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Abstract 

The liver is the biggest organ in the body that contributes to many vital functions like 

metabolism, immunity, digestion, and detoxification. The liver is not only capable of 

regenerating itself after a chemical or surgical injury. It is considered the sewage 

treatment and the recycling system of the body. Despite these remarkable abilities, 

chronic liver diseases are well known as one of the biggest threats to public health in the 

last decade – with their continued expansion across the world. While current models of 

liver regeneration after an injury have been critical in analyzing some of the liver’s 

regenerative processes, few models have demonstrated the effect of repeated liver injuries 

on liver damage and regeneration. To this end, this study created two novel repeated 

injuries and recovery models  - genetic and physiological -in mice to examine how these 

episodic injuries sensitize the liver to further damage and nonalcoholic fatty liver disease 

(NAFLD). Both models used repetitive YAP activation to promote these injuries, then 

allowing for different recovery periods before collecting liver samples for analysis. In the 

genetic model, Doxycycline (Dox) initiated the injury. In contrast, the physiological 

model was described by performing partial hepatectomy(PHx) that mimics high-fat diet 

(HFD) induced injury. The study data showed that repetitive injury increased NAFLD 

levels in both models. Furthermore, this research expands on the development of 

NAFDL, which involves decompensation, liver failure, and hepatocellular carcinoma and 

is accompanied by molecular changes in the hepatocytes and other liver cells, modulating 

the -inflammation and injury processes. By understanding that these changes are a result 



of the up-or-down-regulation of the respective genes in the liver cell, this study observed 

the molecular changes of YAP target genes TEAD1, TEAD4, and JADE 3 to investigate 

their role in promoting persistence changes during liver recovery. This was done by 

performing qPCR and evaluating these transcription factors' expression levels during the 

repetitive injury and recovery periods. The results showed that TEAD4 is expressed 

during recovery even when YAP is not activated. These results suggest that initial liver 

injury promotes intrinsic memory so the liver can respond faster to repeated injuries. This 

finding may carry significant value for public health and liver research, as it may guide 

research to develop a new therapy that may prevent the progression of liver injury. 
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Frontispiece  

Nonalcoholic Fatty Liver Disease   

 

Pictures were taken from  Hunterdon Gastroenterology’s home page. Picture may be 

subject to copyright (hunterdongastro.com) 

 

Nonalcoholic fatty liver disease  (NAFLD) is a condition that is primarily linked 

to obesity in the United States. In the last decade, 25% of people worldwide have been 

diagnosed with this disorder. It is named after the liver's extra fat deposits unrelated to 

alcohol. NAFLD, which is more often called fatty liver, has been reported as the leading 

factor of chronic liver disease. In many cases, excessive liver fat turns into scarring, 

which increases the possibility of developing liver cancer (Ahmed et al., 2010). 

https://www.hunterdongastro.com/
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Chapter I. 

Introduction  

In Biology, regeneration refers to the restoration of lost tissue after it has been 

excised or damaged (Fausto et al.; K. J., 2006), which is considered the unique property 

of the liver that occurs after cell loss or injury. This characteristic of the liver’s 

regeneration was well known throughout history and was even represented by the myth 

of Prometheus in ancient Greek mythology. One of the most potent pathways activated in 

response to liver injury is the YAP/Hippo signaling pathway. This pathway was first 

discovered in genetic screens for growth regulators in Drosophila. It was named after the 

loss of serine/threonine kinase hippo (hp), resulting in tissue overgrowth due to increased 

proliferation and decreased apoptosis (Yimlamai et al., F. D. 2015). Many genes and 

proteins are involved in the YAP/Hippo pathway, and one of the most well-known and 

well-studied genes is the Yes-associated protein (YAP). 

YAP is a transcription factor and the major downstream effector of the Hippo 

signaling pathway. Typically, upstream regulators control YAP activation, and once 

activated, it gets transported into the nucleus to promote its target gene expression. 

Recent studies showed that Hippo signaling regulates organ size by influencing the stem 

cell’s ability to self-renewal and hepatocyte apoptosis and proliferation during 

regeneration (Zheng et al., D. 2019). YAP overexpression leads to rapid hepatomegaly, 

with the liver approaching 4-5 times its original size. 

One way to activate the YAP/ Hippo Signaling pathway is Partial Hepatectomy 

(PH). PH is a powerful model that researchers widely use to investigate how cell cycle is 
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regulated in vivo. Usually, adult hepatocytes (specifically in mice) are in a quiescent state 

due to their low proliferation and high differentiation index; after 24 hours of PH, they 

leave this state to go into a pre-replicative state (termed G1). They then switch into the S-

phase by DNA replication, mitosis, and cell division (the M-phase). This ability to track 

cell cycle makes PH a great research model for studying liver regulation ( Nevzorova et 

al.; C., 2015). 

The critical point after PH is switching the hepatocyte's resting state into a 

proliferation state. Therefore, the study of liver injury following PH in mice can 

demonstrate a better understanding of liver regeneration. In addition, this may play a 

significant role in human disease and treatment application, as it could help with 

improved recovery after patients had their liver partially resected (Nevzorova et al., 

2015). Another way to activate YAP is the tetracycline-controlled Tet-Off and Tet-On 

gene expression systems, which can manipulate the Hippo pathway to observe different 

effects on organ size. These systems depend on element regulation to control the 

activation of the tetracycline-resistance operon in bacteria (Das, A. T., Tenenbaum, L., & 

Berkhmout, B. 2016). When tetracycline (Tc) or its derivative like doxycycline (dox) is 

administered, the Tet-Off system will inhibit the expression of the target gene. In 

contrast, the Tet-On system reverses the target gene expression when dox is administered 

(Das, A. T., Tenenbaum, L., & Berkhout, B. 2016). 

Multiple studies applied this system to the experimental mouse, which resulted in 

a liver-specific promoter driving the expression of the. When they cross this mouse with 

a mouse in which tetO drives the expression of a form of YAP, YAP gets 

dephosphorylated and cannot be sequestered in the cytoplasm. As a result, when 
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expressed, this mutant form of YAP can enter the nucleus and help activate genes 

essential for growth (Camargo et al., 2007). 

Another study showed that when these mice were administered doxycycline, their 

average liver size was comparable to controls. However, when doxycycline is removed, 

this constitutive active form of YAP is expressed and increases liver size. Interestingly, 

when doxycycline is re-administered, the liver shrinks to its standard size. Notably, the 

tissue expansion shown here is due to increased cell number, not cell size (Dong et al., 

2007). 

 

Figure 1. Hippo Pathway. 

Hippo Pathway dynamics and Yap activation (Kyriazoglou et al., 2020). 

However, they accumulate in the nucleus when the YAP signaling pathway is 

activated after dephosphorylation of Yap and its paralog WW domain–containing 

transcription regulator 1 (WWTR1 or TAZ). They cannot proceed further without binding 
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the Yap transcription factor TEA domain( TEAD) (Figure 1). TEAD’s family proteins 

(TEAD1‒4) are considered the fundamental terminal regulators in the Hippo signaling 

pathway due to their significant role in cell development (proliferation, differentiation), 

homeostasis regulation, and tissue regeneration (Nouri et al.,2019). However, each 

TEAD protein isoform ( TEAD1-4) functions differently on specific tissue, even when 

these subtypes are evolutionary conserved and intensely expressed(Mukhtar et al., 2020). 

In addition to YAP's critical role in regenerating liver size, it has been linked to 

other pathways like the TGF-β signaling pathway, where their interaction develops the 

progression of non-alcoholic fatty liver disease (NAFLD) (Chen et al., 2018).  NAFLD 

was discovered in 1980 and classified into two histological groups; the first one is a 

nonalcoholic fatty liver ( Figure 2), which is represented in patients who were diagnosed 

with isolated hepatic steatosis or patients that have steatosis with mild nonspecific 

inflammation. The second group is nonalcoholic steatohepatitis, which is distinguished 

from the first group by the addition of hepatocellular injury that includes/or does not 

include fibrosis (Ludwig et al., 1980). In many cases, NAFLD can lead to hepatocellular 

carcinoma (HCC) ( Guo et al., 2022). 
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Figure 2. NAFD Spectrum 

This figure shows NAFD stages and how it can be  developed into HCC( Guo et al, 2022) 

 

NAFLD is usually called a hepatic manifestation of metabolic syndrome, mainly 

due to obesity (Than & Newsome, 2015). It is a well-known disorder that can prevent the 

liver from functioning well, resulting in hyperlipidemia and hepatic steatosis (Lin et al., 

2008). Hepatic steatosis caused by high levels of hepatic lipids, which weigh 5% or more 

of the total liver weight, can further develop into steatohepatitis, hepatic fibrosis, and 

cirrhosis (Than & Newsome, 2015).  
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Literature Review 

Fatty liver is the leading cause of liver disease and many related disorders. It is 

divided into two conditions: alcoholic fatty liver disease (AAFLD) and non-alcoholic 

fatty liver disease (NAFLD). NAFDL refers to the accumulation of lipid droplets in the 

liver tissue that aggregate and eventually result in metabolic disorders (Lădaru et 

al.,2016). NAFLD does not show any clinical symptoms, which is very common among 

many chronic liver diseases. 

According to Lim et al. paper, NAFLD pathologically can develop from simple 

steatosis (SS) to non-alcoholic steatohepatitis (NASH where accumulated fat droplets are 

linked to inflammation), then progressive inflammation, followed by fibrosis to cirrhosis, 

and eventually, hepatocellular carcinoma (HCC) (Lim et al.,2014). Although the exact 

steps of how these disorders progress are still unconfirmed, it has recently been claimed 

that SS and NASH are different diseases and not a consequence of each other. Therefore, 

accuracy and effectiveness in verifying the diagnosis of NASH are necessary for 

appropriate clinical intervention ( Mohagheghi et al., 2018). 

The NASH mouse model study on the liver tissue showed that YAP expression is 

directly proportional to acute fibrosis level and the buildup of positive α-smooth muscle 

actin cells (Machado et al., 2015). Another study reported that YAP in Kupffer cells 

(KCs) amplifies proinflammatory cytokine production and enhances nonalcoholic 

steatohepatitis (NASH) development. Their results showed that YAP expression in KCs 

is significantly higher in mice fed a high-fat diet (HFD) compared to the control mice 

(Song et al., 2020). However, other studies showed opposed evidence stating that YAP’s 

primary role is to restrict the renewal of liver cells after hepatic injury, but its role in 
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promoting liver fibrosis is insignificant (Mohagheghi et al.,2019; Yimlamai et al., 2014). 

In addition, reports have shown that YAP overexpression and nuclear localization can 

lead to enlarged liver (hepatomegaly) (Machado et al., 2015) and, or HCC (Anakk et al., 

2013). Further, it demonstrated that YAP overexpression did not induce liver fibrosis in 

mice models (Machado et al., 2015). Therefore, the YAP activation and overexpression 

must be studied more during NAFLD progress. 

In conclusion, current research conflicts with YAP's role in promoting NAFLD, 

and it has yet to study the effects of repetitive YAP activation on the liver in early-on-set 

NAFLD injuries. This thesis aims to address this research gap using different 

experimental models through different intervals of YAP activation to determine the 

mechanisms of YAP-induced persistent changes in non-physiological and physiological 

models. In addition, this research intends to expand on studying the expression of 

transcription factors and chromatin remodelers and how they may be associated with 

persistent YAP changes.1

 
1 In this study transcription factors refer to TEAD1, TEAD4 and JADE3  
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Nomenclature Updates 

Recently, the terminology for non-alcoholic fatty liver disease (NAFLD) and 

NASH were changed to metabolic dysfunction-associated liver disease (MASLD) and 

metabolic dysfunction-associated steatohepatitis (MASH), respectively. The main reason 

behind these changes in the nomenclature of NAFLD was the unclear pathophysiological 

definitions like “alcoholic” and “fatty” used for the hepatic manifestation of a systemic 

metabolic disruption, usually defined according to cardiovascular outcomes. An example 

where the term “non-alcoholic” did not correctly represent the cause of the disease is 

patients that have risk factors for NAFLD, like type 2 diabetes (T2DM), and their alcohol 

exceeded the consumption threshold. These patients still fall under the non-alcoholic 

definition of the disease. Therefore, the term MetALD, the new category of the 

nomenclature, was introduced to include patients with MASLD who drink more 

significant amounts of alcohol (140 to 350 g/week and 210 to 420 g/week for females and 

males, respectively). This leads to the classification of a substantial percentage of 

individuals who have MASLD and consume alcohol without reaching the threshold as 

MetALD. This indicates the importance of alcohol consumption assessment and the need 

to be more precisely addressed for different strategies of treatment and prevention to be 

implemented. On the other hand, the term steatohepatitis was retained because it 

represents an essential pathophysiological perception; however, the old term “non-

alcoholic steatohepatitis” (NASH) was replaced with metabolic dysfunction-associated 

steatohepatitis (MASH) (Marchesini et al., 2024). 
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Clinical Trial Drug Approval 

The study protocol describes that MAESTRO-NAFLD-1 was a 52-week 

randomized, double-blind, placebo-controlled phase 3 trial evaluating the safety of 

resmetirom in adults with nonalcoholic fatty liver disease and presumed NASH. At the 

time of this clinical trial, nonalcoholic steatohepatitis (NASH) has no approved treatment. 

The randomization period of patients was divided into three double-blind arms (100 mg 

resmetirom (n = 325), 80 mg resmetirom (n = 327) or placebo (n = 320)) or open-label 

100 mg resmetirom (n = 171).      The primary endpoint was defined by the occurrence of 

treatment-emergent adverse events (TEAEs) over 52 weeks, where the secondary 

endpoints were LDL-C, apo B, triglycerides (over 24 weeks), hepatic fat (over 16 and 52 

weeks) and liver stiffness (over 52 weeks). The results showed that resmetirom was safe 

and has a high toleration index. TEAEs reported in 86.5% (open-label 100 mg 

resmetirom), 86.1% (100 mg resmetirom), 88.4% (80 mg resmetirom) and 81.8% 

(placebo) of patients. TEAEs over placebo included diarrhea and nausea at the initiation 

of treatment. Critical secondary endpoints included least square means difference from 

placebo at 80 mg, 100 mg resmetirom: LDL-C (−11.1%, −12.6%), apo B (−15.6%, 

−18.0%), triglycerides (−15.4%, −20.4%), 16-week hepatic fat (−34.9%, −38.6%), 

(P < 0.0001) and liver stiffness (−1.02, −1.70) and 52-week hepatic fat (−28.8, −33.9). 

These findings demonstrate that resmethrin can be tolerated and safely used by adults 

diagnosed with NASH, supporting a role for further clinical development 

(ClinicalTrials.gov identifier NCT04197479) (Harrison et al., 2022).  
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Figure 3. Clinical Trial Timeline  

This figure shows that MAESTRO-NAFLD-1 was conducted at 80 sites in the United 
States. Overall, 1,988 patients were screened, and 1,143 patients were randomized to the 

trial ( Harrison et al., 2022) 

On March 14th 2024, the Food and Drug Administration (FDA) considered 

resmetirom the first of its kind drug therapy that can treat nonalcoholic 

steatohepatitis (NASH) in patients who have progressed to fibrosis and granted 

resmetirom accelerated approval. The American Liver Foundation praised the FDA 

approval of the revolutionary new drug therapy treatment, resmethrin. Lorraine Stiehl, 

Chief Executive Officer of the American Liver Foundation, expressed how the FDA 

decision provides hope to millions of Americans suffering from this dangerous and 

progressive disease, mainly because there were no approved treatments for NASH until 

this moment.  

https://liverfoundation.org/liver-diseases/fatty-liver-disease/nonalcoholic-steatohepatitis-nash/
https://liverfoundation.org/liver-diseases/fatty-liver-disease/nonalcoholic-steatohepatitis-nash/
https://liverfoundation.org/about-your-liver/how-liver-diseases-progress/fibrosis-scarring/
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Chapter II. 

Research Materials and Methods 

The following section includes the materials and methods used in this study. 

This research is not related to human subjects. There was no interaction or intervention 

with individuals at any point. The sample provider and the recipient cannot link these 

study samples and data with identifiable individuals. 

Treatment of animal 

The animals were housed under the supervision of Boston Children’s Hospital 

ARCH. They were kept in a light/dark room, and their food, water, and cages were 

maintained. In the DOX model, a cohort of wild-type (WT) male and female mice were 

given access to DOX water, but they were fed a standard chow diet provided by ARCH. 

However, after recovery, mice were fed a high-fat chow diet provided by Camargo Lab. 

In the Partial Hepatectomy model, a cohort of wild-type (WT) male and female mice 

were given access to regular water and fed a standard chow diet provided by ARCH. In 

both models, mice were sacrificed at different timelines that ranged from no recovery to a 

one- or four-week recovery period. Mice were sacrificed to collect their tissues. This 

process was done at each time point of the study.  
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High Fat Diet (HFD) 

The high-fat diet was purchased from Research Diet, Inc. Catalog # D12330i ( Table 1) 

Table 1. HFD list of ingredients. 

 

Class description Ingredient  Grams 

Protein Casein, Latic, 30 Mesh 228.00 g 

Protein Methionine 22.00 g 

Carbohydrate Starch, Corn 175.00 g 

Carbohydrate Lodex 10 170.00 g 

Fat Coconut Oil, Hydrogenated 
101 

333.50 g 

Fat Soybean Oil, USB 25.00 g 

Mineral S10001 40.00 g 

Mineral S10001 40.00 g 

Mineral Sodium Bicarbonate 10.50 g 

Mineral Potassium Citrate, 
Monohydrate 

4.00 g 

Vitamin V10001 10.00 g 

Vitamin Choline Bitartrate 2.00 g 

Dye Dye, Red FD$C#40, 
Alum.Lake35-42% 

0.05 g 

Dye Dye, Blue FD$C#1, 

Alum.Lake35-42% 

0.05 g 

  
Total:      1000.10g 

 

Preparation of Tissues 

Either isoflurane or carbon dioxide was used to sacrifice the mice. The left lobe of 

the liver was washed in 1X PBS right after liver dissection, immediately fixed in 10% 

formalin at room temperature for 24 hours, then stored at +4 degrees Celsius. The other 

lobe liver sections were stored at -80C flash frozen or in OCT. The embedded tissues 
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were sliced four μm thick using a microtome and then placed onto slides for histology 

analysis. 

H&E Staining 

In the fume hood, slides were deparaffinized by submerging them twice in xylene for 3 

minutes. Then, they were dehydrated by placing them in 100%, 95%, 85%, and 70% 

ethanol containers (respectively). The slides were then washed in 1X PBS. Hematoxylin 

counterstaining was applied by immersing slides in a Harris Hematoxylin (1:3) container 

for 45 seconds. Slides were rinsed in tap water for 5 minutes until water had a transparent 

color. They were then followed by Eosin staining in the fume hood by placing the slides 

in 0.1% Eosin  ( Alcoholic, with Phloxine) for 10 seconds. Dehydration was performed 

by submerging the slides in 70%, 85%, 95%, and 100% ethanol (respectively) for 3 

minutes each. Finally, VectaMount Permanent Mounting Medium (Vector Laboratories) 

was used to seal the slides. Images of the slides were captured at 10X and 20X 

magnification on a Zeiss AXIO Scope A1 high-powered confocal microscope. 

 

Oil Red O Staining 

Frozen tissue of selected samples was given to BCH Core for Oil Red staining. 
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Partial Hepatectomy 

A 2 cm midline laparotomy is performed. After opening the upper abdomen, the 

xiphoid process is retracted cranially with a clamp to increase the superior liver and 

falciform ligament exposure. The ligament is then sharply divided to the level of the 

superior vena cava using micro-dissecting scissors ( Figure 4). Once adequate liver 

exposure is obtained, attention is turned toward the resection of the liver lobes. Using 

moistened Q-tips to avoid injury, the left lobe is gently lifted while a 5-0 silk suture tie 

(Ethicon et al.) is placed underneath the lobe using forceps. The suture is positioned as 

proximal to the origin of the lobe as possible. The lobe is returned to its position, lying 

over the suture, with a moistened Q-tip. The two ends of the suture are then tied over the 

top of the liver lobe at the base of the lobe near the inferior vena cava. Three knots are 

tied using a Castroviejo needle holder and forceps. A curved micro-dissecting scissor is 

then used to cut the tied lobe just distal to the suture. This process is repeated for the 

median lobe, with the placement of the ligation at about 5mm distal of the cava vein to 

perform a 70% hepatectomy. 

After removing the liver lobes, the abdomen is irrigated with 0.5-1cc of sterile 

saline SC to ensure the removal of blood. Gentle pressure is placed on the abdomen with 

sterile gauze to remove residual irrigation. After rinsing the abdomen, the peritoneum is 

re-approximated with a running 4-0 PDS suture. The skin is closed with 4-0 PDS suture 

or surgical clips. To replace fluid loss from intraoperative evaporative loss, bleeding, and 

fluid shifts, the mouse is given 0.5-1cc sterile saline subcutaneously on the back after 

closing the abdomen. 
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Figure 4. Partial hepatectomy. 

Practical Steps of Partial Hepatectomy. (Nevzorova, Y. A., Tolba, R., Trautwein, C., & 

Liedtke, C. 2015). 

RNA purification 

Quick -RNA  Miniprep Kit from ZYMO Research ( Cat#:11-327) was used to 

homogenize and purify the tissue in preparation for cDNA. This Kit protocol was 

implemented and followed step by step during this study. All steps were performed at 

room temperature at 13000 >< g for 30 seconds unless stated differently in the protocol. 
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First, frozen tissue samples were homogenized separately and submerged into an RNA 

Lysis Buffer. Then 500 ul ( microliters) were centrifuged at 13000 >< g for 30 seconds     

( all and transferred into Spin-Away Filter yellow collection tubes. Then ethanol was 

added at a 1:1 ratio, and tubes were mixed well. Then, the mixtures in each tube were 

transferred into a Zymo-Spin IIICG green column and centrifuged into a collection tube. 

After DNase treatment was applied to each tube, the column was washed with 400 uL 

RNA Wash Buffer and centrifuge, then 5 uL of DNase 1 and 75 uL DNA digestion buffer 

was added and mixed directly into the column matrix and then incubated at room 

temperature for 15 minutes. Next, 400 uL RNA Prep Buffer was added to the column and 

centrifuged. The flow-through was discarded, 700 uL RNA Wash Buffer was added, then 

centrifuged again, and the flow- was discarded. The previous washed step was repeated 

by adding 400 uL of RNA Wash Buffer, but the centrifuging was 60 seconds. They then 

transferred each sample column into a nuclease-free tube where 50 uL of DNase-RNase-

free water was directly added to the column matrix and centrifuged.  
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qPCR ( Real-time polymerase chain reaction) 

BIO-RAD I Script cDNA Synthesis Kit( Cat # 1708890) was used.  

Nano-dropping was performed to get the RNA concentration of the samples prepared in 

the previous assay. 4uL of 5X I Script RX mix was added to 1uL of I Script RT enzyme 

and 12uL of free nuclease water; this mixture added  3 uL of RNA template, then placed 

the cDNA tubes in the thermocycler with standard reaction setting (Table). 

 

Table 2. cDNA Thermocycler. 

 

Primers: 

TEAD1 FWD: 5’- AGG GCT TCTCTT CCA TCT TTG-3’ 

TEAD1 REV: 5’- CTG ACT CTG TCC ATG CAT TCT-3’ 

TEAD 4 FWD: 5’- AGG AGA CCT TGC TGT GTA TTG-3’ 

TEAD 4 REV: 5’-TTG CTC TCC AAG TCT CTC ATT C-3’ 

JADE3 FWD: 5’-TGG GCT GTG GAT CTG TAG CG-3’ 

JADE3 REV : 5’-GGG AAG CCG ACC TCG TTT CA-3’ 

Each primer set was constituted by adding 10uL of FWD and 10uL of REV to 80uL of 

free nuclease water. Then, a mixture of each constituted primer was prepared as follows ( 
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per cDNA sample): 5uL of cyber green, with 10uL of reconstituted primer, 3uL of free 

nuclease water, and 1uL of cDNA sample. Then, each sample was added to a 96-well 

plate run by a qPCR machine ( Figure 5). 

 

Figure 5. Illustration of qPCR assay workflow 

Step-by-step qPCR protocol (Loftis et al., 2012)  
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NAS Score 

NAS grades  NAFLD conditions on a scale that ranges from 0–8.  Where the 

higher the score, the more severe the NAFLD condition. H&E samples are assessed on 

10x or 20x magnification to grade the severity of liver injury features. Based on the 

percentage of affected tissue, steatosis (micro or macro white lipid droplets) is rated from 

0 to 3. Lobular inflammation (dark, small spots inside the lobule of the liver) is rated 

from 0-3. Hepatocyte ballooning (large white droplets that refer to swelling or expansion) 

is rated from 0-2. Scoring interpretation: NAS score refers to the total sum of steatosis 

scores, lobular inflammation, and ballooning scores. NAS uses a 0-8 points scale. 

Independently, Steatosis ranges from 0-3, where 0 is none to less than 5% and 3 is >66%. 

Ballooning ranges from 0-1, where 0 is none and two is many, and lobular inflammation 

ranges from 0-3, where zero is less than two foci and three is more than four (Figure 1). 

NAS scores of 0-2 usually are not diagnostic of NASH, scores of 3-4 are considered 

NASH borderline, and scores of 5-8 are considered diagnostic of NASH (Figure 6). 
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Figure 6. NAS Scale Injury Grading System  

Figure concept adapted from et al., Tiniakos, 2010. The NAS scale concept originated by 

Brunt et al., 1999. The figure was created by using BioRender. 
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Chapter III. 

Results 

Repetitive injuries sensitize the liver to NAFDL in the genetic model. 

 

To develop a repeated injury model that recapitulates (i.e., immolates) fatty liver 

disease and drug toxicity injury, this study determines the dynamics of liver recovery 

after an initial and acute DOX treatment. In chronic liver diseases induced by diet, 

viruses, etc., the liver undergo continuous insults (Tiniakos, 2010). In this process, the 

liver undergoes repetitive cycles of injuries and regeneration, which eventually lead to 

end-stage liver cirrhosis and liver cancer (Shojaie, L.,2020). In Liu et al. paper, 

researchers find that YAP plays a crucial role in IR-mediated hepatocellular damage and 

liver injury, providing evidence of a potential therapeutic target for managing sterile liver 

inflammation in transplant recipients (Liu et al.,.2018). 

However, to date, no published data shows the effects of repetitive injuries on 

liver cells. Because repetitive injuries lead to repetitive repair, and Hippo signaling is a 

master regulator of organ regeneration, Camargo Lab used overexpression of YAP due to 

the repetitive injuries model. Their preliminary data also showed that YAP activation 

damages the liver after seven days of Dox; therefore, YAP overexpression would mimic 

both the injuries and the regeneration usually seen in chronic liver diseases.  

This experiment aimed to assess the role of repetitive liver injury in synthesizing 

the liver to NAFDL following YAP activation and recovery. Camargo Lab established a 
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repeated injury and recovery model to help understand liver repair and regeneration 

dynamics. Their data showed how an initial injury influences a subsequent injury. 

Therefore, this experiment replicates Camargo Lab's protocol and treatment model.  

Genetically- engineered mouse, Teto-YAP six-week-old mice (males and 

females) received IP with AAV-Cre ( IP: the injection of a substance into the peritoneum 

(body cavity)), then waited for two weeks to enable the injected mice to recover from the 

injection. Then, the mice drank only DOX water (2mg/ml Doxycycline+ 5mg/ml sucrose) 

for one week until the tissue was collected at the first interval ( 1X DOX). The first 

interval recovery tissue samples were collected after four weeks of recovery (1X rec). 

The mice were administered DOX water for the second time for one week, and the 

second interval tissue samples were collected ( 2X DOX), followed by four weeks of 

recovery. Then, the second interval recovery tissue samples were collected ( 2X rec). 

Lastly, Dox water was given for one week, and the third interval tissue samples (3X 

DOX) were collected, followed by four weeks of recovery, where the third interval 

recovery tissue samples 3X rec) were collected (figure 7). 
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Figure 7. Illustration of Yap activation during the DOX Treatment Period 

The figure was created by using BioRender. 

All collected tissue and the control mice (who received no treatment) were stained 

using hematoxylin and eosin (H&E). H&E staining showed that the three mouse groups 

that received DOX ( 1X Dox, 2X Dox, and 3X Dox) had a liver injury (Fig 2b), while the 

mice groups that were given four weeks to recover from DOX had mild to no injury. 

The data also show a continuous increase in injury level with repeated DOX 

treatment; 2X DOX injury is higher than 1X DOX, but the highest applies to 3X DOX 

treatment compared to 1X DOX and 2X DOX. In addition, the regular appearance of 

H&E stains after four weeks suggested that DOX-induced liver injuries resolved after 

four weeks of recovery (Figure 8). These results confirm that repetitive injuries by 

activating make the liver susceptible to NAFLD.  
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Figure 8. Liver injury and recovery dynamics in DOX  

H&E stains of mouse tissue sections at DOX treatment and recovery time compared to 
unaffected mouse tissue ( Ctrl). Images on 20x magnification show selected regions of the 

10x magnification images. 
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Repeated Partial hepatectomy sensitizes the liver to high-fat diet (HFD) induced injury.   

 

TetO-YAP mouse fed on DOX water overexpresses YAP in the genetically- 

engineered mouse model (GEM). This experiment used liver partial hepatectomy as a 

substitute for the TetO-YAP mouse to activate YAP in a more physiological-relevant 

setting. During partial hepatectomy, part of the liver is surgically removed (see Method 

Section). This will allow hepatocytes to re-enter the cell cycle from a quiescent state. 

During hepatocyte proliferation, the Hippo pathway, including YAP, is significantly 

upregulated, mimicking YAP's overexpression in the TetO-YAP mouse. Unlike the 

TetO-YAP mouse model, the overexpression of YAP in PHx is transient, tightly 

controlled, and does not cause liver damage, as shown in the previous experiment. This 

experiment used a high-fat diet (HFD) to induce liver injury (Table 2). This diet mimics 

the high-caloric diet that causes non-alcoholic steatohepatitis (NASH) in patients.  

This experiment established a disease-relevant model to examine YAP persistent 

transcriptomic changes. It demonstrated a two-hit injury mouse model to investigate the 

contribution of YAP in priming the liver to develop early-onset NAFLD. Based on the 

literature, partial hepatectomy (PH) was performed to recapitulate YAP activation. PH 

was done on male and female mice twice one week apart, followed by a recovery period 

of four weeks, and then a high-fat diet (HFD) was administered for three weeks.  

Tissue was collected from four groups of mice; the first group was control mice that did 

not have any PHx procedure or HFD; the second group was (PH0), where mice did not 

go through a PHx procedure and were put on a high-fat diet for three weeks, the third 

group had a one PHx procedure followed by four weeks recovery, then mice were placed 
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on HFD for three weeks. The fourth group had two PHx procedures one week apart, 

followed by four weeks of recovery, and then were given HFD for three weeks. A fifth 

group (SHAM) was used as a second control, where the mouse abdomen was opened and 

closed under the same conditions of the PHx procedure, but the liver stayed intact (Figure 

9). Tissue was collected from each group (SHAM was omitted) and stained using 

hematoxylin and eosin (H&E).  

 

Figure 9. Illustration of PHx Treatment Timeline 

The figure was created by using BioRender. 

To analyze this data,  the representative H&E images provided by Tiniakoset al, 

2010, as a guide, were used to distinguish between “mild,” “moderate,” and “severe” 

steatosis and ballooning. In this paper, the hepatocyte swelling of  1.5-2 times larger than 
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their standard size is considered ballooning(Tiniakoset et al., 2010), where the large fatty 

droplets(macro steatosis) were classified as mild steatosis, and the tiny fatty droplets 

affecting part of the tissue as micro steatosis. 

Moderate steatosis was classified as macro/micro steatosis, affecting about fifty 

percent of the tissue, with the other half staying unaffected or having partial ballooning or 

steatosis. Lastly, severe steatosis is widespread, including macro steatosis, micro 

steatosis, or ballooning in the whole tissue. The results of H&E staining suggest that YAP 

activation in PHX1 and PHX2 steatosis severity increases compared  to control and HFD 

(Figure 10).  

 

Figure 10. Liver injury and recovery dynamics in PHX   

H&E stains of mouse tissue sections of PHX  During the first and second treatments 
compared to unaffected mouse tissue ( Ctrl), Images on 20x magnification show selected 

regions of the 10x magnification images. 
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To analyze this data,  the representative H&E images provided by Tiniakoset al, 

2010, as a guide, were used to distinguish between “mild,” “moderate,” and “severe” 

steatosis and ballooning. In this paper, the hepatocyte swelling of  1.5-2 times larger than 

their standard size is considered ballooning(Tiniakoset et al., 2010), where the large fatty 

droplets(macro steatosis) were classified as mild steatosis, and the tiny fatty droplets 

affecting part of the tissue as micro steatosis. 

Moderate steatosis was classified as macro/micro steatosis, affecting about fifty 

percent of the tissue, with the other half staying unaffected or having partial ballooning or 

steatosis. Lastly, severe steatosis is widespread, involving macro steatosis, micro 

steatosis, or ballooning in the whole tissue. The results of H&E staining suggest that YAP 

activation in PHX1 and PHX2 steatosis severity increases compared  to control and HFD 

(Figure 10). To confirm these findings,  Oil Red O staining was also performed ( Figure 

11), and the NAS score was calculated ( Figure 12). One more sample was used as a 

second control (SHAM)  in this assay to ensure that PHx promoted liver injury and not 

the procedure itself. Data showed that when the mice undergo an abdomen procedure 

without PHx, it stresses their liver, giving them HFD and almost the same level of 

injury(Table 3). 
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Figure 11. Oil Red O of PHx Treatment. 

Red dots represent injury. Condense the red represents a higher level of injury. 

Table 3. NAS score of PHx Treatment Group. 

 

This table contains the mean of three scores: score 1 represents Steatosis, score 2 
represents ballooning, and score three inflammations. All scores are visually observed 

using the microscope with 20X magnification.  
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Figure 12. NAS Score of PHx Treatment. 

Mean scores from Table 1 were used. One-way ANOVA test was run by graph pad             

( PRISM), p-value < 0.0001, R2=0.94 
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Molecular changes of YAP target genes and their role in promoting persistence change 

during repetitive liver injuries.  

 

The previous experiments of this study suggested that transient, repetitive injury 

by activating YAP  makes the liver more susceptible to subsequent injuries, even long 

after YAP proteins have entirely degraded. This leads to this study's next objective: to 

determine if the repetitive injury has left a long-term effect on liver cells. To discover the 

persistent change and long-term consequences of liver repeated injury after transient 

YAP activation, Camargo Lab has performed RNAseq recovered samples from Tet-O 

YAP mice after 1X, 2X, and 3X YAP activation. RNAseq data showed that transcription 

factors and chromatin modifiers TEAD 1&4 and JADE 3 are persistently upregulated 

after initial YAP activation. This suggests that the persistent change of these factors may 

mediate liver injury-induced long-term consequences.  To validate the RNAseq data 

results and identify which factors are relevant to YAP-induced, qPCR was performed 

using YAP tissue samples from different treatment time points in experiment 1. 
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TEAD1 qPCR results showed that this transcription factor is expressed during 

YAP activation in the three-time points of Dox administration ( 1X Dox, 2X, and 3X 

Dox). In addition, it showed expression during the second recovery treatment when YAP 

is not activated. However, TEAD1 is not as highly expressed during this recovery period 

as during YAP activation ( Figure 13).  

 

Figure 13. TEAD1 qPCR  

Expression of TEAD 1 during three DOX treatments and recovery  

 

 

 

 

C
ontr

ol

IX
 D

ox

IX
 R

ec

C
ontr

ol

2X
 D

ox

2X
 R

ec

C
ontr

ol

3X
 D

ox

3X
 R

ec

0

5

10

15

20

25

Tead 1

Treatment

F
o

ld
 C

h
a
n

g
e
 (

 2
^

-d
d

c
t)



 

33 

TEAD 4 showed expression at the third recovery treatment time point and the 

expected expression during YAP activation at the three Dox treatment time points 

( Figure 9). TEAD 1 and 4 were at the highest expression level in the second Dox 

treatment during YAP activation.  

 

 

Figure 14. TEAD4 qPCR. 

Expression of TEAD 4 during three DOX treatment and recovery  
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TEAD 4 showed an expression at the third recovery treatment time point and the 

expected expression during YAP activation at three Dox treatment time points    ( Figure 

15). TEAD 1 and 4 were at the highest expression level in the second Dox treatment 

during YAP activation.  

 

Figure 15. TEAD4 qPCR  

Expression of TEAD 4 during three DOX treatment and recovery  
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JADE 3 qPCR, on the other hand, was done in two separate experiments and did 

not include the first Dox treatment and recovery due to tissue unavailability. Although 

JADE 3 results showed higher expression during the 2X recovery treatment and 3X 

recovery treatment points than the control, the fold change is insignificant enough to 

consider this increase ( Figures 16 &17). 

 

Figure 16. JADE3 qPCR 

 Expression of JADE3 during second DOX treatment and recovery  

 

Figure 17. JADE3 qPCR 1. 
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Chapter IV. 

Discussion 

Liver disease can result from various causes, including repetitive injury. The most 

common reason is drug-induced liver injury, which occurs when medications or other 

substances repeatedly harm the liver. It can mimic various forms of liver disease, from 

acute viral hepatitis to gallstone-related issues, fatty liver, and even chronic hepatitis or 

cirrhosis ( Hayashi & Fontana,2014). Besides drug-induced liver injury, other important 

factors contribute to liver damage, like viral infections and non-alcoholic fatty liver 

disease  (NAFLD)(Garcia et al., 2020). Regardless of the underlying cause of chronic 

liver damage, liver injury often leads to inflammation, hepatocyte damage, and tissue 

remodeling. If left unchecked, liver injury can progress to chronic liver damage, 

characterized by fibrosis, cirrhosis, and even hepatocellular carcinoma (HCC). (Hora & 

Westfeldt, 2023). In the literature, NAFLD has been linked to repeated liver injuries and 

the transcriptional co-activator Yes-associated protein YAP, focusing on fibrosis and its 

relation to liver mortality (Salloum et al., 2021). However, it is still unclear at which 

stage of liver damage or YAP dysregulation NAFLD will occur and whether the 

overexpression of YAP that led to liver injury is an early repetitive event. This study used 

YAP expression to promote liver injury after repetitive activation in genetic and 

physiological models. 

In the genetic model, Doxycycline (DOX) was used to initiate YAP activation at 

three different intervals in genetically- engineered mice, followed by a recovery period of 

4 weeks after removing DOX. The results showed a persistent increase in injury levels 

when YAP was repeatedly activated, followed by a high recovery level. This increase in 
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the severity level every time the injury is repeated suggests that repetitive injury 

synthesizes the liver to NAFLD ( Figure 8, Appx 1). However, the high level of recovery 

after each repeated injury indicates that the liver can recall the previous injury and react 

faster upon repeating the same type of injury. The fact that the initial injury may prepare 

the liver to respond strongly when repeated later suggests that an intrinsic memory within 

the hepatocytes may reprogram liver cells to remember the previous injury. A study that 

investigated the role of the Pregnane X receptor (PXR) on drug-processing genes 

(DPGs), which xenobiotic chemicals can activate, supports this idea of thought. Its data 

suggests that epigenetic memory is underlying the persistent alteration of DPG hepatic 

expression (Wang et al., 2019). Future studies may need to repeat this experiment model 

and investigate the epigenetic markers during repetitive injury and recovery to explore 

the epigenetic memory in this experiment further. 

In the physiological model, PH was performed to establish a two-hit disease-

relevant model that demonstrates the magnitude of liver repeated injury by examining 

YAP persistent transcriptomic changes. YAP is the leading player in the hippo signaling 

pathway and is engaged in the signaling results by getting phosphorylated and inactivated 

(Ramos & Camargo, 2012). Among the several signaling pathways and physical events 

that get activated after PHx, the Hippo signaling pathway is considered one of the most 

important regulators that ensures liver regeneration success after injury (Liu et al., 2018). 

Therefore, PH is the most popular method of research to mimic repeated liver 

injury and overexpress YAP in Vivo. In this study, PH was performed on three groups: 

two experimental groups and the  SHAM group, which was used as another control by 

opening and closing the abdomen without performing PH. By giving all three groups a 
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high-fat diet for four weeks after recovery, the experiment mimicked the high-caloric diet 

that usually causes NAFLD, and by activating YAP in this physiological model, the study 

used the first and the second PH to demonstrate a persistent, repeated injury in the liver. 

The data analysis showed a discernible trend between repeated injury and injury 

severity. All groups showed higher levels of NAFLD than the control( Figure 10, Appx 

1). OIL Red O staining ( Figure 11,  Appx 2) and NAS scoring ( Figure12, Appx 3) 

showed that the level of injury (NAFLD) increased from PHX1 to PHX2, where both of 

these injury levels were still higher than those of the HFD and SHAM groups. This 

positive correlation in the persistent increase between the injury level and the steatosis 

level suggested that repeated PHX increases liver damage and sensitizes the liver to the 

disease progression. The fact that the liver is more susceptible to NAFLD  in the second 

PH supports the idea that an intrinsic memory within the hepatocytes may reprogram 

liver cells to remember the initial injury(PH), which supports the conclusion of the 

genetic model.  

Several studies reported that differentiated somatic cells could be reprogrammed 

to alternative differentiated phenotypes by expressing lineage-specific transcription 

factors (TF) (Hu et al., 2010). Moreover, numerous cell types have been reprogrammed, 

including fibroblasts (Takahashi et al., 2007). Induced pluripotent stem (iPS) cells have 

been generated from various somatic cell types by introducing transcription factors 

mediating pluripotency (Hu., et al., 2010). Because YAP is a transcription factor that 

interacts with chromatin, Camargo Lab investigated the expression level of YAP target 

genes and chromatin modifiers like TEAD1, TEAD4, and  JADE 3. Their RNAseq/ 

RNA-scope data showed these factors persistently upregulated after an initial YAP 



 

39 

activation. This suggests that liver repetitive injury induced by YAP might promote a 

persistent change in hepatocyte intrinsic memory. Several recent research studies have 

investigated the concept of cellular memory and its various effects in many pathologic 

conditions. For example, Crisóstomo et al.’s data linked the early high-fat diet to 

irreversible alterations in testicular lipid content and metabolism (Crisóstomo et al., 

2019). This phenomenon is called  “inherited metabolic memory,” which results from 

exposure to an elevated-fat diet and modifying the fatty acid metabolism in the testes, 

damaging the sperm that can last for several generations. (Crisóstomo et al 2021). The 

high-fat diet resulted in long-lasting chromatin accessibility alteration in mice’s liver, 

which was linked to specific transcription factors and histone modifications, indicating 

that the long-term risk of metabolic diseases may be impacted by persistent epigenetic 

changes induced by high-fat diets. ( Leung, et al 2016).  

Considering this preliminary data, this study extended Camargo’s lab findings by 

running qPCR experiments to quantify the expression level of TEAD1, TEAD 4, and 

JADE 3 after YAP is activated (Figures 13, 14, 15 ). The results did not show the 

expected persistent expression of TEAD1, TEAD 4, and JADE 3; however, it showed an 

increase in expression level for TEAD4 only at the third recovery of YAP activation. 

Therefore, even though TEAD1 and JADE3 do not show persistent overexpression, 

TEAD4 had significantly higher expression after repetitive exposure to YAP during the 

DOX-off period. TEAD4 transcripts should be almost non-existent when YAP is not 

expressed in normal conditions. The fact that there was a very high level of TEAD4 after 

YAP exposure suggests that repeated injury demonstrated by YAP activation may have 
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altered something during its transient overexpression to allow this persistent expression 

of TEAD4, and this alteration.  

In conclusion, repeated liver injury models have similar effects to environmental 

factors that damage the liver, such as diet. They damage the liver by increasing the 

progress of NAFLD, which is generally associated with obesity. Although these data 

findings originate in murine livers, translating the novel of this experiment could lead to a 

better understanding of repeated liver injury that may improve the treatment interventions 

for NAFLD.  Currently, the cornerstone of treatment interventions for this disorder is 

weight loss. However, most patients with NAFLD need help maintaining lifestyle 

modifications, such as a healthy diet and physical activity, even with the help of dietitians 

and exercise programs (Yoo et al., 2018).  

On the other hand, weight loss and a healthy lifestyle may not be easily accessible for 

patients with other health issues or lack societal advantages. Suppose the data of this 

study is validated to consider humans. In that case, healthcare providers may start to 

provide patients with detailed guidance on specific fattening foods, monitor their 

consumption in a short period, and guide them with the best eating choices that they can 

afford.  In addition, it may promote intrinsic memory that affects how the liver reacts to 

injuries. The interaction between diet, stress, lifestyle activity, and epigenetic 

modifications through liver repeated injury is a new area of research, and there is still a 

lot to be discovered about this complex interplay. In addition, YAP/TEAD, oncoproteins 

in cancer cells, promote injury in liver cells and may induce epigenetic modifications. 

Future research extending these findings could be necessary to develop new therapies for 

liver injury in clinical settings. 
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Study Limitation 

In the study experiments, female and male mice groups were used, but the number 

of each sex and age was not documented. In addition,  I depended on the literature to 

guide this research. Pathologists could be given more help to the project in future 

iterations of this study. 
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Appendix 1. 

H&E Staining 

 

Figure 18. H& E for Control in PH  
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Figure 19. H&E Staining for HFD in PH 
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Figure 20. H&E Staining for 1X PH 
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Figure 21. H&E Staining for 2X PH 
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Appendix 2. 

Oil Red O Staining 

 

Figure 22. Oil Red O for Controls and Sham of PH 
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Figure 23. Oil Red O for HFD of PH 
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Figure 24. Oil Red O for 1X PH 
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Figure 25. Oil Red O for 2X PH 
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Appendix 3. 

Nano Dropping 

Table 4. Nano-dropping results for different groups of mice on DOX treatment. 

 

Table 5. Nano-dropping results for groups of mice on first DOX treatment. 
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Table 6. Nano-dropping results for different mice groups on second DOX treatment. 

 

Table 7. Nano-dropping results for different mice groups on third DOX treatment. 
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Appendix 4. 

qPCR Calculations  

Table 8. Calculations for qPCR for groups of mice on first DOX treatment. 

 

Table 9. Calculations for qPCR for groups of mice on second DOX treatment. 
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Table 10. Calculations for qPCR for groups of mice on third DOX treatment. 
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Appendix 5. 

NAS Scores 

Table 11. NAS Scores for Partial hepatectomy (PHX) mice. 

 

These scores were based on evaluating H&E tissue sections for each mouse. 
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