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PREFACE 

Nonalcoholic fatty liver disease (NAFLD) represents an umbrella term encompassing 

hepatic steatosis, nonalcoholic steatohepatitis (NASH), and cirrhosis and is increasingly 

recognized as the leading cause of liver dysfunction worldwide. Hepatocellular death 

or ballooning distinguishes the transition of simple steatosis to irreversible nonalcoholic 

steatohepatitis (NASH). According to existing hypotheses, metabolism-associated 

inflammation and/or proteasomal dysfunction are two potential mediators for liver 

injury in NAFLD/NASH. Hepatocytes secrete a myriad of protective and deleterious 

proteins called hepatokines. Pigment epithelium-derived factor (PEDF) is a secreted 

multifunctional glycoprotein having anti-inflammatory, anti-angiogenic, anti-

apoptotic, and anti-oxidative activities. However, the potential hepatoprotective role 

of PEDF in NAFLD remained unexplored.  

We have explored the role of PEDF in inflammation-induced hepatocellular injury. We 

have shown that augmented production of TNFα, a cytokine implicated in NAFLD 

pathogenesis, is associated with progressive reduction of PEDF expression during 

methionine and choline-deficient (MCD) diet-induced murine NASH where ectopic 

PEDF expression protects hepatocytes from TNFα-induced apoptosis. Moreover, 

adenovirus-mediated depletion of PEDF in livers of MCD diet-fed mice aggravates the 

pathological hallmarks of NASH.  

We next unraveled hepatic proteasomal dysfunction as one key pathological feature in 

the diet-induced murine model and human NASH patients. We show that bortezomib, 

a proteasome inhibitor causes oxidative stress-mediated severe hepatocellular injury in 

mice. Oxidative stress, in turn, activates pro-apoptotic ASK1-JNK1-p38 pathway 

concomitant with an inadequate antioxidant response via Nrf2-PPAR pathway 

leading to hepatocellular apoptosis. Interestingly, PEDF potently mitigated bortezomib-

induced liver injury through its anti-oxidant properties. Mechanistically, PEDF served 

as a physiological activator of PPAR which in concert with Nrf2 drive an anti-

oxidant program. Since PEDF cannot be pharmacologically targeted, we used PPAR 

agonist pioglitazone for the favorable therapeutic outcome. Consequently, a 

combination of ASK1 inhibitor selonsertib and pioglitazone synergistically imparts 
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remarkable protection from bortezomib-induced acute proteotoxicity and significantly 

prolongs the survival duration. Proteasomal dysfunction, oxidative stress, and 

activation of ASK1 are associated with a subset of human NASH patients and in the 

high-fat diet (HFD) fed model of murine NASH. Interestingly, the combination of 

selonsertib and pioglitazone significantly improved hepatic proteasomal activity, 

glucose tolerance, and insulin resistance while attenuating the hallmarks NASH.  

Thus, moonlighting effects of PEDF as a hepatoprotective agent have been 

demonstrated in vivo both in proteasomal inhibition and inflammation-induced liver 

injury. Moreover, our study further identifies PPAR as a surrogate pharmacological 

target for PEDF in conferring hepatoprotection.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

vii 

CONTENTS 

 Page No 

I.  Review of Literature 

1. Liver: The Central Metabolic Hub 1-6 

1.1. The General Anatomy of Liver 1-2 

1.2. The Cellular Anatomy of Liver 2-4 

1.3. The Metabolic Physiology of the Liver 5-6 

2. Fatty Liver: An integrative pathophysiology of Metabolic Dysregulation   6-26 

2.1. Non-Alcoholic Fatty Liver Disease (NAFLD): A global metabolic threat 7-8 

2.2. The Historical Perspective of NAFLD/NASH 8 

2.3. The Histopathological Features of NAFLD 9-14 

2.3.1. Hepatic Steatosis 10 

2.3.2. Non-Alcoholic SteatoHepatitis (NASH) 11 

2.3.3. Hepatocyte Ballooning Degeneration 11 

2.3.4. NASH associated Fibrosis and Cirrhosis 11 

2.3.5. Glycogenated Nuclei 12 

2.3.6. Hepatocellular Apoptosis 12 

2.3.7. Mallory–Denk bodies  and Proteasomal Dysfunction 12-13 

2.3.8. Iron overload in NASH 13-14 

2.4. The Epidemiology of NAFLD 14-15 

2.5. Preclinical models for NAFLD research 15-16 

2.6. Confounding risk factors in the pathophysiology of NAFLD/NASH 17-26 

2.6.1. Central Obesity and Body Mass Index (BMI) 17-18 

2.6.2. Age and Gender 18 



 

 

viii 

2.6.3. Insulin Resistance 18-19 

2.6.4. Sedentary Lifestyle 19 

2.6.5. Diet 19-20 

2.6.6. Ethnicity 20 

2.6.7. PolyCystic Ovarian Syndrome (PCOS) 20 

2.6.8. Genetic predisposition in NAFLD 20-22 

2.6.9. Dysregulation of hepatic lipid metabolism 22-23 

2.6.10. Inflammation and Oxidative Injury in NASH 24-25 

2.6.11. Hepatocellular Apoptosis in NASH 25-26 

2.6.12. NASH associated Fibrosis 26 

3. Diagnosis of NAFLD and NASH 27-28 

4. Current pharmacotherapies in NAFLD/NASH 28-30 

5. Role of Inflammasome activation in NASH 30-31 

6. Role of Adipokines and Hepatokines in NAFLD/NASH 31-32 

7. Role of PEDF in NAFLD/NASH 32-34 

8. Cellular Proteostasis in NAFLD 34-38 

8.1. Endoplasmic Reticulum stress 35-37 

8.1.1. The ER-associated degradation pathway (ERAD) 35-36 

8.1.2. The Unfolded Protein Response (UPR) 36-37 

8.2. Tunicamycin 37 

8.3. MG132 37 

8.4. Bortezomib 38 

9. Role of ASK1 in NASH 38-40 

10. Dichotomous role of PPARγ in NASH 40-41 

 



 

 

ix 

II. Experimental: Materials and Methods 

1. Reagents 42-44 

2. Animal model 45 

3. Primary Cell Culture 46-48 

3.1 Primary hepatocyte isolation  46-47 

3.2 Kupffer cell isolation 47 

4. Cell lines and cell culture 49 

4.1 HepG2 49 

4.2 HEK293A and HEK293T 49 

5.  Transfection Assays for the gain of function and loss of function studies 50 

6.  Adenovirus-mediated knockdown 50-53 

6.1. Amplification of Adenoviral Stock 51-52 

6.2. Purification of Adenovirus 52 

7. Generation of recombinant Adeno-Associated Virus (AAV) 54 

8. Glucose and Insulin Tolerance Test (OGTT, IP ITT) 54 

9. Triglyceride (TAG) Estimation 54-55 

10. Liver Enzyme Tests 55 

10.1 Aspartate Aminotransferase (AST) 55 

10.2 Alanine Aminotransferase (ALT) 55 

10.3 Protocol for the measurement of AST and ALT 55 

11. Cell fractionation 56-57 

12. Cell lysis and immunoblotting 58-60 

12.1. Cell lysis 58 

12.2. Protein estimation 58 



 

 

x 

12.3. Immunoblotting 58-60 

13. Gene expression analysis 60-63 

13.1. RNA Extraction 60 

13.2. Homogenization and phase separation 60 

13.3. RNA precipitation 61 

13.4. RNA wash 61 

13.5. Redissolving RNA 61 

13.6. Assessment of RNA quality and quantity 61 

13.7. Preparation of cDNA 61 

13.8. Quantitative Realtime PCR (qRT-PCR) for gene expression analysis 61-63 

14. Live Dead Assay 64 

15. Intracellular Oxidative Stress Measurement 64 

16. Caspase 3/7 Activity Assay 65 

17. Proteasome Activity Assay 65 

18. Histology Studies 66-67 

18.1. Tissue Fixation 66 

18.2. Tissue dehydration  66 

18.3. Tissue clearing paraffinization 66 

18.4. Tissue sectioning 67 

19. Haematoxylin and Eosin Staining 67-68 

20. Picro Sirius Red Staining 68 

21. Immunohistochemistry (IHC) 68-69 

22. TUNEL Assay 69 

23. Isobologram 70 

24. Metabolic Studies 70 



 

 

xi 

25. Survival Studies 70-71 

26. Statistical Analysis 71 

 

III. Results and Discussions 

Chapter 1 

Role of PEDF in NASH-associated Metabolic Inflammation 

1. Introduction 72 

2. Results 73-77 

2.1. Hepatic PEDF expression declines with a corresponding increase of TNFα in 

preclinical NASH models 73 

2.2. PEDF ameliorates hepatic pathology in the MCD diet-induced NASH model 73-75 

2.3. TNFα dampens PEDF expression in hepatocytes 76 

2.4. PEDF alleviates TNFα-induced hepatocyte death in diet-induced NASH 76-77 

3. Conclusion 78-89 

 

Chapter 2 

Proteasome Dysfunction in NASH 

1. Introduction 80 

2.Results 81-101 

2.1. Proteasomal inhibition causes a severe hepatic injury independent of ER stress. 81 

2.2. Proteasome inhibition induces a pan transcriptional program in response to 

intracellular ROS generation and MAPK signaling. 81-84 

2.3. Hepatic proteasomal stress initiates ASK1 signaling in the liver. 84 

2.4. ASK1 steers proteotoxic injury in liver 85 



 

 

xii 

2.5. PEDF is a potent anti-oxidant molecule inhibiting proteotoxic liver injury.  88 

2.6. PEDF protects from proteotoxic hepatocellular injury by inhibiting ASK1 

activation. 88 

2.7. PPAR serves as a downstream effector of PEDF mediated the 

Hepatoprotective effect. 91 

2.8. ASK1 inhibitor and PPAR activator in combination renders superior 

antiapoptotic and survival response in mice.    93 

2.9. Proteasomal dysfunction is associated with ASK1 activation and Oxidative 

stress in both the human and murine NASH. 95-98 

2.10. ASK1 inhibition and concordant PPAR activity potently ameliorates 

proteotoxicity and NASH pathology. 98-101 

3. Conclusion 102-104 

 

IV. SUMMARY OF THE THESIS 105-107 

V. BIBLIOGRAPHY  108-126 



 

 

xiii 

LIST OF FIGURES 

Page No 

Review of Literature 

Fig. 1.  Anterior and posterior surfaces of liver illustrating functional division of the 

liver into left and right hepatic lobes with Couinaud’s segment classification 

based on functional anatomy 2 

Fig. 2. The Ligamentous attachments of the liver 3 

Fig. 3. The Cellular Anatomy of the liver 4 

Fig. 4. The liver in the fasted and fed state 5 

Fig. 5. NAFLD: The Progression of the Disease 7 

Fig. 6. A timeline of key developments in the field of Nonalcoholic 

Steatohepatitis(NASH) 8 

Fig. 7. The histopathological spectrum of fatty liver disease 9 

Fig. 8. The Multiple-parallel hit hypothesis of NAFLD progression 10 

Fig. 9. Historical highlights by Professors Mallory and Denk and associated 

histopathology of MDBs in liver diseases. 12 

Fig. 10.  Role of Iron overload in NAFLD pathogenesis 13 

Fig. 11.  NAFLD: a global metabolic burden 14 

Fig. 12. Preclinical models for NAFLD research 16 

Fig. 13. A human liver chimeric model of NAFLD in mice 16 

Fig. 14. Risk factors associated with NAFLD/NASH 17 

Fig. 15. Models for the pathogenesis of NAFLD/NASH development 19 



 

 

xiv 

Fig. 16. Genetic predispositions in NAFLD/NASH pathogenesis 21 

Fig. 17. Hepatic lipid disequilibrium in NAFLD pathogenesis 23 

Fig. 18. The mechanistic role of inflammation(A) and oxidative stress(B) in NASH 

pathology 24 

Fig. 19. Hepatocellular Death in NASH pathogenesis 26 

Fig. 20. (A) Non-invasive clinical algorithm for the diagnosis of NASH, (B) 

Multiparametric MR index 27 

Fig. 21.  Current therapeutic targets for NAFLD/NASH 29 

Fig. 22.  Inflammasome activation in NASH/NAFLD pathogenesis 30 

Fig. 23. Role of hepatokines (A) and adipokines (B) in NAFLD 32 

Fig. 24.  PEDF: A moonlighting hepatokine in NAFLD progression 33 

Fig. 25. Different modes of Altered Proteostasis 35 

Fig. 26. ER-stress in the pathogenesis of NAFLD 36 

Fig. 27.  Structure and function of (A) Tunicamycin (B) MG132 (C) Bortezomib 38 

Fig. 28. ASK1: a potential therapeutic target for NASH. 39 

Fig. 29.  (A) The role of PPARγ in hepatic metabolism and (B) PPAR- based novel 

therapeutic strategy in NASH 40 

Materials and Methods 

Fig. 1. Diagrammatic flow chart depicting the isolation of primary hepatocytes and 

Kupffer cells.     48 

Fig. 2. The diagram above describes the general steps required to express shRNA of 

interest using the BLOCK-iTTM Adenoviral RNAi expression system. 53 

Fig. 3. Diagram schematically depicting the cell fractionation 57 



 

 

xv 

Results and Discussions 

Chapter 1 

Fig. 1. Temporal decrease in hepatic PEDF expression with a concomitant increase of 

TNFα in preclinical NASH models 74 

Fig. 2. Adenovirus-mediated knockdown of the PEDF exacerbates hepatic 

inflammation, fibrosis and hepatocellular death in MCD diet-fed murine NASH 75 

Fig. 3. TNFα downregulates hepatic PEDF expression, while PEDF protects from 

TNFα induced hepatocellular death 77 

Fig. 4. The hepatoprotective role of PEDF in preventing hepatocyte apoptosis in 

NASH-associated inflammation 79 

Chapter 2 

Fig 1. Acute proteasome inhibition mediates ER-stress independent hepatocellular 

death 82 

Fig 2. Pan transcriptomic alteration in hepatic molecular pathways due to proteasomal 

inhibition 83 

Fig 3. Hepatic proteasomal stress leads to ASK1 activation in hepatocytes 86 

Fig 4. Hyperactivation of ASK1 promotes ROS mediated proteotoxic liver liver injury 87 

Fig 5. PEDF serves as molecular antioxidant in proteotoxic hepatocellular injury 89 

Fig 6. PEDF supresses ASK1 signalling in proteasomal hepatotoxic stress 90 

Fig 7. PPARγ mediates the anti-oxidative benefits of PEDF in proteotoxic liver 

damage 92 

Fig 8. Simultaneous ASK1-inhibition and PPARγ-activation synergistically protects 

hepatocellular death 94 



 

 

xvi 

Fig. 9. Proteasome dysfunction is associated with ASK1 activation and anti- oxidative 

response in human NASH. 96 

Fig. 10. Pathological hallmarks validation in the preclinical model of NASH 97 

Fig. 11. Preclinical NASH therapy via administration of pioglitazone and selonsertib 

combination  99 

Fig. 12. Dual therapy restores proteasomal activity and improves the insulin sensitivity 

and hepatocellular death in NASH. 100 

Fig. 13. Dual therapy ameliorates the hallmarks of NASH progression 101 

Fig. 14.  Schematics of the ASK1 and PPARγ pathway and their pharmacological 

intervention in proteasomal inhibition in NASH 104 

 

 

           

 

 

 

 

 

 

 

 

 



 

 

xvii 

LIST OF TABLES 

Page No. 

Table 1. Details of antibodies used 42-44 

Table 2. Caloric Information Physiological Fuel Values of 60% HFD  (D12492, 

Research Diets, Inc., 20 Jules Lane New Brunswick, NJ 08901 USA) 45 

Table 3. Composition of Buffer I 56 

Table 4. Composition of Buffer II 56 

Table 5. Composition of Buffer III 57 

Table 6. Composition of Lysis Buffer 58 

Table 7. Composition of various concentrations of resolving gel 59 

Table 8. Composition of stacking gel 59 

Table 9. List of primer sequences used 63 

Table 10. Reagents and their corresponding incubation time for dehydration of 

tissue section 66 

Table 11. Reagents and their corresponding incubation time for rehydration of 

tissue section  67 



 

 

xviii 

LIST OF ABBREVIATIONS 
 

C - Degree Celsius 

µM - Micromolar 

µm - Micrometre 

µg - microgram 

µl - microlitre 

4-HNE - 4-Hydroxynonenal 

AAV2 - Adeno-associated virus serotype 2 

Ad - Adenovirus 

ALD - Alcoholic liver disease 

ALT - Alanine aminotransferase 

ASK1 - Apoptosis signal-regulating kinase 

ASKi - ASK1 inhibitor 

AST - Aspartate aminotransferase 

ATP - Adenosine triphosphate 

AUC - Area under curve 

Bip - Binding immunoglobulin protein 

BMI - Body mass index 

Bor - Bortezomib 

BSA - Bovine serum albumin 

CC3 - Cleaved caspase-3 

CC9 - Cleaved caspase-9 

CCL2 - Chemokine (C‐ C motif) ligand 2 

CCR2 - C‐ C chemokine receptor 2 

ChREBP - Carbohydrate response element‐binding protein 

CK-18 - Cytokeratin-18 

CLD - Chronic liver disease 

DGAT - Diacylglycerolacyltransferase 

DNL - De novo lipogenesis 

EE - Energy expenditure 



 

 

xix 

ELISA - Enzyme‐ linked immunosorbent assay 

FBS - Fetal bovine serum 

FFA - Free fatty acid 

FXR - Farnesoid X receptor 

GFP - Green fluorescent protein 

GSEA - Gene set enrichment anslysis 

H&E - Hematoxylin & eosin 

HCC - Hepatocellular carcinoma 

HFD - High fat diet 

IL - Interleukin 

IP ITT - Intraperitoneal insulin tolerance test 

IR - Insulin resistance 

JNK - c-Jun N-terminal kinase 

KC - Kupffer cell 

LPS - Lipopolysaccharide 

MCD - Methionine and choline deficient 

miRNA - MicroRNA 

MOI - Multiplicity of infection 

MRE - Magnetic resonance elastography 

MRI - Magnetic resonance imaging 

MRS - Magnetic resonance spectroscopy 

NAFL - Nonalcoholic fatty liver 

NAFLD - Nonalcoholic fatty liver disease 

NASH - Nonalcoholic steatohepatitis 

NF-kB - Nuclear factor kappa-B 

NLR - NOD-like receptor 

NRF2 - Nuclear factor erythroid 2-related factor 2 

OGTT - Oral glucose tolerance test 

PA - Palmitic acid 

PARP - Poly (ADP- ribose) polymerase 

PCA - Principal component analysis 



 

 

xx 

PCR - Polymerase chain reaction 

PEDF - Pigment epithelium-derived factor 

PERK - Protein kinase R (PKR)-like endoplasmic reticulum kinase 

Pio - Pioglitazone 

PPARγ - Peroxisome proliferator-activated receptor γ 

qPCR - Quantitative polymerase chain reaction 

RHM - Monocyte-derived recruited hepatic macrophages 

ROS - Reactive oxygen species 

Rosi - Rosiglitazone 

shRNA - Short hairpin ribonucleic acid 

SREBP - Sterol regulatory element-binding protein 

TG - Triglyceride 

TLR - Toll-like receptor 

TNFα - Tumor necrosis factor α 

Tuc - Tunicamycin 

TUNEL - Terminal deoxynucleotidyltransferase–mediated deoxyuridine triphosphate nick-

end labeling 

Ub - Ubiquitin 

VLDL - Very low density lipoprotein 

XBP-1 - X-box binding protein 1 

 



 

 

 

 

 

 

 

 

 

 

 

REVIEW OF LITERATURE 

 



 
1 Review of Literature 

1. Liver: The Central Metabolic Hub  

The liver is one of the critical metabolic hubs regulating a plethora of physiological processes 

including macronutrient metabolism, blood volume regulation,  growth signaling pathways, lipid 

homeostasis, and metabolism along with the neutralization of drugs and xenobiotic 

compounds
1,2

. Major physiological functions of the liver encompass the processing, partitioning, 

and metabolism of macronutrients along with glucose storage in the form of glycogen during 

feeding, while fasting stimulates the gluconeogenic pathway. Metabolic needs direct the liver for 

both oxidizing the lipids as well as packaging and secretion of the excess lipids 
3
. Besides, the 

blood secretome constitutes the majority of the proteins secreted from the liver. Throughout 

evolution, this plethora of hepatic functions has been well conserved in all vertebrates. 

Developmentally, the liver originates from a complex differentiation program initiated by 

exogenous signaling gradients, cellular localization, and differential activation of various 

transcription factors 
4,5

. Hence It is important to emphasize the hepatic pathologies and potential 

therapeutic avenues to treat these conditions with an understanding of both the development and 

physiological hepatic functions under various metabolic stress. 

 

1.1 . The General Anatomy of Liver 

The liver is the reddish-brown largest organ, accounting for approximately 2% to 3% of average 

body weight with a complex three-dimensional structure consists of epithelial and mesenchymal 

elements arranged in repetitive microscopic units. The liver has 2 lobes typically described in 

two ways, by morphologic anatomy and by functional anatomy (Fig.1). The liver is encapsulated 

by Glisson‟s capsule, a thin layer of connective fibers chiefly of type I collagen and, to a lesser 

extent, type III collagen. A peritoneal fold (falciform ligament) situates on the anterior side 

divides the liver into two anatomical segments
6
. The liver is located in the right upper quadrant 

of the abdominal cavity underneath the right hemidiaphragm and protected by the rib cage by 

maintaining its position through ligamentous attachments (Fig.2). These attachments are 

avascular and connected with the visceral peritoneum of the liver
7
.  

 

Couinaud classification divided the liver into eight functional segments (Figure 2) with 

peripheral hepatic veins, and branches of the portal vein, hepatic artery, and bile duct situated at  
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the core of each segment. The branches of the portal vein, hepatic artery, and bile duct together 

constitute the portal triad (Figure 3). The middle hepatic vein bifurcates the liver into the left and 

right lobes
6
. The left lobe is made up of lateral (segments II and III) and medial (segments IVa 

and IVb) lobes by the left hepatic vein whereas the right lobe is further subdivided into anterior 

(segments V and VIII) and posterior (segments VI and VII) segments by the right hepatic vein. 

The unique and separate structure of the caudate lobe (segment I) receives blood flow from both 

the right- and left-sided vascular branches while hepatic veins drain directly into the IVC
8
. 

 

1.2. The Cellular Anatomy of Liver 

The hepatic microscopic structure is conceptualized in several ways, the most common being the 

acinus and the lobule. An acinus is a unit that constitutes a small portal tract at the center and 

terminal hepatic venules at the periphery. Being the smallest functional unit and It is further sub-

divided into zones 1,2, and 3, wherein zone 1 surrounds the portal tract and zone 3 surrounds the  
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hepatic venule. Alternatively, geometric representation of a hepatic lobule appears roughly 

hexagonal shape while the vertices represent the portal triad area. Each triad consists of branches 

of the hepatic artery, portal vein, and bile duct. Acinar zones1, 2, and 3 correspond to the 

periportal, mid-, and pericentral zones of the lobule, respectively. Oxygenated blood from the 

hepatic artery mixes with nutrient-rich blood from the portal circulation drained from the gut. 

This lobular organization resulted in the formation of several gradients for oxygen, hormones, 

nutrients, and waste products
2,9

. This gradient formation and associated consequential metabolic 

organization have been commonly termed „metabolic zonation‟ (Fig.3). 

  

The liver constitutes several cell types including hepatocytes, biliary epithelial cells 

(cholangiocytes), stellate cells, Kupffer cells, and liver sinusoidal endothelial cells which 

perform unique cellular functions that cooperatively regulate hepatic physiology at multiple 

levels. Hepatocytes being the primary epithelial cell population of the liver which make up the  
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majority of the liver volume performing various crucial functions ascribed to the liver, whereas 

Cholangiocytes are the second most abundant epithelial population executing traditional 

epithelial function by lining the lumen of the bile ducts
10

. Sinusoids, which flow blood from 

portal tracts to the hepatic venule,  are lined by endothelial cells and Kupffer cells, the latter is a 

specialized population of the macrophage phagocytic system. The endothelial lining and the 

fenestrations allow the easy exchange between blood and hepatocytes through the space of Disse, 

the compartment between endothelial cells and hepatocytes. In contrast, Kupffer cells are 

irregular, with cytoplasmic extensions to facilitate their phagocytic activity. Also lining the 

sinusoids are liver-associated lymphocytes in contact with endothelial or Kupffer cells
11,12

.  
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1.3.  The Metabolic Physiology of the Liver 

The liver is the major source of bile salts, cholesterol, bilirubin, electrolytes, water and thus helps 

in the breakdown and absorption of fat, cholesterol, and vitamins. Catabolism of hemoglobin 

produces bilirubin and iron which are stored primarily in the liver as ferritin
13

. Liver stores 

carbohydrates as glycogen and metabolize them to glucose as needed while draining them into 

the blood to maintain glucose homeostasis. The liver also filters and unfastens hormones 

(estrogen, aldosterone) and xenobiotic compounds like drugs, alcohol, etc. Resident Kupffer 

cells in the liver play an active part in the mononuclear phagocyte system destroying disease-

causing agents invading from the gut.  

 

 

 

The liver is the protein production factory for many essential proteins like albumin, 

angiotensinogen, clotting factors, etc, and constitutes the major portion of circulatory proteins. 
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The complex inter-cellular crosstalk between divulged cellular components like hepatocytes, 

Kupffer cells, hepatic stellate cells (HSCs), endothelial cells, broadly known as hepatic 

microenvironment plays a crucial role in normal liver functioning
14

. The liver‟s ability to store, 

synthesize, metabolize, and release glucose is a prerequisite for whole-body glucose homeostasis 

which is maintained throughout the life span. Feeding shifts the mode of hepatic glucose 

metabolism from the net output to the net uptake (Fig.4A). The decline in glucagon with a 

concomitant increase in insulin resulted in reduced hepatic glucose output (Fig.4B). Energy 

requirements determine the hepatic glucose output which is dynamic and highly responsive 

throughout the body (e.g. brain, skeletal muscle). The liver has to metabolize a huge burden of 

free fatty acids secreted from adipose tissue following lipolysis. These fatty acids can be secreted 

as very-low-density lipoprotein (VLDL) or stored as neutral lipids such as triglycerides. 

Hepatocytes play an instrumental part in de novo lipogenesis for generating neutral fat and 

regulating lipid homeostasis in the liver. The liver maintains a cardinally tuned homeostasis 

between the catabolic and anabolic reactions for lipid metabolism. Dysregulation of this balance 

between lipogenesis and lipolysis resulted in hepatic pathophysiology. Hepatocytes are the 

principal cellular component of the liver serving varied and important functions starting from the 

production of different proteins like albumin, clotting factors, etc. to metabolizing several 

xenobiotic compounds with the help of the cytochrome P450 system
15

. 

 

2.  Fatty Liver: An integrative pathophysiology of Metabolic Dysregulation 

The liver, muscle, and adipose tissue are the three major metabolic niches for maintaining the 

metabolic homeostasis of circulating sugar and lipids of any healthy individual
16

. Triglycerides 

(TG) have evolved as the prime nutrient repository to maintain against the metabolic fluctuations 

in energy demand. Breakdown of TGs provides a higher calorific value (9 kcal/g) than the 

carbohydrates (4.5 kcal/g) and proteins (4 kcal/g). In higher eukaryotes, adipocytes store the 

majority of TGs, while it can be accumulated in various other cell types and tissues under 

various pathophysiological conditions. Migratory birds store a large amount of fat in their 

adipose tissue during their migratory period before the long seasonal flight However excess fat 

deposition in the human liver is maladaptive metabolic physiology
17

.  
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2.1. Nonalcoholic Fatty Liver Disease (NAFLD): A global metabolic threat 

Fatty liver, often termed hepatic steatosis, is the accumulation of free fatty acids as microscopic 

or macroscopic lipid droplets in the liver. Normally hepatocytes contain neutral fat but excessive 

storage may cause severe hepatocellular metabolic dysfunction. Excessive alcohol intake 

resulted in lipid accumulation in the liver, while NAFLD is the most common obesity-associated 

chronic liver disorder affecting almost 25% of the global population (Fig.5).  

 

 

 

The industrial revolution associated with the escalating sedentary lifestyle has enriched the 

global prevalence of NAFLD  exponentially over the last few decades
18–20

. Precisely, individuals 

with more than 5% hepatic fat content of total liver weight having minimal alcohol consumption 

(<10 g/day for women, <20 g/day for men) are considered to have NAFLD
21

. NAFLD 

encompasses a spectrum of liver diseases starting from simple steatosis,  steatohepatitis, and 

fibrosis which can further be aggravated to cirrhosis or hepatocellular carcinoma (HCC). 
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Moreover, NAFLD is associated with confounding risk factors like diabesity, insulin resistance, 

and hyperlipidemia. Whereas the causes of steatohepatitis exclude alcohol-induced 

steatohepatitis or disease-associated steatohepatitis such as hepatitis C, Wilson‟s disease, and 

lipodystrophy. Drug-induced liver injury may often lead to steatohepatitis as an acute side effect 

of antiviral drugs, corticosteroids, and tetracycline, etc. 

 

2.2. The Historical Perspective of NAFLD/NASH 

In 1980, Ludwig et. al coined the term nonalcoholic steatohepatitis (NASH) by observing a 

series of middle-aged patients having little or no consumption of alcohol with chronic 

hepatocellular injury hiving elevated biochemical parameters with associated histopathology 

similar to the patients of alcoholic fatty liver diseases (ALD). However, all the patients but one 

were of the overweight or obese category. These observations invoked an immense interest 

among scientists globally to decipher the molecular and cellular mechanisms associated with 

these hepatic pathophysiologies. Following is the timeline of the most relevant and impactful 

discoveries in the field of NAFLD research (Fig.6). 
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2.3. The Histopathological Features of NAFLD 

NAFLD represents an umbrella term for hepatic disorders encompassing hepatic steatosis, 

NASH, and cirrhosis which is the primary cause of global hepatic dysfunction
1
. The progression 

of steatosis to NASH is marked by permanent pathological changes, such as ballooning 

degeneration, hepatocellular death, inflammation, and fibrosis
22

. Following are the 

histopathological characterization of NAFLD/NASH (Fig.7). 
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2.3.1. Hepatic Steatosis 

Hepatic steatosis starts with the accumulation of triglycerides in hepatocytes often classified as 

macrovesicular (large lipid droplets) and microvesicular (tiny fat vesicles) deposition. In the 

early stage of NAFLD, the liver functions properly and looks normal under the microscope 

except for an excess amount of lipid deposition as vesicles. Macrovesicular steatosis is defined 

as a single large lipid droplet or many smaller droplets occupy the most cytoplasm of 

hepatocytes and pushed the nucleus towards the periphery. Whereas, microvesicular steatosis is 

characterized by the accumulation of smaller fat droplets with the nucleus located centrally in 

hepatocytes. NAFL is traditionally characterized by the presence of hepatic steatosis (lipid 

accumulation > 5%) with low or no evidence of hepatocyte injury. Steatosis usually 

predominates in zone 3 of the liver while increasing severity and acute inflammation aggravate 

the pathology towards steatohepatitis. 
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2.3.2.  Nonalcoholic SteatoHepatitis (NASH) 

Increased macromolecular steatosis is accentuated in zone 3 with lobular inflammation (mixed 

scattered polymorph nuclear leukocytes and mononuclear cells) and mild portal inflammation is 

termed NASH. NASH is the advanced pathology of NAFLD which encompasses the presence of 

steatosis, oxidative stress, inflammation, and hepatocellular injury with little or no fibrosis. 

Multiple parallel hits such as gut-derived toxins, adipokine imbalance, dysregulated apoptosis, 

etc. promote NAFL to NASH progression (Fig.8). In patients, NASH is often associated with 

other metabolic disorders such as diabetes, obesity, insulin resistance, hyperlipidemia, and 

hypertension. Hence, NASH is being considered as the hepatic manifestation of metabolic 

syndrome. 

2.3.3. Hepatocyte Ballooning Degeneration 

Hepatocellular ballooning is one of the hallmarks of NASH, characterized as swollen 

hepatocytes with altered cellular cytoskeletal derangement. The absence or decline in the 

expression of Cytokeratins 8 and 18  in the cytoplasm is the histological characteristic of the 

ballooned hepatocytes
21,23

. Ballooning degeneration predominates near the steatotic zone of the 

liver, typically in zone 3.  

2.3.4. NASH associated Fibrosis and Cirrhosis 

If not treated, NASH further aggravated into hepatic fibrosis and its end-stage Cirrhotic liver 

injury. The initial stage of fibrosis is accompanied by scar tissue formation in the liver. Chronic 

metabolic inflammation and hepatocellular injury primes Hepatic Stellate Cells (HSCs) to get 

activated which resulted in the accumulation of extracellular matrix rich in collagen Type-1 and 

Type-3 within the liver. The continuous deposition of scar tissues resulted in perisinusoidal 

fibrosis. Perisinusoidal/pericellular (chicken wire) fibrosis typically initiates in zone 3 of the 

liver which marked the characteristics of NASH-associated fibrosis. is a characteristic of 

NASH
24

. Excessive fibrotic scar deposition separates the hepatocyte nodules ultimately causing 

hepatic metabolic dysfunction and associated portal hypertension, hepatic failure, and the 

sustained risk of hepatocellular carcinoma (HCC). Cirrhosis is an end-stage irreversible 

manifestation of advanced NASH with very limited or no therapeutic regimen available except 

liver transplantation. 
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2.3.5. Glycogenated Nuclei 

In NASH, vacuolated nuclei are often observed in periportal hepatocytes termed glycogenated 

nuclei. Glycogenated nuclei are the crucial histological marker in differentiating between NASH 

alcoholic steatohepatitis (ASH) pathology
25

. Hepatocellular glycogenated nuclei are enriched in 

zone-1 lipogranulomas (localized infiltration of inflammatory cells associated with lipid 

droplets). 

2.3.6. Hepatocellular Apoptosis 

Apoptosis in the liver as well as in peripheral tissues has emerged as a crucial factor mediating 

the progression of nonalcoholic fatty liver disease (NAFLD). A rapid increment in hepatocellular 

death by apoptosis marked the pathological outcome of NASH-induced pathophysiology in fatty 

liver patients
26

. 

2.3.7. Mallory–Denk bodies  and Proteasomal Dysfunction 
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Perinuclear rope-like eosinophilic aggregates, primely composed of misfolded, heavily 

ubiquitinated Keratins positive (K8/18) inclusion bodies colocalized with the stress-induced 

ubiquitinated proteins such as p62, heat-shock proteins 70, 25, and α-B crystallin termed as 

Mallory–Denk bodies (MDB)(Fig.9). The presence of MDB-like structures in the hepatic 

histopathology associated with various chronic and acute liver diseases such as NASH, ASH, 

acute hepatitis, Wilson's disease, and hepatocellular carcinoma has been observed
27

. In this 

context, MDBs are also categorized as the pathological hallmark of altered hepatic proteostasis. 

Proteasomal dysfunction has also been closely associated with hepatic insulin resistance and ER 

in NAFLD
28

. 

 

2.3.8. Iron overload in NASH 

 

 

Iron metabolism has been widely investigated in the NASH pathology marked as a potential 

therapeutic target. Though serum ferritin is an imprecise measure of iron loading, still, serum 
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ferritin concentration serves as a pathological marker for NASH-associated liver injury. 

Numerous mechanisms that have been identified for deciphering the pathogenic role of hepatic 

iron and its altered metabolism in NAFLD, have been validated in both the cell culture and 

preclinical models (Fig 10). However, the association of hepatic iron to liver injury in NAFLD 

patients is still elusive. Advanced stages of fibrotic NASH, iron overload predominates in 

hepatocytes, reticuloendothelial system, or both
21,29

.  

 

2.4. The Epidemiology of NAFLD 

 

 

The global incidence rate of NAFL/NASH is exceeding exponentially in current times and is 

changing frequently. Some studies have deducted the incidence rate but there have been major 

discrepancies in the investigation due to differential enrollment status of the populations, study 

design, diagnostic methods, and racial differences, where exclusion criteria are alcohol 
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consumption or the asymptomatic disease prognosis. Western countries rely on ultrasonography 

for determining the prevalence of NAFLD, characterized by the ranges from 24- 46%, which 

encompasses one-third of the total population
30–33

. NAFLD affects approximately 25% of the 

population while majorly prevalent in 70-80% of individuals with other metabolic disorders such 

as diabesity and nearly 50% of individuals with dyslipidemia. In the United States, 30% of adults 

and ~10% of children have been suspected to have NAFL. 

The global prevalence of NAFLD is described in Fig. 11 while special emphasis has been given 

to the wide spectrum of NAFLD histopathology.  In Asian countries, the prevalence of NAFL 

varies from 5-18% 
34,35

. Present literature suggests that 59% of NAFLD patients might end up 

having NASH 
36,37

. Among which 34-50% may remain stable while 41% of the patient's 

prognosis further aggravates to fibrosis followed by end-stage cirrhosis 
38

. For the first time, Das 

and colleagues showed that 47% of biopsy-proven NAFLD patients in India had a BMI <18.5 

kg/m2 whereas 87% had a normal BMI, which is commonly known as “lean NAFLD” 
39

. 

Moreover, NAFLD is the third most prevalent reason for liver transplants in the United States, 

thus it is believed that NASH could become the leading cause for liver transplantation by the end 

of 2030. 

2.5. Preclinical models for NAFLD research 

NAFLD is a spectrum of metabolic diseases strongly associated with hepatocellular death, 

inflammation, fibrosis, and cirrhosis ultimately leads to HCC. The major hurdle for the 

successful therapeutic regime of NASH treatment is the lack of a preclinical model which closely 

mimics human NASH pathology. Primates such as monkeys and pigs for the preclinical NAFLD 

research are both costly and logistically difficult. Hence, the use of genetic and diet-induced 

rodent models for NASH is much needed. The major limitation is the genetic homogeneity and 

diverse hepatic metabolic manifestation of the diet-induced mouse models than human NASH 

pathology, some of the models are not insulin resistant (MCD diet-fed model) or lacking the 

presence of ballooned hepatocyte (HFD feeding model). Various genetic and diet-induced 

models have been proposed, and a new model called DIAMOND mouse has been developed to 

mimic the human NASH pathology in mice (Fig.12). Recently, there have several successful 

approaches to develop humanized liver (Fig.13) in mice that will mimic the human NASH 

pathology
40

. 
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2.6. Confounding risk factors in the pathophysiology of NAFLD/NASH 

Confounding risk factors for NAFLD and NASH include are common worldwide. Fig. 14 

depicts some of the risk factors which include obesity, hypertension, diabetes and dyslipidemia, 

and other associated metabolic disorders. 

 

 

 

2.6.1. Central Obesity and Body Mass Index (BMI) 

Central obesity is closely associated with the metabolic pathology of NAFLD/NASH 
41

. Though 

the recommended BMI cut-off values differ according to the geographical and ethnic diversity, 

in Asia, the recommended value for overweight is 23–25 kg/m
2
, while for obesity is greater than 

25 kg/m
2
, as per the latest BMI criteria for Asians by the regional office for Western Pacific 

Region of World Health Organization (WHO) 
42–44

. NAFLD to NASH progression predominates 

mainly in obese and overweight individuals and visceral fat has been shown to have a causal 
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association with NAFLD. Moreover, adipocytes-derived factors such as IL-6 and TNFα and 

some other adipokines are directly associated with progressive liver inflammation and hepatic 

injury 
45

. Even in patients with a normal body mass index (BMI), the physiological distribution 

of fat plays a crucial determining factor for systemic metabolic dysregulation important than the 

total adipose mass. Lean NASH patients are frequently observed in the Indian subcontinent who 

are apparently lean but are centrally obese individuals
46,47

. 

2.6.2. Age and Gender  

Although NAFLD can be found in people of any age, it predominates exponentially with 

increasing age for the people of various ethnicity 
41

. The severity of NAFLD pathology 

progressively increases among aged individuals, but it can also be observed in obese children 

and young people 
48

. Gender-bias pathophysiology has also been related to NAFLD progression 

and has been shown that men are more susceptible than women of a similar age group. 

Moreover, previous studies suggest that men are twice more susceptible to NAFLD to NASH 

progression than women
49,50

. Mechanistically, it has been reported that estrogen might be playing 

a crucial protective role concerning NASH progression 
41,51

. 

2.6.3. Insulin Resistance 

Insulin resistance is strongly associated with NAFL and plays a crucial role in NAFL to NASH 

progression. It is now recognized that the compromised insulin sensitivity in the peripheral 

tissues such as muscle, adipose tissue, and liver underscores the hepatic pathophysiology in 

NASH patients
52

. Moreover, NAFLD is itself a manifestation of insulin resistance due to 

impaired fatty acid oxidation resulted in hepatic steatosis. Statistically, 25-40% of NAFLD 

patients are predisposed to diabesity and compromised insulin sensitivity
53,54

. In obese patients, 

insulin is rendered ineffective for its anti-lipolytic activity in adipose tissues which secretes the 

excess free fatty acids resulted in hepatic deposition (Fig.15). Furthermore, this excessive 

accumulation of lipids in the liver generates lipo-toxic metabolites such as diacylglycerol (DAG) 

and ceramides causing hepatic insulin resistance
55

. 
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2.6.4. Sedentary Lifestyle 

The severity of NAFLD pathogenesis is strongly correlated with a sedentary lifestyle with 

decreased caloric expenditure and compromised metabolic fitness
56

. A previous study suggests 

that liver fat is associated with low physical activity 
57

 while another epidemiological study 

conducted in Dallas further demonstrated that NAFLD is inversely associated with fitness and 

directly with BMI 
58

. Increased energy expenditure during physical activity might reduce the 

prevalence of NASH
59

. Weight loss programs have also been shown to be beneficial in NASH 

pathogenesis
60

. 

2.6.5. Diet 

Reportedly, a carbohydrate-rich diet further disorients the pathology of NAFLD patients 
61

 and 

high-fat diet feeding further aggravates the hallmarks of NASH 
62

. Mediterranean diet is 
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beneficial for NAFLD patients while improving the prognosis of the disease 
63

. Nonpathogenic 

fats in diet such as monounsaturated fatty acids, and polyunsaturated fatty acids lower the 

probability of disease progression 
64

. 

2.6.6. Ethnicity 

The prevalence of NAFLD/NASH widely varies in different ethnic populations worldwide while 

the frequency of NAFLD patients in African Americans is 24% but in Hispanics, the value is 

higher 45% and for Europeans, it is 33% 
30

. Among the Hispanic population, NAFLD prevalence 

is comparatively high for African Americans 
30,65,66

. 

2.6.7. PolyCystic Ovarian Syndrome (PCOS) 

In pre-menopausal women, PCOS is the most common endocrinopathies with frequency ranging 

from 5-8% 
67

. PCOS-associated ovulatory dysfunction and hyperandrogenism might be the 

leading cause for the transcriptional suppression of LDLR and thus induce circulatory levels of 

LDL and the storage of VLDL in several peripheral tissues such as the liver. Reportedly, 

NAFLD patients showed approximately 55% probability of developing PCOS, hence directly 

correlating NASH with PCOS. 

2.6.8. Genetic predisposition in NAFLD 

In some patients NAFLD aggravates to NASH while for others it remains unaltered, This 

heterogeneity of NAFLD pathophysiology might be explained by studying the effects of genetic 

predisposition in cross-sectional and follow-up studies (Fig.16). Genetic variability such as 

single nucleotide polymorphisms (SNPs) has been broadly investigated using classical candidate 

gene association studies 
68

, genome-wide association studies (GWAS), and exome-wide 

association studies (EWAS) 
69–71

. Reportedly, a GWAS study indicated an impregnable 

association of NAFLD development with a nonsynonymous variant of patatin-like phospholipase 

3 (PNPLA3) gene (rs738409 C/G, I148M) 
71

. Patients harboring the above-mentioned single 

nucleotide polymorphism (SNP) reported abruptly high levels of serum alanine aminotransferase 

and aspartate aminotransferase (ALT and AST). Interestingly, PNPLA3 depletion in mice did not 

corroborate the similar phenotypes while I148M overexpression/knockin led to hepatic steatosis.  
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PNPLA3 shares significant homology with ATGL or PNPLA2 and arbitrates hepatic 

triglycerides hydrolysis. Different cross-sectional studies with Argentinian patients indicate a 

significant contribution of a PNPLA3 risk allele with the severity of NAFLD pathology which is 

independent of age, sex, and other confounding factors
72,73

. PNPLA3 risk allele polymorphism 

has been correlated with the hallmarks of NASH 
74,75

. The genetic variant of PNPLA3 (I148M) 

has been shown to be associated with proinflammatory and profibrogenic activity
76

. 

Transmembrane 6 superfamily member 2 (TM6SF2) (rs58542926) variant that codes a crucial 

protein regulating hepatic VLDL secretion 
77

. Glucose metabolism is mediated by glucokinase 

activity and further regulated by glucokinase regulatory protein (GCKR). GCKR SNP 

(rs780094) inhibits its physiological function which is further associated with NASH
69

. VLDL 

secretion prerequisites de novo phosphatidylcholine synthesis which is catalyzed by 

Phosphatidylethanolamine N-methyltransferase (PEMT). Song and Namikawa et al. reported that 

there is a strong correlation between NAFLD and rs7946 encoding Val175Met 
78,79

. Moreover, 
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advanced hepatic fibrosis showed a close correlation with the rs4880 [T] polymorphism of 

Superoxide dismutase 2, mitochondrial (SOD2) 
80

. Angiotensin II augments myofibroblast 

survival; while angiotensin II blocker is therapeutically prescribed to dampen fibrosis in NASH. 

Recently, It has been reported that ATGR1 rs3772622 SNP is also associated with a fibrosis 

score of progressive steatohepatitis 
81

. Some microRNAs such as miR-335, miR-122, miR-34a 

has been shown to play a crucial role in NAFLD to NASH pathogenesis 
82

. The GWAS studies 

further emphasize the relevance of transcriptional upregulation apoptosis, lipogenesis, 

inflammatory genes with concomitant downregulation of DNA repair genes in NASH 

pathogenesis 
83,84

. 

2.6.9. Dysregulation of hepatic lipid metabolism 

NASH pathogenesis crucially involves several metabolic dysregulations in hepatic fat 

metabolism. Altered molecular mechanisms regulating fatty acid uptake, synthesis, storage, 

breakdown, and fat secretion might lead to metabolic disequilibrium resulted in hepatic 

pathology (Fig.17). 

Free fatty acids (FFAs)  from the dietary fats via chylomicron metabolism feeds the peripheral 

tissues such as liver and adipose tissue and regulates de novo lipogenesis (DNL). Feeding 

induced the absorption of dietary fats and cholesterol into intestinal enterocytes. Plasma FFAs 

are majorly uptaken by the hepatocyte and stored in the form of neutral lipids such as 

triglycerides. Lipolysis in the adipocytes serves as a major source of circulating FFAs while the 

NEFA pool is another source of FAs in the liver. FATP2 and FATP5 facilitate the FA uptake 
85

 

and FATP5 depletion in mice showed significantly reduced accumulation of TGs in the liver 
86

. 

In NAFLD, hepatic CD36 expression is positively correlated with hepatic TG content
87

. The 

accumulation of lipids in the liver could be either due to enhanced fatty acids uptake, 

uncontrolled de novo lipogenesis, and progressive decline in fatty acid oxidation rate, or 

decreased hepatic triglyceride secretion. Moreover, FFAs majorly oxidized at mitochondrial sites 

or excreted from the liver as very-low-density lipoprotein (VLDL) into the systemic circulation. 

The previous report suggests that the fatty acid oxidation and triglycerides secretion to 

circulation has been significantly dampened in NASH patients. 
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Dietary carbohydrates enter the Krebs cycle to produce acetyl-CoA for de novo lipogenesis 

(DNL) and contribute to the glycerol backbone via triosephosphate. Sequential esterification of 

fatty acids resulted in the formation of triacylglycerols (TAGs) and can be stored in the liver.  

Transcription factors governing hepatic lipogenesis are upstream-stimulatory factors (USFs), 

sterol regulatory element-binding protein 1C (SREBP1C), carbohydrate responsive element-

binding protein (ChREBP), and liver X receptors (LXRs) which are closely associated with 

NASH pathology. The expression and activity of the lipogenic genes such as ACC and FAS are 

majorly regulated by two transcription factors SREBP1C and ChREBP, which are further 

regulated by liver X receptor (LXR) 
88

. Reportedly, the Depletion of SREBP1C and ChREBP 

ameliorates the hallmarks of NASH 
89,90

. Previous literature suggests that altered levels of VLDL 

and loss of secretion are the contributing factors in NASH pathogenesis 
91

. 
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2.6.10. Inflammation and Oxidative Injury in NASH 

The second hit in NAFLD pathogenesis includes lipid peroxidation due to altered redox 

homeostasis and activation of proinflammatory pathways associated with NAFL to NASH 

progression (Fig.18). 

 

Reportedly, lipotoxicity and compromised gut permeability have been known for the 

downstream activation of JNK and IKK complex via TLR receptor activation followed by 

differential activation of NF-ҡB, resulted in the expression and release of pro-inflammatory 

cytokines such as TNF-α, MCP-1. JNK activation has previously been associated with hepatic 

insulin resistance due to IRS-1 and IRS-2 phosphorylation 
92

. In diabesity, several adipokines 

secreted from different sources of adipose tissue have been shown to play an important role in 

regulating metabolic inflammation
93,94

. Moreover, intracellular lipo-toxic metabolic insults may 

alter the cellular redox state thereby producing excessive reactive oxygen species (ROS) through 

FFAs β-oxidation. Multiple pro-oxidative events have been identified including uncoupled 
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oxidative phosphorylation resulted in the release of ROS at mitochondrial sites or endoplasmic 

reticulum or peroxisomes (NADPH oxidase) related to the pathogenesis of NASH 
95–97

. 

2.6.11. Hepatocellular Apoptosis in NASH 

Programmed cell death termed apoptosis occurs by two intracellular molecular pathways, 

extrinsic and intrinsic. The extrinsic pathway requires the engagement of death-ligand mediated 

receptor activation followed by the assembly of the cellular death complex. Whereas, the 

intrinsic pathway is stimulated by cellular stress associated with mitochondrial dysfunction. ER 

stress can also aggravate apoptosis through JNK and CHOP signaling, followed by the activation 

of the proapoptotic signaling cascade. Apoptotic pathways activate intracellular caspases having 

an autocatalytic activity that cleaves intracellular components in a programmed way. Excessive 

hepatocellular death promotes severe inflammation followed by the activation of hepatic stellate 

cells resulted in hepatocellular fibrosis. Hepatic apoptosis is one of the contributing factors in the 

development of chronic hepatic disorders 
22,26

. Free fatty acid and free cholesterol resulted in 

lipotoxic hepatocellular death 
98,99

. Apoptotic bodies resulted in TLR4 receptor-ligand interaction 

in Kupffer cells and promote inflammation in the liver. Kupffer cells secrete proinflammatory 

cytokines which in turn stimulate quiescent stellate cells and concomitant activation leads to 

hepatic fibrosis 
100,101

. TUNEL positive apoptotic cells serve as the determining hallmark of 

NASH pathogenesis 
22

. There are majorly five types of cellular death programs associated with 

NASH, namely, apoptosis, autophagy, necrosis, necroptosis, and pyroptosis 
102,103

. Apoptosis is 

the most predominant and well-studied cell death pathway in NASH progression.  
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Apoptosis initiates with either extracellular signal mediated membrane-dependent „extrinsic 

pathway‟ or due to intra-organelle dysfunction in „intrinsic pathway‟ 
104

 (Fig. 19). 

2.6.12. NASH associated Fibrosis 

Reportedly, lipotoxicity mediates hepatocellular injury resulting in apoptosis and necrosis 

(necro-inflammation) in NASH. Chronic hepatic inflammation majorly promotes hepatic fibrosis 

which is considered as the “third hit” in NASH-associated fibrosis. Hepatic stellate cells (HSCs) 

activation and myofibrillar cellular hepatic infiltration mediate fibrosis. Excessive production 

and secretion of the extracellular matrix (ECM) in the form of collagen by activated stellate cells 

serve as the principal component of scar tissues
105

. It has been reported that hepatic steatosis and 

lipid peroxidation products induce TGF-β signaling and promote the production of ECM in 

developing hepatic fibrosis 
106,107

. 
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3. Diagnosis of NAFLD and NASH 

Though liver biopsy is the gold standard for diagnosis of any chronic liver disease and selected 

as the most reliable method for characterizing the different grades of NAFLD pathology. 

However, it is an invasive, expensive technique having a limited opportunity for the screening of 

follow-up NAFLD patients. Hence, the unmet need for simple non-invasive methods for 

detecting NASH pathology is crucial for the intervention of the disease (Fig.20). 

 

 

 

Ultrasonography is the commonly used technique that is relatively inexpensive and widely used 

for detecting hepatic lipid accumulation in NAFLD patients 
108

. Hepatic ultrasonography scoring 

is strongly associated with steatosis and serves as a predictor 
109

 for NAFLD progression. The 

sensitivity of this technique becomes compromised if the fat content exceeds more than 30% 
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along with the BMI>40. Ultrasonography can be utilized for the diagnosis of patients of variable 

age, even during pregnancy as well 
110

. The Computer Tomography (CT) method is developed 

by utilizing the tissue penetration capacity of X-ray. CT-dependent evaluation of steatohepatitis 

generally designated by Hounsfield units. The healthy liver value represents 50-65 HU but 

steatosis dampens the value near 48HU 
111

.  MRI is one of the most appropriate and reliable 

techniques for measuring hepatic lipid accumulation. The unique chemical property of fat can be 

measured by MRI. MRI is widely used for detecting liver fat accumulation. 

4. Current pharmacotherapies in NAFLD/NASH 

Currently, there is no such full proved therapeutic regimen for the treatment of NASH, while 

weight loss has shown significant effect in preventing NASH pathogenesis. Even though there 

were several pharmacotherapeutic attempts in treating NASH, but most of them have overall 

limited benefits or significant metabolic side effects
112

. The exponentially increasing prevalence 

of NAFLD and NASH and their pathological aftermath on global health is becoming elusive 

these days. Increasing prevalence and lack of approved therapeutics in NASH make the unmet 

need for therapeutic intervention extremely relevant (Fig.21). Presently, weight loss has been 

recommended as one of the first-line therapies for treating NASH patients by suggesting caloric 

restriction or increasing energy expenditure by regular physical exercise. Reportedly, 7-9% of 

weight loss of the total body weight may reduce hepatic steatosis, ballooning degeneration, and 

liver inflammation in NASH patients
113

. There have been several difficulties in maintaining 

calorie restrictions for a longer period. Therefore, several pharmacotherapy trials have been 

conducted for improving insulin sensitivity and dampening hepatic steatosis, inflammation, and 

hepatocellular death in NASH. Statins, antioxidants, fibrates, insulin sensitizers, and angiotensin 

receptor blockers were majorly investigated for the therapeutic management of NASH/NAFLD, 

but unfortunately, till now, all therapeutic regimes demonstrated limited efficacy in randomized 

clinical trials 
114

. Noticeably, Pioglitazone or Vitamin E has initially shown promise in NASH 

therapy for those who failed lifestyle interventions. Reportedly, pioglitazone demonstrated 

improvement in histological evaluation (a secondary endpoint) as compared to placebo (34% vs. 

19% p = 0.04) in phase III PIVENS trial whereas Vitamin E also showed a similar histological 

outcome (Vitamin E vs placebo: 43% vs. 19%, p < 0.001)
115,116

. But later, pioglitazone has failed 

to meet the primary histological endpoint for the improvement in hepatic injury and fibrosis for  
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advanced NASH patients (96 weeks). Several untoward side effects of long-term pioglitazone 

therapy have raised several physiological concerns such as loss of bone density, excessive weight 

gain, bladder cancer, and congestive cardiac failure that significantly limits its usage for 

comorbid NASH patients 
117

. Furthermore, newer pharmacotherapeutic approaches targeting 

several important candidate genes such as Farnesoid X Receptor (FXR) agonist, Obeticholic 

acid, Elafibranor (GFT505, PPARα/δ agonist), and Saroglitazar (PPARα/γ agonist) showed 

modest therapeutic potential for treating NASH while several of them are undergoing Phase III 

clinical trials for its long-term usage, safety, and efficacy 
34,118

. Recently, GLP-1 receptor 

agonists and DPPIV inhibitors, as potent insulin sensitizers, have been investigated for their 

therapeutic role in NASH 
119

. Due to the multifaceted model of NASH pathogenesis and disease 

progression, several combination therapies might depict better therapeutic outcomes and much 

greater success in the future. Selonsertib, a potent ASK1 inhibitor, showed significant anti-

inflammatory potential in treating NASH 
120

. The pharmacological benefits of incretin-based 



 
30 Review of Literature 

therapies, fibrates, and GPR119 agonists have also being considered for managing NASH 

pathophysiology.  

5. Role of Inflammasome activation in NASH 

NASH is an aggressive disease pathology associated with hepatic inflammation and 

hepatocellular injury in the presence or absence of fibrosis 
121,122

. The inflammasome is a large 

multiprotein cytoplasmic assembly majorly comprising NOD-like receptor (NLR), adaptor 

protein (ASC), and associated precursor procaspase-1 that regulates the innate immune response 

123
. Tissue-resident macrophages can sense the exogenous and endogenous damage-associated 

molecular patterns which in turn activates the NLRP3 inflammasome and initiates caspase-1 

mediated cleavage of pro-IL-1β (Fig.22). Besides the noncanonical inflammasome complexes, 

the role of NLRP3 in NASH pathogenesis is well characterized and reportedly NLRP3
−/−

 and 

ASC
−/−

 mice showed significant protection against carbon tetrachloride (CCl4) or MCD-induced 

hepatic fibrosis 
124

.  

 

A recent study highlights the crucial importance of NLRP3 inflammasome activation in NAFLD 

to NASH progression. Besides kupffer cells, LPS and cholesterol crystals are effective mediators 

of inflammasome activation in hepatocytes as well and release IL-1β in response. 

Pharmacotherapeutic inhibition (MCC950) of the inflammasome in preclinical NASH models 
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resulted in preventing metabolic inflammation and hepatocellular injury in NASH 
125

. In 

contrast, inflammasome activation in the initial phase of disease progression has shown a 

protective effect against NASH while caspase-1
−/−

,Asc
−/−

and Nlrp3
−/− 

mice fed MCD diet (24 

days) developed aggravated NASH histopathology with increased steatosis and TLR4 activation 

compared to wild-type 
126

. Interestingly, Nlrp3
−/− 

mice developed severe pathological hallmarks 

in MCD-fed NASH compared to wild type. Notably, NLRP3 inflammasome serves as a potential 

negative regulator of microbial dysbiosis-driven NASH. 

6. Role of Adipokines and Hepatokines in NAFLD/NASH 

Adipose-derived cytokines (adipokines) such as adiponectin, adipsin, visfatin, resistin, leptin, 

and TNFα is associated with the pathophysiology of fatty liver (Fig. 23). A recent report suggests 

an antithetical relationship between circulatory leptin levels with the steatosis grade in patients 

undergoing bariatric surgery 
127

. Various cell types in the liver including stellate cells (HSCs), 

Kupffer cells (KCs), and sinusoidal endothelial cells express leptin receptors and mediate the 

Metabo-endocrine function regulating the pathology of chronic liver diseases 
128,129

. Leptin 

signaling in the liver resulted in collagen deposition, oxidative stress by activating quiescent 

stellate cells and stimulates TGF β production (Fig. 4) by KCs 
130

. Adiponectin (GBP28) 

harmonizes various hepatic metabolic functions like glucose homeostasis, FA oxidation, and 

VLDL secretion 
131

. It has also been implicated in metabolic syndrome and exerts intracellular 

metabolic signaling through membrane receptors AdipoR1 and AdipoR2. AdipoR2 is 

predominantly expressed in the liver whereas AdipoR2 is skeletal muscle-specific 
132

. The 

polypeptide adipokine showed significant anti-inflammatory, antifibrotic and antisteatotic 

effects, which is transcriptionally persuaded by one of the nuclear hormone receptors, PPARγ 

through direct interaction to its cognate cis-acting regulatory DNA elements 
133

. Adiponectin 

demonstrates the anti-inflammatory activity of endothelial NF-κB signaling and other 

proinflammatory cytokines. This hepatic anti-inflammatory milieu is further fortified by the 

concomitant induction of anti-inflammatory cytokines like IL-10 
134

. Adiponectin plays a central 

metabolic role in the pathogenesis of NAFLD/NASH through consolidated immunometabolic 

function (Fig.23)  

 



 
32 Review of Literature 

 

 

Hepatokines are the circulatory proteins secreted from the liver with both the paracrine and 

endocrine function majorly affecting the central metabolic signaling in glucose and lipid 

metabolism
135,136

. Some of the well-characterized hepatokines associated with metabolic function 

are fibroblast growth factor-21 (FGF-21), Fetuin-A (α2-HS-glycoprotein), selenoprotein P, sex-

hormone-binding globulin (SHBG), leukocyte derived chemotaxin-2 (LECT2), and angiopoietin-

related growth factor (angiopoietin related protein 6) (Fig. 23). Modified hepatokines have been 

consequentially federated to NAFLD whereas FGF-21 has been involved in regulating enhanced 

energy-expenditure, better peripheral insulin sensitivity, and significant β-cell survival. fetuin-A 

exhibits the central role in the pathophysiology of T2DM and associated cardiovascular 

complications with hepatic steatosis 
137

. 

7. Role of PEDF in NAFLD/NASH 

Pigment epithelium-derived factor (PEDF), a 50-kDa non-inhibitory serpin family glycoprotein, 

was first identified in the culture medium of renal pigmented epithelium by Tombran-Tink 

(1989). This heavily glycosylated secretory protein represents the largest group of serine 

protease inhibitors that can be found in most of the organs such as the liver, muscle, ovary, testis, 

spleen, skeletal muscle adipose, heart, kidney, brain, and bone and mediating different 
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physiological functions including anti-inflammatory, anti-apoptotic, anti-fibrotic, anti-

angiogenic, antitumorigenic, anti-oxidant and neurotrophic activities 
138,139

 

 

 

Interestingly, the genomic location of the PEDF gene is consequential with a region that 

spanning a cluster of cancer-related genes in chromosome 17p13.1 
140,141

. The crystal structure of 

glycosylated human PEDF depicts an α/β core serine-protease inhibitor domain, 3 β-sheets, and 

10 α-helices 
142

. The serpin reactive center (SRC) of PEDF is dispensable for its neurotrophic 

activity and serves as a non-inhibitory serpin protease 
143

. Global alignment across the species of 

the inhibitory and non-inhibitory serpins depicted evolutionarily conserved 
143

 C-terminal 

glycosylation site, a leader sequence, a collagen-binding site, and four specific conserved regions 

(two N-terminal and two C-terminal regions) (Fig.24). N (78-95 amino acids) and C (384-415 

amino acids) terminal sequence rendered responsive for the primary functions in all serpin 
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proteases Immunofluorescence and biochemical studies indicated a noncanonical function of 

PEDF within the nucleus due to its potential nuclear localization sequence (141-151 position)
144

. 

Though PEDF knockout is not lethal, it rather leads to osteogenesis imperfect IV 
145

. PEDF 

highly expresses in the liver. Hepatocytes are the major source of the hepatic PEDF pool that 

mediates lipid metabolism by regulating the lipid metabolic enzyme, ATGL 
146

. PEDF knockout 

resulted in hepatic steatosis compared to wild type 
147

, and both preclinical and clinical study 

suggests a steady decline in PEDF expression associated with disease progression in both 

alcoholic and nonalcoholic steatohepatitis 
148

.  

8. Cellular Proteostasis in NAFLD 

Intracellular protein turnover is a highly selective and sequential event for the degradation of 

various misfolded or non-functional which play a pivotal role in cellular homeostasis. Regulatory 

proteins played a crucial rate-limiting step that maintains or regulates the half-life of various 

cellular proteins. Several regulatory proteins like cyclins have to be degraded rapidly and very 

precisely so that the cellular levels determine and regulate the cell cycle progression. The 

specificity of the degradation system is precisely coordinated by several enzymes and multiple 

regulatory and catalytic steps. One such complex, highly coordinated, stringently regulated 

protein degrading machinery is proteasome, which maintains and orchestrates various 

fundamental cellular processes like cell division, DNA repair, ion channel function, immune 

response, oxidative stress, and metabolic fitness 
149,150

. Hence alteration in any of these pathways 

can lead to many diseases such as neurodegeneration, autoimmunity, metabolic syndrome, etc. 

Investigating these pathways and associated regulatory components underscores the crucial 

importance of developing several therapeutic strategies for combating several diseases associated 

with altered proteostasis 
151–154

. The central structure of this system is a barrel-shaped 26S 

proteasome, dynamic multi-subunit complex which mediates the degradation of 

polyubiquitinated proteins in an ATP-dependent manner (Fig. 25). 
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8.1. Endoplasmic Reticulum stress 

Misfolded proteins have been found to accumulate in the Endoplasmic Reticulum (ER) lumen 

under certain physiological conditions which are known as ER stress. A rapid increase in 

demand for proteins(secreted or membrane) can give rise to ER stress 
155

. A range of cellular 

stresses such as Ca 
2+

 homeostasis disruption, redox imbalance may lead to the development of 

ER stress as well 
156

. This leads to the activation of several processes which either lead to 

restoration of cellular homeostasis or initiate cell death (Fig. 26). 

8.1.1. The ER-associated degradation pathway (ERAD) 

The mammalian ERAD machinery consists of a central E3 ligase complex which facilitates the 

recognition of damaged substrates. These substrates are extracted through the ER lipid bilayer by 

the complex, ubiquitinated at the cytosolic side of the ER membrane, and finally degraded by the 
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proteasomes 
157

. Apart from misfolded protein degradation ERAD is also responsible for 

regulating the stability of key liver proteins independent of any folding impairments. 

 

 

 

8.1.2. The Unfolded Protein Response (UPR) 

Unfolded protein response(UPR), the next line of defense is initiated when ERAD is unable to 

eliminate the accumulated misfolded proteins. The UPR inhibits translation as well as induces 

the expression of enzymes that are involved in ERAD to decrease the load of unfolded proteins. 

It also increases the protein folding capacity, mainly via chaperone expression The UPR is 

mediated by three transmembrane proteins of the ER: eukaryotic translation initiation factor 2-α 

kinase 3 (also known as PKR- like ER kinase; PERK); serine/threonine-protein kinase/ 

endoribonuclease IRE1 (ERN1, commonly known as IRE1); and cyclic- AMPdependent 

transcription factor ATF-6α (ATF6)
158

. Under basal conditions, these transducers are bound to 
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glucose-regulated protein (also known as binding immunoglobulin protein; BiP), the 78kDa most 

abundant ER chaperone, and thus are kept in an inactive state. When ER stress occurs, BiP is 

isolated by luminal misfolded proteins and displaced from the UPR transducers thus activating 

them 
159,160

. Accumulation of saturated fatty acids and unfolded/misfolded proteins lead to ER 

stress
161,162

 followed by the activation of pro-apoptotic protein Bax via CHOP and concomitant 

mitochondrial dysfunction resulted in apoptosis.  Recent studies highlighted the close association 

between ER stress and human NAFLD progression 
163

. 

8.2. Tunicamycin 

An amalgam of various homologous antibiotics responsible for the inhibition of the synthesis of 

glycoprotein is tunicamycin. The first step in the synthesis of glycoproteins marks the transfer of 

N-acetylglucosamine-1-phosphate from UDP-N-acetylglucosamine to dolichol phosphate which 

is mediated by GlcNAc phosphotransferase (GPT). Tunicamycin inhibits the action of this 

enzyme (Fig.27A). Thus unfolded glycoproteins get accumulated and lead to ER stress. 

Tunicamycin is also responsible for blocking N-linked glycosylation (N-glycans). This action 

leads to cell cycle arrest in the G1 phase in human cells. Streptomyces clavuligerus and 

Streptomyces lysosuperificus produce tunicamycin among various other bacteria. 

8.3. MG132 

MG 132 is a potent, reversible, and proteasome inhibitor with cell permeability. It is a member 

class of synthetic peptide aldehydes. Degradation of ubiquitin-conjugated proteins is reduced by 

MG132 treatment in mammalian cells. It also does so in strains of yeast that are permeable. It 

does so with the help of the 26S complex keeping its ATPase as well as isopeptidase activities 

intact. MG 132 is responsible for the activation of c-Jun N-terminal kinase (JNK1), which 

initiates apoptosis. MG132 obstruct ER-associated protein degradation (ERAD) thereby causing 

the accumulation of misfolded proteins in the ER. Thus it induces ER stress directly (Fig.27B). 
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8.4. Bortezomib 

Bortezomib is an N-protected dipeptide that acts as a proteasomal inhibitor. It can be written as 

Pyz-Phe-boroLeu since it consists of pyrazines acid, phenylalanine, and leucine with boronic 

acid. The boron binds with the 26S proteasome thus inhibiting its activity. It has been approved 

globally as a cancer-treating drug used to treat multiple myeloma as well as mantle cell 

lymphoma (Fig.27C). 

9. Role of ASK1 in NASH 

In various studies, it has been found out that in response to various extracellular stimuli; which 

includes growth factors as well as environmental stresses activate mitogen-activated 

protein(MAP) kinase cascade. Apoptosis signal-regulating kinase 1 is a MAP kinase kinase 

kinase(MAPKKK) that has been found to activate SEK1 and MAPKK6. This further activates 
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stress-activated protein kinase(SAPK) also known as JNK(c-Jun amino-terminal kinase) and 

p38, which are subgroups of MAP kinases. It has been observed that ASK1 overexpression 

induced cell death. ASK 1 is a key element in the mechanism of stress and cytokine-induced 

apoptosis132 (Fig.28). 

 

 

ASK1 plays a central role in hepatic steatosis, hepatocellular death, inflammation, and fibrosis in 

non-alcoholic steatohepatitis. Evaluation of the safety profile and the antifibrotic activity of 

selonsertib, a potent selective inhibitor of ASK1, in patients and preclinical models with NASH-

driven advanced fibrosis has been studied by several groups worldwide 
120,164,165

.  ASK1 

activation in hepatocytes is associated with the activation of apoptosis-related pathways, 

representing a hallmark of NASH and fibrosis progression. ASK1 is a ubiquitously expressed 

serine/threonine kinase that can be activated by oxidative stress and leading to phosphorylation 

of p38 mitogen-activated kinase and JNK, resulting in the activation of stress response pathways 
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that aggravated hepatic inflammation, apoptosis, and fibrosis.  ASK1 inhibition resulted in the 

depletion of the genes involved in collagen production and deposition in the extracellular matrix 

while reducing hepatic TNF-α expression. ASK1 inhibition has been shown to reduced LPS-

induced expression of Collagen 1A1 (Col1a1) in hepatic stellate cells in Nlrp3-KI mice. ASK1 

inhibition potently reduced hepatocellular death, fibrosis, and associated inflammatory signaling 

by NLRP3 activation.  

10. Dichotomous role of PPARγ in NASH 

Peroxisome proliferator-activated receptor-gamma (PPARγ) is a nuclear hormone receptor that 

regulates lipid metabolism and inflammatory responses in several tissues including liver muscle 

adipose and heart. It has been reported that certain PPARγ ligands showed some beneficial role 

in preventing the several hallmarks of nonalcoholic steatohepatitis (NASH)
166

.  
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Despite the controversial lipogenic activity by PPAR in NASH, several studies further unveiled 

that endogenous PPAR holds crucial importance in mitigating hepatic injury in NASH. The 

functional validation of PPARγ in the development of NASH has been investigated by both the 

gain of function and loss of functions studies in preclinical models of NASH 
167,168

.  

Thiazolidinediones, targeting the nuclear receptor PPARγ and have been investigated in several 

clinical trials for accessing their therapeutic potential in treating NAFLD/NASH. PPARγ has 

depicted differential roles in specialized organs and tissue types while PPARγ shows the highest 

expression and plays the primary function in adipose tissue. Reportedly, the Hepatic expression 

of PPARγ is significantly induced in fatty liver patients. Hence, NAFLD patients undergoing 

thiazolidinediones therapy showed a differential response in adipose and liver. Two faces of   

PPARγ activity in hepatocytes call for the new therapeutic regime including the development of 

novel compounds harnessing the beneficial activity of PPARγ while restricting the untoward 

PPARγ-driven activity related to adipogenesis and weight gain. While PPARγ exerts specialized 

functions in the liver and PPARγ activation in HSCs and macrophages renders therapeutically 

beneficial outcomes in protecting the hallmarks of NASH. In vitro investigations have depicted 

cell‐and tissue‐specific post‐translational modifications of PPARγ that mediates PPARγ‐driven 

untoward side effects. An improved therapeutic outcome is achieved by targeting several PPAR 

subtypes in combination viz. dual or pan agonists, for optimizing its potential beneficial 

effects
169

. 
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1. Reagents 

Reagents were obtained from the following sources: Dulbecco's modified Eagle's medium 

(DMEM) were from Himedia Laboratories (Mumbai, India); Fetal bovine serum (FBS), 

Penicillin/Streptomycin from Invitrogen (Paisley, UK); Lipofectamine 2000 from Life 

Technologies; MG-132 from Calbiochem, Methionine, and choline-deficient (MCD) diet 

(#0296043910) and 60% high-fat (#D12492, Research Diets, Inc., 20 Jules Lane New 

Brunswick, NJ 08901 USA). 

Details of antibodies used are listed below: 

 

Table 1. Details of antibodies used: 

Type of 

Antibody 

Name of Antibody Manufacturer Species 

raised in 

Catalog 

number 

Primary ASK1 (D11C9) Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #8662 

Primary Phospho-ASK1 (Thr845) Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #3765 

Primary p38 MAPK (D13E1) XP
®

 Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #8690 

Primary Phospho-p38 MAPK 

(Thr180/Tyr182) (D3F9) 

XP
®
 

Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #4511 

Primary SAPK/JNK Antibody Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #9252 
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Type of 

Antibody 

Name of Antibody Manufacturer Species 

raised in 

Catalog 

number 

Primary Phospho-SAPK/JNK 

(Thr183/Tyr185) (81E11) 

Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #4668 

Primary PARP Antibody Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #9542 

Primary Cleaved Caspase-3 (Asp175) Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #9661 

Primary Caspase 8 Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #4790 

Primary Caspase-9 (C9)  Cell Signalling 

Technology, Boston, 

MA, USA 

Mouse #9508 

Primary NRF2 (D1Z9C) XP
®
 Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #12721 

Primary PPARγ (C26H12) Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #2435 

Primary Phospho-PERK (Thr980) 

(16F8) 

Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #3179 

Primary XBP-1s Antibody Cell Signalling 

Technology, Boston, 

MA, USA 

Rabbit #83418 
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Type of 

Antibody 

Name of Antibody Manufacturer Species 

raised in 

Catalog 

number 

Primary 

 

Ubiquitin Antibody Cell Signalling 

Technology, 

Boston, MA, USA 

Rabbit #3933 

 

Primary BiP Antibody Cell Signalling 

Technology, 

Boston, MA, USA 

Rabbit #3183 

Primary Myc-Tag (71D10) Cell Signalling 

Technology, 

Boston, MA, USA 

Rabbit #2278 

Primary Histone H3 (D1H2) Cell Signalling 

Technology, 

Boston, MA, USA 

Rabbit #4499 

Primary 4-Hydroxynoneal  R&D Systems Mouse MAB3249 

Primary β-Actin Sigma-Aldrich, St. 

Louis, Missouri, 

USA 

Mouse A228 

Primary α-Tubulin Sigma-Aldrich, St. 

Louis, Missouri, 

USA 

Mouse T6199 

Primary Anti-Pigment Epithelium 

Derived Factor 

Sigma-Aldrich, St. 

Louis, Missouri, 

USA 

Mouse MAB1059 

Secondary Anti-Rabbit Sigma-Aldrich, St. 

Louis, Missouri, 

USA 

Goat AP132P 

Secondary Anti-mouse Cell Signalling 

Technology, 

Boston, MA, USA 

Horse #7076 
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2. Animal model 

Six to eight-week-old male mice (C57BL/6) were kept in a controlled environment, in ventilated 

cages at ambient temperature with a 12:12 hour light and dark cycle at 22±1ºC having 

unrestrained access to food and water. All experiments and protocols were carried out according 

to the Institutional Animal Ethics Committee at the CSIR-IICB (approved by CPCSEA, Ministry 

of Environment & Forest, and Government of India). Mice were fed with ad libitum either with 

60% high-fat (D12492, Research Diets, Inc., 20 Jules Lane New Brunswick, NJ 08901 USA) for 

16 weeks or Methionine-Choline Deficient (MCD) [MP Biomedical; Santa Ana, CA, USA] diet 

for 4 weeks for generating preclinical NASH model. Prior to dietary interventions, mice were 

randomized to different groups and it was ensured that no incidental pre-diet differences in body 

weight existed between the different groups. Mice were anesthetized in a CO2 chamber before 

sacrifice after excision liver was isolated and cut into small pieces, stored in TRIzol reagent for 

RNA extraction, or in lysis buffer for immunoblotting (western blotting) or fixed in 10% 

formalin prepared in neutral buffer solution for histopathological analysis. Blood samples were 

collected, centrifuged and serum was separated and stored at −80
o
C for biochemical analysis. 

Data shown are representative of each independent experiment performed with 4-6 mice per 

group. 

 

Table 2. Caloric Information Physiological Fuel Values of 60% HFD (D12492, Research 

Diets, Inc., 20 Jules Lane New Brunswick, NJ 08901 USA) 

Class Description Energy Content 

Protein 20% Kcal 

Fat 60% Kcal 

Carbohydrate 20% Kcal 

Energy Density 5.21 Kcal/g 

 

 



 
46 Experimental: Materials and Methods 

3. Primary Cell Culture 

3.1. Primary hepatocyte isolation 

Primary hepatocytes were isolated from 2-3 weeks old C57BL/6 mice
78

. Mice were anesthetized 

by injecting anesthesia-mix intraperitoneally (xylazine (22.5 mg/Kg body weight of mice) and 

ketamine (112.5 mg/Kg body weight of mice)) and then positioned on a surgical platform.  The 

mice fur was moistened with 70% alcohol and with the help of scissors, the skin is peeled off 

following which a U-shaped incision was made in the abdomen. The viscera were moved to the 

right and the location of inferior vena cava and portal vein was located. A butterfly cannula was 

inserted into the inferior vena cava and the liver was perfused with HBSS I solution (0.4 mM 

KH2PO4, 5mM KCl, 4 Mm NaHCO3, 140 mM NaCl, 0.5mM MgCl2.6 H2O, 0.3mM Na2HPO4, 

0.4mM MgSO4.7H2O, 6mM Glucose, 25µM HEPES, 0.5mM EDTA; not containing 1mM 

CaCl2, pH- 7.4) at a constant flow rate of 3ml/min maintained by a peristaltic pump. As white 

spots start to appear in the liver, the portal vein was cut resulting in blood draining out of the 

liver. The liver was perfused with intermittent clamping of the portal vein. After 10-15 minutes, 

as the liver becomes pale, the HBSSI I buffer was replaced with prewarmed Collagenase solution 

(Type I Collagenase(1mg/ml) in HBSS I buffer containing 1mM CaCl2 but without 0.5mM 

EDTA) for digestion. After 10-15 minutes as the liver shows signs of structural disintegration, 

the cannula was drawn out and the liver was excised. The gall bladder was removed and the liver 

lobes were washed in ice-cold HBSS II solution (0.4 mM KH2PO4, 5mM KCl, 4 Mm NaHCO3, 

140 mM NaCl, 0.5mM MgCl2.6 H2O, 0.3mM Na2HPO4, 0.4mM MgSO4.7H2O, 6mM Glucose, 

25µM HEPES, 1mM CaCl2). The liver lobes were then transferred to a 10 cm dish containing 

ice-cold isolation buffer (William’s E medium containing 1% penicillin-streptomycin solution) 

and minced. With a 100 µm cell strainer, the resultant slurry was sieved to obtain single-cell 

suspension. This suspension was centrifuged at 50g for 1 minute at 4˚C to pellet down the 

parenchymal cells (mostly hepatocytes). The pellet was resuspended in ice-cold plating media 

(William’s E medium containing 1% penicillin-streptomycin solution and 5% Fetal Bovine 

Serum) and seeded onto an overnight collagen-coated tissue culture plate. After 5-6 hours of 

seeding, the hepatocytes adhere to the surface acquiring a spherical shape. The isolation media 

was then replaced by maintenance media (Hepatozyme media containing 1% penicillin-

streptomycin solution, 0.001% Transferrin, 2Mm L-Glutamine, 0.001% Insulin, 0.001% 
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Ascorbic Acid, 0.02% Bovine Serum Albumin (Fatty acid-free), 0.001% Hydrocortisone, 

0.001% Epidermal Growth Factor, 0.001% Gentamicin sulfate amphotericin) and following 12 

hours, the hepatocytes acquire the archetypal hexagonal chicken-wire shape. 

3.2. Kupffer cell isolation 

The supernatant procured by centrifuging the single-cell suspension of the digested liver at 50g 

and 4˚C for 1 minute contains Kupffer cells. The supernatant was hence transferred to a separate 

50 ml tube and was further centrifuged at 250g for 5 minutes at 4˚C to pellet down the non-

parenchymal faction. The pellet was then resuspended and incubated in RBC lysis buffer (12 

mM NaHCO3, 155 mM NH4Cl, and 0.2 mM EDTA) and DNAse I (20 µg/ml) for 5-10 minutes at 

37˚C. The suspension was then centrifuged to pellet down the cells and was further washed in 

HBSS II solution. The non-parenchymal cell-rich pellet was resuspended in DMEM and seeded 

onto tissue culture plates. The following day, cells were vigorously washed with HBSS II 

solution leaving mostly Kupffer cells adhered to the surface. The Kupffer cells were maintained 

in DMEM.  
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Fig. 1. Diagrammatic flow chart depicting the isolation of primary hepatocytes and Kupffer 

cells. 
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4. Cell lines and cell culture 

4.1. HepG2 

HepG2, a liver carcinoma cell line is adherent in nature and acquires endothelial-cell-like 

morphology. They tend to grow in small clusters and monolayers. The culture conditions for 

HepG2 cells are listed below: 

 The cell line purchased from American Type Cell Culture was maintained in MEM 

media (5% FBS, 1% Penicillin-Streptomycin solution) in a humidified incubator with 5% 

CO2 at 37˚C. 

 Media was replaced every alternate day and cells were sub-cultured when they attained 

70-80% confluence. 

 For sub-culture, the media was aspirated and the cells were washed with prewarmed 

(37˚C) 1X PBS buffer. The cells were then rinsed with 0.1% Trypsin-EDTA solution and 

incubated at 37˚C for 5 minutes. The detached cells were resuspended in MEM media 

and split in the ratio of 1:4. 

 The cells were treated with various reagents according to the need of experiments and 

were harvested to extract protein for immunoblotting or mRNA for quantitative PCR. 

4.2. HEK293A and HEK293T 

The culture conditions for HEK293A and HEK293T are similar and listed below: 

 The cell line purchased from American Type Cell Culture was maintained in DMEM 

media (5% FBS, 1% Penicillin-Streptomycin solution, 1% Non-Essential Amino Acids) 

in a humidified incubator with 5% CO2 at 37˚C. 

 Media was replaced every alternate day and cells were sub-cultured when they attained 

70-80% confluence. 

 For sub-culture, the media was aspirated and the cells were washed with prewarmed 

(37˚C) 1X PBS buffer. The cells were then rinsed with 0.1% Trypsin-EDTA solution and 

incubated at 37˚C for 5 minutes. The detached cells were resuspended in MEM media 

and split in the ratio of 1:4. 

 The cells were treated with various reagents according to the need of experiments and 

were harvested to extract protein for immunoblotting or mRNA for quantitative PCR. 
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5. Transfection Assays for the gain of function and loss of function studies 

Gain and loss of function studies were conducted with plasmid overexpressing ASK1 as well as 

several shRNA targeting ASK1(FI37885, #FI37886, #FI37887, #FI37888; Origene) together 

with a non-target control (#TR30013) using Lipofectamine 2000 (Invitrogen).  

Two separate microcentrifuge tubes were taken for each DNA and 200 µl of Opti-MEM
TM

 

(Invitrogen) was added. The required concentration of DNA was added to an MCT tube and 

mixed thoroughly. Lipofectamine 2000 reagent was taken in another MCT tube in a 1:3 (for 

example for 1ug DNA 3ul Lipofectamine) ratio and mixed thoroughly. The microcentrifuge 

tubes were incubated for 5 minutes at room temperature. The lipofectamine reagent in Opti-

MEM
TM

 is transferred to the tube containing DNA in Opti-MEM
TM

 and mixed thoroughly. The 

resultant mixture was incubated at room temperature for 20 minutes allowing the formation of 

the DNA-lipid complex. The entire complex was then added to the cells in Opti-MEM
TM

. ASK1 

overexpression and knockdown were confirmed by western blotting. 

6. Adenovirus-mediated knockdown 

Adenoviruses expression shPEDF were generated in our laboratory, with BLOCK-iT™ 

Adenoviral RNAi Expression System (Waltham, Invitrogen, US) in HEK293A cells according to 

manufacturer’s instruction. At first, a single-stranded oligo was designed by adding overhang 

sequences complementary to the pENTR/U6 entry clone. Adenovirus vectors containing short-

hairpin(sh) RNA targeting against PEDF (Ad-shPEDF), PPARɣ (Ad-shPPARɣ) and EGFP (Ad-

shEGFP) were knocked down using the following sequence Ad-shPEDF:                                                                                                                                                                                      

5’- GGAGCTCCTTGCCTCTGTTACGTAACAGAGGCAAGGAGCTCC-3’; Ad-shPPARɣ:                                        

5’- GCCCTTTACCACAGTTGATTTAAATCAACTGTGGTAAAGGC-3’. T4 DNA ligase was 

used to perform the ligation reaction with insert to vector molar ratio 10:1 respectively at room 

temperature for 5 mins. The ligation mix was then transformed into the competent Top10 

Escherichia coli strains. Kanamycin containing LB agar plates were used to plate the 

transformed bacterial culture and then positive colonies were selected. On the following day, 10-

15 colonies were selected and grown in 50 μg/ml kanamycin containing 5 ml LB broth. Plasmids 

were isolated from the bacterial culture grown in the LB broth using phenol-chloroform DNA 

isolation protocol and were validated for ligation. After validation, of the desired shRNA 

sequence into the entry clone. The expression clone was generated by the LR recombination 
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reaction between att-L sites in the entry clone and the att-R sites on the destination vector, 

pAD/BLOCKiT DEST. About 5μg of the purified plasmid was then digested with PacI enzyme 

according to the manufacturer’s protocol to expose the viral ITRs (inverted terminal repeats) and 

to remove the bacterial resistance gene sequences. Plasmids were then purified using phenol-

chloroform extraction with ethanol precipitation and were resuspended in sterile nuclease-free 

water to a final concentration of 1- 3 μg/μl. Subsequently, 1 μg of the purified plasmid was 

transfected into HEK 293A (~5x10
6
 cells) using 2 μl of lipofectamine 2000. The cells transfected 

were trypsinized following two days of post-transfection, and the contents were transferred to a 

sterile 10 cm culture dish. Media was changed every alternate day until regions of cytopathic 

effect (CPE) could be noticed in the cell, typically it takes about 7-10 days after transfection.  

The media was replenished and infection was allowed to proceed until 80% of CPE was 

observed (typically 10-13 days post-transfection). HEK 293A cells containing the adenovirus 

were harvested by squirting cells off the plate with a pipette, following the media-containing 

cells were transferred to a sterile, 15 ml falcon tube. Preparation of crude viral lysate was 

performed by several freeze/thaw cycles followed by centrifugation. Repeated freeze-thawing of 

the cells caused lysis and allowing to release of intracellular viral particles. Finally, the cell 

lysate was centrifuged at 3000 rpm for 15 min at 4
o
C to pellet down the debris. The supernatant 

containing viral particles was transferred to cryovials into 1 ml aliquots and stored at -80°C. 

6.1. Amplification of Adenoviral Stock: 

The adenoviral stock was amplified by infecting the HEK293A cells grown in 10 cm plates with 

Dulbecco's Modified Eagle Medium (DMEM) media containing serum (10% Fetal Bovine 

Serum (FBS)) and Non-Essential Amino Acid (10%). Cells with 80-90% confluency were 

treated with 100 µL of crude untitered viral lysate. Following infection with adenoviral particles, 

cells were incubated at 37
o
C in a CO2 chamber for 2-3 days until cells are rounded up and 

floating or loosely attached to the culture plate, an indication that the viral loaded particles inside 

the cells. HEK 293A cells containing the adenovirus were harvested by squirting cells off the 

plate with a pipette, following the media-containing cells were transferred to a sterile, 15 ml 

falcon tube. Amplification of viral lysate was performed by several freeze/thaw cycles followed 

by centrifugation. Repeated freeze-thawing of the cells caused lysis and allowing to release of 

intracellular viral particles. Finally, the cell lysate was centrifuged at 3000 rpm for 15 min at 4
o
C 

to pellet down the debris. After centrifugation supernatant containing viral particles was treated 
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with nuclease (DNAse and RNAse) 40µL in 20 mL of supernatant. Following the addition of 

nuclease, the lysate was treated with Benzonase (4.5-5 µL) and kept at 37
o
C for 20 minutes. The 

supernatant was then filtered through a 0.45 µm PES filter and then transferred to 1.5 ml tubes 

and stored at -80
o
C. 

6.2. Purification of Adenovirus:  

Adenoviral purification was performed in HEK293A cells grown in 10 ml plates, with 80-90% 

of monolayer confluency prior to infection. The culture medium was replaced with fresh 

medium, and crude or purified viral stock was added with a multiplicity of 0.5 -2 PFU (plaque-

forming units) per cell was desired and incubated at 37
o
C in a CO2 chamber. After 24 hours of 

post-infection, cells are rounded up and floating or loosely attached to the culture plate. Culture 

media was further added and was kept for additional 24 hours, allowing the virus to expand 

further. Post-infection after additional 24 hours, all cells were observed to float in the culture 

media, indicating the viral loaded particles inside the cells. Cells and media were then harvested 

by squirting the culture plates with gentle shaking and pipetting out in a sterile 15 ml falcon tube. 

The lysate was centrifuged at 1,000g for 5 minutes to pellet down the cells, resuspended in 0.5 

mL of Viral Lysis Buffer, and incubated at 37
o
C for 30 minutes. Repeated freeze-thawing of the 

cells caused lysis and allowing to release of intracellular viral particles. The viral lysate was 

centrifuged at 10,000g for 10 minutes and the supernatant containing the viral particles was 

transferred to another microcentrifuge tube, discarding the cell debris. The viral lysate was then 

stored at -80
o
C for purification. 

Virus Purification resin was mixed well and added to each of the two microcentrifuge tubes and 

centrifuged at 10,000 rpm for 1 minute. Following centrifugation, the supernatant was discarded 

from both the tubes, and 0.5 mL of viral lysate supernatant was added to the centrifuge 

containing the virus purification resin from the earlier step. Subsequently, after the addition of 

viral lysate, into the virus purification resin is mixed well and incubated for 30 minutes on an 

orbital shaker at room temperature, and centrifuged at 10,000 rpm for 1 minute. The supernatant 

collected was then transferred to an empty Microspin Column and centrifuged at 10,000 rpm for 

1 minute, and made sure that no virus purification resin is left over. Finally, glycerol is added to 

the purified virus at a concentration of 10% and stored in aliquots of 60 µL at -80
o
C. 
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Fig. 2. The diagram above describes the general steps required to express shRNA of 

interest using the BLOCK-iT
TM 

Adenoviral RNAi expression system. 
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7. Generation of recombinant Adeno-Associated Virus (AAV) 

Recombinant adeno-associated virus for the overexpression of EGFP and PEDF were generated 

with AAV Helper-Free System (Agilent) according to the manufacturer’s instructions. Briefly, 

DNA fragments encoding the desired were inserted between two Not I sites in the AAV shuttle 

vector pAAV-MCS which were then used to produce recombinant adenoviral plasmids in XL10-

Gold ultracompetent cells. Transfection of AAV-293 cells was conducted using the recombinant 

vector, pAAV-RC, pHelper to produce recombinant AAV particles. 

8. Glucose and Insulin Tolerance Test (OGTT, IP ITT) 

Oral glucose tolerance tests (OGTTs) and Insulin Tolerance Test (ITT) were performed on 

C57BL/6 male mice on a High-Fat diet (HFD) for 4 months. Briefly, mice were fasted 12 hours 

before OGTT and 6-8 hours before ITT and were subsequently transferred to a clean cage, and 

water bottles were kept during the fasting period. Mice tails were marked with a sharpie for 

identification before the OGTT/ ITT procedure. Each of the mice weights was taken individually 

and the dose was calculated accordingly. At time 0 min blood glucose level was measured before 

the oral gavage/injection of the mice. For OGTT, mice were orally gavaged with a 20% sterile 

glucose dose of 2g/kg using a gavage needle and 0.5 IU/kg body weight insulin (Actrapid, Novo 

Nordisk Pharmaceuticals Ltd., Auckland) was intraperitoneally injected for ITT. Following the 

oral gavage/injection of mice, a small amount of blood was collected at regular intervals of 30, 

60, 90,120 minutes from the tail vein, and blood glucose was detected and recorded using the 

glucometer (Accu-Chek Aviva) blood glucose monitoring system. The area under the curve 

(AUCs) was calculated by using Graph pad 8(Prism). 

9. Triglyceride (TAG) Estimation 

Tissue samples collected from mice were kept in Phosphate Buffer Saline (PBS). A mixture of 

hexane:2-propanol (3:2, v/v) was used for homogenization of the sample for one minute, and the 

suspension was then filtered and rinsed with the same solvent. The low content of non-lipids 

(proteins, pigments, small molecules), was evaporated by a regulated nitrogen flow and the dried 

extract was dissolved in 1% Triton X-100 (Sigma) in chloroform (SRL), and dried in a heat 

block (40
o
C). It was then resuspended in 100uL of sterile molecular biology grade nuclease-free 
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water. TAG was assayed by Serum Triglyceride Determination Kit (TR0100; Sigma-Aldrich). 

Briefly, TAG reagent was prepared and warmed to room temperature before the assay. 0.2 ml of 

TAG reagent was added to each of the samples and measurement was recorded at 540nm. TAG 

content was normalized with protein and data were expressed as means ± SD. 

10. Liver Enzyme Tests: 

10.1. Aspartate Aminotransferase (AST)  

The presence of AST in the sample acts as a catalyst in the transfer of the amino group from L-

aspartate to α-oxoglutarate forming oxaloacetate and L-glutamate. This indicator reaction then 

utilizes the oxaloacetate measuring the rate of decrease of NADH consumption during the 

reaction where Malate dehydrogenase (MDH), is reduced to L-malate. 

10.2. Alanine Aminotransferase (ALT) 

Alanine Aminotransferase (ALT) in the sample catalyzes the reversible transfer of an amino 

group from alanine to α-ketoglutarate, generating pyruvate and glutamate. This indicator reaction 

utilizes the α-ketoglutarate for the determination of the rate of decrease of NADH consumption. 

10.3. Protocol for the measurement of AST and ALT 

Blood samples were drawn from the heart, mostly the ventricle side of the mice, and were 

collected in clot vials. Following blood collection vials were centrifuged (Centrifuge 500R, 

Eppendorf) at 2000g for 15 minutes, and serum was collected in 1.5ml centrifuge tubes. AST and 

ALT were assayed using Plasma/Serum Aspartate Aminotransferase/ Alanine Aminotransferase 

reagent kit (AS 1204, AL 2780; Randox Laboratories Limited, UK). Briefly, for AST reagent 

preparation 10ml of R1b was added to a vial of R1a, and for ALT reagent preparation R1 and R2 

were prepared in the ratio of 5:1 and the reagents were warmed to room temperature. Serum 

samples were diluted with 0.9% NaCl solution if required. 30µL of (10x diluted) serum sample 

was added to 300µL of the prepared reagent and kept in 37
o
C for 10 mins after which it was 

measured in a semi-auto analyser (Microlab 300; ELITech Group, France).  
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11. Cell fractionation 

 Primary hepatocytes were trypsinized, harvested and then collected in cold PBS. 

  Top pellet the cells, the suspension was centrifuged at 100g for 10 minutes at 4C˚. The 

supernatant was aspirated. The pellet was washed with PBS. 

 The pellet was resuspended in 150 µl of Buffer I (pH-7.4) followed by incubation in ice 

for 10 mins. 

 

  Table 3. Composition of Buffer I 

Reagents Concentration 

Sodium Chloride 150 mM 

HEPES 50 mM 

Digitonin 25µg/ml 

Protease inhibitor cocktail 0.5% 

Phosphatase inhibitor 10% 

 

 The resultant suspension was centrifuged at 2000 g at 4˚C for 10 minutes to obtain the 

cytosolic and membrane protein in the supernatant and pellet the remnants.  

 The supernatant which contains the cytosolic fraction was relocated to another 

microcentrifuge tube.  

 The pellet was then washed with ice-cold PBS at 100g at 4˚C for 10 minutes to remove 

any digitonin and resuspended by vortexing in 150 µl of Buffer II (pH-7.4) followed by 

incubation in ice for 30 minutes.  

Table 4. Composition of Buffer II 

Reagent Concentration 

Sodium Chloride 150 mM 

HEPES 50 mM 

NP-40 1% 

Protease inhibitor cocktail 0.5% 

Phosphatase inhibitor 10% 
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  It was then centrifuged at 7000g at 4˚C for 10 minutes to pellet down the nuclei and 

cellular debris and obtain the mitochondrial fraction in the supernatant.  The 

mitochondrial fraction was aspirated and the pellet was resuspended in 150 µl of Buffer 

III (pH-7.4) and vortexed intermittently for 30 minutes.   

Table 5.Composition of Buffer III 

Reagent Concentration 

Sodium Chloride 150 mM 

HEPES 50 mM 

SDS 1% 

Protease inhibitor cocktail 0.1% 

Phosphatase inhibitor 10% 

 

 Following this, the suspension was incubated in ice for 1 hour and then centrifuged at 

7000g at 4˚C for 10 minutes to obtain the nuclear protein in the supernatant which was 

transferred to a new tube. 

 

Fig. 3. Diagram schematically depicting the cell fractionation 
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12. Cell lysis and immunoblotting 

12.1. Cell lysis 

HepG2 and primary cells were lysed in lysis buffer (pH 7.4) 

Table 6. Composition of Lysis Buffer 

Reagent Concentration 

Sodium chloride 100 mM 

Tris-Hcl 50 mM 

EGTA 1 mM 

EDTA 1 mM 

Triton X-100 1% 

Protease inhibitor cocktail 0.1% 

Phosphatase inhibitor 10% 

 

 80-90 µl of lysis buffer was added to each well and incubated at 4˚C for 20 minutes. 

 The cells were scraped on ice and centrifuged at 20000g at 4˚C for 20 minutes. 

 The supernatant was collected for protein preparation. 

12.2. Protein estimation 

Bradford assay was used to measure protein concentration.  

Briefly, 2µl of the supernatant was added to 100µl of Bradford reagent and incubated at 37˚C for 

10 mins with mild agitation. Absorbance was measured at 595nm in the Synergy H1 Hybrid 

reader and protein concentration was estimated using the standard curve for known 

concentrations of BSA (0.25 mg/ml-2 mg/ml).  

12.3. Immunoblotting 

 50µg of protein was prepared and 5X loading dye (250 mMTris-HCl (pH 6.8), 10% SDS, 

50% Glycerol, 0.1% Bromophenol Blue, and 10% β-mercaptoethanol) was added to each 

sample to a final concentration of 1X. 
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 Resolving gels and stacking were prepared according to the following table: 

Table 7. Composition of various concentrations of resolving gel 

Components Resolving gel 

8% 10% 15% 

1.5 M Tris-HCl buffer(pH 8.8) 2.5 ml 2.5 ml 2.5 ml 

40% Acrylamide 2.0 ml 2.5 ml 3.5 ml 

Double distilled water 5.5 ml 5 ml 4 ml 

10% SDS 100 µl 100 µl 100 µl 

10% Ammonium persulfate 50 µl 50 µl 50 µl 

N,N,N,N-Tetramethylethylenediamine 

(TEMED) 

10 µl 10 µl 10 µl 

 

 

 Table 8. Composition of stacking gel 

Components Stacking gel 

8% 

0.5 M Tris-HCl buffer (pH 6.8) 2.5 ml 

40% Acrylamide 1 ml 

Double distilled water 6.5 ml 

10% SDS 100 µl 

10% Ammonium persulfate 100 µl 

N,N,N,N-Tetramethylethylenediamine 

(TEMED) 

20 µl 

 

 Running buffer (25 mM Tris Base, 192 mM glycine, 3.5mM SDS) was prepared and an 

equal amount of sample was loaded onto the wells. The gel was run at a constant voltage 

maintained at 90 V. 
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 A Bio-Rad wet transfer system was used for transfer in a Mini Ve transfer apparatus 

using Millipore PVDF membrane (IPVH000-10). The membrane has a pore size of 0.45 

µm, is hydrophobic, and needs to be activated in methanol. The transfer was done in a 1X 

transfer buffer (25 mM Tris Base, 192 mM glycine, 20% methanol) at 90 V for 3 hours.  

 After transfer, the membrane was blocked in 5% skimmed milk in TBST for 1 hour. 

 The membrane was then washed with TBST (50mM Tris Base, 150 mM Sodium 

chloride, 0.1% Tween20, pH- 7.4) three times for 5 minutes each. 

 The membrane was then incubated with primary antibody at 4˚C overnight. 

 The membrane was then again washed with TBST followed by incubation with 

secondary antibody at room temperature for 1 hour. 

 Using Clarity Western ECL substrate (Bio-Rad Laboratories, Hercules, CA), the 

membrane was developed via chemiluminescence and scanned using a ChemiDocMP 

System (Bio-Rad Laboratories, Hercules, CA). 

13. Gene expression analysis 

13.1. RNA Extraction 

All material (pipette tips, 1.5 ml, and 2 ml tubes) used for the extraction of RNA must be 

autoclaved and wiped with RNAse OFF (Takara BIO Inc., Kasatu, Japan) for the complete 

removal of RNA. Total cellular RNA was extracted from liver tissue, primary hepatocytes, and 

HepG2 cells using the TRIzol reagent (Invitrogen).  

13.2. Homogenization and phase separation: Briefly, the liver tissue samples (2-5 mg) kept in 

the TRIzol reagent were homogenized using a tissue grinder (IKA, T 10 Basic ULTRA-

TURRAX; Cole-Parmer, India). Primary hepatocytes and HepG2 cells were lysed respectively 

with TRIzol reagent in centrifuged tubes and 1/5
th

 volume of chloroform was then added. Tubes 

were centrifuged at 14,000 g, at 4
o
C for 15 minutes. Following centrifugation, the aqueous phase 

(containing the RNA) was separated into a fresh tube without disturbing the interphase 

(containing the DNA). 
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13.3. RNA precipitation: The aqueous phase containing the RNA was precipitated from the 

aqueous phase by mixing with isopropyl alcohol and then centrifuged at 15,000 g for 15 min at 

4
o
C.  

13.4. RNA wash: The precipitated RNA was then washed with 70% ethanol, dried at room 

temperature.  

13.5. Redissolving RNA: RNA was dissolved in warm (55
o
C) sterile molecular biology grade 

nuclease-free water and stored at -80
o
C, until cDNA preparation.  

13.6. Assessment of RNA quality and quantity 

Quality and quantity assessment RNA quality was assessed by measuring the ratio of the 

absorbance at 260nm to that at 280nm in a UV-visible light spectrophotometer (Thermo 

Scientific Multiskan GO, Waltham, Massachusetts, United States). Pure preparation of RNA has 

an OD260:OD280 value ~2. 

13.7. Preparation of cDNA 

cDNA synthesis preparation was performed by using, about 1 μg of total RNA for each reaction 

with iScript cDNA Synthesis Kit.  

For cDNA synthesis the following protocol was used: 

 Priming at 25
o
C for 5 min. 

 Reverse Transcription at 46
o
C for 20 min. 

 RT inactivation for 1 min. 

The prepared cDNA was stored at -20
o
C for future use. 

13.8. Quantitative Realtime PCR (qRT-PCR) for gene expression analysis: 

Gene expression analysis was quantified by using SYBR green mix (SYBR® Green supermix 

Bio-Rad) and a set of two qPCR primers (forward and reverse) specific for the target region in 

the Light Cycler 96 real-time PCR System (Roche, Switzerland). 
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The synthesized cDNA was diluted with 1:5 times with sterile molecular biology grade nuclease-

free water and 2 μl of the diluted cDNA was used per reaction with the total reaction volume 

being 20 μl. For each reaction, SYBR Green master mix of 10 μl and 250 nM of both forward 

and reverse primers were used. 

For cDNA quantification the following program was used: 

 Preincubation: 95
o
C for 600 s 

3 steps amplification 

40 cycles 

 Denaturation: 95
o
C for 10 s 

 Annealing: 53
o
C for 30 s 

 Extension: 72
o
C for 45 s 

 Melting 

 Cooling 

The 18S rRNA expression was used for the normalization of Gene expression analysis by the 

ΔΔCt method. 

Primer sequences were taken from IDT(Integrated DNA Technologies, Coralville, Iowa, United 

States).  
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Table 9. List of primer sequences used: 

Genes Forward Primer (5’-3’) Reverse Primer (5’-3’) 

RN18S(Human) GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

SERPINF1 

(Human) 

GGTCCAGAATCTTGCCAATG AGATCACAGGCAAACCCATC 

PNPLA2(Human) GAGTGCAGTGTCCTTCACCA CAGTTCCACCTGCTCAGACA 

G0S2(Human) TATACGTGCTGGGCAGTGT ACTGCTGTTCACACGCTTC 

MGLL (Human ) AAGAGTGGAGCGAGCAAT CGTGATAGGCACCTTCATAC 

LIPE(Human) CCTCAGCCTTCTTCCATGAG CACAGCTGCATTGCCATAGT 

Rn18s(mouse) GTTGGTTTTCGGAACTGAGG TCGTTTATGGTCGGAACTACG 

Serpinf1(mouse) ACCAAGTCTCTGCAGGAC GATAGTCTAGCGGGAAGGTG 

Ccr2 (mouse) CAGGTGACAGAGACTCTTGG GTAGAGCTCACTCGATCTGC 

Ccl2(mouse) CTTCAGAGACCTAGCACACG CGAGGCTGTGTATGTGTACC 

Tnf(mouse) CCTTGTCTACTCCCAGGTTC GGAAGACTCCTCCCAGGTAT 

l1b(mouse) GGAGAACCAAGCAACGAC GTACCAGTTGGGGAACTCTG 

Emr1(mouse) CCAGTCCTGGTGGTCATA GCTGACACTGCAGAGCTT 

Acta2 (mouse) ATGCTCCCAGGGCTGTTTTCC

CAT 

GTGGTGCCAGATCTTTTCCATG

TCG 

Des (mouse) CTAAAGGATGAGATGGCCCG GAAGGTCTGGATAGGAAGGTT

G 

Col1a1 (mouse) GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 

Timp1 (mouse) CTCAAAGACCTATAGTGCTG

GC 

CAAAGTGACGGCTCTGGTAG 

Tgf b(mouse) CAGAGAAGAACTGCTGTGTG GTTGTGTTGGTTGTAGAGGG 

Ly6c (mouse ) CAGTGCTACGAGTGCTATGG GGAAGTCCTCTCCCTGATG 

Itgam(mouse) CCGTGGTAGGTGTCGTAC GACCGTTGTCGTAGCACTC 

Ccl2(mouse) CTCAAGAGAGAGGTCTGTGC ACTGTCACACTGGTCACTCC 
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14. Live Dead Assay 

Live dead assay facilitates the simultaneous detection and visualization of live and dead cells. 

The assay had been performed with LIVE/DEAD ® Viability/Cytotoxicity Kit for mammalian 

cells (Invitrogen). The kit contains Calcein AM and Ethidium homodimer-1. Live cells have 

intact plasma membrane and ubiquitous intracellular esterase activity. The non-fluorescent cell-

permeable Calcein AM is cleaved by esterase to produce intensely fluorescent Calcein which 

being retained within the living cells produce green fluorescence (excitation/emission ~495 

nm/~515 nm). On the other hand, upon entering dead cells through the damaged plasma 

membrane, non-permeable Ethidium homodimer-1 binds with nucleic acids thus intensifying its 

fluorescence several folds. The dead cells thereby exhibit bright red fluorescence 

(excitation/emission ~495 nm/~635 nm).  

A working stock containing 2µM Calcein AM and 4µM Ethidium homodimer-1 was added to 

primary or HepG2 cells and incubated for 30-45 minutes at room temperature. Following 

incubation, the cells were washed with PBS, mounted with Fluoromount Aqueous mounting 

Medium (Sigma), and viewed with the confocal microscope FluoView (FV10i; Olympus, Tokyo, 

Japan). 

15. Intracellular oxidative stress measurement 

Intracellular ROS production was detected using CellRox Deep Red Reagent (Invitrogen). is 

non-fluorescent In a reduced state, the cell-permeable reagent exhibits negligible fluorescence 

while upon oxidation strong red fluorescence (excitation/emission ~640nm/~665nm) is observed. 

The Deep Red reagent is localized in the cytoplasm. 

5µM CellRox reagent was added to each well and incubated at 37˚C for 30 minutes. The cells 

were then washed with PBS and counterstained with nuclear-stain Hoescht. The cells were 

mounted and then viewed using the confocal microscope FluoView (FV10i; Olympus, Tokyo, 

Japan). 
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16. Caspase 3/7 Activity Assay 

Caspase-3/7 Green Detection Reagent (Invitrogen) was used to assess Caspase 3/7 activity. The 

reagent contains a peptide (DEVD) coalesced to a nucleic acid binding dye. The peptide inhibits 

the binding of the dye with nucleic acid thereby quenching its fluorescence. In an apoptotic cell, 

caspase 3 and caspase 7 gets activated, cleaves the peptide thus facilitating the dye to bind to 

DNA and exhibit bright green fluorescence (excitation/emission ~502nm/~530nm). 

8µM reagent was added to each well and incubated at 37˚C for 30 minutes. The cells were then 

counterstained with Hoescht, mounted, and viewed using the confocal microscope FluoView 

(FV10i; Olympus, Tokyo, Japan). 

17. Proteasome Activity Assay 

Chymotrypsin-like proteasome activity was assessed with N-Succinyl-Leu-Leu-Val-Tyr-7-

Amido-4-Methylcoumarin (Sigma) 
28

. 7-amido-4-methylcoumarin is released by chymotrypsin-

like enzyme activity exhibiting fluorescence (excitation/emission ~345nm/~445nm). 

 Freshly isolated liver tissue is collected and homogenized in ice-cold homogenization 

buffer (25 mmol/L Tris-HCl [pH 7.5], containing 1 mmol/L dithiothreitol and 2 mmol/L 

ATP). 

 The extracts were then frozen and thawed three times following which they were 

centrifuged at 12,000 rpm for 10 min at 4°C. 

 The supernatant was collected and protein concentrations were determined using 

Bradford assay (Bio-Rad Laboratories, Richmond, CA). 

 Chymotrypsin-like activities of the proteasome were assayed in Proteasome assay buffer 

(100 mmol/L Tris- HCl (pH 8.0), 2 mmol/L ATP, and fluorogenic peptide substrate (0.1 

mmol/L)). 

 Proteasome activity was evaluated by calculating the difference between the total activity 

in tissue extracts and the remaining activity in the presence of MG132, a proteasome 

inhibitor (20 μmol/L). 
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18. Histology Studies 

18.1. Tissue Fixation 

The liver tissue was excised immediately after euthanasia and was immersed in 10% formalin 

which acts as a chemical fixative. For optimum fixation, the tissue was cut into small pieces to 

facilitate the slow diffusion rate of formalin and the fixative volume was kept 10 times that of the 

tissue volume. 

18.2. Tissue dehydration 

Paraffin being hydrophobic, the tissue needs to be dehydrated before the paraffinization step. 

Dehydration was done with a series of alcohol of increasing concentrations at room temperature. 

The concentration of alcohol and corresponding incubation time are listed below: 

Table 10. Reagents and their corresponding incubation time for dehydration of tissue 

section.  

Reagents Time(mins) 

70% Ethanol 30 

70% Ethanol 30 

70% Ethanol 30 

90% Ethanol 30 

90% Ethanol 30 

100% Ethanol 30 

100% Ethanol 30 

100% Ethanol 30 

 

18.3. Tissue clearing paraffinization 

Dehydrated tissue needs to be cleared of alcohol and hence was incubated in 3 changes of xylene 

for 20 minutes each. Now the tissue was incubated at 58˚C with the embedding agent, molten 

paraffin for 1 hour. Then the paraffin-embedded tissue was allowed to solidify at room 

temperature. 
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18.4. Tissue sectioning  

The tissue blocks were then sectioned using a rotary microtome with thickness set between 5-10 

µm. The tissue sections were floated on a 56˚C water bath to remove wrinkles. The tissue 

sections were then mounted on slides smeared with Mayer’s Albumin (increases the adherence 

of tissue section) and dried overnight. 

19. Haematoxylin and Eosin Staining 

 The paraffinized tissue sections mounted on glass slides were heated at 85˚C for 15-20 

minutes to dissolve the paraffin.  

 The slides were immersed in Coplin jars containing xylene to clear out paraffin. The 

sections were incubated in three changes of xylene for 3 minutes each.  

 Next, the sections were rehydrated through a series of alcohol of decreasing 

concentrations at room temperature as follows: 

Table 11. Reagents and their corresponding incubation time for rehydration of tissue 

section.   

Reagents Time(mins) 

100% Ethanol 5 

100% Ethanol 5 

95% Ethanol 5 

85% Ethanol 5 

75% Ethanol 5 

50% Ethanol 5 

 

 The slides were then rinsed in tap water for 2 minutes.  

 The sections were stained with the nucleus stain Hematoxylin for 2 minutes. The slides 

were then dipped in ice-cold water to immediately stop the reaction. 

 The slides were rinsed in tap water. 

 The sections were stained with eosin Y solution for 2 minutes. 
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 The sections were then rehydrated in 90% ethanol for 3 minutes followed by two changes 

of 100% ethanol for 3 minutes each at room temperature. 

 The sections were cleared in 2 changes of xylene for 3 minutes each at room temperature. 

 Mounting media was poured over the sample for mounting cover glass and the tissue 

section was viewed under an inverted light microscope. 

20. Picro Sirius Red staining 

Picro Sirius red is used for collagen staining and visualization. While Sirius red binds to the 

[Gly-X-Y]n helical structure of fibrillar collagens distinctly, Picric acid stains the cytoplasm. The 

collagen appears red on a pale-yellow background with a bright-light microscope and exhibits 

bright yellow or orange birefringence with a polarized light microscope. 

The slides were deparaffinized and rehydrated. The slides were then immersed in Picro Sirius red 

solution (0.1g Direct red-80 in 100ml of saturated aqueous picric acid solution (1.2% w/v)) for 1 

hour at room temperature. The slides were rinsed in tap water, dehydrated in a gradient of 

ethanol, cleared in xylene, and then mounted with a resinous media (DPX). 

21. Immunohistochemistry (IHC) 

Immunohistochemistry is an immunostaining technique that allows visualization of tissue 

antigens taking advantage of specific antibody-antigen binding. Two kits: VECTASTAIN ABC 

KIT (Biotinylated Horseradish Peroxidase Anti-rabbit IgG) and ImmPRESS Duet Double 

staining Polymer kit (Horseradish Peroxidase Anti-Mouse IgG/ Alkaline Phosphatase Anti-

Rabbit IgG) were used for immunohistochemical staining. 

 Paraffinized tissue sections embedded on slides were baked at 85˚C for 15-20 minutes to 

dissolve the wax. 

 The sections were rehydrated as mentioned in 3.2. 

 The sections were then rinsed in 0.85% NaCl solution followed by 1X PBS. 
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 The sections were incubated for 5 minutes in 4% paraformaldehyde which acts as a 

fixative and facilitates the permeabilization of antibodies. 

 The sections were rinsed in PBS and deionized water. 

 The slides were then microwaved in prewarmed sodium citrate buffer (10mM sodium 

citrate, 0.05% Tween 20, pH-6.0) for 20 minutes for antigen retrieval. 

 The sections were then incubated in BLOXALL solution at 37˚C in a humidified 

chamber to quench any endogenous peroxidase activity and were rinsed in 1X PBS. 

 Blocking was done with 2.5% normal horse serum or diluted blocking serum followed by 

a rinse in PBS. 

 The sections were incubated with primary antibodies of interest at 4˚C overnight. 

 On the next day, the sections were rinsed in PBS. 

 The slides were then incubated with ImmPRESS Duet Detection Reagent (a mixture of 

ImmPRESS-HRP Horse anti-mouse IgG and ImmPRESS-AP Horse anti-Rabbit IgG) or 

diluted biotinylated secondary antibody (anti-rabbit, VECTATSAIN ABC KIT). 

 The sections were then incubated in alkaline phosphatase(red) or peroxidase 

substrate(brown) until the stain develops. 

 The sections were then stained with  

 nucleus stain hematoxylin followed by a wash in tap water. 

 The sections were then mounted using an aqueous mounting media and viewed under a 

microscope. 

22. TUNEL Assay 

TUNEL (terminal deoxynucleotidyltransferase (TdT) mediated dUTP nick-end labeling) assay is 

used to detect internucleosomal DNA strand cleavage in an apoptotic cell. The assay was 

performed using Click-iT® TUNEL Alexa Fluor® Imaging Assay (Invitrogen). The nucleus was 

stained with Hoescht and sections were mounted using Fluoromount Aqueous mounting Medium 

(Sigma). Images were clicked with the confocal microscope FluoView (FV10i; Olympus, Tokyo, 

Japan). 
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23. Isobologram 

The median-effect principle developed by Chou provides a generalized method to determine the 

effects of multiple drugs and generates a combination index to ascertain synergism, antagonism, 

or additive effect
170,171

.  

HepG2 cells were seeded to a 96-well tissue culture plate. The cells were pre-treated with 

various doses of Rosiglitazone (Sigma) or TCASK10 (Tocris, Bristol, UK) or a combination of 

both. Following this, MG-132 (10µM) was administered, and after 16 hours, EthD-1 was 

supplied with LIVE/DEAD ® Viability/Cytotoxicity Kit for mammalian cells (Invitrogen, 

Massachusetts, USA) was used to identify cell death. With the help of BioTek Synergy H1 

Hybrid Reader (Vermont, USA), fluorescence was measured. The median-effect principle and 

combination index was used to determine the relationship among drugs. 

24. Metabolic studies 

Mice were accommodated in metabolic cages (LE 405 Gas Analyzer; Panlab, Harvard 

Apparatus, Massachusetts, USA) 24 hours before the experiment to facilitate acclimatization. 

During the day of the experiment, mice were injected intraperitoneally with bortezomib or 

vehicle, and volume of O2 consumption (VO2; ml/min), the volume of CO2 emission (VCO2; 

ml/min), respiratory quotient, and energy expenditure data were collected over 12 hours. 

25. Survival Studies 

Survival studies were carried out to determine the efficacy of drugs administered alone or in 

combination in mice. Mice were divided into four treatment groups. Intraperitoneal injection of 

Bortezomib (2.5mg/Kg of body weight of mice) diluted in 0.9% saline was administered in mice 

in each group every 24 hours.  Drugs were administered 4 hours before the bortezomib 

administration. The first group received vehicle (DMSO in 0.9% saline), the second group 

received Selonsertib (10mg/Kg body weight of mice), the third group received Pioglitazone 

(30mg/Kg body weight of mice), and the fourth group received a combination of Selonsertib and 
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Pioglitazone. All drugs were administered via oral gavage. The mice had access to chow-diet and 

water ad libitum. Survival was assessed every 6 hours for 72 hours.   

26. Statistical Analysis 

Data were represented as mean± SEM and Graphpad Prism 8 software was used for statistical 

analysis. T-test and ANOVA were used as appropriate followed by Bonferroni post-hoc test for 

analyzing the data. P<0.05 was considered statistically significant. Two-tailed Fisher’s Exact 

Test was performed for contingency table analysis to compute the exact P-value. 
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Role of PEDF in NASH-associated Metabolic Inflammation 
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1. Introduction 

NASH, the global leading cause of chronic liver disease and liver transplantation for the last 

decade encompasses pathological hallmarks such as steatosis, inflammation, apoptosis, 

ballooning, and fibrosis. In some critical cases, NASH can even lead to progress to advanced 

stage cirrhosis resulted in fatal hepatic failure. To date, we don’t have any single effective 

therapeutic regime approved by the US Food and Drug Administration for NASH. Hence, the 

identification and characterization of the molecular mechanism that can prevent or protract the 

NAFLD to NASH transition seems the most crucial step for the successful intervention. 

The previous report suggests PEDF as a potential therapeutic target for NASH and advanced 

stage liver fibrosis by inhibiting stellate cell activation 
172,173

. Both loss of function and gain of 

function studies further emphasize its role in hepatic steatosis as well 
148,174

, however, the exact 

molecular mechanism is still elusive. PEDF can protect from the plethora of pathophysiological 

insults due to its moonlighting effect and can prevent the differentiating hallmark of NASH  

from simple steatosis viz hepatocyte ballooning or apoptosis. Here, our study demonstrated the 

crucial importance of PEDF in preventing TNFα induced hepatocellular death in MCD diet-

induced NASH model. Thus PEDF can serve as a central signaling node for preventing 

hepatocyte apoptosis and regulate the early events in NASH pathogenesis. 

Here, we have investigated the effect of inflammatory cytokines in regulating hepatic PEDF 

expression under hepatic metabolic stress. For the intracellular crosstalk between KCs and 

hepatocytes, we treated TNFα rich (LPS treated) KCs conditioned medium and their specific 

inhibitors to elucidate their critical roles in controlling hepatic PEDF expression and associated 

hepatocyte apoptosis. Precisely, PEDF serves as the ideal candidate gene for maintaining the 

intricate balance between hepatocyte death and metabolic inflammation. 
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2. Results 

2.1. Hepatic PEDF expression declines with a corresponding increase of TNFα in 

preclinical NASH models 

Pathogenic roles of TNFα and other pro-inflammatory cytokines have been implicated in various 

inflammatory liver diseases including NAFLD/NASH 
175

. We have investigated the hepatic 

PEDF expression in two independent diet-induced preclinical NASH models, viz MCD diet and 

HFD induced NASH. We observed a progressive reduction in PEDF expression with a 

concomitant increase of TNFα in both MCD and HFD diet-induced feeding while IL-1β 

expression remained unaltered (Fig 1A, B). Interestingly, circulatory TNFα levels were also 

correspondingly increased while IL-1β levels began to decrease after 14 days of MCD diet (Fig 

1C, left panel). Serum cytokine levels further confirmed the induction of serum TNFα with 

insignificant change in IL-1β in HFD induced NASH model as well (Fig 1C, right panel). Thus 

both the preclinical NASH models recapitulate an inflammatory milieu characterized by high 

TNFα with relatively low IL-1β. Consistently we found a steady decline in the serum, as well as 

liver PEDF levels throughout NASH pathogenesis.  

2.2. PEDF ameliorates hepatic pathology in the MCD diet-induced NASH model 

Adenovirus-mediated knockdown of hepatic PEDF (Fig 2A) resulted in the reduced PEDF levels 

in serum (Fig 2A) with corresponding increased lipid accumulation (H&E staining) and liver 

triglyceride content along with the higher collagen deposition (Sirius red stain), and enhanced 

cell death (TUNEL positive foci) (Fig 2B). As expected, cleaved caspase 3, 8, and cleaved PARP 

levels were also higher in PEDF knockdown livers (Fig 2C). We observed that the expressions of 

proinflammatory genes viz. TNFα, CCR2 were significantly upregulated while IL-1 levels 

remained unaffected (Fig 2D). Genes associated with hepatic stellate cell activation (acta1) and 

fibrosis (des, timp1, col1a1) were also significantly upregulated (Fig 2D) with a concomitant 

increase of circulatory markers of hepatic injury (AST and ALT) (Fig 2E). 
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The activation of the extrinsic apoptosis pathway as evidenced by the caspase 8 cleavage 

followed by the receptor-mediated death signaling including TNFα was substantially increased. 

Interestingly, induction of the intrinsic apoptosis pathway stimulated by the release of 

cytochrome c resulted in the cleavage of pro-caspase 9 was inconspicuous (Fig 2C). Collectively, 

we observed that depletion of PEDF in MCD fed mice liver further augments hepatocellular 

death by the hyper induction of extrinsic apoptosis pathway and exacerbates NASH pathology. 
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2.3. TNFα dampens PEDF expression in hepatocytes 

We next aimed to decipher the impact of TNFα enriched Conditioned Medium (CM) derived 

from LPS treated KCs on PEDF expression of hepatocytes. TNFα enriched CM dampened the 

PEDF expressions (both mRNA and protein levels) of murine primary hepatocytes in a dose-

dependent manner (Fig 3A) while pre-treatment with anti-TNFα antibody to the CM neutralized 

the effect of TNFα on regulating PEDF expression (Fig 3B). Direct investigation on the TNFα –

driven PEDF expression, both primary hepatocytes and HepG2 cells were incubated with either 

recombinant mouse or human TNFα which resulted in the significant downregulation of PEDF 

expression as evidenced by immunoblots and qPCR techniques (Fig 3C). Hepatic PEDF 

expression was further dampened by intraperitoneal injection of TNFα (1 μg/mouse) in vivo (Fig 

3D). 

2.4. PEDF alleviates TNFα-induced hepatocyte death in diet-induced NASH 

In this context, whether PEDF can alleviate the TNFα-induced hepatocyte apoptosis in 

steatohepatitis by blocking the extrinsic pathway, we challenged MCD fed mice with an 

intraperitoneal injection of TNFα to further induce the extrinsic apoptotic pathway. Fig. 3E 

further confirmed that administration of TNFα markedly activated and cleaved caspase 3, PARP, 

and caspase 8 while pro-caspase 9 levels remained nearly same. Consistent with these data, we 

further validated the pathology of hepatocyte apoptosis by the robust induction of TUNEL 

positive cells in PEDF depleted livers (Fig 3F). Correspondingly, serum AST and ALT levels 

were also increased (Fig 3G) suggesting PEDF  as a potent anti-steatohepatitis target gene that 

specifically antagonizes TNFα-induced hepatocyte apoptosis majorly by the extrinsic pathway 

and can serve as a potential hepatoprotective gene in metabolic inflammation in NASH 

progression. 
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3. Conclusion 

NASH has become the leading cause of chronic liver disease worldwide in the past few years. 

The characteristic feature of NASH is inflammation, cell death, and fibrosis. It can also, in some 

cases, progress to advanced liver disease, cirrhosis, requiring the need for liver transplant. Till 

date there is no such effective drug approved by the US Food and Drug Administration against 

this disease. Hence, the identification of critical factors which converts simple steatosis to 

fibrotic condition is urgently needed. context of NASH. For investigating the interactions 

between KC and hepatocyte, we utilized either TNFα rich (LPS treated) or IL-1rich 

(inflammasome activated) KC culture supernatants and their specific inhibitions to elucidate 

their opposing roles in controlling PEDF expression and hepatocyte death. Our study also 

explored the role of NF-B pathway as one underlying molecular mechanism for such 

differential effects on PEDF expression and cell death. These effects are mediated through TNFα 

dependent transient activation which eventually leads to inactivation of NF-B while IL-

1dependent sustained NF-B activation. In one study it is reported that NF-B arbitrates 

inflammatory and antiapoptotic responses in protecting overt hepatocellular death. Here we 

found that PEDF is one crucial candidate in striking the delicate balance between these cellular 

events. 

Hepatocellular death and ballooning degeneration are marked as pathogenic triggers for hepatic 

inflammation and associated fibrosis which are the major distinguishing feature mediating 

steatosis-to- NASH progression. However, the precise molecular mechanism of hepatic apoptosis 

during NASH progression is unresolved. Hence, the identification of critical mediators for 

inhibiting hepatic apoptosis is thereby critical for intercepting NASH progression. Our study 

identified endogenous PEDF, a secreted moonlighting hepatokine that controls a myriad of 

metabolic pathways including hepatic lipid accumulation, lipolysis, hepatic injury and fibrosis. 

 However, under certain disease conditions, the KCs shifts from this tolerogenic phenotype to a 

pathologically activated state. The aberrant activation of KCs in accelerating NASH 

pathogenesis has currently been established as depletion of KCs either by GdCl3 or by clodronate 

liposomes diminishes steatosis, insulin resistance, monocyte infiltration and liver injury. It is 

quite clear that the deleterious effects of KCs in NASH are mediated via TNFα, which has also 

been shown to trigger parenchymal cell apoptosis and neutrophil transmigration. Our work 
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elucidates, in agreement with the view, that induction of TNFα following hyper-activation of 

KCs suppresses anti-apoptotic PEDF which eventually accentuates hepatocyte death during 

NASH. Moreover conventional KCs were lost early in the development of steatohepatitis and 

were subsequently replaced by a recruited monocyte-derived macrophage population with higher 

levels of TNFα expression which would further promote hepatocyte death. 

 

 

 

Much has been explored about the effects of PEDF in a number of pathophysiological contexts, 

but regulation of its expression remains unclear. It is already reported that PEDF has an anti-

inflammatory property . In our study we asked whether inflammatory cytokines conversely 

regulate hepatic PEDF expression. We deciphered that hepatic PEDF depletion promotes 

hepatocyte death and regulates TNFα-mediated liver injury in murine NASH suggesting PEDF 

as a potent anti-apoptotic therapeutic target in steatohepatitis. However, the detailed molecular 

mechanism for the PEDF mediated hepatoprotection by inhibiting the extrinsic apoptosis 

pathway is still elusive. 
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1. Introduction 

Altered proteostasis, dysregulated autophagic flux, ER stress, Unfolded Protein Response and 

proteasomal dysfunction have been implicated in multiple aging-associated disorders including 

several chronic liver disorders 
176–178

. NAFL to NASH transition is often marked by certain 

irreversible hepatic pathologies such as hepatocellular death and accumulation of ubiquitinylated 

inclusion bodies 
179,180

. Proteasomal dysfunction under ER stress, insulin resistance, and has been 

previously investigated in fatty liver diseases 
28

. But the crucial importance of proteasome 

dysfunction-driven pathology is still unresolved and underscores the importance of investigating 

the molecular mechanism of proteotoxicity in NASH. 

The liver is one of the largest protein-producing factories in our body and secretes the majority 

of proteins in circulation. Hence, we hypothesized that the liver might be more susceptible to 

proteasome inhibition-driven cellular cytotoxicity. Reportedly, patients with multiple myeloma 

undergoing bortezomib chemotherapy resulted in drug-induced acute hepatitis and fatal liver 

failure 
181–183

. Alteration of cellular proteostasis is associated with the deposition of 

polyubiquitylated conjugates and the accumulation of free ubiquitin termed ubiquitin stress 
184

. 

Dysregulated proteostasis resulted from chronic proteasome dysfunction can serve as a cellular 

stressor for the activation of several stress responses including macroautophagy, mitophagy, and 

transcriptional upregulation of the genes for proteasome biogenesis 
185–187

. Insufficient stress 

response may lead to severe hepatic injury resulted in the unfavorable outcome of proteasomal 

inhibition 
188,189

. Proteasomal inhibitors viz MG132 and bortezomib have been reported to 

generate excessive ROS and might lead to apoptosis in a cell-autonomous manner 
190–193

. 

However, the precise molecular mechanism for ROS-induced hepatic apoptosis in chronic or 

acute proteotoxicity is still much elusive. 

Our results demonstrated that the acute loss of proteasome activity causes profound hepatic 

injury associated with excessive ROS accumulation with concomitant induction of apoptosis 

through ASK1-JNK1signaling. We found that Proteasome dysfunction is closely associated with 

MAPK signaling and ARENRF2 anti-oxidant signaling pathways in both human and murine 

NASH. Interestingly, combination therapy with ASK1 inhibitor (Selonsertib) and PPARγ 

activator (Pioglitazone) ameliorates hepatic proteotoxicity and prolongs the survival in acute 

proteasome inhibition, and abrogates NASH pathogenesis in mice. 
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2. Results 

2.1. Proteasomal inhibition causes a severe hepatic injury independent of ER stress. 

To investigate the independent effect of proteasomal inhibition and ER stress on hepatocellular 

death, C57Bl/6 mice were intraperitoneally administered with a single dose of bortezomib (Bor) 

and tunicamycin (Tuc), respectively. Tunicamycin injection resulted in marked accumulation of 

lipid with moderate induction in hepatic apoptosis as evidenced by TUNEL and cleaved caspase 

3 (CC3) positive cells, while bortezomib-induced hepatic injury mediates striking sinusoidal 

dilatation, accumulation of ubiquitin in the pericentral area, and a robust induction in the number 

of TUNEL and CC3 positive cells (Fig 1A). Conspicuously, bortezomib but not tunicamycin 

injection causes severe hepatocyte apoptosis depicted by immunoblot assay for CC3, CC9, and 

cleavage of PARP. ER stress markers such as p-PERK, Bip, and XBP-1 were elevated with 

tunicamycin treatment while remained the same by bortezomib administration (Fig 1B).  Serum 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels, two established 

circulatory markers of hepatic injury also significantly increased followed by bortezomib 

administration (Fig 1C). Cell-autonomous effects of proteasomal inhibition were further 

investigated in primary murine hepatocytes by treating them with both tunicamycin and MG132 

in the presence and absence of palmitate. Immunoblotting and live-dead assay further 

demonstrated that bortezomib treatment caused significant hepatocyte apoptosis compared to 

palmitate and tunicamycin (Fig 1D, E). Hence we observed that proteasomal inhibition 

independent of ER stress can lead to severe hepatotoxicity.   

2.2. Proteasome inhibition induces a pan transcriptional program in response to 

intracellular ROS generation and MAPK signaling.  

To decipher the molecular basis of bortezomib-induced liver injury, we next performed 

transcriptomics analysis from control and bortezomib-treated mice livers. The analysis depicted 

4663 differentially expressed genes (DEGs) containing 54% (n = 2499) upregulated and 46% (n 

= 2164) down-regulated genes. Pathway analysis using KEGG for the DEGs demonstrated 

bortezomib-induced proteasome inhibition evidenced by the significant (FDR <0.05) 

upregulation of proteasomal genes, MAPK-signaling, and apoptosis responsible for proteotoxic 

hepatic injury, while significant (FDR <0.05) depletion of peroxisome and oxidative 
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phosphorylation genes indicates mitochondrial stress and insufficient anti-oxidative response 

(Fig 2A) associated with overall metabolic suppression. Gene set enrichment analysis (GSEA) 
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utilizing MSigDB database further validated the significant depression in enrichment 

(Padj<0.05) of several metabolism-associated gene sets including peroxisomal oxidation, 

oxidative phosphorylation, and xenobiotic metabolism with the concordant enrichment 
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(Padj<0.05)  of the genesets for MAPK signaling, unfolded protein response pathway, p53 

pathway, apoptosis, hypoxia, and response to ROS pathway (Fig 2B, C).  

We aim to experimentally validate the relevance of the oxidative stress response 

indicated in transcriptomics analysis. We observed that bortezomib mediated oxidative stress, a 

cellular response associated with proteasomal inhibition in various cellular contexts 
190

. Cellrox, 

a cell-permeable fluorescent probe for ROS measurement, was pretreated in primary hepatocytes 

for detecting ROS generation in response to proteasome inhibition. MG132 treatment depicted a 

dose-dependent increase in ROS generation followed by hepatocyte apoptosis (Fig 2D). 

Immunohistochemistry analysis of bortezomib but not tunicamycin treated liver sections showed 

deposition of 4-Hydroxynonenal (4-HNE), a lipid peroxidation product in response to oxidative 

stress (Fig 2E).  

2.3. Hepatic proteasomal stress initiates ASK1 signaling in the liver. 

Autophosphorylation followed by the activation of ASK1 is strictly regulated by the cellular 

redox state with reversible oxidation of redox-regulated molecular partner viz thioredoxin 

(Trx)
194,195

. ASK1 activation selectively phosphorylates its downstream targets JNK1 and p38 

which lead to hepatocyte apoptosis 
196,197

. Recently, clinical trials have been conducted with 

ASK1 inhibitor (Selonsertib) for NASH therapy 
120,198

. Hence, our transcriptomics data 

suggested enrichment of MAPK signaling genes under proteotoxicity, we thereby aim to 

investigate the role of bortezomib-induced ASK1 signaling in promoting hepatic injury. Fig 3, 

revealed that specifically, bortezomib induces ASK1 activation and its downstream partners viz 

JNK1 and p38. Furthermore, immunohistochemistry analysis of bortezomib but not tunicamycin 

treated liver showed the corresponding hyperactivation of JNK1 in response to ASK1 activity. 
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2.4. ASK1 steers proteotoxic injury in liver  

To investigate whether proteotoxicity-driven ASK1 hyperactivation is a cell-autonomous effect, 

primary hepatocytes were treated with palmitate and MG132 to investigate the effect of ASK1-

JNK1-p38 pathway activation (Fig 4A). Following the in vivo data, shRNA-mediated ASK1 

depletion in HepG2 cells dampens while overexpression of myc-tagged ASK1 further induces 

JNK1 and p38 phosphorylation with the concordant increase in the levels of CC3, indicating the 

crucial importance of ASK1 activation in proteotoxic hepatic damage (Fig 4B). For further 

validation, the effect of ASK1 hyperactivation in proteotoxic damage, primary hepatocytes were 

pretreated with selective ASK1 inhibitor TC ASK10 that potently attenuated MG132 induced 

hepatocellular death without affecting the intracellular ROS levels (Fig 4C, D). Oral 

administration with selonsertib potently blocked bortezomib-induced activation of the ASK1-

JNK1 signaling associated with hepatocyte apoptosis in the murine liver (Fig 4E, F). Serum AST 

and ALT levels were significantly suppressed by ASK1i administration in accordance with our 

observations (Fig 4G). Taken together, ASK1 serves as a central signaling node in regulating 

proteotoxic hepatic injury.  
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2.5. PEDF is a potent anti-oxidant molecule inhibiting proteotoxic liver injury. 

PEDF has previously been known to play a crucial hepatoprotective secretory glycoprotein 

having potential anti-oxidative properties 
199–202

. Since the excessive intracellular accumulation 

of ROS has been shown to mediate proteotoxic hepatic injury, we further sought to determine the 

potential effect of PEDF in this context. AAV2 mediated gain of function studies for PEDF 

remarkably attenuated MG132 induced oxidative stress (Fig 5A). For further in vivo validation, 

hepatic PEDF was depleted by adenovirus which increased bortezomib-induced hepatocellular 

apoptosis without affecting the cellular levels of ubiquitylated protein inclusions as depicted by 

the immunohistochemistry and immunoblot assays (Fig 5B, C). To check for the cell-

autonomous effect of PEDF were further investigated by transducing the primary hepatocytes 

with AAV2-PEDF and Ad-shPEDF in the presence and absence of MG132. While the gain of 

function of PEDF protects hepatocytes from apoptosis, the knockdown of PEDF further 

augmented hepatocyte apoptosis in proteotoxic liver damage (Fig 5D). 

2.6. PEDF protects from proteotoxic hepatocellular injury by inhibiting ASK1 activation. 

Because PEDF has emerged as a potent molecular antioxidant under proteasomal stress, we 

thought to investigate the role of PEDF in regulating ROS-driven ASK1 signaling. AAV2 

mediated overexpression of PEDF remarkably suppressed MG132 dependent hepatocyte 

apoptosis by restricting ASK1 activation whereas adenovirus-mediated knockdown of PEDF 

augmented ASK1 hyperactivation resulted in hepatocyte apoptosis (Fig 6A, B). Adenovirus-

mediated PEDF knockdown in mice liver further depicted hyperactivation of ASK1 under 

hepatic proteotoxic stress (Fig 6C, D). Ectopic expression of PEDF also rendered ASK1 inhibitor 

dispensable for MG132 dependent apoptosis while a high dose of ASK1 inhibitor showed 

modest protection from cell death in PEDF depleted condition (Fig 6E, F).  
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2.7. PPAR serves as a downstream effector of PEDF mediated the hepatoprotective effect. 

Looking for downstream effectors of PEDF, for scavenging ROS and attenuating hepatocyte 

apoptosis, we investigated the role of PPAR, a nuclear hormone receptor that was positively 

regulated by PEDF in different cells and tissues 
203–205

. Moreover, PPAR and Nrf2 share a 

positive feedback loop  
206

 which constitutes a transcriptional program that mediates a pivotal 

role in diminishing xenobiotic and oxidative stresses 
207–210

.  Depletion of PEDF in primary 

hepatocytes resulted in the downregulation of both PPAR and Nrf2 expression independent of 

proteasome inhibition (Fig 7A). Consistently, hepatic depletion of PEDF in mice caused 

decreased PPAR expression even under bortezomib treatment (Fig 7B). Whereas ectopic 

expression of PEDF in hepatocytes conversely leads to increased PPAR and Nrf2 expressions. 

However, the anti-apoptotic beneficial role of PEDF was rendered ineffective when PPAR was 

concomitantly knocked down (Fig 7C). Moreover, the Nrf2 suppression followed by PPAR 

knockdown (Fig 7C) indicates the hepatic PEDF-PPAR-Nrf2 antioxidant signaling axis in the 

liver. Taken together, PPAR  governs the PEDF mediated anti-apoptotic effects under 

proteasomal stress by regulating the oxidative response mechanism.  

 We further investigated whether the functional PPAR serves as a prerequisite for the 

therapeutic outcome of ASK1 inhibitors in hepatic proteotoxicity. Hence, PPAR in the mice 

liver was knocked down by adenovirus followed by the treatment with selonsertib and 

bortezomib to monitor proteotoxicity alone or in combination. Hepatic knockdown of PPAR 

further aggravated the bortezomib-induced sinusoidal dilatation, oxidative stress, hepatocellular 

death, and serum ALT and AST levels, as a circulatory marker for hepatic injury. However, 

selonsertib was rendered ineffective to rescue the pathological markers of hepatic injury when 

PPAR was depleted (Fig 7D-F). Collectively our results suggest that PPAR-driven 

antioxidative cellular response is beneficial for the therapeutic outcome of ASK1 inhibitors in 

proteotoxic liver injury.  
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2.8. ASK1 inhibitor and PPAR activator in combination renders superior anti-apoptotic 

and survival response in mice 

We demonstrated that ASK1 inhibitors inhibit hepatic apoptosis under acute proteasome 

inhibition with minimal effects on intracellular ROS levels while PPAR agonists renders 

effective in scavenging ROS significantly. To test whether the combination therapy could show a 

better therapeutic outcome upon the proteasomal blockade. Moreover, the anti-diabetic effects of 

PPAR agonists would also be crucial in suppressing the confounding effect of associated 

glucotoxicity and hepatic insulin resistance in NAFLD.  HepG2 cells treated in combination with 

rosiglitazone and TC ASK10 (ASK1i) remarkably suppresses apoptosis compared to 

monotherapy in a time-dependent manner (Fig 8A). To elucidate the drug interactions between 

ASKi and Rosi for inhibiting MG132 induced apoptosis, log[CI] values were experimentally 

deducted and utilize to construct a logarithmic Combination Index plot (Fig 8B) to demonstrate 

whether the combinations are antagonistic (log[CI]>0), synergistic (log[CI]<0), or additive 

(log[CI]=0). The drug combination at a constant molar ratio [1:1] depicted synergistic interaction 

for all the doses except the minimal total dose (1μM). ASKi and Rosi independently revealed an 

ED50 of approximately 8μM (8.21μM) and 14μM (14.25 μM), respectively, whereas Dose-

Reduction Index (DRI) data revealed that the combination (at constant ratio) exhibited an ED50 

of 2.74μM. Moreover, the Isobologram study (Fig 8C) further validated the synergy between 

ASKi and Rosi at ED50, ED75, and ED90 for 50, 75, and 90% (Fa=0.5, 0.75, 0.90) inhibition of 

cellular death respectively. In primary hepatocytes, dual administration remarkably inhibits both 

ROS generation and caspase3/7 activation while independent treatments of ASK1i and Rosi 

respectively failed to inhibit ROS and apoptosis simultaneously (Fig 8D, E). Moreover, the 

combination of selonsertib and pioglitazone prolonged median survival by at least two-fold (30 h 

to 60 h) in mice suffering from proteotoxic hepatic injury. While Selonsertib and pioglitazone 

monotherapy did not show a significant impact on the survival of mice (Fig 8F). 
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2.9. Proteasomal dysfunction is associated with ASK1 activation and oxidative stress in 

both the human and murine NASH. 

Next, we aim to determine the contributions of proteasome dysfunction in both clinical and 

experimental models of murine NASH.  We thus analyzed the human transcriptomics data of 

healthy (n=15) and NASH (n=16) livers from a previously published dataset 
211

. Two 

independent sample clusters were identified by the Principal Component Analysis (PCA) within 

the NASH group which were empirically termed as NASH1 and NASH2 (Fig 9A). GSEA 

analysis followed the similar trend of enrichment for both NASH1 and NASH2 groups, the latter 

however depicted remarkable enrichment of proteasomal genes (P adj<0.05) with concomitant 

reduction for the enrichment score of NRF2 target genes (P<0.05) and enrichment of apoptotic 

genes conferring a profound hepatic proteasomal stress with an inadequate antioxidative 

response (Fig 9B). Association statistics displayed a progressive increment in the correlation 

statistics (-0.5>ρ>0.5) between the proteasome-associated genes, ARENRF2 pathway, and JNK 

signaling among the healthy and respective NASH groups (Fig 9C). To be more precise, the 

NASH2 group displayed a significant enrichment in negative correlations (NASH1/NASH2; 

56/104) between the  JNK activation and ARENRF2 pathway (p<0.0001) genes. Moreover, 

proteasomal genes displayed enrichment in positive correlations (p<0.0001) with the geneset of 

both JNK activation (NASH1/NASH2; 154/234) and anti-oxidative ARENRF2 pathway 

(NASH1/NASH2; 72/130). Next, We questioned whether the proteasomal gene expressions are 

correlated with the NASH-pathology associated genes including the subset of the DEGs viz 

insulin signaling, FXR signaling, lipid metabolism, apoptosis, inflammation, monocyte 

recruitment, and hepatic stellate cell (HSC) activation 
211

.  Proteasomal genes showed a 

significant increment in the number of correlations (-0.5>ρ>0.5) with the NASH signature genes. 

Furthermore, the NASH2 group represents the highest number of correlations (positive/negative, 

399/619) between the proteasome and NASH hallmark genes, followed by NASH1 

(positive/negative, 297/193) and the healthy control group (positive/negative, 58/99) (Fig. 9D). 

Collectively, our transcriptomics analysis reveals that chronic proteasome dysfunction in  NASH 

patients is not only associated with genes associated with JNK activation and NRF2 mediated 

antioxidative response but closely associated with the transcriptomic landscape of NASH-

pathology associated genes.  
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Following the human pan transcriptomic analysis, we further aimed to validate these 

observations in a diet-induced NASH model.  

 

HFD feeding for 16 weeks manifested hepatomegaly with increased adipose mass and displayed 

the hallmarks of NASH  viz steatosis, fibrosis depicted by Sirius red stain, HSC activation 

revealed by alpha-smooth muscle actin staining, and hepatocellular death evidenced by the 

elevated serum AST and ALT levels (Fig 10A-C). Interestingly, we find a significant 

accumulation of ubiquitylated proteins and 4-HNE  as a marker for oxidative stress in HFD fed 
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mice liver sections (Fig 10C), and a significant loss in proteasomal activity (Fig 10C). 

Immunoblots of the liver further revealed the deposition of polyubiquitylated proteins and the 

hyperactivation of ASK1, JNK1, p38 pathways (Fig 10D). Thus we observed that HFD induced 

NASH is closely associated with proteasome dysfunction and associated accumulation of 

polyubiquitylated proteins coupled with the insufficient oxidative stress response.  

2.10. ASK1 inhibition and concordant PPAR activity potently ameliorates proteotoxicity 

and NASH pathology. 

Both ASK1 and PPAR being the potential therapeutic targets in NASH development; we 

thereby sought to investigate the therapeutic outcome of selonsertib and pioglitazone 

combination therapy in the preclinical NASH model. We conducted the oral administration of 

selonsertib, pioglitazone, or their combination for the last one month of HFD feeding. We 

observed the progressive increment in bodyweight for HFD fed and selonsertib administrated 

mice over sixteen weeks while pioglitazone and combination therapy significantly reduced the 

weight gain (Fig 11A, B). Following treatments with pioglitazone or combination therapy 

displayed significantly lower fasting blood glucose levels whereas selonsertib treatment alone 

had merely little or no impact on fasting blood glucose (Fig 11B). Consistently, liver and 

epididymal fat pad weight were significantly low (Fig 11C, D). Insulin tolerance test (ITT) and 

oral glucose tolerance test (OGTT) also revealed strong insulin-sensitizing effects of 

pioglitazone but selonsertib remained ineffective in regulating systemic glucose homeostasis. 

(Fig 12A-C). On the contrary, both pioglitazone and selonsertib significantly reduced serum AST 

and ALT levels while the dual therapy had further diminished serum markers of hepatic injury 

(Fig 12D). Interestingly, proteasomal activity in the liver was significantly enhanced by 

pioglitazone and combination therapy (Fig 12E) with a marked reduction in polyubiquitylated 

proteins (Fig 15F). Combination therapy also led to a striking reduction in CC3 and PARP, two 

apoptosis markers (Fig 12F). While treatment with pioglitazone significantly reduced steatosis, 

fibrosis, oxidative stress, and ubiquitin accumulation with an insignificant reduction in apoptosis, 

selonserib in contrast remarkably dampened the number of TUNEL positive cells. However, 

combination therapy manifested a significantly better resolution of NASH pathology in restoring 

both the cellular proteostasis and hepatic injury (Fig 13A). 
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3. Conclusion  

We deciphered hepatic proteasome dysfunction as a key pathological feature in both preclinical 

and clinical NASH models. While the preclinical data demonstrated a steady decline in 

proteasome activity, correlations of proteasomal genes with NASH signature genes indicate that 

NASH encompasses a spectrum of diseases with heterogeneous pathological outputs, while a  

group of patients displayed severe proteasomal dysfunction. Hence, acute drug-induced 

proteasome blockade and NASH share overlapping pharmacologically targetable ROS-

responsive molecular repertoires that induce significant hepatic injury (Fig 14). The outcome of 

proteasomal inhibition was specific as activation of ER stress, a well-established cellular stressor 

associated with NAFLD did not cause comparable hepatic injury.   

Hepatocytes are highly sensitive to oxidative stress, an unfavorable condition where ROS 

generation supersedes antioxidant defense mechanisms. We showed that bortezomib-induced 

liver injury is driven by ROS production and activation of apoptosis. ROS-mediated cell death 

involves numerous pathways including p53 mediated apoptosis, mitochondrial apoptosis 

pathway, ER stress, autophagy, necroptosis, and anoikis often through random oxidation of 

cellular proteins and lipids. From the transcriptomic analysis of bortezomib-treated livers, we 

have implicated two ROS-sensitive pathways, viz activation of pro-apoptotic ASK1-JNK-p38 

pathway and downregulation of anti-oxidant Nrf2-PPARγ pathway. The redox-regulated cellular 

outcome is often mediated via the reversible oxidation of thiol-containing negative regulators 

including TRX for ASK1 and KEAP1 for Nrf2. Although inhibition of ASK1 is critical in 

blocking bortezomib-mediated hepatocyte death, it however has no impact on cellular ROS 

levels. Thus simultaneous activation of antioxidant response would further accentuate response 

to ASK1 inhibition. Our results indicate that PPARγ provides the basal antioxidative defense 

machinery where ASK1i can efficiently work. Moreover, PEDF an endogenous activator of 

PPARγ also showed hepatoprotective effects under proteasomal inhibition suggesting a 

functional hepatic PEDF-PPARγ pathway as an attractive therapeutic target. Besides, ASKi did 

not restore proteasomal activity and inhibit the accumulation of ubiquitylated proteins in HFD 
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fed mice suggesting ASK1 functions downstream of proteasome inhibition and ROS production. 

Thus, a combination of ASK1i and PPARγ agonist conspicuously impedes bortezomib-induced 

liver injury and prolongs survival. This drug combination turns out to be clinically attractive as 

they show pharmacological synergism. 

Our study has few potential limitations which however could create opportunities for future 

research. Analysis of human data is restricted to one publicly available dataset comprising of a 

relatively small number of patients and is limited only to transcriptomic studies. A meta-analysis 

of a large number of datasets would provide better insight into the role of the proteasome in 

human NASH pathology. Correlations of hepatic proteasomal activity, NASH activity score 

(NAS), insulin resistance, and relevant clinical parameters are also warranted to this end. In the 

preclinical settings, the impact of combination therapy in multiple diet-induced NASH models 

with variable duration and severity of the disease may be explored. Although both selonsertib 

and pioglitazone are safe for human use, for a future translation comprehensive preclinical 

toxicity studies are required. 

Failure of several monotherapy trials calls for developing effective combination therapy in 

NASH underscoring its complex multifaceted pathophysiology of cellular stress, death, 

inflammation, and fibrosis. We propose that combination therapy of selonsertib and pioglitazone 

holds promising translational potential in mitigating NASH by targeting two overlapping 

pathways under oxidative stress response. In addition to lowering the metabolic load, 

pioglitazone has been shown to significantly resolve NASH despite having few side effects in 

long-term use. Seloncertib contrarily did not demonstrate the significant antifibrotic effect in 

clinical trials and in our preclinical models of proteotoxicity and NASH but had synergistic 

beneficial effects in mitigating several pathological hallmarks of NASH. Moreover, the use of 

this dual therapy might also serve as a therapeutic opportunity in bortezomib-induced acute liver 

failure in multiple myeloma patients. 
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Fig 14. Schematic of the ASK1 and PPAR pathway and their pharmacological 

intervention in proteasomal inhibition and NASH. 



 

 

 

 

 

 

 

 

 

 

Summary of the Thesis 

 



  105 Summary of the Thesis 

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of liver diseases encompassing 

hepatic steatosis, nonalcoholic steatohepatitis (NASH), and cirrhosis and is increasingly 

recognized as the leading cause of liver dysfunction worldwide. The progression of hepatic 

steatosis to NASH is characterized by irreversible changes such as hepatocyte death, 

inflammation, and fibrosis. Much has been discovered by unraveling complex cellular and 

molecular interactions in NASH pathogenesis, therapeutic options are however mostly empirical 

for NASH patients, and finding novel therapeutic agents for alleviating NASH are thereby 

crucial.  

Increased proinflammatory cytokine production such as tumor necrosis factor (TNF)α and 

interleukin (IL)-1β are two critical mediators in NASH. TNFα plays a crucial role in almost all 

the pathogenic nodes of NASH such as the development of hepatic steatosis, hepatocyte death, 

and fibrosis. IL-1β is produced following inflammasome activation, an intracellular multi-protein 

complex that requires two sequential hits for activation. The first signal is the engagement of 

toll-like receptor (TLR) which induces the synthesis of pro-IL-1β and the second signal is 

caspase-1 mediated proteolytic maturation of IL-1β and IL-18. Although activation of 

inflammasome in liver resident Kupffer cells (KC) has a pivotal role in the inflammation 

associated with alcoholic liver disease (ALD), its contribution in NASH is not clear and often 

contradictory. Nonalcoholic fatty liver disease (NAFLD) is further characterized by ER stress, 

altered autophagy, hepatocellular death, and marked accumulation of ubiquitinylated inclusion 

bodies along with metabolism-associated inflammation. Thus hepatic proteasomal dysfunction in 

the background of steatosis underscores the importance of proteotoxicity in the pathogenesis of 

NAFL and NASH. 

Pigment epithelium-derived factor (PEDF) is a multifunctional, non-inhibitory serine protease 

discovered as a factor secreted by the human retinal pigment epithelial cells. PEDF is however 

expressed and secreted by many tissues and performs a multitude of biological functions 

including inhibition of angiogenesis, promotion of neuronal differentiation, as an anti-oxidant, 

anti-apoptosis, and anti-tumor factor. PEDF has also emerged as a potent hepatoprotective 

secretory glycoprotein, a hepatokine with strong anti-oxidant properties.  Hence, metabolism-

associated inflammation along with proteasomal dysfunction marks one of the pathological 

hallmarks mediating hepatocellular injury in NAFLD/NASH. Thus we aim to investigate the 
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molecular function of PEDF in regulating hepatocellular inflammation and proteotoxic liver 

injury associated with fatty liver diseases. 

OBJECTIVES  

1. Exploring molecular mechanism for the regulation of hepatic PEDF expression 

associated with metabolic inflammation in NAFLD. 

2. Deciphering the molecular players and related pathways regulating proteotoxic 

hepatocellular injury in NASH. 

3. Elucidating the role of PEDF in mitigating hepatocellular proteotoxicity. 

4. Identifying possible therapeutic regimes for ameliorating hepatocellular damage 

associated with proteasomal dysfunction in NASH. 

SUMMARY OF RESULTS 

We have unraveled the role of PEDF in regulating NASH-associated metabolic inflammation. 

PEDF served as a secretory hepatoprotective glycoprotein alleviating hepatocyte apoptosis and a 

crucial mediator of hepatocellular anti-oxidative response. We have further identified the 

reciprocal regulation of hepatic PEDF expression by TNFα and IL-1β respectively in diet-

induced murine NASH models. Inflammasome activation followed by the induced expression 

and maturation of Pro-IL-1β further improves hepatic health by ameliorating hepatocellular 

apoptosis. PEDF has been shown to prevent hepatocyte death by antagonizing the TNFα driven 

inflammatory insult during the NAFL to NASH progression. 

Next, our study unraveled hepatocellular proteasomal dysfunction as one key pathological 

feature in the diet-induced murine model and human nonalcoholic steatohepatitis (NASH) 

patients. Interestingly, acute drug-induced proteasomal inhibition and NASH share overlapping 

pharmacologically targetable reactive oxygen species (ROS) driven molecular repertoires that 

induce significant liver injury. Precisely, activation of ASK1 with a concomitant insufficient  

PPARγ-driven antioxidant response underlies proteotoxic liver injury and a combination therapy 

targeting ASK1 and PPARγ confers robust protection against drug-induced liver injury and 

ameliorates NASH in a preclinical model. 
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HIGHLIGHTS OF STUDY 

Chapter 1 

 TNFα down-regulates hepatic PEDF expression. 

 IL-1β and TNF-a reciprocally antagonize PEDF expression in NASH. 

 Recruited hepatic macrophages are a major source of TNF-a in NASH. 

 Adenovirus-mediated knockdown of PEDF (shPEDF) exacerbates hepatic inflammation, 

fibrosis, and hepatocellular death in MCD-fed murine NASH. 

Chapter 2 

 Acute proteasomal inhibition causes a severe hepatocellular injury independent of ER stress. 

 Proteasome dysfunction dictates metabolic stress and liver injury in NASH. 

 ASK1 activation steers proteotoxic hepatocellular death under compromised PPAR 

activity. 

 Endogeneous PPAR holds crucial for proteasome dysfunction-driven redox homeostasis. 

 Selonsertib and pioglitazone combination therapy prolongs survival in proteotoxic hepatic 

failure. 

 Combination therapy revamped proteasome activity and mitigate liver injury in a preclinical 

trial. 
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Inflammasome activation in Kupffer cells confers a
protective response in nonalcoholic steatohepatitis
through pigment epithelium–derived factor expression
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ABSTRACT: Hepatocellular death or ballooning distinguishes the transition of simple steatosis to irreversible non-
alcoholic steatohepatitis (NASH). However, the molecular mechanism of hepatocellular apoptosis in NASH is
largely unclear, and discovery of endogenousmediators that could prevent or inhibit cell death is thereby critical in
intercepting NASH progression. Here, we identified pigment epithelium–derived factor (PEDF), a secreted,
moonlightinghepatokine as 1 hepatoprotective agent inmicewithdiet-inducedNASH.Hepatic PEDFexpression is
induced by IL-1b, which is derived from inflammasome activation in liver-resident Kupffer cells, an effect that is
negatively regulated by TNF-a and predominantly secreted bymonocyte-derived, recruited, hepatic macrophages.
Mechanistically, reciprocal andopposingroles for IL-1b andTNF-a inPEDFexpressionaremediatedbydifferential
activation of NF-kB. Although augmented TNF-a production leads to temporal reduction of PEDF expression in
NASH, PEDF conversely abrogates TNF-a–mediated hepatocyte death by modulating the extrinsic apoptosis
pathway. Thus, our studyhighlights PEDF as a functionally important hepatokine inNASHprogressionby linking
inflammasome activation and hepatocellular death.—Adak, M., Das, D., Niyogi, S., Nagalakshmi, C., Ray, D.,
Chakrabarti, P. Inflammasome activation in Kupffer cells confers a protective response in nonalcoholic steatohe-
patitis through pigment epithelium–derived factor expression. FASEB J. 32, 6510–6524 (2018). www.fasebj.org
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Nonalcoholic fatty liver disease (NAFLD) represents a
spectrumof liver diseases encompassing hepatic steatosis,
nonalcoholic steatohepatitis (NASH), and cirrhosis and is
increasingly recognized as the leading cause of liver dys-
function worldwide (1). The progression of hepatic stea-
tosis to NASH is characterized by irreversible changes,
such as hepatocyte death, inflammation, and fibrosis (2)
Much has been discovered by unraveling complex cellu-
lar and molecular interactions in NASH pathogenesis;

therapeutic options are, however, mostly empirical for
patientswithNASH, and findingnovel therapeutic agents
for alleviating NASH are thereby crucial.

Increased proinflammatory cytokine production, such
as TNF-a and IL-1b, are 2 critical mediators in NASH (3).
TNF-a has a crucial role in almost all the pathogenic nodes
of NASH, such as development of hepatic steatosis (4),
hepatocyte death (5), and fibrosis (6). IL-1b is produced
after inflammasome activation, an intracellular, multi-
protein complex, which requires 2 sequential hits for ac-
tivation. The first signal is engagement of TLR, which
induces the synthesis of pro–IL-1b, and the second signal
is caspase-1–mediated, proteolytic maturation of IL-1b
and IL-18 (7). Although activation of inflammasome in
liver-resident Kupffer cells (KCs) has a pivotal role in the
inflammation associated with alcoholic liver disease
(ALD) (8–10), its contribution in NASH is not clear and
often contradictory (11).

Pigment epithelium–derived factor (PEDF) is a multi-
functional, noninhibitory serine protease discovered as a
factor secreted by the human retinal-pigment epithelial
cells (12). PEDF is, however, expressed and secreted by
many tissues and performs a multitude of biologic func-
tions, including inhibition of angiogenesis, and promotion
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of neuronal differentiation, and it is an antioxidant, pro-
motes antiapoptosis, and is an antitumor factor (12–16).
Liver is the major organ that synthesizes PEDF (17), and
plasma PEDF levels are increased in patients with NASH
(18). PEDF overexpression in mice decreased carbon
tetrachloride–induced fibrosis (19), attenuated fibro-
genesis and pathologic angiogenesis in cirrhosis and
portal hypertension (20), and ameliorated hepatic stea-
tosis, inflammation, and fibrosis in dietary steatohepa-
titis (21), suggesting that PEDF could be a therapeutic
agent in these diseases.

Here, we investigated whether PEDF can prevent he-
patocellular death, an early event in NASH pathogenesis
and the molecular mechanisms of hepatic PEDF expres-
sion thereof. We report an unexpected role of inflamma-
some activation in KCs in up-regulating PEDF expression
and preventing hepatocyte death, whereas TNF-a
suppresses OEDF expression and aggravates NASH
pathology, thereby linking innate immune response
with hepatokine production and hepatocyte death in
NASH.

MATERIALS AND METHODS

Reagents

Reagentswere obtained from the following sources: DMEMwas
fromHiMedia Laboratories (Mumbai, India); fetal bovine serum
(FBS), penicillin/streptomycin, and Lipofectamine 2000 were
from Thermo Fisher Scientific (Waltham, MA, USA); recombi-
nant PEDF, IL-1b, and TNF-a were from ProSpec (Rehovot, Is-
rael) and R&D Systems (Minneapolis, MN, USA); MCC950 was
from R&D Systems; and SP600125, BAPTA-AM, BAY-11-7082,
ATP, gadolinium(III) chloride (GdCl3), recombinant IL-1 re-
ceptor antagonist, MG-132, and other fine chemicals were from
MilliporeSigma (Burlington, MA, USA). Betulinic acid was
kindlyprovidedbyDr.ChinmayChowdhury (Indian Instituteof
Chemical Biology, Kolkata, India). ELISA kits were purchased
from R&D Systems. Z-VAD-FMK and LPS (Escherichia coli sero-
type 0111:B4) were from InvivoGen (San Diego, CA, USA).
Methionine- and choline-deficient (MCD) diet (0296043910) and

a high-fat diet (HFD; 296024210) were from MP Biomedicals
(Santa Ana, CA, USA). Detailed information on the antibodies
used in this study from MilliporeSigma, Cell Signaling Tech-
nology (Danvers, MA, USA), Abcam (Cambridge, United King-
dom), Thermo Fisher Scientific, Bio-Techne (Minneapolis, MN,
USA), andNovus Biologicals (Littleton, CO, USA) is provided in
Table 1.

Animal experiments

All animal experimental protocols were approved by the In-
stitutional Animal Ethics Committee at the Council of Scientific
and Industrial Research, Indian Institute of Chemical Biology;
approved by the Committee for the Purpose of Control and Su-
pervision of Experiments on Animals, Ministry of Environment
and Forest, and Government of India). Eight- to 10-week-old,
male, wild-type C57BL/6 mice were housed in individually
ventilated cages at ambient temperature (226 1°C) with 12:12 h
light/dark cycles and fed ad libitum with either with a standard
chowdietorwithMCD.Animalswereanesthetizedbyxylazine/
ketamine before sacrifice; livers were isolated, cut into small
pieces, stored in Trizol (Thermo Fisher Scientific) for RNA ex-
traction and cell lysis buffer for immunoblotting or fixed in 10%
neutral-buffered formalin for histopathologic analysis. Blood
samples were collected by cardiac puncture and allowed to clot.
Serumwas separated by centrifugation and frozen at280°C for
biochemical analysis. In some experiments, intraperitoneal in-
jections with a single dose of IL-1b, TNF-a, LPS, or vehicle were
given. All data are representative of 2 independent experiments
with 3–6 animals/group.

Adenovirus

Adenovirus carrying short hairpinRNA (shRNA) againstmouse
PEDFwasgeneratedusingBlock-itAdenoviralRNAiExpression
System Kit (Thermo Fisher Scientific) and purified using Fast-
Trap Virus Purification and Concentration Kit (MilliporeSigma).
PEDFwas knocked down using the following shRNA sequence
59-GCCCAGAACTTGACCATGAT-39. For in vivo knockdown
experiments, 8–10wkold,male,wild-typeC57BL/6mice (n=10)
were injected i.v. with purified shPEDF recombinant adenovirus
at a titer of 13109pfuorvehicle, respectively, andsacrificedafter
7 d as previously described by Ghosh et al. (22).

TABLE 1. Details of antibodies used

Type Antibody Manufacturer Species Dilution used

Primary Anti-b-actin antibody MilliporeSigma Mouse 1:10,000
Primary Anti-GAPDH Cell Signaling Technology Mouse 1:1000
Primary Anti-PEDF antibody MilliporeSigma Mouse 1:1000
Primary Anti-cleaved caspase 3 Cell Signaling Technology Rabbit 1:1000
Primary Anti-cleaved PARP Cell Signaling Technology Rabbit 1:1000
Primary Anti-cleaved caspase 8 Cell Signaling Technology Rabbit 1:1000
Primary Anti-caspase 9 Cell Signaling Technology Rabbit 1:1000
Primary Anti-cleaved PARP Cell Signaling Technology Rabbit 1:1000
Primary Anti-p65 Abcam, Cambridge Rabbit 1:1000
Primary Anti-histone H3 Cell Signaling Technology Mouse 1:1000
Primary Anti-cleaved–IL-1b Cell Signaling Technology Rabbit 1:1000
Primary Anti-F4/80 (FITC) Thermo Fisher Scientific Mouse 1:1000
Primary Anti- CD11b (APC) Thermo Fisher Scientific Mouse
Primary Anti–TNF-a Bio-Techne Mouse
Secondary Goat anti-rabbit Cell Signaling Technology — 1:1000
Secondary Goat anti-mouse Novus Biologicals — 1:10000

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Inflammasome activation

Inflammasome activation experiments were performed in 2
stages. First, macrophages were primed with LPS (1 mg/ml) in
Roswell ParkMemorial Institute (RPMI)-1640 Buffalo, NY,USA)
containing10%FBS.Next, themediumwas replacedwithRPMI-
1640 medium supplemented with ATP (5 mM) for 30 min; after
which, conditionedmedium (CM)was collected and centrifuged
at 350 g for 10 min at 4°C, and the supernatant was stored at
280°C until use.

Cell culture of primary mouse hepatocytes and KCs

Primary mouse hepatocytes were isolated by in situ digestion
with 0.05% type I collagenase as previously described by Chen
et al. (23). The resultant cell suspension was filtered through a
75-mmcell strainer and centrifuged at 50 g for 2min. Supernatant
obtained from the first centrifugation was further centrifuged at
250 g for 5 min. The cell pellet was washed, resuspended in
DMEM with 10% FBS, seeded onto tissue culture plates, and
allowed to adhere for 16 h. Nonadherent cells were removed by
several washes with PBS;.80% adherent cells were found to be
positive for F4/80, a well-established KC marker. To validate
this procedure in some experiments, KCs were isolated with
anti-mouse F4/80–allophycocyanin (APC) antibody and the
magnetic-activated cell sorting method (24).

Human monocyte-derived macrophages

Human monocyte-derived macrophages (HMDMs) were cul-
tured as previously described by Albiero et al. (25). Briefly,
monocytes were obtained by preferential adherence from
6 healthy male and female donors and differentiated into mac-
rophages by M-CSF (500 U/ml) over 6–7 d.

HepG2 and RAW 264.7 cells

Humanhepatomacell lineHepG2andmousemacrophageRAW
264.7 cells were cultured in high-glucose DMEM supplemented
with 10% FBS. For stable overexpression in HepG2 cells, the
PEDF genewas cloned into pBABE-puro (Addgene, Cambridge,
MA, USA) vector. To generate the retroviruses, plasmid, along
with viral packaging plasmids VSV-G and pCL-Eco (Addgene),
were cotransfected into HEK293T cells. Viral supernatants were
collected and passed through a filterwith 0.45-mmpores. HepG2
cellswere infected in thepresence of a serum-containingmedium
supplemented with 8 mg/ml polybrene (MilliporeSigma), and
clones were selected with 2.0 mg/ml puromycin (26).

Small interfering RNA transfection

Transient knockdown assays were performed by transfecting
1.2 3 106 HepG2 cells with 100 pmol of small interfering RNAs
(siRNAs) specific for the PEDF gene against the sequence
59-CCGGAAGCAUGAGUAUCAU-39 (Eurogentec, Liège, Bel-
gium) by Lipofectamine 2000 (Thermo Fisher Scientific).

Histologic study

Liver-tissue specimens from all male, wild-type C57BL/6 mice
were formalin fixed and paraffin embedded. Tissue sections
(5 mm thick) were deparaffinized in xylene and rehydrated in a
graded series of ethanol concentrations. Deparaffinized liver

tissue sectionswere further processed for hematoxylin and eosin
staining. Imageswere takenwith aDFC450c camera (DM3000B;
Leica Microsystems,Wetzlar, Germany) using LAS EZ software
(v.4.6).

Sirius red staining

Deparaffinized liver tissue specimenswere stained for 1h in 0.1%
(w/v) Sirius red (MilliporeSigma) in a saturated, aqueous solu-
tion of picric acid, and then rinsed for 30min in 0.01N acetic acid
to remove unbound dye. Images were taken with a Leica
DFC450c camera using LAS EZ software (v.4.6); 10 fields from
each slidewere randomly selected under a lightmicroscope, and
the red-stained area/total area was measured with ImageJ2
software (National Institutes of Health, Bethesda, MD, USA) for
semiquantitative analysis of liver fibrosis.

Triglyceride estimation

Lipidswere extracted frommouse liver sampleswith the hexane/
isopropanol (3:2, v/v) method. Triglyceride was assayed using
serum/plasma triglyceride determination kit (TR1697; Randox
Laboratories, Crumlin, United Kingdom). Triglyceride content
was normalized with respective liver weight.

Liver enzyme assay

Bloodwas collected by cardiac puncture from anesthetizedmice
and serum alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) levels were measured by kinetic methods
using an ALT and AST kit (Randox Laboratories), according to
the manufacturer’s instructions.

Hepatic macrophage cell sorting and analysis by
flow cytometry

Nonparenchymal cells from mouse liver were prepared from
chow-fed andMCD-fed C57BL/6 mice, as previously described
by Morinaga et al. (27) with MoFlo XDP cell sorter (Beckman
Coulter,Brea,CA,USA). Theantibodies for surface stainingwere
F4/80 (for FITC) and CD11b (for APC). Unstained sample was
used for setting gates.

KC depletion

Liver tissue macrophages were depleted by a single tail vein
injection of GdCl3 (50 mg/kg body weight) or PBS as vehicle
control, and tissue was harvested after 24 h.

Cell lysis and immunoblotting

Total cellular protein was prepared with lysis buffer containing
50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and 1% Triton X-100 with protease/phosphatase in-
hibitor cocktail both from (MilliporeSigma). Protein samples
(40mg/lane)were resolvedby10%SDS-PAGEand transferred to
Immobilon-P membranes (MilliporeSigma). For immunode-
tection, membrane was blocked with 5% nonfat dry milk in PBS
with 0.1% Tween 20 for 1 h, followed by incubation with the
specific primary antibody at 4°C overnight andwith horseradish
peroxidase–labeled secondary antibodies for 1 h at room tem-
perature. Signals were detected by chemiluminescence with

6512 Vol. 32 December 2018 ADAK ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


LuminataClassico Western horseradish peroxidase substrate
(MilliporeSigma) and scannedwith aChemiDocMPSystem (Bio-
Rad Laboratories, Hercules, CA, USA).

Gene expression analysis

Total cellular RNA was extracted with Trizol (Thermo Fisher
Scientific) and the first-strand cDNA was reverse transcribed
from1mg of total RNAwith the iScript First-Strand Synthesis Kit
(Bio-RadLaboratories) in a finalvolumeof20ml.Geneexpression
was quantified by SYBR green (Bio-Rad Laboratories) in Light
Cycler 96 Real-Time PCR (Roche Diagnostics, Basel, Switzer-
land). Gene expression was normalized with 18S rRNA expres-
sion by the DDCt method. Sequences of the primers used are
presented in Table 2.

Cytokine measurement

Levels of mouse TNF-a and IL-1b were determined in serum,
tissue homogenate, or culture supernatants using commercially
available ELISA kits (R&D Systems), according to the manufac-
turer’s instructions. For tissue lysates, cytokines levels were
normalized to protein content.

TUNEL assay

ATUNELassaywasperformedwithaTACS2TdT fluorescein in
situ apoptosis detection kit (Trevigen; Bio-Techne, Minneapolis,
MN,USA)withVectaShieldAntifademountingmedium(Vector
Laboratories, Burlingame, CA, USA) with DAPI for counter-
staining. Images were captured with the confocal microscope
FluoView (FV10i; Olympus, Tokyo, Japan). Foci count was per-
formed ImageJ2 software for semiquantitative analysis of liver
cell death.

Statistical analysis

Statistically significant differences were calculated with an un-
paired, 2-tailed Student’s t test. The cutoff for statistical signifi-
cance was set at a value of P# 0.05.

RESULTS

Inflammasome-activated macrophage
induces PEDF expression in hepatocytes

To examine the crosstalk between KCs and hepatocytes in
the context of inflammasome activation, we isolated KCs
frommouse liver andactivated themwith eitherLPSalone
or in tandem with ATP and found that KCs robustly
responded to inflammasome activation as proven by the
abundant IL-1b secretion (Fig. 1A). LPS stimulation se-
lectively induced TNF-a production, and inflammasome
activation by ATP did not further augment it (Fig. 1A).
Next, primary mouse hepatocytes were incubated with
different dosages of IL-1b–enriched CM, derived from
inflammasome-activated KCs, and lipolytic gene expres-
sion were determined. As shown in Fig. 1B, expression of
PEDF was dose-responsively increased, whereas expres-
sion of other lipolytic genes remained unaltered. PEDF
protein expression was also markedly increased under
similar experimental conditions (Fig. 1C). CM collected
from activated KCs also induced PEDF protein and gene
expression in human hepatocellular carcinoma HepG2
cells (Fig. 1D). To further investigate whether inflamma-
some activation in KCs is required for PEDF expression in
hepatocytes, we used panel of inflammasome pathway
inhibitors (Bay11-7082, NF-kB inhibitor; BAPTA-AM, a
divalent cation chelator, Ac-YVAD-FMK, and caspase-1

TABLE 2. Mouse and human primer sequences for real-time quantitative PCR

Primer, 59–39

Gene Type Forward Reverse

RN18S Human GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
SERPINF1 Human GGTCCAGAATCTTGCCAATG AGATCACAGGCAAACCCATC
PNPLA2 Human GAGTGCAGTGTCCTTCACCA CAGTTCCACCTGCTCAGACA
G0S2 Human TATACGTGCTGGGCAGTGT ACTGCTGTTCACACGCTTC
MGLL Human AAGAGTGGAGCGAGCAAT CGTGATAGGCACCTTCATAC
LIPE Human CCTCAGCCTTCTTCCATGAG CACAGCTGCATTGCCATAGT
Rn18s Mouse GTTGGTTTTCGGAACTGAGG TCGTTTATGGTCGGAACTACG
Serpinf1 Mouse ACCAAGTCTCTGCAGGAC GATAGTCTAGCGGGAAGGTG
Ccr2 Mouse CAGGTGACAGAGACTCTTGG GTAGAGCTCACTCGATCTGC
Ccl2 Mouse CTTCAGAGACCTAGCACACG CGAGGCTGTGTATGTGTACC
Tnf Mouse CCTTGTCTACTCCCAGGTTC GGAAGACTCCTCCCAGGTAT
l1b Mouse GGAGAACCAAGCAACGAC GTACCAGTTGGGGAACTCTG
Emr1 Mouse CCAGTCCTGGTGGTCATA GCTGACACTGCAGAGCTT
Acta2 Mouse ATGCTCCCAGGGCTGTTTTCCCAT GTGGTGCCAGATCTTTTCCATGTCG
Des Mouse CTAAAGGATGAGATGGCCCG GAAGGTCTGGATAGGAAGGTTG
Col1a1 Mouse GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Timp1 Mouse CTCAAAGACCTATAGTGCTGGC CAAAGTGACGGCTCTGGTAG
Tgf b Mouse CAGAGAAGAACTGCTGTGTG GTTGTGTTGGTTGTAGAGGG
Ly6c Mouse CAGTGCTACGAGTGCTATGG GGAAGTCCTCTCCCTGATG
Itgam Mouse CCGTGGTAGGTGTCGTAC GACCGTTGTCGTAGCACTC

Col1a1, collagen type 1 alpha 1 chain.
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inhibitor), which significantly reduced secretion of IL-1b
from KCs (Fig. 1E). HepG2 cells exposed to CM obtained
from the inhibitor-treated KCs displayed a significant re-
duction in protein and mRNA expression of PEDF (Fig.
1F). Treatment with MCC950, a specific NLRP3 inflam-
masome inhibitor in KCs, also, as expected, inhibited the
production of IL-1b in KCs. Likewise HepG2 cells treated
with that KC supernatant significantly reduced PEDF
protein expression (Fig. 1G).

We presumed that, similar to KCs, inflammasome ac-
tivation in macrophages of different origins would also
induce PEDF expression in hepatocytes. To investigate
that possibility, we used 2 different cellular models of
macrophages: HMDMs and murine RAW 264.7 cells.
Addition of CM from control or activated HMDMs to
HepG2 cells led to a significant dose-dependent induction
in PEDF mRNA and protein (Fig. 1H) expression. Con-
sistent with that observation, the CM in RAW 264.7 cells
recapitulated those results (Fig. 1I). Moreover, we found

that treating CM from HMDMs with IL-1 receptor antag-
onist significantly inhibited its ability to up-regulate PEDF
expression (Fig. 1J).

IL-1b enhances PEDF expression in
hepatocytes through NF-kB

To evaluate the effect of IL-1b on PEDF expression in he-
patocytes directly, we incubated HepG2 cells with
recombinant IL-1b at concentrations that had no cytotoxic
effect. IL-1b treatment increasedPEDFproteinandmRNA
expression in a dose- (Fig. 2A) and time- (Fig. 2B)
dependent fashion. To further explore thepotential role of
IL-1b in vivo, IL-1b was injected intraperitoneally. Consis-
tent with the in vitro data, we found that IL-1b induced
PEDFprotein expression inmouse liver (Fig. 2C). Next, we
checked for the putative role of NF-kB transcription factor
in IL-1b–induced PEDF expression because IL-1 cytokines

Figure 1. KC-derived IL-1b induces PEDF expression in hepatocytes. A) Supernatants of control-, LPS-, and LPS + ATP–activated
KCs were analyzed for the presence of mature IL-1b by immunoblot (top) or TNF-a and IL-1b by ELISA (bottom). Pro–IL-1b
levels in KC lysates were detected by immunoblotting (top). B) Quantitative (q)PCR analyses for expression of the indicated
genes in primary hepatocytes after IL-1b–enriched CM treatment at different dilutions for 24 h. Gene expression was normalized
to the 18s rRNA-encoding gene. C) Western blot analyses of PEDF expression in the primary hepatocytes treated with increasing
amounts of control and activated CM. D) qPCR (top) and immunoblot (bottom) analyses of PEDF in HepG2 cells after different
doses of IL-1b–enriched KC CM treatment for 24 h. E) Hepatocytes were treated with CM of control and activated KCs in
presence of BAY11-7082 (50 mg/ml), BAPTA-AM (20 mM), and Ac-YVAD-FMK (20 mM), and supernatants were analyzed for the
presence of IL-1b by ELISA. F) qPCR and immunoblot analyses of PEDF in HepG2 cells after treatment with CM of KCs, which were
pretreated with BAY11-7082, BAPTA-AM, and Ac-YVAD-FMK.G) Production of IL-1b in culture supernatants from LPS-primed KCs treated
with MCC950 and 5 mM ATP analyzed by immunoblot. Western blot of PEDF in HepG2 cells after treatment with CM of KCs pretreated
with MCC950. H) qPCR and immunoblot analyses of PEDF in HepG2 cells after treatment with CM of HMDM for 24 h. Cont, control. I)
qPCR (top) and immunoblot (bottom) analyses of PEDF after various doses of IL-1b–enriched RAW 264.7 cells and CM in HepG2 cells. J)
qPCR and immunoblot analyses of PEDF in HepG2 cells treated with CM of HMDM in the absence or presence of IL-1 receptor antagonist
(2 mg/ml) for 24 h. Values are presented as mean 6 SD. NS, not significant. *P , 0.05, **P , 0.01.
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control gene expression through activation of the canonical
NF-kB pathway (28). Incubation of NF-kB inhibitors
(Bay11-7082 and MG-132) suppressed, whereas NF-kB
activators [phorbol 12-myristate 13-acetate (PMA) and
betulinic acid] induced, PEDF expression (Fig. 2D, E).
Furthermore primary hepatocytes andHepG2 cells treated
with either CM from inflammasome-activated KCs or
recombinant IL-1b in the presence of Bay11-7082 revealed
that inhibition of NF-kB abrogated IL-1b–induced PEDF
expression (Fig. 2F–H). Collectively, these results indi-
cate that macrophage-derived IL-1bs up-regulates PEDF
expression in hepatocytes.

TNF-a suppresses PEDF expression
in hepatocytes

We next investigated the effect of TNF-a–enriched
CM derived from LPS-stimulated KCs on hepatic PEDF
expression. As shown in Fig. 3A, TNF-a–enriched CM

dose-dependently decreased PEDF mRNA and protein
expression in mouse primary hepatocytes, whereas pre-
incubation with the TNF-a–neutralizing antibody to the
TNF-a–enriched CM restored PEDF expression (Fig. 3B).
For a direct examination of the effects of TNF-a on PEDF
expression, mouse primary hepatocytes and HepG2 cells
incubated with either recombinant mouse or human
TNF-a revealed significant down-regulation of PEDF ex-
pression in hepatocytes (Fig. 3C, D). An intraperitoneal
injection of TNF-a (50 mg/kg) also decreased hepatic
PEDF expression (Fig. 3E). Next, we injected mice with a
single intraperitoneal dose of LPS to create a TNF-a–
dominant inflammatory milieu. As shown in Fig. 3F, LPS
challenge caused a robust increase in both TNF-a and
IL-1b gene expression, with concurrent down-regulation
of PEDF expression. LPS treatment did not, however, ac-
tivate inflammasomes as shown by the unaltered, mature
IL-1b protein levels in liver tissues and serum, in contrast
to the TNF-a protein levels, which were, as expected, in-
duced significantly (Fig. 3G, H). Consistent with selective

Figure 2. Recombinant IL-1b enhances PEDF expression through NF-kB. A) Quantitative (q)PCR and immunoblot analyses of
PEDF after various doses of IL-1b (10–50 ng/ml) treatment in HepG2 cells for 24 h. Relative-band PEDF intensities, normalized
to actin, were analyzed with ImageJ software. B) qPCR and immunoblot analyses of PEDF after a fixed dose of IL-1b (10 ng/ml)
treatment in HepG2 cells for various times (6–24 h). Relative band intensities were analyzed by ImageJ software. C) Immunoblot
of liver PEDF 16 h after intraperitoneal injection of either vehicle (PBS) or recombinant IL-1b (0.1–1 mg/kg) in chow-fed mice,
with actin as the loading control (n = 4 mice/group). Relative band intensities were analyzed with ImageJ software. D) Western
blot of PEDF after various doses of BAY11-7082 (Bay) and MG-132. E) Immunoblot of PEDF after various doses of PMA and
betulinic acid (BA). F) Western blot analysis for PEDF expression in primary hepatocytes treated with activated CM in the
presence or absence of BAY11-7082. G) Immunoblot of PEDF after fixed dose of IL-1b (20 ng/ml) treatment in the presence or
absence of BAY11-7082 in HepG2 cells for 24 h. H) Western blot analysis of PEDF after activated CM treatment in the presence or
absence of BAY11-7082 in HepG2 cells for 24 h. Data are shown as means 6 SD. NS, not significant. *P , 0.05, **P , 0.01.
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TNF-a induction, PEDF levels were concomitantly re-
duced both in liver and in serum (Fig. 3I). To examine
whether prolonged TNF-a stimulation suppressed PEDF
expression through inactivation of NF-kB, cells were
cotreated with the NF-kB activator PMA. As shown in
Fig. 3J, PMArestoredTNF-a–dependentdown-regulation
of PEDF expression. Collectively, these results indicate
that TNF-a directly suppresses hepatic PEDF expression
through inactivation of NF-kB pathway.

Opposing roles of TNF-a and IL-1b on PEDF
expression in NASH

Pathogenic roles of TNF-a and other proinflammatory cy-
tokines have been implicated in various inflammatory liver
diseases, including NASH (29). Based on our results, we
next investigated the possible opposing roles of TNF-a and

IL-1b onhepaticPEDFexpression in2nutritionalmodels of
murine NASH: an HFD feeding up to 6 mo and an MCD
feeding for 1 mo. We found a progressive reduction in
PEDF expression with a corresponding increase of TNF-a
during the 6-mo and the 28-d courses of HFD and MCD
feedings, respectively, whereas IL-1b expression remained
somewhatstable (Fig. 4A,D). SerumTNF-a levelswerealso
correspondingly increased in both HFD and MCD feed-
ings, whereas IL-1b levels were unaltered in HFD-fed
miceandbegan todecreaseafter 14dofMCDfeeding (Fig.
4B, E). Thus, both HFD- and MCD-induced NASH reca-
pitulates an inflammatory milieu characterized by high
TNF-awith normal or relatively low IL-1b. Consistently,
serum, as well as liver, PEDF protein levels declined over
the course of NASH pathogenesis (Fig. 4C, F). Gene ex-
pression patterns of PEDF, TNF-a, IL-1b were also con-
sistent in isolated hepatocytes after 28 d of MCD feeding
(Fig. 4G).

Figure 3. TNF-a down-regulates hepatic PEDF expression. A) Quantitative (q)PCR (top) and immunoblot (bottom) analyses of
PEDF in primary hepatocytes treated with control and LPS-stimulated CM from KCs at different dilutions. B) qPCR (top) and
immunoblot (bottom) analysis of PEDF in primary hepatocytes treated with LPS stimulated CM from KCs with anti-mouse TNF-a
mAbs (2 mg/ml) for 16 h. C) qPCR and immunoblot analyses of PEDF in HepG2 cells treated with various doses of recombinant
TNF-a (0–150 ng/ml). D) Immunoblot of PEDF after recombinant TNF-a (100 ng/ml) treatment in primary hepatocytes for
16 h, with actin as the loading control. E) Immunoblot of liver PEDF in mice after intraperitoneal injection with vehicle (PBS) or
TNF-a (50 mg/kg) (n = 5 mice/group). F) qPCR analysis for the expression of the indicated genes in mouse liver after PBS
(control) or intraperitoneal LPS (5 mg/kg) injection (n = 5 mice/group). G, H) ELISA measurement of TNF-a and IL-1b in the
liver and serum of LPS-injected mice (n = 5 mice/group). I) Immunoblot of serum and liver PEDF in mice after vehicle (PBS) or
intraperitoneal LPS (5 mg/kg) injection, with actin as the loading control (n = 5 mice/group). J ) Immunoblot of PEDF in HepG2
cells treated either with TNF-a or with TNF-a in combination with PMA. All data are presented as means6 SD. NS, not significant.
*P , 0.05, **P , 0.01.
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To further investigatewhether TNF-a could impede IL-
1b–dependent induction of PEDF expression,HepG2 cells
were treated with IL-1bwith increasing concentrations of
TNF-a. As shown in Fig. 4H, I, TNF-a dose-dependently
suppressed PEDF expression in cells treated with IL-1b.
Conversely, increasing the IL-1b dosage surmounted the
TNF-a–mediated suppression of PEDF expression (Fig.
4J). IL-1b induces sustained activation (28), whereas TNF-
a transiently activates and subsequently inhibits NF-kB
signaling through distinct protein complexes (30). We
surmised the opposing roles of IL-1b and TNF-a on PEDF
expression might be implicated in the differential activa-
tion of canonical NF-kB. To that end, we looked at the

nuclear and cytosolic content of p65, a key component of
the p50/p65 complex, after IL-1b and TNF-a stimulation.
As shown in Fig. 4J, IL-1b induces, whereas TNF-a de-
creases, nuclear accumulation of p65, but costimulation
abrogates the effects of IL-1b. Cytosolic p65 levels, as
expected, followed the opposite pattern (Fig. 4K). To ex-
amine whether IL-1b could reverse TNF-a–dependent
down-regulation of PEDF expression in the NASH
liver, mice were injected either with recombinant TNF-a
alone or together with IL-1b. As shown in Fig.4L, TNF-a
treatment suppressed, whereas cotreatment with IL-1b
blocked, TNF-a–mediated down-regulation of PEDF
expression.

Figure 4. IL-1b and TNF-a reciprocally antagonize PEDF expression in NASH. A) Quantitative (q)PCR analysis for the expression
of the indicated genes in mouse liver after chow or 3 and 6 mo of HFD feeding (n = 6 mice/time point). B) ELISA measurement
of TNF-a and IL-1b in mouse serum after chow or 3 and 6 mo of HFD feeding (n = 6 mice/time point). C) Immunoblot of liver
and serum PEDF in mice fed with chow or HFD for 3 and 6 mo, with actin as the loading control. D) qPCR analysis for the
expression of the indicated genes in mouse liver after chow or 3, 14, and 28 d of MCD feeding (n = 6 mice/time point). E) ELISA
measurement of TNF-a and IL-1b in serum after 3, 14, and 28 d of chow or MCD feeding (n = 6 mice/time point). F)
Immunoblots of liver and serum PEDF in mice fed with chow or MCD for 3, 14, and 28 d, with actin as the loading control. G)
qPCR analysis for expression of the indicated genes in primary hepatocytes frommice that were fed chow or MCD for 28 d (n = 6 mice/
group). Gene expression was normalized to 18s rRNA levels. H) qPCR analysis (top) and immunoblot (bottom) analyses of PEDF
in HepG2 cells pretreated with either vehicle or IL-1b (40 ng/ml) and then with or without TNF-a (200 ng/ml) for 16 h. I) Immunoblot
of PEDF in HepG2 cells pretreated with IL-1b (50 mg/ml) and various doses of TNF-a (50–200 ng/ml) for 16 h. J ) Immunoblot
of PEDF in HepG2 cells pretreated with TNF-a (200 ng/ml) and various doses of IL-1b (50–100 ng/ml) for 16 h. K) HepG2 cells
treated with TNF-a, IL-1b, or both for 16 h and assessed for expression of p65 by Western blot using nuclear and cytoplasmic
extracts. L) Immunoblot of liver PEDF after intraperitoneal injection of either vehicle (PBS) or recombinant TNF-a and TNF-a
plus IL-1b in MCD-fed mice (n = 4 mice/group). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Values are presented as
means 6 SD. NS, not significant. *P , 0.05, **P , 0.01.
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Recruited hepatic macrophages are major
TNF-a producers in the NASH liver

Activated KCs or recruited hepatic macrophages (RHMs)
are the major sources of inflammatory cytokines that are
implicated in NASH pathogenesis (31). To investigate the
contribution of liver macrophages in maintaining PEDF
levels in hepatocytes, we depleted hepatic macrophages
by tail vein injection of GdCl3 in theMCD-inducedNASH
liver, as assessed by.50% reduction in F4/80 and CD11b
expression, 2 markers for macrophages, as well as signif-
icantly reduced expression of TNF-a and IL-1b (Fig. 5A).
PEDFgene andprotein expressionwere also reduced (Fig.

5A, B). Although we did not find any change in serum
levels of TNF-a and IL-1b, hepatic TNF-a protein levels
revealed a decreasing trend, whereas IL-1b protein levels
were significantly reduced (Fig. 5C, D). Because GdCl3
preferentially depletes highly phagocytic KCs (32), we
surmised that KC-derived cytokines were crucial in
maintaining hepatic PEDF expression. We next sought to
examine whether the heterogeneous macrophage pop-
ulation in the NASH liver could produce enhanced levels
of TNF-a. To that end, liver macrophages isolated from
chow-fed and MCD-fed mice were stimulated with LPS,
and secreted cytokines were measured in the culture su-
pernatants. As shown in Fig. 5E, LPS stimulation caused a

Figure 5. RHMs are a major source of TNF-a in NASH. A) Quantitative (q)PCR analysis for expression of the indicated genes in
mouse liver after tail-vein injection of control (saline) or GdCl3 (for 24 h) after 4 wk of MCD feeding. B) Immunoblot analysis of
PEDF in liver and serum of the mouse groups in A. C, D) ELISA measurement of TNF-a and IL-1b in liver tissue lysate (C) and
serum (D) from those 2 groups after 4 wk of MCD feeding (n = 6 mice/group). E) Macrophages from chow-fed and MCD-fed
mouse livers were cultured and treated with LPS for 24 h. Culture supernatants were analyzed by ELISA for TNF-a and IL-1b.
F ) qPCR analysis for indicated gene expression in mouse liver after chow or 3, 14, and 28 d of MCD feeding (n = 4 mice/time
point). G) Fluorescence-activated cell sorting analysis of nonparenchymal cells from livers of chow- and MCD-fed mice with
CD11b and F4/80 gating. The cell numbers of KCs macrophage (F4/80hiCD11blow) and recruited macrophages
(CD11bhiF4/80low) are shown in chow- and MCD-fed mice. H ) Indicated gene expression analysis from 2 types of
macrophage cell populations obtained from fluorescence-activated cell sorting. Values are expressed as means 6 SD. NS, not
significant. *P , 0.05, **P , 0.01.
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significant increase in TNF-a production in MCD-fed
group, whereas no change was seen in IL-1b secretion.

Heterogeneity in liver macrophages, including those
arising from circulating monocytes recruited via distinct
chemokine signals (RHM) and the self-renewing embryo-
derived tissue-resident macrophages (KCs), having dis-
tinct cytokine and chemokine expression profiles, are
implicated in obesity-associated hepatic inflammation (33,
34). To examine whether MCD feeding induced the che-
mokine expression required for RHM homing in liver, we
measured gene expression for candidate markers. As
shown in Fig. 5F, livers from MCD-fed mice revealed
time-dependent–enhanced expression of CCL2 and its
receptor CCR2 along with the RHM marker Ly6C.
Next, we isolated KCs and RHM by flow cytometric
sorting, using F4/80 and CD11b antibodies as pre-
viously described by Morinaga et al. (27). Of note,
F4/80 does not completely distinguish KC from RHM,
so sorting those populations is never absolute.
Still, livers from MCD-fed mice exhibited 2 distinct
populations, F4/80hiCD11blow and F4/80lowCD11bhi,
representing KCs and RHMs, respectively, whereas
livers from chow-fed mice contained mostly the KC
population with only a few RHMs (Fig. 5G). Gene ex-
pression of F4/80 and CD11bwas consistent with flow
cytometric data (Fig. 5H). CCL2 and CCR2 were pre-
dominantly expressed in KCs and RHMs, whereas
TNF-a expression was greatest in RHMs from the liv-
ers of MCD-fed mice (Fig. 5H). In agreement with the
results previously published by Dambach et al. (35),
our data indicate that in the livers of MCD-fed mice,
KCs recruit RHMs via the CCL2–CCR2 interaction, and
RHM serves as the major source of TNF-a that sup-
presses hepatic PEDF expression.

IL-1b and PEDF prevent TNF-a–induced
hepatocyte death

TNF-a has been implicated in causing hepatocyte death in
inflammatory liver diseases, including NASH (36, 37).
Indeed, injectionof TNF-a causedamarked increase in the
apoptotic marker, cleaved caspase 3, levels in the livers of
MCD-fed mice (Fig. 6A). TNF-a induced hepatocyte ap-
optosis with coinhibition of either the transcription (36) or
NF-kBpathway(37). PEDFhas, conversely, been shownto
have antiapoptotic activity in various cell types (38–40)
and is induced by IL-1b in hepatocytes. We, therefore,
examinedwhether inflammasome activation inKCs could
protect hepatocytes from TNF-a–induced apoptosis. In-
cubation of murine primary hepatocytes with the tran-
scriptional inhibitor actinomycin D (ActD) and TNF-a
caused significant apoptosis as shown by induction of
cleaved caspase 3 (Fig. 6B). Preincubation of primary he-
patocytes, either with CM from inflammasome-activated
KCs (Fig. 6B) or with recombinant IL-1b (Fig. 6C), dose-
dependently decreased cleaved caspase 3 levels. IL-1b
also blocked TNF-a–induced apoptosis in HepG2 cells
(Fig. 6D). Similar to IL-1b, preincubation of recombinant
PEDF also prevented cell death in primary hepatocytes
(Fig. 6E). Consistently, siRNA–mediated knockdown of

PEDF in HepG2 cells augmented (Fig. 6F, G), whereas
overexpression of PEDF reduced, cleaved caspase 3 levels
after treatmentwithActD andTNF-a (Fig. 6F,H).We next
examined whether IL-1b could block TNF-a–induced
apoptosis through PEDF. We found increased levels of
cleaved caspase 3 after siRNA-mediated knockdown in
cells treated with increasing doses of IL-1b (Fig. 6I). Col-
lectively, our results revealed that inflammasome-derived
IL-1b blocksTNF-a–inducedhepatocyte apoptosis at least
partly by up-regulating PEDF expression.

PEDF antagonizes TNF-a–induced
hepatocellular death in NASH

We next evaluated the potential effects of PEDF in the
MCD-fed murine NASH model. We specifically de-
pleted PEDF in themouse liver by injecting the tail vein
with adenovirus carrying shRNA against the murine
PEDF gene (Serpinf1). Knockdown of the PEDF gene
(Fig. 7A, left) in liver also reduced serum PEDF levels
(Fig. 7A, right) and resulted in increased lipid accu-
mulation (as determined by hematoxylin and eosin
staining and tissue triglyceride content), significantly
greater collagen deposition (as shown by Sirius red
stain), and enhanced cell death (as determined by
TUNEL-positive foci) (Fig. 7B). Expression of proin-
flammatory genes, such as TNF-a and CCR2, were
enhanced, whereas IL-1b was unaltered (Fig. 7C).
Genes for hepatic stellate cell activation (Acta1) and
fibrosis (Des, Timp1, Col1a1) were also increased sig-
nificantly (Fig. 7D), with corresponding increases in
serum AST and ALT levels (Fig. 7E), 2 circulatory
markers of liver injury. As expected, cleaved caspase
3 and cleaved poly(ADP-ribose) polymerase (PARP)
levels were also higher in PEDF-knockdown livers
(Fig. 7F). Interestingly, activation of extrinsic apopto-
sis pathway marked by the cleavage of caspase 8 after
receptor engagements by the death-inducing cognate
ligands, including TNF-a (41), was substantially in-
creased. Conversely, activation of intrinsic apoptosis
pathway triggered by the release of cytochrome c from
mitochondria, leading to cleavage of procaspase
9 (41) was inconspicuous (Fig. 7F). We did not, how-
ever, detect any evidence for increased apoptosis in
the livers of chow-fed animals (Fig. 7F). Collec-
tively, depletion of PEDF in the livers of MCD-fed
mice further augments cell death through the ex-
trinsic apoptosis pathway and exacerbates NASH
pathology.

To further examine whether PEDF protects against
TNF-a–induced hepatocyte death in steatohepatitis
through extrinsic pathway, we challenged MCD-fed
mice with an intraperitoneal injection of TNF-a. As
shown in Fig. 7G, TNF-a administration markedly
increased active caspase 3, PARP, and caspase 8 levels,
whereas procaspase 9 levels were unaltered. Consis-
tently, there was a concomitant, robust induc-
tion of TUNEL-positive foci in PEDF-depleted livers
(Fig. 7H). Serum AST and ALT levels were also cor-
respondingly increased (Fig. 7I). These results suggest
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that PEDF functions as a potent antisteatohepatitis mole-
cule that specifically antagonizes TNF-a–induced hepa-
tocellular death through extrinsic pathway.

DISCUSSION

PEDF has been suggested to be a potential therapeutic
agent in NASH and liver fibrosis putatively by directly
inhibiting hepatic stellate cell activation or by up-
regulating matrix metalloproteinase 2 (19, 20). In addi-
tion, knockout of PEDF or gene transfer to the liver also
demonstrated its role in steatosis (21, 42), although the
precise molecular events underlying those results remain
obscure. However, the role of PEDF in preventing hepa-
tocyte ballooning or death, the pathognomonic hallmark
thatdifferentiatesNASHfromsimple steatosis, hasnotyet
been addressed. MCD feeding generates an optimum
mouse model with characteristic hepatocyte death (43);

here, we provide new evidence that PEDF prevents TNF-
a–mediated cell death in MCD-induced NASH. By pre-
venting hepatocyte apoptosis, PEDF can modulate early
events in NASH pathogenesis before liver fibrosis is
advanced.

Many have been explored the effects of PEDF in several
pathophysiologic contexts, but regulation of its expression
remains somewhat elusive. Because PEDF has been de-
scribed as an anti-inflammatory protein (44), we asked
whether inflammatory cytokines conversely regulate he-
patic PEDF expression in the context of NASH. To ex-
plore the KC and hepatocyte interactions, we used either
TNF-a–rich (LPS treated) or IL-1b–rich (inflammasome
activated) KC culture supernatants, and the specific
inhibition thereof, to elucidate their opposing roles in
controlling PEDF expression and hepatocyte death.
However, possibilities of inflammasome-dependent, yet
IL-1b–independent, regulationofPEDFexpression cannot
be ruled out. Our results further explored the role of the

Figure 6. Inflammasome-activated IL-1b secretion blocks TNF-a–mediated hepatocyte death via PEDF. A) Immunoblot of
cleaved caspase 3 after intraperitoneal injection of recombinant TNF-a (50 mg/kg) for 4 h in 2-wk, liver from MCD-fed mice (n =
6 mice/group), with actin as loading control. B, C) Immunoblot of cleaved caspase3 in primary hepatocytes pretreated either
with different doses of IL-1b–enriched KC CM (B) or with various doses of IL-1b (50–100 ng/ml) (C), followed by TNF-a
(20 ng/ml) plus ActD (50 mg/ml) for 16 h. D) Western blot of cleaved caspase 3 in HepG2 cells pretreated with different doses of
IL-1b (25–50 ng/ml) and TNF-a (20 ng/ml) and ActD (50 mg/ml) for 16 h. E) Immunoblot of cleaved caspase3 in primary
hepatocytes pretreated with various doses of recombinant PEDF (rPEDF) (250–500 ng/ml) and TNF-a (20 ng/ml) plus ActD
(50 mg/ml) for 16 h. F) Western blot of stably overexpressed PEDF and depleted conditions in hepatocytes, normalized with
actin. G) HepG2 cells transfected with siRNA against PEDF (siPEDF) and treated with TNF-a (20 ng/ml) plus ActD (50 mg/ml)
for 16 h. Whole cell lysates were analyzed by immunoblotting. H) Western blot of cleaved caspase 3 in control and PEDF-
overexpressing cells treated with TNF-a (20 ng/ml) and ActD (50 mg/ml) for 16 h. I) Western blot of cleaved caspase 3 in control
and PEDF-depleted cells pretreated with various doses of IL-1b (100–200 ng/ml), followed by TNF-a plus ActD for 16 h.
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Figure 7. Adenovirus-mediated knockdown of PEDF (shPEDF) exacerbates hepatic inflammation, fibrosis, and hepatocellular
death in MCD-fed murine NASH. A) Quantitative (q)PCR and immunoblot analyses of PEDF in liver and serum of mock or
shPEDF adenovirus–administered chow-fed, male, C57BL/6 mice. B) Left: staining of liver sections for hematoxylin and eosin
(top; scale bars, 300 mm), Sirius red (middle; scale bars, 40 mm), and TUNEL (bottom; scale bars, 20 mm) from chow-fed control
mice (left) and mice fed with MCD diet for 3 wk and injected with mock (middle) or shPEDF adenovirus (right). Right: liver
triglyceride (TG) levels of chow-fed (green bars), MCD-fed mock (white bars), and MCD-fed shPEDF (red bars), normalized to
protein concentrations (top); quantification of Sirius Red stained for each condition (middle); and quantification of TUNEL+

cells in those 3 groups (bottom) (n = 6 mice/group). C, D) qPCR analysis for the expression of genes involved in inflammation
and fibrosis of mock (white bar) or shPEDF (red bar) administered MCD-fed mice (n = 5). Gene expression was normalized to
18s RNA levels. E) Serum levels of AST and ALT in 3-wk MCD-fed mice infected with either mock or shPEDF adenovirus. F)
Western blots of indicated proteins in mock or shPEDF administered chow (left)- or MCD (right)-fed mice. G) Mice were fed with
MCD for 2 wk, and mock or shPEDF adenovirus was injected through tail vein. After 1 wk, mice were injected with recombinant
TNF-a for 4 h, and livers were analyzed for PEDF, cleaved PARP, cleaved caspase 3, cleaved caspase 8, and caspase 9 protein levels
by Western blot. H ) Left: staining of liver sections for hematoxylin and eosin (top; scale bars, 100 mm) and TUNEL (bottom;
scale bars, 100 mm) from mock or shPEDF-infected mice after intraperitoneal injection of recombinant TNF-a (for 4 h)
(right). Right: number of TUNEL-positive foci/field in mock (red bar) or shPEDF (blue bar) infection was counted across
50 various fields (n = 5/group). I ) Serum levels of AST and ALT after intraperitoneal injection of recombinant TNF-a (for
4 h) in mock (red bar) or shPEDF (blue bar) group. Values are presented as means 6 SD. NS, not significant. *P , 0.05,
**P , 0.01.
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NF-kBpathway as 1 underlyingmolecularmechanism for
suchdifferential effects onPEDFexpressionandcell death.
Interestingly, both IL-1b and TNF-a are known potent
activators of the prosurvival NF-kB pathway. However,
TNF-a induces cellular apoptosis through induction of
2 sequential signaling complexes that initially activate, but
later repress, NF-kB. We found that the effects on PEDF
expression are mediated through IL-1b–dependent, sus-
tained NF-kB activation, whereas TNF-a–dependent,
transient activation eventually leads to inactivation of
NF-kB. Because NF-kB arbitrates inflammatory and anti-
apoptotic responses to protect against overt hepatocellular
death (45), we find that PEDF is 1 crucial candidate in
striking the delicate balance between those cellular events.

Although the pathogenic role of inflammasome acti-
vation is relatively well characterized in alcoholic steato-
hepatitis, disparate and often conflicting results are
available in murine NASH models putatively because of
the variability of the diets used, the treatment regimens,
and other contingent factors (11, 46). Moreover, inflam-
masome activation in cellular compartments, such as he-
patocytesandKCsmighthavedifferential effects inNASH
pathogenesis. Inflammasomeactivation shouldhavehost-
protective roles in pathogen invasion and tissue injury,
similar to what has been shown in cases of severe burn
injuries (47), but unrestrained inflammasome activation
causes hepatocyte death, inflammation, and fibrosis (48),
whereas prolonged pharmacologic inhibition of the
NLRP3 inflammasome in the atherogenic diet–fed foz/foz
mice reduces inflammation and abrogates hepatocyte in-
jury (49). In agreement with the protective role of inflam-
masome activation in NASH, MCD-fed caspase12/2,
Asc2/2, and Nlrp32/2 mice developed exacerbated
NASH compared with the wild-type animals (50). Our
results on the hepatoprotective effects of PEDF after
inflammasome activation in KCs further suggests that
contextual activation of inflammasome is critical to the
pathogenesis of NASH.

Although KCs are thought to contribute to the “tol-
erogenic” environment in liver, aberrant activation of KCs
in accelerating NASH pathogenesis has currently been
established because depletion of KCs, either by GdCl3 or
by clodronate liposomes, diminishes steatosis, insulin re-
sistance, monocyte infiltrations, and liver injury (29, 51).
Interestingly, most of the deleterious effects of KCs in
NASH are mediated via TNF-a (31, 32), which has also
been shown to trigger hepatocyte apoptosis (52, 53). Our
data thusagreewith theviewthat inductionofTNF-a after
hyperactivation of KCs suppresses antiapoptotic PEDF,
which eventually accentuates hepatocyte death during
NASH. Moreover, the number and the activation state of
RHMs with higher levels of TNF-a expression further
promote hepatocyte death.

Several research groups have been trying to explicitly
uncover the molecular mechanisms for, and protection
against, hepatocyte death in NASH. PEDF, as a moon-
lighting agent, has been shown to function as both a pro-
and an antiapoptotic agent in different cellular contexts
(12, 40–42). Our results showing that the depletion of
PEDF promotes hepatocyte apoptosis and that PEDF
protects from TNF-a–mediated hepatic injury in murine

NASH suggest that PEDF functions as a potent anti-
apoptotic protein in steatohepatitis. However, themethod
bywhichPEDFblocksTNF-a–mediatedhepatocyte death
through the extrinsic apoptosis pathway remains an open
question.

HepatocellulardeathorballooningdistinguishesNASH
from simple steatosis, and identification of the media-
tors that could prevent or inhibit cell death is critical
in NASH pathogenesis and therapy. Here, we provide
evidence for the reciprocal and opposing roles of IL-1b
and TNF-a in controlling hepatic PEDF levels, which,
in turn, functions as a potent antiapoptotic agent in
NASH (Fig. 7J). Our results, therefore, couple counter-
regulatory networks of hepatic PEDF expression by IL-
1b and TNF-a with its antiapoptotic, antifibrotic, and
anti-inflammatory effects in NASH. Elucidation of the
hepatoprotective role of PEDF can thus be therapeuti-
cally implicated in preventing the progression from
steatosis to NASH.
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Proteasome dysfunction under compromised redox metabolism dictates 
liver injury in NASH through ASK1/PPARγ binodal 
complementary modules 
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A B S T R A C T   

Incidence of hepatotoxicity following acute drug-induced proteasomal inhibition and development of chronic 
proteasome dysfunction in obesity and insulin resistance underscores the crucial importance of hepatic protein 
homeostasis albeit with an elusive molecular basis and therapeutic opportunities. Apart from lipotoxicity and 
endoplasmic reticulum (ER) stress, herein we report that hepatocytes are highly susceptible to proteasome- 
associated metabolic stress attune to altered redox homeostasis. Bortezomib-induced proteasomal inhibition 
caused severe hepatocellular injury independent of ER stress via proapoptotic Apoptosis Signal-regulating Kinase 
1 (ASK1)- c-Jun N-terminal kinase (JNK1)- p38 signaling concomitant with inadequate peroxisome proliferator- 
activated receptor γ (PPARγ)- Nuclear factor erythroid 2-related factor 2 (Nrf2) -driven antioxidant response. 
Although inhibition of ASK1 rescued acute hepatotoxicity, hepatic depletion of PPARγ or its physiological 
activator pigment epithelium-derived factor (PEDF) further aggravated liver injury even under ASK1 inhibition, 
emphasizing that endogenous PPARγ driven antioxidant activity serves as a prerequisite for the favorable 
therapeutic outcome of ASK1 inhibition. Consequently, ASK1 inhibitor selonsertib and PPARγ agonist pioglita-
zone in pharmacological synergism ameliorated bortezomib-induced hepatotoxicity and significantly prolonged 
survival duration in mice. Moreover, we showed that proteasome dysfunction is associated with ASK1 activation 
and insufficient PPARγ/Nrf2-driven antioxidative response in a subset of human nonalcoholic steatohepatitis 
(NASH) patients and the preclinical NASH model. The latter remains highly responsive to the drug combination 
marked by revamped proteasomal activity and alleviated hallmarks of NASH such as steatosis, fibrosis, and 
hepatocellular death. We thus uncovered a pharmacologically amenable interdependent binodal molecular cir-
cuit underlying hepatic proteasomal dysfunction and associated oxidative injury.   

1. Introduction 

Deregulation of protein homeostasis and proteotoxicity due to 
altered autophagic flux and proteasomal dysfunction are critical path-
ogenetic links in multiple aging-associated disorders including chronic 
liver diseases [1–3]. Of them, nonalcoholic fatty liver disease (NAFLD) is 
characterized by ER stress, altered autophagy, hepatocellular death, and 
marked accumulation of ubiquitinylated inclusion bodies [4–6]. Pro-
teasomal dysfunction has also been implicated under ER stress, insulin 

resistance, and metabolism-associated inflammation [7]. Thus hepatic 
proteasomal dysfunction in the background of steatosis underscores the 
importance of proteotoxicity in the pathogenesis of NAFL and NASH. 

Proteasomal inhibitors such as bortezomib, ixazomib, and carfilzo-
mib are established chemotherapies used in multiple myeloma and 
mantle cell lymphoma patients with tolerable toxicity [8,9]. The efficacy 
of proteasomal inhibition is dependent on the sensitivity to the dereg-
ulation of protein-degradation systems as in the antibody-producing 
plasma cells. Similarly, being the major source of plasma proteins and 
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Fig. 1. Proteasomal inhibition induces severe hepatocellular injury than ER stress. (A–C) C57BL/6 mice were injected intraperitoneally with the vehicle, bortezomib 
(5 mg/kg), and tunicamycin (1 mg/kg) for 16 h (n = 3/group). (A) [left panels] Gross liver and liver sections stained for H&E, ubiquitin, cleaved caspase 3, and 
TUNEL positive cells; [right panels] Ubiquitin (brown), cleaved caspase 3 (magenta), and TUNEL positive cells (green) quantified (n = 3/group, 5 fields/sample). (B) 
Immunoblot for apoptosis markers (cleaved caspase 3, caspase 9, and PARP), ER stress markers (BiP, Xbp-1, and p-PERK1), and ubiquitin (Ub). (C) Serum AST and 
ALT levels. (D–E) Primary hepatocytes treated with Tunicamycin (Tuc, 5 μM) and MG132 (5 μM) both in the presence and absence of Palmitate (PA, 200 μM) for 16 
h. Cells were analyzed by immunoblot (D) and Live-Dead assay by confocal microscopy (E). Percent dead cells for respective treatment groups (right panel; n = 5 
fields/group). Values were presented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Scale bars, 100 μm (Histology); 20 μm (TUNEL, Live- 
Dead). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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lipoproteins, hepatocytes would also be susceptible to proteasomal 
inhibitor-dependent cytotoxicity. Indeed, cases of bortezomib-induced 
hepatitis and fatal liver failure have already been reported in patients 
with multiple myeloma [10–12]. 

Alteration of ubiquitin homeostasis with the accumulation of both 
polyubiquitylated conjugates and free ubiquitin designated as ubiquitin 
stress [13]. Dysregulated proteostasis due to proteasomal inhibition or 
dysfunction serves as a cellular stressor leading to the activation of 
various adaptive stress responses including macroautophagy, pro-
teaphagy, the formation of ubiquitylated inclusion bodies, and protea-
some biogenesis [14–16]. Insufficient or inappropriate stress response 
may conversely activate the apoptosis pathway conferring the adverse 
outcome of proteasomal inhibition [17–19]. Mechanistically, proteaso-
mal inhibitors such as MG132 and bortezomib have been shown to cause 
apoptosis in various cell types through the generation of reactive oxygen 
species (ROS) [20–24]. However, the molecular basis for ROS-induced 
apoptosis and its reversal thereof in the context of acute or chronic 
proteotoxicity is still elusive. 

Here we have shown that acute inhibition of proteasomal activity 
leads to profound hepatic injury and dysfunction, effects that are asso-
ciated with ROS accumulation that in turn promotes ASK1-JNK1 
dependent hepatocellular death with concomitant failure in surmount-
ing an effective anti-oxidant response through PEDF-PPARγ-Nrf 
pathway. Proteasomal dysfunctions concomitant with analogous 
deregulation of these pathways are also observed in human and murine 
NASH. Interestingly, co-treatment with ASK1 inhibitor and PPARγ 
activator potently reverses hepatic proteotoxicity and extends survival 
in acute proteasome inhibition, and alleviates NASH in mice. 

2. Material and methods 

2.1. Animal model 

All experiments were approved by the Institutional Animal Ethics 
Committee at the CSIR-Indian Institute of Chemical Biology, approved 
by the Committee for Control and Supervision of Experiments on Ani-
mals (CPCSEA), Ministry of Environment and Forest, and Government of 
India. 6–8 weeks old C57BL/6 male mice were housed in a 12 h light/ 
dark cycle at 22±1 ◦C with free access to food and water. Mice were fed a 
60% high-fat diet (HFD)[Protein 20%, Fat 60%, Carbohydrate 20% and 
Energy Density 5.21% Kcal/g] (D12492, Research Diets, New Bruns-
wick, USA) for 16 weeks. Mice were gavaged daily by vehicle (DMSO in 
0.9% saline), Selonsertib (SelleckChem, Houston, USA; 10 mg/kg), 
Pioglitazone (Sigma-Aldrich, Missouri, USA; 30 mg/kg), Selonsertib, 
and Pioglitazone for the last 4 weeks with ad libitum fed HFD-diet and 
water. For the survival experiment, mice were injected with Bortezomib 
(2.5 mg/kg) in 0.9% saline intraperitoneally every 24 h. Animals were 
randomized into four treatment groups and the drugs were administered 
by gavage 4 h before Bortezomib treatment. Survival was assessed 6 
hourly for 72 h. 

2.2. Adenovirus and adeno-associated virus (AAV) 

Adenoviruses containing short-hairpin (sh) RNA targeting PEDF (Ad- 
shPEDF-#1), PPARγ (Ad-sh PPARγ-#1), and EGFP (Ad-shEGFP) were 
generated with BLOCK-iT Adenoviral RNAi Expression System (Invi-
trogen). The shRNA sequences are following: Ad-shPEDF-#1: 5’- 
GGAGCTCCTTGCCTCTGTTACGTAACAGAGGCAAGGAGCTCC-3’; Ad-sh 
PPARγ-#1: 5’- GCCCTTTACCACAGTTGATTTAAATCAACTGTGGTAAAG 
GC-3’. Adenoviruses were purified (PureVirus™ Adenovirus Purification 
Kit, CELL BIOLABS INC.) and administered 2.5X 1012 pfu/mice through 
tail vein injection. AAV for the overexpression of LacZ and PEDF were 
generated with AAV Helper-Free System (Agilent, California, USA). 

2.3. Glucose- and insulin tolerance test (OGTT, IP ITT) 

OGTT and ITT were performed as previously described by Mouse 
Metabolic Phenotyping Centers (MMPC). For the OGTT, Mice were 
fasted for 12 h and fed with glucose 2 g/kg whereas, for ITT, 0.5 IU/kg of 
body weight insulin (Actrapid, Novo Nordisk, India) was intraperito-
neally injected after 6 h fasting. Fasting Blood glucose levels were 
detected from the tail-tip cut with a glucometer (Accu-Check Aviva). 

2.4. Liver enzyme 

Blood was collected by cardiac puncture from anesthetized mice and 
serum alanine aminotransferase (ALT) and aspartate aminotransferase 
(AST) levels were determined using the kinetic method by commercially 
available kit (Randox Laboratories). 

2.5. Histology, Picro Sirius red staining (PSR), and 
immunohistochemistry (IHC) 

Paraffin-embedded liver tissue sections (5 μm thick) were depar-
affinized in xylene and rehydrated and processed for hematoxylin and 
eosin and PSR (1.2% w/v; Direct red-80 Sigma-Aldrich) staining. Images 
were taken using an inverted light microscope (Zeiss Axiovert CFL 40 
Trinocular Inverted Fluorescence Microscope). For IHC, tissue sections 
were baked at 80 ◦C for 15 min and rehydrated. Antigen retrieval was 
done by heating in the microwave with sodium citrate buffer (10 mM 
sodium citrate, 0.05% Tween 20, pH-6.0). Two different kits used for 
immunohistochemical staining; VECTASTAIN ABC KIT (Biotinylated 
Horseradish Peroxidase Anti-rabbit IgG) and ImmPRESS Duet Double 
staining Polymer kit (Horseradish Peroxidase Anti-Mouse IgG/Alkaline 
Phosphatase Anti-Rabbit IgG). 

2.6. Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay 

Tunel assay was performed using Click-iT® TUNEL Alexa Fluor® 
Imaging Assay (Invitrogen) with Fluoromount Aqueous mounting Me-
dium (Sigma) and Hoescht for counterstaining. Images were captured 
with the confocal microscope FluoView (FV10i; Olympus, Tokyo, 
Japan). 

Fig. 2. Transcriptome-wide molecular pathway alterations in the liver under acute proteasomal inhibition. (A) Heatmap and partial list of differentially expressed 
genes identified from the RNA-Seq of vehicle and bortezomib (5 mg/kg) treated mice livers (n = 3/group). Enriched gene sets with top 5 enriched genes identified by 
KEGG pathway analysis shown with fold change and p values for enriched pathways. (B) GSEA from different pathway databases. Significantly enriched relevant 
gene sets were represented in the summary plot with normalized enrichment scores. Blue bar (Padj<0.05), Red bar (P < 0.05) (C) GSEA plot showing the heatmap of 
leading-edge genes for the GO_Response_to_oxidative_stress and KEGG_MAPK_signaling_pathway associated with proteasome inhibition. (D) Normalized Energy 
Expenditure (Kcal/day/kg0.75) calculated for 12 h (light cycle) in vehicle and bortezomib treated groups (n = 3/group). (E) [Left panel] Primary hepatocytes were 
treated with MG132 for 16 h and analyzed using confocal microscopy for ROS generation. Cell nucleus was counterstained with Hoechst 33,342; [Right panel] 
Percent ROS+ area (Deep red) were calculated using the color threshold function (n = 5 fields/group). (F) Immunoblot assays were performed with the liver lysates of 
vehicle, bortezomib, and tunicamycin treated mice for assessing ASK1 signaling cascade (pASK1, pJNK, and pP38); (n = 3/group). (G) Immunohistochemistry for 4- 
HNE (Brown) and p-JNK (magenta) were performed [left panel] and quantified [right panel] (n = 3/group, 5 fields/sample). Values were presented as mean ± SEM, 
*P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. Scale bars, 100 μm (IHC) 20 μm (confocal). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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2.7. Metabolic cage 

Mice were housed in metabolic cages (LE 405 Gas Analyzer; Panlab, 
Harvard Apparatus) and allowed to acclimatize 24 h before the experi-
ment, and VO2, VCO2, energy expenditure, and respiratory quotient 
data collected over 12 h. 

2.8. Immunoblotting 

Proteins extracted from cells or tissue by lysis buffer (50 mM Tris-HCl 
(pH 7.4), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 
1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N’-tetraacetic 
acid (EGTA), and 1% Triton X-100 along with protease- and phosphatase 
inhibitor cocktail (Roche) were resolved by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to poly-
vinylidene fluoride (PVDF) membrane (Immobilon-P, Merck Life Sci-
ences), incubated overnight with primary antibody followed by 
incubation with peroxidase-conjugated secondary antibodies and bands 
were visualized with a ChemiDoc MP Imaging System (Bio-Rad, Her-
cules, CA, USA). 

2.9. Live dead and caspase 3/7 activity assay 

Cells were stained using LIVE/DEAD®Viability/Cytotoxicity Kit for 
mammalian cells (Invitrogen). Caspase 3/7 activity was assessed using 4 
μM CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen). 
Cells were imaged using the confocal microscope FluoView (FV10i; 
Olympus, Tokyo, Japan). 

2.10. Oxidative stress measurement 

Cells were incubated with the 5 μM CellRox Deep Red Reagent 
(Invitrogen) at 37 ◦C for 30 min and Hoescht for 20 min, washed and 
imaged using a confocal microscope at excitation/emission maxima for 
the reagent 644/665 nm. 

2.11. RNA interference (RNAi) 

shRNA plasmids, including a non-target control (#TR30013) and 
several shRNA targeting ASK1 (FI37885, #FI37886, #FI37887, 
#FI37888; Origene) were transfected using Lipofectamine 2000 (Invi-
trogen). ASK1 knockdown was confirmed by Western blotting. 

2.12. Hepatocyte culture 

Primary hepatocytes were isolated from mice weeks according to the 
protocol previously described [25] and maintained in Hepatozyme 
(gibco® Life technologies™, Paisley, UK) supplemented with L-gluta-
mine, 1% penicillin-streptomycin). Hepatocytes were then infected for 
48 or 72 h with adenoviruses at MOI of 40. Human hepatoma cell line 
HepG2 was cultured in Minimum Essential Medium (HIMEDIA, Maha-
rashtra, India) supplemented with 10% FBS and 1% 
Penicillin-Streptomycin. 

2.13. Subcellular fractionation 

Trypsinized primary hepatocytes were harvested in ice-cold PBS and 
centrifuged at 100g at 4 ◦C for 10 min to pellet the cells. The pellet was 
resuspended in Buffer 1 (150 mM NaCl, 50 mM HEPES, 25 μg/ml digi-
tonin (Calbiochem), pH-7.4, protease and phosphatase inhibitor (Roche) 
and incubated in ice for 10 min following which it was centrifuged at 
2000 g at 4 ◦C for 10 min to obtain the cytosolic and membrane protein 
in the supernatant. The pellet was then washed with ice-cold PBS at 
100g at 4 ◦C for 10 min, resuspended by vortexing in Buffer 2 (150 mM 
NaCl, 50 mM HEPES, 1% NP-40, pH-7.4, protease, and phosphatase 
inhibitor), incubated in ice for 30 min, and centrifuged at 7000g at 4 ◦C 
for 10 min to obtain the mitochondrial fraction in the supernatant and 
pellet down the nuclei and cellular debris. The pellet was resuspended in 
Buffer 3 (150 mM NaCl, 50 mM HEPES, 0.1% SDS, pH-7.4, protease, and 
phosphatase inhibitor) and vortexed periodically for 30 min. Following 
this, the suspension was incubated in ice for 1 h and then centrifuged at 
7000g at 4 ◦C for 10 min to obtain the nuclear protein in the 
supernatant. 

2.14. Proteasome activity assay 

Proteasome activity was assayed in homogenized freshly isolated 
liver tissue following three cycles of freezing and thawing in 
chymotrypsin-like activity in assay buffer containing 100 mmol/L Tris- 
HCl (pH 8.0), 2 mmol/L ATP, and fluorogenic peptide substrate (0.1 
mmol/L) according to a procedure previously described [7]. 

2.15. Isobologram analysis 

HepG2 cells seeded in a 96-well plate were pre-treated with multiple 
doses of TCASK10 (Tocris) or Rosiglitazone (Sigma) or their combina-
tion following which MG132 (10 μM) was administered. After 16h, cell 
death was detected by LIVE/DEAD®Viability/Cytotoxicity Kit (Invi-
trogen) and fluorescence was measured with BioTek Synergy H1 Hybrid 
Reader (Vermont, USA). Multiple drug-effect analysis of Chou-Talalay 
based on the median-effect principle was used [26] and the combina-
tion index for synergism or antagonism or additive effect was calculated 
as described by Chou [27]. 

2.16. Antibodies 

Antibodies against ASK1(#8662), phospho-ASK1 (#3765), p38 MAP 
kinase (#8690), phospho- p38 MAP kinase (#4511), JNK (#9252), 
phospho-JNK (#4668), Poly (ADP-ribose) polymerase (PARP) (#9542), 
Cleaved Caspase-3 (CC3) (#9661), Caspase 9 (C9) (#9508), NRF2 
(#12721), PPARγ (#2435), phospho- PERK (#3179), X-box binding 
protein 1(XBP1) (#83418), Binding immunoglobulin protein (BIP) 
(#3183), Ubiquitin (#3933), Histone H3 (#4499) and MYC-TAG 
(#2278) were purchased from Cell Signaling Technology (Beverly, 
USA). Anti-PEDF was from Millipore (Massachusetts, USA) and 4- 
Hydroxynoneal (4-HNE) was from R&D Systems (MAB3249, Minneap-
olis, USA). β-actin (#A2228) and α-tubulin (#T6199) antibodies were 
purchased from Sigma-Aldrich (St. Louis, Missouri, United States) 

Fig. 3. Proteasome dysfunction is associated with ASK1 activation and anti-oxidative response in human NASH and preclinical NASH model. (A) PCA analysis of the 
liver transcriptome of healthy (n = 14) and NASH patients (n = 16) from a published dataset. (B) GSEA analysis was performed with both the NASH1 (n = 9) and 
NASH2 (n = 7) group independently for the targeted pathways associated with the hepatic proteasomal stress. Significantly enriched and depleted pathways were 
represented in the summary plot with their normalized enrichment score. (C) Circos plot illustrates the correlation between proteasomal genes and targeted list of 
NASH hallmark genes (FXR signaling, apoptosis, inflammation, insulin signaling, lipid metabolism, monocyte recruitment, and stellate cell activation) for healthy, 
NASH1, and NASH2 groups based on the correlation coefficients among gene expressions; green chords (r > 0.5), red chords (r < − 0.5). (D) Mice were fed with a 
chow diet and HFD for 16 weeks (n = 4). H&E along with the immunohistochemistry for Ubiquitin and 4-HNE was performed and positive areas (%) were quantified 
(bottom panel; n = 4/group, 5 fields/sample). (E) Chymotrypsin-like proteasomal activity (%) was quantified from chow and HFD-fed mice liver lysates (n = 4). (F) 
Immunoblot assays for ASK1 activity markers (p-ASK1, p-JNK, p-p38) and ubiquitin (Ub). Values were presented as mean ± SEM, **P < 0.01; Scale bars, 100 μm 
(Histology); 20 μm (Immunohistochemistry). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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2.17. Human and mice transcriptomics analysis 

Mouse livers in triplicate (C1, C3, and C4 control, B1, B2, and B3 are 
bortezomib) were used for transcriptomic analysis. A modified NEBNext 
RNA Ultra II directional protocol is used to prepare the libraries for total 
RNA. Libraries were sequenced on Illumina HiSeqXTen to generate 50 
M, 2x150bp reads/sample. The fastq samples were mapped to Mus 
musculus GRCm38 genome using STAR (v2.27.2b) to create bam files 
[28] and further processed using Rsamtools, Rsubread, and Genomi-
cAlignments R packages to create the abundance table [29]. The count 
table was then normalized and differentially abundant genes were 
identified using the DESeq2 R package [30]. Genes with a change 
greater than two folds with p-value< 0.05 and adjusted p-value< 0.05 
were considered significant. Gene set enrichment analysis (GSEA) was 
performed using the fgsea R package and the mouse version of MSigDB 
[31]. Also, for all heatmaps of transcripts, counts per million normali-
zations were performed from raw counts using the edgeR package and 
visualization was performed using pheatmap function [32]. For rean-
alysis of a previously sequenced human dataset [33] samples were 
processed similar to as mentioned previously using the Homo sapien 
GRCm38 genome for alignment and MSigDB gene-sets for GSEA [34]. 

2.18. Statistics 

Data were represented as mean ± SEM and Graphpad Prism 8 soft-
ware was used for statistical analysis. T-test and ANOVA were used as 
appropriate followed by Bonferroni post-hoc test. P < 0.05 was 
considered statistically significant. Two-tailed Fisher’s Exact Test was 
performed for contingency table analysis to compute the exact P-value. 

3. Results 

3.1. Proteasomal inhibition but not ER stress induces hepatocellular injury 

To determine whether proteasomal inhibition and ER stress could 
independently cause hepatic injury, we observed, tunicamycin treat-
ment led to marked lipid accumulation with a modest increase in TUNEL 
and CC3 positive cells while bortezomib caused striking sinusoidal 
dilatation, pericentral ubiquitin accumulation, and a significant increase 
in the number of TUNEL and CC3 positive cells (Fig. 1A). Conspicuous 
liver injury following bortezomib and not tunicamycin injection was 
also shown by immunoblot for CC3, Cleaved Caspase 9 (CC9), and 
cleavage of PARP. Conversely, tunicamycin treatment increased ER 
stress markers such as Bip, XBP-1, and phospho-PERK1 which were 
remained unaltered by bortezomib (Fig. 1B). Serum ALT and AST levels, 
two established markers of liver injury also followed a similar pattern 
following bortezomib administration (Fig. 1C). Immunoblotting and 
live-dead assays revealed that MG132 treatment resulted in significant 
hepatocyte apoptosis when compared to palmitate and tunicamycin 
(Fig. 1D-E), suggesting cell-autonomous effects of proteasomal inhibi-
tion. Thus, we confer that proteasomal inhibition causes significant 
hepatotoxicity independent of the ER stress pathway. 

3.2. Proteasomal inhibition registers a transcriptional program for 
oxidative stress response and MAPK signaling in liver 

Transcriptomics analysis from control and bortezomib treated mice 
livers (Supplementary Fig. 1A) revealed a total of 4663 differentially 
expressed genes (DEGs) with about 54% (n = 2499) and 46% (n = 2164) 
were respectively up-and down-regulated. Pathway analysis (KEGG) of 
DEGs revealed bortezomib-induced proteasomal inhibition resulted in 
the significant (FDR <0.05) upregulation of proteasomal genes, 
mitogen-activated protein kinase (MAPK) signaling pathway, and 
apoptosis suggesting proteotoxic hepatocellular injury, whereas signif-
icant (FDR <0.05) downregulation of peroxisome and oxidative phos-
phorylation genes suggesting mitochondrial damage and inadequate 
anti-oxidative response (Fig. 2A, Supplementary Fig. 1B) accompanied 
by overall suppression of metabolic pathway genes. GSEA further 
confirmed significant depletion (Padj<0.05) of several metabolic path-
ways including oxidative phosphorylation, peroxisomal oxidation, and 
xenobiotic-metabolism with the concomitant enrichment (Padj<0.05) 
of the genes associated with MAPK signaling cascade, unfolded protein 
response, p53 pathway, apoptosis, hypoxia, and ROS-mediated response 
(Fig. 2 B, C and Supplementary Fig. 2). 

Bortezomib treatment in mice caused a significant drop in energy 
expenditure, oxygen consumption, and carbon dioxide release without 
an altered respiratory quotient (Fig. 2D and Supplementary Fig. 3 A-C) 
indicating overall metabolic suppression as evident by metabolic cage 
analysis. MG132 treatment further revealed a dose-dependent ROS 
production that resulted in hepatocellular death (Fig. 2E and Supple-
mentary Fig. 3D), supporting pan-transcriptomic oxidative-stress 
response. Autophosphorylation and activation of ASK1 are regulated by 
the ROS-mediated uncoupling with reversible oxidation of redox- 
regulated partner thioredoxin [35]. Following activation, ASK1 selec-
tively phosphorylates its downstream kinases JNK1 and p38 which lead 
to hepatocyte apoptosis [36,37]. Even, ASK1 inhibitor, selonsertib, has 
been implicated in clinical trials for NASH therapy [38,39]. We thereby 
examined whether proteasomal blockade could activate ASK1 and pro-
mote liver injury. As shown in Fig. 2F and Supplementary Fig. 3E, 
bortezomib and not tunicamycin specifically induce ASK1 phosphory-
lation and its downstream targets JNK1 and p38. IHC of bortezomib and 
not tunicamycin treated liver also revealed enhanced JNK1 phosphor-
ylation and accumulation of 4-HNE, a lipid peroxidation product and a 
marker of oxidative stress (Fig. 2G and Supplementary Fig. 3F). 

3.3. Proteasomal dysfunctions in human and murine NASH are 
associated with ASK1 activation and oxidative stress response 

To examine the contributions of hepatic proteasomal dysfunction in 
metabolic syndrome, we analyzed the transcriptome of healthy (n = 15) 
and NASH (n = 16) livers [33]. Principal Component Analysis (PCA) 
revealed two independent sample clusters within the NASH group which 
were empirically labeled as NASH1 and NASH2 (Fig. 3A). GSEA analysis 
revealed a significant enrichment of proteasome (P adj<0.05) and 
apoptosis pathway in concordant with depletion of NRF2 target genes 
(P < 0.05) (Fig. 3B). Association study showed a gradual increase in the 

Fig. 4. ASK1 activation promotes ROS-driven proteotoxic liver injury. (A) Primary hepatocytes treated with palmitate (200 μM) both in the presence and absence of 
MG132 (10 μM) for 12 h and probed for ASK1 activation. (B) HepG2 cells were treated with MG132 (10 μM) both in ASK1 knockdown (sh-ASK1) (left panels) and 
ASK1 overexpressed (myc-ASK1) (right panels) cells for 12 h. Immunoblot assays were performed for ASK1 activation and cleaved caspase 3. Total ASK1, JNK, P38, 
and Actin were taken as the loading control. (C–D) Primary hepatocytes treated with MG132 (10 μM) for 12h in the presence and absence of TCASK10 (ASKi, 30 μM). 
ASK1 activation (p-ASK1, p-JNK, and p-p38) and apoptosis (cleaved caspase 3 and PARP) were determined by immunoblots (C). Apoptosis (Live-Dead assay) and 
ROS generation (CellROX) were assessed using confocal microscopy [left panel] and quantified [right panel] for Dead cells and ROS+ area (%); n = 5 fields/group 
(D). (E–F) Mice were intraperitoneally injected with bortezomib (5 mg/kg) for 12 h in the presence and absence of Selonsertib (ASKi, 10 mg/kg), injected intra-
peritoneally 4 h before the bortezomib treatment and in every 4 hours interval (n = 5/group). ASK1 activity and apoptosis were accessed by immunoblot (E) and 
Immunohistochemistry (F). Percent of p-JNK+ cells (magenta) cleaved caspase 3+ area (magenta) and TUNEL+ cells (green) were quantified [right panel] (n = 5/ 
group, 5 fields/sample). (G) Serum AST and ALT levels were measured for three groups. Values were presented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001; 
ns, not significant. Scale bars, 100 μm (Histology); 20 μm (TUNEL, Live-Dead, and CellROX). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 5. PEDF dampens proteotoxic hepatocellular death by inhibiting ASK1. (A–C) PEDF was knockdown and overexpressed in primary hepatocytes by transducing 
with AAV2-PEDF (A) and Ad-shPEDF (B) and cells were treated with MG132 (10 μM) for 16 h and analyzed for ASK1 activation and apoptosis using immunoblots and 
Live-Dead assay using confocal microscopy (C). Ad-shGFP and AAV2-LacZ were used as mock. Percent of Dead cells (orange) were further quantified using [bottom 
panel] (n = 5 fields/sample). (D–E) Mice were intravenously injected with Ad-shPEDF; after 7days, mice were intraperitoneally administered with bortezomib (5 mg/ 
kg) for 16h (n = 5/group). Ad-shGFP was used as a mock and DMSO was treated as a vehicle. PEDF knockdown efficiency, ASK1 activation, and apoptosis were 
assessed by immunohistochemistry (D) and immunoblot assays (E). Percent of p-JNK+ cells (magenta) cleaved caspase 3+ area (magenta) and TUNEL+ cells (green) 
were quantified [D; right panel] (n = 5/group, 5 fields/sample). Values were presented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars, 100 μm 
(Histology); 20 μm (TUNEL and Live-Dead). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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number of correlations (− 0.5 > ρ > 0.5) between the subset of genes 
related to the proteasome, JNK activation, and ARENRF2 pathway 
among healthy, NASH1, and NASH2 groups (Supplementary Fig. 4A). 
Precisely, in the NASH2 group, we observed a significant gain in nega-
tive correlations (NASH1/NASH2; 56/104) between the genes associ-
ated with the activation of JNK and ARENRF2 pathway (p < 0.0001). 
Conversely, proteasomal genes predominantly gained positive correla-
tions (p < 0.0001) with the geneset of both JNK activation (NASH1/-
NASH2; 154/234) and ARENRF2 pathway (NASH1/NASH2; 72/130) 
(Supplementary Fig. 4B). We next asked if expressions of proteasomal 
genes are associated with the NASH signature genes including a subset of 
the DEGs such as FXR signaling, apoptosis, insulin signaling, lipid 
metabolism, inflammation, monocyte recruitment, and hepatic stellate 
cell activation [33]. In NASH patients, proteasomal genes showed a 
significant increase in the number of correlations (− 0.5 > ρ > 0.5) with 
the NASH signature genes. Moreover, the NASH2 group exhibits the 
highest number of correlations (positive/negative, 399/619) between 
the proteasomal genes and NASH specific genes, followed by NASH1 
(positive/negative, 297/193) and healthy group (positive/negative, 
58/99) (Fig. 3C). Thus, similar to drug-induced proteasomal inhibition 
our analysis reveals that overt proteasomal dysfunction in human NASH 
is not only associated with JNK activation and NRF2 mediated anti-
oxidative response but correlated with alterations of NASH hallmark 
genes. 

Taking cues from the human transcriptomics data we next sought to 
validate these findings in the preclinical NASH model. Mice fed with 
HFD for sixteen weeks showed hepatomegaly with expanded adipose 
mass and developed hallmarks of NASH including steatosis, fibrosis 
showed by Sirius red staining, HSC activation revealed by immunohis-
tochemistry of alpha-smooth muscle actin, and elevated serum AST and 
ALT levels (Supplementary Figs. 5A–C). Interestingly, we find a marked 
presence of ubiquitylated proteins, as well as 4-HNE in HFD-fed mice 
liver sections (Fig. 3D), and a significant drop in proteasomal activity 
(Fig. 3E). Moreover, immunoblots of the liver also revealed the accu-
mulation of polyubiquitylated proteins and the activation of ASK1, 
JNK1, p38 pathways (Fig. 3F). Thus HFD induced NASH mimics pro-
teasomal dysfunction in terms of accumulation of polyubiquitylated 
proteins and oxidative stress. 

3.4. ASK1 mediates proteotoxic liver injury 

We next examined whether ASK1 activation is necessary for pro-
teotoxicity in a hepatocyte autonomous manner. Similar to in-vivo re-
sults, primary hepatocytes treated with palmitate and MG132 activate 
the ASK1-JNK1-p38 pathway (Fig. 4A). Knockdown of ASK1 by shRNA 
in HepG2 cells suppressed while overexpression of myc-tagged ASK1 
augments JNK1 and p38 phosphorylation with corroborating levels of 
CC3, suggesting the crucial role of ASK1 activation in proteotoxic 
cellular death (Fig. 4B and Supplementary Fig. 6A). Primary hepatocytes 
treated with selective ASK1 inhibitor TCASK10 potently attenuated 
MG132 induced apoptosis, however without affecting cellular ROS 
levels (Fig. 4C and D and Supplementary Fig. 6B). Oral gavage with 

selonsertib, a clinically approved ASK1 inhibitor robustly blocked 
bortezomib-induced activation of ASK1-JNK1 pathway as well as 
apoptosis in mice liver (Fig. 4E and F and Supplementary Fig. 6C). 
Expectedly, serum AST and ALT levels were also significantly reduced by 
ASK1i (Fig. 4G). Taken together, ASK1 serves as a critical signaling node 
in hepatic injury under proteasomal stress. 

3.5. PEDF protects from proteotoxic hepatic injury by inhibiting ASK1 

PEDF has emerged as a potent hepatoprotective secretory glyco-
protein with strong anti-oxidant properties [40,41]. Since dispropor-
tionate ROS production has been a major contributor to proteotoxic liver 
injury, we next sought to examine the impact of PEDF in this context. 
AAV2 mediated overexpression of PEDF remarkably suppressed MG132 
dependent hepatocyte apoptosis, activation of ASK1, and ROS produc-
tion (Fig. 5A, C and Supplementary Fig. 7A). Conversely, knockdown of 
PEDF using adenovirus carrying shRNA targeting PEDF, augmented 
proteotoxic apoptosis and enhanced ASK1 activation (Fig. 5B and C). 
Ectopic expression of PEDF also rendered ASK1 inhibitor dispensable for 
MG132 dependent apoptosis while ASK1 inhibitor could not reverse cell 
death in PEDF depleted condition (Supplementary Figs. 7B and C). To 
further determine the impact of PEDF expression on proteotoxic liver 
injury in vivo, hepatic PEDF was depleted by adenovirus (Fig. 5D and E 
and Supplementary Fig. 7D). Knockdown of PEDF enhanced 
bortezomib-induced ASK1 activation and apoptosis without affecting 
ubiquitylated protein accumulation (Fig. 5D and E). 

3.6. PPARγ mediates protective effects of PEDF through the antioxidant 
program 

In the search for a downstream mediator of hepatoprotective effects 
of PEDF in the context of oxidative stress, we examined the role PPARγ, a 
transcription factor was shown to be positively regulated by PEDF in 
various cells and tissues [42,43]. Moreover, PPARγ in a positive feed-
back loop with nuclear factor Nrf2 [44] constitutes a transcriptional 
program that plays a pivotal protective role in oxidative and xenobiotic 
stresses [45–48]. Knockdown of PEDF in primary hepatocytes leads to 
downregulation of both PPARγ and Nrf2 independent of MG132 treat-
ment (Fig. 6A). Consistently, adenovirus-mediated depletion of PEDF in 
mice liver caused decreased PPARγ expression even under bortezomib 
treatment (Fig. 6B). Ectopic expression of PEDF in hepatocytes 
conversely leads to increased PPARγ and Nrf2 expressions. Moreover, 
AAV2 mediated overexpression of PEDF in primary hepatocytes resulted 
in nuclear translocation of Nrf2 under proteotoxic stress indicating PEDF 
mediated Nrf2-driven antioxidant response under proteasomal inhibi-
tion (Fig. 6C). However, the anti-apoptotic effects of PEDF were 
rendered ineffective when PPARγ was concomitantly knocked down 
(Fig. 6D). Moreover, this remarkable suppression of Nrf2 expression 
following adenovirus-mediated knockdown of PPARγ (Fig. 6D and 
Supplementary Fig. 8A) is suggestive of a functional PEDF-PPARγ-Nrf2 
antioxidant signaling axis in the liver. Consistently, a specific PPARγ 
agonist rosiglitazone (Rosi) protects hepatocytes from apoptosis and 

Fig. 6. PPARγ governs the anti-oxidative property of PEDF in proteotoxic liver damage. (A) Primary hepatocytes were transduced with Ad-shPEDF, treated with 
MG132 (10 μM) for 12h, and analyzed for PEDF, PPARγ, and Nrf2 expressions. (B) C57BL/6 mice were injected with Ad-shPEDF and administered with bortezomib 
(5 mg/kg) after 7 d (n = 5/group). Immunoblot blot assay was performed to assess the expression of PPARγ and Nrf2. (C) Primary hepatocytes were transduced with 
AAV2-PEDF followed by the treatment with MG132 (10 μM) for 8h, nuclear and cytosolic fractions were collected and expressions of PEDF, Nrf2 were assayed by 
immunoblot; Histone H3 and α-tubulin were used as nuclear and cytosolic markers respectively. (D) PPARγ was knocked down and PEDF was concomitantly 
overexpressed in primary hepatocytes by transducing with Ad-shPPARγ and AAV2-PEDF. MG132 (10 μM) were treated for 12h and expressions of PPARγ, Nrf2, 
Cleaved caspase 3, and PARP were determined. (E–G) PPARγ was knocked down in mice liver by injecting Ad-shPPARγ. After 7d of adenoviral infection, mice were 
administered with a single dose of bortezomib (5 mg/kg) in the presence and absence of Selonsertib (ASKi, 10 mg/kg) given once 4 h before the and twice after the 
bortezomib treatment; (n = 5/group). (D) Expression of PPARγ, Nrf2, Cleaved caspase 3, PARP, p-JNK, and JNK was assayed by immunoblot. (E) Serum AST and ALT 
levels. (F) [left panel] ROS generation and cellular death were assessed using immunohistochemistry of 4-HNE and TUNEL assay. [right panel] Quantification of 
percent 4-HNE positive area (brown) and TUNEL positive cells (green) (n = 5/group, 5 fields/sample). Values were presented as mean ± SEM, *P < 0.05; **P < 0.01; 
***P < 0.001; ns, not significant. Scale bars, 100 μm (Histology); 20 μm (TUNEL). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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suppresses ROS production (Supplementary Fig. 8B). Taken together, 
PPARγ is required for PEDF mediated antiapoptotic effects under pro-
teotoxic stress, an effect mediated via antioxidative defense mechanism. 

3.7. PPARγ sufficiency therapeutically weighs the outcome of ASK1 
inhibition under hepatic proteasomal stress 

We next asked whether functional PPARγ is also required for the 
therapeutic outcome of ASK1 inhibitors in proteasomal inhibition [49]. 
To this end, PPARγ in the liver was depleted by adenovirus, and mice 
were treated with selonsertib and bortezomib to monitor proteotoxicity 
(Supplementary Fig. 8C). Knockdown of PPARγ further enhanced 
bortezomib-induced sinusoidal dilatation, oxidative stress, hepatocel-
lular death, and serum ALT and AST levels. Seloncertib however failed 
to rescue these markers of liver injury when PPARγ was knocked down 
(Fig. 6E–G). These results collectively suggest that PPARγ-dependent 
antioxidative defense system is a prerequisite for the therapeutic 
outcome of ASK1 inhibitors in proteotoxic stress. 

3.8. Combinatorial use of ASK1 inhibitor and PPARγ activator has 
superior anti-apoptotic and survival response 

We next tested the hypothesis that combinations of ASK1 inhibitor 
and PPARγ agonist would have better outcomes upon proteasomal in-
hibition. Co-treatment of HepG2 cells with rosiglitazone and TC ASK10 
(ASK1i) exceedingly suppresses apoptosis when treated alone in a time- 
dependent manner (Fig. 7A). To determine the drug interactions be-
tween ASKi and Rosi for preventing MG132 induced hepatocellular 
death, log[CI] values were used to construct a logarithmic Combination 
Index plot (Fig. 7B) to elucidate whether the combinations are antago-
nistic (log[CI]>0), synergistic (log[CI]<0), or additive (log[CI] = 0). 
The drug combination at 1:1 M ratio shows synergistic interaction for all 
the doses except the lowest total dose (1 μM). ASKi and Rosi indepen-
dently had median effective dose (ED50) of 8.21 μM and 14.25 μM, 
respectively, whereas the combination exhibited an ED50 of 2.74 μM as 
depicted by Dose-Reduction Index (DRI) data. Moreover, the Isobolo-
gram study (Fig. 7C) further demonstrated synergy between ASKi and 
Rosi at ED50, ED75, and ED90 (Data file S1). Consistently, when we 
challenged primary hepatocytes with MG132 in presence of Rosi and 
ASK1i, dual treatment remarkably suppressed both ROS generation and 
caspase3/7 activation (Fig. 7D and E). Moreover, pretreatment of 
selonsertib and pioglitazone combination prolonged median survival by 
two-fold (30 h–60 h) in the bortezomib treated mice while monotherapy 
did not have a significant impact on survival (Fig. 7F). 

3.9. ASK1 inhibition and concomitant PPARγ activation potently block 
proteotoxicity and hallmarks of NASH 

Both ASK1 and PPARγ have been shown to be potential targets in 
NASH therapy; we thereby examined the outcome of selonsertib and 
pioglitazone dual therapy in a mouse model of NAFLD. We gavaged 
selonsertib, pioglitazone, or their combination for the last four weeks of 
HFD feeding (Fig. 8A). The bodyweight of HFD fed and selonsertib 
treated mice progressively increased over sixteen weeks while 

pioglitazone and combination therapy significantly slowed the rate of 
weight gain (Supplementary Figs. 9A and B). Fasting blood glucose 
levels were significantly reduced following treatments with pioglitazone 
or combination therapy whereas selonsertib treatment alone had no 
impact on fasting blood glucose (Supplementary Fig. 9B). Consistently, 
liver and epididymal fat pad weight were significantly low (Supple-
mentary Figs. 9A , C, D). Insulin tolerance test (ITT) and oral glucose 
tolerance test (OGTT) also revealed strong insulin-sensitizing action of 
pioglitazone but selonsertib did not affect insulin resistance and glucose 
intolerance (Fig. 8B and C). In contrast, both pioglitazone and selon-
certib significantly reduced serum AST and ALT levels while the com-
bination therapy had further diminished serum markers of liver injury 
(Fig. 8D). Interestingly, proteasomal activity in the liver was signifi-
cantly enhanced by pioglitazone and combination therapy (Fig. 8E) with 
a marked reduction in polyubiquitylated proteins (Fig. 8F). Combination 
therapy also led to a striking reduction in CC3 and PARP, two apoptosis 
markers (Fig. 8F). While treatment with pioglitazone significantly 
decreased steatosis, fibrosis, oxidative stress, and ubiquitin accumula-
tion without an appreciable decrease in apoptosis, selonsertib in 
contrast remarkably diminished the number of TUNEL positive cells. 
Combination therapy, however, revealed significantly better resolution 
of NASH pathogenesis in restoring both proteastasis and hepatocellular 
death (Fig. 8G). 

4. Discussion 

Our study unraveled hepatocellular proteasomal dysfunction as one 
key pathological feature in diet-induced murine models and human 
NASH patients. While our preclinical mouse model showed a relatively 
homogenous decline in proteasomal activity, correlations of proteaso-
mal genes with NASH signature genes suggest that histologically 
confirmed NASH is a spectrum of diseases where a subset of patients 
have severe proteasomal dysfunction. Moreover, acute drug-induced 
proteasomal inhibition and NASH share overlapping pharmacologi-
cally targetable ROS-driven molecular repertoires that induce signifi-
cant liver injury. 

Hepatocytes are highly sensitive to oxidative stress, an unfavorable 
condition where ROS generation supersedes antioxidant defense mech-
anisms [50]. We showed that bortezomib-induced liver injury is driven 
by ROS production and the activation of apoptosis. ROS-mediated cell 
death involves numerous pathways including p53 mediated apoptosis, 
mitochondrial apoptosis pathway, ER stress, autophagy, necroptosis, 
and anoikis often through random oxidation of cellular proteins and 
lipids [51]. From the transcriptomic analysis of bortezomib-treated 
livers, we have implicated two ROS-sensitive pathways, viz activation 
of pro-apoptotic ASK1-JNK-p38 pathway and downregulation of 
anti-oxidant Nrf2-PPARγ pathway. The redox-regulated cellular 
outcome is often mediated via the reversible oxidation of 
thiol-containing negative regulators including thioredoxin (TRX) for 
ASK1 and Kelch-like ECH-associated protein 1 (KEAP1) for Nrf2 [52, 
53]. 

Although inhibition of ASK1 is critical in blocking bortezomib- 
mediated hepatocyte death, it, however, has no impact on cellular 
ROS levels. Thus simultaneous activation of antioxidant response would 

Fig. 7. ASK1 inhibition with concordant PPARγ activation synergistically protects hepatocellular death. (A) Cleaved caspase 3, PARP, and p-JNK protein expressions 
in HepG2 cells treated with MG132 (10 μM) in the presence and absence of Rosiglitazone (10 μM), TCASK10 (10 μM), and the combination (Rosi + TCASK10) for 8 
and 24h. (B–C) HepG2 cells in triplicate pretreated with different doses of Rosiglitazone, TCASK10, and the combination (1:1; molar ratio) for 4h and with MG132 
(10 μM) for the next 12 h and Live dead assay was performed. Logarithmic combination index plot (B) and Isobologram (C) for Fa 0.90 (green), 0.75 (red) and 0.50 
(blue) were plotted. (D–E) Primary hepatocytes were treated with MG132 (10 μM) in the presence and absence of Rosiglitazone (10 μM), TCASK10 (10 μM), and the 
combination (Rosi + TCASK10) for 18h. Cleaved caspase 3, p-JNK, and JNK protein expression have been checked using immunoblot assay (D). Dual detection for 
ROS production (CellROX) and Apoptosis (Caspase 3/7 substrate assay) was performed using confocal microscopy. Percent of ROS+(RED), Caspase 3/7+(GREEN), and 
Dual+(YELLOW) cells were calculated (E, bottom panel) (n = 5/group, 5 fields/sample). (F) Mice (n = 9/group) were intraperitoneally administered with bortezomib 
(2.5 mg/kg) every 24 h for survival analysis. 4 h before each bortezomib treatment animals were given vehicle [blue], selonsertib (10 mg/kg) [red], pioglitazone (30 
mg/kg) [green], and dual (selonsertib + pioglitazone) [violet] therapy. Values were presented as mean ± SEM, *P < 0.05; **P < 0.01; ***P < 0.001; ns, not 
significant. Scale bars, 20 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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further accentuate response to ASK1 inhibition. Our results indicate that 
PPARγ provides the basal antioxidative defense machinery where ASK1i 
can efficiently work. Moreover, PEDF an endogenous activator of PPARγ 
also showed hepatoprotective effects under proteasomal inhibition 
suggesting a functional hepatic PEDF-PPARγ pathway as an attractive 
therapeutic target. Besides, ASKi did not restore proteasomal activity 
and inhibit the accumulation of ubiquitylated proteins in HFD fed mice 
suggesting ASK1 functions downstream of proteasome inhibition and 
ROS production. Thus, a combination of ASK1i and PPARγ agonist 
conspicuously impedes bortezomib-induced liver injury and prolongs 
survival. This drug combination turns out to be clinically attractive as 
they show pharmacological synergism. 

Failure of several monotherapy trials calls for developing effective 
combination therapy in NASH underscoring its complex multifaceted 
pathophysiology of insulin resistance, cellular death, inflammation, and 
fibrosis. Insulin-sensitizing PPARγ agonism showed several untoward 
side effects such as adipogenesis and weight gain, while PPARγ agonists 
have been reported to improve liver injury and fibrosis in NASH patients 
[54,55]. Our study not only emphasizes the prime importance of hepatic 
PPARγ in restoring the innate redox homeostasis under 
proteasome-associated metabolic stress but also proposes that the 
combination therapy of selonsertib and pioglitazone holds promising 
translational potential in mitigating NASH by tuning the balance be-
tween two overlapping molecular repertoires associated with liver 
injury and redox driven metabolic homeostasis. 

Bortezomib has been frequently used for treating multiple myeloma 
patients as standard chemotherapeutic regimen. Besides the most 
frequent general side effects such as gastrointestinal discomfort, neu-
ropathy, and thrombocytopenia, several cases of fatal liver failure, 
cholestasis, and recurrent acute hepatitis have also been reported in 
recent times [10,11,56]. Our preclinical data thereby suggests the use of 
this combination therapy as a novel therapeutic opportunity for treating 
bortezomib-induced acute hepatotoxicity in multiple myeloma patients. 

5. Conclusions 

Collectively, our results show that both human and murine NASH 
and acute drug-induced proteasomal inhibition share overlapping 
pharmacologically targetable molecular repertoires that induce signifi-
cant liver injury. Precisely, activation of ASK1 with a concomitant 
insufficient PPARγ driven antioxidant response underlies proteotoxic 
liver injury and a combination therapy targeting ASK1 and PPARγ 
confers robust protection against drug-induced liver injury and ame-
liorates NASH in a preclinical model. 
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S. Cadenas, S. Lamas, Antioxidant responses and cellular adjustments to oxidative 
stress, Redox Biol 6 (2015) 183–197. 

[18] E.B. Kurutas, The importance of antioxidants which play the role in cellular 
response against oxidative/nitrosative stress: current state, Nutr. J. 15 (2016). 
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Abstract 
Insulin aggregation is the leading cause of considerable reduction in the amount of active drug molecules in liquid formula-
tions manufactured for diabetes management. Phenolic compounds, such as phenol and m-cresol, are routinely used to stabi-
lize insulin in a hexameric form during its commercial preparation. However, long term usage of commercial insulin results in 
various adverse secondary responses, for which toxicity of the phenolic excipients is primarily responsible. In this study we 
aimed to find out a nontoxic insulin stabilizer. To that end, we have selected resveratrol, a natural polyphenol, as a prospective 
nontoxic insulin stabilizer because of its structural similarity with commercially used phenolic compounds. Atomic force 
microscopy visualization of resveratrol-treated human insulin revealed that resveratrol has a unique ability to arrest hINS in 
a soluble oligomeric form having discrete spherical morphology. Most importantly, resveratrol-treated insulin is nontoxic 
for HepG2 cells and it effectively maintains low blood glucose in a mouse model. Cryo-electron microscopy revealed 3D 
morphology of resveratrol-stabilized insulin that strikingly resembles crystal structures of insulin hexamer formulated with 
m-cresol. Significantly, we found that, in a condition inductive to amyloid fibrillation at physiological pH, resveratrol is 
capable of stabilizing insulin more efficiently than m-cresol. Thus, this study describes resveratrol as an effective nontoxic 
natural molecule that can be used for stabilizing insulin in a bioactive oligomeric form during its commercial formulation.
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Introduction

The anti-hyperglycemic hormone insulin is widely used as 
a drug for treatment of type 1 and, in some cases, type 2 
diabetes. Insulin amyloidogenesis leads to its reduced bio-
availability during long-term storage of the drug [1, 2]. 
Moreover, increasing number of evidence have shown that 
insulin amyloidoma, a medical condition in diabetes patients 
where extracellular insulin fibrils are found at the site of 
insulin injection [3, 4], may lead to poor penetration of the 
injected insulin and variable insulin response [5]. Thus, 
unlike fibrillation involved in neurodegenerative diseases, 
insulin fibrillation not only complicates the disease but also 
reduces availability of active insulin molecules [2, 5].

Whereas insulin in the pancreatic beta cells in physiologi-
cally stabilized by zinc ions in a hexameric structure [6, 7], 
commercially available insulin is formulated with either 
m-cresol or phenol (or in combination) as stabilizing agents 
(with or without  Zn2+) [8]. Structural characterizations of 
commercially available insulin, formulated with phenolic 
excipients revealed that these excipients, by occupying the 
pocket at the interface of two dimers, provide enhanced sta-
bility to hexameric form of insulin [9–13]. However, recent 
data suggest that pure m-cresol and m-cresol containing 
insulin, when given at certain doses, cause enhanced cyto-
toxicity and proinflammatory response, resulting in signifi-
cant cell death [14–17]. Thus, identification of a nontoxic 
stabilizer that not only inhibits insulin fibrillation but also 
preserves its bioactivity is of critical clinical importance.

Considering its structural similarity with the phenolic 
excipients, among natural polyphenols known to have 
anti-amyloidogenic effects of varied potencies, we have 
selected resveratrol (trans-3, 4, 5-trihydroxystilbene, 

RES), found in abundance in red wine, chocolate and other 
dietary products (Figure S1). We examined the anti-aggre-
gation potential of resveratrol on the fibrillation of human 
insulin (hINS). In contrast to the commonly used experi-
mental conditions that cause insulin fibrillation (such as 
low pH, extremely high temperature, high concentration 
of salts, and/or the presence of organic solvent [18, 19]), 
we have investigated insulin fibrillation under conditions 
closely resembling a physiological one (pH 7.4) [20].

Our study revealed that resveratrol not only exhibits sig-
nificant inhibitory effect on insulin aggregation but that it 
also stabilizes insulin in an oligomeric form with specific 
morphology. Importantly our results using HepG2 cell 
showed that resveratrol-treated insulin kept under fibril-
lating condition reacts as a functional ligand for insulin 
receptor, which signals downstream serine and threonine 
kinase Akt/PKB without exerting any toxic effect. Fur-
thermore, in a mouse model, resveratrol-stabilized insulin 
showed glucose lowering activity comparable to native 
insulin, suggesting that resveratrol-stabilized oligomers 
are capable of efficiently releasing active insulin mono-
mers. Structural analyses revealed that resveratrol-stabi-
lized insulin adopts a tri-lobed globular shape resembling 
native insulin hexamer conformation stabilized by phe-
nolic derivatives, thus providing the molecular mechanism 
of resveratrol-mediated stabilization of insulin in a bioac-
tive oligomeric form. Remarkably, our results also dem-
onstrate that resveratrol inhibits the fibrillation of insulin 
and stabilizes it in a bioactive form more effectively than 
m-cresol does. Thus, our results suggest that resveratrol 
may be considered as a potential nontoxic molecule to 
stabilize insulin during commercial formulation.
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Experimental section

Preparation of insulin fibrils

Recombinant human insulin (hINS) powder (Sigma Aldrich) 
was dissolved in 20 mM HCl (pH 2), and the pH of the solu-
tion was immediately adjusted to 8 using 100 mM NaOH. 
Before incubation, the insulin solution was diluted with 
PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM  Na2HPO4 and 
1.47 mM  KH2PO4, pH 7.4) at a concentration of 100 μM 
in the absence and in the presence of equimolar, sub-sto-
ichiometric (25 μM and 50 μM), and super-stoichiometric 
(200 μM) concentration of resveratrol (RES), Epigallocat-
echin gallate (EGCG) and meta cresol (m-cresol). Insulin 
fibrillation experiments were performed following addition 
of zinc sulfate  (ZnS04) in different concentrations (500 μM 
and 1000 μM). Effect of resveratrol and meta-cresol on insu-
lin fibrillation was also monitored in the presence of 1 mM 
EDTA as mentioned in the corresponding figure legend. 
EDTA was added with the reaction mixture to remove zinc 
ion from insulin. Unless otherwise noted, fibrillation was 
induced by shaking the solution at 180 rpm, at 65 °C for 
24 h. All the buffer and insulin solutions were sterilized 
with a 0.22-μm filter (Millipore). Insulin concentration was 
measured by UV absorption at 276 nm by using an extinc-
tion coefficient of 1.0675 cm−1 (mg/ml)−1.

Thioflavin T assay

Thioflavin T (Th-T) dye binds specifically to the cross-β 
sheet structure of amyloid fibers and fluoresces more 
intensely in bound state [5]. The molar concentration range 
of polyphenols RES, EGCG and m-cresol used in the insulin 
(100 μM) fibrillation experiment was 25 μM to 200 μM. 
Th-T was dissolved in mili-Q water, and its concentration 
was determined by UV absorbance at 412 nm using molar 
extinction coefficient of 36,000 M−1 cm−1. To obtain the 
fluorescence spectra, insulin fibrils were diluted to a final 
concentration of 0.5 μM in PBS containing 10 μM Th-T. 
Th-T fluorescence was measured in a quartz cuvette, using 
spectrofluorometer (F-7000) set at an excitation wavelength 
of 450 nm and emission wavelength set at 485 nm.

Fluorescence measurement

Insulin contains tyrosine residues (two in each of the chains 
A and B). Intrinsic fluorescence spectra of insulin was moni-
tored on a spectro fluorimeter (Hitachi, F-7000) equipped 
with a circulating bath. Native insulin of 30 μM in 1 cm 
quartz cuvette was titrated with the successive additions of 
10 mM resveratrol. Fluorescence emission spectra of insulin 

were measured at 310 nm with the excitation at 280 nm at 
298 K in the absence and presence of 2, 4, 8,16,30,60,100 
and 120 μM of resveratrol.

Isothermal titration calorimetry (ITC)

The interaction studies of native insulin with resveratrol 
were performed on Affinity ITC. Titration was performed 
in presence of 20 μM native insulin and 200 μM of res-
veratrol in PBS (pH 7.4) at 298 K with stirring at 75 rpm. 
All the solutions were extensively degassed before measure-
ment to avoid bubble formation inside the colorimeter cell. 
During titration, 2 μl of the resveratrol was injected into 
insulin containing cell at an interval of 300 s. The buffer-
resveratrol scan was subtracted from the insulin-resveratrol 
titration to correct the heat effects. The data were analysed 
and fitted by software available with the machine. Thermo-
dynamic parameters were extracted for insulin-resveratrol 
interaction using the same software. The thermodynamic 
parameters (Kd in the micromolar range, ΔH and ΔS) for 
resveratrol—insulin interactions are highlighted in the cor-
responding figure.

Atomic force microscopy (AFM)

Insulin samples (100 μM) in the absence and in the pres-
ence of 100 μM resveratrol were incubated in PBS (pH 7.4) 
at 65 °C for 24 h and then diluted 25 times. A small aliquot 
(5 µl) of the sample was collected and placed onto an even 
layered mica sheet for 10 min. The mica sheet was then 
washed with mili-Q pure water and air dried. AFM images 
were acquired (tapping mode) in the air in different regions 
of each sample and representative images are reported. All 
experiments were performed in at least triplicates to validate 
the accuracy of the results.

Transmission electron microscopy (TEM)

100 μM of insulin samples were subjected to fibrillation 
in the absence and presence of resveratrol or EGCG. After 
24 h of incubation, 5 μl aliquots of the samples were applied 
onto the copper grid coated with a carbon film (300 meshes) 
and one drop of 2% uranyl acetate was placed on the grid. 
The excess water was removed carefully with filter paper, 
the grid was left to air dry and the images were taken with 
TECHNAI T12 TEM instrument.

Confocal microscopy

Samples were prepared by incubating 100 μM insulin in 
PBS (pH 7.4), with or without equimolar polyphenols (RES 
and EGCG), at 65 °C for 24 h. Aliquots (5 µl) of each sam-
ples were mixed with 5 μl PBS containing 10 μM Th-T and 
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placed on clean glass slides and dried inside laminar airflow 
at room temperature in the dark. Th-T fluorescence of insulin 
samples was observed in a confocal microscope (OLYMPUS 
FV10i) using 405 nm band pass filter.

Dynamic light scattering (DLS)

DLS was carried out at 25 °C with a Malvern Zetasizer 
instrument equipped with temperature control. The meas-
urement duration was 15 s, and 11 measurements were aver-
aged for each analysis. Samples were prepared by incubating 
100 μM insulin in PBS (pH 7.4) with equimolar polyphenols 
(RES and EGCG) at 65 °C for 24 h. Immediately after 24 h 
of incubation sample was analyzed by DLS. The hydrody-
namic size of insulin samples were acquired and plotted 
against percent mean volume. To ensure repeatability and 
statistics, each sample was measured in triplicate.

Size exclusion chromatography (SEC)

SEC was performed using Protein-pak 125 column from 
Waters. Insulin (100 μM) was incubated in PBS (pH 7.4) 
with equimolar polyphenols (RES and EGCG) at 65 °C for 
24 h. The SEC column was equilibrated with 10 mM sodium 
phosphate buffer containing 150 nm NaCl. Aliquots of 50 μl 
of each sample were loaded on the column and monitored 
at 280 nm. Bovine serum albumin (66.5 kD), ovalbumin 
(42.7 kD), insulin hexamer (34.84 kD) and insulin monomer 
(5.8 kD) were run as markers prior to the loading of samples.

Circular dichroism (CD) measurements

Far-UV CD spectral measurement of insulin solutions were 
performed at 5 μM in PBS (pH 7.4) with equimolar RES 
or meta-cresol at 37 ºC. The sample solutions were heated 
at 65 °C for 24 h and CD spectra were recorded using a 
quartz cuvette with 1 mm path length. The spectra were 
expressed as ellipticity (mdeg) after subtracting the solvent 
background. All CD spectra were recorded in J-815 spec-
tropolarimeter (JASCO, Japan).

Cryo‑electron microscopy and image processing

Cryo-grids were prepared using Vitrobot Mark IV (FEI, 
USA). The samples (5 μl) were deposited onto the 300 
mesh Quantifoil R2/2 holey copper grids (washed and 
glow discharged prior to sample deposition), blotted (with 
constant temperature and humidity during the process of 
blotting), plunge frozen in liquid ethane and subsequently 
stored in liquid nitrogen. Image acquisition was per-
formed under low-dose conditions in Tecnai G2 Polara 

FEG-electron microscope (FEI) operating at 300 kV with 
4 K × 4 K ‘Eagle’ charge-coupled device (CCD) camera 
(FEI, USA) at ×78,894 magnification, resulting in a pixel 
size of 1.89 Å at the specimen level. Particle images were 
manually boxed with the EMAN2 [21] program e2boxer.
py. Defocus of the particles in each frame average was 
automatically determined by EMAN2 program e2ctf.py. 
Particles were then phase flipped and formed stack files 
for further processing. Two-dimensional (2D) reference-
free class averages were computed by e2refine2d.py on 
the particle image sets. Same set of raw particles were 
subjected to classification independently in cisTEM (Frea-
lign) [22, 23], and Xmipp [24] (implemented in SCIPION 
cryo-EM image processing framework (https ://scipi on.cnb.
csic.es/m/home/). About 11,000 particles were used in the 
particle dataset. Initial models were created in EMAN2 
and Frealign which look similar to the crystal structure of 
the insulin hexamer. We generated final 3D density map 
(~ 14 Å resolution, Figure S5) in SPIDER [25] (using new 
version where ‘gold standard’ refinement protocol has 
been implemented) using low pass filtered crystal struc-
ture (filtered to ~ 25 Å) as the initial model. To further 
validate final 3D structure of the oligomer, 3D density map 
was also generated in Frealign and EMAN2 using same 
particle set, which also resulted in very similar final maps 
in shape and size with three-lobed feature.

Modeling and docking

Fitting of the insulin dimer structure in each of the lobes 
of cryo-EM density map was initially done manually in 
Pymol (Delano Scientific) and the model was then sub-
jected to molecular dynamics based fitting in MDFF [26], 
treating each of the dimer as a rigid body. ‘Refine’ mod-
ule in GalaxyWeb server [27] (https ://galax y.seokl ab.org/) 
was used for refining the dimeric units of insulin hexamer 
crystal structure (PDB ID:1EV6). Removal of ligands (e.g. 
 Zn2+ ion, m-cresol, etc.) from the PDB structure was done 
prior to uploading it to the server. Refined model struc-
ture of the insulin hexamer and resveratrol 3D structure 
(taken from a crystal structure, PDB ID: 2JIZ) were used 
for docking in PatchDock server [28] which is a molecular 
docking algorithm based on shape complementarity prin-
ciple. Docking in PatchDock using insulin crystal struc-
ture and resveratrol was also done, which resulted in same 
docking positions of the ligand inside the hexameric struc-
ture of the protein. Top ten docked structures predicted by 
PatchDock were considered. The docking performed using 
Autodock [29] and SwissDock servers [30] also identi-
fied the region at the interface of two dimeric units as 
the potential binding region of resveratrol. For creating 
illustrations, Chimera [31] and Pymol were used.

https://scipion.cnb.csic.es/m/home/
https://scipion.cnb.csic.es/m/home/
https://galaxy.seoklab.org/
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Cell lysis and immunoblotting

Cells were rinsed with ice-cold PBS and total cellular protein 
was prepared with lysis buffer containing 50 mM Tris–HCl 
(pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA and 
1% Triton X-100, with protease and phosphatase inhibitor 
cocktails (both from Millipore, Billierica, MA, USA). The 
soluble fractions of cell lysates were isolated by centrifuga-
tion at 15,000×g for 15 min at 4 °C. Protein samples (40 μg/
lane) were resolved by 10% SDS-PAGE and transferred to 
Immobilon-P membranes (Millipore, Billierica, MA, USA) 
by wet transfer (Trans-Blot, Bio-Rad) at 90 V for 3 h. For 
immunodetection, membrane was blocked with 5% non-fat 
milk in PBS with 0.1% Tween 20 for 1 h, followed by incu-
bation with specific primary antibody at 4 °C overnight and 
with horseradish peroxidase-labeled secondary antibodies 
for 1 h at room temperature. Signals were detected by chemi-
luminescence using Luminata Classico Western HRP sub-
strate (Millipore, Billierica, MA, USA) and scanned using 
a ChemiDocMP System (Bio-Rad Laboratories, Hercules, 
CA). Detailed list of antibodies is provided below.

Animal study

All experiments with animals were performed under the 
approved Institutional Animal Ethics Committee (Approved 
by CPCSEA, India) protocol. Eight to ten week old, male 
wild-type BALB/c mice were kept at ambient temperature 
(22 ± 1 °C) with 12:12 h light/dark cycles and fed standard 
chow diet (4.3% lipid and 70% carbohydrate). Mice were 
fasted for 6 h and fasting blood glucose was measured using 
a calibrated glucometer by taking one drop of blood from 
the tail tip cut. Intraperitoneal injections of insulin (0.5 U/
kg of body weight) were administered with a 27 G needle. 
Blood samples were taken from the initial tail cut at 30, 
60 and 120 min after intraperitoneal insulin injection. This 
experiment was carried out for four different groups: insulin, 
fibrillated insulin, fibrillated insulin + RES and fibrillated 
insulin + EGCG. Insulin tolerance test was done twice in 
each group, each time in 5 mice.

Live/dead cell assay

HepG2 cells were harvested in DMEM and 0.5 ml of 0.4% 
Trypan Blue solution (w/v) was added to the suspension 
of cells. A small amount of Trypan Blue-cell suspension 
mixture was placed on the hemocytometer for counting. 
Cells in all the chambers were counted and five replicate 
readings were taken. Approximately 2.5 × 105 cells were 
counted and plated into each well to determine cell viabil-
ity. Next day, cells were treated with 40 μM of either PBS, 
fibrillated insulin, fibrillated insulin with RES or fibrilated 
insulin with EGCG. After 24 h of treatment, cell viability 

was assessed for respective treatments using the Live/Dead 
viability kit (Invitrogen, Renfrew).

Cytotoxicity assay

HepG2 cells grown in DMEM medium were harvested and 
0.4% Trypan Blue solution was added to the cell suspen-
sion for counting using hemocytometer.  Approximately105 
cells/100 μl of medium per well were plated in 96 well 
polystyrene plates. Cells were treated with resveratrol, 
EGCG and m-cresol at concentrations of 10, 20, 40 or 
80 μM for 24 h. After 24 h of treatment, cell viability was 
determined with the addition of 10 μl of 5 mg/ml MTT to 
each well. After incubation for 4 h at 37 °C, the medium 
was aspirated from each well and 100 μl of DMSO was 
added per well.

Plates were agitated at 25 °C for 10 min and absorbance 
was recorded at 590 nm using a multi-well plate reader 
(Biotek-Epoch; Biotech Instruments). The average absorb-
ance value of five replicate wells was used for each set and 
each experiment was repeated three times. In this assay, 
cells treated with PBS and no test samples but MTT served 
as positive control. Cells without MTT served as blank.

Statistics

Values are presented as the mean ± SD. A two-tailed Stu-
dent’s t-test was used to calculate the p-values. p < 0.05 
was considered significant.

List of antibodies

Antibody Name of 
antibody

Manu-
facturer, 
catalog 
number

Species 
raised in

Dilution 
used

Primary Anti-β-
Actin 
antibody

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Rabbit 1:1000

Primary Anti-Akt 
(Pan)

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Rabbit 1:1000
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Antibody Name of 
antibody

Manu-
facturer, 
catalog 
number

Species 
raised in

Dilution 
used

Primary Anti- phos-
pho-Akt 
(Ser 473)

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Rabbit 1:1000

Primary Anti- phos-
pho-Akt 
(Thr 308)

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Rabbit 1:1000

Primary Anti-phos-
pho-p70 
S6 Kinase 
(Thr 389)

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Mouse 1:1000

Secondary Goat anti-
Rabbit

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Goat 1:1000

Secondary Goat anti-
Mouse

Cell Signal-
ing Tech-
nology, 
Boston, 
MA, USA

Goat 1:1000

Results and discussion

Resveratrol prevents heat‑induced insulin 
fibrillation

To understand specific role of resveratrol in insulin sta-
bilization, we included another natural polyphenols, epi-
gallocatechin gallate (EGCG) and a flavanone glycoside, 
hesperidin (HES), known to have anti-amyloidogenic 
potency (Figure S1a, b) [32, 33]. The anti-aggregation 
potential of resveratrol for human insulin (hINS) (Figure 
S1d, e) was tested at physiological pH (7.4) using Th-T 
fluorescence assay. A significant decrease in fluorescence 
intensities was seen when polyphenols were incubated for 
24 h with insulin in the equimolar ratio (Figure S2a). The 
results indicated that polyphenols can specifically inhibit 
insulin aggregation. To investigate the long-term effects 
of the polyphenolic compounds on insulin oligomeriza-
tion, native insulin (control) and polyphenol-treated (RES 
and EGCG) samples were incubated at 65 °C for 24 h (to 
induce fibrillation) and then kept at 37 °C for 14 days. Thi-
oflavin T (Th-T) fluorescence measured periodically at dif-
ferent time points. In the absence of polyphenols, almost 
double Th-T fluorescence was seen at day 14 (compared 
to control) indicating a continuation of insulin fibrillation 

process even at 37 °C (Figure S6a, b). Th-T fluorescence 
attenuated in the presence of RES or EGCG from incu-
bation day 1 through day 14. No significant change was 
observed in Th-T fluorescence when zinc was added to 
the insulin solutions with or without polyphenols (Figure 
S6c). The effect of RES and m-cresol on insulin stabil-
ity was monitored by CD spectroscopy. The far UV-CD 
spectra of RES or m-cresol-added insulin (under fibrillat-
ing condition) was comparable with the freshly prepared 
native insulin at pH 7.4 (predominantly contains α-helical 
structures) showing clear minima at 208 and 222 nm (Fig-
ure S6d). The CD spectra demonstrated that both RES and 
m-cresol effectively preserves helical content of insulin 
chains even under fibrillating condition. Dynamic light 
scattering (DLS) measurements revealed that resveratrol-
stabilized small oligomers are similar in size to the native 
insulin, whereas EGCG-induced oligomeric forms were 
much larger than native insulin (Figure S2b). In agree-
ment with this results, the chromatographic assessment 
indicated hexamers as the primary form (obtained virtually 
as a single peak) of not only the native but also resveratrol 
stabilized insulin (Figure S2c).

AFM visualization revealed formation of insulin fibrils 
in the absence of polyphenols (Fig. 1a), whereas resvera-
trol induced the formation of a small, discrete, almost uni-
form population of insulin oligomers (Fig. 1b). It seemed 
from a dose-dependent study that resveratrol is effective 
when used at 1:0.5 or more of insulin:resveratrol ratio 
(Figure S3). A mixed population of insulin oligomers with 
fragmented fibrils was found in the presence of EGCG 
(Fig. 1c). 3D representation of the AFM images further 
manifested resveratrol-induced formation of a small, 
homogeneous population of oligomeric structure of insu-
lin, in contrast to EGCG-induced heterogeneous mixture 
of oligomers (Figure S4). To gain more precise insight into 
the sizes of insulin oligomers in the presence of polyphe-
nols, transmission electronic microscopy (TEM) visuali-
zation was done. TEM image presented a mesh of insulin 
aggregates characterized as linear and complexly inter-
twined fibrils (Fig. 1d). Interestingly, insulin co-incubated 
with resveratrol, showed tiny dotted structure (< 20 nm), 
with regular shape and size (Fig. 1e). In the presence of 
EGCG, short irregular protofibril-like structures were 
found buried in the amorphous aggregates (Fig. 1f). Con-
focal microscopy (using Th-T fluorescence) also showed 
significantly lower population of amyloid structures, par-
ticularly in the presence of resveratrol (Fig. 1g, h). How-
ever, EGCG can also inhibit insulin fibrillation (Fig. 1i).

Collectively, these results demonstrated that resvera-
trol stabilizes insulin in a distinct oligomeric form. The 
next question we addressed was, whether this resveratrol-
stabilized oligomeric form is biologically active or not.
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Resveratrol is non‑toxic and effectively allows 
the release of insulin in its active form

Resveratrol-treated insulin displayed signaling comparable 
to that of native insulin, as shown by the readout of AKT 
phosphorylation in HepG2 cells (Fig. 2a). Further, to vali-
date the more direct physiological role of insulin, we per-
formed the ‘Insulin Tolerance Test’ (ITT) in BALB/c mice. 
We found that resveratrol-treated insulin lowered blood glu-
cose in vivo to levels comparable to native insulin (Fig. 2b). 
EGCG treated insulin, however, failed to commence insulin 
signalling in HepG2 cells and showed poor glucose-lowering 
response in BALB/c mice. These results clearly demonstrate 
that RES-treated insulin retains its bioactivity.

We next examined the cytotoxicity of resveratrol, EGCG 
and m-cresol in the presence of insulin. Resveratrol did not 
affect the viability of HepG2 cells, even at 80 μM concen-
tration, whereas EGCG reduced noticeably cell viability at 
higher concentrations (Fig. 2c). Resveratrol and EGCG in 
the presence of insulin consistently showed minimal cyto-
toxicity in comparison with fibrillated insulin in the cell 
viability assay (Fig. 2d). In contrast, m-cresol showed sig-
nificant toxicity, even in lower doses (Fig. 2c), indicating 
that accumulation of phenolic derivatives upon long-term 
use can have detrimental effects.

We further compared the long-term effects of resveratrol 
and m-cresol on insulin kept under fibrillating condition. 
The Th-T fluorescence assay clearly showed that (Fig. 3a), 

Fig. 1  Visualization of insulin fibrillation in the presence and absence 
of polyphenols. AFM images of insulin fibrillation in the a absence, 
and presence of 100 μM of b RES and c EGCG; and TEM images 

of insulin in the d absence and presence of 100 μM of e RES and f 
EGCG. Confocal images of insulin fibrillation after 24 h of incuba-
tion in the g absence and presence of 100 μM of h RES and i EGCG 
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as compared to m-cresol, resveratrol is capable of stabiliz-
ing insulin for longer time (EDTA was used to exclude any 
possibility of Zn ion-mediated stabilization). AFM visuali-
zation revealed that resveratrol-stabilized insulin oligomers 
retain the evenly distributed spherical morphology at 48 h 
of incubation (Fig. 3b), whereas m-cresol treated insulin at 
the same time point starts losing the shape and apparently 
forms larger aggregates (Fig. 3c).

Resveratrol stabilizes a distinct oligomeric species 
of insulin molecule

To understand the molecular mechanism underlying resvera-
trol-induced stabilization of insulin, we set out to determine 
the 3D structure of the major oligomeric form of resvera-
trol-treated insulin, using cryo-electron microscopy (cryo-
EM). Isolated single units of insulin oligomeric species with 

distinct morphology were observed evenly dispersed in cryo-
EM micrographs (Fig. 4a). Single particle 3D reconstruction 
technique was employed to generate the 3D structure of the 
resveratrol-stabilized insulin molecule. The reference free 
initial models, generated using EMAN2 [21] and Frealign 
[22] image processing software, showed a globular shape. 
The 2D class averages also showed spherical nature of the 
oligomer (Fig. 4b). The final 3D cryo-EM map (~ 14 Å gold 
standard resolution), generated using SPIDER [25] (no sym-
metry applied), showed a globular structure with three lobes 
bulging out (Fig. 4e). The 2D back projections (Fig. 4c) of 
the final 3D map showed a clear similarity with the 2D class 
averages. 2D projections (Fig. 4d) of the low pass filtered 
crystal structure of insulin hexamer stabilized by m-cresol 
(PDB code: 1EV6) also showed spherical appearance, but 
the sizes appeared to be slightly smaller in some of the 
views, as compared to the 2D class averages.

Fig. 2  Insulin signaling, insulin tolerance and cytotoxicity assay. a 
Fibrillated insulin in the absence and presence of RES and EGCG 
was used to treat HepG2 cells. Insulin signaling assay was based on 
the Akt phosphorylation along with expression of different control 
candidate proteins, as evident in the given western blotting picture. 
b Insulin Tolerance Test performed in BALB/c mice in four differ-
ent groups: insulin fibrillated insulin, fibrillated insulin with EGCG 
and fibrillated insulin with resveratrol (5 mice per group). a Statisti-
cally significant difference in blood glucose level between the native 
insulin-treated or fibrillated insulin-treated group, b statistically sig-

nificant difference in blood glucose level between fibrillated insulin 
and fibrillated insulin with resveratrol-treated group. c MTT Assay 
was performed to determine cytotoxicity. Cells were treated with res-
veratrol, EGCG or m-cresol with several concentrations (10, 20, 40 or 
80 μM) for 24 h. d Cell viability was further assessed using the live/
dead viability assay. Red colored cells are dead ones, green colored 
are live. Statistical analysis was performed to determine the percent 
survival rate of HepG2 cells upon treatment. Data are represented as 
mean ± SD; *, p < 0.05
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Although the overall shape of the 3D density map 
resembles the crystal structure of the insulin hexamer, the 
map looks (Fig. 4e) swollen as compared to the crystal 

structure (Fig. 4f). Rigid body fitting of the crystal struc-
ture of insulin dimer into each lobe of the tri-lobed struc-
ture of the density map (Fig. 4g) revealed that the atomic 

Fig. 3  Resveratrol and m-cresol induced stabilization of insulin. a 
Th-T fluorescence of insulin samples, insulin (1); insulin + EDTA 
(2); insulin + resveratrol (3); insulin + resveratrol + EDTA (4); insu-
lin + m-cresol (5); and insulin + m-cresol + EDTA (6) was moni-
tored after 24  h, 48  h and 72  h of incubation at 65  °C. EDTA was 
used to rule out the presence of  Zn2+ ions as stabilizing agent. The 
results suggest that resveratrol is much more effective than m-cresol 
for long-term stabilization of insulin. AFM visualizations after 48 h 
incubation of resveratrol-treated insulin (b); and m-cresol treated 
insulin (c) clearly show destabilization and aggregation occurs in 
the presence of m-cresol, whereas resveratrol-treated insulin retains 
the spherical shape. The right panels b, c show close-up views of the 
selected area (marked) of AFM images (1), and 3D representations 
of the AFM images (2). Experiment was performed in presence of 
100 μM insulin, resveratrol, m-cresol and 1 mM EDTA

Fig. 4  Cryo-EM single particle analysis of insulin-resveratrol com-
plex. a Cryo-EM image of insulin-resveratrol complex showing dis-
tribution of the particles (marked with red circles). b 2D class aver-
ages of particle set processed in SPIDER. c Re-projections of the 
3D structure in the same Euler angles as determined for the selected 
2D class averages. d Re-projection of the reference volume (con-
verted from the crystal structure, PDB ID: 1EV6) in the same Euler 
angles. The projections of the reference volume appear to be slightly 
smaller. e Cryo-EM 3D density map of insulin in complex with res-
veratrol (generated in SPIDER) shows globular tri-lobed structure. f 
Crystal structure of the insulin hexamer containing phenolic deriva-
tives (PDB: 1EV6) is shown in semitransparent surface view within 
which dimer structures are shown (three different colours) in ribbon 
representation. The crystal structure is more compact compared to the 
resveratrol-stabilized insulin. g Stereo view of the density map (blue 
mesh surface) where atomic structures of three dimers (ribbon dia-
grams in three different colours) are fitted into the lobes of the den-
sity map
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Fig. 5  Analyses of ligand 
interactions with the insulin 
hexamer. a Interaction pattern 
of resveratrol with native insulin 
determined using Isothermal 
Titration Calorimetry (ITC). 
Insulin (20 μM) is titrated 
against resveratrol (200 μM). 
Equilibrium molar dissociation 
constant (Kd), insulin-resvera-
trol binding ratio (n), enthalpy 
(ΔH) and entropy changes 
(ΔS) are shown in the picture. 
b Binding sites of phenolic 
derivatives, m-cresol (shown in 
red) in the crystal structure of 
insulin hexamer (PDB: 1EV6). 
c Docked positions of resvera-
trol (shown in yellow) inside 
the crystal structure of insulin 
hexamer (following refinement 
in GalaxyWEB server) resulted 
from PatchDock. d Superposi-
tion of structures of b and c 
show overlapping positions of 
m-cresol and resveratrol. Right 
panels (in b, c, and d) show the 
close up views of the protein–
ligand interactions
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structures could be accommodated satisfactorily into the 
density map, indicating that resveratrol likely stabilizes 
insulin molecules primarily in a less compact hexameric 
form, compared to the more compact insulin hexamer 
stabilized by phenolic derivatives. Interestingly, refine-
ment of each dimeric unit of the hexamer crystal structure 
(using GalaxyWeb server) resulted in an expanded confor-
mation of the refined molecular model of the insulin hex-
amer compared to the hexamer crystal structure, indicating 
that an intrinsic tendency of relaxation is likely present in 
the hexamer structure of insulin (Figure S1f).

Interactions between resveratrol and insulin

We performed an intrinsic fluorescence quenching experi-
ment to determine interaction patterns of resveratrol with 
native insulin. We found that intrinsic fluorescence level of 
insulin was decreased gradually in the presence of increas-
ing concentrations of resveratrol (Figure S2d), indicating a 
resveratrol-insulin interaction.

Isothermal Titration Calorimetry (ITC) estimation further 
showed the specific nature of resveratrol binding to insulin. 
The stoichiometry for insulin titrated against resveratrol, 
suggested (Fig. 5a) binding of three ligands per protein mol-
ecule. Since native insulin stays predominantly in hexameric 
form (Figure S2c), it is conceivable that each hexamer binds 

to three resveratrol molecules. The thermodynamic param-
eters indicated the low binding affinity of resveratrol towards 
insulin (Kd in the micromolar range, ΔH: − 5.45 kcal/mol) 
and further justified the easy release of active monomeric 
insulin.

Resolution limitation of the cryo-EM map did not allow 
us to identify binding sites of resveratrol. In order to deci-
pher the binding sites of resveratrol within insulin hexamer, 
we performed docking studies on the atomic structure of 
insulin hexamer using commercially available docking soft-
ware, PatchDock server [28]. Top ten docked structures pre-
dicted by PatchDock showed that resveratrol molecules pref-
erably occupy the interface of two dimeric modules (Fig. 5). 
The crystal structures revealed [11, 34] at least two phenolic 
derivatives (m-cresol/resorcinol) placed at the interface 
of two dimers in a hexameric insulin molecule (Fig. 5b), 
very similar to, position-wise, the resveratrol docking sites 
(Fig. 5c), suggesting that one resveratrol molecule interca-
lated within a pair of insulin dimers to stabilize the hexam-
eric structure, whereas two phenolic derivatives are required 
for such stabilization (Fig. 5d). Notably, other docking serv-
ers, e.g. SwissDock [30] and Autodock [29], also identified 
the same pocket in the hexameric structure as the potential 
binding region for resveratrol.

Combining the results of binding and docking studies 
we put forward a model of resveratrol-containing insulin 

Fig. 6  Schematic representation of the proposed model for resvera-
trol-mediated insulin stabilization. Insulin coexists with a monomer, 
dimer and hexamer in equilibrium. While insulin forms fibrils upon 
heat treatment, in the presence of resveratrol it is stabilized in an 
oligomeric form (similar to hexamer) even after extensive heat treat-

ment. The resveratrol-stabilized insulin oligomers are fully bioactive. 
Notably, resveratrol stabilizes insulin much efficiently compared to 
phenolic derivatives, e.g. m-cresol which is usually used as excipient 
for commercial insulin preparation
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hexamer where three resveratrol molecules, each accommo-
dated at the interface of two adjacent dimers, are assembled.

Conclusion

Injectable insulin remains the mainstay of diabetes therapy 
and developing newer formulations of insulin with better 
stability and stringently controlled duration of action are still 
a major challenge in clinics [1, 8]. In order to stabilize them, 
commercial insulin analogs are formulated with phenolic 
compounds. However, such excipients are toxic to regular 
insulin users [14, 15].

Naturally occurring polyphenols have definite advan-
tages as insulin stabilizers since they are non-toxic at mod-
erate concentrations and stable in serum without causing 
an immune response [35, 36]. It should be noted here that 
emerging evidence suggests that ingestion of polyphenol-
rich pomace improves insulin sensitivity [37].

We have shown that resveratrol containing insulin 
remains fully bioactive and resveratrol does not exert any 
toxic effects as evident from insulin signaling in HepG2 cell, 
blood glucose maintenance in BALB/c mice and cytotoxicity 
assay. Structural analyses indicated that mechanistically, res-
veratrol stabilizes insulin in a hexameric form. The strategic 
orientation of two phenolic groups in resveratrol molecule 
allows one resveratrol molecule to intercalate within a pair 
of insulin dimers to stabilize the hexameric structure. Bind-
ing affinity of resveratrol to insulin hexamer is such that 
it enables the release of active insulin monomer promptly.

Collectively, our data suggest that resveratrol, as a non-
toxic natural molecule, stabilizes insulin hexamer structure 
more efficiently than toxic phenolic compounds, and at the 
same time permits the release of fast-acting monomeric 
active form of insulin. The overview of the current study is 
schematically illustrated in Fig. 6. Based on our structural 
and functional analyses, we propose that resveratrol can be 
a potential nontoxic excipient for insulin preservation during 
commercial formulation.
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SUMMARY

Unfolding followed by fibrillation of insulin even in the presence of various excip-
ients grappled with restricted clinical application. Thus, there is an unmet need
for better thermostable, nontoxic molecules to preserve bioactive insulin under
varying physiochemical perturbations. In search of cross-amyloid inhibitors,
prion-derived tetrapeptide library screening reveals a consensus V(X)YR motif
for potential inhibition of insulin fibrillation. A tetrapeptide VYYR, isosequential
to the b2-strand of prion, effectively suppresses heat- and storage-induced insu-
lin fibrillation and maintains insulin in a thermostable bioactive form conferring
adequate glycemic control in mousemodels of diabetes and impedes insulin amy-
loidoma formation. Besides elucidating the critical insulin-IS1 interaction (R4 of
IS1 to the N24 insulin B-chain) by nuclear magnetic resonance spectroscopy, we
further demonstrated non-canonical dimer-mediated conformational trapping
mechanism for insulin stabilization. In this study, structural characterization and
preclinical validation introduce a class of tetrapeptide toward developing ther-
mostable therapeutically relevant insulin formulations.

INTRODUCTION

Availability of injectable insulin formulation has been a breakthrough in diabetes management in achieving

long-term glycemic control and preventing complications (Baram et al., 2018; Heller et al., 2007; Moroder

and Musiol, 2017; Owens et al., 2001; Xiong et al., 2019; Zaykov et al., 2016); it still, however, suffers from

certain disadvantages including temperature-sensitive fibrillation in solution and development of subcu-

taneous tumor-like mass designated as ‘‘amyloidoma’’ at the site of injection (Hua andWeiss, 2004; Ivanova

et al., 2009; Nilsson, 2016; Woods et al., 2012; Yumlu et al., 2009). Worldwide efforts were thus made to

develop thermostable insulin either by making recombinant insulin species with mutations or stabilizing

native insulin with salts, Zn2+ ions, and small molecules such as meta-cresol (Frankær et al., 2017; Gong

et al., 2014; Han et al., 2017; Kachooei et al., 2014; Lee et al., 2014; Patel et al., 2018; Saithong et al.,

2018; Wang et al., 2011; Zheng and Lazo, 2018). However, small molecules are found to be toxic in long-

term usage and are inefficient in optimally preventing fibrillation (Teska et al., 2014; Weber et al., 2015).

Thus, the unmet need for better nontoxic insulin stabilizers is highly warranted and nonimmunogenic pep-

tides as stabilizers would have no or very low toxicity (Banerjee et al., 2013; Neddenriep et al., 2012; Wu,

2019). To date, an array of peptide-based stabilizers was designed and validated through in silico or bio-

physical investigations, but the exploration of their therapeutic potential in in vitro, in cellulo, and in vivo

preclinical models is mostly lacking (Das and Bhattacharyya, 2017; Mishra et al., 2013; Ratha et al., 2016;

Seidler et al., 2018; Wallin et al., 2018). Recent advances suggest screening and designing of cross-amyloid

inhibitors can either protracts amyloid self-assembly or inhibit potential cross-seeding of interacting amy-

loidogenic proteins (Armiento et al., 2020).

In the search for endogenous peptide motifs that could potentially hinder insulin fibrillation and stabilize

insulin in its stable conformation, we looked at misfolded human prion conformers because of its colocal-

ization at insulin-secreting pancreatic b-cells while having a converse functional association with glucose

homeostasis (Amselgruber et al., 2006; Ashok and Singh, 2018). Three conserved tetrapeptide motifs

(RYYR/VYYR/AYY(D/Q)) found in PrPc and the conformation-selective surface exposure of ‘‘YYR’’ associ-

ated with the b-sheet structure in misfolded PrPSc prompted us to consider these peptide motifs as the
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seeding platform to design cross-amyloid inhibitors for insulin amyloidosis (Julien et al., 2009; Paramithiotis

et al., 2003).

RESULTS

Peptide screening reveals insulin stabilizing prion-derived tetrapeptide sequence

We designed a library of 77 tetrapeptides based on two conserved tetrapeptide motifs (RYYR/VYYR), each

having a single amino acid substitution at a time by the rest 19 natural amino acids for each position (Table

S1). Peptides were screened for the heat-induced insulin fibrillation inhibition using thioflavin T (ThT) and

PROTEOSTAT fluorescence (Figure 1A; S1A, r = 0.59,p % 0.001). Heatmap of fluorescence data revealed

that peptides having the formula of V-(X)-Y-R have the highest antiamyloid potential (�81.4%), whereas V-

Y-Y-(X) peptides showed the lowest impact (44.24% inhibition), where X is any amino acid (Figures 1B and

1C). Even unsupervised K-means clustering showed that cluster-1 containing 27 peptides had the lowest

fluorescence values (5.5% of native insulin) and highest antiamyloid potential (Figure S1C) with significant

correlation (R = 0.46, p = 0.017) (Figure 1D). Cluster-1 peptides were further analyzed for percent allowable

substitution [(substitution observed/total possible substitution i.e. 19) * 100] at each position that depicts

Figure 1. Prion-derived peptide screening for antiamyloid activity

(A) Schematic representation of antiamyloid peptide screening.

(B) Heatmap of hierarchical clustering of fibrillated insulin in the presence of equimolar ratio of 77 tetrapeptide variants. Darker shades represent higher

fluorescence values.

(C) Amyloid activity as an inversely proportional function of PROTEOSTAT fluorescence distributed in 4 tetrapeptide sequence.

(D) Four independent clusters of peptides obtained from k-means clustering.

(E and F) ThT assay and DLS for heat-induced fibrillation of insulin in the presence of indicated peptides.

(G) AFM for heat-induced fibrillation of insulin (scale bars, 1 mm).
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marked conservation of amino acids at the third and fourth positions by allowing only 21.05% and 15.5%

substitutions, respectively, making the Y(3)-R(4) sequence indispensable for the anti-fibrillating property.

We thereby propose a generalized tetrapeptide sequence V-(X)-Y-R that would potently prevent insulin

fibrillation.

To test the position-dependent importance of the core Y-Y sequence, we used five peptides (V-Y-Y-R, V-P-

P-R, V-Y-P-R, V-P-Y-R, and V-T-T-R) for heat-induced insulin fibrillation assay. Only V-Y-Y-R showed signif-

icant antiamyloid activity and preserved insulin’s glucose-lowering capacity during an insulin tolerance test

(ITT) in mice (Figures S2A–S2D). We further designed variant peptides by adding amino acid at N- and

C-terminal of VYYR (VVYYR and VYYRR), deleting one tyrosine from the core sequence (VYR) and reversing

the sequence to RYYV. VVYYR, VYYRR, and RVVY did not inhibit insulin fibrillation as confirmed by atomic

force microscopy (AFM) studies and corroborating these results with corresponding ThT and dynamic light

scattering (DLS) data, whereas VYR showed modest inhibitory effects than the rest of the peptide variants

as depicted by the ThT assay (Figures 1E–1G). Altogether, these results prompted us to select V-Y-Y-R (now

termed IS1) as a candidate for insulin stabilization and further validate its therapeutic potential in preclinical

mice models and commercial insulin formulations.

IS1 protects insulin from both heat- and storage-induced fibrillation

The kinetics of heat-induced insulin fibrillation with varying molar ratios of insulin:IS1 by revealing dose-

dependent inhibition insulin fibrillation maximally at the equimolar concentration is shown by ThT

fluorescence and AFM (Figure 2A). The interaction of insulin and IS1 determined by isothermal titration

calorimetry (ITC) by fitting the titration curve in the one-site binding model (Figure S3A) was thermodynam-

ically favorable (DG = �4.8 kcal.mol�1, DH = �18.73kcal.mol�1, DS = �46.5 kcal.mol�1; KA = 3.46 3

10�3M�1). IS1 remarkably restored the hydrodynamic radius of insulin monomers, otherwise which was

increased to 1000 nm at 150 min of heating (Figure 2B). Circular dichroism (CD) spectroscopy showed grad-

ually decay in dual negative ellipticities at 208 nm and 222 nm, which indicates the loss of a-helical confor-

mation for native insulin owing to heat-induced fibrillation, whereas the presence of IS1 retained its con-

formations even after 5 h (Figure 2C and Table S2). To test its therapeutic relevance, we have tested its

antiamyloid potential in commercial human insulin formulation (Actrapid) both in the presence and

absence of commercial excipients for heat-induced and storage-induced (37�C, 30 days) fibrillation.

AFM data showed that IS1 inhibits Actrapid fibrillation by trapping insulin in lower molecular weight olig-

omeric conformations, which was further corroborated with ThT and DLS data (Figure 2D, 2E, S3B, and

S3C).

IS1 maintains insulin in a thermostable bioactive conformation

To find whether IS1 confers insulin stabilization in physiologically active conformers, we performed an ITT in

mice. IS1-treated bovine insulin followed similar glucose-lowering kinetics to that of native insulin during

the ITT even after heat-induced fibrillation induction, while fibrillated insulin revealed amarked impairment

in glucose-lowering potential (Figure 3A). Next, we developed two independent disease mouse models,

streptozotocin-induced type 1 diabetes and high-fat-diet-fed type 2 diabetes. Expectedly, the addition

of IS1 significantly restored the glucose-lowering activity of insulin, effects that were comparable with

native insulin in both the disease models (Figures 3B and 3C). IS1 also preserves the bioactivity of Actrapid

even after 37�C storage for 30 days as depicted by ITT (Figure 3D). For further affirmation, we investigated

the induction of prototypical signaling cascade for the IS1-insulin complex. We observed a marked induc-

tion of Akt phosphorylation in IS1-treated insulin compared with that of fibrillated insulin both in cultured

hepatocytes (Figure S3D) and in the mouse liver (Figure 3E). Insulin-derived amyloidosis is defined as a sub-

cutaneous amyloid mass at the site of insulin injections owing to intrinsic fibrillation of commercial insulin

owing to long-term storage. To this end, we carried out amyloidoma formation assay (Figure 3F) where

repeated subcutaneous injection of fibrillated insulin forms a mass of extracellular amyloid fibrils in mice.

IS1 has limited cytotoxicity with no membrane permeability

Toward further characterization of IS1 peptide, we checked for its membrane permeability using fluores-

cein isothiocyanate (FITC)-labeled IS1 in HepG2 cells. FITC fluorescence was observed in the extracellular

space even after 24 h of incubation, whereas FITC-SLRP (Jana et al., 2018), a cell-penetrating tetrapeptide,

was detected intracellularly (Figure 4A). The spatial distribution (FITC) IS1-insulin complex showed

preferential accumulation on the cell membrane suggesting its receptor binding potential (Figure 4B).

Cytotoxicity has often been implicated in short peptides even for the cell-impermeable peptides. Both

ll
OPEN ACCESS

iScience 24, 102573, June 25, 2021 3

iScience
Article



dose-dependent and time-course cytotoxicity assays showed limited cytotoxicity of IS1 toward HepG2

cells using live-dead and MTT assays (Figures 4C–4E). Consistently, IS1 leads to only �0.5% hemolysis

compared with 1% Triton X-100 (Figure 4F).

Nuclear magnetic resonance spectroscopy reveals the structure and dynamics of IS1 and

insulin interaction

For structural characterization and deciphering atomic level interaction of the insulin-IS1 complex, we per-

formed a series of nuclear magnetic resonance (NMR) spectroscopy experiments. One-dimensional STD

NMR experiment showed that aromatic protons of tyrosine Y2 (2.6 H), Y3(2.6 H); side chain of arginine

R4 QD; and the b-proton of tyrosine Y2 Hb1 and Y3 Hb2 interacting with insulin which was also found to

be interacting with Actrapid (Figures S4A–S4D). To reveal the atomic-level dynamics of free IS1 and IS1-in-

sulin complex, one-dimensional longitudinal (R1 = 1/T1) and transverse relaxation (R2 = 1/T2) experiments

were performed. We observed a significant decrease in longitudinal relaxation rate (R1) for the IS1-insulin

complex compared with free IS1 for all amide protons. Similarly, the transverse relaxation rates (R2) for all

the residues of IS1 were increased in the presence of insulin stating spin-spin energy exchange in the

Figure 2. IS1 prevents intrinsic fibrillation of insulin

(A) ThT assay of insulin fibrillation with increasing concentrations of IS1(VYYR). Inset: AFM images of heat-induced fibrillation of insulin in the presence of IS1

(scale bars, 1 mm).

(B) DLS analysis as a function of incubation time of insulin (left panel) and IS1-insulin complex (right panel).

(C) CD spectra of insulin in the absence (left panel) and the presence (right panel) of IS1.

(D) AFM images of heat-induced and storage-induced fibrillation of Actrapid with IS1 in the presence and absence of excipients (scale bars, 1 mm).

(E) ThT and DLS assay for storage-induced fibrillation of Actrapid and Actrapid-IS1 in the presence and absence of commercial excipients. All experiments

were performed in triplicates, and values are presented as mean G SEM.
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horizontal plane which confirms complexation (Figure S5A). Amide exchange of insulin in presence of IS1 at

a varying temperature ranging from 25�C to 65�C showed almost no exchange dictating that IS1 prevents

unfolding of monomeric globular insulin (Figure S5B).

The 1H–1H 2-dimensional (2D) NOESY experiment has traced the NOESY contacts [Y2(peptide):Y19(insu-

lin)], [R4(peptide):N24(insulin)], [Y3(peptide):S12(insulin)], [V1(peptide):E17(insulin)], [Y3(peptide):V10(insu-

lin)], thereby identifying the atomic interactions between IS1 and monomeric insulin (Figure 5A). A

3-dimensional (3D) (1H-1H-15N) NOESY-HSQC experiment further confirmed the interaction of terminal

R4 of IS1 with ASN24 of the insulin B-chain (Figure 5B).

Based on 2D and 3DNMR spectroscopy, inter-residual NOESY distance restraints were made using a semi-

quantitative method keeping the ASN24-R4 contact strong (derived from precision dock analysis in Schro-

dinger’s suite), and the distance-restrained NMR-derived structure calculation of insulin-IS1 complex was

performed. From the final 10 restrained MD structures, the insulin-IS1 inter-residual contacts were found

and compared with the evolved 3D and 2D NOESY data set (Figure 5C). Molecular dynamics simulation

Figure 3. IS1 maintains insulin in a thermostable bioactive conformation

(A–C) ITT of heat-induced fibrillated insulin with IS1 in BALB/c mice (A), preclinical models of type 1 diabetes (B), and type 2 diabetes (C) [n = 5/group].

(D) ITT of storage-induced fibrillated Actrapid in BALB/c mice [n = 5/group].

(E) Western blot of Akt (Ser 473, Thr 308) and p70S6K phosphorylation in BALB/c mice liver. pan AKT and b-actin served as a loading control.

(F) Schematics of generating local amyloidosis in mice by subcutaneous injection of insulin amyloid fibrils.

(G) Visualization of amyloid deposition for both fibrillated insulin (left panel) and fibrillated insulin with IS1 (right panel) in skin biopsies stained with

hematoxylin and eosin (H&E) and Congo Red using light and polarized microscopy (scale bars, 100 mm) [n = 3/group]. Values are presented as meanG SEM.

ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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for free insulin and IS1-insulin complex has revealed the interactions between Y2 (peptide) and E34 (B-chain

of insulin), V1 (peptide), and H26 (B-chain of insulin), Y3 (peptide), and Q25. The R4 of V-Y-Y-R forms a triad

H-bond network among Val10 (A chain of insulin) and Asn24 (B chain of insulin) (Figure 5D i-v). The adaptive

Poisson-Boltzmann surface area (APBS) was calculated for the insulin-IS1 complex. The blue and red sur-

faces designate positive and negative electronic charge surfaces in APBS, respectively (Figure S5D i-iii).

Previous studies suggested that B-chain N-terminal residues (Phe22-Gly29) of insulin are critical for

dimer-dimer interactions that essentially induce R6 hexameric conformation in the presence of Zn+

and phenolic excipients. The exchange of Asn24 for lysine affects monomerhexamer equilibria that allow

Figure 4. IS1 serves as a potent nontoxic membrane-impermeable stabilizer for insulin

(A) Confocal microscopy images showing time-dependent cell membrane permeability using FITC-tagged tetrapeptide SLRP and IS1 (VYYR), respectively,

at 10 mM concentration for 24 h in HepG2 cell line (scale bars, 20 mm).

(B) Representative confocal images showing localization of FITC-IS1 independently and in the presence of native bovine insulin heated at 62�C for 3 h,

treated in HepG2 cells (scale bars, 20 mm). Inset represents a 5X digitally magnified image of respective samples (scale bars, 10 mm).

(C) Dose-dependent live/dead cell viability assay showing live cells stained with Calcein-AM (green) and dead cells with EthD-1 (red) treated for 12 h with

both SLRP and IS1 in HepG2 cells (scale bars, 100 mm).

(D) Live/Dead cell viability assay of HepG2 cells in the presence of both IS1 and SLRP independently at 10 mM concentration for 24 h in HepG2 cell line

(upper panel: scale bars 100 mm; lower panel: scale bars 20 mm).

(E) Top: quantification of percent dead cells at each concentration of respective tetrapeptide IS1 and SLRP treatment. Quantified using threshold and

analyze particle function using Fiji (ImageJ) software (5 fields for each concentration of samples). Bottom: MTT assay showing the percent of viable cells at

each concentration of respective tetrapeptide IS1 and SLRP treatment.

(F) Hemolytic assay results in negligible hemolysis compared with 1% Triton X-100. Values are presented as mean G SEM. ns, not significant. *p < 0.05,

**p < 0.01, ***p < 0.001.
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dimerization but predominantly prevent conformational transition toward R6 hexamers, even in the pres-

ence of zinc. But, protein engineering studies revealed that the removal or exchange of amino acids at B-

chain C-terminus (Tyr47-Thr51) drastically impairs the self-association of the insulin monomers (dimeriza-

tion). Interestingly, short-acting insulin glulisine bearing mutation at N24 and N50 favors monomeric

structure and is less amenable to fibrillation (Becker, 2007; Woods et al., 2012). Moreover, the N-terminal

of B chain is necessary for lateral aggregation so that the protofibrils can form fibrils (Jiménez et al.,

2002). Atomic traces from NMR and simulation studies of the IS1-insulin complex suggest that the bind-

ing of IS1 restricts insulin from having sufficient degrees of freedom to misfold under biophysical pertur-

bations while restricting conformational transitions by forming IS1(R4)-(V10-N24)INS triad hydrogen bond

network.

Dimer stability is crucial for IS1-mediated insulin stabilization

To investigate the mechanism of IS1-mediated insulin stabilization under physicochemical perturbations,

size exclusion chromatography was performed for fibrillated human insulin in the presence and absence of

IS1, while native insulin serves as a control. A broad peak was observed within the void volume for heat-

induced human insulin-depicting heterogeneous populations of large fibrillar aggregates, whereas native

insulin elutes at 118.5 mL. Interestingly, heat-induced insulin in the presence of IS1 showed 4 independent

Figure 5. NMR spectroscopy and restrained molecular simulation model of the insulin-IS1 complex

(A) 2D NOESY NMR peak of IS1 interacting with insulin and forming cross-peaks.

(B) 3D 15N-HSQC-NOESY spectrum of insulin in presence of IS1.

(C) The ensemble structure of restrained simulation of insulin-IS1 of the last 10 ps.

(D,i-v) Residue specific atomic interactions depicting a triad hydrogen bond network; molecular simulation showing the interactions between Y2 (peptide)

and E34 (B-chain of insulin), V1 (peptide) and H26 (B-chain of insulin), Y3 (peptide) and Q25.
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peaks, while major fraction elutes at 114 mL (Figure 6A). To validate the hydrodynamic properties of all

three samples, we have collected the major eluent peaks and performed DLS to reveal the hydrodynamic

radius of eluent particles. While native insulin revealed an average hydrodynamic radius of 1.358 nm, heat-

induced fibrillated insulin showing a much larger radius ranging from 531 to 3580 nm. Interestingly, fibril-

lation in the presence of IS1 not only prevents the majority of insulin monomers from getting fibrillated but

also the major fraction of eluent particles having the hydrodynamic radius ranging from 3.1 to 4.8 nm (Fig-

ure 6A; inset), which overlaps with the dimeric insulin conformers (Pease et al., 2010).

The fibrillation of insulin and its inhibition in the presence of IS1 was next determined by diffusion ordered

spectroscopy (DOSY). The larger size (high molecular weight) molecules diffuse at a slower rate than that of

smaller size molecules (low molecular weight). The diffusion coefficient obtained from DOSY at 25�C
for heated insulin was found to be lower (D = 9.4 3 10�5cm2sec�1) than that of the insulin-IS1 complex

Figure 6. IS1 stabilizes human insulin majorly in dimeric conformation

(A) Size-exclusion profiles of heat-induced recombinant human insulin in the presence and absence of IS1; native human insulin (without heat) serves as a

negative control. [Inset] DLS assay were performed for the eluent corresponding to major chromatographic peaks, designated by downsize arrow in size

exclusion profiles.

(B) AFM images depicting the heat-induced (62
�
C, 3 hours) fibrillation of excipients-depleted Lantus and Lispro in the presence and absence of IS1

(scale bars, 1 mm).

(C) AFM images depicting the prolonged storage-induced (37
�
C, 30 days) fibrillation of excipients-depleted Lantus and Lispro in the presence and absence

of IS1 (scale bars, 1 mm).

(D) ThT data for storage-induced fibrillation of excipient-depleted Lantus and Lispro in the presence and absence of IS1.

(E) DLS analysis for storage-induced fibrillation of excipient-depleted Lantus and Lispro in the presence and absence of IS1.

(F) ITT of storage-induced fibrillation of Lantus and lispro (excipient-depleted) in the presence and absence of IS1in BALB/c mice [n = 5 mice/group]. Values

are presented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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(D = 2.2 3 10�4 cm2sec�1). Besides, the molecular weight of insulin without treatment of IS1 after 4 h incu-

bation at 62�C was approximately 57.0 kDa, supposedly the soluble oligomeric insulin and the insulin-IS1

complex showed much lesser molecular weight approaching 10 kDa representing dimeric insulin

conformer (Tables S4A and S4B). These data indicate that the free-insulin undergoes heat-induced oligo-

merization and conformational switch before its fibrillation, while IS1 protracts insulin oligomerization and

hence later aggregation events.

These results prompted us to hypothesize the existence of an IS1-mediated conformation trap between

stable hexamer and partially unfolded monomers toward fibrillation. To this end, we have checked the

antiamyloid potential of IS1 for two commercially available insulin analogs, Lantus (long-acting) and Lis-

pro (fast-acting). These two analogs were strategically developed majorly to favor hexameric and mono-

meric conformation, respectively (Figure S6). We removed the existing commercial excipients from both

the formulations (Figure S7) for avoiding excipient-induced conformational bias. Interestingly, IS1 signif-

icantly protracts fibrillation of Lantus by forming a smaller oligomeric complex in both the storage- and

heat-induced condition as depicted by AFM, ThT, and DLS data, whereas it fails to do so for Lispro (Fig-

ures 6B–6E). ITT for both Lantus and Lispro in storage-induced fibrillation conditions showed no

glucose-lowering potential for Lispro while markedly preserving the physiological role for Lantus

(Figure 6F).

We observed a similar trend in the presence of commercial excipients for both Lantus and Lispro (Figures

S8 and S9). The one-dimensional STD NMR experiment validated that aromatic protons of tyrosine Y2

Hb2, Y3Ha, Y3 side chain protons, R4 Ha, and V1 Ha of IS1 interacting with Lantus, while no significantly

interacting protons were observed with Lispro (Figure S10A). Even prototypical insulin signaling in

HepG2 cells suggests IS1-mediated insulin stabilization leads to biologically active conformers for

Actrapid and Lantus but not for Lispro (Figure S10B). Lispro was strategically developed by switching po-

sitions of 49Pro-50Lys to 49Lys-50Pro, which greatly reduces its dimerization potential, making it predom-

inantly monomeric fast-acting insulin analog. Hence, dimerization is a crucial determining factor for the

antiamyloid potential of IS1, thereby failing to preserve Lispro from physicochemical perturbation-

induced fibrillation.

DISCUSSION

The current advocacy of intensive insulin therapy regimens in patients with diabetes is met with several clin-

ical problems – insulin is proamyloidogenic and forms insoluble aggregates resulting in excess insulin

requirement; amyloidoma formation at the site of repeated insulin injection; gradual loss of excipients

and deposition of fibrils in the catheter system of insulin pumps; and temperature-sensitive insulin fibrilla-

tion entails storage and maintenance of cold chain. Even mild agitation of insulin during its storage and

transport has been reported to denature the protein through fibrillation, resulting in its inactivation. These

issues thereby call for a more stable form of formulations that would cater to the increasing global demand.

Taking cues from the conformation-selective surface exposure of ‘‘YYR’’ motif associated with the b-sheet

structure in misfolded prion protein PrPSc, we discovered a consensus amino acid sequence VXYR as a

potent inhibitor for both purified and commercial insulin formulations. Specifically, the endogenous prion

sequence VXYR (termed here IS1), a plasma-membrane-impermeable, nontoxic tetrapeptide showed

remarkable protraction of insulin fibrillation on heating and during prolonged storage, maintained hypo-

glycemic effects in vivo, and prevented subcutaneous amyloidoma formation. These effects weremediated

via direct binding of IS1 to insulin monomer through a triad hydrogen bond network that leads to nonca-

nonical dimer-mediated conformational ‘‘trapping’’ of insulin.

Toward development of insulin formulations with lower amyloidogenicity, newer excipients as well as

chemically modified insulin moieties are being reported. Recent studies depicted generation of ther-

mostable insulin by adding polysialic acid and proline-based homopolymer at specific amino acid

residues (Ghosh et al., 2020; Kabotso et al., 2020). Aromatic small molecules such as resveratrol and

rosmarinic acid were shown to enhance the biophysical stability of native insulin while preserving its

physiological activity by stabilizing the hexameric form or preventing dimer dissociation, thereby re-

stricting the thermal unfolding of monomers (Pathak et al., 2020; Zheng and Lazo, 2018). In the present

study, we have identified IS1 or VYYR, isosequential to the b-2 strand of human PrPC, as one small

endogenous tetrapeptide motif that prevents both heat- and storage-induced insulin fibrillation both
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in vitro and in vivo and described a noncanonical molecular mechanism for inhibiting insulin fibrillation.

Peptide screening assay further highlights the position-specific sequence conservation of IS1 in preser-

ving its antiamyloid potential with a consensus amino acid sequence V-X-Y-R having a potent antiamy-

loid activity.

Mechanistically, IS1 predominantly binds to the N-terminal of B chain of insulin, forming a triad

hydrogen bond network (R4 (peptide)-V10(insulin)-N24(insulin)). Interestingly, short-acting insulin gluli-

sine bearing mutation at N24 and N50 favors monomeric structure and is less amenable to fibrillation

(Becker, 2007; Woods et al., 2012; Zhou et al., 2016). Direct interaction of IS1 to N24 may thus confer

its conformational stability. The residues from 31 to 41 of B chain form the hydrophobic core in insulin

fibril, while residues of 13–18 of A chain are susceptible to conversion from a-helix to beta strands

when misfolded. Moreover, the N-terminal of B chain is necessary for lateral aggregation so that

the protofibrils can form fibrils (Jiménez et al., 2002). STD NMR deciphered Y2 (2.6 H), Y3 (2.6 H),

Y2 (Hb1), and Y3 (Hb2) protons of IS1 interact with insulin monomer. Insulin in solution confers bioac-

tive monomer to zinc-coordinated less-active hexameric forms transitioning through intermediated

dimeric states. While monomeric forms are more susceptible to fibrillate, hexamers are somewhat im-

mune to fibrillation. DLS data of the size-exclusion chromatography profile suggested that the binding

of IS1 to insulin preferentially ‘‘trap’’ insulin in the dimeric conformation (Figure 6A), which not only

limits the degrees of freedom to misfold under biophysical perturbations but allows the release of

active monomers as needed.

IS1-stabilized insulin showed glucose-lowering ability and signaling potential that were comparable with

native insulin. Experiments in type 1 and type 2 diabetes mellitus mice models and different commercially

available insulin formulations in the presence and absence of excipients for both heat- and prolonged stor-

age-induced insulin fibrillation further suggests its therapeutic potential. Peptide solubility holds the major

concern restricting the potential use in commercial formulations. We find IS1 is highly soluble in citrate

phosphate buffer (pH 2.6) up to 10 mM concentration (the maximum concentration that we have checked)

and in distilled water. Moreover, the tetrapeptide is soluble in various commercial insulin formulations

(Actrapid, pH 7; Lispro, pH 7–7.8; and Lantus, pH 4) both in the presence and absence of variable salts

and nonpolar excipients for at least 1 mM concentration. IS1 is cell-impermeable and nontoxic and has pre-

viously been shown to be nonimmunogenic (Caughey, 2003; Paramithiotis et al., 2003; Taschuk et al., 2014),

further attributing to its future potential as a thermostable insulin stabilizer.

Limitations of the study

The present study has few potential limitations which we believe could create future research opportu-

nities. Although we have generated compelling NMR data for elucidating mechanistic underpinnings of

IS1’s antiamyloid potential, it still remains incomplete. X-ray crystallography of the IS1-insulin complex

would better clarify the molecular mechanism. Moreover, cellular toxicity data are preliminary and further

in vivo studies including pharmacokinetic and pharmacodynamic profiles would be required for possible

future development of therapeutics.
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Abstract 

Alzheimer’s Disease (AD) and Type 2 Diabetes (T2D) share a common hallmark of insulin 

resistance. Reportedly, two non-canonical Receptor Tyrosine Kinases (RTKs), ALK and RYK, both 

targets of the same micro RNA miR-1271, exhibit significant and consistent functional 

downregulation in post-mortem AD and T2D tissues. Incidentally, both have Grb2 as a common 

downstream adapter and NOX4 as a common ROS producing factor. Here we show that Grb2 and 

NOX4 play critical roles in reducing the severity of both the diseases. The study demonstrates that the 

abundance of Grb2 in degenerative conditions, in conjunction with NOX4, reverse cytoskeletal 

degradation by counterbalancing the network of small GTPases. PAX4, a transcription factor for both 

Grb2 and NOX4, emerges as the key link between the common pathways of AD and T2D. 

Downregulation of both ALK and RYK through miR-1271, elevates the PAX4 level by reducing its 

suppressor ARX via Wnt/-Catenin signaling. For the first time, this study brings together RTKs 

beyond Insulin Receptor (IR) family, transcription factor PAX4 and both AD and T2D pathologies on 

a common regulatory platform. 

 

Key words: Alzheimer's Disease; Type 2 Diabetes; Receptor Protein-Tyrosine kinase; Transcription 

Factors; Cytoskeleton; Grb2. 
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Introduction 

Epidemiological studies show that type 2 diabetes (T2D) increases the risk of Alzheimer’s Disease 

(AD) by at least 2-fold, although there are only a few mechanistic models that provide a clear 

pathophysiological link [1]. PET and MRI studies show marked impairment of glucose and energy 

metabolism in both T2D and AD [2], amyloidogenesis being a salient feature in both. Reportedly, 

diabetic mice overexpressing islet amyloid polypeptide (IAPP) develop oligomers and fibrils with 

more severe diabetic traits, akin to AD mice models overexpressing amyloid precursor protein (APP) 

[3]. Additionally, traits like insulin resistance, altered amyloid metabolism, synaptic dysfunction, 

activation of the inflammatory response pathways and impairment of autophagy have been shown as 

common pathological features in both the diseases [4]. With the understanding that several 

pathological signals are being shared by AD and T2D, AD has been suggested to be a neuroendocrine 

disorder that resemblesT2D[5]. 

Insulin receptor (IR), a typical receptor tyrosine kinase (RTK), further links both of them through 

resistance to insulin and other metabolic imbalances. Our recent study lists the differential activities 

of several human RTKs in post-mortem brain tissues of AD patients and liver tissues of T2D patients 

and categorizes them into functional and regulatory clusters [6]. In this context we have further shown 

that two RTKs, Anaplastic Lymphoma Kinase (ALK) and Receptor-like Tyrosine Kinase (RYK), 

functionally behave in a similar fashion in both the disease situations [6]. Both ALK and RYK are 

involved in the regulation of Wnt/-Catenin signaling [7–9], which behaves aberrantly in both AD 

and T2D [10]. In AD, Aβ increases GSK3β activity by inhibiting the canonical Wnt Signaling [11]. 

GSK3β is one of the kinases that hyperphosphorylate Tau protein, leading to the formation of 

neurofibrillary tangles of AD [12]. In turn, hyperphosphorylated Tau dissociates from microtubule 

and leads to the cytoskeleton instability [10–12]. In addition, both isoforms of GSK3 (GSK3 and 

GSK3β) play crucial roles in the insulin signaling of T2D [13]. Also, the non-canonical Wnt/planar 

cell polarity (PCP) signaling is correlated with the cytoskeleton stability through 

Wnt/RYK/Dvl/DAAM1/RhoA pathway [14]. 

Besides these pathways and signaling modalities, Reactive Oxygen Species (ROS) mediated oxidative 

stress has also been shown to be a common trigger in both the diseases [15]. A ROS producing 

NADPH oxidase, NOX4, is constitutively active with its regulatory protein tyrosine kinase substrate 

(Tsk4/5) with multiple SH3 domains [16] and interacts with Growth factor receptor-bound protein 2 

(Grb2) naturally [17,18]. Phosphorylation of Nox4 Tyr-491 after IGF-I stimulation is  responsible for 

Nox4 binding to the SH2 domain of Grb2 [18]. Reportedly in AD post-mortem brain, in AD cell 

models as well as in AD mouse model (APP/PS1 mouse), Grb2 transcript is significantly upregulated 

[19]. In AD brain, the NOX4 expression is significantly increased with substantial correlation 

between its activity and age-dependent increases of Aβ and cognitive dysfunction [20,21]. In T2D, 

pancreatic -cell dysfunction is promulgated by NOX4over-activityand is sufficient to induce insulin 
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resistance [22]. Growing number of evidence suggest that Nox4-derived ROS contributes to oxidative 

stress during the initial and chronic stages of T2D [23].  

A third factor of commonality are the causative oligopeptides like Amylin and A. The role of human 

Amylin was first observed as early in 1901, when it was described as hyaline deposits in the 

pancreatic islets of T2D patients [24]. Amylin is a Calcitonin family peptide and it tends to interact 

with GPCRs of class B [25] in non-disease conditions. However, the interaction pattern of misfolded 

or aggregated Amylin in disease conditions is still unclear. On the other hand, A oligomers interact 

with the extracellular domain of Metabotropic glutamate receptors (mGluR5), which is another GPCR 

of class C [26]. More recently Amylin has emerged as a crucial component in AD pathogenesis. Both 

Amylin and A interact with each other and lead to the formation of cross-seeded oligomers, where 

Amylin acts as the seed for Aβ aggregation [27–33]. 

It would be intuitive to think that the microRNAs, transcription factors (TF) and adapter proteins 

might stitch these factors together. Chanda et al. [34] had deduced several miRNAs from the 

bioinformatics analysis of the small RNA sequence data of AD like cell model, where AICD was 

transiently transfected and A was treated externally in SHSY5Y cells. The analysis showed 

alteration of the expression of miR-1271 [34] among others, in the AD like situation. Reportedly, 

miR-1271 is upregulated in palmitate induced insulin resistance in HepG2 cell lines [35]. In recent 

times the therapeutic potential of a cell-lineage specific TF, Paired Box Protein 4 (PAX4), is under 

scanner for T2D treatment [36]. A previous study showed elevated expression of PAX4 in islets 

derived from T2D donors owing to high circulating blood glucose [37]. PAX4 regulates the 

development of islets of Langerhans by increasing the  and -cells population [38]. Concomitantly, 

another TF, Aristaless Related Homeobox (ARX), upregulates the -cell population while reducing 

the  and -cells proliferation [39]. Furthermore, PAX4 and ARX are not only antagonistic 

functionally, they negatively regulate the transcriptions of their own genes [39,40]. PAX4 has also 

been shown to be involved in inducing regenerative capacity in insulin-positive islet cells in mice 

[36,41]. PAX4 mutation have been implicated in T2D [42] and its overexpression led to -cell 

proliferation and apoptosis reduction [43].Only very recently PAX4 has been implicated in 

denervation [44] and neurodegeneration, especially in Parkinson’s disease models [45]. Reportedly, 

ARX mutation is associated with neurodegenerative and neurodevelopmental disorders through the 

impairment of the Wnt/-Catenin signaling pathway [46–48]. Additionally, hippocampal and select 

cortical neurons in AD manifest phenotypic changes indicative of neurons re-entering cell division 

cycle [49,50]. Pathological signals trigger the Grb2/SOS/Ras cascade [51] that initiates cell cycle re-

entry and proliferation but remains incomplete due to the lack of cell division machinery. Grb2 

happens to be an important adapter of the insulin receptor and interestingly, insulin resistance is a 

noteworthy phenotype common to AD and T2D. 
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In the backdrop of AD and T2D, the present study, in one hand focuses on the regulation of both Grb2 

and NOX4 by TFs like PAX4, and at the same time explores the roles of miRNA regulated non-

canonical RTKs. We have investigated the consequences of pathological perturbations in both the 

diseases, starting from RTK signaling through their downstream effectors with an aim to link them 

with the culminating cellular event of cytoskeleton stability and its underpinning transcriptional 

regulation. Specifically, the study for the first time attempts to interpret the effects of contrasting and 

extraneous signals, akin to AD and T2D that utilize similar signaling gateways to achieve common 

outcome in two apparently diverse diseases. 

 

Materials And Methods 

AD and T2D human tissues 

AD (NB820-59363) and Non-AD (NB820-59177) post-mortem whole brain lysates and Type 2 

Diabetic (NB820-59232) and Non-Diabetic (NB820-59291) post-mortem whole liver lysates were 

purchased from Novus Biologicals. For statistical reasons we procured products from different 

patients with different lot numbers (for patients details see Table S1a and Table S1b).  

 

Ethics Statement 

All animal experimentations using AD and T2D mouse models were conducted following the 

institutional guidelines for the use and care of animals and approved by the Institutional Animal and 

Ethics Committee of NBRC, Gurgaon (NBRC/IAEC/2012/71) and IICB, Kolkata 

(IICB/AEC/Meeting/2016/AUG), respectively. 

 

APP/PS1 Mice 

APP/PS1 or B6C3-Tg (APPswe, PSEN1dE9/) 85Dbo/J mice were obtained from the Jackson 

Laboratory (USA) and maintained in the Institutes animal house facility. These transgenic mouse line 

for AD express human APPswe mutations (K670N and M671L) and exon 9-deleted human presenilin 

1(PSEN1dE9) under the control of the mouse prion gene promoter. Animals were provided water and 

food /ad libitum/. The genotyping was carried out using PCR as described previously [52]. AD mice 

along with controls at their age of 8 and 12 months were anaesthetized with Xylazine (10mg/kg body 

weight) and Ketamine (100mg/kg body weight) and perfused transcardially with PBS followed by 

4%paraformaldehyde (w/v) in PBS. Brains were collected and further placed in 4% paraformaldehyde 

for 24 hours and then treated with 10, 20 and 30%sucrose (in PBS) followed by sectioning in freezing 

microtome (20 μm thickness). Sections (both control and AD) were placed on the same slides. These 

APP/PS1 mice were maintained in the animal house facility of NBRC, Gurgaon. 

 

C57BL/6 Mice with obesogenic western diet (OWD) 
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Animal experiments were performed under the approved Institutional Animal Ethics Committee 

(Approved by CPCSEA, India) protocol. Wild-type male C57BL/6 mice (6-8 weeks old) were kept at 

ambient temperature (22 ± 1°C) maintaining 12:12 h light-dark cycles and fed with standard chow 

diet (4.3% lipid and 70% carbohydrate) and/ or obesogenic western diet (45% kcal fat, MP 

Biomedical) for respective experiments. Weight and age-matched male C57BL/6 mice were fed with 

an obesogenic western diet for up to 24 weeks. These C57BL/6 mice were maintained in the animal 

house facility of IICB, Kolkata. 

We have tested for gradual weight gain and hyperglycemia at each 4 weeks interval. All mice were 

fasted for 6 h and fasting blood glucose was measured using a calibrated glucometer by taking one 

drop of blood from the tail tip cut [Fig. S1]. 

 

AD and T2D cell models, Cell culture, transfection, Plasmids, siRNAs and Antibodies 

Clones of both Amyloid-β Protein Precursor Intracellular Domain-GFP (AICD-GFP) construct or 

‘AICD” and Grb2-DsRed construct or ‘Grb2’ were available in the lab [53–57]. ALK (siRNA ID: 

s1269; no. 4392420), RYK (siRNA ID: s12390; no. 4390824) and PAX4 (Assay ID s10061, 

4392420) siRNAs were purchased from Ambion, life technologiesTM. Amyloid  (A)-peptide 

(A980), Sodium Palmitate (P9767) and Insulin (I9278-5ML) were purchased from Sigma-Aldrich. 

Amylin (ab142398) was purchased from Abcam. Antibodies were purchased from Abcam and CST 

(see Table S2 for details). 

Human neuroblastoma (SHSY-5Y) and liver carcinoma (HepG2) cell-lines were obtained from 

National Cell Science Centre, Pune, India and were cultured in respective media of DMEM-F12 

(Gibco) and DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco) at 37°C in 5% CO2 

atmosphere under humidified condition. Transfection of cells were done using Lipofectamine 2000 

(Invitrogen) and as described [19]. For co-transfection, constructs were taken in equal proportions. 

Human neuroblastoma (SHSY-5Y) were transiently transfected with AICD and were externally 

treated with 0.5M A 1-42 (Sigma A980) for 3 hours after transfection and samples were collected 

after 48 hours of addition [58]. 0.75 mM aqueous Sodium Palmitate (Sigma P9767) along with 1% 

fatty acid free BSA (Sigma A8806-5G) was added to 24 hours serum starved media of HepG2 cells. 

Aqueous Amylin (Abcam ab142398) was added to the media at a final concentration of 0.5M after 3 

hours treatment of Palmitate. Samples were then collected after 16 hours with or without insulin 

(Sigma I9278-5ML) (100 nM) shock of 10 minutes.  

 

Protein from mammalian cell 

Phosphate buffer saline (PBS) washed pellet from cell lines were lysed on ice in lysis buffer (1M 

Tris-HCl, pH 7.5, 1N NaCl, 0.5 M EDTA, 1M NaF, 1M Na3VO4, 10% SDS, 20mM PMSF, 10% 

Triton X-100, 50% glycerol) for 30 min in presence of complete protease inhibitor (Roche 

D
ow

nloaded from
 http://portlandpress.com

/biochem
j/article-pdf/doi/10.1042/BC

J20210175/919311/bcj-2021-0175.pdf by Indian Institute of C
hem

ical Biology (C
SIR

) user on 31 August 2021

Biochem
ical Journal. This is an Accepted M

anuscript. You are encouraged to use the Version of R
ecord that, w

hen published, w
ill replace this version. The m

ost up-to-date-version is available at https://doi.org/10.1042/BC
J20210175



 

 

 7 

Diagnostics) and centrifuged at 13,000 g for 15 min. Protein concentration was determined by 

Bradford protein estimation assay. Western blots and quantification were done as per described 

protocol [19]. 

 

Fluorescence-activated cell sorting (FACS) and estimation of ROS activity 

Palmitate/ Amylin treated HepG2 cells were harvested and stained with CM-H2DCFDA (5-(and-6)-

chloromethyl-2′,7′ dichlorodihydrofluoresceindiacetate, acetyl ester) according to manufacturer’s 

protocol. The cells were then analysed for ROS activity by FACS (BD FACS Calibur platform, USA).   

 

RNA isolation, c-DNA preparations and real time PCR 

RNA was isolated from cells by TRIzol Reagent (Invitrogen, USA) extraction method following 

manufacturer’s protocol which discussed in Majumder et al, 2017 [19]. Real time RT-PCR reaction 

was carried out using Syber green 2X Universal PCR Master Mix (Applied Biosystems, USA) in ABI 

Prism 7500 sequence detection system. The absolute quantification given by the software was in 

terms of CT values. The relative quantification of target genes was obtained by normalizing with 

internal control gene (GAPDH gene). Primer sequences and PCR conditions are mentioned in Table 

S3. 

 

Chromatin Immuno Precipitation (ChIP) 

We used High Sensitivity ChIP Kit (ab185913) to perform the ChIP assay and followed 

manufacturer’s protocol. qRT-PCR analysis was done with the purified DNA using primers for GRB2 

and NOX4 gene, more specifically around the PAX4 binding sequence. Primer details are given in 

Table S4. 

 

Validation of ALK and RYK double knockdown model 

ALK and RYK double knockdown models were established in two cell lines, SHSY-5Y (human 

neuroblastoma cells) and HepG2 (human liver carcinoma cells). Here ALK and RYK two genes were 

simultaneously knocked down in cells by using siRNAs against both ALK and RYK compared to 

cells where two non-targeted (MOCK) siRNAs were simultaneously knocked down. The extent of 

knockdown was checked by measuring expression levels of both ALK and RYK by western blot in 

both SHSY-5Y and HepG2 cells. 

 

Statistical and Bioinformatics Analysis 

Unpaired ‘t’ test was carried out to compare the means of two experimental groups. The error bar 

represents standard error [(standard deviation/ √n); n= sample size]. To arrive at the statistically 

significant sample size for each experiment we did power analysis using the apriori model [59] as 

incorporated in the G*power 3.1 [60] software [19]. 
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We used Transfac® MATCH1.0 (http://www.gene-regulation.com/pub/programs.html#match) online 

search tool to identify the TFs for the Grb2 and NOX4 gene. Additionally, miRDB [61] 

(http://www.mirdb.org) was used to analyse the targets of miR-1271.  

Gene enhancers (genehancer) were identified using genehancer v4.8 database (downloaded from 

https://genecards.weizmann.ac.il/geneloc/index.shtml) [62]. 

  

Results 

miRNA 1271 restricts the expressions of ALK/RYK that in turn elevate Grb2/NOX4 levels 

We began with estimating the transcriptional and translational levels of Grb2 and NOX4 in both AD 

and T2D like situations. The expression level of NOX4 was elevated by 1.86 fold [Fig. 1 A and B; 

Fig. S2] in AD post-mortem brain as opposed to non-AD control. Grb2 and NOX4’s expression levels 

were higher by 5.27 and 2.4 folds in human post-mortem liver tissue of T2D patients with respect to 

control, respectively [Fig. 1 D, E and F]. Similarly, the transcript levels of Grb2 in T2D mice were 

raised by 3.01 fold [Fig. 1 G] and that of NOX4 in both AD and T2D mice showed significant 

upregulation of 5.06 and 1.45 folds, respectively [Fig. 1 C and H]. Additionally, Grb2 and NOX4 

expression levels were upregulated significantly in T2D mice [Fig. S3] and cell [Fig. S4] models.  

In SHSY-5Y cells, knockdown of ALK and RYK downregulated their expression levels by 2.42 [Fig. 

S5 A (i) and B (i); *p=0.0088<0.05; n=3] and 1.2 folds [Fig. S5 A (ii) and B (iii); *p=0.019<0.05; 

n=2], respectively. In HepG2 cells, knockdown of ALK and RYK reduced the expression levels of 

ALK by 1.38 fold [Fig. S5 A (iv) and B (ii); *p=0.0088<0.05; n=2] whereas RYK did not show 

significant decrease [Fig. S5 A (v) and B (iv); N.S.; p=0.22>0.05; n=2]. We designed double 

knockdown models for both ALK and RYK genes in SHSY-5Y and HepG2 cells [Fig. S5]. Grb2 

protein and transcript levels showed significant upregulation for double knockdown condition of 

SHSY-5Y (1.22 fold in protein level, 4.08 fold in transcript level) [Fig. S6 A, B and F] and HepG2 

cell lines (2.34 fold in protein level, 5.9 fold in transcript level), respectively [Fig. S6 A, C and F]. 

Similarly, protein and mRNA expression levels for NOX4 was also elevated significantly for both 

SHSY-5Y (1.35 fold in protein level 3.02 fold transcript level) [Fig. S6 A, D and G] and HepG2 cell 

lines (2.62 fold in protein level 4.13 fold transcript level) [Fig. S6 A, E and G]. Interestingly, miRNA 

target analysis using miRDB revealed that both ALK and RYK were prominent target genes for miR-

1271 [Supplementary information 1]. This was validated by the qRT-PCR results, which showed 

significant increase of miR-1271 transcript levels in both AD cell model and T2D cell model 

(palimitic acid and amylin treated HepG2 cells) by 3.8 and 3.7 folds, respectively [Fig. 1 I and J]. 

Additionally, the bioinformatics analysis of MIR1271 gene gave us the genehancers using genehancer 

v4.8 database. The GH05J17641 showed the significantly high score compared to other genehancers 

and it had 186 transcription binding sites [Fig. S7]. The SP1 transcription factor had the binding site 

in GH05J17641 genehancer. 
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PAX4 regulates the transcription of GRB2 and NOX4 

To search for the molecular players behind GRB2 and NOX4 transcriptional upregulation, we used 

Transfac® tool to search upto 10Kb upstream of both the genes. In case of GRB2, 36 probable 

binding sites for 18 different TFs [Table S5] were found, whereas, for NOX4, 32 probable binding 

sites for 16 different TFs [Table S6] were noted. Comparing both the results, three (Nkx2-5, Foxd3 

and PAX4) top hits were selected among the six common (Nkx2-5, Foxd3, PAX4, CHOP C/EBP, 

Oct1 and Evi-1) ones. The transcript levels of these three TFs were measured for both AD and T2D 

cell models [Fig. 2 A and B] and it was seen that whereas the mRNA levels of Nkx2-5 were 

downregulated, those of PAX4 and FOXD3 were upregulated in both the models. 

Specifically, perturbation of PAX4 was most significant and noticeable. PAX4 expression was 

measured by western blot and was found to be overexpressed in both AD and T2D cell models [Fig. 

S8]. This was validated with clinical samples of AD and T2D [Fig. 2 C, D and E], where PAX4 

expression was upregulated by 1.8 and 2 folds, respectively. Consequences of PAX4 knockdown 

using Silencer® select PAX4 siRNA constructing SHSY-5Y and HepG2 [Fig. 2 F] have been 

measured. Although non-significant in SHSY-5Y, the transcript level of GRB2 decreased significantly 

in HepG2 [Fig. 2 G] consequently. Additionally, PAX4 knockdown significantly decreased the level 

of NOX4 in SHSY-5Y, and in HepG2, the change was insignificant [Fig. 2 H]. We went further to 

measure the mRNA levels of Nkx2-5, PAX4 and FOXD3 in ALK/RYK double knockdown cells. qRT-

PCR results showed +5.75, +5.84 and +3.13 folds’ alterations, respectively, in SHSY-5Y [Fig. 3 A] 

and +2.91, +4.8 and +2.46 fold changes, respectively, in HepG2 [Fig. 3 B]. Thus, ALK/RYK double 

knockdown cells resembled AD and T2D cell models in terms of PAX4 upregulation. Expectedly, 

both the double knockdown models showed significant upregulation of PAX4 protein levels in 

SHSY-5Y and HepG2 by 1.65 and 1.98 folds, respectively [Fig. 3 C, D and E]. Further, Chromatin 

Immuno-precipitation (ChIP) assays confirmed elevated recruitment of PAX4 protein on the GRB2 

and NOX4 upstream regions. For the AD cell model PAX4 recruitment increased by 27.49 and 5.35 

folds [Fig. 3 F] and in T2D cell model it was elevated by 18.33 and 7.22 folds [Fig. 3 G], for GRB2 

and NOX4 genes, respectively. 

 

ARX couples ALK/RYK downregulation with PAX4 via -Catenin signaling 

In the course of exploring the mechanism behind PAX4 upregulation in the degenerative diseases, the 

role of ARX was evident. The significant upregulation of ARX transcript levels by 3.3 and 3.1 folds 

in PAX4 knockdown conditions, in both SHSY-5Y and HepG2 cells, established the mutually 

repressive natures of ARX and PAX4 [Fig. 4 A]. Moreover, the ARX transcript levels were 

significantly downregulated by 2.6, 3.7, 3 and 3.7 folds in the AD and T2D cell models and ALK/RYK 

double knockdown in both SHSY-5Y and HepG2 cells, respectively [Fig. 4 B]. Additionally, -

Catenin’s role as ARX-regulator was also established by measuring its expression levels. Western 
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blots showed significant downregulation of -Catenin by 3.5 and 1.5 folds in AD and T2D cell 

models, respectively [Fig. 4 C and D]. The ALK/RYK double knockdown also showed a significant -

Catenin downregulation by 1.15 and 6.5 folds in both SHSY-5Y and HepG2 cells, respectively [Fig. 4 

E and F]. 

 

Expressions of cytoskeletal proteins change in conjunction with ALK/RYK deactivation  

To explore cytoskeletal degradation, the protein and transcript levels of four cytoskeleton proteins 

(viz., α-Tubulin, Vimentin, α-Smooth muscle actin (α-SMA) and Stathmin1) were compared between 

the whole liver tissue of T2D patients and non-Diabetic whole liver samples. The relative protein 

levels were downregulated by 1.16 fold for α -Tubulin, 1.83 fold for Vimentin, 1.68 fold for α –SMA, 

and 1.95 fold for Stathmin1, respectively [Fig. 5 A and B]. The transcript levels also showed 

significant (-5.3 fold α-tubulin; -6.49 fold Vimentin; -2 fold α-SMA and -2.9 fold Stathmin1) 

downregulation in T2D mice [Fig. 5 C]. Similarly, in the T2D cell model the relative protein levels 

were downregulated by 2.7 fold for α -Tubulin, 1.98 fold for Vimentin, 1.27 fold for α -SMA and 1.97 

fold for Stathmin1, respectively [Fig. 5 D and E]. Moreover, to link degeneration with ALK/RYK 

deactivation, we compared the protein and the transcript levels of α-Tubulin in ALK/RYK double 

knockdown conditions. A significant reduction in protein levels (2.64 and 1.42 folds, respectively) 

was observed in both SHSY-5Y and HepG2 cell lines [Fig. 5 F and G]. Similarly, transcript levels of 

α-Tubulin were also downregulated by 2.3 and 1.5 folds for both SHSY-5Y and HepG2 cell lines, 

respectively [Fig. 5 H]. In both Palmitate and Amylin treated situations, the percentage recovery of 

cytoskeletal proteins from disassembly, upon Grb2 overexpression, upregulated the expressions of α-

Tubulin, Vimentin, α-SMA and Sthathmin1 by 98.2%, 84.39%, 508.8% and 62.2% respectively [Fig. 

5 I]. 

 

The signaling pathways also show a reversal of outcome through Grb2-NOX4 interaction 

While investigating the pathways that could be responsible for degradation of cytoskeletal proteins, 

involvement of three small GTPases viz., RhoA, Rac1 and Cdc42 [Fig. 6 A and B] was observed. 

Similar to AD situations, under Palmitate and Amylin treated disease inducing conditions, the 

expression levels of RhoA and Rac1 decreased significantly by 2.13 (n=3) and 1.63 folds (n=3) 

respectively and the Cdc42 protein levels increased by 64.2% (n=3). Down the line, the significantly 

reduced Cofilin activity bounced back by 43.2 % [Fig. 6 C and D] upon Grb2 overexpression and 

Palmitate/Amylin treatment. Besides these, SSH-1’s (an activator of Cofilin through 

dephosphorylation) distal upstream effector NOX4 was overexpressed significantly by 1.31 fold post 

Palmitate/Amylin treatment, that did reduce significantly by 1.26 fold [Fig. 6 E and F] upon Grb2 

overexpression. Interestingly, Nox4, an interactor of Grb2, was found to be 1.34 fold overexpressed 

endogenously in T2D cell model but reduced in the presence of Grb2 [Fig. 6 E and F]. We validated 
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the interaction between NOX4 and Grb2 with co-immunoprecipitation (Co-IP) experiment. We pulled 

down the interacting complex by anti-Grb2 antibody and probed the expression of NOX4 in that 

complex by immunoblot. The interaction of Grb2 with NOX4 was enhanced 1.35 fold in T2D 

scenario [Fig. 7 A and B]. Further, the intensity of interaction of NOX4 and Grb2 was checked in 

T2D mouse liver lysate that increased 2.87 fold in T2D situation compared to the wild type [Fig. 7 C 

and D]. Besides the reversal, we also measured the ROS activities of Palmitate/Amylin and 

Palmitate/Amylin/Grb2 by flow cytometry by using CMH2-DCFDA ROS indicator. Although 

overexpressed Grb2 could significantly reverse the effects of many T2D related metabolic changes, to 

our surprise in the working T2D like model, over-expression of Grb2, instead of reducing the activity 

of ROS, rather elevated it by 3.57 fold [Fig. 7 E and F]. Nevertheless, the extent of this limited fate 

reversal upon Grb2 overexpression was estimated, and in both Palmitate and Amylin treated 

situations, Grb2 overexpression upregulated the expressions of cytoskeletal proteins significantly. 

 

Discussion 

This work unveils the commonality of two diverse diseases, AD and T2D. Despite efforts to relate the 

two for more than a decade, none of the studies focused on the signaling components and their 

possible convergence on a transcription factor.  

The precise common signaling mechanism for AD and T2D is still unclear, albeit the fact that both 

the diseases confer insulin resistance. Up until our recent work, Insulin Receptor (IR) family was the 

only RTKs known to be involved in the signaling in both the diseases [6]. Profiling the activities of 

other RTKs in the two diseases opened up a larger picture and the effects of both A and Amylin 

oligomers were predicted to have impacts on other receptor tyrosine kinases [6]. 

Amongst all the common RTKs, ALK and RYK were the two showing similar levels of deactivation 

in all working models of AD and T2D [6]. ALK, a member of insulin receptor superfamily, is 

commonly known for its involvement in many cancer types, especially in non-small-cell lung cancer 

(NSCLC) [63]. RYK is a co-receptor of non-canonical Wnt signaling [64]. The involvement of Wnt 

signaling pathway in AD [65] and T2D [66,67] is well established. We further verified the association 

of classical Wnt pathway through the downregulation of -Catenin [Fig. 4 C-F] and upregulation of 

GSK3 [6,19] in both diseases. This is a significant revelation considering that α-Tubulin is 

downregulated in T2D conditions, and that the activity of Gsk3β, a kinase that would 

hyperphosphorylate Tau leading to destabilization of the microtubule network, increases under 

disease inducing Palmitate/Amylin treatment [6]. The activity of its upstream effector AKT1 also 

decreases under T2D inducing condition [6]. 

Recent reports and our real-time PCR data [Fig. 1 I and J] have revealed the active involvement of 

miR-1271 in both the diseases, AD [34] and T2D [35]. miR-1271 and miR-96 are known paralogs to 

each other [68]. The mirDB [61] target analysis of of both miR-1271 [Supplementary Information 

1] and miR-96 [Supplementary Information 2] have also confirmed their roles in the ALK and 
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RYK downregulation. This observation is further corroborated by Kong et al., who have demonstrated 

ALK as the target for miR-1271 in oral squamous cell carcinoma (OSCC) [69]. RYK was observed as 

a target gene for miR-96, the paralog of miR-1271[68,70,71]. Additionally, the expression of miR-96 

is also upregulated in Alzheimer’s disease [72]. Upregulated expression of miR-1271, or its paralog, 

in both the diseases, and their targeting of both ALK and RYK are well perceived. The mirDB [61] 

analysis further demonstrated that mechanistic target of rapamycin (mTOR) is targeted by both miR-

1271 and miR-96 [Supplementary Information 1 and 2]. Several studies confirmed that 

downregulation of mTOR led to autophagy [73–75]. Concomitantly, both AD [76] and T2D [77] 

induced autophagy by the inhibition of mTOR protein. Thus, the elevated levels of miR-1271 could 

affect both AD and T2D not only by ALK/RYK, but also through the mTOR/ autophagy pathway. 

Furthermore, the genehancer analysis revealed SP1 (specificity protein 1) as one of the putative 

transcription factors of miR-1271. Besides, the role of SP1 in the expression of several AD-related 

proteins, including amyloid-β protein precursor (APP), BACE1 and tau is well documented [78,79]. 

Similarly, SP1 plays a crucial role in the development of insulin resistance in T2D [80,81]. Therefore, 

elevated  levels of SP1 could be the reason behind upregulation of miR-1271. 

Grb2 happens to be a common downstream adapter for both the RTKs [63,82]. It was shown 

previously that Grb2 strengthened its interaction with NOX4 to rescue the cytoskeleton degradation in 

AD like situations [19]. We postulate that the two RTKs, ALK and RYK, might act like non-

canonical receptors with the potential to become a significant link between AD and T2D via Grb2 and 

NOX4. 

The downstream consequences at the molecular level for both the signals were significant 

compromise of cytoskeleton integrity. Interestingly, ALK and RYK double knockdown cell lines also 

resembled similar phenotypes [Fig. 5 F, G and H]. Searching for molecules that could connect the 

common RTKs with downstream cytoskeleton degradation, we singled out Grb2 and NOX4, both of 

which had elevated levels in the disease scenarios [Fig. 1; Fig. S2; Fig. S3; Fig. S4]. Several reports 

on Grb2 strongly suggested its role in cellular survival in AD [55,57]. Transcript levels of the 

cytoskeletal protein components were checked and were found to increase several folds with Grb2's 

overexpression in both AD [19] and T2D models [Fig. 5 I].  

It was prudent therefore to try to understand the underpinning cellular mechanisms that help in the 

cytoskeletal restructuring, with possibly Grb2 playing a pivotal role. The expressions of three small 

GTPases, RhoA, Rac1 and Cdc42, known to regulate cell morphology through rearrangement of 

cytoskeletal proteins [83–85] acting as molecular switches, were significantly altered and again 

renormalized with overexpression of Grb2. These alterations in the activities of small GTPases were 

sufficient to perturb the downstream signaling events and, ultimately, the cytoskeletal proteins were 

degraded primarily through Cofilin mediated mechanism. Cofilin is a downstream effector of RhoA, 

Rac1 and Cdc42 and it is one of the actin-binding proteins whose dephosphorylation enables actin 

depolymerization [86]. These results convincingly implies similar pathways for the rearrangement of 
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the cytoskeleton network in AD and T2D. Grb2’s intervention in both disease models significantly 

inactivates Cofilin by phosphorylation [19] [Fig. 6 C and D], a crucial regulator of actin dynamics 

[87]. Similar to the case in AD, in T2D also Grb2 helps reversing the signals involved in the 

degradation of cytoskeletal proteins.  

Abnormal NOX activation is already reported in T2D [88] leading to its interaction with Grb2 and Src 

activation [18]. Adapter protein NOX4, from the ROS production pathway, is another Cofilin 

regulator in conjunction with Slingshot homolog-1 (SSH-1), the phosphatase of Cofilin. Both the 

disease models showed significant upregulation of NOX4 [Fig. 6 E and F], which was subsequently 

decreased with Grb2’s overexpression [19]. These small checks and balances, at different levels along 

the signaling cascades, culminated in a larger scale perturbation in the cytoskeleton network and 

Grb2’s role emerged as a reversing switch of these perturbations [Fig. 5 I][19]. Furthermore, while 

examining other effects on cytoskeleton integrity due to Grb2’s overexpression, it was noted that 

NOX4 interacted with Grb2 in normal conditions [17,18] which increased several folds under both 

AD [19] and T2D disease conditions [Fig. 7 A-D]. As NOX4 was responsible for ROS generation, we 

also checked whether Grb2 overexpression could put a check on the ROS, which it could not. On the 

contrary, the ROS activity had increased in the presence of too much of Grb2 [Fig. 7 E and F]. This 

might be a hint towards the fact that even though the cells geared up the protective mechanisms, the 

defense was lost with the progression of the disease and beyond a threshold.  

The study unraveled the relation of ALK and RYK in controlling the cytoskeleton integrity through 

the overexpression of Grb2 and NOX4 [Fig. S6], with miR-1271 as the master-regulator controlling 

ALK/RYK expression [Supplementary Information 1; Fig. 1 I and J]. Employing bioinformatics 

tools and qRT-PCR, we identified PAX4 as a central regulator [Table S5 and S6; Fig. 2 A-B, F-H; 

Fig. 3 A-B], which is also crucial in regulating the gene network governing -cell mass expansion and 

survival under the pathophysiological conditions of T2D [89]. Recent studies have shown association 

of PAX4 mutations with T2D in Japanese and Afro-Americans populations [42,90]. However, PAX4 

gene dysfunction increases the susceptibility of apoptosis along with reducing cell proliferation 

leading to a gradual loss of -cell and ultimately to diabetes [89]. Interestingly, the PI3K inhibitor, 

Wortmannin, showed potential to induce both insulin resistance and PAX4 expression [89,91]. 

Naturally, PAX4 emerged as a survival gene because of its role in regulating both -cell mass 

expansion and Grb2 expression. On the other hand, the antagonism between PAX4 and ARX [Fig. 4 

A] could connect the aberrant Wnt/-Catenin signaling with the upregulation of PAX4 via reduction 

of ARX in both the diseases [Fig. 4 B]. This helps connect the dots between the deactivation of ALK 

and RYK with the downregulation of -Catenin expression [Fig. 4 C-F] levels, followed by a 

decrease in ARX. Thus, downregulation of ALK and RYK implies an elevation of the PAX4 level 

[Fig. 2 C-E and 3 C-E; Fig. S8], which in turn upregulates Grb2 and NOX4 in both AD and T2D. 

NOX4 reportedly induces mitochondrial dysfunction by inhibiting the mitochondrial chain complex 1 
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[92]. Alterations in the expression of genes coding for mitochondrial and cytoskeletal proteins 

contribute to the mitochondrial dysfunction observed in insulin-resistant conditions of both AD and 

T2D [93,94]. Interestingly, the majority of differentially expressed genes targeted by PAX4 are 

commonly enriched in both oxidative phosphorylation and neurodegenerative diseases [45]. Besides, 

this work establishes PAX4 as a promising candidate behind upregulation of GRB2 and NOX4 in 

T2D, acting as the coveted ‘missing link’ between AD and T2D’s common signaling pathways [Fig. 2 

C-H; Fig. 3 C-G and Fig. S8]. Like a pivot, it links ALK, RYK as upstream receptors and Grb2, 

NOX4 as downstream adapters, eventually affecting the cytoskeleton. The status of all the 

dysregulated proteins involved in this study are compiled in Table 1. 

In the context of Insulin Receptor (IR) insensitivity being the pathological hallmark of both diseases, 

previous findings called for understanding the roles of other members of the RTK family. For the first 

time two non-canonical receptors (ALK or RYK) have been shown to link disparate signals 

(AICD/A and Palmitate/Amylin) leading to similar pathways (Grb2/PI3K/AKT/RhoA/Rac1/ 

Cdc42/Cofilin or NOX4/SSH-1/Cofilin) that ultimately culminate in similar mechanistic 

consequences (degradation of cytoskeleton network) [Fig. 8; Fig S9].  

 

Conclusions 

The emerging model from this study would help understand both the diseases from each other’s 

perspectives. The work unraveled (a) a novel avenue to study the implications of other RTKs, besides 

IR, for both the diseases, (b) the unique role of Grb2 and NOX4 in the management of cytoskeleton 

degradation under AD/T2D conditions and (c) most importantly, the emergence of PAX4 as the first 

Transcription Factor that actively regulates the pathways of both AD and T2D. 
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Figure Legends 

 
Figure 1: Alteration of expression of Grb2 and NOX4 in clinical, in AD or T2D mimicking 

mouse. (A)Western blot showing the NOX4 and GAPDH levels in AD whole brain lysate. (B) 

Histogram representing the mean value of optical density of the bands, normalized against GAPDH. 

NOX4 was overexpressed by 1.86 fold in AD Brains. (C) Shows NOX4 transcript level being 

upregulated by 5.06 fold by qRT-PCR of APP/PS1 mouse brain tissue. (D) Western blot showing 

Grb2, NOX4 and GAPDH levels in T2D whole liver lysate. (E) and (F) Histograms representing the 

mean values of Grb2 and NOX4 normalized against GAPDH. Grb2 and NOX4 were overexpressed in 

T2D liver by 5.27 fold and 2.4 fold, respectively. (G) and (H) show qRT-PCR results inT2D mouse 

model where C57BL/6 mice are maintained in OWD, Grb2 and NOX4 transcript levels are 

overexpressed by 3.01 fold and 1.45 fold, respectively. (I) and (J) the transcript levels of miR-1271 

in AD and T2D cell model, respectively. All the statistical information is compiled in supplementary 

Table S7. 

 

Figure 2: Role of PAX4 in transcription of Grb2 and NOX4. (A) shows the transcript level 

alterations of -3.6 fold for Nkx2-5, +4.19 fold for PAX4 and +2.89 fold forFOXD3 in AD (AICD+A) 

cell models compared to control. Similarly, (B) shows the transcript level alterations of -2.59 fold for 

Nkx2-5, +4.88 fold for PAX4 and +4.39 fold for FOXD3 in T2D (+PA+Amylin+Insulin) cell models 

compared to controls. (C) shows PAX4 protein overexpression by 1.8 and 2.00 folds by Western Blot 

in (D) AD patients’ whole brain samples and (E) T2D patients’ whole liver samples, respectively. The 

alterations in transcript levels of (F) endogenous PAX4 [in SHSY5Y 2.99 fold and in HepG2 1.58 

fold], (G) GRB2 [in SHSY-5Y 1.16 fold and in HepG2 1.52 fold], and (H) NOX4 [in SHSY5Y 2.83 

fold and in HepG2 2.3 fold] in PAX4 knockdown situation in SHSY5Y and HepG2 cell lines. All 

statistical information is compiled in supplementary Table S7. 

 

Figure 3: Effect of ALK and RYK double knockdown on PAX4 levels. The transcript level 

alterations of Nkx2-5, PAX4 and FOXD3 in ALK and RYK double knockdown (K/D) situation in (A) 

SHSY-5Y [+ 5.75 fold for Nkx2-5, +5.84 fold for PAX4 and +3.13 fold for FOXD3] and (B) HepG2 

cell line [+2.91 fold for Nkx2-5, +4.81 fold for PAX4 and +2.46 fold for FOXD3]. (C) shows the 

PAX4 protein level alterations by Western Blot in ALK and RYK double knockdown (K/D) model in 

both SHSY-5Y and HepG2 cell lines. (D) and (E) histograms that graphically denotes the 

upregulation of endogenous PAX4 levels in double knockdown model in both SHSY-5Y [+1.65 fold] 

and HepG2 cells [+1.98 folds], respectively. PAX4 binds to the upstream region of Grb2 and 

NOX4 gene. The ChIP data shows that PAX4 significantly upregulates GRB2 expression in both (F) 

AD [+27.49 fold] and (G) T2D [+18.33 fold] cell models by binding at its upstream region and acting 

like an enhancer. In case of NOX4, PAX4 fails to significantly upregulate its expression in both (F) 

AD [+5.35 fold] and (G) T2D [+7.22 fold] cell models. All the statistical information is available on 

supplementary Table S7. 

 

Figure 4: Role of ARX and -Catenin in AD and T2D cell model and in ALK/RYK double 

knockdown model.(A) shows that ARX transcript level is being upregulated in PAX4 knockdown 

condition by 3.35 and 3.13 fold by qRT-PCR in both SHSY-5Y and HepG2 cells, respectively.(B) 

Shows the downregulation of ARX transcript levels by 2.6, 3.7, 3 and 3.7 folds in AD (AICD+A) 

and T2D (+PA+Amylin+Insulin) cell models and also in ALK/RYK double knockdown conditions in 

SHSY-5Y and HepG2 cells, respectively.(C) Western blot showing the reduction of -Catenin 

expression levels in (i) AD and (ii)T2D cell model. (D) Histogram representing -Catenin being 
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downregulated by 3.5 and 1.5 fold in AD and T2D cell models, respectively. (E) and (F) shows the 

downregulation of  -Catenin expression levels in ALK and RYK double knockdown situation in both 

(i) SHSY-5Y and (ii) HepG2 cells by 1.15 and 6.5 folds, respectively. All the statistical information is 

available in supplementary Table S7. 

 

Figure 5: Participation of ALK and RYK in signaling events leading to cytoskeleton 

degradation and Grb2 mediated reversal in T2D: cytoskeleton degradation. (A) Representative 

western blots (n=2) of four cytoskeletal proteins (i)-Tubulin, (ii) Vimentin, (iii)-SMA and (iv) 

Stathmin1 with (v) GAPDH used as internal control in human diabetic whole liver lysates, compared 

to wild type whole liver lysate. (B) Histogram representing the mean value of optical density of the 

protein bands, normalized against GAPDH, with a decrease of 1.16 fold for α -Tubulin, 1.83 fold for 

Vimentin, 1.68 fold for α -SMA and 1.95 fold for Stathmin1. Samples are derived from the same 

experiments and the blots are processed in parallel. (C) Shows transcript level changes in -Tubulin 

(-5.3 fold), Vimentin (-6.49 fold), -SMA (-2 fold), and Stathmin1 (-2.9 fold) by qRT-PCR in 

C57BL/6 mice on OWD compared to normal diet fed controls. (D) Western blots depict alteration in 

the expression of (i) -Tubulin, (ii) Vimentin, (iii) -Smooth muscle actin (-SMA) and (iv) 

Stathmin1with GAPDH in T2D cell model (PA+Amylin+Insulin induced HepG2 cells). The samples 

are derived from the same experiments and the blots are processed in parallel.(E) Histograms showing 

changes in the four cytoskeletal proteins, normalized by GAPDH, with decrease 2.7 fold for α -

Tubulin, 1.98 for Vimentin, 1.27 fold for α -SMA and 1.97 fold for Stathmin1. ALK and RYK 

double knockdown condition controls -Tubulin degradation. (F) and (G) shows in western blot, 

the decrease of -Tubulin in both SHSY-5Y [-2.64 fold] and HepG2 cell line [-1.42 fold] in ALK and 

RYK double knockdown (K/D) situation. (H) shows the -Tubulin transcript level downregulation in 

ALK and RYK double knockdown (K/D) model in both SHSY5Y [-2.3 fold] and HepG2 cell lines [-

1.5 fold] by qRT-PCR. (I)Shows transcript level changes for the four cytoskeletal proteins in T2D 

(PA+Amylin+Insulin induced condition) with or without Grb2.All the statistical information is 

available on supplementary Table S7. 

 

Figure 6: Signaling molecules participate in T2D. (A) Western blot showing protein level changes 

of small GTPases i.e., (i) RhoA [-2.13 fold and in presence of Grb2 -1.22 fold], (ii) Rac1 [-1.63 fold 

and in presence of Grb2 -1.26 fold] and (iii) CDC42 [+1.36 fold and in presence of Grb2 -2.05 fold] 

in T2D inducing (+PA+Amylin+Insulin in HepG2 cells) and in reversing conditions 

(+PA+Amylin+Insulin +Grb2 in HepG2 cells). In (B) Bar diagram represents the activity alterations 

for the small GTPases. (C) and (D) Western blots depict the protein levels or activation of signaling 

molecules like Cofilin [-1.43 fold]. (E) and (F) depictNOX4 [+1.31 fold and in presence of Grb2 -

1.26 fold] by Western blot. All the statistical information is available in supplementary Table S7. 

 

Figure 7: Grb2 and NOX4 interaction prevents cytoskeletal degradation in T2D like scenario 

and ROS activity. (A) shows the variation of interaction of Grb2 and NOX4 in T2D inducing 

(+Palmitate, +Amylin and +Insulin HepG2) conditions compared to controls (-Palmitate, -Amylin and 

+Insulin in HepG2). (B) graphical representation of the intensity of the interaction between NOX4 

and Grb2. (C) shows the variation of interaction of Grb2 and NOX4 in type 2 diabetic mouse (OWD 

C57BL/ 6) whole liver lysate compared to WT (Normal fed C57BL/6) control. (D) graphical 

representation of the intensity of the interaction between NOX4 and Grb2 in T2D mouse liver lysate. 

ROS activity Assay. (E) (i), (ii), (iii) and (iv) show the FACS data for ROS activity of unstained, -

Palmitate -Amylin +DsRed +Insulin, +Palmitate +Amylin +DsRed +Insulin and +Palmitate +Amylin 

+Grb2 +Insulin, respectively in HepG2 cells. (F) Shows graphically that ROS activity increases in 
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T2D inducing (+Palmitate +Amylin +DsRed +Insulin) condition by 1.3 fold and in presence of Grb2 

ROS activity further significantly increases by 3.5 fold. All the statistical information is available on 

supplementary Table S7. 

 

Figure 8: Summary Diagram A cartoon representation summarizing the overlap of signaling 

pathways for both AD and T2D, mediated via the downregulation of membrane bound ALK/RYK, 

consequent upregulation of the transcription factor PAX4, which in turn upregulates Grb2/NOX4. 

These effectors, through the signaling molecules, affect the fate of the cytoskeletal proteins. 
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Table 1: A summary of status of dysregulated proteins in AD and T2D disease 
conditions. 
 

 
 
 
 

Sl No. Name of 
Protein 

Upstream 
effector/effect 

Downstream  
effector/effect 

Status in Disease 
Condition 

AD T2D 

1 ALK miR-1271 Grb2, NOX4 ¯[6] ¯[6] 

2 RYK miR-1271 Grb2, NOX4 ¯[6] ¯[6] 

3 Grb2 ALK, RYK, 
PAX4 

Recover 
Cytoskeleton 

Proteins 
degradation after 

Grb2-NoX4 
interaction 

[19]  

4 NOX4 

Reactive 
Oxygen Species 

(ROS) [95], 
Rac1[96], ALK, 

RYK, PAX4 

SSH-1 (Ref),  
Recover 

Cytoskeleton 
Proteins 

degradation after 
Grb2-NoX4 
interaction 

[19]  

5 PAX4 ARX Grb2, NOX4   

6 ARX b-Catenin PAX4 ¯ ¯ 

7 b-Catenin GSK3b ARX ¯ ¯ 

8 GSK3b activity AKT1 b-Catenin [6] [6] 

9 AKT1 activity PTEN [97] GSK3b ¯[6] ¯[6] 

10 

Cytoskeleton 
Proteins (a-

Tubulin, 
Vimentin, a-

SMA, 
Stathmin1) 

RhoA, Rac1 
and Cdc42 

Degeneration of 
cell ¯[19] ¯ 

11 RhoA AKT1 [98] Cytoskeleton 
proteins ¯[19] ¯ 

12 Rac1 AKT1 [98] Cytoskeleton 
proteins ¯[19] ¯ 

13 Cdc42 AKT1 [98] Cytoskeleton 
proteins [19]  

14 Cofilin activity LIMK [99] F-Actin ¯[19] ¯ 
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