molecules to inhibit pro-inflammatory cytokine release (namely of IL-6, TNF-α and IL-1β) 

and caspase-1 activation was evaluated.  

On the other hand, we have discussed how this molecule induced the activation the of 

the inflammatory caspase-4 in AGS and A549 cells. Taken together, these results indicate 

that the cytotoxicity of berberine is exerted specifically against cancer cells. THP-1 

macrophages derive from an acute monocytic leukemia. However, our experimental 

conditions implicated their differentiation to macrophages, and, in this process, they cease 

to multiply. This might be the reason why berberine was not toxic to this cell line in the 

same concentration (50 µM), and inhibited LPS-induced inflammatory caspases in these 

cells while it could activate caspase-4 in cancer cells. Considering this, it could be fruitful to 

further explore the potential of this molecule in the context of protein aggregation, since it 

was dropped in this study because it failed to preserve Ca2+ homeostasis. 

The sesquiterpenoid guaiazulene occurs in Matricaria chamomilla L. (521), while the 

anthraquinone sennoside B naturally occurs in Rheum sp. (522). These plants are widely 

used as herbal medicines, while chamomile (M. chamomilla) oil is used by the food industry 

(523) and rhubarb (Rheum sp.) is consumed as food (524). Myricetin is present in the 

human diet through multiple sources, from fruits and berries to wine and tea, among others, 

being that the highest amounts have been observed in strawberries (Fragaria x ananassa 

(Weston) Duchesne ex Rozier) and spinach (Spinacia oleracea L.) (525, 526). This molecule 

is already established as a nutraceutical (525). Quercetagetin has been observed to occur 

in tangerines (Citrus unshiu Marcow.) (440). Luteolin-4’-O-glucoside has been 

identified in Olea europaea L. leaves, adding potential value to this agricultural byproduct 

even though, to the extent of our knowledge, the molecule is yet to be identified in the fruits 

(527). These facts deem these molecules suitable not only for drug development, but also as 

nutraceuticals that convey health benefits against inflammation and ER stress.  

Fisetin, as mentioned in Section 3.5.1., is present in vegetable species of high dietary 

relevance. Even though natural phenylpropanoids often occur in glycosylated forms, there 
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is little knowledge of glycosylated derivatives of fisetin in nature, unlike what occurs with 

analogs such as resokaempferol, liquiritigenin or fustin (461). Based on the knowledge of 

the remarkable bioactivity of this molecule, we synthesized derivatives proved to be a 

effective strategy to enhance the potential of this compound to be incorporated in strategies 

to counter inflammation and ER stress-related disorders. 

 

4.1.4. Limitations of this work 

 

As a final remark, it is important to pinpoint the main shortcomings of this work, since 

this identification will outline possible strategies to circumvent these limitations in future 

studies. 

One of the barriers of this work can be identified early on in the process of molecule 

selection. The chemical library was assembled resorting to in-house available products, 

which resulted in the selection of compounds at random, and thus could have resulted in 

the obtainment of an entirely different set of molecules. 

Considering logistical constraints resulting from the number of molecules involved, 

each experimental condition was tested solely at one time point, which may have been 

insufficient to detect the activity of some compounds. 

Concurrently, for the same reason, the molecules were tested at the single 

concentration of 50 µM throughout most of this work, the exceptions being fisetin and 

derivatives. The latter were tested in more concentrations, since they composed a more 

limited group of molecules. In the future, selecting the elements of a chemical library with 

the aid of the definition of a target chemical space can mitigate all of the constraints 

mentioned above. 

This work includes a model of LPS-induced inflammation and UPR activation. While 

it was shown that incubation with LPS results in UPR activation, it was not possible to 

determine if the observed anti-inflammatory effect of the molecules of interest was due to 

the ER stress inhibition potential or vice-versa.  

Another limitation lies on the fact that experiments were performed solely in cell lines. 

Specifically, monocultures were used. In the future, and having identified the mechanisms 

of action in these cell models, co-cultures of different cell types could be implemented, since 

these models more closely mimic the in vivo environments. In vivo assessment would also 

be important to confirm the results obtained in vitro. 

Furthermore, only two cancer cell lines were used. Even though they represent two of 

the most common cancer types, testing only two models does not allow to understand the 

potential of the compounds against overall cancer types. 
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Throughout this study, the ability of the molecules under study to cross the blood-

brain-barrier was not analyzed. This is of particular relevance in the scope of 

neurodegenerative diseases and, thus, it would be ideal to assess the potential of delphinidin 

to permeate this barrier. 

 

4.2. Conclusions and future perspectives 

 

The aging of the global population increases the burden that chronic diseases 

represent to modern society, particularly in developed countries. The involvement of ER 

stress signaling in the pathogenesis of virtually any chronic disease is currently established, 

and since this area of research is currently seething, the years to come are expected to add 

to the current bulk of knowledge of how these signaling pathways can be modulated to 

improve our quality of life and even our life expectancy.  

The obtained results indicate a role for natural products in attaining this goal, since 

it was possible to identify modulators of ER stress signaling in different contexts, namely 

neurodegeneration, cancer and inflammation. For each case, the mechanism of action was 

studied and the cellular and molecular targets identified. Notably, this concerns solely 

commercially available natural molecules. Some of these molecules have been known for 

decades, yet their potential has not been fully explored. The pool of bioactive molecules is 

expected to increase, both with the addition of currently known molecules and with the 

contribution of the significant portion of Nature’s potential that remains untapped. 

Currently, computer-aided drug discovery approaches are enhancing the speed and 

increasing the cost efficiency of the drug discovery process. Taking this into account, this 

line of work can certainly benefit from approaches that allow experimenting with multitudes 

of compounds and molecular targets. These new strategies will certainly facilitate the arrival 

of new products to the shelves in the years to come. 
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