
2025 254

Seyed Hesamoddin Bidooki

Characterization of Molecular
Mechanisms of TXNDC5 and Its

Role in Squalene Response Using
Various Drug Delivery Systems in

the AML12 Cell Line

Director/es
de la Osada García, Jesús 
de Matos Fernandes, Susana
Navarro Ferrando, María Ángeles



Universidad de Zaragoza 
Servicio de Publicaciones

ISSN 2254-7606



Seyed Hesamoddin Bidooki

CHARACTERIZATION OF MOLECULAR
MECHANISMS OF TXNDC5 AND ITS ROLE IN

SQUALENE RESPONSE USING VARIOUS DRUG
DELIVERY SYSTEMS IN THE AML12 CELL LINE

Director/es

de la Osada García, Jesús 
de Matos Fernandes, Susana

Navarro Ferrando, María Ángeles

Tesis Doctoral

Autor

2025

Repositorio de la Universidad de Zaragoza – Zaguan   http://zaguan.unizar.es

UNIVERSIDAD DE ZARAGOZA
Escuela de Doctorado

Programa de Doctorado en Bioquímica y Biología Molecular





Repositorio de la Universidad de Zaragoza – Zaguan   http://zaguan.unizar.es  

 

 
 
 

 

Tesis Doctoral 

 

 

Characterization of Molecular Mechanisms of 

TXNDC5 and Its Role in Squalene Response Using 

Various Drug Delivery Systems in the AML12 Cell 

Line 

 
Autor 

Seyed Hesamoddin Bidooki 

 
Director/es 

Prof. Dr. Jesús Osada García 
Prof. Dr. Susana de Matos Fernandes 

Prof. Dr. María Ángeles Navarro Ferrando 
 

UNIVERSIDAD DE ZARAGOZA 

UNIVERSIDAD DE PAU Y LA REGION DE ADOUR 

Escuela de Doctorado 

 

Programa de Doctorado en Bioquímica y Biología Molecular 

 

 

2025 



  

           
 
 

 

 

Characterization of Molecular Mechanisms of 

TXNDC5 and Its Role in Squalene Response 

Using Various Drug Delivery Systems in the 

AML12 Cell Line 

 
Autor 

Seyed Hesamoddin Bidooki 

 
Director/es 

Prof. Dr. Jesús Osada García 
Prof. Dr. Susana de Matos Fernandes 

Prof. Dr. María Ángeles Navarro Ferrando 
 

 

Departamento de Bioquímica y Biología Molecular y Celular 

Instituto de Ciencias Analíticas y Físicoquímica del Medio Ambiente y los 

Materiales  

 

 

UNIVERSIDAD DE ZARAGOZA 

UNIVERSIDAD DE PAU Y LA REGION DE ADOUR 

 

 

February 2025 

 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

DEDICATION 
 
To my beloved parents, Dr. Seyed Kazem Bidoki and Fatemeh Arefanian 
 

Your unwavering love, endless support, and countless sacrifices have been the 
cornerstone of my journey. Through every challenge and triumph, your faith in me has been 
my greatest source of strength. This accomplishment is a reflection of the values, perseverance, 
and encouragement you've instilled in me. I am forever grateful for everything you have done 
to help me reach this moment. 
 
And to my dear fiancée, Maedeh Vahdatazad 
 

Thank you for your constant love, patience and understanding. Your support has been 
my anchor, and your belief in me has kept me going through the most difficult times. This 
thesis is as much yours as it is mine, for without you this journey would have been incomplete. 
 

With all my love and gratitude, I dedicate this work to all of you. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

ACKNOWLEDGEMENTS 
 

I'm so grateful to have had the chance to complete this PhD thesis! It's been one of the 
most challenging and rewarding experiences of my life, and I couldn't have done it without the 
support, guidance, and encouragement of so many amazing people. I just want to say a big, 
heartfelt thank you to everyone who has been on this journey with me. 
 

I'd like to start by thanking my thesis directors, Prof. Dr. Jesús Osada García, Prof. Dr. 
Susana de Matos Fernandes, and Prof. Dr. Maria Angeles Navarro Ferrando. You've been so 
supportive and helpful throughout this process, and I'm truly grateful to have had them as 
guides. I can't thank you enough for all your amazing expertise, thoughtful insights, and 
unwavering guidance. You've shaped this work in ways I could never have imagined! From the 
very beginning to the very end, your kind words and helpful feedback encouraged me to think 
critically and to do my best. I feel so lucky to have had such inspiring mentors. They believed 
in me and helped me to overcome so many obstacles along the way. 
 

I'd also like to thank my wonderful colleagues and fellow researchers at the Department 
of Biochemistry and Cellular and Molecular Biology. I'd also like to thank Dr. Roberto 
Martínez Beamonte, Dr. Javier Sánchez Marco, and Dr. Roubi Hamid Ahmad Abuobeid for all 
their help and support. You were always there for me with your valuable advice, guidance, and 
encouragement, and I'm so grateful to have had you on my side. I'm so grateful to Prof. Dr. Mª 
Jesús Rodriguez‐Yoldi and Prof. Dr. Carmen Arnal. You were so helpful, offering lots of great 
advice and support along the way. Thanks to you, I was able to complete my manuscripts and 
thesis successfully! I'd like to send a big, warm thank you to Cristina Barranquero, Santiago 
Morales Andres, Dr. Luis Herrera‐Marcos, Tania Herrero‐Continente, Raylen Escobar and 
Isabel Baviano Rayego. Your friendship and collaboration made even the most challenging 
moments totally manageable. Thank you all so much! The wonderful conversations and 
collaborations we've had have been such a source of inspiration and growth for us both. I'm so 
grateful to you all for challenging my ideas, sharing your knowledge, and offering your support 
during this journey. I've been so lucky to work alongside such a brilliant and dedicated team, 
who have made my experience so rich and rewarding. I'd also like to thank Prof. Dr. Julio 
Montoya, Prof. Dr. Eduardo Ruiz Pesini, Ana Vela Sebastián, Sonia Emperador, Irene Jiménez, 
Ester López, Melissa Carvajal, and Vicky Peña for all your help, support, and encouragement. 
You were always there for me and made me feel so welcome and comfortable from day one. 
You were kind enough to let me use your instruments and equipment, and you even gave me 
all the training I needed! 

 
I want to thank my wonderful parents, Dr. Seyed Kazem Bidoki and Fatemeh Arefanian, 

from the bottom of my heart. You have always believed in me, made incredible sacrifices, and 
taught me the values of perseverance and hard work. I am so grateful for everything you have 
done for me! You've always been my biggest supporters, always reminding me to follow my 
dreams and never give up, even when the road ahead seemed tough.  

 
To my sweet little brother, Seyed Sobhan Bidoki, you’ve been a constant source of joy 

and laughter, always reminding me to keep perspective and stay positive. Your youthful 
enthusiasm and unconditional support mean the absolute world to me, my dear brother. 

 
To my amazing fiancée, Maedeh Vahdatazad, your support has been absolutely 

incredible. I can't thank you enough for your patience, understanding, and for being my 
constant companion throughout this journey. You've been there through the highs and lows, 



  

always ready with a word of encouragement or a shoulder to lean on when things got tough. I 
don't know what I would have done without you! Your faith in me has never wavered, and I'm 
so grateful for that. I'm also really thankful to your family, Farshid Vahdatazad and Leila 
Hatamzad, who have welcomed me with open arms and given me so much love and 
encouragement along the way. Your support has meant the world to me, and I feel so lucky to 
be part of your family. 

 
To my dear friends Arash Matinahmadi and Alireza Tavakolpournegari, I want to thank 

you from the bottom of my heart for being there for me, for your wonderful sense of humor, 
your understanding, and for providing much-needed moments of distraction and relief from the 
demands of research. From long chats to shared giggles to just being there when I needed a 
break, you've made this journey so much less lonely and so much more enjoyable. I'd like to 
give a big, heartfelt thank you to my Iranian friend in Zaragoza, Mehrzad Javadzadeh. He's 
been there for me every step of the way with his unwavering friendship and support, and I'm 
so grateful! 

 
Finally, I would like to express my gratitude to everyone who contributed to this thesis 

in some way, big or small—whether through academic guidance, emotional support, or 
personal advice. You have all played a crucial role in helping me reach this point, and I am 
deeply appreciative of each and every one of you. This thesis is as much a reflection of your 
love and support as it is of my work, and for that, I will be forever grateful. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 1 

ABBREVIATIONS 
 
AML12  Alpha mouse liver cell line 

ALD   Alcohol-related liver disease  
ALT   Alanine aminotransferase  

AST   Aspartate aminotransferase  
ATF6    Activating transcription factor 6 

ATP    Adenosine triphosphate 
AMPK   AMP-activated protein kinase  

ATM   Ataxia-telangiectasia mutated 

ATF4    Activating transcription factor 4 
APMAP    Adipocyte plasma membrane-associated protein 

APOA1   Apolipoprotein A1 
APOB    Apolipoprotein B 

ACC    Acetyl CoA carboxylase  

ACOX1  Peroxisomal acyl CoA oxidase  
ATGs    Transcriptional activator of autophagy-related genes 
ASK1   Apoptotic signal-regulating kinase 1 
BA    Bile acids  
CT Scan  Computed tomography scan 
CK-18   Cytokeratin-18  
CF    Cardiac fibrosis  
CXCL8   Interleukin 8 
CS    Crystalline silica  

CRISPR  Clustered regularly interspaced short palindromic repeats 
C2C12   Mouse myoblast cell line 
CDKs    Cyclin-dependent kinases  
COS-7   Monkey African green kidney fibroblasts 
CNTs    Carbon nanotubes  

CALR    Calreticulin 
CRN   Clinical Research Network 
ChREBP  Carbohydrate responsive element binding protein 

CPT1A   Carnitine palmitoyl transferase 1A 
DNA    Deoxyribonucleic acid  
DDR    DNA damage response  
DM    Diabetes mellitus  
DDIT3   DNA damage-inducible transcript 3 
DNAJA3  DnaJ heat shock protein family (Hsp40) member A3 
DLS   Dynamic light scattering 
DR5   Death receptor 5  

DNL    De novo lipogenesis 

DGAT2  Diacylglycerol acyltransferase 2 
DGAT    Diacylglycerol transferase  
DAGs   Diacylglycerols 
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ER    Endoplasmic reticulum  
ERAD    ER-associated degradation  

EIF2AK3   Eukaryotic translation initiation factor 2-alpha kinase 3 
ERN1  Serine/threonine-protein kinase/endoribonuclease inositol-requiring 

enzyme 1 

ERp46   Endoplasmic reticulum protein 46  
EndoPDI   Endothelial protein disulfide isomerase  

ECM    Extracellular matrix  
EDEM3   ER degradation enhancing alpha-mannosidase like protein 3 

EVOO   Extra virgin olive oil  
EMA    European Medicines Agency  

FIB-4   Fibrosis-4 index 

FPP    Farnesyl pyrophosphate 

FAs    Fatty acids  

FAS    Fatty acid synthase 
FABP    Fatty acid binding protein 
FAT    Fatty acid translocase  
FLIP    Fatty liver inhibition progression 
FDA    United States Food and Drug Administration  
GLP-1    Glucagon-like peptide type 1 
G6P    Glucose 6-phosphate  

GSTM6  Glutathione S-transferase, mu 6 
GSTP3   Glutathione S-transferase pi 3 
GSTT1  Glutathione S-transferase, theta 1 
GPX4   Glutathione peroxidase 4 
GSH    Glutathione 
HDL   High-density lipoprotein 
HSR    Heat shock response  
HSPs    Heat shock proteins  
HSF1   Heat shock factor 1  

HIFs    Hypoxia-inducible factors 

HSPA8   Heat shock protein family A (Hsp70) member 8 
HSPA5   Heat shock protein family A (Hsp70) member 5 

HSPA9   Heat shock protein family A (Hsp70) member 9 
HF    Heart failure  
HCC    Hepatocellular carcinoma  
HEK293T  Human embryonic kidney cells 293T 
HeLa   Henrietta lacks cancer cells 

Hsp90aa1  Heat shock protein 90, alpha (cytosolic), class A member 1  
HSCs    Hepatic stellate cells  
HMG-CoA   β-Hydroxy β-methylglutaryl-CoA 
HepG2   Human hepatoma cell line 
IL-6    Interleukin 6 
INSIG   Insulin‐induced gene 
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IGFBP1    Insulin-like growth factor-binding protein-1 
iPLA2    Calcium independent phospholipase A2 

IPP    Isopentenyl pyrophosphate  
Jurkat   Immortalized line of human T lymphocyte cells 

JNK    C-Jun N-terminal kinases 

KO   Knockout  
KGF    Keratinocyte growth factor  

LF    Liver fibrosis  
LPS    Lipopolysaccharides  

LDL    Low-density lipoprotein 
MRI    Magnetic resonance imaging 

MIQE   Minimum information for publication of quantitative real‐time 

MBOAT7   Membrane-bound O-acyltransferase domain-containing protein 7 

MAPK   Mitogen-activated protein kinase 

METTL3   N6-adenosine-methyltransferase 
MD    Mediterranean diet 
MTT   3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide 
MDA-MB-231 M.D. Anderson-metastatic breast 231 
MIN6   Mouse insulinoma cell line 6 
Mfn2   Mitofusin 2 
MCF-7   Michigan cancer foundation-7 

m6A    N6-methyladenosine  
mTOR   Mechanistic target of rapamycin 
mTORC1  Mammalian target of rapamycin complex  
MAGs    Monoacylglycerols  
MVA    Mevalonate pathway  
mtGPAT   Mitochondrial glycerol-3-phosphate acyltransferase 
MASLD  Metabolic dysfunction-associated steatotic liver disease 
MUFA   Monounsaturated fatty acids 
Npm1   Nucleophosmin 1 

NAFLD  Non-alcoholic fatty liver disease  

NASH   Non-alcoholic steatohepatitis  
NFS    NAFLD fibrosis score  

NEFA    Non-esterified fatty acids 
NR4A1   Nuclear receptor subfamily 4 group A member 1 
NMSC   Non-melanoma skin cancer  
NF-κB   Nuclear factor kappa B 
NIH-3T3  Mouse NIH/Swiss embryo fibroblasts 

Oplah   5-oxoprolinase (ATP-hydrolyzing)  
OA    Oleanolic acid  
PCR   Polymerase chain reaction 
PUFA    Polyunsaturated fatty acids  
PBC   Primary biliary cholangitis  
PSC    Primary sclerosing cholangitis 
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PNPLA3  Patatin-like phospholipase domain-containing protein 3 
PDIA15  Protein disulfide isomerase family A member 15  

PDI    Protein disulfide isomerase  
PPARα   Peroxisomal proliferator-activated receptor alpha  

PRDX4   Peroxiredoxin 4 

PRDX5  Peroxiredoxin 5 
PRDX6  Peroxiredoxin 6 

PRDX6B  Peroxiredoxin 6B 
PI3k    Phosphoinositide-3 kinase 

PKB   Protein kinase B 
PCA    Polyalkyl (cyano) acrylates  

PLA    Poly (lactic acid)   

PGA    Poly (glycolic acid)  

PLGA    Poly (lactic-co-glycolic acid)  

PLGA NPs   PLGA nanoparticles  
PEG    Polyethylene glycol  
PPIB   Peptidylprolyl isomerase B 
ROS   Reactive oxygen species  
RER    Rough endoplasmic reticulum  
RIDD    Regulated IRE1-dependent decay 
RAAS    Renin-angiotensin-aldosterone system 

RKO   Human colon carcinoma cell line 
RPS14   Ribosomal protein S14 
RNA    Ribonucleic acid 
STAT3   Signal transducer and activator of transcription 3 
SREBP1c   Sterol regulatory element binding protein 1 c 
SFA    Saturated fatty acids 
SSR2   Signal sequence receptor, beta 
SEC61A1  Sec61 alpha 1 subunit 
Serpina1a  Serine (or cysteine) peptidase inhibitor, clade A, member 1A 

Serpina1b  Serine (or cysteine) peptidase inhibitor, clade A, member 1B 

Serpina3m  Serine (or cysteine) peptidase inhibitor, clade A, member 3M 
SEM   Scanning electron microscope 

SCAP    SREBP cleavage‐activated protein  
SER    Smooth endoplasmic reticulum  
SRP    Signal recognition particle  
SNPs    Single nucleotide polymorphisms  
SPEA    Serum prolidase enzyme activity 

sRAGE   Soluble receptor for advanced glycation end product 
SAF    Steatosis, activity and fibrosis 
SiO₂   Silicon dioxide 
TNF-α   Tumor necrosis factor-alpha 
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TRAF2  Receptor-associated tumor necrosis factor 2  
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TGFβ    Transforming growth factor beta 
TP53   Tumor protein p53  

TBP   TATA-box binding protein 
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UPR    Unfolded protein response  

UPRmt   Mitochondrial unfolded protein response  
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ABSTRACT (ENGLISH) 
 

Metabolic dysfunction–associated steatotic liver disease (MASLD), previously known 

as non-alcoholic fatty liver disease (NAFLD) is induced by fat accumulation within the liver. 
Endoplasmic reticulum (ER) stress, oxidative stress, and mitochondrial dysfunction are 

necessary elements in the development of MASLD. Thioredoxin domain-containing 5 
(TXNDC5) is a member of the thioredoxin family and plays a pivotal role as an ER chaperone 

involved in maintaining cellular homeostasis in stress conditions. Nevertheless, the precise 
molecular mechanisms through which TXNDC5 exerts its effects on hepatocytes under 

conditions of oxidative and ER stress remain incompletely understood. The objective of this 

study was to investigate the effects of TXNDC5 on squalene action, a natural antioxidant found 
in virgin olive oil, delivered through various drug delivery systems to enhance its 

bioavailability. Squalene was encapsulated in PLGA and chitosan nanoparticles with the aim 
of enhancing its cellular uptake in AML12 (alpha mouse liver) cells and TXNDC5-deficient 

AML12 cells (KO) produced by CRISPR/Cas9 technology. Characterization of the 

nanoparticles by electron microscopy, dynamic light scattering, zeta potential analysis, and 
high-performance liquid chromatography confirmed efficient encapsulation and inclusion of 
squalene at different concentrations. The encapsulation of squalene in chitosan nanoparticles 
demonstrated a significantly enhanced cellular uptake in comparison to the PLGA and ethanol 
drug carriers. This enables the administration of higher doses, which enhance hepatocyte 
viability and reduce ROS levels, effectively compensating for the adverse effects of TXNDC5 
deficiency in the context of hepatocyte stress protection. 

Cell viability assays showed that TXNDC5 has an important role in modulating cell 
viability under conditions of oxidative and ER stress, as evidenced by the fact that squalene 

effectively reduced ROS in AML12 cells while increasing ROS in TXNDC5-deficient cells. 
Squalene was observed to enhance cell viability under conditions of ER stress by decreasing 
the expression of ER stress markers, including ERN1 and EIF2AK3, and by inducing the 
expression of protective proteins such as GPx4. To ascertain the function of TXNDC5 in 
AML12 and KO cell lines, tunicamycin, palmitic acid, and thapsigargin were utilized as 

stressors. The results from protein expression of the most prominent ER stress markers revealed 
that among them, the proteins ERN1 and EIF2AK3 were downregulated and HSPA5 was 
upregulated. Tunicamycin has disrupted the protein levels of HSPA5, ERN1, and EIF2AK3 in 

KO cells. Palmitic acid modified the protein levels of the ER stress sensors, such as ATF6, 
HSPA5, and EIF2AK3. TXNDC5 interacted with PRDX6 and HSPA9, proteins involved in the 
redox regulation of lipid peroxidation and glutathione, and with the loss of TXNDC5, these 
pathways do have reduced activities, as was recorded by reduced lipid and glutathione 
peroxidation. Thereby, loss of TXNDC5 impacted mitochondrial functions and specifically 
disrupted the mRNA levels coding genes that participate in an oxidative stress response and 
protein folding process. 

In conclusion, these findings show that TXNDC5 is a modulator of multiple signaling 

pathways involved in oxidative and ER-induced stresses in hepatocytes, which squalene, given 

through PLGA and chitosan nanoparticles, prevents the action of these stresses and supports 
its protective action by the underlying therapeutic implications for modulation of TXNDC5 
with a drug-target delivery system to protect the liver. 
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RESUMEN (ESPAÑOL) 
  

Enfermedad hepática esteatótica asociada a disfunción metabólica (MASLD), 
anteriormente conocida como enfermedad del hígado graso no alcohólico (NAFLD) es 
inducida por la acumulación de grasa en el hígado. El estrés del retículo endoplasmático (RE), 
el estrés oxidativo y la disfunción mitocondrial son elementos necesarios en el desarrollo de la 
MASLD. La proteína que contiene dominios tiorredoxina tipo 5 (TXNDC5) es un miembro de 
la familia de las tiorredoxinas y desempeña un papel fundamental como chaperona del RE 
involucrada en el mantenimiento de la homeostasis celular en condiciones de estrés. Sin 
embargo, los mecanismos moleculares precisos a través de los cuales TXNDC5 ejerce sus 
efectos sobre los hepatocitos en condiciones de estrés oxidativo y del RE siguen siendo 
incompletos. El objetivo de este estudio fue investigar los efectos de TXNDC5 sobre la acción 
del escualeno, un antioxidante natural que se encuentra en el aceite de oliva virgen, 
administrado a través de varios sistemas de administración de fármacos para mejorar su 
biodisponibilidad. El escualeno se encapsuló en nanopartículas de PLGA y quitosano con el 
objetivo de mejorar su captación celular en células AML12 (hígado de ratón alfa) y células 
AML12 deficientes en TXNDC5 (KO) producidas mediante tecnología CRISPR/Cas9. La 
caracterización de las nanopartículas mediante microscopía electrónica, dispersión dinámica 
de la luz, análisis del potencial zeta y cromatografía líquida de alta resolución confirmó la 
encapsulación eficiente y la inclusión de escualeno en diferentes concentraciones. La 
encapsulación de escualeno en nanopartículas de quitosano demostró una absorción celular 
significativamente mejorada en comparación con los portadores de fármacos PLGA y etanol. 
Esto permite la administración de dosis más altas, que mejoran la viabilidad de los hepatocitos 
y reducen los niveles de ROS, compensando eficazmente los efectos adversos de la deficiencia 
de TXNDC5 en el contexto de la protección contra el estrés de los hepatocitos. 

Los ensayos de viabilidad celular mostraron que TXNDC5 tiene un papel importante 
en la modulación de la viabilidad celular en condiciones de estrés oxidativo y de ER, como lo 
demuestra el hecho de que el escualeno redujo eficazmente los ROS en las células AML12 
mientras aumentaba los ROS en las células deficientes en TXNDC5. Se observó que el 
escualeno mejora la viabilidad celular en condiciones de estrés de ER al disminuir la expresión 
de marcadores de estrés de ER, incluidos ERN1 y EIF2AK3, e induciendo la expresión de 
proteínas protectoras como GPx4. Para determinar la función de TXNDC5 en las líneas 
celulares AML12 y KO, se utilizaron tunicamicina, ácido palmítico y tapsigargina como 
factores de estrés. Los resultados de la expresión de proteínas de los marcadores de estrés del 
RE más destacados revelaron que, entre ellos, las proteínas ERN1 y EIF2AK3 estaban 
disminuidas y HSPA5 estaba aumentada. La tunicamicina ha alterado los niveles de proteínas 
de HSPA5, ERN1 y EIF2AK3 en las células KO. El ácido palmítico modificó los niveles de 
proteínas de los sensores de estrés del RE, como ATF6, HSPA5 y EIF2AK3. TXNDC5 
interaccionaba con PRDX6 y HSPA9, proteínas involucradas en la regulación redox de la 
peroxidación lipídica y el glutatión, y con la pérdida de TXNDC5, estas vías tienen actividades 
reducidas, como se registró por la reducción de la peroxidación lipídica y del glutatión. Por lo 
tanto, la pérdida de TXNDC5 afectó las funciones mitocondriales y alteró específicamente los 
niveles de ARNm que codifican genes que participan en una respuesta al estrés oxidativo y en 
el proceso de plegamiento de proteínas. 

En conclusión, estos hallazgos muestran que TXNDC5 es un modulador de múltiples 
vías de señalización involucradas en el estrés oxidativo e inducido por ER en los hepatocitos, 
y que el escualeno, administrado a través de nanopartículas de PLGA y quitosano, previene la 
acción de estos estreses y apoya su acción protectora por las implicaciones terapéuticas 
subyacentes para la modulación de TXNDC5 con un sistema de administración de fármacos a 
dianas para proteger el hígado. 
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RÉSUME (FRANÇAIS) 
 

Maladie hépatique stéatosique associée à un dysfonctionnement métabolique 
(MASLD), anciennement connue sous le nom de stéatose hépatique non alcoolique (NAFLD) 
est induite par l'accumulation de graisse dans le foie. Le stress du réticulum endoplasmique 
(RE), le stress oxydatif et le dysfonctionnement mitochondrial sont des éléments nécessaires 
au développement de la MASLD. La protéine qui contient la thioredoxine de type 5 (TXNDC5) 
est un membre de la famille des thioredoxines et joue un rôle central en tant que chaperon du 
RE impliqué dans le maintien de l'homéostasie cellulaire dans des conditions de stress. 
Néanmoins, les mécanismes moléculaires précis par lesquels le TXNDC5 exerce ses effets sur 
les hépatocytes dans des conditions de stress oxydatif et du RE restent incomplètement 
compris. L'objectif de cette étude était d'étudier les effets du TXNDC5 sur l'action du squalène, 
un antioxydant naturel présent dans l'huile d'olive vierge, délivré par divers systèmes 
d'administration de médicaments pour améliorer sa biodisponibilité. Le squalène a été 
encapsulé dans des nanoparticules de PLGA et de chitosane dans le but d'améliorer son 
absorption cellulaire dans les cellules AML12 (foie de souris alpha) et les cellules AML12 
déficientes en TXNDC5 (KO) produites par la technologie CRISPR/Cas9. La caractérisation 
des nanoparticules par microscopie électronique, diffusion dynamique de la lumière, analyse 
du potentiel zêta et chromatographie liquide haute performance a confirmé l'encapsulation et 
l'inclusion efficaces du squalène à différentes concentrations. L'encapsulation du squalène dans 
des nanoparticules de chitosane a démontré une absorption cellulaire significativement 
améliorée par rapport aux vecteurs de médicaments PLGA et éthanol. Cela permet 
l'administration de doses plus élevées, qui améliorent la viabilité des hépatocytes et réduisent 
les niveaux de ROS, compensant efficacement les effets indésirables du déficit en TXNDC5 
dans le contexte de la protection contre le stress des hépatocytes. 

Les tests de viabilité cellulaire ont montré que TXNDC5 joue un rôle important dans la 
modulation de la viabilité cellulaire dans des conditions de stress oxydatif et ER, comme en 
témoigne le fait que le squalène réduit efficacement les ROS dans les cellules AML12 tout en 
augmentant les ROS dans les cellules déficientes en TXNDC5. Il a été observé que le squalène 
améliore la viabilité cellulaire dans des conditions de stress ER en diminuant l'expression des 
marqueurs de stress ER, notamment ERN1 et EIF2AK3, et en induisant l'expression de 
protéines protectrices telles que GPx4. Pour déterminer la fonction de TXNDC5 dans les 
lignées cellulaires AML12 et KO, la tunicamycine, l'acide palmitique et la thapsigargine ont 
été utilisés comme facteurs de stress. Les résultats de l'expression protéique des marqueurs de 
stress ER les plus importants ont révélé que parmi eux, les protéines ERN1 et EIF2AK3 étaient 
régulées à la baisse et HSPA5 était régulée à la hausse. La tunicamycine a perturbé les niveaux 
de protéines de HSPA5, ERN1 et EIF2AK3 dans les cellules KO. L'acide palmitique a modifié 
les niveaux de protéines des capteurs de stress du RE, tels que ATF6, HSPA5 et EIF2AK3. 
TXNDC5 a interagi avec PRDX6 et HSPA9, des protéines impliquées dans la régulation redox 
de la peroxydation lipidique et du glutathion, et avec la perte de TXNDC5, ces voies ont des 
activités réduites, comme cela a été enregistré par la réduction de la peroxydation lipidique et 
du glutathion. Ainsi, la perte de TXNDC5 a eu un impact sur les fonctions mitochondriales et 
a spécifiquement perturbé les niveaux d'ARNm codant les gènes qui participent à une réponse 
au stress oxydatif et au processus de repliement des protéines. 

En conclusion, ces résultats montrent que TXNDC5 est un modulateur de multiples 
voies de signalisation impliquées dans les stress oxydatifs et induits par le RE dans les 
hépatocytes, que le squalène, administré par l'intermédiaire de nanoparticules de PLGA et de 
chitosane, empêche l'action de ces stress et soutient son action protectrice par les implications 
thérapeutiques sous-jacentes de la modulation de TXNDC5 avec un système d'administration 
de médicaments ciblés pour protéger le foie. 
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1. Liver Anatomy and Physiology 

  1.1. Structure of the Liver 

    1.1.1. Lobes and Segments 

The liver is the largest organ in the body, representing 2% of the total body weight [1]. 

It is divided into a number of lobes that vary depending on the species. In the case of humans, 

there are right and left lobes, the latter having two other lobes (quadrate lobe and caudate lobe). 
In the case of pigs and mice, there are also 4 lobes. The caudate lobe is situated in close 

proximity to the inferior vena cava on the posterior aspect of the liver, while the quadrate lobe 
is located in the vicinity of the gallbladder on the anterior inferior surface of the liver (Figure 

1). Notwithstanding their distinct anatomical characteristics, both the caudate and quadrate 

lobes are functionally considered part of the left lobe [2,3]. From the standpoint of function, 

the liver is subdivided into eight segments in accordance with the vascular supply and biliary 
drainage characteristics, as delineated by Couinaud's classification scheme. The previously 

stated segments are crucial since they each have their own biliary drainage and a separate blood 
supply from the portal vein and hepatic artery. The left hemiliver is made up of segments I 
through IV, including segment I, which is the caudate lobe. The right lobe is made up of 
segments V through VIII, each of which occupies a distinct anatomical and functional area. 
Because it enables the removal of particular segments to treat liver cancers or perform 
transplants while maintaining the function of the remaining liver, this segmentation is crucial 

in surgical resection [2,4]. 

 

Figure 1. Structure of the liver. Created by BioRender.com, accessed on 20 September 2024. 

Adapted from ref [2]. 
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    1.1.2. Hepatic Lobule 

The functional unit of the liver is called the hepatic lobule. This structure is organized 

around a central vein (or centrilobular) that will carry blood to the hepatic veins and then to the 

vena cava. In the lumen of the hepatic sinusoids, the blood from the hepatic arterioles and the 

portal vein is collected, and after being exposed to the exchange of nutrients and metabolites 
with the hepatocytes, it will be drained by the central vein [3,5]. This constitutes a unique 

irrigation in the organism, in which two vessels supply blood to an organ (portal vein and 
hepatic artery, while only one drains it (hepatic vein). As shown in Figure 2, hepatocytes are 

the main cells of this structure and are arranged, like the spokes of a wheel, in the form of 
cellular plates with a thickness of 2 cells. Within these plates are the bile canaliculi that collect 

the bile produced by the hepatocytes and take it to the bile duct, and on the other side of these 

hepatocytes, around the cellular plates, is the space of Disse, which is a narrow space between 
the hepatocytes and the endothelial cells in which nutrients, metabolites and even a large 

percentage of plasma proteins pass through [3,5]. This space is drained by the lymphatic 
system. In this space appear the Ito cells, also called hepatic stellate cells, whose function is to 
store vitamin A, and in case of liver injury they transdifferentiate into fibrogenic and 
proliferative myofibroblasts and produce extracellular matrix [3,5]. Finally, in the hepatic 
lobules appear the hepatic sinusoids, formed by discontinuous endothelial cells that can be 
interspersed with Kupffer cells, macrophages responsible for purifying the blood from the 

colon of the bacilli [2,6]. This complex histological structure enables the efficient processing 
of blood and the execution of a range of essential functions, including metabolic, 
detoxification, and synthetic processes (Figure 3) [2,6]. 

 

Figure 2. Structure of the liver lobule. Created by BioRender.com, accessed on 23 September 

2024. Adapted from ref [7]. 
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  1.2. Functions of the Liver 

    1.2.1. Metabolism of Lipids, Proteins and Carbohydrates 

 Within lipid metabolism, the liver synthesizes almost all the lipids in the body and 

normally, it secretes them to the rest of the body for consumption or storage. The cells will use 
them for the synthesis of membranes, intracellular structures and chemical substances (such as 

for the synthesis of steroid hormones by the gonads and the adrenal gland) [8,9]. Thus, the liver 
has some specific functions in lipid metabolism, such as the oxidation and synthesis of fatty 

acids, the synthesis of phospholipids and of almost all lipoproteins and the synthesis of large 

quantities of cholesterol, most of which will be excreted with bile, but about 20% will be 
transported to the rest of the tissues together with the phospholipids in the lipoproteins [8,10].  

Regarding protein metabolism, the liver makes a key contribution both in the 

degradation of proteins through the deamination of amino acids and the formation of urea for 
the elimination of ammonia from the body and in the formation of plasma proteins (with the 

exception of gamma globulins) and in the synthesis and interconversion of the different amino 
acids and synthesis of compounds derived from amino acids [8,10].  

Within carbohydrate metabolism, hepatocytes are capable of converting galactose and 
fructose into glucose, carrying out gluconeogenesis, storing large quantities of glucose in the 
form of glycogen, and using hydrocarbons to modify proteins or lipids. Due to these functions, 
the liver is a key organ for maintaining blood glucose, since when there is a postprandial 

increase in blood glucose, it is capable of storing this excess glucose in the form of glycogen, 
which can reach between 5-10% of the volume of the liver [11–13]. Thanks to this action, it 
can later, in a moment of hypoglycemia, release glucose from glycogen and even produce it (if 
necessary) from triglycerides or proteins and give it to the rest of the body; this phenomenon 
is known as the glucose buffering function of the liver [11]. This function is regulated by the 
insulin and glucagon hormones. Insulin stops gluconeogenesis in the liver and inactivates 
hepatic phosphorylase, preventing glycogen catabolism. On the other hand, it stimulates the 
activity of glycogen synthase. In addition, it increases the uptake of blood glucose by the 

hepatocyte, increasing the activity of the glucokinase enzyme that converts glucose to glucose-
6-P and prevents it from being able to freely leave the hepatocyte. Insulin not only intervenes 

in the carbohydrate metabolism of the liver but also in the lipid metabolism, since when this 
glucose can no longer be stored in the form of glycogen, it stimulates its transformation into 
fatty acids that will initially be distributed with lipoproteins to the rest of the tissues and that, 
in case of saturation of the organism, can also be stored in the liver [10,11]. While insulin exerts 
its effect in a postprandial situation, glucagon acts in the opposite situation, in which blood 
glucose begins to decrease, as in a prolonged fast, producing an antagonistic effect to that of 

insulin. Glucagon stimulates glycogenolysis through the elevation of cAMP in the hepatocyte, 
which leads to an increase in free glucose in the hepatocyte that will be secreted into the 
bloodstream. Glucagon is also capable of stimulating gluconeogenesis if glycogenolysis has 

not restored blood glucose [10–13]. 
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Figure 3. Liver functions. Created by BioRender.com, accessed on 23 September 2024. 

Adapted from ref [10,11]. 

    1.2.2. Detoxification and Drug Metabolism 

 Plates of hepatocytes are arranged with sinusoids separating them. This structure is 
essential for guiding the hepatocytes' excretion of detoxifying products into the bloodstream 

and bile. In addition, detoxification enzymes are abundant throughout the cytosol and the vast 
network of the endoplasmic reticulum (ER) [14]. Endotoxins and exotoxins are detoxified by 
hepatocytes. In phase I, cytochrome P450 enzymes buried in the ER membranes oxidize and 
reductively break down lipophilic poisons. Phase II enzymes that catalyze conjugation 
reactions use many of the phase I products as substrates. In general, water-soluble waste 
products that are eliminated through sweat, urine, or bile are produced using endogenous 
cofactors [10,14,15].  

    1.2.3. Bile Production and Excretion 

 Another major contribution of the liver in the body is the synthesis and excretion of 
bile, whose function is the digestion and absorption of fats, since on the one hand they act as 
detergents and emulsify the large fat particles in food into smaller particles that are more easily 

attacked by lipases, and on the other hand they actively promote the absorption of fats. In 
addition, bile constitutes a means of excreting waste products from the blood such as bilirubin 

or excess cholesterol [15,16]. Bile salts are produced from cholesterol, which is first converted 
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into cholic or chenodeoxycholic acid and then combined with glycine or taurine into glyco- 
and tauro-conjugated bile acids, these and their sodium salts are excreted through bile. In the 

absence of bile salts, about 40% of the ingested lipids would be excreted in the feces, with the 
subsequent energy deficit due to the loss of nutrients [10,15,16]. 

    1.2.4. Other Liver Functions 

 Finally, other important functions performed by the liver are the synthesis of 
coagulation molecules (fibrinogen, prothrombin, factor VII, etc.) [17], the storage of vitamins 

(vitamin A, D and B12) [15,18] and iron (in the form of ferritin) and the elimination and 

detoxification of toxins, drugs, hormones and other substances [10]. All these implications in 
the different metabolic pathways give us an idea of the metabolic complexity of the liver, and 

also allow us to observe that hepatocytes behave as true energy philanthropists, releasing 
energy to the rest of the body when it needs it and storing it when the rest of the body does not 

need it [19–21].  

2. Liver Disease 

  2.1. Definition and Classification of Liver Diseases 

 Based on the underlying cause, the severity, and the time of onset, liver disorders are a 

broad category of diseases that impact the structure and function of the liver and are categorized 
as either acute or chronic. Acute liver diseases have a rapid onset and are frequently the result 
of viral infections, toxins, or drug-induced liver injury [22–24]. In severe cases, they can 
progress to acute liver failure. Chronic liver diseases develop over an extended period of time, 
frequently as a consequence of persistent conditions such as viral hepatitis (B and C), alcohol-
related liver disease, or non-alcoholic fatty liver disease (NAFLD). Long-term damage from 
them may include liver cancer or cirrhosis. Furthermore, classification can be based on the 
underlying cause, which may include environmental toxins (like alcohol and drug-induced liver 

injury), genetic predispositions (like hemochromatosis), infectious agents (like viruses, 
including hepatitis viruses A, B, and C, as well as other pathogens), or autoimmune responses 
(like autoimmune hepatitis). A framework for the diagnosis and management of the different 
forms of liver disease is provided by this broad classification system [22–24].  

  2.2. Common Symptoms and Signs of Liver Disease 

 The signs and symptoms of liver disease often appear gradually and might vary 
depending on the seriousness of the problem and its underlying cause. Fatigue, appetite loss, 
nausea, and abdominal pain are some of the first signs of liver illness, especially in the upper 
right quadrant where the liver is located. More obvious symptoms, such as jaundice (yellowing 
of the skin and eyes), dark urine, pale feces, and itchy skin, may appear as liver function 

declines. These signs point to a problem with bile flow or bilirubin processing. In more severe 

phases, there may be edema or ascites in the legs and abdomen, easy bleeding or bruises, and 
hepatic encephalopathy, which is characterized by memory or cognition issues. The liver's 
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decreased capacity to control blood coagulation, fluid balance, and toxin elimination is 
reflected in these symptoms. Significant liver dysfunction is indicated by these symptoms, 

which also usually point to the existence of underlying diseases such as cirrhosis, hepatitis, or 
liver failure [22–25]. 

  2.3. Causes of Liver Disease 

 Viral hepatitis is a collective term used to describe a group of infectious diseases that 
cause inflammation of the liver. The five viruses that primarily cause hepatitis are hepatitis A, 

B, C, D, and E. Of particular concern are chronic hepatitis B and C, as they have the potential 

to progress to more serious liver conditions, including cirrhosis and liver cancer [26].  Genetic 
liver diseases are defined as inherited conditions that affect liver function due to mutations in 

specific genes [27]. The most prevalent genetic liver disorders include hemochromatosis, 
Wilson's disease, and alpha-1 antitrypsin deficiency [28–30]. A mutation that results in 

excessive iron absorption and storage in the liver is the underlying cause of hemochromatosis 
[29]. Autoimmune and cholestatic liver diseases are conditions characterized by disruption of 
the body's immune system or bile flow, which ultimately results in liver damage [31]. Two 
illustrative examples are primary biliary cholangitis (PBC) and primary sclerosing cholangitis 

(PSC). In PBC, the body's immune system targets the small bile ducts within the liver, leading 
to bile duct proliferation and subsequent liver damage. In PSC, the larger bile ducts within and 
outside the liver become inflamed and scarred, resulting in obstructed bile flow and an 
increased risk of cirrhosis and bile duct cancer [32,33]. Alcohol-related liver disease (ALD) is 
a spectrum of liver conditions caused by excessive alcohol consumption. Prolonged and 
excessive consumption of alcohol can result in alcoholic hepatitis, a severe inflammatory 
condition marked by jaundice, pain in the liver area, and elevated levels of liver enzymes in 
the blood. Over time, prolonged alcohol abuse results in the formation of scar tissue, or fibrosis, 

which may subsequently progress to cirrhosis [24,25]. NAFLD or as recently named metabolic 
dysfunction-associated steatotic liver disease (MASLD) [34] is a condition characterized by 
the accumulation of excess fat in the liver of individuals who consume minimal to no alcohol. 

It is closely associated with metabolic syndrome, obesity, type 2 diabetes, insulin resistance, 
and dyslipidemia [35–37]. 

3. MASLD 

 This disease is currently the most common liver pathology in Western countries and is 
expected to be the main cause of liver transplants in the coming years. MASLD covers the first 
stage, in which there is an accumulation of fat greater than 5% of the liver volume in the 
absence of inflammation. When the disease evolves in the presence of the inflammatory 
component, it is called steatohepatitis (NASH or non-alcoholic steatohepatitis) [38]. The third 

stage of the disease is characterized by the appearance of scar tissue deposits in the liver, known 
as liver fibrosis [39]. A treatment at this point would not be able to return to the previous stage, 
since it is irreversible, but it would prevent progress to the next stage or cirrhosis. Liver 
cirrhosis is characterized by the presence of foci of necrosis and cell proliferation together with 
the previously observed fibrosis and inflammation. Finally, the pathology could worsen when 
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these foci of proliferative cells dedifferentiate into cancer cells, known as hepatocellular 
carcinoma (HCC) [35–37]. The progression of liver damage is shown in Figure 4. 

 

Figure 4. Liver disease stages. Created by BioRender.com, accessed on 24 September 2024. 

Adapted from ref [35–37]. 

  3.1. Epidemiology of MASLD 

 MASLD is currently considered to affect 20-34% of the population. However, this 
percentage varies greatly across the globe [24,25,40]. For example, in a study by Younossi et 
al., which collected the results obtained from 729 studies from more than 20 countries and 
included a total of more than 8 million people, they observed that the lowest prevalence was in 
Africa, where it was 13.5%, while the highest was in South America, 30.5%, and the Middle 
East, 31.8% [41]. In Europe, the prevalence is 23.7%, with Italy at the top, 49.6% [41]. In 
Spain, thanks to a study by Caballeria et al., we know that the prevalence is 25.8%. Other 
factors that greatly influence its prevalence are the existence of other metabolic diseases, such 

as hyperlipidemia (69.2%), obesity (51.3%), hypertension (39.3%), type two diabetes (22.5%), 
or metabolic syndrome (42%) [42]. 

  3.2. Diagnosis and Assessment of MASLD 

 Prevalence rates give a rough idea of the situation across the globe. However, they are 
often imprecise as the diagnosis of MASLD is complicated and different studies have used 
different diagnostic methods. These are classified as non-invasive and invasive (liver biopsy) 
methods [43,44]. 

 Ultrasound is the most widely used method in the clinic with asymptomatic patients, as 

it is very economical, fast and harmless. However, it shows very low specificity and sensitivity 

when the percentage of steatosis is below 30% and requires trained personnel to interpret the 
equipment readings. Computed tomography scans (CT scans) technique is based on exposure 
to X-rays, and the comparison between the densities of the liver and spleen. In the case of 
steatosis, the density of the liver is lower than that of the spleen. However, this method involves 
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exposure to radiation and can be distorted by external factors such as edema or copper 
accumulation in the liver. CT would not be better than ultrasound in its diagnosis, but it would 

offer a quantitative method [43,44]. The magnetic resonance imaging (MRI) technique is based 
on the observation of hydrogens, which show different patterns depending on whether they are 

part of water or fat. Thanks to this, the fat density of the liver can be measured. This technique 

can show a very high precision in diagnosis. of steatosis. However, the equipment capable of 
carrying out this analysis is very expensive and scarce and is unable to differentiate between 

simple steatosis and steatohepatitis [43,44]. Transient elastography (FibroScan) is a non-
invasive method based on ultrasound to measure the degree of fibrosis in the liver. The 

combination of fibroscan with one of the serum panels may become the best noninvasive 
method for measuring MASLD [43,44]. So far, non-invasive biomarkers and scoring systems, 

such as the NAFLD Fibrosis Score (NFS) or the Fibrosis-4 Index (FIB-4) and many proteins 

have been studied as possible biomarkers of MASLD such as TNFα, IL-6, pentraxin, ferritin, 

SPEA (Serum Prolidase Enzyme Activity), sRAGE (soluble Receptor for Advanced Glycation 

End Product) and CK-18 (Cytokeratin-18) [45,46]. Of all of them, the one that has offered the 
best results is CK- 18 However, it still does not meet the specificity and sensitivity 
characteristics necessary for clinical use [43,44]. 

 Currently, liver biopsy followed by histopathological examination is the most accurate 
diagnostic method for MASLD. However, it still has its limitations. In addition to being an 

invasive method that can cause hepatitis, performing a liver biopsy only detects the presence 
of hepatitis B. uses a small section of the liver (approximately 1/50,000th of a part), leaving 
most of it unstudied [43,44]. Three standards are being used for the histological diagnosis of 
NASH: the Brunt system, the NASH CRN (Clinical Research Network), and the SAF 
(Steatosis, Activity and Fibrosis) and FLIP (Fatty Liver Inhibition Progression) algorithms, but 
there is no consensus on which of them would be the most appropriate. Despite this difficulty 
in its diagnosis, it is undoubtedly highly prevalent in the population today, and this is a problem 
because until a few decades ago it had not been diagnosed in humans. This justifies the need 

to learn more about its pathophysiology [43,44]. 

  3.3. Pathology of MASLD 

 Insulin resistance, which is intimately linked to obesity and metabolic syndrome, is the 

first step in the pathogenesis of MASLD. Increased lipolysis brought on by insulin resistance 
causes an overabundance of non-esterified fatty acids (NEFA) to circulate in the circulation. 
Triglycerides (TGs) are created when the liver absorbs these fatty acids (FAs), which 
eventually causes hepatic steatosis, or the buildup of fat inside the hepatocytes. Furthermore, 
the liver's capacity to export these fats as very low-density lipoproteins (VLDL) may be 
diminished, thereby exacerbating the accumulation of fat [47]. The progressive accumulation 
of fat in hepatocytes results in heightened oxidative stress, mitochondrial dysfunction, and the 
generation of reactive oxygen species (ROS). Damage to liver cells and the start of lipid 

peroxidation are the outcomes of this oxidative stress, which also triggers the liver's 
inflammatory processes. The liver releases pro-inflammatory cytokines like TNF-α and IL-6 
when immune cells like Kupffer cells (liver macrophages) are activated in response to the 
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injury. These cytokines further promote liver inflammation [47,48]. Overall, the liver plays a 
fundamental role in the synthesis, storage, degradation, packaging and distribution of 

carbohydrates, proteins and fatty acids, being orchestrated by a complex network of metabolic 
signaling pathways, hormones, nuclear receptors and transcription factors. Deregulation in any 

of these pathways leads to lipid acquisition, incorporation of circulatory fatty acids, or de novo 

lipogenesis (DNL), which exceeds the compensatory capacity of removing them from the liver 
(oxidation, VLDL secretion and production and excretion of bile acids) will cause hepatic 

steatosis. This situation can cause oxidative stress, ER stress, compromised mitochondrial 
function and increased oxidation in peroxisomes and cytochromes leading to cellular damage 

and disease progression [35–37]. The summary of pathways that regulate the pathology of 
MASLD is shown in Figure 5.    

 

Figure 5. Major pathways regulating lipid acquisition and disposal inside the liver. Adapted 

from ref [49]. 

  3.4. Lipid Metabolism in MASLD 

 The liver is the central organ that controls lipid homeostasis through several highly 

regulated biochemical pathways, which we will discuss in detail below. The liver is responsible 
for regulating the secretion of triglycerides and cholesterol through lipoprotein metabolism, 
using both fatty acids from food intake, or in fasting situations, from adipocytes or synthesizing 
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them. Finally, it also regulates cholesterol metabolism, by controlling both the synthesis and 
the plasma surplus through the secretion and recycling of lipoproteins [50,51]. 

    3.4.1. Absorption of NEFA from Plasma 

 Plasma levels of NEFA have been shown to correlate with apoptosis in hepatocytes and 
may activate it. These FAs come mainly from lipolysis in adipocytes (80%), although they can 

be derived from triglycerides from food intake (20%). In a fasting state, lipolysis occurs in 
adipose tissue stimulated by catecholamines, and glucagon. It is blocked by insulin, so lipolysis 

would be triggered in a state of insulin resistance, increasing FAs in plasma regardless of the 

nutritional situation [52,53]. Although the mechanisms of NEFA uptake are not completely 
clear, it seems that the passive diffusion of these towards the liver is residual and their entry 

depends on fatty acid transporters (FAT or fatty acid transporters). When they reach the 
membrane, a transmembrane complex is formed consisting of a fatty acid binding protein 

(FABP), caveolin, a fatty acid translocase (FAT/CD36), and a calcium-independent 
phospholipase (iPLA2β) that allows the flow of FAs into the hepatocyte by binding through 
specific membrane receptors. This mechanism can be regulated by peroxisomal proliferator-
activated receptor alpha (PPARα) together with leptin and insulin. The proteins that form this 

complex have been the subject of several studies for their possible role in the development of 
MASLD, with high concentrations of these fatty acid transporters being found in patients with 
MASLD [53–55]. 

 Among the FABPs, FABP1 is the main hepatic isoform, responsible for transport for 
storage in the form of TGs and thus exerting a protective effect against NEFA cytotoxicity. It 

is also able to mediate the transport of PPAR ligands to the nucleus of hepatocytes (Figure 6). 
NEFA lipotoxicity to the liver causes the activation of Toll-like receptors and initiates the 
extrinsic cascade of apoptosis, the predominant form of liver damage in NASH. FAs interfere 
with nuclear receptor signaling, promoting insulin resistance, and ER stress, as well as 
stimulating the production of TNFα and its receptor. Activation of the TNFα receptor increases 
the expression of SREBP1c (sterol regulatory element binding protein 1 c), a transcription 
factor that induces hepatic lipogenesis and lipid accumulation. TNFα-mediated effects are 
antagonistic to adiponectin, being decreased in steatohepatitis [56,57]. The conversion of 
NEFA into TG and its accumulation in lipid droplets appears to be hepatoprotective, although 

it is typical of hepatic steatosis. This conversion occurs through the action of the mitochondrial 
glycerol-3-phosphate acyltransferase (mtGPAT) and diacylglycerol acyltransferase 2 
(DGAT2) enzymes. These processes are controlled by the transcription factors SREBP-1c, 
LXR, FXR (Liver/ Farnesoid X receptor) and ChREBP (Carbohydrate responsive element 
binding protein), which links both lipid and glucose metabolism (Figure 6). In addition to the 
quantity, the type of NEFA that appears in the steatotic liver is also altered, with a substantial 
accumulation of saturated fatty acids (SFA), such as palmitic (C16:0) and stearic (C18:0) in 
relation to monounsaturated and polyunsaturated fatty acids (MUFA and PUFA) [58,59]. 
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Figure 6. Effects on hepatic lipid metabolism in MASLD. Adapted from ref [51] 

    3.4.2. Hepatic De Novo Lipogenesis (DNL) 

 DNL consists of the synthesis of FAs from carbohydrates, which occurs in the liver in 
situations of energy excess. This process is a fundamental and complex pathway that uses 

products of glycolysis for lipid biosynthesis. Increased DNL has been associated with several 
metabolic diseases, the most prevalent being MASLD. Although hepatic TG accumulation is 
the result of uptake of NEFA released by lipolysis in adipocytes (56%), DNL (26%) and diet 
(15%), in lipogenic pathway, plays an important role. In patients with MASLD, the FA in TG 
had a higher saturation level, pointing towards the DNL pathway [60]. The two main enzymes 
are acetyl CoA carboxylase (ACC) and fatty acid synthase (FAS), which together are 
responsible for converting acetyl CoA and malonyl CoA into FA. The function of ACC is the 
addition of a carboxyl to acetyl CoA to form malonyl CoA. A hydrocarbon chain is then 

generated by adding two carbon groups, until reaching 16-18. For the synthesis of TGs, FAs 
bound to CoA bind to glycerol, generating lysophosphatidic acid, which captures a new fatty 
acid-producing phosphatidic acid. After dephosphorylation, the resulting diacylglycerol acid is 

converted into a TG by the enzyme diacylglycerol transferase (DGAT). The transcriptional 
regulation of DNL has two main pathways: SREBP1c and ChREBP, both induced by the action 
of insulin and high glucose concentrations (Figure 7) [58–60]. 
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 It is in this context that the proteolytic release of SREBP1c from the Golgi membrane, 
where it is inactive, and its translocation to the nucleus occurs. This release occurs as a result 

of the interaction with two ER membrane proteins, SCAP (SREBP cleavage‐activated protein) 
and INSIG (insulin‐induced gene). When SCAP changes its conformation, due to 

phosphorylation events or sterol binding, INSIG dissociates from the complex, leaving the 

MEDADL amino acid sequence of SREBP1c exposed and therefore cleaved by two proteases 
S1P and S2P. This releases the active form that is translocated to the nucleus [61,62]. This 

activation can occur through two pathways controlled by the insulin receptor, both starting with 
the PI3k (phosphoinositide-3 kinase)/PKB (protein kinase B) pathway, one resulting in the 

phosphorylation of the nascent SREBP1c and the other with the activation of LXRα. On the 
other hand, there is the mTORC1 (mammalian target of rapamycin complex) pathway, which 

is activated when PKB is constitutively activated, causing an increase in the mature form of 

SREBP1c and an increase in DNL (Figure 7). In this way, insulin action via PI3K/PKB 

promotes SREBP1c processing, activating DNL, with the transcriptional expression of many 

genes involved in FA synthesis such as FAS, ACC, or DGAT as previously discussed [63]. 
ChREBP, in contrast to SREBP1c, is activated by the postprandial increase in glucose in 
hepatocytes. Briefly, the glycolysis rate increases to compensate for cytosolic glucose with the 
entry of blood glucose through insulin-independent transporters GLUT2. ChREBP activation 
appears to be modulated by the large number of metabolites generated during glycolysis, 
although the mechanism is unknown. It is postulated that glucose 6-phosphate (G6P) may have 
a global role, although in hepatocytes fructose-2,6-bisphosphate is proposed. The outcome is 

still uncertain, but it promotes the expression of central DNL genes such as FAS, ACC, or 
pyruvate kinase (PK1) [64,65]. 

 Finally, ACC1, the main hepatic isoform, is regulated at several levels. First, it is found 
in low-activity dimers that, when polymerized, increase their activity in response to insulin. 
Second, it has allosteric regulators such as citrate and glutamate, promoting its polymerization 
and consequent increase in activity, while molecules such as malonyl-CoA act as allosteric 

repressors inhibiting its activity. Finally, ACC1 is phosphorylated in cells by hormones such 
as glucagon or adrenaline, inactivating it. This phosphorylation seems to be carried out by the 
AMP-dependent protein kinase (AMPK) pathway instead of by PKA. In addition, glutamate 
appears to promote the activity of an ACC phosphatase, thereby regulating the activity of this 
enzyme in another way [60]. All these mechanisms are summarized in Figure 7. 
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Figure 7. Summary of SREBP1c- and ChREBP-mediated regulation of de novo lipogenesis. 

Adapted from ref [66]. 

    3.4.3. Fatty Acid Oxidation 

 Fatty acid oxidation (FAO) is the most energy-efficient way for homeostasis compared 
to other macronutrient subtypes. FAO begins in the cytoplasm, where acyl CoA synthase binds 
FAs to coenzyme A, forming acyl CoA. From this point, oxidation occurs mainly in the 
mitochondria, although it can occur in peroxisomes or through the action of cytochromes in 

the ER [46,50,67,68]. The entry of acyl CoA into the mitochondria usually occurs through the 
enzyme carnitine palmitoyl transferase 1A (CPT1A) located in the outer mitochondrial 
membrane, with passive diffusion transport being a minority. CPT1A can only transport acyl 

CoA of 18 C or less, implying a pass through the peroxisome to reduce its length if the 
incoming FA is greater than or equal to 18 C. The oxidation of these FAs in the peroxisome 
occurs from peroxisomal acyl CoA oxidase (ACOX1). Its absence causes accumulation of 
long-chain acids, fibrosis, oxidative stress and inflammation, emphasizing the role of long-
chain FAO in MASLD [50,69]. 

 In the mitochondria, malonyl CoA, a precursor of lipid synthesis, allosterically 
regulates CPT1A, accumulating after activation of the insulin receptor. In the postprandial 
state, the oxidation of FAs is reduced, stimulating their synthesis, storage and peripheral 
distribution. Oxidation in the mitochondria or β-oxidation produces electrons in the form of 
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NADH and FADH2, which are carried to the electron transport chain to generate ATP and 
acetyl CoA that will be degraded in the Krebs cycle or in the case of the absence of glucose 

and a high lipid content, transformed into ketone bodies [50,70]. When there is an excess of 
lipids, the mitochondrial mechanisms of protection against oxidative damage are overwhelmed, 

causing damage to mitochondrial DNA and reducing mitochondrial activity. In this way, a 

vicious circle is established that forces mitochondrial dysfunction and oxidative stress. When 
mitochondrial function decreases, an alternative FAO route is used, and ω oxidation happens 

in the ER [69]. Cytochromes CYP4A, CYP4A11, CYP2E1 and CYP2A1 are responsible for 
microsomal ω-oxidation, which, although it reduces hepatic lipid content, generates lipid 

peroxidation, significant levels of ROS, oxidative stress and dicarboxylic acids that cause 
inflammation. On the other hand, the inhibition of CPT1A due to an excess of malonyl CoA 

can in turn block β-oxidation, activating ω-oxidation without the need for mitochondrial 

dysfunction [50,71]. FA oxidation is controlled by insulin and PPARα. This factor also 

stimulates the formation of ketone bodies through the transcriptional regulation of the 

mitochondrial enzyme HMG-CoA synthase. PPARα expression is related to lipid homeostasis 
as well as inflammation, stimulating fatty acid transport proteins and apolipoprotein B-related 
enzymes on the one hand and promoting the ability of JNK1 and NF-KB to bind to DNA, 
causing hepatic inflammation on the other hand. However, it decreases during steatohepatitis 
[71,72]. 

    3.4.4. Plasma Secretion of Hepatic Lipids 

 TG secretion is another option for the liver to reduce lipid content. Due to their 
hydrophobic nature, FAs can only be secreted after they have been incorporated as TG into 
water-soluble VLDL particles together with cholesterol, phospholipids and apolipoproteins. 
VLDL particles are formed in the ER, where APOB100 is loaded with lipids in a process 

catalyzed by the enzyme MTTP (microsomal triglyceride transfer protein) (Figure 6). Nascent 
VLDL are subsequently transferred to the Golgi apparatus, and during this process, they will 
be loaded with more lipids until the mature VLDL particle is formed. Thus, a VLDL contains 

a single APOB100 molecule and a variable TG content. As implied, APOB100 and MTTP are 
key components in VLDL secretion and in maintaining hepatic lipid homeostasis. This leads 
to the conclusion that patients with defects in the MTTP or APOB genes show hepatic steatosis 
secondary to problems secreting TGs [73]. It has been observed that TG secretion through 
VLDLs increases with intrahepatic lipid content, however, it reaches a maximum when the fat 
content of the liver exceeds 10%, compromising the compensatory capacity of this system to 

prevent increased lipid accumulation in the liver. Despite the greater secretion of VLDL-TG in 
patients with hepatic steatosis than in healthy individuals, APOB100 secretion remains stable, 
suggesting that patients with MASLD do not secrete more lipoproteins, but the same ones, but 
larger and richer in TG [73]. Despite the variation among studies, it is clear that plasma lipid 
secretion in MASLD can be biphasic, initially increasing until reaching a plateau or even a 
decrease. This situation contributes to hepatic steatosis, lipotoxicity and liver damage, 
promoting disease progression and fibrosis [67,73,74]. 
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    3.4.5. Bile Acids  

Bile acids (BAs), in addition to being a partial lipid excretion route, can act as a ligand 

for nuclear hormone receptors, with FXR being the main target. In the liver, FXR is a negative 

regulator of BA synthesis, interfering with the conversion of cholesterol to BAs initiated by 

CYP7A1 through the stimulation of a protein called SHP (small heterodimer partner), and also 
facilitating BA absorption in the distal ileum. FXR decreases glycolysis through the inhibition 

of ChREBP and lipogenesis through the SHP-SREBP-1c axis. Activation of hepatic FXR leads 
to the reduction of FA and TG, increases β-oxidation through the induction of PPARα, and 

decreases the expression of apolipoprotein C3, involved in the assembly of VLDL [75–77]. 

    3.4.6. Non-Esterified Cholesterol 

 In hepatic steatosis, unesterified cholesterol accumulates in hepatocytes and their 

organelles as a result of increased cholesterol synthesis and cholesterol ester hydrolysis and 
decreased cholesterol export and BA synthesis. Regarding increased cholesterol synthesis, 

hydroxy-methyl-glutaryl CoA reductase (HMG-CoA reductase) is the key enzyme for 
cholesterol synthesis and is regulated by sterol regulatory-element binding protein (SREBP)-
2. Furthermore, overfeeding with free cholesterol has been shown to lead to the accumulation 
of toxic oxysterols that contribute to ROS generation, mitochondrial and ER stress, and liver 
damage. These deleterious effects are not limited to the hepatocyte since the abundant free 
cholesterol stimulates Kupffer cells and ITO cells which mediate inflammation and fibrosis 
[74,78–81]. 

    3.4.7. Macroautophagy 

Another process related to lipid homeostasis in the liver is macroautophagy. This 
lysosomal pathway, during fasting, leads to the fusion of lysosomes and lipid droplets to form 
autophagosomes, which when degraded release FAs that will be catabolized by β-oxidation. 

This process is inhibited by the mammalian target of rapamycin (mTOR), which is inactive 
during fasting. In an insulin-resistant state, mTOR and calpain are overactivated. The latter is 
a repressor of ATGs (Transcriptional activator of autophagy-related genes). In this regard, it 
has been observed in mice that defective macroautophagy leads to an increase in lipid droplets 
in the liver and, on the other hand, other authors found in models for genetic and nutritional 
obesity, a decrease in the expression of ATGs. Furthermore, it has been seen in patients with 
obesity that the induction of the mTOR pathway activates SREBP-1c, promotes ER stress and 
inhibits autophagy [82–84]. 

  3.5. Carbohydrates and Insulin metabolism in MASLD 

  MASLD and carbohydrate metabolism are closely related. On the one hand, many of 
the substrates required for DNL come from CHO metabolism (e.g. DNL requires reducing 

power (NADPH) derived from the pentose phosphate pathway) and on the other hand most of 
the nuclear factors that regulate lipid metabolism are also important mediators of insulin 
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signaling, such as the transcription cofactors ChREBP and SREBP1c. It has been known for 
some time that high-carbohydrate diets induce insulin resistance, oxidative stress, lipogenesis, 

and MASLD. Excess glucose is normally stored as glycogen under the influence of insulin, but 
can also provide TG: glycerol via triose phosphate and FAs via acetyl CoA (via the Krebs 

cycle). It is also known that high glucose concentrations in hepatocyte culture can induce ER 

stress and apoptosis due to metabolic imbalance, this phenomenon is known as glucotoxicity 
[85]. 

  3.6. Nuclear Receptors in MASLD 

 Nuclear receptors are transcription factors capable of sensing changes in the 
environment or hormonal signals and regulating gene transcription to adapt to these changes, 

thus orchestrating the vital functions of cells and the organism. In humans, there are 48 nuclear 
receptors categorized into 7 subfamilies NR0-NR6. In general, nuclear receptors depend on the 

ligand that regulates the cellular machinery through transcription. Certain specific members of 
the NR1 subfamily (LXR, PPAR, FXR, CAR and PXR) have been shown to be especially 
important in the development of MASLD [86–88]. 

  3.7. Cell Death in MASLD 

 Several mechanisms of cell death in hepatocytes during hepatic steatosis have been 
observed: apoptosis, ferroptosis, necroptosis and pyroptosis (Figure 8) [81]. The main 
mechanism described is apoptosis. It can occur via an intrinsic pathway, activated by 

intracellular stress, such as oxidative stress or organelle dysfunction (ER stress, lysosomal 
permeabilization and mitochondrial dysfunction) or it can occur via an extrinsic pathway, 
initiated by the binding of death ligands, such as FAS or TRAIL to their respective receptors 
[89,90]. Both intrinsic and extrinsic pathways converge on a caspase effector to mediate 
apoptosis. Ferroptosis is an iron-dependent type of non-apoptotic cell death. It is driven by the 

accumulation of lipid peroxides, unlike the universal forms of cell death (autophagy, apoptosis, 
and necrosis). Biochemically, it is usually accompanied by increased lipid peroxidation, 
elevated ROS levels, and related genetic changes in cytoskeleton and mitochondria in the 

development and reversal of steatosis in human hepatocytes. The regulation of ferroptosis is 
closely linked to the metabolism of amino acids, iron, and lipids, and associated pathways. 
Consequently, mounting evidence emphasizes the close relationship between ferroptosis and 
liver metabolic diseases, including MASLD [91]. MASLD progression is regulated by 
numerous ferroptosis-related genes. Among them, GPX4 and Nrf2 stand out as protective 
mechanisms that inhibit ferroptosis. GPX4 is an essential target in MASLD, and up-regulation 
of GPX4 expression can effectively alleviate hepatic metabolic injury.  Thymosin beta 4 (Tβ4) 
protects against hepatocyte injury and upregulates GPX4, thereby inhibiting ferroptosis and 

optimizing lipid metabolism in mice with MASLD induced by a high-fat diet. Squalene is an 
essential metabolite that prevents ferroptosis in a subset of ALK1 anaplastic large-cell 
lymphoma cell lines that lack squalene epoxidase, the enzyme acting downstream of squalene; 
as such, these cells are enriched with squalene, while being auxotrophic for cholesterol [92]. 
Also, ablation of squalene epoxidase renders HT1080 cells resistant, whereas ablation of 
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squalene synthase has minimal effect on ferroptosis sensitivity. Furthermore, supplementation 
with exogenous squalene fails to prevent ferroptosis. In conclusion, the mechanism underlying 

the antiferroptotic effect of squalene remains unclear but appears to depend on its accumulation 
[92], also the role of ferroptosis in treating and preventing MASLD needs further study because 

of the many pathways involved and the ambiguity of the mechanisms of MASLD [91]. 

Necroptosis shares induction receptors with apoptosis but results in caspase-independent cell 
and organelle swelling; it can lead to cell death when apoptosis is inhibited. Finally, pyroptosis 

involves the activation of hepatocyte caspase 1 and Kupffer cells being mediated by the NLRP3 
inflammasome (nucleotide oligomerization domain (NOD)-like receptor family, pyrin domain-

containing 3) [93,94]. Mice lacking this inflammasome develop less severe liver injury while 
mice with a constitutively activated NLRP3 inflammasome showed pyroptosis-mediated cell 

death in their hepatocytes [93,94]. 

 

Figure 8. An overview of cell death mechanisms and their associated stressors. Created by 

BioRender.com, accessed on 26 September 2024. Adapted from ref [81,89,90,93,94]. 

4. Cellular Stress 

  4.1. Overview of Cellular Stress 

 The wide range of adverse conditions that challenge the integrity of cellular processes, 
upsetting the body's internal homeostasis and triggering either defensive or adaptive responses, 
is known as cellular stress. Oxidative stress, ER stress, thermal shock, DNA damage, 
nutritional deprivation, and hypoxia are a few examples of cellular stress (Figure 8) [95,96]. 
The malfunction of the mitochondria, which are the organelles that produce energy for the cell, 
is known as mitochondrial stress. Cells can efficiently regulate ROS levels when there is no 
mitochondrial malfunction. However, ROS generation rises when mitochondrial function is 
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impaired, resulting in oxidative stress and damage to proteins, lipids, and mitochondrial DNA. 
The mitochondrial unfolded protein response (UPRmt) is one of the cellular reactions that are 

triggered by this stress because it disrupts energy homeostasis and reduces ATP generation 
[95,97]. The heat shock response (HSR) constitutes a cellular defense mechanism that is 

triggered by exposure to elevated temperatures or other stressors [98,99]. Different stressors 

disrupt protein folding and are primarily facilitated by a family of proteins known as heat shock 
proteins (HSPs). JNK plays a key role in the HSR by activating transcription factors that 

upregulate HSPs, which help stabilize and refold damaged proteins (Figure 9) [98]. On the 
other side, nutrient stress occurs when cells experience an imbalance or shortage of vital 

nutrients, such as vitamins, fatty acids, amino acids, and glucose, which interferes with the 
regular operation of cellular metabolism. In times of nutritional scarcity, signaling pathways 

like AMPK and the mechanistic target of mTOR are activated to control metabolism and 

enhance survival (Figure 9) [96,100,101].  

 The condition known as hypoxia-induced stress occurs when cells are not given enough 
oxygen, which hinders their capacity to carry out their regular metabolic processes. A 
transcription factor called HIF controls gene expression to help cells survive in hypoxic 
environments. In order to save energy, this involves controlling genes that improve oxygen 
delivery (for example, through angiogenesis) and switching cellular metabolism from oxidative 
phosphorylation to anaerobic glycolysis [102]. In the event of deoxyribonucleic acid (DNA) 

damage by different stressors, whether resulting from single- or double-strand breaks, base 
modifications, or crosslinks, the cell initiates a sophisticated network of repair pathways, 
collectively known as the DNA damage response (DDR). Proteins such as ATM (ataxia-
telangiectasia mutated) and ATR (ATM and Rad3-related) are instrumental in detecting DNA 
damage and initiating signaling cascades that halt the cell cycle.  However, if the damage is 
too severe, cells may initiate apoptosis to prevent the propagation of mutations. p53 and BAX 
are crucial for the initiation of apoptosis in response to DNA damage (Figure 9) [103]. 

Oxidative stress refers to the state in which the generation of ROS is out of balance 
with the cell's capacity to detoxify them or repair the harm they cause. Superoxide anions, 
hydrogen peroxide, and hydroxyl radicals are examples of chemically reactive molecules that 
contain oxygen [104]. The latter are naturally produced during the regular metabolic processes, 
especially in the mitochondria during the creation of ATP. p53 triggers pro-apoptotic pathways 
in response to oxidative stress, which ultimately leads to cytochrome c release and 
mitochondrial permeabilization [105,106]. As a result, caspase-9 is activated, which in turn 

triggers caspase-3, completing apoptosis and destroying damaged cells while halting the 
growth of malignant changes [104,105]. ER stress is defined as the phenomenon whereby the 
ER, a vital organelle with functions including protein folding, lipid synthesis, and calcium 
storage, becomes overloaded as a result of the accumulation of unfolded or misfolded proteins. 
A number of factors, including nutrient deprivation, hypoxia, viral infection, oxidative stress 
and excessive protein synthesis, can impinge upon this process, resulting in a buildup of 
misfolded proteins. This imbalance results in the activation of the unfolded protein response 
(UPR), a cellular signaling pathway that is designed to restore ER homeostasis [95,107]. Key 
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types of cellular stress and their associated apoptosis activation mechanisms are summarized 
in Figure 9. 

 

Figure 9. Key types of cellular stress and their associated apoptosis activation mechanisms. 

Created by BioRender.com, accessed on 26 September 2024. Adapted from ref [95–98,102,103,105]. 

  4.2. Oxidative Stress in MASLD 

 The hepatocyte contains between 500‐4000 mitochondria, occupying 18% of the cell 
volume. The synthesis of ATP, β-oxidation, ROS, inflammasome activation, and apoptosis, all 
depend on mitochondria. In general, oxidative stress is caused by an imbalance between ROS 

production and the scavenging capacity of the antioxidant defense system. Increased generation 
of pro-oxidant products, antioxidant system malfunction, and hepatocyte lipid buildup set off 
this cascade, which impacts metabolic organelles and results in lipotoxicity, lipid peroxidation, 
persistent ER stress, and mitochondrial impairment [105,106,108,109]. Elevated ROS levels 

lead to oxidative changes in proteins, lipids, and nucleic acids that are implicated in 
inflammation, insulin signaling, and lipid metabolism. The accumulation of these damaged 
macromolecules is a major factor leading to the inflammation and fibrogenesis involved in the 
progression of MASLD [108–110]. 

  4.3. ER and its Stress in MASLD 

    4.3.1. ER 

 The ER is a central organelle of the eukaryotic cell, having multiple functions such as 
cellular transport, protein synthesis, and folding, among others. The ER is composed of a set 
of membrane sacs called cisterna, constituting more than half of the membranous content of 
the cell. The inner part or lumen of the membrane is a continuation of the perinuclear space, 
separating it from the outer part, the cytosol [111]. There are two types of ER: rough 
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endoplasmic reticulum (RER) and smooth endoplasmic reticulum (SER) whose proportions 
vary according to the function of the cell, sharing numerous proteins in common, as well as the 

synthesis of cholesterol and multiple lipids. The main difference is the ribosomes located in 
the cytosolic membrane of the RER, which makes it specialize in the synthesis and folding of 

proteins, being especially prominent in cells such as hepatocytes. The SER lacks ribosomes 

and is involved in the synthesis of lipids, phospholipids, and steroids, being especially abundant 
in liver and gonadal cells [111]. 

 The surface of the RER is studded with protein synthesis complexes or ribosomes, 

which give it the rough appearance that gives it its name. The ribosome binding site is called a 
translocon, however, ribosomes are not a stable component of the ribosome as they are 

continuously being released and retained. A ribosome only binds to the RER when a nucleic 

acid-protein complex is formed in the cytosol. This special complex is formed when the 
ribosome begins to encode a signal peptide that redirects this new protein to the secretory 

pathway, which is recognized and bound by a signal recognition particle (SRP). Translocation 
pauses synthesis while the ribosome anchors to the membrane forming the complex by which 
translation continues with the synthesis of the nascent protein within the lumen or membrane 
of the reticulum. The protein is processed in the ER by a peptidase that removes the signal 
peptide, and the ribosomes are released back into the cytosol [112,113]. In many cell types, the 
smooth endoplasmic reticulum is sparse, with areas where the reticulum is part smooth, and 

part rough, called transitional ER because it contains exit domains. These are the areas where 
the transport of vesicles containing lipids and proteins from the ER are directed to the Golgi 
apparatus. Carbohydrate metabolism, detoxification of metabolic products, such as alcohol and 
drugs, the binding of cell membrane receptors, steroid metabolism and in muscle cells it 
regulates calcium concentration are also carried out [114,115]. Secreted proteins are marked 
by the reticulum with a signal peptide located at the N-terminal end of the polypeptide chain 
consisting of a few amino acids that are removed once they reach their destination. Proteins 
destined for other organelles are packaged and transported by a system of vesicles that move 

through the cytoskeleton to their final destination [114]. 

    4.3.2. Protein synthesis and stress modulation 

The ER functions as the cellular transport and distribution system. Most of the resident 

proteins of the reticulum are retained due to a four-amino acid motif at the end of the protein 
sequence. The most common retention motif is KDEL for lumen proteins and KKXX for 
transmembrane proteins. One of the main functions of the reticulum is the correct folding of 
proteins, including N-glycosylation, disulfide bond formation, and oligomerization. Chaperone 
proteins are involved in these processes, including protein disulfide isomerases, the HSP70 
family, calnexin, and calreticulin (CALR). Only correctly folded proteins can be transported 
from the ER to the Golgi apparatus (Figure 10) [114,116,117]. When the number of unfolded 
proteins in the lumen of the reticulum is high, the adaptive stress signal known as the UPR is 

activated. Pathological situations, such as excess NEFA, alterations in redox regulation, 
glucose deprivation, viral infection, or protein overexpression, among others, can induce this 
stress and the subsequent UPR signal during which protein folding is slowed down, increasing 
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the number of unfolded proteins, which can cause damage due to hypoxia or ischemia, as well 
as insulin resistance. When the UPR occurs as a cellular response, signaling cascades are 

activated to increase the production of chaperones involved in cell folding [118,119]. 
Physiologically, UPR is essential to maintain homeostasis in hepatocytes during protein 

metabolism and secretion, however, this signal can lead to liver pathogenesis causing 

inflammatory responses, steatosis, hepatic apoptosis and fibrosis via HSC activation. UPR 
signaling is carried out through three main pathways carried by transmembrane proteins: ERN1 

(Endoplasmic Reticulum to Nucleus Signaling 1), EIF2AK3 (Eukaryotic Translation Initiation 
Factor 2 Alpha Kinase 3) and ATF6 (Activating Transcription Factor 6) (Figure 10) [120,121]. 

 

Figure 10. ER protein processing. Adapted from ref [122]. 

      4.3.2.1. ERN1 (IRE1) Pathway 

 Signaling through ERN1 also known as a IRE1 (Inositol Requiring Enzyme 1) is the 
most conserved of the three pathways; under normal conditions, this protein is bound to 
chaperones in the lumen of the ER, preventing its signaling. When the capacity of the 
chaperones is exceeded, ERN1 oligomerizes and autophosphorylates, activating its signaling 
cascade that begins with the activation of its endoribonuclease domain. ERN1 acts on the 

splicing of XBP1 (Factor X-Box Binding Protein 1), releasing a 26-nucleotide fragment of the 
original mRNA that will encode its “splicing version” called XBP1s. XBP1s activates the 
transcription of several chaperones and components of the secretory pathway to relieve ER 
overload, as well as the ER-associated degradation (ERAD) machinery to facilitate the export 
of misfolded proteins for degradation (Figure 11). Another function of the endoribonuclease is 
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the limitation of mRNA and some non-essential microRNA translation through a process called 
RIDD (Regulated IRE1-Dependent Decay). However, the ERN1 domain has a different 

signaling pathway by recruiting the receptor-associated tumor necrosis factor 2 (TRAF2), 
which acts as an adaptor to activate the apoptotic signal-regulating kinase 1 (ASK1). ASK1 in 

turn phosphorylates JNK that promotes apoptosis and inflammation, the inhibition of NF-κB 

signaling and the production of ROS [123–126].  

      4.3.2.2. EIF2AK3 (PERK) Pathway 

EIF2AK3 also known as a PERK (Protein Kinase RNA-Like ER Linase) is activated 

through the recruitment of chaperones, its activation causes the phosphorylation of several 
substrates including EIF2α (Eukaryotic Initiation Factor 2α) causing attenuation of global 

translation, but allowing the translation of several transcription factors such as ATF4 
(Activating Transcription Factor 4). Subsequently, ATF4 initiates the expression of genes 

involved in stress responses, including DDIT3 (DNA Damage Inducible Transcript 3) also 
known as a CHOP, which plays a pivotal role in the pro-apoptotic response to prolonged ER 
stress (Figure 11) [127–129].  

      4.3.2.3. ATF6 Pathway 

In the absence of stress, ATF6 is present in the ER membrane as an inactive 
transmembrane protein, where it is maintained in a folded state by chaperones. Upon the onset 
of ER stress, ATF6 undergoes a conformational change that facilitates its transport to the Golgi 

apparatus and when it is processed to its active form, it translocates to the nucleus to act as a 
transcription factor for several chaperones such as HSPA5 also known as a GRP78. This 
transport process entails the cleavage of ATF6 by site-1 and site-2 proteases within the Golgi 
apparatus, which results in the release of its cytosolic domain and its subsequent translocation 
to the nucleus. However, if ER stress persists and the protein folding capacity remains 

overwhelmed, ATF6 can also contribute to the induction of apoptosis. In conclusion, it 
heterodimerizes with XBP1s increasing the expression of the ERAD and DDIT3 machinery 
(Figure 11) [130–134].  

    4.3.3. ER Stress and lipid homeostasis 

 Hepatocytes are secretory cells responsible for synthesizing most plasma proteins 
except immunoglobulins, thanks to a very abundant ER through which it regulates the synthesis 

process, quality control and secretion. In addition, the ER is also the site where the biosynthesis 
of several lipids occurs, such as cholesterol, phospholipids or ceramides. As mentioned, VLDL 
begins its biogenesis here and apolipoprotein B100 is loaded with lipids by the MTTP protein 
while it is translocated through the ER [121,135,136]. Correct ER function is vital for 
hepatocyte functioning, for example, liver-specific deletion of the HSPA5 chaperone in mice 
causes ER disorganization and dilation, causing stress, steatosis, apoptosis, liver injury and 
fibrosis. Loss of function of Sec61α1, a component of the ER translocon, also causes hepatitis, 
hepatomegaly, and activation of the ER stress response. Pharmacological induction of ER 
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stress in animal models lacking UPR elements corroborated hepatic steatosis with the common 
factor of the existence of sustained, excessive, or unresolved stress. All these data indicate that 

hepatic steatosis is the most conserved response to unresolved ER stress and possibly the 
different UPR pathways prevent this lipid accumulation under physiological conditions [137–

139]. 

 The mouse lacking hepatic XBP1 showed profound hypocholesterolemia and 

hyperglycemia due to reduced de novo synthesis of FAs. In these mice, hyperactivity of ERN1 
was found, whose silencing restored plasma lipid levels, suggesting a possible role for ERN1 

through RIDD in maintaining lipid homeostasis in the liver. In obese mice, deletion of XBP1 
caused the reduction of cholesterol and triglycerides in both plasma and liver, confirming that 

in the absence of XBP1, the RIDD response is the predominant one and the cause of this lipid 

reduction. Contrary to these results, overexpression of XBP1 had an anti-steatotic effect, 
reducing fatty acid synthesis due to a reduction of target genes. However, this is expected 

because a greater XBP1 response does not prevent the effect of ERN1 through the RIDD 
response [140–142]. Other studies have shown that ERN1 regulates other aspects of lipid 
homeostasis such as the suppression of lipogenic transcription factors and the correct 
maintenance of VLDL secretion by activating PDIs, a vital component for the correct function 
of MTTP activity. Also, other UPR sensors like ATF6, regulate lipid metabolism through 
binding to active SREBP-2, inhibiting it, and blocking the transcriptional activity of its target 

genes [143,144]. The crosstalk between UPR signaling pathways and lipogenesis is summarized in 

Figure 11.  
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Figure 11. Crosstalk between UPR signaling pathways and lipogenesis. Adapted from ref 
[145]. 

    4.3.4. ER Stress Inducers 

 For experimental reasons, chemicals like palmitic acid, thapsigargin, and tunicamycin 
are typically used to induce ER stress in animals or cultured cells [107,146]. Dietary fatty acids 

as the first category of ER stressors are important in the MASLD development, because the 
most abundant saturated fatty acid present in the diet and serum, palmitic acid, is capable of 

inducing lipotoxicity in hepatocytes. Elevated levels of palmitic acid have been demonstrated 

to increase ER stress, which contributes to the accumulation of misfolded proteins within the 
ER and resulting pyroptosis activation in hepatic cells [147,148]. Glycosylation inhibitors are 

part of the second category of ER stressors. The majority of proteins produced in the ER are 
N-glycosylated, and protein folding frequently depends on N-glycosylation. Therefore, 

substances that interfere with N-glycosylation may cause ER stress. Streptomyces 

lysosuperificus produces the antibiotic tunicamycin, which inhibits N-glycosylation by 
blocking the activity of the enzyme UDP-GlcNAc–dolichol phosphate GlcNAc-phosphate 
transferase [146,149]. Ca2+ metabolism disruptors are another category of ER stressors. Since 
the ER maintains a high concentration of Ca2+ ions and ER chaperones like HSPA5 depend on 
them, substances that interfere with the ER's Ca2+ metabolism cause ER stress. Thapsigargin 
and other Ca2+ ionophores are frequently used to induce ER stress [146,150,151].  

5. TXNDC5 

  5.1. Overview of TXNDC5 

 TXNDC5, also known as endoplasmic reticulum protein 46 (ERp46), endothelial 
protein disulfide isomerase (EndoPDI), or protein disulfide isomerase family A member 15 
(PDIA15), is a member of the protein disulfide isomerase (PDI) family [152,153]. It is 
predominantly expressed in endothelial cells, fibroblasts, pancreatic β-cells, liver cells, and 
hypoxic tissues, including cancerous endothelial cells and atherosclerotic plaques [152–154]. 
TXNDC5 is primarily localized in the ER and to a lesser extent in the cytoplasm, where it plays 
a crucial role in facilitating protein folding, preventing UPR-induced apoptosis, oxidative 

folding of secretory proteins, modulating adiponectin signaling and insulin production, 
stabilizing extracellular matrix (ECM) proteins, and participating in mannose trimming for 
glycoprotein substrates [152,154–156]. TXNDC5 regulates cell proliferation, apoptosis, 
migration and cellular response against oxidative stress. It contains three redox-active 
thioredoxin-like domains with CGHC active sites, facilitating the forming and rearrangement 
of native disulfide bonds and, consequently, modulating oxidative activity [152–154]. As a 
potent disulfide initiator, TXNDC5 is particularly active during the early stages of protein 
translation, where it introduces disulfide bonds into nascent polypeptides outside the ribosome 
exit site. This process occurs through a dithiol–disulfide exchange reaction, assisted by 

TXNDC5 and other oxidoreductases of the PDI family [157,158]. Abnormal expression of 
TXNDC5 and single nucleotide polymorphisms (SNPs) within the TXNDC5 gene have been 
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associated with an increased risk of a variety of diseases, including organ fibrosis, 
atherosclerosis, diabetes, liver disease, rheumatoid arthritis, cancer, neurodegenerative 

diseases, and vitiligo. TXNDC5 expression is increased under hypoxic conditions, as 
frequently occurring in rheumatoid arthritis, non-small cell lung cancer, and colorectal cancer. 

It favors redox-sensitive activation of cardiac fibroblasts, thus participating in the development 

of cardiac fibrosis. Moreover, TXNDC5 has the potential to serve as a diagnostic and 
therapeutic marker for those conditions, since it reduces oxidative stress and the levels of 

inflammatory cytokines, hence underlining its therapeutic value [152,153,156,159]. 

  5.2. TXNDC5 Gene and Protein Structure 

 The TXNDC5 gene is conserved across a wide range of species, including humans, 

chimpanzees, mice, and rats. However, the majority of research conducted over the past decade 
has focused on human and mouse cell lines and tissues. The TXNDC5 gene exhibits high 

structural conservation among vertebrates. A significant number of SNPs linked to pathology 
have been identified in non-coding regions of DNA, including introns, 5′-UTR, and 3′-UTR. 
This underscores the pivotal role of these regions in regulating TXNDC5 gene expression 
[160,161]. The TXNDC5 gene, as determined by the genomic sequence assembly (version 

GRCh38.p14 of the Homo sapiens, NCBI, National Center for Bioinformation of the United 
States), is located on chromosome 6p24.3 and spans a length of the gene spans 29,272 base 
pairs and contains ten exons and nine introns, encoding six transcripts. Two of these, TXNDC5-
isoform 1 and TXNDC5-isoform 3, are translated into proteins. The TXNDC5-isoform 1 
protein contains 432 amino acids, while TXNDC5-isoform 3 contains 324 amino acids. In 
accordance with the genomic sequence of the Mus musculus (version GRCm39 of strain 
C57BL/6J, NCBI), the Txndc5 gene, located on chromosome 13 with a length of 28,559 bp, 
contains ten exons and the gene contains nine introns and encodes TXNDC5-isoform 1, 

TXNDC5-isoform 2, and TXNDC5-isoform 3, which can be translated into 417, 323, and 344 
amino acid proteins, respectively [152,161]. Human 6p25.1p24.3 microdeletion has been 
reported and is associated with mild mental retardation, facial dysmorphisms, 

hypopigmentation of abdominal skin, cardiac defects, mild pontine hypoplasia, and hypotonia. 
TXNDC5 deletion alongside 13 other genes featured in this microdeletion [162].  

 A correct balance between a functional proteome through competitive and integrated 

biological pathways within cells has been described as proteostasis. Such pathways regulate 
protein biogenesis, folding, trafficking, and degradation of proteins inside and outside the cell. 
The ER is a subcellular organelle where proteins are folded with the assistance of lumenal 
chaperones. The newly synthesized peptides move across the pore into the ER, where they 
undergo glycosylation. The correctly folded proteins are then assembled into transport vesicles, 
which carry them to the Golgi complex. TXNDC5 is a 48 kDa protein that is predominantly 
expressed in the ER but also expressed in lysosomes, vacuoles, cytosol, Golgi apparatus, 
mitochondria, and the plasma membrane [152,153]. Additionally, TXNDC5 has the capacity 

to be exported to the extracellular medium. As a protein, TXNDC5 undergoes post-
translational modifications, and through its function as a disulfide isomerase, catalyzes the 
rearrangement of disulfide bonds in other proteins. This process facilitates the correct folding 
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of proteins and prevents cells undergoing apoptosis. Furthermore, TXNDC5 exhibits 
chaperone activity that is independent of its isomerase activity. This activity contributes to the 

oxidative folding of newly synthesized membrane proteins in the ER, thereby providing further 
support for the antioxidative function of TXNDC5. Furthermore, TXNDC5 facilitates the 

accurate folding of proteins by engaging in electron transfer with other oxidoreductases during 

the oxidation process [161,163]. It is crucial to acknowledge the function of thioredoxins in 
bacteria and the potential for their morphological alterations to induce redox changes within 

the cell, which could ultimately result in disease [164,165]. TXNDC5 contains three Trx-like 
domains (a0, a, and a′) that all possess redox active sites, including the CGHC, CxxC, and 

CxxU motifs (Figure 12A). The protein folding process is accelerated by the three Trx-like 
domains of TXNDC5, which are linked by approximately 20 amino acid residues that can 

function independently. Studies using X-ray crystallography and small-angle X-ray scattering 

have revealed that these three Trx-like domains are connected by unusually long loops (Figure 

12B). These loops exhibit minimal interdomain interactions and are arranged in an extended 

manner to form an open V-shape. The TXNDC5 protein displays a domain configuration 
analogous to that observed in TRX, a finding that, given the lack of analogous structures among 
other PDIs, suggests a distinctive molecular architecture. Furthermore, the three Trx-like 
domains appear to function independently within the intact TXNDC5, as no cooperative actions 
were observed [122,160,161]. The redox-active sites of TXNDC5 are located separately on the 
molecular surface, facilitating the introduction of disulfide bonds to unfolded substrates with 
greater rapidity and promiscuity than observed in other PDIs [154,166–168]. The three 

catalytic domains of TXNDC5 have the capacity to bind peptides that contain aromatic or basic 
residues. Moreover, it is postulated that the cysteine residues of the Trx-like domains, Cys88, 
217, and 350, may possess protein binding functionality. The crystal interaction observed in 
TXNDC5 indicates that the third catalytic domain may bind to the substrate through small 
hydrophobic pockets on the surface of the Trx-like domain or by exposing the Trp349 residues. 
TXNDC5 exhibits a distinctive structural characteristic, namely the presence of a lysine residue 
(Lys344) in close proximity to the second cysteine within the CxxC motif. Moreover, it was 
demonstrated that the reactivity of Trx-like proteins is not solely contingent upon their CxxC 
motif. In the third Trx-like domain of TXNDC5, Arg415 establishes hydrogen bonds with the 

carbonyl oxygen of Pro397, rather than inserting into the hydrophobic nucleus. This prevents 

it from regulating the cysteine pKa value, which is in close spatial proximity to the CxxC motif 
and determines reactivity [122,152]. 

 
A) 



 

 40 

 

 

Figure 12. Schemes showing (A) TXNDC5 domains that show an N-terminal amino acid 1-

35, followed by the three Trx domains located between amino acids 35-155, 156-281 and 289-417, 

ending with the endoplasmic retention sequence KDEL, adapted from ref [122,161]. (B) prediction of 

the 3D structure of mouse TXNDC5 by alphafold [169,170]. (C) Prediction of putative transcription 

B) 

C) 
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factors binding the 2-kb of mouse Txndc5 promoter. Prediction carried out using JASPAR CORE 2024 

at UCSC server [171]. 

A thorough analysis was conducted using the JASPAR CORE 2024 database to 
investigate the potential binding of transcription factors to the 2-kb region of the mouse Txndc5 

promoter (Figure 12C) [171]. The results of this analysis unveiled the intricate dynamics of 
transcription factors binding to the Txndc5 promoter, thereby providing a comprehensive 

understanding of the complex regulatory mechanisms underlying gene expression. The 
majority of these factors are involved in general cell processes, modulating a wide range of the 

steps involved in gene transcription, and have ubiquitous expression. Most of them are involved 

in misfolding protein processes, ER stress, hypoxia, differentiation, proliferation, apoptosis, 

and cancer development [161].  The regulation of Txndc5 gene expression, in particular about 

its promoter, enhancers or other known regulating sequences and factors revealed that Txndc5 
promoter is regulated by transcription factor(s) downstream of TGFβ1 signaling pathway, 

which deletion of the ATF6 binding site completely blocked TGFβ1-induced Txndc5 
transcriptional activation and indicating that ATF6 directly and specifically binds to Txndc5 
promoter. Collectively, these results demonstrate that TGFβ1 induces Txndc5 expression 
through ER stress and ATF6-dependent transcriptional control [122]. Other studies have 
reported that NR4A1 binds to the promoter of Txndc5; additionally, elevated levels of Txndc5 
mRNA in PRDX4 ablation, which is a specific redox partner, lead to aberrant ER homeostasis. 

In contrast, NR4A1 antagonists result in decreased interactions of NR4A1, EP300, and 
POLR2A with the Txndc5 and Idh1 promoters and also some loss of SP1 from the Txndc5 

promoter [122]. Furthermore, the findings indicate that ER stress-associated apoptosis is a 
significant mechanism responsible for the apoptotic effect of cisplatin and cetuximab. 
Cetuximab enhances cisplatin-induced ER stress-associated apoptosis through DDIT3 and 
CASP3, mainly by inhibiting the expression of TXNDC5 via gene transcription/promoter level, 
thereby increasing ROS production [122]. Additionally, the reduction in TXNDC5 under high 
glucose conditions is restored by liraglutide, such as GLP-1. This suggests that ATF6 and 

XBP1, through consensus motifs of the Txndc5 promoter that can be recognized by them, can 
contribute to UPR involved in the differential expression of TXNDC5 under high glucose 
conditions [122]. Also, KLF2 binding motif (CACCC) identified in both mouse and human 
Txndc5/TXNDC5 promoter sequences, that shows that TXNDC5 is transcriptionally repressed 
by KLF2 and TXNDC5 up-regulation is mediated by KLF2 reduction [172]. 

  5.3. TXNDC5 and Fibrosis-Related Pathologies 

 TXNDC5 promotes fibrosis in multiple organs, including the heart, lung, kidney, and 

liver, by mediating TGFβ signaling. TGFβ increases TXNDC5 expression through ER stress 
and ATF6 activation. TXNDC5 aids in the proper folding of pro-fibrotic proteins and activates 
cardiac fibroblasts via its redox-sensitive PDI activity and JNK signaling. In mice, deletion of 
TXNDC5 protects against myocardial fibrosis and hypertrophy. Targeting TXNDC5 may offer 

a more specific and potentially less side-effect-prone approach to treating cardiac fibrosis 
compared to targeting TGFβ or RAAS [173,174]. TXNDC5 contributes to the progression of 
pulmonary fibrosis (PF) and renal fibrosis by modulating TGFβ signaling. In PF, TGFβ1 
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stimulates TXNDC5 upregulation in lung fibroblasts through ER stress and ATF6-mediated 
transcription. TXNDC5 exerts its effects by preventing TGFBR1 from degradation to reinforce 

TGFβ signaling in positive feedback for the exacerbation of lung scarring. These findings are 
reproduced by inducible fibroblast-specific TXNDC5 deletion. Similarly, TXNDC5 regulates 

the TGFβ/ATF6/TGFBR1 axis in renal fibrosis, with ATF6-dependent ER stress driving 

TXNDC5 expression. Depleting TXNDC5 reduces fibroblast activation, proliferation, and 
ECM production in human kidney cells and decreases scarring in these fibrotic mouse models 

[175,176]. TXNDC5 has been implicated in liver fibrosis (LF) progression, showing significant 
expression in activated hepatic stellate cells (HSCs) and fibrotic areas in the livers of both 

human and mouse models with liver fibrosis or cirrhosis. TXNDC5 promotes HSC activation 
through ROS-dependent JNK signaling and enhances HSC resistance to apoptosis via STAT3 

signaling, leading to increased accumulation of activated HSCs and excessive liver fibrosis. 

Inhibiting TXNDC5’s catalytic function blocks JNK and STAT3 activation, reducing fibrotic 

responses. Additionally, TXNDC5 contributes to TGFβ-induced ER stress, initiating TGFβ 

signaling and stabilizing ECM and TGFβR1 proteins, thus reinforcing a positive feedback loop 
in liver fibrosis. TXNDC5’s role in organ fibrosis is multifaceted, involving ECM protein 
folding, TGFβR1 stabilization, fibroblast activation via JNK signaling, and resistance to 
apoptosis through STAT3 activation (Figure 13) [177]. 

 

Figure 13. Summary of TXNDC5-mediated liver fibrogenesis schematic illustration of the 

mechanisms by which TXNDC5 contributes to liver fibrosis. Adapted from ref [177]. 

  5.4. The Role of TXNDC5 in Chronic Diseases 

    5.4.1. TXNDC5 and Diabetes Mellitus 
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 Diabetes mellitus (DM) is a metabolic disorder characterized by peripheral insulin 
resistance, hyperglycemia, and defective insulin secretion [178]. The insulin-producing 

pancreatic β-cells have a highly developed ER and are therefore susceptible to ER stress under 
hyperglycemic conditions. The gene TXNDC5 has long been considered a contributor to 

diabetes susceptibility. It plays a significant role in regulating insulin content and may also 

contribute to glucose toxicity by affecting insulin production [179]. Consequently, loss-of-
function variations in TXNDC5 elevate fasting blood glucose levels. Conversely, casein, a 

dietary protein source for individuals with type 2 diabetes, has been demonstrated to 
downregulate TXNDC5 [180]. TXNDC5 is in close association with and interacts with 

proinsulin in pancreatic islets. The reduction in TXNDC5 under high glucose conditions is 
restored by liraglutide, a GLP-1 analogue. This indicates that ATF6 and XBP1, via consensus 

motifs within the TXNDC5 promoter that they can recognize, may contribute to UPR-mediated 

differential TXNDC5 expression under high glucose conditions. TXNDC5 plays a role in the 

formation of disulfides in proinsulin as a downstream target of the ERN1–XBP1 pathway. 

Consequently, ERN1 is necessary for the increased expression of TXNDC5 in pancreatic β 
cells. Furthermore, TXNDC5 can regulate the activity of IGF1. These findings indicate a novel 
pathogenetic mechanism of TXNDC5 triggered by glucotoxicity and provide new targets for 
future therapeutic interventions [122,123,178,179]. 

    5.4.2. TXNDC5 and Heart Diseases 

 Heart failure (HF) represents a significant and expanding public health issue, with a 
primary etiology attributed to cardiac fibrosis (CF) and atherosclerosis [173]. Atherosclerosis 
is a progressive inflammatory disease characterized by the accumulation of lipids in the arterial 
intima and the development of atherosclerotic plaques. These are the major contributors to 
human morbidity and mortality. Moreover, atherosclerotic lesions often appear at preferred 

sites of arteries where disturbed flow stimulates the mechano-transduction and activation of 
endothelial cells, developing peripheral artery disease, carotid artery disease, and ischemic 
stroke [172,181]. TXNDC5 has been demonstrated to facilitate the folding of ECM proteins, 

thereby promoting cardiac fibrosis. Furthermore, it activates cardiac fibroblasts and stimulates 
their proliferation via JNK signaling, which is dependent on NOX4-derived ROS and 
independent of SMAD3. Cardiac TXNDC5 expression is observed to increase in hypertrophic 
and failing hearts, with this likely occurring under the control of a TGFβ1/ER stress/ATF6 
signaling axis. This results in the excessive accumulation of myofibroblasts and ECM proteins, 
which in turn leads to cardiac fibrosis. A number of studies have demonstrated that both 

disturbed flow and hyperlipidemia have a considerable impact on the endothelial expression of 
TXNDC5. Moreover, TXNDC5 mediated TNF-α-induced activation of NOX in ECs. 
However, exposure of TXNDC5 to aeroplysinin-1—a modulator of the EC redox balance—
reduced its protein level. In contrast, a chicory root diet up-regulated TXNDC5 protein level 
in the porcine aorta. TXNDC5 enhanced endothelial activation and the development of 
atherosclerosis induced by disturbed blood flow. It has been noted that TXNDC5 increases the 
ubiquitination and subsequent proteasome-mediated degradation of transcription factor HSF1; 
this, in turn, reduces the expression of HSP90AB1, which decreases the stability of NOS3 and 

KLF2 proteins [122,172,181]. Additional evidence indicates that TXNDC5 plays a role in 
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platelet function and arterial thrombosis through the enhanced activation of ITGA2B by 
targeting disulfide bonds, platelet aggregation, and ATP release. The expression of TXNDC5 

on the platelet surface is increased by thrombin stimulation, whereas PGHG, which acts as an 
inhibitor of PDI reductase activity, has been shown to suppress TXNDC5. Moreover, platelets 

of PDIA6-deficient showed higher expression levels for HSPA5, CALR, and TXNDC5. Thus, 

selective interference with TXNDC5 might represent a novel treatment strategy to reduce 
excessive CF and related dysfunction, possibly affecting cardiac function and outcomes in heart 

failure patients and atherosclerotic cardiovascular diseases [122,172,173,181,182]. 

    5.4.3. TXNDC5 and Liver Cancer 

 Liver cancer is one of the leading public health problems worldwide with a high-

ranking number in terms of mortality rate among all cancers. Generally, this is a high-
metastasis and high-recurrence malignant tumor. Hepatocellular carcinoma (HCC) is one of 

the principal liver cancers that most people develop in response to a chronic liver injury caused 
by viral infection, alcohol use, LF, NASH, and MASLD. The TXNDC5 (rs1225943) AA 
genotype was the most prevalent in HCC, and serum TXNDC5 levels were markedly elevated 
in patients with HCC [177,183]. TXNDC5 has been demonstrated to correlate with hepatic 

steatosis and redox control in the liver. This is evidenced by the observation of increased liver 
mass with higher fat content, which is associated with the expression of SAA1, SAA2, and 
APOA1 (Figure 14) [184]. Moreover, TXNDC5 may interact with the regulation of APOB 
levels via the oxidative stress pathway, thereby influencing subsequent hepatic lipid 
metabolism. TXNDC5 interacts with PRDX4, PRDX6, and HSPA9 to regulate glutathione 
metabolism and lipid peroxidation in liver cells. A deficiency of TXNDC5 was observed to 
result in a reduction in the levels of PRDX6 and HSPA9 proteins. Moreover, the activities of 
lipid peroxidation, glutathione, and iPLA2 were markedly diminished in TXNDC5-deficient 

cells [45]. Another study identified HSPA5, TXNDC5, and GSTM3 as specific and potent 
binding partners for CRELD2, which play a crucial role in maintaining hepatic metabolic 
homeostasis. High levels of TXNDC5 promote liver fibrogenesis by inducing HSC activation 

and proliferation and by producing ECM proteins. Furthermore, TXNDC5 has been found to 
confer resistance against apoptosis in activated HSCs via the redox-dependent activation of 
two downstream fibrogenic proteins from the non-canonical TGFβ pathway, namely JNK and 
STAT3. Furthermore, it was observed that TGFβ1 activation in HSCs resulted in the 
upregulation of TXNDC5, apparently dependent on the increase in ER stress levels and ATF6-
dependent transcriptional regulation. [132,185]. The efficient elimination of TXNDC5 can be 

achieved through the addition of N-(2-hydroxy-5-methylphenyl)-3-phenylpropanolamine, 
which serves as an ATF6 activator [132]. TXNDC5 plays a role in reducing the efficacy of 
photothermal therapy, a minimally invasive and highly specific antineoplastic treatment, by 
resisting oxidative stress damage and promoting tumor growth and metastasis. Furthermore, 
glucagon-like peptide-1 has been demonstrated to safeguard liver cells against MASLD by 
markedly enhancing the expression of TXNDC5 and attenuating the expression of the ER stress 
marker [186]. Other studies have demonstrated that TXNDC5 is specifically upregulated by 
SERPINA1 and SREK1 in alpha1-antitrypsin deficiency liver and HCC, respectively (Figure 

14). Furthermore, it plays a role in hepatitis C virus replication, potentially through its influence 



 

 45 

on lipid metabolism or its involvement in translational control via RNA binding. In light of the 
aforementioned information, the selective targeting of TXNDC5 may represent a promising 

new avenue for the treatment of LF and the preservation of hepatic function in patients with 
HCC [122,177,186]. 

 

Figure 14. An overview of pathways that implicate markers related to TXNDC5 in liver. Each 

arrow indicates one marker's association with another. Blue indicates downregulation, while red 

indicates upregulation. White indicates that regulation of these markers differs between different 

studies. Adapted from ref [122]. 

  5.5. TXNDC5 and Dietary Patterns 

 As previously stated, TXNDC5 is a protein that has been linked to oxidative stress, 

inflammation, and fibrosis. These factors are critical in the pathophysiology of various 
diseases, particularly MASLD. Research indicates that dietary patterns exert a significant 
influence on the expression of TXNDC5 in the liver [122]. A diet rich in saturated fat, refined 
carbohydrates, and sugars has been associated with inducing oxidative stress or inflammation, 
further inducing TXNDC5 and thus leading to liver injury. More salutary patterns of diet, as 
seen in the Mediterranean diet, plenty of antioxidants, healthy fats, and anti-inflammatory 

constituents have been represented and associated with reduced oxidative stress, leading to a 
lower expression of TXNDC5 along with reduced liver injury [46,184].  For example, squalene, 

a minor component of olive oil, has been demonstrated to effectively protect liver cells against 
oxidative and endoplasmic reticulum stress in a TXNDC5-dependent manner through ERN1 
and EIF2AK3 downregulation [187]. Furthermore, CALR and APMAP are positively 
correlated with lipid droplets in the presence of squalene and are decreased in the absence of 
TXNDC5 [188]. This indicates that dietary changes modulate not only the fat content of the 
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liver but also the molecular pathways, including such proteins as TXNDC5, underlining the 
crucial role of diet in managing MASLD and limiting disease progression through its impact 

on oxidative stress and cellular stress responses [45,122,187,188]. 

6. Mediterranean Diet 

  6.1. Overview and Key Components of the Mediterranean Diet 

 The Mediterranean diet (MD) is a diet that started in ancient times around the 

Mediterranean Sea [189]. The MD is a plant-based diet rich in olive oil, especially virgin and 

extra virgin olive oil (EVOO), which is the main source of fat, along with nuts and fiber from 
vegetables, grains, legumes, and fruits [190,191]. It includes a lot of fish and seafood, and 

limited red meat, processed meat, dairy, sweets, and wine (Figure 15). The diet has been studied 
for its health benefits. One study showed that people in Greece and parts of Italy and 

Yugoslavia had a lower risk of heart disease than people in other countries. Many studies have 
shown that MD can help prevent and treat many chronic diseases, including type 2 diabetes, 

hypertension, obesity, MASLD, and cancer [189,192,193]. These effects are due to the anti-
inflammatory, antioxidant, and cholesterol-lowering properties of the food. Collectively, these 
elements show a comprehensive approach to nutrition that promotes wellbeing. This approach 
highlights the value of a healthy diet in addition to lifestyle elements like social interaction and 
physical activity [191,193]. 

 

Figure 15. The Mediterranean diet pyramid. Created by BioRender.com, accessed on 30 

September 2024. Adapted from ref [191]. 
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  6.2. The Role of Healthy Fats in the MD 

 MD is high in fat, with 36-40% of total energy intake (TEI) coming from lipids. These 

are mostly MUFA, with a small amount of SFA and a balanced amount of PUFA [194,195]. 

Carbohydrates and proteins, which make up 35‐40% and 15‐20% of the TEI respectively, and 

a high fiber content, together with a low intake of water, nitrogen and carbon. Low consumption 
of saturated fats lowers low-density lipoprotein (LDL), TGs, and plasma total cholesterol. The 

balanced omega-6/omega-3 (ω6/ω3) PUFA ratio and high MUFA content are predicated on 
eating more vegetables, legumes, nuts, olive oil, and fish rather than red meat. The primary 

source of MUFA is EVOO, while the primary source of ω‐3 PUFA is fish [193–198]. By 
lowering lipid accumulation, including the percentage of lipids in MASLD, and postprandial 

adiponectin expression, which lowers hepatic glucose production, MUFA intake reduces 

metabolic risk factors [193,194,199]. PUFA controls important transcription factors in hepatic 
lipid and carbohydrate metabolism by inhibiting sterol regulatory element binding protein-1 

(SREBP-1) and carbohydrate regulatory element binding protein (ChREBP)/Max-like factor 
X (MLX), which suppresses glycolysis and DNL, and activating hepatic PPARα, which is 
involved in fatty acids oxidation [193,195]. As a result, PUFA encourages a change in 
metabolism that moves FAs oxidation away from FAs production and storage. PUFA also 
suppresses TNFs and IL-6, which triggers an anti-inflammatory response. By controlling the 
synthesis of inflammatory cytokines, ω-6 PUFA, on the other hand, has pro-inflammatory 

properties. Vitamins and phenolic compounds found in whole grains, vegetables and fresh fruit, 
olive oil, nuts and red wine have anti‐ inflammatory and antioxidant effects. Water‐soluble 
fiber, mainly from vegetables, whole grains and legumes, increases the rate of bile excretion 
and reduces serum total and LDL cholesterol. All of these effects work together to enhance the 
MD's overall health-promoting qualities, which makes it an effective strategy for preventing 
illness and improving long-term wellbeing [193–195,198]. 

  6.3. EVOO 

 The olive tree (Olea europaea L.) is a small tree that was first cultivated in Asian 
countries 6000 years ago. Although it eventually extended to every continent, the 
Mediterranean region continued to be the primary producer of olives, with Spain, Italy, and 
Greece accounting for over 70% of global production. The mechanical extraction of EVOO 

involves centrifugation, filtration, decantation, and washing at thermal settings that do not alter 
the oil's composition [200]. The genotypic traits of the plant, the olive variety, the ripeness of 
the fruit, the harvest time, agricultural and environmental factors, and the extraction and storage 
conditions all affect the amount of EVOO. With an acidity of ≤ 0.8 g per 100 g, EVOO is 
regarded as the highest quality oil when it is pure fruit juice. EVOO's distinct lipid profile and 
bioactive components are the source of its health benefits. Olive pomace oil, commonly known 
as Orujo (pomace) olive oil (acidity ≤ 1 g per 100 g), is a combination of virgin olive oil and 
refined oil made from olive leftovers [200,201]. The oil has anti-inflammatory and lipid-

lowering properties and is a good dietary source of triterpenic chemicals [202,203]. 
Triacylglycerols (TAGs) make up a high percentage of the saponifiable fraction of EVOO. 
Fatty acids make up 97‐99% of lipids and 65.2‐80.8% are MUFA, particularly oleic acid, which 
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makes up 49‐83% of total FAs and is correlated with EVOO acidity when not esterified. Low 
acidity ensures a high‐quality oil produced from healthy fruit under ideal conditions. PUFAs 

make up about 14% of the oil composition [200]. The PUFA content is mainly linoleic acid 
(18:2 ω‐6) (6.6‐14.8% total FAs) and α‐linolenic acid (18:3 ω‐3) (0.46‐0.69% total FAs). 

DAGs (diacylglycerols) and MAGs (monoacylglycerols) are present in concentrations of 1‐

2.8% and 0.25% respectively.  

The minor components of EVOO account for 1‐3% of its composition. These include 
hydrocarbons, phytosterols, triterpenes, phenolic compounds and tocopherols, among others. 

With regard to hydrocarbons, squalene accounts for more than 90% of hydrocarbons and is the 
most abundant compound in the unsaponifiable matter, ranging from 200 to 7500 mg/kg of oil, 

while β‐carotene pigment accounts for 0.15‐0.67 mg/kg of oil. The total phytosterol content of 

EVOO varies between 1000 and 2000 mg/kg. Triterpenes represent a primary fraction and are 
divided into diol-alcohols and triterpenic acids. The most important terpenic alcohols are 

erythrodiol and uvaol. Triterpenic acids include oleanolic (17‐ 344 mg/kg) and maslinic (19‐
250 mg/kg), with traces of ursolic acid, compared to higher levels in olive pomace oil [201]. 
Phenols are hydrophilic compounds present in the range of 50‐1000 mg/kg of oil and include 
hydroxytyrosol, oleuropein and tyrosol [195,200]. α‐Tocopherols (vitamin E) are methylated 
phenols. α‐tocopherol accounts for more than 90% of tocopherols, ranging from 191.5 to 292.7 
mg/kg compared to 10 mg/kg, 20 mg/kg of β‐tocopherol and γ‐tocopherol [195,200]. Overall, 

EVOO is a versatile and vital part of the MD, with a flavor profile that ranges from mild to 
powerful. Because of its beneficial qualities, it is a good option for daily use (Figure 16) [204]. 

 

Figure 16. Bioactive Compounds and Quality of EVOO. Adapted from ref [200]. 

  6.4. Bioactive Compounds in EVOO 

 EVOO reduces risk factors, including type 2 diabetes and MASLD, by suppressing 
lipogenic, ROS and pro‐inflammatory genes and by reducing levels of IL‐6, TNF‐α and C‐
reactive protein (CRP). A dose of 20 g/d may reduce the degree of fatty liver. EVOO also has 
atheroprotective properties. Additionally, EVOO possesses atheroprotective qualities. 

Diastolic blood pressure can be lowered by up to 0.73 mm Hg with a daily dose of 10–50 ml. 

Besides the anti-tumor, anti-cancer, and antibacterial qualities [195,200,205]. Any pattern of 
carcinogenesis is inversely correlated with oil consumption (34% lower risk with EVOO 
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consumption). Squalene, another significant component, has been demonstrated to support skin 
health [206], act as an antioxidant, and may offer protective effects against cancer 

[203,207,208]. Oleic acid stimulates hepatocytes to secrete bile and pancreatic cells to secrete 
MUFAs. In addition, it possesses anticoagulant, anti-inflammatory, and antioxidant properties 

and enhances blood pressure, cholesterol, and glucose metabolism. Although linoleic acid 

lowers LDL, it is converted to arachidonic acid, which has prothrombotic, pro-inflammatory, 
and pro-aggregatory effects. The ω6/ω3 PUFA ratio tilts the scales in favor of hepatic DNL by 

protecting against inflammatory and autoimmune disorders as well as β-oxidation [195,200]. 
Furthermore, maslinic acid and oleanolic acid exhibit anti-inflammatory, anti-diabetic, 

hypolipidemic, hepatoprotective, anticancer, antiviral, antibacterial, and antifungal qualities.  
β-Sitosterols are useful for lowering LDL and total cholesterol levels as well as for promoting 

cancer cell death [195,200,209]. Tocopherols are significant lipophilic antioxidants found in 

nature. In addition to their antibacterial and anticancer properties, these chemicals alter the 

expression of homeostatic genes that prevent lipid peroxidation and offer protection against 

oxidative and inflammatory processes, such as cancer and degenerative disorders. Phenolic 
compounds have high antioxidant and free radical scavenging properties, and they also lower 
cholesterol, LDL, HDL, lipopolysaccharides, and pro-inflammatory markers including CRP 
and IL-6. The oxidative stability of olive oil is due to phenols and tocopherols. Carotenoid 
pigments contain anti-cancer and antioxidant qualities and are precursors to vitamin A 
[195,200,209].  These bioactive compounds act in concert to provide the distinctive health 
benefits associated with EVOO, thereby making it a vital component of the MD (Figure 16)  

[204]. 

  6.5. Squalene 

 Mitsumaru Tsujimoto, a Japanese chemist, discovered squalene in 1916. He called it 

after the genus of sharks from which it was isolated (Squallus spp., Centrophorus squamous) 
and classified the molecule as extremely unsaturated. The polyunsaturated linear terpenoid 
squalene (2,6,10,15,19,23‐hexamethyl‐6,6,10,14,18,20‐tetracosahexane, C30H50) (Figure 17) 

has six double bonds and a molecular mass of 410.3913 [210,211]. In addition to the sterol 
form, which enables it to be incorporated into membranes, the double bonds enable squalene 
to exist in symmetrical, stretched, and coiled forms [212]. Shark liver oil contains a significant 
amount of squalene (nearly 40–70% of the oil weight), but the intense fishing for this 
isoprenoid and the presence of organic pollutants such as organochlorine pesticides, polycyclic 
hydrocarbons, dioxins, and heavy metals have made it imperative to look for alternative sources 

of squalene, especially from the plant kingdom [210,211,213].  The following plant sources 
contain detectable levels of squalene: palm oil, soybean oil (9.9 mg/100 g), grape seed oil (14.1 
mg/100 g), peanut (27.4 mg/100 g), maize, amaranth (5942 mg/100 g), olive oil (564 mg/100 
g), and rice bran and wheat germ oils (100–700 mg/100 of oil content) [213]. In EVOO, 
squalene is present in a variable concentration from 1.5 to 10.1 g per kg, depending on the 
variety, and agronomic issues such as region, climate, crop, harvesting method and olive 
processing. Where consumption of EVOO is high, such as in Mediterranean countries, intake 
of squalene is increased to 200‐400 mg/day [211,213]. 
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Figure 17. Squalene chemical structure. Adapted from ref [214]. 

 

 

    6.5.1. Squalene and Biological Role 

 The sebaceous glands in humans secrete squalene, which accounts for 10–15% of lipids 
at 300–500 μg/g. A balance between dietary intake and endogenous synthesis in the 
intestinal and hepatocytes is represented by the squalene content. The various tissues absorb 

and distribute about 60–85% of the dietary squalene [215]. Chylomicrons carry intestinal and 
exogenous squalene into the bloodstream, where it is either re-secreted into VLDL and LDL 
along with hepatic-synthesized squalene for distribution to different organs or hepatic 
absorption for conversion to sterols and BAs [216]. The isoprenoid structure's six double bonds 
shield cells from microbial infection and oxidative damage. Squalene absorbs over 25% of the 
oxygen in the skin, preventing damage to nucleic acids from ultraviolet (UV) rays and shielding 
the skin from cutaneous bacteria and peroxidases [215,217–220]. Furthermore, squalene 
exhibits anti-cancer properties by inhibiting HMGR towards the synthesis of cholesterol and 

by suppressing intermediate steps via MVA, where FPP is involved in the geranylgeranylation 
and farnesylation of proteins, including small guanosine triphosphate (GTP)-binding proteins 
like Ras [220–222]. This suppression of these proteins, which in turn inhibit the signaling 
involved in the proliferation and differentiation of malignant cells, by controlling the 
metabolism of carcinogenic xenobiotics, or by scavenging free radicals and ROS to prevent 
mutagenesis and carcinogenesis brought on by nucleic acid oxidation [187,223,224]. Squalene 
may also inhibit NASH‐related HCC, which is interrupted by elevated cholesteryl ester 
concentrations [215,216,219,222,223]. Squalene also retains detoxifying activities via 

stimulation of hepatic P450 enzymes, together with the non‐polar nature of the triterpene which 
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provides an affinity for detoxification of non‐ionized xenobiotics [212,213,217,218]. Another 
study in the context of diquat-induced oxidative stress revealed that the administration of a 

basal diet supplemented with squalene to broilers resulted in an enhanced oxidative status, 
characterized by elevated expression levels of Nrf2 and GPX1, and concurrently, the regulation 

of apoptosis-related genes (Bax and CASP3) led to a notable reduction in liver injury [225]. 

Two in-silico pharmacology studies provided a strong scientific framework for the idea that 
squalene plays a crucial role in the management of inflammation by regulating CRHR1, EGFR, 

ERBB2, HIF1A, SLC6A3, MAP2K1, and F2R [226], and antidiabetic activity by 
demonstrating its interaction with TRPV1 and KARS protein [227], also both squalene and its 

derivatives can promote the adipogenesis and ameliorate inflammatory response [228]. 

    6.5.2. Squalene and Cholesterol Synthesis 

 As previously mentioned, endogenous squalene is synthesized via the cholesterol 

synthesis pathway, which is known as the mevalonate pathway (MVA pathway) (Figure 18) in 
which acetyl‐CoA is converted to 3‐hydroxy‐3‐methylglutaryl coenzyme A (HMG‐CoA) by 
thiolases, also known as acetyl-coenzyme A acetyltransferases (ACAT), are the enzymes 
responsible for the conversion of 2 units of acetyl-CoA into acetoacetyl-CoA and HMG-CoA 

synthase (HMG-CoA-S, EC 2.3.3.10) as a 42 kDa homodimeric protein that catalyzes the 
irreversible condensation of acetyl-CoA and acetoacetyl-CoA to HMG-CoA and CoA. Then 
HMG-CoA reduced to MVA by 3-Hydroxy-3-methyl-glutaryl-CoA reductase or HMG-CoA 
reductase (HMG-CoA-R) catalyzes the NADP-dependent (in mammals) or NAD-dependent 
(in prokaryotes) synthesis of mevalonate from HMG-CoA. For this reason, the enzyme 
commission designated this enzyme as EC 1.1.1.34 for the NADPH-dependent enzyme, 
whereas EC 1.1.1.88 links to the NADH-dependent enzyme. In animal cells, the cholesterol 
biosynthetic pathway contains a unique series of three sequential ATP-dependent enzymes that 

convert mevalonate to isopentenyl diphosphate: mevalonate kinase (MK), phosphomevalonate 
kinase (PMK), and mevalonate 5-diphosphate decarboxylase (MDD). Diphosphomevalonate 
decarboxylase, also known as mevalonate diphosphate decarboxylase (MDD, EC 4.1.1.33), 

catalyzes the final step of the mevalonate pathway, i.e., the divalent cation-dependent 
decarboxylation of MVAPP to isopentenyl diphosphate [or isopentenyl pyrophosphate (IPP)], 
with concurrent hydrolysis of ATP to form ADP and inorganic phosphate. This reaction is 
required for the production of polyisoprenoids and sterols from acetyl-CoA [212,229–231]. 
Isopentenyl-diphosphate δ-isomerase [or isopentenyl pyrophosphate isomerase, IPP isomerase 
(EC 5.3.3.2)] catalyzes the conversion of the relatively unreactive IPP to the more reactive 

electrophile dimethylallyl pyrophosphate (DMAPP). Both reactants and products of this 
reaction are substrates for the successive reaction that results in the synthesis of farnesyl 
diphosphate (FPP) and, ultimately, cholesterol. This isomerization is therefore a key step in the 
biosynthesis of isoprenoids through the mevalonate pathway. Farnesyl diphosphate synthase 
also known as farnesyl pyrophosphate synthase (FDPS, EC 2.5.1.10) is a Mg2+-dependent 
homodimeric enzyme, localized in peroxisomes, which catalyzes a chain elongation reaction 
and controls the first branching point of the mevalonate pathway [232,233]. Squalene synthase 
(SQS, EC 2.5.1.21) catalyzes an unusual head-to-head reductive dimerization of two molecules 

of FPP to form squalene. This enzyme is of particular importance as it is the first enzyme in 
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the pathway responsible for the production of a metabolite that is solely committed to 
cholesterol synthesis. Squalene monooxygenase (SM, EC 1.14.13.132), also known as 

squalene epoxidase, is a 64 kDa flavin adenine dinucleotide (FAD)-containing enzyme that 
catalyzes the first oxygenation step of cholesterol synthesis [233]. The reaction requires 

NADPH and molecular oxygen to oxidize squalene to 2,3-oxidosqualene (squalene epoxide). 

2,3-Oxidosqualene cyclase-lanosterol synthase (OSC, EC 5.4.99.7) is a 78 kDa membrane-
bound enzyme that catalyzes the conversion of the acyclic compound 2,3-oxidosqualene (OS) 

to the cyclic lanosterol. Both oxidosqualene and lanosterol are mostly hydrocarbons and thus 
are not very soluble in water [233]. The enzyme solves this problem by sticking to the 

membrane in peroxisomes. It then can pull oxidosqualene directly out of the membrane and 
release lanosterol back there [233]. The conversion of lanosterol into cholesterol is a very 

complex and multistep pathway, which involves several enzymes. After squalene is 

transformed into lanosterol, this molecule can follow two different routes, both of which end 

with a cholesterol molecule. They are termed the Bloch pathway and the Kandutsch–Russell 

pathway (K-R pathway). The difference between them is that the first uses Δ24-unsaturated 
sterols while in the second the intermediates have their side chain saturated (Figure 18). While 
the K-R pathway uses the same enzymes as the Bloch pathway to reduce the Δ24 bond of 
lanosterol and convert dihydrolanosterol to cholesterol via 7-dehydrocholesterol reductase 
(DHCR7), the Bloch pathway consists of a subsequent side-chain of unsaturated intermediates 
ending in desmosterol, which is subsequently reduced to cholesterol via 24‐ dehydrocholesterol 
reductase (DHCR24) [212,229–231]. Overall, squalene plays a variety of roles in the route that 

go beyond its structural role [229,233,234].  
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Figure 18. The cholesterol biosynthetic pathway. Include: pre-squalene cholesterol synthetic 

pathway, post-squalene cholesterol synthetic pathway (Bloch pathway and Kandutsch-Russel pathway). 

Adapted from ref [230,233]. 

7. Nanoparticles 

  7.1. Definition and Characteristics 

 Being the fundamental component of nanotechnology, nanoparticles (NPs) have a wide 
spectrum of applications in both commercial and domestic aspects. They are being extensively 

investigated by researchers as they occupy a big region in the length scale between the macro- 
and molecular levels. NPs are defined as particles that are in the nanometer (nm) size range 
(less than 1 μm) [235]. However, the definitions of the term "NPs" currently in use in the 
literature vary. For example, NPs are sometimes used to describe particles with a size of less 
than 100 nm (irrespective of the mode of measurement), sometimes with a size of less than 50 
nm, at times for particles with a size of 10 nm or less, and occasionally with a size of less than 
1 μm [235,236]. The significance of NPs in technological advancements can be attributed to 
their adaptable characteristics and enhanced performance relative to their parent material. The 

synthesis of NPs frequently involves the reduction of metal ions into uncharged NPs using 
reducing agents that are potentially hazardous. Nevertheless, in recent years, there have been 
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several efforts to develop environmentally friendly technology that utilizes natural resources 
in place of hazardous chemicals for the production of NPs. In green synthesis, biological 

methods are employed for the synthesis of NPs due to their environmentally friendly, clean, 
safe, cost-effective, straightforward, and highly productive nature. A multitude of biological 

organisms, including bacteria, actinomycetes, fungi, algae, yeast, and plants, are employed in 

the green synthesis of NPs. The NPs have significant applications in a number of sectors, 
including the environment, agriculture, food, biotechnology, biomedical, and medicines. For 

instance, they can be used for the treatment of wastewater, environmental monitoring, 
functional food additives, and antimicrobial agents. The cutting-edge properties of NPs, 

including their natural, biocompatible, anti-inflammatory, and antibacterial characteristics, 
effective drug delivery, bioactivity, bioavailability, tumor targeting, and bio-absorption, have 

contributed to a notable expansion in the biotechnological and applied microbiological 

applications of NPs [237]. 

  7.2. Classification Based on Composition 

    7.2.1. Metal Nanoparticles 

 Metal NPs are composed exclusively of metal precursors. These NPs possess unique 
optoelectrical properties due to their well-known localized surface plasmon resonance (LSPR) 
characteristics. NPs of the alkali and noble metals, specifically copper, silver, and gold, exhibit 
a broad absorption band within the visible range of the solar electromagnetic spectrum 
[237,238]. The synthesis of metal NPs with controlled facets, sizes, and shapes is a crucial 
aspect of modern materials science. Silver NPs (AgNPs) are particles with a size range of 1–

100 nanometers, composed of silver. Their unique physical and chemical properties are a 
consequence of their small size, high surface area-to-volume ratio, and ability to absorb and 
scatter light in the visible and near-infrared range. Furthermore, they may exhibit additional 
antimicrobial capabilities. Zinc oxide (ZnO) NPs are particles with a size range of 1–100 nm, 
composed of zinc. ZnONPs are a wide band gap semiconductor with a room temperature 

energy gap of 3.37 eV. Its catalytic, electrical, optoelectronic, and photochemical capabilities 
have rendered it a valuable and widely utilized material. Copper NPs (CuNPs) are particles 
comprising a size range of 1–100 nm, based on copper. Gold NPs (AuNPs) are nanoparticles 
composed of gold. These particles possess distinctive physical and chemical characteristics, 

enabling them to absorb and scatter light within the visible and near-infrared regions. The 

fluorescence of copper and gold metals has been documented for a considerable period of time 
[237,239,240]. NPs composed of aluminum are referred to as aluminum NPs (AlNPs). The 
strong reactivity of aluminum NPs makes them promising for use in high-energy compositions, 
hydrogen generation in water processes, and the synthesis of alumina 2D and 3D structures. 
Iron NPs (FeNPs) are particles with a size range of 1–100 nanometers, composed of iron. 
FeNPs have several potential applications, including their use as catalysts, drug delivery 
systems, sensors, and energy storage and conversion. FeNPs are employed for the targeted 

delivery of drugs to specific sites within the body, including cancer cells. Additionally, they 
are utilized in MRI and for the removal of contaminants from water [237]. Overall, metal NPs 
represent a field in continuous evolution, and current efforts are toward the optimization of 
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their synthesis and extension of their application in many fields, from medicine to electronics 
and material sciences [239]. 

    7.2.2. Ceramic Nanoparticles 

Ceramic NPs constitute an inorganic nanostructure, typically measuring between 1 and 
100 nm in size. They are distinguished by their stability, elevated strength, and resilience to 

heat and corrosion. The most commonly used materials are silica (SiO₂), titanium (TiO₂), and 
zirconium dioxides (ZrO₂), each of which possesses distinctive properties that render them 

appropriate for a variety of applications [241]. Silica nanoparticles, for instance, are widely 

employed as drug delivery carriers due to their extensive surface area and capacity for 
straightforward functionalization, which enhances drug loading and release profiles. TiO₂ NPs 

exhibit excellent photocatalytic properties, rendering them valuable for environmental 
applications in water purification and air treatment, as well as in cosmetics for UV protection. 

Zirconium dioxide NPs are renowned for their elevated mechanical strength and 
biocompatibility, rendering them optimal for dental and orthopedic applications [241,242]. The 
synthesis of ceramic NPs can be achieved through a number of different methods, including 
sol-gel processes, hydrothermal synthesis, and spray pyrolysis. In general, ceramic NPs are 

inorganic, non-metallic material particles subjected to heat and cooling processes in a way as 
to endow them with specific properties. They may be amorphous or polycrystalline, dense or 
porous, or hollow shapes; and they resist heat, durable properties. Ceramic NPs are utilized in 
coating, catalysts, batteries, and drug delivery [237,243,244]. 

    7.2.3. Carbon-based Nanoparticles 

 The discovery of carbon NPs was first documented in 1991, while the synthesis of 
single-wall carbon nanotubes with a diameter of 1 nm was first announced by Iijima and 
Ichihashi in 1993 [237]. Nanomaterials comprising carbon atoms and arranged in distinctive 

structural configurations, including fullerenes, carbon nanotubes (CNTs), graphene, and 
carbon dots, are versatile in nature [245,246]. CNTs, also referred to as Bucky tubes, are a 
category of nanomaterial constituted by a two-dimensional hexagonal lattice of carbon atoms. 

The individual units are bent in a single direction and subsequently joined to form a hollow 
cylinder. Carbon nanotubes represent a class of carbon allotropes situated between fullerenes 
and graphenes. NPs of globular hollow cages, which are allotropic forms of carbon, are found 
in fullerenes. Due to their electrical conductivity, high strength, structure, electron affinity, and 
adaptability, they have attracted significant economic interest [237]. Carbon dots are 
fluorescent, biocompatible nanoparticles being applied in bioimaging and sensing. Chemical 
vapor deposition and laser ablation stand out among the methods investigated to synthesize 
such kinds of NPs. Yet toxicity, environmental impact, and scalability remain under 

deliberation. The applications of carbon-based NPs remain one of the drivers of the current 
development in the said area, from medicine up to electronics and material sciences [245–248]. 

    7.2.4. Polymeric Nanoparticles 
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 Polymeric NPs with a diameter between 1 and 1,000 nm can be functionalized with 
active substances on the surface of the polymeric core or within the polymeric body. The term 

"polymer NPs" is frequently employed in the literature to refer to them. They are most often 
described as nanospheres or nano-capsules (Figure 19) [237]. Polymeric NPs are significantly 

advancing the field of nanomedicine due to their capacity for targeted and regulated drug 

release. Polymeric NPs are formed from two principal types of material: natural or synthetic. 
Synthetic polymers are more homogenous in composition and therefore have a higher purity 

than natural polymers. However, it should be noted that not all synthetic polymers are suitable 
for drug delivery as they need to be biodegradable and should have low cytotoxic effects. 

Examples of NPs made from synthetic polymers are polyesters which include poly(lactic acid) 
(PLA), poly(glycolic acid) (PGA), their co-polymer: poly(lactide-co-glycolic acid) (PLGA) 

(Figure 20), as well as polyalkyl(cyano)acrylates (PCA) [249–251]. All of these are not 

newcomers to the medical field and have been extensively used in clinical settings. For 

example, PLA is used for surgical stitches and implants. PCAs are used to seal wounds. Thus, 

the degradation kinetics of such polymers are well understood which allows for the preparation 
of better formulations for better controlled release [252]. In contrast, natural polymeric NPs 
exhibit considerable variability in purity, necessitating cross-linking and additional 
modifications that could potentially impact the stability of the associated drug. Natural 
polymers are typically derived from proteins and obtained from a range of sources. Gelatin is 
derived from collagen, which is found in the bones. Since they are isolated from natural 
sources, they should be biocompatible and display low cytotoxic effects [253]. The use of 

proteins allows for the possibility of modifications to the N-terminus, C-terminus, and the 
various associated amino acid side groups for specific tasks [251]. Another natural polymer is 
chitosan, a polysaccharide, utilized for the purpose of drug delivery. The PCA NPs have 
demonstrated considerable efficacy in drug delivery applications [251,254,255]. Overall, 
polymeric nanoparticles represent a promising and evolving platform in nanomedicine, driving 
innovations in targeted therapy and personalized medicine [249,250]. 
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Figure 19. An overview of polymeric nanoparticles for drug delivery. Created by 

BioRender.com, accessed on 29 September 2024. Adapted from ref [256]. 

 

      7.2.4.1. PLGA  

 PLA and PGA polymers are copolymerized to create PLGA NPs. The FDA and 
European Medicine Agency have approved their usage for human therapy, and they belong to 
the polyester family [251,252,257,258]. Because PLGA NPs are synthetic, they provide a 
number of benefits. The production of PLGA NPs is more repeatable due to the high purity of 
synthetic polymers. Compared to each polymer alone, the copolymer particle is more resistant 

to hydrolytic cleavage. Moreover, it is simple to alter the surface characteristics to suit a 
preferred purpose or targeting choices [251,254,255]. Because PLGA NPs hydrolyze to 
produce lactic and glycolic acids, which are the body's natural metabolites, they also have the 
advantage of being highly biodegradable [187,251,259]. The target organs and the drug's 
hydrophilic or hydrophobic nature determine how effective the production method is. For 
PLGA NPs, numerous formulation procedures have been created. Every strategy has benefits 
and drawbacks, which led to the optimization of particular protocols, such as those for drug 
encapsulation or drug surface adsorption [254,257]. In addition, the nature of the drug, their 
size and size distribution are other important physical parameters for PLGA NPs and also 

dictate the most suitable preparation method. In terms of drug release from PLGA NP, Sang 
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Yoo et al. reported that doxorubicin conjugated to PLGA NPs exhibited a loading efficiency 
of 96.6% and sustained release for over 25 days. In contrast, unconjugated doxorubicin in 

PLGA NPs had a loading efficiency of 6.7% and a release rate of around 5 days. Thus, the 
method used to prepare the NP has a great impact on drug release [251]. In conclusion, PLGA 

is one of the most studied and used polymers in biomedicine because to its combination of 

biodegradability, biocompatibility, tunable characteristics, and ease of formulation [252,257–
260].  

 

Figure 20. PLGA chemical structure. Adapted from [251,261] and created by BioRender.com, 

accessed on 29 September 2024.  

      7.2.4.2. Chitosan 

 Chitosan with the molecular structure shown in Figure 21 is the most important 
derivative of chitin, produced by removing the acetate moiety from chitin. Chitosan is obtained 
by the chemical modification of chitin in basic solutions at very high temperatures of 80–140 
°C for prolonged periods of time [251]. Chitosan is mainly composed of β(1-4)-linked 

glucosamine units, with varying amounts of N-acetylglucosamine units depending on the 
degree of deacetylation [253,262]. It is derived from crustacean shells such as shrimp, crabs, 
and insects, as well as from the cell walls of fungi (Figure 21). It is a naturally occurring 
polysaccharide, cationic, highly basic, mucoadhesive biocompatible polymer and approved by 
the U.S. FDA for tissue engineering and drug delivery [251,263,264]. This polymer is soluble 
in weak acidic environments but insoluble in water. The products of the breakdown of chitosan 
are entirely safe. Various deacetylation techniques are used to create water-soluble chitosan, 
which is vulnerable to lipases, lysozymes, and other enzymes [251,264]. By releasing the 

epithelium's tight connections, chitosan improves penetration. Both the paracellular and 
transcellular transport of medications are facilitated by chitosan. Chitosan forms a compound 
with negatively charged mucus through hydrophobic and ionic interactions as well as hydrogen 
bonding [264]. In addition to being a mucoadhesive, this polymer has been demonstrated to 
possess antibacterial and anticancer characteristics in its particles. Because of its high mucus-
binding properties as an adhesive, it increases adsorption into intestinal epithelial cells. Its total 
cationic charge, which produces electrostatic interactions with the negatively charged bacterial 
cell surface, is the source of its antibacterial effect [262–265]. The impacts on apoptosis, cell 
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cycle regulation, and metabolic pathways are what give it its anticancer effects. A variety of 
synthesis procedures for NPs made from chitosan or hybrid particles containing chitosan are 

being developed for a multitude of uses [264]. In conclusion, chitosan's intrinsic properties 
render it a highly valuable biomaterial with broad potential applications in medicine and 

biotechnology [253,263,266].  

 

Figure 21. Natural sources of chitin and chitosan derived from the N-deacetylation of chitin. 

Adapted from ref [267]. 

8. Role of AML12 Cell Line in Hepatic Research 

 The development of in vitro cell models has been a great contribution to science 
because it allows cells derived from various organisms and tissues to be maintained in an 
environment with precise and absolute control. Moreover, cell culture allows studies to be 

conducted with the same cell population for both the control and treatment groups. In the 
present study, the AML12 cell line (alpha mouse liver 12) was used, which was chosen because 

of its suitability for the intended purpose. This cell line is derived from genetically modified 
mouse hepatocytes, strain CD1, line MT42, which expresses human transforming growth factor 
alpha (TGFα)  [268]. These cells contain peroxisomes and are capable of forming structures 
that are morphologically similar to bile canaliculi. AML12 cells retain the ability to express 
serum proteins including albumin, alpha1 antitrypsin, transferrin, and GAP-binding proteins 
like connexins 26 and 32. The production of liver-specific proteins diminishes with time but 
can be reinstated by culturing them in serum-free conditions [268,269]. This cell line has been 
used in the study of many aspects of hepatic physiology, including lipid metabolism and 
mechanisms of action of drug delivery systems. All of these features, make AML12 cells an 

important cell line in the study of hepatic mechanisms and the development of new treatments 
against liver diseases [270]. 
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OBJECTIVES (ENGLISH) 

 

 It is thought that squalene, in conjunction with TXNDC5, exerts considerable biological 
effects in vitro. In order to gain further insight into this phenomenon, the following objectives 

have been established for a detailed characterization. 

1. To identify novel protein interactions involving TXNDC5 in the liver and to assess 

the impact of TXNDC5 deficiency on these interactions. 

2. Determining the influence of TXNDC5 on the gene and protein expressions 

associated with the ER stress pathways. 

3. To explore the influence of squalene, loaded into PLGA nanoparticles on oxidative 
and ER stress in a mouse hepatic cell line. 

4. To investigate the therapeutic effect of squalene by using chitosan as a novel drug 
delivery system for hepatocytes. 

 

OBJETIVOS (ESPAÑOL) 

Se cree que el escualeno, en combinación con TXNDC5, ejerce efectos biológicos 
considerables in vitro. Con el fin de obtener más información sobre este fenómeno, se han 
establecido los siguientes objetivos para una caracterización detallada. 

1. Identificar nuevas interacciones proteicas que impliquen a TXNDC5 en el hígado y 
evaluar el impacto de la deficiencia de TXNDC5 en estas interacciones. 

2. Determinar la influencia de TXNDC5 en las expresiones de genes y proteínas 
asociadas con las vías de estrés del RE. 

3. Explorar la influencia del escualeno, cargado en nanopartículas de PLGA, en el estrés 
oxidativo y del RE en una línea celular hepática de ratón. 

4. Investigar el efecto terapéutico del escualeno mediante el uso de quitosano como un 
nuevo sistema de administración de fármacos para los hepatocitos. 
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DISCUSSION 

 The present thesis employs a variety of methodologies to expand the understanding of 

the biological characteristics of minor components of EVOO, such as squalene, on hepatocytes.  

These findings led our research group to identify TXNDC5 as a novel protein–protein 

interaction partner of PRDX6 and HSPA9. The lack of interaction between TXNDC5 and 
PRDX6/HSPA9 in mouse hepatocytes may contribute to the impairment of the glutathione 

mechanism and lipid peroxidation, which in turn may contribute to the development of liver 
disease and its possible repercussions. However, the molecular mechanisms of TXNDC5 have 

not been extensively investigated, including its role in liver metabolism and ER stress. In this 
context, the study aimed at understanding how TXNDC5 protein interacts specifically through 

the three main ER-stress-activated signaling pathways: ATF6, EIF2AK3, and ERN1. Such an 

experimental setup afforded the necessary comprehensive understanding of TXNDC5 
functional relevance to the maintenance of cellular homeostasis upon the development of ER 

stress. Among the extensive beneficial effects of the MD, as elucidated by the minor 
component of EVOO, squalene has been shown to enhance the metabolic characteristics of 
hepatocytes and to safeguard against oxidative and ER stress, malignancy, and inflammatory 
responses. Therefore, this thesis describes the protective function of PLGA and chitosan-based 
squalene nanoparticles in regard to oxidative and ER stress in mouse hepatocytes. To address 
these issues and gain a deeper insight into the mechanisms of cellular uptake underlying the 

potential role of squalene, the function of TXNDC5 and the primary ER molecular mechanisms 
in stressful conditions were investigated. 

 

 

The first objective was to identify novel protein interactions involving TXNDC5 in the 
liver and to assess the impact of TXNDC5 deficiency on these interactions. This was addressed 
in the first manuscript of this thesis, entitled:   

1. Endoplasmic Reticulum Protein TXNDC5 Interacts with PRDX6 and HSPA9 to 
Regulate Glutathione Metabolism and Lipid Peroxidation in the Hepatic AML12 Cell 
Line 

 The objective of this study was twofold: first, to uncover novel protein interactions 

involving TXNDC5 in the liver and second, to assess the effects of TXNDC5 deficiency on 
these interactions. Furthermore, we investigated the impact of these interactions on the activity 
of iPLA2, glutathione (GSH), and lipid peroxidation, as well as the mRNA levels of key genes 
associated with HSPA9, PRDX6, and TXNDC5. TXNDC5 interacts with a wide array of 
proteins, playing essential roles in processes such as histone modification, DNA transcription, 
mRNA splicing, cell cycle regulation, signaling, mobility, metabolism, and protein degradation 
[161]. These interactions may contribute to the progression of diseases such as diabetes, 
neurological disorders, vitiligo, arthritis, and liver cancer [122,271]. For example, TXNDC5's 
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interactions with proteins such as NENF, PPP1R2, ALDOC, LDH, and PGD may elucidate its 
role in diabetes. Additionally, its dysregulation may affect the cell cycle via interactions with 

CDK5, histones, or transcription factors like ATF2 and ZNHIT2, which are linked to 
carcinogenesis [272,273]. Moreover, hepatic fat appears to regulate TXNDC5, particularly in 

the context of ER stress and its role in apolipoprotein B (APOB) regulation, which contributes 

to the development of steatosis [46]. 

 The results of the co-immunoprecipitation (co-IP) and mass spectrometry experiments 
identified HSPA9 and PRDX6 as novel TXNDC5-interacting proteins in the AML12 cell line 

(Figure 1, Manuscript 1). HSPA9, a member of the heat shock protein 70 family and a 
ubiquitous molecular chaperone in mammalian cells, has been linked to a variety of biological 

processes, including protein folding, the assembly of multi-protein complexes, protein 

trafficking, stress responses, mitochondrial biogenesis, and differentiation [274–276]. A 
number of malignancies, including leukemia, brain cancer, colorectal adenocarcinoma, and 

hepatocellular carcinoma, have been associated with elevated levels of Hspa9 expression [277–
280]. Increased HSPA9 expression has been linked to metastasis and early tumor recurrence in 
liver cancer. Furthermore, evidence indicates that overexpression of Hspa9 is sufficient to 
render breast cancer cells more aggressive. These findings suggest that HSPA9 may represent 
a promising target for cancer therapy. Additionally, numerous studies have established a 
correlation between elevated TXNDC5 expression and cancer [280,281]. There is a possibility 

that this may be linked to HSPA9. As illustrated in Figures 2A–C, Manuscript 1, TXNDC5 
inactivation has been demonstrated to reduce the expression of HSPA9 mRNA and protein 
levels, thereby inducing cell growth arrest and enhancing cell apoptosis. These findings are 
analogous to those of the RNA interference-based selective knockdown of Hspa9 expression 
[282]. 

 The reduction of a variety of cellular peroxides is catalyzed by the peroxiredoxin family 
of proteins, which represent an evolutionarily conserved group of antioxidants that protect cells 
from oxidative damage [283,284]. The peroxiredoxin family of proteins has been linked to a 
number of biological activities, including the oxidative stress response, cell proliferation, and 
differentiation [285]. PRDX6 is capable of reducing H₂O₂ and a number of phospholipid 
peroxides in the cytosol. It is highly expressed in several organs, including the liver, lung, and 
keratinocytes [283–286]. The current study demonstrates that TXNDC5 deficiency does not 
influence the mRNA level of Prdx6 in the AML12 cell line, although it induces a notable 
reduction in the protein level (Figure 3C–E, Manuscript 1). In pathological situations, there is 

evidence that Prdx6 differential expression may be impacted. Recent studies have indicated 
that Prdx6 mRNA levels decrease upon serum deprivation, and that keratinocyte growth factor 
is a strong inducer of Prdx6 expression in both liver cells and keratinocytes. The results 
demonstrated that H₂O₂ enhanced the expression of Prdx6 in mouse liver cells. The 
ubiquitin/proteasome system (UPS) plays a pivotal role in regulating fundamental biological 
processes such as cell growth, proliferation, the cell cycle, and apoptosis [287]. Dysregulation 
of these processes can lead to malignant transformation. Given that numerous cancer cells, 
including those of the colon and breast, exhibit a defective UPS and elevated proteasome 

activity, the inhibition of proteasomes in tumor cells has been demonstrated to facilitate the 
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accumulation of inhibitors of cyclin-dependent kinases, pro-apoptotic proteins, and tumor 
suppressor proteins, ultimately leading to cell cycle arrest and apoptosis [288–290]. To 

ascertain whether TXNDC5 could interact with the proteasome and thereby inhibit PRDX6 
protein expression, we used a proteasome inhibitor, MG-132, in the WT and KO AML12 cell 

lines. However, the results did not reveal any significant effect on PRDX6 protein expression 

in the cells, indicating that the proteasome is not the cellular target of these complexes (Figure 
2F, Manuscript 1). 

Recent research has demonstrated that increased Prdx6 expression can protect lung cells 

from oxidative stress-induced membrane lipid peroxidation and apoptosis in transfected cells 
and adenovirus-mediated transfer in mice [291,292]. Conversely, Prdx6 antisense suppression 

has been shown to increase oxidative stress susceptibility and cell death. However, our findings 

demonstrate a notable reduction in lipid peroxidation in the AML12 cell line following the 
absence of TXNDC5 and a decline in PRDX6 protein levels (Figure 3A, Manuscript 1). In 

addition to its role in lipid peroxidation, PRDX6 has been demonstrated to possess glutathione 
peroxidase and phospholipase A2 activities, which are increased concomitantly with Prdx6 
expression. Accordingly, this protein plays a significant role in membrane phospholipid 
metabolism [293,294]. As illustrated in Figure 3B–D, Manuscript 1, the present study 
confirmed that the GSH and iPLA2 activities were reduced in the AML12 knockout cells. This 
finding is consistent with the results of PRDX6 knockdown in A549, NCI-H460, and H1299 

cell lines via siRNA, in which a reduction in the iPLA2 and glutathione peroxidase activities 
was observed [294,295]. 

To evaluate the influence of Txndc5 in vivo, RNA sequencing was previously conducted. 
However, to ascertain its impact in vitro, a next-generation transcriptomic assay was performed 
[184]. Following the analysis of RNAseq data from both normal and TXNDC5-deficient 

AML12 cell lines, the data were summarized based on the liver transcripts using the 
aforementioned databases (Figure 4D, Manuscript 1). The impact of TXNDC5 on hepatic 
transcripts associated with HSPA9 was examined in the AML12 cell line. From the data 
presented in Table 1, Manuscript 1, the transcripts Dnaja3, Hsp90aa1, Mfn2, and Rps14 were 
selected for further analysis. The results demonstrate that there is an elevated in vitro 
expression of Dnaja3. The J-protein Dnaja3 is responsible for attracting substrates to Hspa9 
and is linked to the non-mitochondrial import functions of Hspa9 [296]. In two IL-7 responsive 
B-cell lines (human 697 pre-B and mouse mIL-7R expressing Ba/F3 cells), overexpression of 
Dnaja3 has been demonstrated to inhibit Stat5 phosphorylation and cell proliferation. A 

reduction in the abundance of Hspa9 may result in an increase in the amount of Dnaja3 in 
hematopoietic and mouse β-cell lines. However, it should be noted that Hspa9 and Dnaja3 
have also been established as regulators of p53 via a similar mechanism [297,298]. However, 
in liver cells, the absence of TXNDC5 has been shown to result in a reduction in both Hspa9 
and Dnaja3. It has been demonstrated that the level of Hsp90 expression in cancerous tissues, 
with particular relevance to hepatocellular carcinoma, is associated with a poorer prognosis 
and less favorable therapeutic outcomes [299,300]. Hsp90's anti-proliferative effects on cancer 
cells are largely mediated by the degradation of client proteins, including AKT and P53, which 

ultimately induce cancer cell apoptosis. The combined inhibition of Hsp90 and Hspa9 was 
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found to markedly diminish tumor growth in a liver cancer xenograft model. Additionally, the 
Hsp90 inhibitor was observed to enhance the expression of Hspa9 [300,301]. The present study 

indicates that Hsp90aa1 is downregulated in the absence of TXNDC5, and that Hspa9 is also 
downregulated. These findings are consistent with previous studies conducted in the liver. It is 

hypothesized that contact points between the ER and mitochondria (referred to as MAMs) in 

the liver may serve as important nodes for the control of lipid metabolism. However, ER stress 
was directly associated with altered triglyceride metabolism after Hspa9 or Mfn2 

overexpression in Huh7 cells, underscoring the significance of the two key partners in 
maintaining MAM integrity and activity [128,302]. Nevertheless, Mfn2 overexpression has 

been observed in vitro when Hspa9 expression is reduced and TXNDC5 is deleted. The 
deletion of HSPA9 has been demonstrated to result in an increase in reactive oxygen species 

formation in other biological systems. Consequently, cellular stress is induced by the deletion 

of RPS14, a gene that is frequently lost alongside HSPA9 on 5q-deletion as a result of 

ribosomal insufficiency and P53 activation [297]. It is postulated that haploinsufficiency of 

deleted genes, such as RPS14 and HSPA9, may play a role in bone marrow failure and 
inadequate hematopoiesis in hematopoietic cells by activating wild-type TP53 and inducing 
apoptosis [303]. Nevertheless, deletion of TXNDC5 has been observed to induce mRNA 
activation failure of Hspa9 and Rps14 in hepatic cells (Figure 4E, Manuscript 1). 

As illustrated in Figure 4F, Manuscript 1, the downregulation of TXNDC5 resulted in a 

reduction in the protein level of PRDX6 in the AML12 cell line. This may potentially influence 
the expression of numerous hepatic genes that are associated with PRDX6 (Table 2, Manuscript 
1). In the AML12 KO cells, the expression of several genes involved in glutathione 
metabolism, including Oplah, Gstm6, Gstt1, and Gstp3, was found to be decreased [304]. It is 
established that glutathione synthase deficiency results in oxidative damage to the red blood 
cell membrane. Furthermore, another known metabolic defect of the gamma-glutamyl cycle 
affects an ATP-hydrolyzing enzyme (5-oxo-L-prolinase) encoded by the OPLAH gene [305]. 
Furthermore, under conditions of oxidative stress, the expression of Gstm6, Gstt1, and Gstp3 

is decreased in glial cells of the retina, liver, and hepatocytes of rats, respectively [306–308]. 
The results demonstrated that Prdx5 was upregulated in AML12 cells in the absence of 
TXNDC5, whereas Prdx5 was downregulated in PRDX6 knockout HepG2 cells [309]. It has 
recently been demonstrated that Npm1, a DNA/RNA chaperone, stimulates Prdx6 expression 
and that Npm1 gene knockdown suppresses Prdx6 expression. Conversely, an increase in the 
Npm1 level has been shown to result in an increase in the Prdx6 level. Moreover, they are 
implicated in the ROS-P53 pathway, and their downregulation has been demonstrated to 
enhance the expression level of phosphorylated p53 and ROS content in HepG2 cells 

[293,310]. Therefore, our findings corroborate the observed reduction in Npm1 levels in 
AML12 cells concomitant with a decline in PRDX6 protein expression. Finally, the mRNA 
patterns of the predominantly liver-produced Serpina1a, Serpina1b, and Serpina3m 
demonstrated a significant reduction in expression in vitro when TXNDC5 was absent. Proteins 
associated with inflammation, such as the SERPINA1 family and TXNDC5, exhibit 
differential positive alterations in cutaneous squamous cell carcinoma and hepatocytes 
[186,311]. While the Serpina3m transcript levels exhibited a marked decline in liver cells, 
adenomas, and carcinomas, they demonstrated a tendency to decrease in non-neoplastic liver 
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cells. Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin) is the Serpina3m 
gene product that inhibits neutrophil elastase. Given its capacity to damage tissue, it has been 

proposed that elevated neutrophil elastase activity may contribute to the development of 
carcinogenic responses [312,313]. These findings suggest that the TXNDC5 and PRDX6 

complex, as observed in the current study, may be associated with the reduced neutrophil 

elastase activity resulting from Serpina3m deficiency. In line with these results, it is possible 
that TXNDC5 and its role in protein folding and the SERPINA family may interact with 

PRDX6 in the liver through an as yet unknown mechanism. A comprehensive summary of the 
findings is presented in Figure 22. 

 

Figure 22. A synopsis of the findings that were obtained in this objective. 
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The second objective, which was to determine the influence of TXNDC5 on the gene 
and protein expressions associated with the ER stress pathways, was addressed in the second 

manuscript of this thesis, entitled:   

2. TXNDC5 Plays a Crucial Role in Regulating Endoplasmic Reticulum Activity through 
Different ER Stress Signaling Pathways in Hepatic Cells 

This work aimed to elucidate the impact of TXNDC5 on gene and protein expressions 
pertaining to ER stress pathways. The results demonstrated that TXNDC5 deficiency resulted 

in a reduction in Ern1, Xbp1, Eif2ak3, and Sec61a1 expression and an increase in Hspa5, Atf4, 

and Ddit3 expression. No change was observed in Atf6 and Ssr2 expression. At the protein 
level, the absence of TXNDC5 was associated with a reduction in ERN1 and EIF2AK3 

expression, while the HSPA5 protein was upregulated. However, no change was observed in 
the ATF6 protein. The absence of TXNDC5 did not affect the pattern of mortality induced by 

the three known ER stressors, tunicamycin, palmitic acid, and thapsigargin, in the AML12 cell 
line. This was despite the observed enhancement of cellular ROS levels in TXNDC5-deficient 
cells. It is evident that TXNDC5 is the sole factor responsible for maintaining mitochondrial 
ROS levels during tunicamycin-induced ER stress. The application of these three agents 

resulted in increased Atf6, Hspa5, Atf4, Ddit3, Ern1, and Sec61a1 expressions in WT AML12 
cells, with the exception of a lack of induction of Eif2ak3, Xbp1, and Ssr2 in the presence of 
palmitic acid, thapsigargin, and tunicamycin, respectively. A more complex outcome was 
observed in cells lacking TXNDC5. In this context, while ATF6, HSPA5, and EIF2AK3 
exhibited no evidence of expression induction in the presence of palmitic acid and tunicamycin, 
ERN1 demonstrated such induction. The expression patterns of Xbp1 and Ssr2 were found to 
be analogous to those observed in WT cells. However, in the presence of thapsigargin, the 
absence of TXNDC5 facilitated the splicing of Xbp1. However, the expression of Sec61a1 was 

disrupted by the absence of TXNDC5 in the presence of tunicamycin. In conclusion, TXNDC5 
appears to regulate the activity of the ER, particularly affecting the induction of ATF6 and 
HSPA5 genes in response to palmitic acid, while also influencing the signaling cascade of 

EIF2AK3. 

Prior research has established a connection between TXNDC5 and a multitude of 
cellular processes as an ER molecular chaperone [161]. As demonstrated in Table 1, 

Manuscript 2, TXNDC5 deficiency has been linked to a decrease in the expression of ERN1, 
EIF2AK3, Xbp1, and Sec61a1, while there has been an increase in the expression of HSPA5, 
Atf4, and Ddit3. Other studies have also demonstrated a correlation between TXNDC5 and 
these proteins. In this context, the fragmentation of the ER and the altered expression of 
numerous ER proteins, including ATF6, HSPA5, ATF4, and CCAAT/enhancer-binding 
protein homologous protein, are caused by the downregulation of TXNDC5 in pancreatic β-
cells. Furthermore, reduced TXNDC5 levels have been linked to elevated expression of 
HSPA5, Ddit3, and eIF2a, which collectively contribute to ER stress and an increase in 

misfolded proteins in pancreatic β-cells [314,315]. In conclusion, TXNDC5 can activate ER 
stress cascades via HSPA5, either directly or indirectly. 
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In this report, three stressors have been utilized. Tunicamycin, which acts as an inhibitor 
of GlcNAc phosphotransferase, has been demonstrated to induce a significant accumulation of 

unfolded proteins, activate the UPR, increase Txndc5 expression levels, and ultimately result 
in apoptosis of human head and neck carcinoma cells [149]. Palmitic acid is a saturated fatty 

acid that has been demonstrated to induce ER stress and elevate UPR levels in well-

differentiated hepatocyte cell lines [316]. Thapsigargin, an inhibitor of Ca²⁺ ATPase, has been 
demonstrated to alter the concentration of Ca²⁺ within the ER lumen of mouse hepatocytes 

[317]. In the present study, all of the agents demonstrated a dose-dependent mortality in 
AML12 cells (Figure 1, Manuscript 2) and promoted TXNDC5 expression (Figure 4, 

Manuscript 2). The overexpression of Txndc5 has been observed in various studies to occur in 
laryngeal squamous carcinoma cells, colorectal cancer cells, and liver and kidney cells under 

circumstances of ER stress. In consideration of the aforementioned observations, it can be 

postulated that TXNDC5 plays a role in the ER stress response induced by these agents, 

potentially acting as a protective factor. However, the absence of TXNDC5 did not result in 

any alterations to the survival patterns, in stark contrast with other agents such as H2O2 
[187,318–320]. Therefore, the absence of TXNDC5 is insufficient to alter cell survival in 
response to these ER stressors. 

Our findings indicate that the deficiency of TXNDC5 can markedly induce cellular ROS 
in hepatocytes, as illustrated in Figure 2, Manuscript 2. These findings corroborate those of 

previous studies which demonstrated an enhancement of ROS in the absence of TXNDC5 in 
endometrial, ovarian, and colorectal tissues. The silencing of NR4A1 in endometrial cancer 
cells has been shown to result in a significant increase in ROS levels, which can be attributed 
to a reduction in TXNDC5 and IDH1 expression levels. This is corroborated by a notable 
elevation in ROS and oxidative/ER stress following TXNDC5 silencing [122]. The ER 
maintains dynamic contact with mitochondria, which are collectively referred to as 
mitochondria–ER contacts. This contact plays an essential role in regulating mitochondrial 
function. For instance, calcium transfer at these sites may lead to mitochondrial calcium 

overload, which can subsequently induce apoptosis. Mitochondrial malfunction and disruption 
of protein translocation, translation, and folding within this organelle can result in the 
phenomenon of "mitochondrial stress." ER stress and mitochondrial stress initiate a shared 
downstream signaling pathway involving the phosphorylation of eIF2α, which represses global 
translation [321]. The results demonstrated that the absence of TXNDC5 was unable to induce 
mitochondrial ROS in hepatocytes, thus indicating that this process is TXNDC5-dependent. 
Nevertheless, these findings are not consistent with regard to the role of ER stress. All ER 
stressors resulted in a reduction of the mitochondrial membrane potential in TXNDC5-KO 

cells. In cells lacking TXNDC5, tunicamycin caused a reduction in mitochondrial membrane 
potential (Figure 3, Manuscript 2). In contrast, the presence of the chemical did not have this 
effect on WT cells. In this context, our previous findings indicate that TXNDC5 directly 
interacts with HSPA9 as a mitochondrial chaperone protein involved in protein folding and 
transport. The downregulation of HSPA9 in hepatocytes following the knockdown of 
TXNDC5 suggests that this protein may play a significant role in protecting mitochondria 
against tunicamycin [45]. 
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The lack of TXNDC5 had no impact on the expression of ATF6 in the presence of 
tunicamycin and thapsigargin (Figure 5A, Manuscript 2). Conversely, it effectively attenuated 

the induction observed in response to palmitic acid. Prior research has identified a distinctive 
positive feedback loop comprising the TGF1–ATF6–TXNDC5–TGFBR1 signaling axis in 

kidney, heart, and lung fibroblasts. The loop begins with TGF1, which causes the induction of 

TXNDC5 through ER stress and ATF6-mediated transcriptional control. Our findings indicate 
that TXNDC5 may play a role in certain circumstances [125,175,176,322]. Two ER stressors, 

tunicamycin and thapsigargin, do not appear to influence ATF6 levels, whereas palmitic acid 
appears to require TXNDC5 to induce this ATF6 effect (Figure 9, Manuscript 2). 

 The detachment of the chaperone HSPA5 from the luminal region of the ER integral 

membrane proteins EIF2AK3, ERN1, and ATF6 represents a pivotal step in the induction of 

ER stress in human leukemia and bladder carcinoma cell lines [323]. Lee et al. demonstrated 
that the orphan nuclear receptor 4A1 (NR4A1) is closely associated with Txndc5-induced 

transcriptional activity. Furthermore, they showed that ER fragmentation and altered 
expression of Hspa5 are outcomes of Txndc5 downregulation in pancreatic malignant cells. 
The data acquired from the hepatic AML12 cell line demonstrate that the expression of HSPA5 
is modified by the absence of TXNDC5 (see Table 1, Manuscript 2). Furthermore, our results 
demonstrate that, in the absence of TXNDC5, ER stressors modify the protein level of HSPA5, 
with the exception of palmitic acid as a saturated fatty acid (Figure 5B, Manuscript 2). This 

observation provides compelling evidence that HSPA5 may be a key regulator of lipid 
metabolism, in addition to TXNDC5 [188]. Indeed, our findings revealed elevated protein and 
mRNA levels of HSPA5, something observed in the group of rats fed a high-fat diet, which 
lends further support to this notion [271]. Moreover, obese mice demonstrated elevated hepatic 
levels of Hspa5 mRNA in response to ATF6 and EIF2AK3 activation. In contrast, the 
overexpression of Hspa5 in hepatocytes has been observed to reduce indicators of ER stress, 
inhibit the cleavage of SREBP1c, and suppress the transcription of SREBP1c and SREBP2 
target genes. This has been shown to result in a significant reduction in hepatic cholesterol 

levels [324]. Moreover, the activation of JNK, which serves as a central mediator of palmitic 
acid-induced hepatic lipoapoptosis, has been observed to result in the suppression of Hspa5 in 

this cell line. This saturated fatty acid has been demonstrated to induce lipotoxicity and insulin 
resistance in both mouse and human hepatocytes [147,325]. Additionally, our previous findings 
indicate that TXNDC5 plays a direct role in regulating PRDX6. The absence of TXNDC5 has 
been shown to result in the downregulation of PRDX6. Thus, the findings of the present study 
provide further evidence supporting the hypothesis that TXNDC5 is linked to the HSPA5 
response to palmitic acid, and it is possible that PRDX6 plays a part in this pathway through a 

protein depalmitoylation process [45,326]. 

 The influence of TXNDC5 depletion on the EIF2AK3 cascade, previously designated 
as PERK, was also investigated. In the wild-type cell line, the mRNA expression levels of ER 
stress-related markers, including Eif2ak3, Atf4, and Ddit3, were observed to increase in 
response to various ER stressors. The protein expression of EIF2AK3 displayed a divergent 
pattern in tunicamycin and palmitic acid exposure, suggesting that these stressors are involved 

in post-transcriptional regulation. Nevertheless, TXNDC5-deficient AML12 hepatocytes 
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demonstrated a disruption in EIF2AK3 expression when subjected to tunicamycin and palmitic 
acid (Figure 6A, Manuscript 2). Negative feedback loops intrinsic to the UPR lead to a rapid 

downregulation of EIF2AK3-EIF2α signaling in CHO cells, largely due to the upregulation of 
Ddit3 and its downstream targets [129]. Moreover, the diminution of EIF2AK3-EIF2α 

signaling has been evidenced to precipitate the emergence of diabetes phenotypes in murine 

models of EIF2AK3 deficiency [327]. Conversely, the disruption of the EIF2AK3 pathway has 
been observed to result in the enhanced production of ROS during ER stress in mouse 

fibroblasts [328]. The expression levels of Eif2ak3 and Txndc5 in NIH-3T3 fibroblasts 
demonstrated a gradual increase over time under stressful conditions, indicating the presence 

of a coordinated regulatory mechanism [125]. Conversely, thapsigargin was observed to 
facilitate the phosphorylation of EIF2AK3, which was significantly diminished by the 

overexpression of Hspa5 in the context of hepatic steatosis in mice [317]. In contrast to the 

aforementioned observations, thapsigargin proved to be an exception in our experimental 

setting. Notably, the presence of this compound led to a notable stimulation of EIF2AK3 

expression, even in the absence of TXNDC5. These findings suggest that TXNDC5 may serve 
as a critical factor in the induction of EIF2AK3 in hepatocytes under specific stressful 
conditions (as illustrated in Figure 10, Manuscript 2). 

 The absence of TXNDC5 had no discernible impact on the expression of Atf4 and Ddit3 
in AML12 cells subjected to ER stress, as evidenced by the data presented in Figures 6B and 

6C, Manuscript 2. The results of recently conducted studies indicate that the expression patterns 
of Atf4, Ddit3, and apoptosis, induced by silencing of NR4A1; a modulator of TXNDC5, 
regulate ER stress in a number of cellular lines, including MCF-7, RKO, MDA-MB-231, and 
Jurkat. Deletion of DDIT3 has been observed to partially protect both cells and animals from 
ER stress-induced cell death; this is in contrast to the effects observed with overexpression of 
Ddit3, which in the absence of other stimuli has been demonstrated to trigger cell death [329]. 
DDIT3 has been linked to the overexpression of death receptor 5 (DR5) and the downregulation 
of the anti-apoptotic protein BCL2 [330,331]. Conversely, DNA damage-inducible 34 protein 

(GADD34) has recently been identified in mouse fibroblasts as a target of DDIT3. Therefore, 
the deletion of either DDIT3 or GADD34 protects cells against acute ER stress-induced cell 
death [332]. Furthermore, the absence of TXNDC5 does not appear to suppress Atf4 and Ddit3 
expression in AML12 cells under ER stress, indicating that these cells may undergo apoptosis. 
Additionally, our findings suggest that TXNDC5 is not directly involved in the upregulation 
of Atf4 and Ddit3 expression in hepatocytes under ER stress conditions. 

 A reduction in one of the three ER stress markers commonly leads to the activation of 
other ER stress markers in secretory goblet cells [333]. The EIF2AK3 and ERN1 pathways 
have been demonstrated to regulate ER chaperones, ER-associated degradation, and other 
protective activities in a range of cell types, including mouse embryonic cells, NIH-3T3 
fibroblasts, human embryonic kidney 293 cells, and Phoenix-Eco cells [131,334,335]. 
Additionally, Tsuchiya et al. observed an increase in Eif2ak3 expression in MIN6 cells lacking 
ERN1 protein [123]. It can therefore be surmised from the evidence that disruptions to 
EIF2AK3 in TXNDC5-deficient AML12 cells may result in increased ER stress and the 

consequent activation of other ER stress sensors (Figure 10, Manuscript 2), such as ERN1. 
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Indeed, hepatocyte expression patterns demonstrated that the expression of ERN1 may be 
enhanced in the presence of ER stress when the expression of EIF2AK3 is disrupted in the 

absence of TXNDC5, as compared to the WT cells (Figures 6A and 7A, Manuscript 2). It may 
be proposed that TXNDC5 exerts a dynamic role in the protection of the ER from stress in the 

EIF2AK3 and ERN1 pathways in mouse hepatocytes, which is independent of the pro-

apoptotic Bax (BCL2-associated X protein) and Bak (BCL2 antagonist of cell death) proteins 
[336]. These have the potential to enhance ERN1 signaling. This could provide an explanation 

for why, in spite of the observed increase in ERN1 expression and EIF2AK3 disturbance, no 
changes in cell mortality were observed in TXNDC5-deficient hepatocytes. 

 The endoribonuclease ERN1 acts on Xbp1 mRNA as a substrate, cleaving a 26-base 

intron [134]. Evidence has emerged indicating that mice lacking ERN1 and XBP1 display 

embryonic abnormalities in liver development and B lymphocyte differentiation [337,338]. 
The evidence suggests a link between the ERN1–XBP-1 signaling pathway and TXNDC5, as 

demonstrated by observations indicating that pharmacological inhibition of ERN1 and 
knockdown of XBP1 result in reduced TXNDC5 expression in pulmonary fibroblasts [125]. 
However, the present study in mouse hepatocytes indicates that the absence of TXNDC5 is 
associated with a reduction in Xbp1 expression compared to the WT cells (Figure 7B, 
Manuscript 2). Furthermore, it was observed that the absence or presence of TXNDC5 did not 
result in the induction of Xbp1 by palmitic acid and thapsigargin. 

 Chen et al. put forth the hypothesis that ERN1 may regulate TXNDC5 through Xbp1 
mRNA splicing in lung fibroblasts [125,339], and that it plays a role in MASLD, in which 
DDIT3, caspase-12, and JNK participate in ER stress by enhancing its activities [339]. In 
contrast, autophosphorylation of ERN1 may activate downstream genes without causing Xbp1 
mRNA splicing, indicating that ERN1 can exist in a state other than "on" or "off" in mouse 

embryonic fibroblasts and human pancreatic beta cells [340,341]. It has been postulated that 
XBP1 may interact with TXNDC5 indirectly, by binding to the regulatory regions of 
downstream target genes. This has been observed in C2C12 myoblasts and MIN6 cells, where 
XBP1 has been seen to interact with HSPA5. This interaction may serve to modulate Txndc5 
expression [342]. The present study demonstrates that thapsigargin is an effective agent for 
converting Xbp1 from its unspliced form to the spliced variant. Moreover, TXNDC5 deficiency 
has been observed to result in an increased prevalence of the latter form in AML12 cells (Figure 
7C, D, Manuscript 2). To conclude, the lack of TXNDC5 in hepatocytes modulates Xbp1 
splicing following thapsigargin exposure in the ERN1 cascade, suggesting a potential role for 

TXNDC5 and its mRNA expression in this specific splicing pathway. It is plausible that ERN1 
influences Xbp1 splicing not solely at the transcriptional level. 

 ERN1 and XBP1 have been observed to target the translocon and translocon auxiliary 
components in mouse embryonic fibroblasts and HEK293T cells [131,133]. Studies conducted 
on HeLa and Cos-7 cells have demonstrated that XBP1 splicing is optimized when ERN1 

interacts with the translocons and SRP facilitates the recruitment of unspliced XBP1 (XBP1u) 
to the ER [343]. This indicates that ERN1 may function in a physical association with the 
translocons, in contrast to the observed behavior of ATF6 or EIF2AK3. SEC61A1, which 
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encodes an ER protein–translocation channel, and SSR2, a translocon auxiliary protein, are 
involved in the targeting of proteins to the ER via the SRP pathway. Moreover, the repression 

of the SEC61A1 translocon subunits appeared to exclusively and specifically activate the 
ERN1 branch, while also upregulating the SSR2 in human embryonic kidney cells and mouse 

embryonic fibroblasts [126,344]. As illustrated in Figure 8A, Manuscript 2, the present report 

indicates that Ssr2 expression was not significantly induced by ER stress in TXNDC5 knockout 
cells. This is in contrast to the findings observed in WT cells, where Ssr2 was induced by 

palmitic acid alone. Conversely, the expression of Sec61a1 was augmented in WT cells via all 
ER stressors, however no alterations in tunicamycin exposure were exhibited by TXNDC5-KO 

cells (Figure 8B, Manuscript 2). This observation is consistent with previous findings that 
Sec61a1 expression is uniquely regulated by the ERN1 cascade. Furthermore, it is possible that 

translocons may be regulated by other mediators, such as DDIT3 and HSPA5. The 

downregulation of SEC61A1 and SEC61B has been observed to stimulate Ddit3 expression in 

myelogenous leukemia cells [130,344,345]. However, DDIT3 was found to be upregulated in 

SEC61A1-induced HeLa cells, which is consistent with the findings presented here. 
Furthermore, Txndc5, Sec61a1, and Ssr2 are observed to be upregulated in XBP-1-transduced 
NIH-3T3 fibroblasts and murine macrophage cells. However, an alternative study 
demonstrated that in the presence of sertraline, an anti-stress drug, the mRNA level of Txndc5 
was reduced, while Ssr2 and Ern1 were increased in HepG2 cells [133,346]. It seems 
reasonable to conclude that the regulation of translocons by DDIT3 and HSPA5 is dependent 
on the specific tissue under consideration. These findings suggest a feedback mechanism 

whereby TXNDC5 can regulate translocon expression by modulating the expression of the 
ERN1 cascade via the XBP1 mediator in conditions of ER stress [126,133,347]. Moreover, 
ERN1 may be employed to assess the status of the translocon in mouse hepatocytes. 
Additionally, the expression of Ssr2 and Sec61α1 ER protein–translocon channels is subject to 
selective influence by the absence of TXNDC5, with the extent of influence contingent upon 
the source of ER stress. A summary of the findings is provided in Figure 23. 
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Figure 23. A synopsis of the findings that were obtained in this objective. 
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The third objective, which sought to elucidate the influence of squalene loaded into 
PLGA nanoparticles on oxidative and ER stress in a mouse hepatic cell line, was addressed in 

the third manuscript of this thesis, entitled:   

3. Squalene Loaded Nanoparticles Effectively Protect Hepatic AML12 Cell Lines against 
Oxidative and Endoplasmic Reticulum Stress in a TXNDC5-Dependent Way 

 The objective of this study was to substantiate the impact of squalene, the primary 
component of the unsaponifiable fraction in virgin olive oil, encapsulated in PLGA 

nanoparticles (PLGA NPs), on oxidative and ER stress in a mouse hepatic cell line. Moreover, 

an investigation has been conducted to ascertain whether TXNDC5 putative molecular 
pathways are dependent or independent of those involved in hepatic stress. In this context, 

PLGA, a naturally derived and biodegradable polymer, is being investigated for its potential to 
facilitate the transport of compounds with therapeutic relevance. Squalene is a naturally 

occurring cholesterol precursor that forms stable colloidal phases in water [348]. It is also a 
carrier of many substances, and considering the biological action of squalene, the effect could 
be a sum of actions [349]. Our findings demonstrated that squalene was successfully 
encapsulated in PLGA NPs, resulting in stable NPs. The synthesis of squalene/PLGA NPs 

using the single-emulsion solvent evaporation method is a straightforward preparation 
procedure that could facilitate their successful clinical translation. 

 A substantial body of evidence, derived from microscopic observations of PLGA NPs 
encapsulating fluorescent probes and/or the measurement of the probe's intracellular levels, 
indicates that PLGA NPs are rapidly and efficiently taken up by cells [350,351]. The 

assessment of squalene content in our study demonstrated that PLGA nanoparticles possess a 
remarkable capacity to transfer squalene as a nanocarrier in mouse hepatocytes (Figure 3, 
Manuscript 3). As has been demonstrated in a number of studies, PLGA nanoparticles are 
highly effective nanocarriers for the encapsulation and delivery of a range of anti-cancer 
agents, including oleanolic and ursolic acids, in three different cell lines: the human hepatoma 
cell line (HepG2), the human epithelial colorectal adenocarcinoma cell line (Caco-2), and the 
human retinoblastoma cell line (Y-79) [261,352]. Additionally, PLGA nanoparticles have been 
utilized for the encapsulation of several pharmaceuticals, such as haloperidol and estradiol. For 
instance, PLGA-based curcumin nanoparticles have demonstrated an entrapment efficiency 

range of 77 to 85% [353]. 

 Intracellular ROS production is essential for the normal functioning of cells and the 
maintenance of physiological processes. However, when the production of ROS exceeds the 
intrinsic antioxidant capacity of cells, oxidative stress occurs, leading to significant damage to 
cellular macromolecules [354]. The antioxidant properties of squalene are closely associated 

with its distinctive triterpene structure, which enables it to effectively scavenge detrimental 
free radicals [355]. The protective effects of squalene against oxidative destruction have been 
previously documented in rodent models. In cell culture assays, squalene can protect a number 
of different cell types, including murine macrophages, Chinese hamster pulmonary fibroblasts 
(V79 cells), human monocytes, and mammary epithelial cells (MCF10A), from damage caused 
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by hydrogen peroxide [356–359]. This occurs in a dose-dependent manner, with the antioxidant 
effect of squalene increasing with higher doses. Furthermore, our findings indicate that 

squalene can also reduce the level of ROS produced in mouse hepatic cells. The objective of 
the subsequent investigation was to ascertain whether TXNDC5 deletion contributes to 

squalene protection against oxidative stress. ROS influence ER homeostasis and protein 

folding directly or indirectly, causing ER stress and potentially leading to cell death in cases of 
extreme ER stress [360,361]. TXNDC5 appears to be involved in the formation of ROS and 

ER stress, as evidenced by an accumulating body of data. It has previously been demonstrated 
that inhibiting TXNDC5 expression via knockdown induces ROS and ER stress in pancreatic 

cancer cells. Conversely, increasing TXNDC5 expression in lipid endothelial cells effectively 
reduces ROS production and protects cells [362,363]. The results of the present study 

demonstrate that in AML12 cells, as illustrated in Figure 4A, Manuscript 3, there was an 

inverse and statistically significant difference between ROS content and TXNDC5 in response 

to squalene exposure. Specifically, in the absence of TXNDC5, ROS levels were elevated, 

while in WT samples, ROS levels were decreased. Upon exposure to an oxidative stimulus 
(Figure 4B, Manuscript 3), a notable decline in ROS levels was observed in the squalene-
treated WT cells, whereas an opposite trend was evident in TXNDC5-KO cells. This finding 
corroborates previous research indicating that oxidative stress-induced TXNDC5 plays a role 
in proper protein folding through its disulfide isomerase activity [364]. In conclusion, these 
results demonstrate that squalene can alter ROS production in oxidative stress, depending on 
TXNDC5 (Figure 9, Manuscript 3). The viability of cells was evaluated in different 

concentrations of H₂O₂ based on TXNDC5 elimination. In all concentrations tested, the 
absence of squalene resulted in a significant reduction in the viability of mouse hepatocytes in 
the absence of TXNDC5 (Figure 5D, Manuscript 3). However, the viability of both cell lines 
was enhanced when the cells were treated with squalene and exposed to 20- and 25-mM 
concentrations of H2O2 (Figure 5D1 and D2, Manuscript 3). In light of these findings, 
TXNDC5 may enhance the efficacy of squalene in promoting AML12 cell viability. 
Additionally, it may function as an oxidative stress-induced survival factor that regulates 
ROS/ER stress signaling, enabling AML12 cells to withstand oxidative stress. However, it is 
not the sole factor, and squalene may circumvent its influence. 

 Given that the accumulation of lipid peroxides is detrimental to cell viability, the 
majority of mammalian cells utilize the phospholipid peroxidase glutathione peroxidase 4 
(GPx4) to repair damaged lipids. The inhibition of this process can lead to ferroptosis. Prior 
research has demonstrated that oxidative stress diminishes GPx activity and elevates MDA 
accumulation (a primary product of lipid peroxidation) in the plasma and liver of piglets 

[365,366]. Our present study findings, as illustrated in Figure 6C and D, Manuscript 3, 
substantiate that H₂O₂ -induced oxidative stress reduces the mRNA level of Gpx4 in WT and 
KO mouse hepatic cells. The accumulation of squalene in cholesterol auxotrophic lymphomas 
has been demonstrated to inhibit oxidative cell death through the induction of GPx4 [367]. The 
oral administration of squalene was observed to improve the redox status of rats following 
exposure to cyclophosphamide-induced oxidative stress, as evidenced by an increase in GPx 
activity within the heart, testis, and urine bladder, and the normalization of the alterations 
observed in Gpx4 within the heart and hemolysate of red blood cells [368,369]. Furthermore, 
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our findings indicate that Gpx4 is induced in the presence of squalene in WT and TXNDC5-
deficient cells. When both cell types were exposed to H₂O₂, incubation with squalene rescued 

the decreased Gpx4 expression regardless of TXNDC5 (Figure 6, Manuscript 3). This 
mechanism may contribute to the survival of TXNDC5-deficient mouse hepatocyte cells 

against H₂O₂-induced oxidative stress through the therapeutic action of squalene (Figure 9, 

Manuscript 3). 

 TXNDC5 is a thioredoxin comprising a protein disulfide isomerase-like domain, which 
is postulated to catalyze disulfide formation for the purposes of facilitating protein folding or 

controlling protein function when faced with ER stress [370]. Following exposure to 
thapsigargin, which induces ER stress, the viability of WT and KO cell lines was observed to 

be analogous (Figure 7A, B, Manuscript 3). Sullivan et al. demonstrated that TXNDC5 could 

protect endothelial cells from ER stress-induced apoptosis [371]. To date, the principal 
mediators of ER stress-induced apoptosis have been identified as DDIT3, JNK, and cleaved 

caspase-12. As a downstream protein, DDIT3 plays a role in ER stress-induced apoptosis and 
can be triggered by EIF2AK3, ERN1, and ATF6 [329]. The ER stress sensor protein, ERN1, 
functions as both a protein kinase and an endoribonuclease, and is a transmembrane protein 
that can regulate its own expression [124,372]. Another ER stress sensor, ATF6, is a type II 
transmembrane protein that up-regulates chaperones and ERAD pathway components [373]. 
EIF2AK3 is important for reducing workload by blocking mRNA translation and, in 

consequence, stopping further protein synthesis [127]. To ascertain the role of TXNDC5 
mediators in ER stress, gene expression analysis was conducted on Atf6, Ern1, and Eif2ak3 in 
the presence of squalene loaded in PLGA (Figure 8, Manuscript 3). In the context of ER stress-
induced effects, Chawsheen et al. observed that the knockdown of TXNDC5 in human lung 
cancer cells accelerates the unfolded proteins and induces ER stress, which in turn increases 
the expression of Eif2ak3, Ern1, and Atf6 [151]. 

 In accordance with the aforementioned findings, the downregulation of TXNDC5 was 
observed to elevate the mRNA levels of ER stress markers in mouse hepatic cells (see 
Supplementary Figure S2, Manuscript 3). In the presence of induced ER stress, squalene was 
observed to decrease Ern1 expression in WT cells in comparison to KO (Figure 8C, Manuscript 
3). However, an inverse outcome was noted with respect to Eif2ak3 expression, which 
exhibited a decline in TXNDC5-deficient cells, while no notable alteration was discerned in 
Atf6 (Figure 8C, D, Manuscript 3). A series of experiments demonstrated that the knockout of 
ATF6 impeded the elevation of Txndc5 mRNA. TXNDC5 occupies a downstream position 

with respect to ATF6 in cardiac, kidney fibroblasts, and stellate cells [173,176,177]. In 
accordance with the aforementioned outcomes, it was postulated that TXNDC5 may be located 
downstream of ATF6 and upstream of EIF2AK3 and ERN1 in hepatic cells. Based on this 
hypothesis, it can be proposed that TXNDC5 may regulate ER activity through disparate 
signaling pathways during periods of stress; additionally, squalene may reduce cellular 
mortality by diminishing Ern1 or Eif2ak3 expression as ER stress markers in hepatic cells, 
contingent on TXNDC5. A synopsis of the results is presented in Figure 24. 
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Figure 24. A synopsis of the findings that were obtained in this objective. 
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The fourth objective, which concerns the enhancement of the therapeutic effect of 
squalene through the development of a novel drug delivery system for hepatocytes based on 

chitosan, is addressed in the fourth manuscript of this thesis, entitled:   

4. Chitosan Nanoparticles, a Novel Drug Delivery System to Transfer Squalene for 
Hepatocyte Stress Protection 

 Chitosan-based systems have been employed in a plethora of applications within the 
food and biochemical industries, largely due to their capacity to encapsulate a diverse array of 

ingredients [374]. The initial method described in the literature for the preparation of CSNPs 

involved emulsification and cross-linking. In this study, CSNPs were prepared by the addition 
of a negatively charged sodium tripolyphosphate solution to a positively charged chitosan 

solution under magnetic stirring at room temperature, followed by an ultrasound approach 
[375,376]. Initial experiments were conducted using two chitosan samples with distinct 

molecular weights, namely low (LMw) and high (HMw) molecular weight. As the biophysical 
characterization of PLGA-squalene was previously documented in our previous publication 
[187], the particle size, surface charge, and EE% of all CSNPs were also evaluated and are 
presented in Tables 1 and 2, Manuscript 4. An increase in chitosan Mw was observed to result 

in an increase in the average particle size from 262 to 473 nm, accompanied by a change in 
PDI from 0.35 to 0.53. These findings align with previous observations that higher Mw 
chitosan yields larger nanoparticles [377–379]. The PDI was found to be low for all NPs 
evaluated, indicating that a homogeneous dispersion was obtained. Additionally, it was 
observed that a higher variety of particle sizes were obtained when a solution of larger polymer 
chains was used. The positive charge of chitosan enables it to form a robust interaction with 
negatively charged molecules, such as sodium tripolyphosphate, while maintaining its intrinsic 
activity. In accordance with the existing literature, an analysis of the differences between the 

two CSNPs revealed a similar trend as observed for the particle size, namely that a higher 
surface charge was obtained for particles formed by polymers with a longer chain [380,381]. 
The size and PDI of a nanoparticle formulation exert a considerable influence on the loading 

and release of a drug [382]. The results indicated that the CS-SQ NPs were comparatively 
larger than CSNPs, which is consistent with the findings of Keawchaoon and Yoksan using 
carvacrol [383,384]. The positive surface charge of CS-SQ NPs is primarily attributable to the 
cationic nature of chitosan, which exhibits protonated amine groups in aqueous solutions at 
neutral to slightly acidic pH. The hydrophobic substance squalene is encapsulated within the 
nanoparticle by means of hydrophobic interactions. Consequently, the positive surface charge 

is sustained as a result of the protonation of chitosan [385]. 

 To confirm the encapsulation of squalene within the NPs, a Fourier transform infrared 
(FTIR) analysis was conducted (Figure 2, Manuscript 4). The various synthesized samples 
were studied in comparison with squalene and chitosan [385,386]. The ATR-FTIR spectra of 
the chitosan-squalene NPs exhibited the presence of characteristic peaks in the range of 2 800–

3 000 cm-1, which corresponded to the C–H stretching of squalene, and in the range of 1 000–
1 100 cm-1, which were indicative of the C–O–C vibration of chitosan. The selection of these 

peaks was based on their capacity to provide a qualitative measure of the encapsulation process. 
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The C–H stretching bands of squalene were selected due to their pronounced intensity under 
the specified experimental conditions, thereby providing a straightforward method for 

evaluating the relative quantity of squalene present in the nanoparticle system. While the C=C 
stretching (approximately 1 640 cm-1) is also a distinctive feature of squalene, the C-H 

stretching bands yielded more conspicuous signals for monitoring the encapsulation process 

with greater accuracy. This approach enabled the differentiation of the C-H stretching 
vibrations of squalene from those of chitosan within the CS-SQ NPs. For chitosan, the C–O–C 

vibration (1 000–1 100 cm⁻¹) was selected as it is indicative of the glycosidic bond structure of 
the polysaccharide, thereby confirming its presence in the nanoparticles. While other signals, 

such as the amide II band (approximately 1 550 cm⁻¹) and the CO–H band (approximately 1 
410 cm⁻¹), are also characteristic of chitosan, the C–O–C peak enabled the reliable 

identification of chitosan within the system, without interference from other bands [387–389]. 

By calculating the intensity ratios of the squalene:chitosan bands (at 2 800-3 000 vs. 1 000-1 

100 cm-1), it was observed that the LMw CS-SQ NPs (0.8) exhibited a higher ratio than the 

HMw CS-SQ NPs (0.3), thereby supporting the aforementioned claim of a higher encapsulation 
efficiency in LMw chitosan. These findings were corroborated by the results of GC-MS, which 
indicated higher amounts of squalene in LMw CS-SQ NPs than in HMw CS-SQ NPs (Table 2, 
Manuscript 4), using the equations provided in the experimental section. The encapsulation 
efficiency of squalene-loaded NPs has been documented in the literature to exhibit considerable 
variability, contingent on the NP type and the synthetic methodology employed, with reported 
values spanning a range of 26 to 82% [385,387,389]. 

 Scanning electron microscopy (SEM) and scanning transmission electron microscopy 
in scanning electron microscopy (STEM in SEM) were employed to examine the morphology 
of the LMw NPs. As illustrated in Figure 3A Manuscript 4, the SEM image of the 
morphological construction of CSNPs exhibited particles with a slightly spherical morphology. 
The CS-SQ NPs exhibited an increase in size and a range of shapes due to the presence of 
squalene and the occurrence of aggregation. Another effective approach for elucidating the 

morphology of CSNPs is STEM in SEM (Figure 3B, Manuscript 4). The loading of squalene 
on CSNPs has been demonstrated to exert an influence on the shape of the NPs, as previously 
observed by other research groups [385,389]. It can be concluded that the addition of squalene 
during the synthesis process affects both the shape and size of chitosan nanoparticles. This 
observation was consistent with previous findings indicating that the presence of diverse 
components, including curcumin, oregano essential oil, and lipids, can enhance the size of 
CSNPs while maintaining their spherical shape [390–392]. Furthermore, the sizes obtained by 
SEM were smaller than those observed with DLS. This outcome was anticipated, given that 

the particles were subjected to desiccation prior to observation. In contrast, the DLS method 
provided insight into the hydrodynamic diameter of the particles. It was established that 
chitosan particles exhibited significant swelling in aqueous solution [393].   

 At present, chitosan is widely regarded as a safe polymer for the delivery of 
pharmaceuticals. The United States Food and Drug Administration has granted approval for its 
use as a wound dressing [394]. The results demonstrated that, due to the prolonged circulation 

time in vivo and enhanced permeability and efficacy of the drug, chitosan nanoparticles loaded 
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with drugs were successfully concentrated in tumor tissues of mice, with a superior antitumor 
effect and reduced toxicity [395]. The cytotoxicities of the CS-SQ NPs and CSNPs were 

evaluated using MTT colorimetric assays on two distinct cell lines: The cell lines used in this 
study were AML12 WT, which are mouse hepatocyte cells, and AML12 KO, which are mouse 

hepatocyte cells lacking the expression of TXNDC5 protein. Both cell lines exhibited 

heightened sensitivity within 72 hours of treatment. The MTT assays indicated that 24 and 48 
hours were safe for a maximum concentration of 150 µM on both cells, with cell viability 

exceeding 85% (Figure 4, Manuscript 4).  The results of this study corroborate those of 
previous studies involving chitosan-curcumin nanoparticles and doxorubicin–chitosan 

polymeric micelles for targeting the liver and spleen, confirming the absence of cytotoxicity 
and demonstrating a notable reduction in drug toxicity to the heart and kidney [390,396]. In 

contrast to toxic compounds such as sulfide, which have been demonstrated to exhibit toxicity 

against MCF7 and COS7 cells, chitosan has been shown to be non-toxic. It is important to note, 

however, that the concentration of chitosan may affect cell viability at high doses or for 

extended periods of time. For instance, the intravenous administration of an excessive quantity 
of chitosan has been linked to the formation of blood clots, which could potentially result in 
adverse effects, including mortality. However, this phenomenon typically occurred at 
concentrations that were exceedingly high. Therefore, it is crucial to take the concentration of 
CSNPs into account during their development in order to reduce the potential for toxicity 
[397,398]. 

 The results of squalene extraction indicated a notable increase in the uptake of squalene 
relative to the control in 150 µM at 48 hours in both WT and KO AML12 cells (Figure 4C, D, 
Manuscript 4). Among the LMw and HMw CS-SQ NPs, the LMw CS-mediated delivery of 
squalene into cells exhibited the highest efficiency in terms of the amount of squalene per gram 
of cells. The results demonstrated that the nature and molar ratios of chitosan exert a 
considerable influence on the internalization process [399]. An additional hypothesis regarding 
the HMw CS-SQ NPs is that they are unable to be absorbed due to their larger size, which 

prevents them from being absorbed by cells. This indicated a loss of function of the NPs [400]. 
Prior research has demonstrated that, for an equivalent number of polymer units, the utilization 
of smaller Mw chitosan on lipid nanoparticle surfaces is more conducive to efficient cellular 
uptake. Chitosan has been demonstrated to enhance the bioavailability of drugs by facilitating 
their absorption, which prolongs the contact time between the substrate and cell membrane. 
Moreover, their nanoscale dimensions facilitate the uptake of drugs through the cell membrane 
[401–403]. This phenomenon has been observed in A2780 ovarian cancer cells, indicating that 
CSNPs may be a viable delivery system for drugs to the perinuclear space [404].  Other studies 

have indicated that paclitaxel, glycol, cyclosporin A, and ovalbumin–chitosan nanoparticles 
exhibited a higher cell uptake rate than the free drugs in MDA-MB-231, HeLa, RCE, and 
RAW264.7 cells [405–408]. The internalization and uptake of squalene particles may be 
facilitated by the presence of positively charged chitosan. In general, the surface charge of 
particles is considered a crucial factor in determining their cellular uptake. For instance, 
positively charged gold nanoparticles were selectively internalized by cells to a greater extent 
than their negatively charged counterparts. CS-SQ NPs exhibited a high positive charge, and 
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previous studies have demonstrated that cationic nanoparticles can markedly enhance the 
endocytosis of particles [409,410]. 

 The transfer of squalene into cells can be achieved through the use of various carriers, 

including PLGA and ethanol [187,411]. Nevertheless, the most suitable carrier for this 

objective remains to be established. In our experimental design, we included ethanol-squalene 
as a non-nanoparticle carrier to serve as a control for comparison with PLGA and CS drug 

delivery systems [412]. Prior research has demonstrated that PLGA NPs, due to their smaller 
size, are rapidly and efficiently internalized by cells [187]. The results of this study 

demonstrated that the chitosan and PLGA carriers exhibited higher efficiency in the uptake of 
squalene by AML12 WT and KO cells, as compared to ethanol (Figure 5A, Manuscript 4). 

Nevertheless, the PLGA-SQ NPs demonstrated the highest efficiency at both 48 and 72 hours. 

These results corroborate previous findings that PLGA has superior cellular uptake compared 
to other polymers utilized for drug and gene delivery. As evidenced by numerous studies, 

PLGA nanoparticles are highly efficient nanocarriers for the encapsulation and delivery of a 
diverse array of anti-cancer agents, including oleanolic and ursolic acids, in three distinct cell 
lines: The aforementioned studies were conducted using HepG2, Caco-2, and Y-79 cell lines 
[350–353,413–415]. For example, PLGA-based curcumin nanoparticles have demonstrated an 
encapsulation efficiency of 77 to 85% [353]. However, a previous study conducted by our 
research group identified certain limitations associated with PLGA nanoparticles [187]. The 

application of 150 µM PLGA NPs resulted in the complete shrinkage of the cell, a consequence 
of osmotic stress. Nevertheless, this shrinkage was alleviated by reducing the dosage of 
nanoparticles. Given the observed morphological impact of the highest doses, the 30 µM of 
squalene loaded in the PLGA nanoparticles was selected for subsequent studies on AML12 
cells. Therefore, high doses of squalene were not suitable for use in the PLGA carrier. As a 
result, the 150 µM PLGA-SQ NPs prompted a transformation in cellular morphology (Figure 
5B, C, Manuscript 4), while no such alteration was discerned in CS-SQ NPs and Eth-SQ due 
to the presence of osmotic stress. Consequently, based on the observed morphological impact 

of the highest doses of squalene, chitosan was selected as the most efficacious and productive 
carrier for high doses of squalene to conduct subsequent studies on hepatocytes. 

 The viscosity of a polymer solution represents a key parameter of interest from a 
technological standpoint. The management of highly viscous solutions presents significant 
challenges due to the inherent complexities associated with such materials.  Furthermore, the 
molecular weight and viscosity of chitosan in aqueous solution are of considerable importance 

with regard to its biochemical and pharmacological applications [416]. Viscosity is dependent 
upon the molecular weight and degree of deacetylation of the polymer. As the molecular weight 
of chitosan is diminished, a reduction in viscosity has been observed. Indeed, viscosity can be 
utilized to ascertain the stability of the polymer in solution, as a reduction was observed during 
polymer storage due to polymer degradation. It was evident that a certain quantity of larger 
nanoparticles was tolerated by the human body. In contrast to small nanoparticles, the 
occurrence of capillary blockage is inevitable when the particle size exceeds the diameter of 
the blood vessel [416–418]. The gelation of the low-viscosity CS-SQ NPs and PLGA-SQ NPs 

dispersion in the syringe needle may occur, resulting in the immediate formation of a viscous 
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suspension with unacceptable particle sizes. These were significant challenges for the 
development of squalene nanoparticle dispersions suitable for intravenous injection in clinical 

practice. In this context, the viscosity of the CS-SQ NPs and PLGA-SQ NPs demonstrated that 
the viscosity of the squalene did not undergo any significant alterations in either drug delivery 

carrier. Furthermore, the viscosity of the CS-SQ NPs and PLGA-SQ NPs demonstrated that 

these formulations facilitate ease of administration due to their lower viscosity (Figure 5D, 
Manuscript 4). 

 The administration of squalene has been demonstrated to induce significant alterations 

in hepatic proteins involved in lipid metabolism, oxidative stress, and lipoprotein secretion 
[216]. Additionally, a reduction in hepatic triglycerides has been observed in mice following 

the administration of squalene. Squalene's antioxidant properties are closely associated with its 

distinctive and stable structure, which enables it to effectively neutralize harmful free radicals 
[355]. Hepatic TXNDC5 is a member of the protein disulfide isomerase family, which has been 

linked to the anti-steatotic properties of squalene and the regulation of ER stress [45,188]. 
Consequently, TXNDC5 functions as a protective agent, safeguarding cells against oxidative 
and ER stress [122]. Following exposure to squalene, the cells were treated with H₂O₂ as an 
oxidative stress inducer, palmitic acid and thapsigargin as moderate and harsh ER stressors for 
24 hours. The viability enhancement was calculated for the various stressors that were tested, 
and the results demonstrated that the squalene delivered from chitosan nanoparticles increased 

the viability of the WT hepatocyte cells and KO cells by 18 and 25%, respectively, in oxidative 
stress, and by 21 and 15%, respectively, in ER stress (Figure 6, Manuscript 4). Prior findings 
from our research group indicated that squalene protection was absent in cells devoid of 
TXNDC5 when subjected to 30 µM of squalene in an oxidative stress context [187].  The 
protective effects of squalene against oxidative destruction have been formally documented in 
rodents and multiple cell lines, including murine macrophages, human monocytes, and 
mammary epithelial cells [359]. Prior research has shown that the knockdown of TXNDC5 
expression has been observed to induce ROS and ER stress in pancreatic cancer cells. 

Conversely, the elevation of TXNDC5 expression in lipid endothelial cells has been 
demonstrated to effectively diminish ROS production and safeguard cells [362,363].  

Furthermore, the overexpression of TXNDC5 resulted in reduced sensitivity to ER stress when 
exposed to tunicamycin and thapsigargin. However, TXNDC5 knockout human prostate 
adenocarcinoma cells demonstrated a loss of the capacity to upregulate protein disulfide 
isomerase in response to tunicamycin-induced ER stress [419]. In sum, the findings revealed 
that TXNDC5 can modulate ROS production in oxidative stress, contingent on the optimal 
dosage of squalene, thereby enhancing the efficacy of squalene in AML12 cell viability and 

functioning as an oxidative stress-induced survival factor that regulates ROS/ER stress 
signaling, thereby enabling AML12 cells to persist under oxidative stress. A brief overview of 

the findings is presented in Figure 25. 
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Figure 25. A brief overview of the findings that were obtained in this objective. 

FUTURE DIRECTIONS AND RESEARCH OPPORTUNITIES 

 This study has laid the foundation for understanding the role of TXNDC5 and squalene 
in cellular stress responses and MASLD mechanisms. However, several key areas remain 
unexplored, providing exciting research opportunities for future investigations. One critical 
direction is the investigation of TXNDC5 promoter activity. By analyzing different promoter 
sequences, it will be identified the functional unit responsible for squalene responsiveness and 
its associated transcription factors. Additionally, squalene’s effect on liver metabolism may 

involve CYP2B10, a key enzyme in xenobiotic metabolism. Using different promoter 
sequences, it will be explored the transcription factors mediating CYP2B10 expression in 
response to squalene, contributing to a better understanding of its metabolic regulation. To 
assess the role of endogenous squalene, it will be inhibited squalene epoxidase using 
terbinafine and NB598 to evaluate how intracellular squalene levels affect stress responses and 
cellular homeostasis. Additionally, to strengthen the findings from in vitro studies, in vivo 
experiments will be conducted using wild-type (WT) and TXNDC5 knockout (KO) mice, 
which will confirm and validate squalene’s protective role, particularly in oxidative and ER 
stress conditions. Another critical aspect is PRDX6 and Serpina downregulation in TXNDC5 

KO cells, which raises important mechanistic questions. Future research will identify the 
molecular pathways linking TXNDC5 to PRDX6 and Serpina regulation, potentially revealing 
novel insights into redox homeostasis and stress response. Additionally, given the interplay 
between ER stress and mitochondrial dysfunction, it would be interesting to explore whether 
squalene can mitigate mitochondrial damage under ER stress conditions, thereby establishing 
it as a mitochondrial-protective compound. As squalene has been proposed to exhibit 
anticancer properties, its effects on Caco-2 cells, a human colorectal cancer model, to assess 
whether squalene influences cancer cell proliferation, apoptosis, and stress responses require 

testing. Moreover, the differential effects of squalene on differentiated vs. undifferentiated 
Caco-2 cells will be investigated to determine whether cellular differentiation status influences 
its mode of action and identify biomarker responses to squalene treatment. A broader 
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perspective involves cross-species meta-analysis of squalene response biomarkers by 
integrating RNAseq datasets from mice, rabbits, pigs, and AML12 cells treated with squalene. 

This will allow the identification of conserved squalene response biomarkers across species, 
highlighting evolutionary conserved mechanisms and validating key molecular targets. Lastly, 

nanoparticle-based drug delivery plays a critical role in squalene administration. By conducting 

RNAseq analysis on AML12 cells, treated with squalene-loaded chitosan and PLGA 
nanoparticles, will allow to compare gene expression differences and determine the most 

efficient squalene delivery system. These future studies will provide a comprehensive 
understanding of squalene’s role in cellular regulation, stress response, and chronic disease 

mechanisms, with implications for drug development, metabolic regulation, cancer therapy, 
and nanomedicine. 
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CONCLUSIONS (ENGLISH) 

1. The HSPA9 and PRDX6 proteins have been observed to interact with TXNDC5 in 

AML12 cells. TXNDC5 deficiency resulted in a reduction in PRDX6 protein levels, without 

changes in its mRNA. In contrast, the expression of the HSPA9 protein and mRNA was found 

to be decreased. The levels of lipid peroxidation, reduced GSH, and iPLA2 activity were 
significantly diminished in TXNDC5-deficient cells, whereas the total PLA2 exhibited an 

increase. The inactivation of the proteasome using MG-132 in the WT and KO AML12 cell 
lines revealed no considerable effect on PRDX6 protein expression changes. This suggests that 

the proteasome is not the biological target of the TXNDC5–PRDX6 complex. The impact of 
TXNDC5 on hepatic transcripts linked to PRDX6 and HSPA9 indicated that in the AML12 

KO cells, Dnaja3, Mfn2, and Prdx5 were increased while Hsp90aa1, Rsp14, Oplah, Gstp3, 

Gstm6, Gstt1, Serpina1a, Serpina1b, and Serpina3m were downregulated. 

2. The depletion of TXNDC5 decreased the mRNA expression of Ern1, Xbp1, Eif2ak3, 
and Sec61a1, while increased that of Atf4, Hspa5, and Ddit3 in mouse hepatocytes. The 
expression of Atf6 and Ssr2 was not modified in the absence of TXNDC5. The protein 
expression results for the most prominent ER stress markers indicated a downregulation of 

ERN1 and EIF2AK3 proteins and an upregulation of HSPA5 protein. Furthermore, no changes 
were observed in the ATF6 protein in the absence of TXNDC5 at the protein level. It has been 
demonstrated that the knockout of TXNDC5 increases cellular ROS production in AML12 
cells. Moreover, TXNDC5 activity is necessary for the maintenance of normal mitochondrial 
function during tunicamycin-induced ER stress. The elevation of TXNDC5 expression in 
AML12 cells is contingent upon the development of ER stress through the administration of 
thapsigargin, palmitic acid, or tunicamycin. Tunicamycin has been demonstrated to disrupt the 
protein levels of HSPA5, ERN1, and EIF2AK3 in TXNDC5-deficient cells. Furthermore, 

tunicamycin has been demonstrated to influence the mRNA levels of Eif2ak3 and Sec61a1 in 
TXNDC5-deficient cells. It should be noted, however, that palmitic acid can disrupt the protein 
and gene expression levels of ATF6, HSPA5, and EIF2AK3 in TXNDC5 knockout cells. The 

absence of TXNDC5 did not influence any ER stress cascades in thapsigargin-induced ER 
stress in hepatocytes, despite the activation of the ERN1–XBP1 pathway under these 
conditions. Moreover, the absence of TXNDC5 has been demonstrated to induce the Xbp1 
spliced form. Alternatively, the ERN1 upregulation may impact splicing rather than expression 
of Xbp1 mRNA. Finally, TXNDC5 specifically activated different cascades of ER stress 
depending on the cause of ER stress via HSPA5. In turn, TXNDC5 deficiency disrupted 

EIF2AK3 cascade. 

3. Squalene was effectively encapsulated in PLGA NPs, resulting in the formation of 
stable nanoparticles with rapid and efficient cellular uptake. The administration of squalene-
based PLGA NPs significantly reduced ROS levels in normal mouse hepatocytes, whereas 
ROS levels were markedly elevated in TXNDC5-deficient AML12 cells. Squalene-induced 

Gpx4 expression increased the viability of WT and KO cells under oxidative stress. 
Furthermore, squalene increased the viability of thapsigargin-treated mouse hepatocytes 

through the repression of Ern1 in WT or of Eif2ak3 in KO cells. Therefore, TXNDC5 was 
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identified as a critical regulator of ER activity through diverse signaling pathways in response 
to stress. Similarly, the administration of squalene-loaded PLGA NPs was shown to protect 

mouse hepatocytes from oxidative and ER stress through a range of mechanisms, which appear 
to be contingent upon the presence of TXNDC5.  

4. Nanoparticles of low molecular weight chitosan, which adopt a spherical 
configuration, represent an effective encapsulation agent for squalene, based on the results of 

a analyses of GC-MS and semi-quantitative FTIR. The results demonstrated that hepatocytes 
were not adversely affected by squalene-loaded chitosan nanoparticles at concentrations up to 

150 µM, and the nanoparticles exhibited efficient cellular uptake within 48 hours. In 
comparison to PLGA and ethanol, the chitosan nanoparticles exhibited the greatest efficiency 

and productivity as carriers for high doses of squalene and PLGA for lower doses of squalene, 

thus justifying further investigation in hepatocytes. The viability of WT and KO AML12 cells 
was enhanced in the presence of squalene, particularly under conditions of oxidative and ER 

stress induced by palmitic acid and thapsigargin. Moreover, the administration of squalene-
based chitosan nanoparticles was observed to effectively reduce the levels of ROS in mouse 
hepatocytes. The results suggest that chitosan nanoparticles may offer a means of overcoming 
the limitations of PLGA drug carriers. It is further proposed that the appropriate dose of 
squalene may modulate ROS production in oxidative stress, independently of TXNDC5. 
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CONCLUSIONES (ESPAÑOL) 

1. Se ha observado que las proteínas HSPA9 y PRDX6 interactúan con TXNDC5 en 

células AML12. La deficiencia de TXNDC5 resultó en una reducción en los niveles de proteína 

PRDX6, sin cambios en su RNA. En contraste, se encontró que la expresión de la proteína 

HSPA9 y el ARNm disminuían. Los niveles de peroxidación lipídica, glutatión reducido y 
actividad de iPLA2 disminuyeron significativamente en las células deficientes en TXNDC5, 

mientras que la PLA2 total mostró un aumento. La inactivación del proteasoma con MG-132 
en las líneas celulares WT y KO AML12 no modificó la expresión de la proteína PRDX6. Esto 

sugiere que el proteasoma no es el objetivo biológico del complejo TXNDC5-PRDX6. El 
impacto de TXNDC5 en los transcritos hepáticos vinculadas a PRDX6 y HSPA9 indicó que en 

las células AML12 KO, Dnaja3, Mfn2 y Prdx5 estaban incrementados mientras que Hsp90aa1, 

Rsp14, Oplah, Gstp3, Gstm6, Gstt1, Serpina1a, Serpina1b y Serpina3m estaban regulados 
negativamente. 

2. La depleción de TXNDC5 se ha relacionado con una disminución en la expresión de 
ARNm para Ern1, Xbp1, Eif2ak3 y Sec61a1, mientras que se ha observado un aumento en la 
expresión de ARNm de Atf4, Hspa5 y Ddit3 en hepatocitos de ratón. La expresión de Atf6 y 

Ssr2 no se alteró significativamente en ausencia de TXNDC5. Los resultados de la expresión 
de proteínas para los marcadores de estrés de RE más destacados indicaron una regulación 
negativa de las proteínas ERN1 y EIF2AK3 y una regulación positiva de la proteína HSPA5. 
Además, no se observaron alteraciones notables en la proteína ATF6 en ausencia de TXNDC5 
a nivel proteico. Se ha demostrado que la inactivación de TXNDC5 aumenta la producción 
celular de ROS en células AML12. Además, la actividad de TXNDC5 es necesaria para el 
mantenimiento de la función mitocondrial normal durante el estrés de RE inducido por 
tunicamicina. La elevación de la expresión de TXNDC5 en células AML12 depende del agente 

de inducción del estrés del RE: tapsigargina, ácido palmítico o tunicamicina. Así, la 
tunicamicina altera los niveles de proteína de HSPA5, ERN1 y EIF2AK3 en células deficientes 
en TXNDC5. Además, este agente influye en los niveles de ARNm de Eif2ak3 y Sec61a1 en 

células deficientes en TXNDC5. Sin embargo, el ácido palmítico puede alterar los niveles de 
expresión de la proteína y RNA de ATF6, HSPA5 y EIF2AK3 en células carentes de TXNDC5. 
La ausencia de TXNDC5 no influyó en ninguna cascada de estrés del RE inducido por 
tapsigargina en estas células, a pesar de la activación de la vía ERN1–XBP1 en estas 
condiciones. Además, se ha demostrado que la ausencia de TXNDC5 induce un corte y 
empalme específico de Xbp1. Alternativamente, la sobreexpresión de ERN1 puede afectar el 

corte y empalme en lugar de la expresión del ARNm de Xbp1. Finalmente, TXNDC5 activó 
específicamente diferentes cascadas de estrés del RE dependiendo de la causa del estrés del RE 
a través de HSPA5. A su vez, la deficiencia de TXNDC5 interrumpió la cascada de EIF2AK3. 

3. El escualeno se encapsuló de manera efectiva en nanopartículas de PLGA, lo que 
resultó en la formación de nanopartículas estables con una captación celular rápida y eficiente. 

La administración de nanopartículas de PLGA basadas en escualeno redujo significativamente 
los niveles de ROS en hepatocitos de ratón normales, mientras que dichos niveles se elevaron 

notablemente en células AML12 deficientes en TXNDC5. La viabilidad de las células WT y 
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KO en condiciones de estrés oxidativo mejoró en presencia de escualeno, que indujo la 
expresión de Gpx4. Además, se observó que el escualeno mejoraba la viabilidad de los 

hepatocitos de ratón sometidos a estrés de RE inducido por tapsigargina al reprimir la expresión 
de Ern1 o Eif2ak3 en células WT o KO, respectivamente. Por lo tanto, se identificó a TXNDC5 

como un regulador crítico de la actividad de RE a través de diversas vías de señalización en 

respuesta al estrés. De manera similar, se ha demostrado que la administración de 
nanopartículas de PLGA cargadas con escualeno protege a los hepatocitos de ratón del estrés 

oxidativo y del RE a través de una variedad de mecanismos, que parecen depender de la 
presencia de TXNDC5. 

4. Las nanopartículas de quitosano de bajo peso molecular, que adoptan una 

configuración esférica, representan un agente de encapsulación eficaz para el escualeno, según 

los análisis de GC-MS y FTIR semicuantitativo. Los resultados demostraron que los 
hepatocitos no se vieron afectados negativamente por las nanopartículas de quitosano cargadas 

con escualeno en concentraciones de hasta 150 µM, y las nanopartículas exhibieron una 
captación celular eficiente en 48 horas. En comparación con PLGA y etanol, las nanopartículas 
de quitosano exhibieron la mayor eficiencia y productividad como portadores para dosis altas 
de escualeno y PLGA para dosis más bajas de escualeno, lo que justifica una mayor 
investigación en hepatocitos. La viabilidad de las células AML12 WT y KO se mejoró en 
presencia de escualeno, particularmente en condiciones de estrés oxidativo y de ER inducido 

por ácido palmítico y tapsigargina. Además, se observó que la administración de nanopartículas 
de quitosano con escualeno reducía eficazmente los niveles de ROS en los hepatocitos de ratón. 
Los hallazgos sugieren que las nanopartículas de quitosano pueden ofrecer un medio para 
superar las limitaciones del PLGA como portador de fármacos. Se propone además que la dosis 
adecuada de escualeno puede modular la producción de ROS en el estrés oxidativo, 
independientemente de TXNDC5. 
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