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1. The liver 

1.1. Liver anatomy 

The liver is the largest internal organ in the human body, accounting for approximately 

2 to 3% of average body weight. The liver has numerous vital functions, and its highly 

organized structure is important to carry out all these functions (Abdel-Misih & Bloomston, 

2010; Abu Rmilah et al., 2019; Spear et al., 2006). 

The human liver is grossly divided into left and right lobes by the falciform filament, but 

surgically, it can be divided into 8 segments. The upper surface of the liver is called the 

facies diaphragmatica, whereas the lower surface is called visceral surface. In mice and 

rats, the liver is divided into 4 lobes: median (or middle), left, right and caudate. All of them, 

except the left, are further subdivided into two or more parts. Mice and humans have a gall 

bladder, but not rats (Abu Rmilah et al., 2019; Malarkey et al., 2005). 

The main architectural unit of the liver is the liver lobule. Liver lobules are roughly 

hexagonal structures, with a central vein in the center of the lobule and a portal triad of 

vessels in each of the six corners. The portal triad is comprised of portal vein, bile duct, and 

hepatic artery (Figure I). The portal vein, which comes from the large intestine, spleen and 

pancreas, supplies about 70-75% of the blood flow and 40% of the oxygen, and the hepatic 

artery supplies 25-30% of the blood flow and 60% of the oxygen. Hepatocytes form cords 

and arrange radially around the central vein. They are the major parenchymal cells of the 

liver and account for almost 80% of liver volume (Abdel-Misih & Bloomston, 2010; Abu 

Rmilah et al., 2019; Malarkey et al., 2005; Si-Tayeb et al., 2010). Apart from hepatocytes, 

the liver is composed of other cell types, including biliary epithelial cells (BECs) or 

cholangiocytes, hepatic stellate cells (HSCs), Kupffer cells (KCs) and liver sinusoidal 

endothelial cells (LSECs). Each of these cell types have a different embryological origin and 

possesses unique functions, which in cooperation regulate hepatic vital functions (Trefts et 

al., 2017). 

The hepatocytes are polarized epithelial cells. The basolateral surfaces of the 

hepatocyte face the LSECs, and the narrow region between these two cell types is known 

as space of Disse. LSECs form fenestrated plates at the sinusoidal lumen, with pores 

ranging in size from 50–180 nm in humans or 50–280 nm in mice and rats. This organization 

facilitates exchange of proteins and particles between plasma and the cells of the liver, while 

maintaining some barrier functions. Sinusoidal blood flow, coming from the portal vein and 

the hepatic artery, is finally collected into central veins, then into larger hepatic veins, and 
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finally lead to the vena cava. In the apical surface of hepatocytes, tight junctions between 

neighboring hepatocytes generate a canaliculus that collect bile, which is carried to the bile 

ducts, and subsequently transported for storage in the gall bladder. Cholangiocytes, which 

are the second most abundant population of the liver, have an epithelial function in the lumen 

of the bile ducts. In the case of HSCs, they can exist in a quiescent or activated state. When 

quiescent, they store vitamin A in lipid droplets. Upon liver damage and subsequent 

activation, stellate cells proliferate, lose their vitamin A stores and produce collagen, 

process that contributes to scarring of the liver. The transition region between the 

canaliculus and intrahepatic bile ducts is called the canal of Hering, narrow channels that 

are lined by hepatocytes and cholangiocytes. Interestingly, the canals of Hering contain a 

small population of cells called Oval cells, which are resident stem cells in the adult liver. 

They can function as progenitor cells for both hepatocytes and cholangiocytes. Finally, KCs 

represents 15 % of liver cells and they are the resident macrophage population. They exert 

its phagocytic function in the sinusoidal lining, where they are located. KCs are able of 

recognizing pathogenic stimuli introduced through the portal circulation, such as aged red 

blood cells and microbes, and can attain pro- or anti-inflammatory roles in liver wound 

healing depending on several factors (Malarkey et al., 2005; Si-Tayeb et al., 2010; Spear et 

al., 2006; Trefts et al., 2017). 

 

Figure I. Microscopic anatomy of liver showing the central vein, the portal triad and the different 

hepatic cells (Abu Rmilah et al., 2019). 
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In addition, extracellular matrix (ECM) plays an important role in the regulation and 

modulation of hepatic functions. Between 5 and 10% of the hepatic ECM is collagen. Apart 

from collagen, the ECM has numerous components such as matrix metalloproteinases; 

glycoproteins like laminin, fibronectin, vitronectin, undulin and nidogen (entactin); 

proteoglycans such as heparan sulfate; as well as cytokines and growth factors such as 

Transforming Growth Factor-β (TGF-β) and Hepatocyte Growth Factor (HGF) (Kang et al., 

2012; Malarkey et al., 2005). 

1.2. Liver functions 

The liver is a critical hub for many biological processes, including macronutrient 

metabolism, blood volume regulation, immune system support, endocrine control of growth 

signaling pathways, lipid and cholesterol homeostasis, and the detoxification of xenobiotic 

compounds. Over the course of evolution, all these functions have been combined in a 

single organ, the liver, which is conserved in all vertebrates. This section highlights some of 

its numerous functions (Leiskau & Baumann, 2017; Trefts et al., 2017). 

• Proteins. The liver accounts for 85-90 % of circulating protein volume. Albumin, which 

regulates blood volume, is the most abundant of these secreted proteins. Within others, 

the liver also secretes transferrin, acute phase proteins that indicate inflammation, blood 

coagulation factors, and protease inhibitors. Additionally, the liver plays a role in protein 

and glycoprotein degradation and metabolism of amino acids, generating the highly 

toxic metabolite ammonia. The urea cycle is largely responsible for its removal. 

• Carbohydrates. The liver has an important role in maintaining blood glucose. In a fed 

state, glucose is taken up by the hepatocytes from portal blood, and it is used as a 

precursor for glycogen synthesis for storage and pyruvate via glycolysis. In this state, 

insulin increases, which induces glycogen synthase, and glucagon (that stimulates 

gluconeogenesis) decreases. By contrast, in a fasting state, insulin decreases and 

glucagon increases; this shifts the liver to glucose output which requires glycogen 

breakdown and gluconeogenesis. 

• Lipids. The liver obtains fatty acids from the blood from chylomicron remnants, and by 

de novo synthesis from glucose when hepatic glycogen stores are complete. These fatty 

acids are esterified to triglycerides (TGs) and stored in lipid droplets in hepatocytes. 

Those fatty acids that are not converted to TGs or used in the synthesis of other 

molecules, are used as energy source trough oxidative pathways. 

Cholesterol is a main component of all cell membranes and is necessary to 

produce steroid hormones and bile acids. The liver can uptake cholesterol from 
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lipoproteins and chylomicrons, or synthesize de novo by HMG-CoA reductase. In the 

liver, cholesterol is stored as cholesterol ester or “free” cholesterol. 

Very-low-density lipoprotein (VLDLs) particles are secreted by the liver and carry 

TGs and cholesterol to other tissues. When the synthesis of TGs exceeds the capacity 

of the liver to export or the internal metabolism, a fatty liver disease is developed. 

• Exocrine function. Bile is produced in hepatocytes (75%) and cholangiocytes (25%), 

and it is stored in the gallbladder. The bile facilitates the elimination of many compounds, 

including drugs, toxins, and waste products, cholesterol and bilirubin, and it also 

supplies bile salts to the intestine for the emulsification and absorption of dietary lipids 

and fat‐soluble vitamins.  

• Endocrine function. The liver plays an active role in endocrine regulation by producing 

several hormones. Within others, it produces the mitogenic polypeptide hormones 

insulin‐like growth factor (IGF), angiotensinogen (important in the renin–angiotensin–

aldosterone system) or thrombopoietin (stimulating platelet production).  

• Drug metabolism (xenobiotic metabolism). Xenobiotics are absorbed by the 

gastrointestinal tract and reach the liver trough the portal vein. They are neutralized into 

nontoxic metabolites via the cytochrome P450 family enzymes, and then, they are 

conjugated with hydrophilic products (e.g., glucuronic acid or glutathione) to increase 

the water solubility. Once rendered hydrophilic, the drug metabolites are further 

metabolized or directly excreted through the bile or the kidneys (Abu Rmilah et al., 2019; 

Leiskau & Baumann, 2017; Trefts et al., 2017).  

It is important to highlight that the lobular organization of the liver has functional 

significance. Oxygenated blood from the hepatic artery mixes with nutrient-enriched blood 

from the portal circulation before flowing over the cells of the lobule and draining into the 

central vein. As blood progresses across the lobule, it becomes deoxygenated and 

metabolic products are secreted from cells. This generates a number of gradients including 

oxygen, hormones, nutrients, and waste products, and results in a compartmentalization of 

functions based on localization. This phenomenon is termed ‘metabolic zonation’ and 

typically divide the lobule into three distinct ‘zones’ (Figure II A). For example, increased 

oxidative metabolism occurs in areas with higher blood oxygen content; periportal 

hepatocytes are also specialized in glycogenolysis and gluconeogenesis; and centrilobular 

hepatocytes are active in glycolysis and glycogen synthesis (from glucose) (Figure II B). 

Interestingly, this hepatic zonation exists on a flexible spectrum. For example, in response 

to damage or loss of function, hepatocytes from Zone 1 can assume the functional attributes 
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of Zone 2. Moreover, not only the hepatocytes present gradients of gene and protein 

activity, but gradients also exist for SECs, KCs, HSCs, and the matrix in the space of Disse 

(Fausto & Campbell, 2003; Malarkey et al., 2005; Trefts et al., 2017). 

 

Figure II. A) Geometric representation of the hepatic lobule. B) Schematic representation of a 

sinusoid and the corresponding zonation of some metabolic processes across the sinusoid (Trefts 

et al., 2017). 
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2. Liver regeneration 

In the Greek mythology, Prometheus stole the fire from Zeus and gave it to the 

mankind. As a punishment, Prometheus was tied up with a chain to the mountain Caucasus 

and an eagle ate his liver every single day. However, the following day, the liver was 

completely restored. This ancient myth is the oldest anecdote highlighting the incredible 

regenerative ability of the liver. Considering that the liver is an indispensable center for 

digestion, absorption, metabolism, and purification of many nutrients and substances in the 

body, liver regeneration (LR) safeguards all these functions in vertebrate organisms, from 

fish to mammals. Despite liver parenchymal cells (hepatocytes) are usually in a quiescent 

state in the adult liver, they are able to proliferate in a tightly regulated manner in response 

to different stimuli or injuries (López-Luque & Fabregat, 2018; Michalopoulos, 2020; 

Michalopoulos & Bhushan, 2021; Ozaki, 2020). 

In contrast to what happens to other organs such as pancreas, kidneys or lungs, 

that will slightly increase if a big portion of the organ is lost, the liver is the only solid organ 

that regenerate to ensure that liver-to-body weight ratio is always at 100% of what is 

required for body homeostasis. Liver size changes in several situations, i.e., it increases 

during pregnancy and decreases in cachexia or after severe loss of body weight, but the 

“hepatostat” guarantee the stability of liver size in relation to body size (López-Luque & 

Fabregat, 2018; Michalopoulos, 2017, 2020; Michalopoulos & Bhushan, 2021). 

The words “liver regeneration” could indicate that the liver can restore exactly the 

same disappeared lobules, but instead, the process is actually a “compensatory hyperplasia 

and hypertrophy”. The cells in the remnant tissue simply proliferate and/or increase in size 

to restore the original liver mass (Kang et al., 2012; López-Luque & Fabregat, 2018; 

Miyaoka & Miyajima, 2013). 

2.1. Models to study liver regeneration 

 Several experimental models have been described to induce liver regeneration. Loss 

of liver mass can be chemically induced by administration of hepatotoxic chemicals (carbon 

tetrachloride (CCl4), D-galactosidase or acetaminophen), bacterial particles 

(lipopolysaccharides (LPS)), and virus (López-Luque & Fabregat, 2018; Mao et al., 2014). 

However, the most commonly and best-studied model is the surgical procedure two-thirds 

(2/3) partial hepatectomy (PH) in rodents, which was first described in rats by Higgins and 

Anderson (Higgins & Anderson, 1931). Due to the multi-lobe structure of the liver, the left 

and median lobes are easily removed by a surgical intervention, and the remaining liver grow 
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in size to restore an aggregate equivalent to the mass of the lost tissue. The 2/3 or 70% PH 

is the most preferred for several reasons: (a) It does not require an advanced surgical 

technique; (b) It is well tolerated in rodents without an important perioperative mortality; (c) 

It is not accompanied by massive necrosis or inflammation to the remaining lobes; and (d) 

The regenerative phenomena can be precisely timed, using as a reference point (time 0) 

the time of the performance of the 2/3 partial hepatectomy (PH) (Abu Rmilah et al., 2019; 

Michalopoulos, 2010). In the mouse, 50% of the lost liver volume is recovered in 2-3 days 

after 2/3 PH, but it takes more than several weeks for a complete recovery. This 

phenomenon suggest that the liver always try to maintain minimal function for sustaining life, 

but once the minimal function necessary for survival is achieved, the regenerative process 

slows down (Ozaki, 2020).  

2.2. Cellular and molecular mechanisms of Liver Regeneration 

In a physiological situation, when liver functions are compromised following PH or 

after chemical insults, liver mass is replaced by replication of existing hepatocytes, which is 

the quickest and more efficient way of LR (Fausto, 2004). The regenerative ability of 

hepatocytes and cholangiocytes are normally characterized by phenotypically fidelity, but 

when proliferation of one of the two cell types is impaired, both hepatocytes and 

cholangiocytes behave as facultative stem cells and can transdifferentiate into each other 

to restore normal liver structure (Michalopoulos & Bhushan, 2021).  

Cell size increase is the first response of hepatocytes to recover after PH. In this 

way, as early as a few hours after 70% PH, an increase in hepatocytes’ size takes place and 

peaks at 1 day. Then, from 1 to 2 days after 2/3 PH, hepatocytes transcriptional program 

change from a hypertrophic phase to a proliferative phase. Interestingly, when 30% liver 

resection model is performed, the liver mass recovery occurs due to a significant 1.5-fold 

increase in the hepatocyte size without undergoing cellular division (Miyaoka & Miyajima, 

2013) (Figure III).  

It is also outstanding that about 70% of adult hepatocytes are tetraploid (Miyaoka & 

Miyajima, 2013) and that, during proliferation, binuclear hepatocytes do not seem to 

undergo conventional cell division, but binuclear mother cells split the nuclei into two 

daughter cells (Tormos et al., 2015). By the end of LR, cellular ploidy (binucleated polyploid 

hepatocytes) decreases, while nuclear ploidy (mononucleated polyploid hepatocytes) 

increases, but the global ploidy spectrum remains the same (Donne et al., 2020). 
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Cytokines, growth factors (GFs) and metabolic signals are important mediators of 

LR after PH. There is an important redundancy between signals, and many of their signaling 

agents overlap in function. Therefore, loss of an individual gene rarely leads to complete 

inhibition of LR, but only an initial delay in the regenerative process (López-Luque & 

Fabregat, 2018; Riehle et al., 2011).  

 

Figure III. Schematic representation of A) 30% and B) 70% Partial Hepatectomy (Miyaoka & 

Miyajima, 2013). 

 Hepatocyte regeneration proceed along sequential phases: initiation or “priming 

phase”, which include overexpression of specific genes that prepare liver cells for 

replication; proliferation or “progression phase”, when expansion of liver cells takes place; 

and “termination phase”, when cell proliferation finishes preventing liver tissue overgrowth 

(Figure IV). These three phases are linked and they even share several mechanisms. 

Moreover, during the proliferative phase a complex remodeling of the parenchyma is 

required, which is known as fourth phase (López-Luque & Fabregat, 2018; Zimmermann, 

2004). 

Priming phase 

The first phase is called, as previously mentioned, the “priming phase”, and occurs 

in the first 4 hours after PH. Hepatocytes resting in a quiescence state (G0 phase) can 
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quickly and synchronously enter the cell cycle upon stimulation, and undergo one to two 

rounds of replication before coming back to quiescence. They need to be “primed” to enter 

the cell cycle (G1 phase) and respond to mitogens (Cienfuegos et al., 2014; López-Luque 

& Fabregat, 2018). 

 Hemodynamic changes are necessary for launching the liver regeneration process. 

After PH in rodents, each residual lobe of the liver retains its supply of hepatic artery and 

portal vein branches. Whereas the amount of arterial blood going into every lobe remains 

basically the same, the amount of portal vein blood going into each lobe increases 

theoretically threefold. The rise in portal blood pressure exerts a mechanical stress on the 

endothelial cells, which express an increase activity of urokinase plasminogen activator 

(uPA) 5 minutes after PH. Within 10 minutes, uPA mediates the conversion of plasminogen 

into plasmin, which in turn activates matrix metalloproteases (MMPs). Both plasmin and 

MMPs are involved in matrix remodeling and activation of many proteins from ECM, such 

as Hepatocyte Growth Factor (HGF). Moreover, migration of Notch1 intracellular domain 

(NICD) and β-catenin to hepatocyte nuclei occurs within 15-20 minutes after PH. Epidermal 

Growth Factor (EGF) coming from Brunner’s glands of the duodenum, and insulin coming 

from pancreas enter the liver 1 hour after PH via portal vein (Abu Rmilah et al., 2019; Kang 

et al., 2012; Michalopoulos, 2010; Michalopoulos & Bhushan, 2021). 

 This process also depends on the interaction between hepatocytes and non-

parenchymal cells (e.g., KCs and SECs) via cytokines. KCs are activated after recognition 

of Pathogen-Associated Molecular Patters (PAMPs) and Damage-Associated Molecular 

Patterns (DAMPs) released from necrotic cells after tissue injury, as well as 

lipopolysaccharide (LPS). KCs begin to produce and secrete tumor necrosis factor-alpha 

(TNF-α), which bind to TNF receptor 1 (TNFR1) on KCs surface, activating the nuclear 

factor-kappa B (NF-κB). Then, NF-κB binds to promoter region of Il6 gene, inducing the 

production and secretion of interleukin-6 (IL-6) by activated KCs, which in turn binds IL-6 

receptor on hepatocytes and leads to activation of the transcription factor signal transducer 

and activator of transcription 3 (STAT3), among other pathways. STAT-3 protein binds to 

the DNA activating several immediate-early response genes related to hepatocyte 

proliferation, such as c-Fos, c-Jun and c-Myc. Although these cytokines are not directly 

mitogenic to hepatocytes, they are critical to orchestrate the process of LR (Böhm et al., 

2010; Cienfuegos et al., 2014; López-Luque & Fabregat, 2018; Ozaki, 2020).  
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Proliferation/progression phase 

The second phase “progression or proliferation phase” corresponds to the transition 

from G1 to the completion of mitosis. The cellular proliferation proceeds in a chronological 

sequence: hepatocytes divide first, followed by KCs, cholangiocytes and finally SECs (Abu 

Rmilah et al., 2019). In the case of hepatocytes, four waves of hepatocytes proliferation 

have been described. The first wave takes place from 24 to 60 hours after PH. The second 

one takes place from 60 to 84 hours, the third one from 84 to 108 hours, and the last one 

from 108 to 132 hours after PH. It is remarkable that the number of proliferating hepatocytes 

is gradually reduced as the liver recovers its mass (Zou et al., 2012).  

After cytokines have triggered the G0 to G1 transition, cell cycle progression largely 

depends on growth factors. HGF and EGF are, by far, the most important initiators and 

augmenters of the proliferative phase during LR. As mention before, HGF is released from 

ECM after PH, but it is also newly synthesized by non-parenchymal cells, such as HSCs and 

SECs, and it exerts its mitogenic actions trough the c-Met receptor. Concomitantly, 

activation of the Epidermal growth factor receptor (EGFR) stimulate the progression of 

hepatocytes through the cell cycle during liver regeneration (Abu Rmilah et al., 2019; López-

Luque & Fabregat, 2018), and mice expressing a truncated form of EGFR displayed lower 

and delayed proliferation and lower activation of proliferative signals (López-Luque et al., 

2016). EGFR on hepatocytes is activated through different sources, including EGF, 

amphiregulin (AR), transforming growth factor-alpha (TGF-α) and heparin binding EGF-like 

growth factor (HB-EGF) (Riehle et al., 2011). c-Met and EGFR are receptor tyrosine kinases 

which activate multiple intracellular signaling pathways. Among them, Mitogen-activated 

protein kinase (MAPK), STAT3, Phosphatidylinositol-3-kinase (PI3K)/Akt and Extracellular 

signal-regulated kinase 1 and 2 (ERK1/2) are the most relevant for LR, which in turn regulate 

multiple transcription factors, such as c-Jun, c-Fos, c-Myc, NF-κB, STAT3 and C/EBPβ 

proteins. Beyond the compensatory mechanisms within the EGFR ligands, some studies 

suggest that both EGFR and c-Met may compensate for one another (López-Luque & 

Fabregat, 2018). In fact, Paranjpe et al. described that only the combined elimination of both 

receptors completely abolishes LR (Paranjpe et al., 2016). 

Of special relevance for this work, related to the “proliferation/progression” phase of 

LR, is the control of cell cycle. Cell cycle is divided into four phases: G1, S, G2 and M phases. 

During G1 phase, cells enlarge, whereas in S phase, DNA synthesis occur. G2 phase is a 

gap prior to M phase or mitosis, when chromosome segregation and cytokinesis occur, 

giving rise to two daughter cells. In the case of rat and mouse, DNA synthesis has been 
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reported during 24 and 36 hours post-hepatectomy, respectively. After that, hepatocytes 

enter into mitosis at 48 hours post-PH. The cell cycle has three control checkpoints: 

restriction or “R” checkpoint, which determines the entry into late G1 phase; and the two 

mitotic control checkpoints: the G2/M, regulating the entrance in mitosis, and the 

metaphase-anaphase checkpoint. The bast majority of mitogens and growth factors, such 

as EGF, HGF and transforming growth factor-beta (TGF-β), regulate the rate of cell division 

in the “R” check point, when the cell is more sensitive to external factors. At that point, 

commitment occurs, and the cell no longer requires growth factors to complete the cell 

cycle (Blagosklonny & Pardee, 2002; Cienfuegos et al., 2014). 

The progression of the cell cycle is tightly regulated by a highly conserved family of 

serine/threonine kinases. These enzymes are composed by a regulatory subunit (a cyclin) 

and a catalytic subunit (a cyclin dependent kinase or Cdk) (Ehrenfried et al., 1997). D-type 

cyclins associate with Cdk4/6 to regulate G1 progression. This complex then phosphorylates 

the retinoblastoma protein (Rb), leading to E2F transcription and subsequent transcription 

of genes required for cell cycle progression. Then, binding of Cdk2 with Cyclin E is required 

for G1/S transition. During the S and G2 phases, Cdk2 is bound to Cyclin A, and in the late 

G2 and early M, Cdk1 is bound to Cyclin A to mediate entry into M phase. Finally, mitosis is 

regulated by Cdk1 in complex with B-type cyclins. Furthermore, the kinase activity of 

Cdk/cyclin complexes is controlled by a plethora of Cdk inhibitors (CKIs), which are 

subdivided into two classes based on their Cdk specificity. On the one hand, the Ink4 family 

members (p15INK4b, p16INK4a, p18INK4c and p19INK4d) primarily target Cdk4 and Cdk6. On the 

second hand, Cip/Kip family members (p21Cip1, p27Kip1 and p57Kip2) inhibits all cyclin-bound 

CDKs (Blagosklonny & Pardee, 2002; Vermeulen et al., 2003).  

Termination phase 

The last step of liver regeneration is the “termination” phase. Once the original mass 

of the liver is restored, the growth response must be terminated to prevent the carcinogenic 

effect of the excess of proliferating cells. Therefore, liver regeneration must be a well-

orchestrated process with a balance between mitogenic factors and proliferation-inhibiting 

factors. Curiously, the mechanisms underlying the termination phase remain poorly 

understood, but it seems that both extra- and intra-hepatic factors are involved in slowing 

down regeneration (Abu Rmilah et al., 2019; M. Liu & Chen, 2017; Ozaki, 2020). 

TGF-β is one of the most recognized hepatocyte proliferation inhibitor and stop 

signal during liver regeneration. This cytokine is mainly secreted by non-parenchymal cells, 
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such as HSCs, KCs and platelets, and it can be expressed in regenerating hepatocytes (M. 

Liu & Chen, 2017). In early stages of regeneration, hepatocytes’ proliferation must occur 

and TGF-β-induced antiproliferative effects are not needed (Karkampouna et al., 2012). 

TGF-β expression increases at 4 hours after PH, but regenerating hepatocytes are resistant 

to mitoinhibition-induced by TGF-β either by downregulation of receptors (Chart et al., 

1995), norepinephrine protective action (Houck & Michalopoulos, 1989), up-regulation of 

transcriptional repressors SnoN and Ski (Macı́as-Silva et al., 2002), and up-regulation of 

anti-apoptotic and antioxidant signals (Herrera, Álvarez, et al., 2004). TGF-β reach a peak 

at 72 hours, when liver regeneration must finish and DNA synthesis stop (M. Liu & Chen, 

2017). In this way, a perfect spaciotemporal orchestration of TGF-β signaling at different 

stages of the process is needed. Due to its relevance in this work, it will be further reviewed 

in Section 3.  

Moreover, activins are members of the TGF-β superfamily and important mediators 

of termination of regeneration. Activin A is the variant most abundant and it is an inhibitor of 

initiation of DNA synthesis in hepatocytes. After rat liver injury or PH, Activin A receptors in 

hepatocytes are downregulated by 24 hours, and normalize at 72 hours, when DNA 

synthesis terminate (Böhm et al., 2010; Zimmermann, 2004). Interestingly, mice lacking 

components of the TGF-β signaling pathway, specifically Tgfbr2, present normal termination 

of LR, associated with increased Activin A signaling (Oe et al., 2004). This suggest that both 

TGF-β and activins collaborate in the termination phase of LR. 

The Integrin Linked Kinase (ILK) is another protein involved in the termination phase. 

Liver-specific deletion of ILK provokes hepatomegaly and enhanced hepatocyte proliferation 

in mice, presenting an impaired termination of the process (Apte et al., 2009). Glypican 3 

(GPC3) increases at day 2 after PH, reaching maximal levels at day 5, and suppression of 

GPC3 in cultured rat hepatocytes enhances proliferation (B. Liu et al., 2009). Further, GPC3 

overexpression in mice suppressed hepatocyte proliferation after PH (B. Liu et al., 2010), 

suggesting that GPC3 could be involved in the termination of LR. Moreover, Hepatocyte 

nuclear factor 4 alpha (HNF4α), which is a critical transcription factor (TF) involved in 

hepatic differentiation, is essential for termination of liver regeneration (Huck et al., 2019). 

Finally, intra-hepatic levels of several growth factors and cytokines (e.g., IL-6 and 

HGF) decrease when LR proceeds (Ozaki, 2020), contributing also to the termination of 

regeneration. Altogether, a proper equilibrium of all these signals during the different phases 

might be a good determinant of the effectiveness of LR. 
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Parenchymal remodeling 

ECM is partially degraded and remodeled at the beginning of LR, but it is restored 

along the process of regeneration. ECM remodeling contributes to initiation of proliferation 

by releasing locally available latent growth factors. During the proliferative phase, a 

reduction in the normal sinusoidal network is observed, concomitant with a partial loss of 

the space of Disse and a degradation of ECM through metalloproteinases. By 48 hours after 

PH, growing of small vessels, associated with synthesis of ECM proteins, the reconstitution 

of the space of Disse, and the repopulation of this space with HSCs, is observed. This 

parenchymal unit is oversized, and the completion of a normal volume demand termination 

and remodeling mechanisms (Kang et al., 2012; Michalopoulos, 2020; Zimmermann, 2004). 

Once again, TGF-β is necessary at the end of regeneration for induction of inflammation, 

epithelial-to-mesenchymal transition (EMT), as well as cell-cell interactions (Karkampouna 

et al., 2012; M. Liu & Chen, 2017). 

 

Figure IV. Liver regeneration based on hepatocyte proliferation. Four phases are represented: 

Priming, Proliferation/progression, Termination and Matrix remodeling (López-Luque & Fabregat, 

2018) 



15 
 

Metabolic changes during Liver Regeneration 

It is important to mention that rodents subjected to PH or exposed to toxic injury 

develop alteration in hepatic and systemic metabolism. The liver must regulate systemic 

energy levels while meeting its own demands needed for cell division. Within hours after PH, 

rodents developed significant hypoglycemia and decreased insulin levels, which results from 

the acute removal of 2/3 of hepatic glycogen content and gluconeogenic capacity (Huang 

& Rudnick, 2014; Mao et al., 2014). Interestingly, glucose supplementation suppresses both 

PH- (Simek et al., 1967; Weymann et al., 2009) and toxin-induced (Chanda & Mehendale, 

1995) liver regeneration, associated with a disruption of many signaling events important 

for LR. Similarly, dietary caloric restriction accelerates cell proliferation in response to 70% 

PH (Cuenca et al., 2001). Altogether, the hypoglycemic response after liver damage seems 

to initiate the signals for regeneration.  Hypoglycemic response is followed by a systemic 

catabolic response around 12 hours after PH, characterized by a decrease in lean- and 

adipose-tissue mass. The early regenerating liver present an important fat accumulation or 

“transient steatosis” after PH, which may result mainly from uptake of adipose-derived fat 

stores, and by a lower extent from de novo hepatic lipogenesis. These lipids serve as a 

substrate for energy production, especially trough β-oxidation of free fatty acids, or for 

membrane synthesis required for cellular proliferation. In fact, many studies have reported 

that decreased hepatic fat accumulation both pharmacological or genetically inhibit liver 

regeneration (Huang & Rudnick, 2014; Rudnick & Davidson, 2012). Moreover, bile acid 

metabolism is also altered: the remnant liver after PH excretes 2.5-fold more bile acids per 

gram liver than the control-operated mouse liver (Csanaky et al., 2009). Finally, translation 

is the control point that integrates nutrient levels with mitogenic signals, and many proteins 

involved are downstream of mammalian target of rapamycin (mTOR). As a result, the mTOR 

complex may regulate regeneration by modulating cell size and proliferation based on 

energy demands (Mao et al., 2014). 

2.3. Liver regeneration in a clinical disease setting 

In a clinical disease setting, liver regeneration is observed in conditions leading to a 

severe loss of hepatocytes. Chronic loss of hepatocytes is observed in infectious diseases 

(e.g., Hepatitis B and C viruses), chronic toxic conditions (e.g., metabolic diseases, alcohol, 

non-alcoholic steatohepatitis (NASH), storage diseases, hemochromatosis), ischemia 

reperfusion injury (which normally occur after liver transplantation) or chronic immune 

attacks (such as autoimmune hepatitis). Chronic loss of hepatocytes is accompanied by 

proliferation of the surviving cells, which may lead to development of neoplasia when 
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occurring in potentially genotoxic environments. Acute loss of hepatocytes, which is less 

common, can be caused by ingestion of toxins (e.g., attempted suicide by acetaminophen), 

trauma, or acute hepatitis. In all these situations, compensatory proliferation, hepatocytes’ 

death and inflammation, which remove death cells and provide cytokines for repair, proceed 

in tandem (Michalopoulos, 2020). In fulminant hepatitis induced by drugs, the recovery of 

liver damage is expected after removal of the causative substances by hemofiltration and 

dialysis, and it may need supplementation of substances such as albumin and coagulation 

factors (Ozaki, 2020). Moreover, liver regeneration is also crucial since the liver resection is 

sometimes the best therapeutic option, as it happen in hepatic metastasis from colorectal 

cancer (Riddiough et al., 2021). Nevertheless, when the regenerative process is affected, it 

may lead to serious liver failure and a deterioration in a patient’s general condition (Ozaki, 

2020). 
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3. Transforming Growth Factor-beta (TGF-β) 

 Transforming Growth Factor-beta (TGF-β) are a family of polypeptides that play 

important roles in the regulation of embryogenesis and adult tissue homeostasis, but they 

are also implicated in pathophysiological mechanisms that are the basis of several diseases 

(Fabregat & Caballero-Díaz, 2018; Tzavlaki & Moustakas, 2020).  

The human TGF-β family includes thirty-three genes which are grouped into the 

TGF-β subfamily and BMP subfamily. On the one hand, the TGF-β subfamily comprises 

three TGF-β ligands (TGF-β1, -β2 and -β3), two Activins (A and B), Nodal, and the growth 

and differentiation factors (GDF1, GDF3, GDF8 (also known as Myostatin), GDF9 and 

GDF11). On the other hand, the BMP subfamily includes 10 Bone Morphogenic Proteins 

(BMPs), several GDFs, and the anti-Mullerian hormone (Batlle & Massagué, 2019; Tzavlaki 

& Moustakas, 2020). 

3.1. TGF-β Synthesis, Extracellular Deposition, and Activation 

TGF-β is synthesized as a pro-hormone that includes a signal peptide, a large N-

terminal region known as latency-associated peptide (LAP), and a short C-terminal 

sequence that will become the short mature ligand. TGF-β are synthesized by ribosomes 

attached to the endoplasmic reticulum (ER), where cleavage of the short signal sequence 

occurs. Then, the remaining polypeptide translocates to the lumen of the ER, where 

dimerization of pro-TGF-β occurs by three disulfide bonds: two in the LAP and one in the C-

terminal, which corresponds to the mature active cytokine. Glycosylation of N-terminal 

region is known to support latency. In most of the cells, the dimeric pro-TGF-β crosslinks to 

the latent TGF-β binding proteins (LTBPs) again via disulfide bonds, forming the large latent 

complex (LLC). The LLC translocates from the ER lumen to cis- and then trans-Golgi 

cisternae, where furin proteases cleave at the junction of the prodomain with the mature 

peptide. The noncovalent bonds between them prevent the premature activation of the 25 

kDa active TGF-β (Batlle & Massagué, 2019; Travis & Sheppard, 2014; Tzavlaki & 

Moustakas, 2020). The cleaved LLC is stored in secretory vesicles that undergo exocytosis 

and secrete LLC out of the cell, where N-terminal region of LTBP is covalently linked to the 

extracellular matrix (ECM). LLC crosslink to fibrillin and fibronectin (Santibanez, 2013; 

Tzavlaki & Moustakas, 2020)(Figure V). Mutations in Fibrillin 1 gene causes Marfan 

syndrome, a rare human disease caused by an excessive TGF-β signaling and 

characterized by joint laxity, skeletal deformities, and aortic aneurysms (Verstraeten et al., 

2016).  
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 TGF-β is synthesized in excess and its activation function as a rate-limiting step in 

its bioavailability (Santibanez et al., 2018). Several enzymatic and nonenzymatic 

mechanisms are implicated in the activation of TGF-β, including ECM proteases, such as 

matrix metalloproteases (MMPs), tolloid-like family of proteases, such as BMP-1, integrins, 

as well as heat, local acidification or reactive oxygen species (ROS), within others 

(Santibanez, 2013; Tzavlaki & Moustakas, 2020).   

 

Figure V. Diagram showing the biosynthesis and extracellular matrix deposition of TGF-β (Tzavlaki 

& Moustakas, 2020).   
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One well known activation mechanism includes BMP-1 and MMPs. BMP-1 cleaves 

LTBP1, causing release of the latent complex, and then MMP2 cleaves LAP, releasing the 

mature TGF-β1 in mouse embryo fibroblast (Ge & Greenspan, 2006). αν integrins are also 

important mediators of TGF-β activation, through their interaction with the arginine-glycine-

aspartate (RGD) integrin recognition motif present in the LAP (Batlle & Massagué, 2019; 

Tzavlaki & Moustakas, 2020). ανβ6 integrin, which interact with the actin cytoskeleton, 

exerts force and changes the conformation of the LLC from extended-closed to extended-

open, allowing release of mature TGF-β from its latent complex (Dong et al., 2017; Shi et 

al., 2011). Moreover, it has been also recently described that ανβ8 binding to latent-TGF-β 

allows activation of TGF-β receptors without release and diffusion of mature TGF-β 

(Campbell et al., 2020). Another mechanism involves the mannose-6-phosphate/type II 

insulin-like growth factor receptor (M6P/IGFII-R) and urokinase plasminogen activator 

receptor (uPA-R). Latent-TGF-β1 binds to M6P/IGFII-R, which also complexes with uPA-R. 

Plasmin generated from plasminogen by the uPA/uPA-R system allows release of TGF-β1 

through proteolytic cleavage of the N-terminal glycopeptide (Godár et al., 1999; Leksa et 

al., 2005). 

3.2. TGF-β Signaling Pathway 

 Upon activation of the dimeric TGF-β from the latent form, TGF-β family members 

bind to transmembrane serine/threonine kinases, known as type I and type II receptors. The 

formation of a heterotetrametric complex of TGF-βRI, also known as activin receptor-like 

kinase 5 (ALK-5), and TGF-βRII, allow the initiation of the signal transduction cascade. 

Firstly, TGF-β binds to homodimeric TGF-βRII, which is constitutively active and acts as a 

high affinity receptor. This interaction produces a conformational adaptation between the 

ligand and TGF-βRII, and a new high-affinity binding site is formed for TGF-βRI in the 

interface of TGF-β and TGF-βRII. TGF-βRII phosphorylates serine residues in the 

juxtamembrane domain of the TGF-βRI, activating the type I receptor kinase. Activated TGF-

βRI in turn phosphorylates its substrates: the SMAD family. Humans express eight SMAD 

proteins that can be classified into three groups: Receptor-associated SMADs (R-SMADs), 

Cooperating SMADs (Co-SMADs) and Inhibitory SMADs (I-SMADs). Among the R-SMADs, 

TGF-βRI phosphorylates SMAD1, SMAD5 and SMAD8 when the ligand is BMP subfamily, 

and it phosphorylates SMAD2 and SMAD3 at the carboxy-terminal after TGF-β, activins and 

nodal stimulation. Then, phosphorylated SMAD2 and SMAD3 associate with the Co-SMAD 

SMAD4, forming trimeric complexes that translocate to the nucleus to control the 

expression of target genes. SMAD3 and SMAD4 can directly bind on specific DNA 
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sequences (although with low affinity) known as SMAD-binding elements (SBEs), but SMAD 

complexes can also interact with a variety of DNA-binding partners to bind gene promoters. 

These binding partners are usually transcription factors that interact on one side with SMAD 

complexes and on the other with promoter regions (Figure VI). Furthermore, many SMAD 

cofactors promote the interaction with co-activators or co-repressors, which finally 

determine the transcriptional activity of SMADs. Moreover, initiation and propagation of 

TGF-β signaling can be counteracted by the activity of I-SMADs: SMAD6 and SMAD7. 

SMAD7 physically interact with TGF-βRI, inhibiting the phosphorylation of R-SMADs. 

Moreover, it recruits SMURF1/2 ubiquitin ligases to the TGF-βRI, promoting its ubiquitylation 

and subsequent degradation (Batlle & Massagué, 2019; Seoane, 2006; Tzavlaki & 

Moustakas, 2020). SMAD proteins consist of globular N-terminal and C-terminal domains 

connected by a linker region. The N-terminal or MH1 domain binds DNA, whereas the C-

terminal or MH2 domain binds TGF-β receptors, other SMADs, cytoplasmic anchor proteins, 

lineage-specific DNA-binding cofactors, and chromatin modifiers (Macias et al., 2015). 

 

Figure VI. TGF-β signaling is transduced through Smad and non-Smad pathways (Fabregat & 

Caballero-Díaz, 2018). 
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On top of the canonical SMAD signaling, TGF-β is able to regulate non-SMAD 

effectors to mediate some of its downstream biological responses, including, mediators of 

cell survival (e.g., NF-kB, PI3K/Akt pathways), MAPK signaling pathways (ERK1/2, p38 

MAPK, and JNK), as well as Rho GTPases like RhoA, Cdc42 and Rac1 (Figure VI) (Fabregat 

& Caballero-Díaz, 2018; Tzavlaki & Moustakas, 2020; Zhang, 2009). 

3.3. TGF-β biological functions  

TGF-β is secreted by several cell types and regulates many aspects of tissue and 

organ homeostasis, including morphogenesis and differentiation, proliferation, motility, 

adhesion, extracellular matrix production and programmed cell death, within others. In this 

section, we will summarize some of the functions exerted by TGF-β, specifically in liver, on 

which our group has focused its efforts during the last decades.   

3.3.1. TGF-β and Growth Inhibition 

 In epithelial cells, as well as in neuronal and hematopoietic progenitor cells, TGF-β 

inhibits progression of G1 phase of the cell cycle by the mobilization of cyclin-dependent 

kinase (CDK) inhibitors, through the canonical Smad-signaling pathway. The specific CDK 

inhibitors involved in the cytostatic response depend on the cell type. For example, in 

epithelial cells, TGF-β induces the expression of p21cip1 (which inhibits Cyclin E/A-cdk2 

complexes) and p15ink4b (which inhibits Cyclin D-cdk4/6 complexes). In this way, TGF-β 

prevents CDKs activation in the early G1 phase, leading to inhibition of retinoblastoma 

protein (pRb) phosphorylation and cell cycle arrest. Equally important is the TGF-β-induced 

downregulation of Myc and ID1, 2 and 3, which are transcription factors involved in cellular 

proliferation and inhibition of differentiation, respectively. Therefore, TGF-β mediates a dual 

inhibitory effect on the cell cycle by inhibiting CDKs function and removing proliferative 

drivers. Many of the transcriptional complexes involved in the TGF-β cytostatic responses 

have been already elucidated. For instance, Smad3/4-FoxO transcriptional complex target 

the p21cip1 promoter, whereas Smad3/4-FoxO-C/EBPβ bind to p15ink4b promoter, inducing 

transcriptional activation in both cases. Moreover, Smad3/4 complex together with E2F4/5 

recognize a proximal element in the MYC promoter, and p107 recruits corepressors 

(Drabsch & ten Dijke, 2012; Massagué, 2008; Padua & Massagué, 2009). Apart from the 

Smad-induced cytostatic responses, it has been also described that TGF-β can also 

promote cell cycle arrest through Smad-independent mechanisms. For example, the 

binding of the TGF-βR complex to the regulatory subunit of PP2A promotes p70 S6 kinase 

dephosphorylation and inhibition, contributing to the TGF-β-induced cytostatic response 
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(Petritsch et al., 2000). In hepatocytes, TGF-β can induce cell cycle arrest at low doses 

(Sánchez et al., 1996), and counteract proliferative signals induced by EGF (Carr et al., 

1986). 

Importantly, the TGF-β cytostatic effect is sometimes lost in tumoral cells, as it 

happens in colorectal, pancreatic, gastric, ovarian, and head and neck carcinomas. In 

certain cases, this is caused by the disruption of the TGF-β signaling due to inactivating 

mutations in components of the TGF-β pathway, such as mutations in Smad2 and 4, 

mutations in TGF-βRII, or with lower incidence, in TGF-βRI. Nevertheless, many other 

tumors, such as breast and prostate cancers, gliomas and melanomas, prefer to maintain 

the core signaling aspects but become resistant to the anti-proliferative response to TGF-β 

signaling (Padua & Massagué, 2009; Seoane, 2006). For instance, a group of gliomas 

present homozygous deletion of p15INK4b (Jen et al., 1994), whereas other cancers blunt 

the effects of CDK inhibitors by overexpressing c-MYC or Cyclin D1 (Massagué, 2008; 

Seoane, 2006). Furthermore, in some other cases the lack of the TGF-β anti-proliferative 

response is due to overactivation of non-Smad pathways. In fact, our group described that 

TGF-β induces survival signals through the transactivation of the EGFR pathway (further 

discussed in Section 3.3.3). 

3.3.2. TGF-β and Apoptosis 

In addition to its function controlling the cell cycle, TGF-β also participates in the 

maintenance of tissue homeostasis through its ability to induce apoptosis. Paradoxically, 

depending on the cell-type and the environmental factors, TGF-β can simultaneously induce 

both pro-survival and pro-apoptotic signals. Several Smad-dependent and -independent 

mechanisms have been described for a variety of cell lines, and these signals ultimately lead 

to activation of pro-apoptotic caspases and changes in expression, localization and 

activation of pro- and anti-apoptotic members of the BCL-2 family (Padua & Massagué, 

2009).  

In hepatocytes, TGF-β modulates the expression of different members of BCL-2 

family. Some studies have shown that TGF-β induces downregulation of the anti-apoptotic 

protein Bcl-xL in rat fetal and TAMH hepatocytes (Franklin et al., 2003; Herrera, Fernández, 

et al., 2001). By contrast, fetal hepatocytes resistant to TGF-β presents higher expression 

of Bcl-xL (Valdés et al., 2004). Further, TGF-β also induces the up-regulation of pro-

apoptotic proteins Bim and Bax in liver cells (Teramoto et al., 1998; J. Yu et al., 2008). TGF-

β-induced apoptosis is coincident with ROS production. In fact, TGF-β-induced ROS 
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production is required to exert its pro-apoptotic role in hepatocytes (Sánchez et al., 1996) 

and it is also necessary for an efficient mitochondrial-dependent execution of apoptosis 

(Herrera, Fernández, et al., 2001; Herrera, Álvarez, et al., 2001). ROS levels depends on 

two different mechanisms: 1) the induction of a nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase (NOX) system, specifically induction of NOX4, to increase 

extra-mitochondrial ROS (Carmona-Cuenca et al., 2008; Herrera, Murillo, et al., 2004) or 

2) downregulation of antioxidant genes and proteins (Franklin et al., 2003; Herrera, Murillo, 

et al., 2004). The implication of NOX4 in TGF-β-induced apoptosis will be later reviewed in 

Section 4.3.3. 

3.3.3. TGF-β-mediated anti-suppressor signals. Crosstalk with the EGFR 

pathway. 

As it has been previously mentioned, TGF-β can induce survival signals. Many 

studies have reported that TGF-β1 is overexpressed in various types of human cancer, 

which correlates with a poor prognostic (Fabregat et al., 2014). It seems that TGF-β 

suppresses the early stages of tumor development, but it later favors tumor progression 

when cells become resistant to its cytostatic effects (Fabregat et al., 2016). These 

antiapoptotic signals are in a great extent caused due to the activation of the EGFR pathway 

and c-Src phosphorylation (Figure VII). EGF counteracts TGF-β-induced cell death effects 

in hepatocytes (Carmona-Cuenca et al., 2006; Fabregat et al., 1996, 2000). In fact, 

blocking the EGFR signaling increases the apoptotic response to TGF-β (Murillo et al., 

2005). This process requires activation of the PI3K/Akt axis to impair TGF-β-induced up-

regulation of NOX4 and mitochondrial-dependent apoptosis (Carmona-Cuenca et al., 

2006). Indeed, TGF-β is able to mediate the production of EGFR ligands, for which it requires 

the activity of the metalloprotease tumor necrosis factor-α-converting enzyme 

(TACE)/ADAM17, which is responsible for shedding of the EGF receptor ligands (Caja et 

al., 2007; Murillo et al., 2005). Caveolin-1 is required for the activation of TACE/ADAM17 

by TGF-β in hepatocytes (Moreno-Càceres et al., 2014). Moreover, Clathrin expression is 

required for TGF-β -induced anti-apoptotic signals in liver tumor cells (Caballero-Díaz et al., 

2020). 

Moreover, our group has described that another member of the NADPH oxidase 

family, NOX1, plays an anti-apoptotic role the liver. In fact, TGF-β-induced activation of 

NOXes mediates upregulation of EGFR ligands through a NF-kB-dependent mechanism 

(Murillo et al., 2007). Furthermore, NOX1 promotes autocrine growth of liver tumor cells 

through the activation of the EGFR pathway via upregulation of TGF-α (Sancho & Fabregat, 
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2010). Moreover, Caveolin-1-dependent activation of the TACE/ADAM17 in hepatocytes 

requires activation of Src and NOX1 (Moreno-Càceres et al., 2016). 

Interestingly, the ability of hepatocytes to survive to TGF-β depends on their 

differentiation status (Sanchez, 1999). Thus, rat adult hepatoma cells respond to TGF-β 

inducing survival signals, whereas adult hepatocytes do not (Caja et al., 2007). 

 

 

Figure VII. Diagram of the TGF-β crosstalk with EGFR and other growth factors, which may 

contribute to its pro-tumorigenic actions. The TGF-β-induced activation of EGFR in liver cells 

requires the activity of the metalloprotease TACE/ADAM17, which is responsible for the shedding 

of the EGF family of growth factors (Moreno-Càceres & Fabregat, 2015). 
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4. ROS and NADPH oxidase NOX4 

4.1. Reactive oxygen species  

Reactive oxygen species (ROS) are highly reactive molecules derived from 

molecular oxygen, generated by redox reactions or by electrophilic excitation. They can be 

classified into non- radical (e.g., H2O2, ROOH, O3) and free radical species (e.g., O2
-, -OH, 

ROO-). Within them, hydrogen peroxide (H2O2) is recognized as the major ROS in redox 

regulation of biological activities (Schröder, 2019; Sies & Jones, 2020).  

The intracellular concentration of H2O2 is normally maintained under tight control. At 

low levels (< 10 nM), H2O2 is associated with the maintenance of physiological redox 

signaling, what is known as “oxidative eustress”, while higher concentrations lead to the 

activation of adaptative stress responses, such as induction of Nrf2/Keap1 or NF-κB (Figure 

VIII). If concentration of H2O2 is supraphysiological (> 100 nM), ROS can damage DNA, 

lipids, and proteins, ultimately leading to growth arrest and cell death. This is known as 

“oxidative distress”. Of notice, assessment of a given H2O2 concentration to the 

classification of eustress or distress may vary with cell type, with the level of complexity (i.e., 

comparison of isolated cell/tissue versus the whole organism), or with the duration of the 

exposure to H2O2 (Buvelot, Jaquet, et al., 2019; Sies, 2017; Sies & Jones, 2020). 

 

 

 

Figure VIII. Oxidative eustress and distress: estimated ranges and cellular responses (Sies & 

Jones, 2020). 
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4.1.1. ROS generation and regulation 

The most important sources of O2
·− and H2O2 are transmembrane NADPH oxidases 

(NOXs) (Bedard & Krause, 2007; Knock, 2019; Parascandolo & Laukkanen, 2019) and the 

mitochondrial electron transport chain (Murphy, 2009) (Figure IX).  

Of special interest for this work is the production of H2O2 by NOXs. NOXs are located 

in different cellular components, which contributes to local generation of ROS. H2O2 is also 

produced by other oxidases present in the endoplasmic reticulum (ER) and peroxisomes, 

as well as by superoxide dismutases (SOD1–SOD3) from O2
·− (Sies & Jones, 2020). 

Importantly, specific aquaporins called peroxiporins facilitate H2O2 to cross membranes 

(Bienert & Chaumont, 2014). This differential ROS production has functional significance: 

different proteins are redox-modified depending on the source (Sies & Jones, 2020).  

 

Figure IX. Key modulators and targets of H2O2. H2O2 sources (red), redox-sensitive targets and 

hubs (blue), aquaporins (yellow) and sinks (green) (Sies & Jones, 2020). 

 

In physiological situations, ROS play important functions in maintaining cellular 

homeostasis, as they orchestrate host defense, cell growth and signaling. Nevertheless, if 

not properly controlled, ROS can rapidly accumulate in great amounts during oxidative 

stress situations (Liang et al., 2016). In order to maintain homeostasis in the liver, free 

radicals are scavenged by a powerful antioxidant system (Figure IX): 

• Enzymatic detoxification. Catalase dismutates H2O2 to H2O and O2. Glutathione 

peroxidase (GPx) also detoxifies H2O2 in a reaction in which reduced glutathione 



27 
 

(GSH) is oxidized to glutathione disulphide (GSSG), that is then reduced back 

to GSH by glutathione reductase using NADPH as a co-factor. 

• Thioredoxins and peroxiredoxins also function as redox sinks. These proteins 

contain numerous cysteine residues in a basal reduced-thiol anionic form that 

are rapidly oxidized by ROS. 

• Transcription factors. Nuclear factor-erythroid 2 related factor 2 (Nrf2) 

translocates to the nucleus and binds to antioxidant response elements (ARE) 

in the promoters of antioxidant genes. Forkhead box O (FOXO) regulates SOD 

and catalase transcripts (Jiang & Törok, 2014; Kalyanaraman, 2013; Lambeth 

& Neish, 2014; Sies & Jones, 2020). 

4.2. NADPH oxidase family members 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) family is 

an important source of ROS in signal transduction (D. I. Brown & Griendling, 2009). In most 

mammals, seven isoforms of NOX have been described: NOX1-5 and two dual oxidases 

(DUOX1-2). They use NADPH as an electron donor to reduce oxygen to superoxide anion 

(O2¯ ), according to the following reaction:  

 

NADPH + 2O2            NADP+ + 2O2¯ + H+ 

O2¯ is then converted to H2O2 either spontaneously or by enzymatic action. The first 

NOX identified and most studied isoform is NOX2. Due to its high level of expression in 

neutrophils and macrophages, NOX2 is known as “phagocyte NADPH oxidase” 

(Buvelot, Jaquet, et al., 2019). Increasingly sensitive detection methods developed 

during the 90s made clear that superoxide and hydrogen peroxide production was not 

only restricted to phagocytes, as other cells/tissues generated them (Lambeth & Neish, 

2014). Since then, the expression of other mammalian NOX homologs has been found 

in various cell types and tissues. NOX are essential for maintaining their normal 

physiology and activity, and dysregulation in their expression and activation is related to 

oxidative stress and altered cellular responses, which may at the end lead to several 

pathological consequences such as cardiovascular diseases, cancer, diabetes, and 

neurodegenerative diseases (Waghela et al., 2021). 

 

 



28 
 

4.2.1. NOX structure and activation 

NADPH oxidases are transmembrane flavoproteins that transport electrons across 

biological membranes to reduce oxygen to superoxide anion. In accordance with their 

preserved function, they share some structural properties: 1) the catalytic core of NOX 

enzymes contains six (seven for DUOX1–2) transmembrane α-helical domains; 2) they 

present a NADPH-binding site and a Flavine adenine dinucleotide (FAD)-binding site at the 

cytosolic C- terminus; 3) they contain four highly conserved heme-binding histidines, two in 

the third and two in the fifth transmembrane domain (Bedard & Krause, 2007; Brown & 

Griendling, 2009; Buvelot, Jaquet, et al., 2019). Differences between NOX family members 

are found in their NH2-terminal structure, regulatory proteins and subunits (Buvelot, Jaquet, 

et al., 2019). Considering their mode of activation, NADPH oxidases can be grouped into 

three groups (Figure X):  

• The first group of NOXs consists of NOX1, NOX2, and NOX3. The complex is formed 

by the NOX subunit and the p22phox, which function as a maturation factor required for 

glycosylation and localization of the NOX subunit, stabilizing the NOX subunit. Of 

interest for NOX1-3, p22phox has a proline rich region that serves as the docking site for 

regulatory subunits. In an inactive state, these cytosolic subunits remain dispersed in 

the cytosol, but upon activation, they assemble with transmembrane subunits to form 

an active enzyme component. Therefore, NOX1-3 activation depends on the binding of 

the membrane bound subunits with the small GTPase Rac and with cytosolic proteins. 

NOX1 and NOX3 bind NOXA1 (Nox activator 1) and NOXO1 (Nox organizer 1), 

whereas NOX2 binds p67phox, p47phox and p40phox. NOXA1 and p67phox are activators that 

require NOXO1 and p47phox, respectively, as organizers. As a result of their activation, 

NOX1-3 generate O2¯ as a prime product. 

• NOX5, DUOX1 and DUOX2, which are the calcium activated NOX, can be pooled into 

group 2. They are independent of cytosolic factors but instead have EF-hands calcium-

binding motifs for Ca2+ sensing. NOX5 mainly produce O2¯, but DUOX 1-2 have an 

extracellular peroxidase domain that allow them to produce H2O2. 

• The third group of NOXs is only composed by NOX4. NOX4 associates with p22phox, like 

group 1. However, NOX4 does not require any further cytosolic subunit and therefore is 

the only one constitutively active (Bedard & Krause, 2007; Brown & Griendling, 2009; 

Lambeth & Neish, 2014; Schröder, 2020; Waghela et al., 2021). Considering the 

relevance of NOX4 for the present work, it will be further reviewed in Section 4.3. 
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Figure X. Illustration of mammalian NADPH oxidase family structure (Waghela et al., 

2021). 

4.2.2. NOX functions in physiology and pathology    

Besides those cases of a physiological function of NADPH oxidases, whose absence 

led to a namable disease (i.e., NOX2 and DUOX2), many functions of the family members 

are unclear. Nevertheless, NOXs play a role in prevention or as contributors to several 

diseases, although their exact role often remains to be defined (Schröder, 2020).  

• NOX1 presents high expression in the colon (Altenhöfer et al., 2015), and its lost in 

children predisposes to very early-onset inflammatory bowel disease (VEOIBD)  

(Hayes et al., 2015).  

• NOX2 presents high level of expression in neutrophiles and macrophages, although 

it is found in other cell lines. NOX2 in association with p47phox and p67phox are needed 

for a proper fist line host defense, known as “the oxidative burst”: direct toxicity of 

ROS as well as modification of intracellular signaling in phagocytes allow the defense 

against infection. In fact, CGD (chronic granulomatous disease) is a disease 

provoked by disfunction or absence of one of the components of NOX2 complex, 

characterized by frequent infections by fungi and bacteria. The severe infections in 

these patients highlight the important role of NOX2 in host defense (Buvelot, Jaquet, 

et al., 2019; Schröder, 2020). In the liver, neutrophils promote the phenotypic 

conversion of pro-inflammatory to pre-resolving macrophages during liver repair 

through ROS-produced by NOX2 (Yang et al., 2019).  

• NOX3 is mainly expressed in the inner ear, and mutations in this gene leads to 

vestibular disfunctions and severe balance and spatial orientation defect 
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(Paffenholz, 2004). However, no such mutations have been detected in humans 

(Buvelot, Jaquet, et al., 2019). 

• NOX5 is mainly present in lymphoid tissue and testis (Altenhöfer et al., 2015). 

Importantly, NOX5 is not expressed in rats and mice, and therefore, the knowledge 

about NOX5 is limited. Its physiological function is not well understood, but it seems 

to contribute to vascular oxidative stress in coronary lesions, hypertension and 

stroke (Buvelot, Jaquet, et al., 2019).  

• DUOX1 and DUOX2 are mainly expressed in thyroid and lung tissue (Altenhöfer et 

al., 2015). DUOX2 physiological role is to oxidize iodine for its incorporation into the 

thyroid hormone. If DUOX2 or its maturation partner DUOXA2 are not present, the 

formation of the hormone is reduced and subsequent diseases such as goiter and 

hypothyroidism develop (Schröder, 2020). In contrast, Duox1 mutations does not 

affect thyroid hormone synthesis (Buvelot, Jaquet, et al., 2019). 

4.3. NOX4  

NOX4 was discovered as an NADPH oxidase highly expressed in the kidney (Geiszt 

et al., 2000; Shiose et al., 2001), but it can also be found in other cell types, such as 

hepatocytes. The human NOX4 gene is located on chromosome 11q14.2–q21 and it 

comprises 25 exons (Breitenbach et al., 2018; Buvelot, Jaquet, et al., 2019; Guo & Chen, 

2015). So far, four splice variants have been described (Goyal et al., 2005). The primary 

sequence of NOX4 comprises 578 amino acids and NOX4 protein has a predicted 

molecular weight of 66.5 kDa (Guo & Chen, 2015). 

 

4.3.1 NOX4 structure and activity 

Similar to other members of NADPH oxidase family, NOX4 comprises 6 

transmembrane domains connected by five loops (loops A–E), and a dehydrogenase (DH) 

domain at the cytosolic C- terminus (Figure X). While the A, C and E loops face extra-luminal 

space, where potentially produce ROS, the B and D loops face the cytoplasm (Figure XI) 

(Guo & Chen, 2015). It has been proposed that the E loop contains superoxide dismutase-

like activity, allowing NOX4 to restrain single reduced O2¯ and reduce it further to H2O2. In 

fact, this activity can be prohibited by exchanging a single histidine residue in the E-loop 

(Takac et al., 2011). Nisimoto et al. observed that purified NOX4 forms 10% of O2¯ and 

90% of H2O2 (Nisimoto et al., 2014). Moreover, electrons are transported by two non-

identical heme groups that are coordinated by four conserved histidine residues located in 

the third and fifth transmembrane helices (Guo & Chen, 2015). As previously said, NOX4 
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enzymatic complex is only composed of NOX4 and p22phox, and it does not need the binding 

of the cytosolic co-factors. 

 

Figure XI. NOX4 protein domain (Adapted from Choi et al., 2014). 

 

Considering that NOX4 has been generally thought to be constitutive active 

(Nisimoto et al., 2010), ROS production is mainly dependent on NOX4 transcriptional 

regulation (Serrander et al., 2007). In this way, several stimuli have been reported as NOX4 

regulators, including hypoxia, hyperoxia, or shear stress (Buvelot, Jaquet, et al., 2019). 

Moreover, some transcription factors have been implicated in Nox4 gene regulation in 

different cells, such as E2F, Nrf2, HIF-1α, NF-κB, oct-1, sp3 and sp1, c-jun, STAT3, by 

binding to the specific site of Nox4 gene promoter (Guo & Chen, 2015). Interestingly, 

several groups have described that TGF-β signaling is an important inducer of NOX4 

expression in smooth muscle cells (Sturrock et al., 2007), in breast epithelial cells (Boudreau 

et al., 2012), in pancreatic cancer cells (Hiraga et al., 2013) and in hepatocytes (Carmona-

Cuenca et al., 2008) within others. Moreover, NOX4 activity could be enhanced by the 

binding of Polymerase-δ-interacting protein 2 (Poldip2) in the NOX4 enzymatic complex 

(Datla et al., 2014; Lyle et al., 2009). In contrast, a negative regulation of NOX4 could occur 

when Hic-5 associates with the ubiquitin ligase Cbl-c and HSP27. This interaction provokes 

NOX4 ubiquitination and subsequent decrease in ROS levels (Desai et al., 2014). In any 

case, the predominant controller of NOX4-dependent ROS formation is the expression level 

of the protein. 

 

4.3.2. NOX4 intracellular localization 

Considering that the enzyme is constitutively active, it has been speculated that its 

activity may depend on its cellular location (Breitenbach et al., 2018; Schröder, 2014). 

However, the identification of NOX4 intracellular localization is still a matter of discussion. 

On one hand, there are not good enough commercially available antibodies. On the other 
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hand, NOX4 localization may differ between cell types and differentiation state (Schröder, 

2014). NOX4 localization has been reported in mitochondria (Block et al., 2009; Kuroda et 

al., 2010), in the endoplasmic reticulum (Buul et al., 2005), in mitochondria-associated 

membrane or MAM (Beretta et al., 2020), in focal adhesions (Hilenski et al., 2004), in the 

nucleus (Anilkumar et al., 2013; Kuroda et al., 2005), as well as in the plasma membrane 

(Block et al., 2009). Interestingly, four different splice isoforms (Nox4 B-E) have been 

identified and localized in different compartments of the cell. Two of them have dominant 

negative characteristics for ROS generation. While Nox4B lacks the first NADPH, Nox4C 

lacks all FADH and NADPH binding sites. The two other splice-variants, Nox4D and Nox4E, 

lack the transmembrane domains, suggesting that they are non-membrane associated 

isoforms. Nox4D contains all FADH and NADPH binding domains, showing the same rate 

of ROS generation than Nox4 prototype (Goyal et al., 2005). Taken together, it seems that 

Nox4 exists as several isoforms that may have different functions in ROS-related cell 

signaling depending on its sub-cellular location. Interestingly, changes in the localization of 

NOX4 have been related with the activation of the enzyme. For instance, insulin stimulates 

H2O2 production and a rapid surface localization of NOX4 in podocytes (Kim et al., 2012). 

 

4.3.3. NOX4 functions in physiology and pathology   

As it has been already explained, high level of ROS causes oxidative stress leading 

to many diseases, while lower level of ROS could serve as second messengers to induce a 

panel of intracellular signaling pathways involved in differentiation, cell proliferation, 

migration, among others (Guo & Chen, 2015). As one of the main endogenous H2O2 

sources, NOX4 is involved in all these processes.  

An important feature of NOX4 is that it is ubiquitously expressed:  although is highly 

expressed in the kidney, it has also been also described in other cell types including smooth 

muscle cells, endothelial cells, fibroblasts, keratinocytes, osteoclasts, neurons, and 

hepatocytes (Paletta-Silva et al., 2013). The expression of NOX4 in those differentiated cells 

would suggest that NOX4 itself could be necessary for the process of differentiation. In fact, 

in vascular smooth muscle cell (VSMC), adipocytes and chondrocytes, it has been reported 

that NOX4 drives the differentiating process (Clempus et al., 2007; Kanda et al., 2011; Kim 

et al., 2010; Schröder et al., 2009). Differentiation of a cell reduces their motility and, 

somehow, appears to cause senescence. In relation with this, some studies suggest a role 

for NOX4 in senescence. Indeed, one of the first observation after the identification of the 

enzyme was that NIH3T3 fibroblasts overexpressing NOX4 developed signs of senescence 

(Geiszt et al., 2000). NOX4-induced senescence has been also described in the kidney, in 
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endothelial cells as well as nucleus pulposus cells (Baltanás et al., 2013; Feng et al., 2017; 

Schilder et al., 2009). On the contrary, Przybylska et al. reported that NOX4 downregulation 

leads to senescence of human vascular smooth muscle cells (Przybylska et al., 2016). This 

suggest that NOX4-induced senescence depends on the cell type.  

Furthermore, evidence showed that NOX4 is implicated in promoting cell migration. 

Most of the studies have been done in relation with vascular smooth muscle cells 

(VSMCs)(Meng et al., 2008). In fact, it has been suggested that NOX4 could be associated 

with cytoskeletal structures, such as vinculin, in VSMCs (Hilenski et al., 2004). However, 

NOX4 represses epithelial-to-amoeboid transition and efficient tumor dissemination in 

hepatocellular carcinoma cells (Crosas-Molist et al., 2017). Finally, NOX4 is an inducible 

regulator of myocardial angiogenesis. NOX4-null mice developed contractile dysfunction, 

hypertrophy, and cardiac dilatation during exposure to chronic overload whereas NOX4-

overxepressing mice were protected (M. Zhang et al., 2010). Further, Nox4 promotes 

endothelial angiogenic responses in human vascular endothelial cells (Datla et al., 2007). 

Moreover, the implication of NOX4 in the regulation of cell proliferation has been 

reported in several studies. NOX4 promotes cell proliferation in multiple cell types, including 

VSMC (Menshikov et al., 2006), endothelial cells (Peshavariya et al., 2009), human 

pulmonary artery smooth muscle cells (Ismail et al., 2009), pulmonary artery adventitial 

fibroblasts (S. Li et al., 2008), skeletal muscle precursor cells (Mofarrahi et al., 2008) and 

gliomas cells (Shono et al., 2008). The underlying mechanisms mediating these effects 

depend on the cell type. For example, in endothelial cells, low level of NOX4-derived ROS 

activates mitogen-activated protein kinase (MAPK) family members including p38 MAPK, 

ERK and JNK/SAP kinases. NOX4-induced cell proliferation is mediated through TGF-β1 

and Smad2/3 pathway in human pulmonary artery smooth muscle cell (Guo & Chen, 2015). 

In contrast, our group described that NOX4 silencing in untransformed hepatocytes and 

hepatocarcinoma cells increased cell proliferation, suggesting that NOX4 plays a negative 

role in liver cell proliferation (Crosas-Molist et al., 2014). Again, the role of NOX4 in cell 

proliferation seems to be cell type specific.  

On the contrary, NOX4 has also been associated with cell death. Multiple 

publications reported that NOX4 mediates cell death, mainly through induction of apoptosis, 

in arterial smooth muscle cells (Pedruzzi et al., 2004), leukemia cells (McKallip et al., 2006), 

alveolar cells (Carnesecchi et al., 2011), endothelial cells (Tian et al., 2012), and cardiac 

myocyte (Ago et al., 2011), within others. Indeed, NOX4 inhibitor GLX7013114 counteracts 

human islet cell apoptosis in vitro (Wang et al., 2018). Apart from apoptosis, necrotic-cell 
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death induced by NOX4 has been described in human umbilical vein endothelial cells 

(HUVECs) (Simon & Fernández, 2009). 

Importantly, some of these NOX4 effects are primarily induced by TGF-β. It has been 

mentioned that NOX4 mediates cell senescence. Indeed, it mediates TGF-β-induced 

senescence in the liver (Senturk et al., 2010). Regarding cell migration, NOX4 mediates 

TGF-β induced cytoskeletal changes in endothelial cells (Hu et al., 2005), and it also 

mediates TGF-β-induced epithelial-to-mesenchymal transition and migration of breast 

epithelial cells (Boudreau et al., 2012). 

In some of these works, NOX4 is also mediating TGF-β-induced regulation of cell 

proliferation. For Instance, TGF-β treatment of human pulmonary artery smooth muscle cells 

(HPASMC) facilitates proliferation by upregulating NOX4 and ROS production, with 

transient oxidative inactivation of phosphatases and activation of growth signaling cascades 

(Sturrock et al., 2006). NOX4 also mediates TGF-β-induced phosphorylation of 

retinoblastoma protein (pRb), proliferation, and cell hypertrophy in airway smooth muscle 

cell (Sturrock et al., 2007).  

Importantly for the work presented here, NOX4 also mediates TGF-β-induced cell 

death in liver cancer cells (Caja et al., 2009), hepatocytes (Carmona-Cuenca et al., 2008; 

Sancho et al., 2012), mouse hepatic oval cells (Martínez-Palacián et al., 2013), as well as 

in podocytes (Das et al., 2014) and endothelial cells (Yan et al., 2014). In the liver, NOX4 

mediates TGF-β-induced apoptosis via the liver-specific tumor suppressor STAT5 and the 

modulation of the expression of key pro-apoptotic genes from the Bcl-2 family, such as 

PUMA, BIM and BMF (Caja et al., 2009; Yu et al., 2012). Knockdown of NOX4 attenuates 

TGF-β-induced caspase activation and cell death in rat hepatocytes (Carmona-Cuenca et 

al., 2008) and it also decreases ROS production, and a decreased expression level of Bcl-

2 family members in hepatocellular carcinoma cells is observed (Caja et al., 2009). 

Accumulation of ROS produced by NOX4 in the mitochondria could lead to mitochondria 

dysfunction, mitochondrial swelling and cytochrome c release (Kuroda et al., 2010; Xu et 

al., 2013). Of note, the pro-apoptotic role of NOX4 can be attenuated after NOX1 activation, 

which promotes autocrine growth through the upregulation of the EGFR pathway in liver 

cells (Sancho & Fabregat, 2010).  

Finally, NOX4 can induce myofibroblasts activation in some organs, such as 

pancreas (Masamune et al., 2008). Specifically, NOX4 plays a key role in TGF-β-induced 

myofibroblast activation in lung (Amara et al., 2010; Hecker et al., 2009), kidney (Bondi et 

al., 2010), heart (Cucoranu et al., 2005), prostate (Sampson et al., 2011), and also in the 

liver (Jiang et al., 2012; Sancho et al., 2012). 
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4.3.4. NOX4 in liver disease 

In physiological situations, the amount of H2O2 is under a tight control by 

peroxiredoxins, glutathione peroxidases and catalase, as previously said (Sies & Jones, 

2020). However, during chronic liver injury, this balanced is perturbed, leading to oxidative 

stress. This is a common feature in viral hepatitis, alcoholic and non-alcoholic 

steatohepatitis, liver fibrosis and cancer. Importantly, NOXs are expressed in both 

parenchymal and non-parenchymal hepatic cells. Major NOX isoforms in the liver are NOX1, 

NOX2, and NOX4. Thus, hepatocytes express NOX1, NOX2, NOX4, DUOX1 and DUOX2; 

HSCs and SECs express NOX1, NOX2 and NOX4; and KCs express the phagocyte NADPH 

oxidase NOX2 (Figure XII) (Jiang & Török, 2014; Liang et al., 2016; Paik et al., 2014).  

 

 

Figure XII. Cellular distribution of NOX isoforms in the liver (Paik et al., 2014). 

 

Of relevance for this work is the role of NOX4 in liver fibrosis. NOX4 regulates 

oxidative stress in the liver and its levels are increased in fibrotic patients, both virus- or 

NASH-related (Bettaieb et al., 2015; Sancho et al., 2012), as well as in mice with diet-

induced steatohepatitis (Bettaieb et al., 2015).  On the one hand, it has been described by 

our group that TGF-β promotes cell death via NOX4 activation in hepatocytes and mouse 

hepatic oval cells (Carmona-Cuenca et al., 2008; Martínez-Palacián et al., 2013). Moreover, 

NOX4 is also required for FasL or TNFα-mediated apoptosis (Jiang et al., 2012). Hepatocyte 

cell death is a crucial and indirect event during fibrogenesis because apoptotic bodies 

derived from damaged hepatocytes can transdifferentiate HSCs to MFBs (Crosas-Molist & 

Fabregat, 2015).  

In addition, one of the most studied mechanisms of fibrogenesis influenced by ROS 

is myofibroblast activation. Whereas high concentrations of ROS induce HSCs dead, non-
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toxic levels of ROS stimulate the activation, proliferation, and collagen I production of HSCs 

(Paik et al., 2014). Importantly, activated HSCs have increased ROS-detoxifying capacity 

compared to quiescent HSCs, which protects them from ROS-induced cell death (Dunning 

et al., 2013). It was suggested that NOX could mediate TGF-β-induced myofibroblasts 

activation in some organs including the liver (Figure XIII). Indeed, TGF-β-induced HSCs 

activation is attenuated by NOX4 downregulation (Sancho et al., 2012). Accordingly, 

myofibroblast activation was shown to be inhibited by antioxidants in the liver(Abhilash et 

al., 2012; Foo et al., 2011). In fact, Hotta et al. reported that TGF-β-induced collagen 

production in myofibroblast is mediated by NOX4-derived ROS (Hotta et al., 2018). It is 

important to highlight that during fibrosis development the highest level of NOX4 expression 

is found in hepatocytes, followed by myofibroblast and HSCs (Sancho et al., 2012). 

Not only NOX4, but also NOX1 and NOX2 play important roles in the progression of 

hepatic fibrosis (Cui et al., 2011; Jiang et al., 2010; Paik et al., 2011). Both NOX1 and NOX2 

have been shown to induce profibrogenic genes in HSCs, and NOX1-/- and NOX2-/- mice 

show decreased hepatic fibrosis after CCl4 treatment or bile duct ligation (Jiang et al., 2010; 

Paik et al., 2011). Furthermore, NOX5 mediates proliferation and activation of HSCs in 

response to TGF-β, via p38 MAPK (Andueza et al., 2018). 

Considering the important role of NOX-derived ROS in hepatic fibrogenesis, the 

development of pharmacological NOX inhibitors is being assessed as potential anti-fibrotic 

therapeutics. Indeed, GKT137831, which is a dual NOX4/NOX1, decreases both the 

apparition of fibrogenic markers and hepatocyte apoptosis in vivo upon bile duct ligation 

and CCl4 treatment (Aoyama et al., 2012; Jiang et al., 2012). Moreover, GKT137831 

treatment prevents liver inflammation and lowered proliferative and pro-fibrotic genes after 

CCl4 injection (Lan et al., 2015). Nevertheless, further studies are needed to better 

knowledge the physiological functions of NOX4 and the potential consequences of its 

inhibition.  

Liver fibrosis can lead to cirrhosis, a condition that highly predisposes to develop 

hepatocellular carcinoma. The implication of NOX4 in cancer differs between tumors. While 

it is considered to be oncogenic in some tumors, such as non-small cell lung cancer (C. 

Zhang et al., 2014), colorectal cancer (Lin et al., 2017), gastric cancer (Tang et al., 2018) 

or pancreatic cancer (Witte et al., 2017), NOX4 acts as a tumor suppressor in liver cancer 

(in association with TGF-β). On the one hand, TGF-β-induced senescence in HCC cells is 

dependent on NOX4, p21cip1, p15Ink4b and ROS (Senturk et al., 2010). On the other hand, 

our group described that TGF-β activation of NOX4 promotes hepatocyte (Carmona-

Cuenca et al., 2008) and hepatocellular carcinoma cells apoptosis, and overactivation of 
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the MEK/ERK pathway in liver tumor cells confers them resistance to the TGF-β -induced 

cell death through impairing NOX4 upregulation (Caja et al., 2009). We also reported that 

NOX4 silencing in HCC cells confers them higher tumorigenic potential, trough 

downregulation of p21cip1, upregulation of cyclin D1 and nuclear localization of β-catenin 

(Crosas-Molist et al., 2014). Also, NOX4 is necessary for adhesion of the cell–cell and cell–

matrix, leading to the suppression of epithelial-to-amoeboid transition and the inhibition of 

liver cancer progression via the decreased expression of RhoC and Cdc42 (Crosas-Molist 

et al., 2017). In accordance, it has been recently described that deletion of NOX4 promotes 

colon carcinoma and fibrosarcoma tumor formation, concomitant with increased activity of 

AKT and lower recognition of DNA damage (Helfinger et al., 2021). Eun et al. reported that 

whereas HCC patients with high NOX4 and DUOX1 expression showed higher survival in 

association with genes that inhibit tumor progression, those patients with high NOX1/2/5 

showed poor prognoses and genes associated with cell survival and metastasis (Eun et al., 

2017). Eun et al. later described that high nuclear NOX4 and low cytoplasmic NOX4 

correlate with short overall survival in HCC patients (Eun et al., 2019) Finally, it has been 

described that TGF-β dependent activation of fibroblast to cancer associated fibroblasts 

(CAFs) is dependent on ROS produced by NOX4 (Hanley et al., 2018). 

 

 

Figure XIII. NOX4 implication in different stages of liver chronic diseases. Early on, NOX4 induces 

apoptosis of hepatocytes and transdifferentiation of HSCs to myofibroblasts after a chronic injury, 

which leads to an inflammatory process and liver fibrosis. If chronic injury is maintained, liver 

fibrosis leads to liver cirrhosis, which is the previous step of Hepatocellular carcinoma. At that 

stage, NOX4 acts as a tumor suppressor during early stages, but once tumor cells acquire the 

capacity to overcome its cytostatic response, it acts as a pro-tumorigenic cytokine (Adapted from 

(Fabregat et al., 2016). 
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4.3.5. NOX targeting  

 Considering that the function of NOX in the regulation of many physiological 

functions remains poorly understood, the development of NOX inhibitors may help to 

uncover how NOX regulates these pathways. Moreover, regarding the role of NOX in the 

pathogenesis of many diseases, such as fibrotic diseases, neurodegenerative disorders, or 

cardiovascular diseases, NOX inhibitors have also a potential therapeutic purpose. Several 

NOX inhibitors have been identified, and for some pathological conditions, it has been 

demonstrated that pharmacological inhibition of NOX is beneficial. However, until the date, 

there are not specific NOX inhibitors, most compounds are pan-NOX inhibitors. Considering 

the role of ROS in physiological signaling processes, another form of imbalance deserves 

attention, i.e., reductive stress, which is the excess of reducing agents in a cell, leading to 

shortage of ROS. Therefore, instead of attempting to systematically scavenge ROS, it would 

be more effective to target specifically the source of pathophysiological relevant ROS 

(Altenhofer et al., 2012; Buvelot, Jaquet, et al., 2019; Schmidt et al., 2021). With that aim, 

some of the most known NOX inhibitors will be briefly reviewed: 

• Diphenyleneiodonium (DPI) acts as a general flavoprotein inhibitor and thus inhibits 

many other enzymes apart from NOXs, such as eNOS, xanthine oxidase, and proteins 

of the mitochondrial electron transport chain. It is the most useful pharmacological tool 

for in vitro studies. 

• Apocynin. It shows intrinsic antioxidant effects, that is, non-specific ROS scavenging 

properties. Importantly, apocynin activation results in the formation of a radical and thus 

apocynin can induce oxidative stress in the cell by itself.  

• VAS2870 is a triazolo pyrimidine. It was developed by the company Vasopharm GmbH 

as a NOX2 inhibitor. It directly modifies thiols like the ones in p47phox, thus inhibiting both 

NOX1 and NOX2. Some studies also suggest that it can inhibit NOX4 and NOX5. 

• GKT compounds. GKT136901 and GKT137831 (setanaxib or GKT-831), developed by 

GenKyoTex, potently inhibit NOX1 and NOX4, and partially NOX5 (50% inhibition of 

activity (IC50)). Their mode of action is unclear and is probably not restricted to direct 

NOX inhibition. Nevertheless, GKT inhibitors show promising results in several animal 

models of oxidative stress-induced disease. In fact, GKT137831is currently in a phase 

II clinical trial for the treatment of primary biliary cholangitis, idiopathic pulmonary fibrosis 

and kidney disease in type 1 diabetes (Altenhöfer et al., 2015; Brandes et al., 2014; 

Buvelot, Jaquet, et al., 2019; Schmidt et al., 2021). 

• GLX7013114. GLX7013114 specifically inhibits NOX4 and it counteracts human islet 

cell death in vitro (Wang et al., 2018), and it has been used in preclinical studies.  
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 Considering the interest in the development of NOX inhibitors to treat several 

pathologies, and specifically, taking into account the use of NOX4 inhibitors in the context 

of liver fibrosis, it seems indispensable to analyze which would be the consequences of using 

these compounds in liver physiology. 

 

 4.3.6. NOX4 Knock-out mice models 

 In contrast to NOX inhibitors, which have limited isoform selectivity, knockout mouse 

models allow to study the involvement of individual NOX isoforms in a given disease.  

At least four NOX4 knock-out mouse models have been published to date. They 

differ in the genetic strategy that was applied to generate them. Thus, different exons were 

deleted, and constitutive, cell-specific or inducible cre/lox systems were used (Altenhofer et 

al., 2012). Deletion of exons 1 and 2 should delete the complete NOX4 protein (Helfinger et 

al., 2021; Rezende et al., 2017; Schröder et al., 2012; M. Zhang et al., 2010). Deletion of 

exon 4 leaves the first transmembrane domain of NOX4 (Carnesecchi et al., 2011; Y. Li et 

al., 2012). Another knock-out was generated by deleting exon 9 of NOX4 in 

cardiomyocytes, deleting the FAD binding domain and leaving a non-functional enzyme 

(Kuroda et al., 2010). Finally, the fourth published NOX4 knock-out mouse was generated 

by deleting exons 14 and 15, that encode to the NADPH binding domain (Kleinschnitz et al., 

2010). 

Interestingly, NOX4 gene deletion in mice does not affect the life span of the animals 

(Rezende et al., 2017), and they do not display a notable phenotype except for a moderate 

tendency for accelerated increase in weight (Y. Li et al., 2012). 

4.4. NADPH oxidases and Regeneration 

 Although very little is known about the role of NADPH oxidases during liver 

regeneration, some studies have reported involvement of NADPH oxidases during tissue 

repair or regeneration after injury.  

NOX1 is required for epithelial restitution following dextran sulfate sodium-induced 

colitis. NOX1 expression, as well as ROS production, increase in the colon crypt during the 

repair process, and NOX1 deficiency mice presented inhibition of proliferation, cell survival, 

migration, and terminal differentiation of crypt progenitor cells (Kato et al., 2016). With 

respect to NOX2, vitamin D improved vascular regeneration after carotid injury in a NOX2-

dependent manner trough MAPK activation. Healing was lost in NOX2-/- mice, but not in 

NOX1-/- and NOX4-/- mice (Leisegang et al., 2016). Moreover, during nerve injury, NOX2 

oxidizes PTEN, which promotes PI3K/Akt pathway activation and dorsal root ganglia 
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regenerative outgrowth (Hervera et al., 2018). Further, after spinal cord injury, enriched 

conditioning expands the regenerative ability of sensory neurons via neuronal PKC-STAT3-

NOX2 signaling (De Virgiliis et al., 2020). Han et al. identified that Duox/Nox2 levels increase 

during zebrafish heart regeneration. H2O2, potentially generated from those NADPH 

oxidases, promotes heart regeneration by unleashing MAP kinase signaling through a de-

repression mechanism (Han et al., 2014). 

Regarding NOX4, some studies report a detrimental role of NOX4 during tissue 

repair. For instance, Cao et al. showed that HGF produced by endothelial cells mitigates 

profibrotic NOX4 expression in perivascular fibroblasts. Ectopic induction of endothelial 

cells-induced HGF in combination with NOX4 inhibitor GKT137831 stimulated regenerative 

integration of mouse and human parenchymal cells in chronically injured lung and liver (Cao 

et al., 2017). Furthermore, bromodomain and extraterminal (BET) inhibitor inactivate 

epigenetic reader proteins, such as Brd4, thus blocking the association of Brd4, H4K16ac, 

and p300 acetyltransferase with NOX4 promoter region. BET-induced NOX4 

downregulation restores lung capacity and improve lung fibrosis resolution in aged mice 

(Sanders et al., 2020). By contrast, other groups proposed NOX4 as a pro-regenerative 

protein. For instance, NOX4 contributed to myoblast fusion and skeletal muscle 

regeneration after injury by cardiotoxin (Youm et al., 2019). 

With respect to liver regeneration, Ueno et al. described that reactive oxygen 

species derived from a phagocytic-related NOX system are not essential for LR after PH. 

Knockout mice lacking Cybb (NOX2) presented a normal liver structure as well as normal 

TNF-α and IL-6 production after PH, and similar levels of hepatocyte DNA replication as 

those of WT mice (Ueno et al., 2006). Moreover, mice lacking the subunit gp91(phox) of 

NOX2 did not have altered acetaminophen-induced liver injury or recovery. In that model, 

neither Kupffer cells nor neutrophils are able to generate ROS, meaning that injury and 

clean-up functions are not dependent on NOX2-derived ROS production (Williams et al., 

2014). Importantly, our grouped described that NOX4 expression was downregulated under 

physiological proliferative situations of the liver, such as regeneration after PH, as well as 

during pathological proliferative conditions, such as Diethylnitrosamine (DEN)-induced 

hepatocarcinogenesis (Crosas-Molist et al., 2014).  

Reactive oxygen species scavengers have been administrated during liver 

regeneration. In general, antioxidant treatment improves liver regeneration, indicating that 

ROS could be deleterious during this process. Thus, α-tocopherol shows a beneficial effect 

on LR after PH on rats (Al Dohayan, 1999), and elevating levels of antioxidants with 
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edaravone in human umbilical cord mesenchymal stem cells (hUCMSCs) significantly 

improved hepatic functions and promoted host liver regeneration (Zeng, 2015). Moreover, 

rats treated with cerium oxide nanoparticles show a significant increase in LR after PH, and 

they presented a decreased early liver damage in response to acetaminophen treatment 

(Córdoba-Jover, 2019). Nevertheless, Bai et al. described that H2O2 promotes adult 

hepatocytes to transition from quiescence to proliferation in an ERK-dependent pathway, 

and they also reported an increase in H2O2 early after 2/3 PH (Bai et al., 2015).  

 Considering that liver regeneration occurs during both acute and chronic damage 

and the implication of NOX4 in fibrosis and HCC, it is important to know the role of NOX4 

during liver regeneration. However, with the exception of some studies relating NOX4 and 

tissue repair, very little is known. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

 

 

 

 

 

 

II. Hypothesis 
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Due to the role of NOX4 as mediator of fibrotic processes in the liver, there is an 

increasing interest in the development of NOX4 inhibitors, which could be used as a 

treatment to ameliorate fibrosis. However, whether NOX4 plays a role during liver 

regeneration is not known yet. Previous results indicate that expression of Nox4 decreases 

in the model of liver regeneration after two-thirds partial hepatectomy in mice; and previous 

results from our group have demonstrated that in hepatocytes and liver tumor cells, NOX4 

inhibits proliferation and mediates TGF-β-induced apoptosis. Taking all this into 

consideration, we hypothesize that deletion of Nox4 could contribute to improve the 

proliferative process rate and mass recovery during liver regeneration after partial 

hepatectomy. 
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The main objective of this thesis was to study liver regeneration after two-thirds partial 

hepatectomy in murine models of Nox4 deletion. 

 

Specific objectives: 

 

Objective 1. In vivo analysis of the role of Nox4 during liver regeneration in 

experimental animal models. Analysis of the capacity of two different mice models with null 

expression of Nox4 to regenerate the liver after two-thirds (2/3) partial hepatectomy (PH).  

1.1 Analysis of the liver-to-body weight ratio and tissue recovery after 2/3 PH. 

1.2 Analysis of cellular proliferation after 2/3 PH. 

1.3 RNA-seq analysis to identify how Nox4 influences the liver regeneration transcriptomic 

program. 

1.4 Analysis of the expression of growth factors related to liver regeneration, as well as 

growth suppressor pathways. 

1.5 Potential role of Nox4 in controlling lipid metabolism and oxidative stress. 

1.6 Analysis of liver regeneration after 2/3 PH in one-year-old mice. 

 

Objective 2. In vitro analysis of the cellular and molecular mechanisms involved in 

the regulation of liver cell proliferation by Nox4 in vitro, by using hepatocytes isolated from 

WT and Nox4 deleted mice models.  

2.1 Analysis of cell proliferation in response to mitogens.  

2.2 Response to TGF-β in terms of intracellular signaling and inhibition of cell proliferation.  
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IV. Materials and Methods 
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1. Animal experimentation 

1.1. Ethics statement 

All experiments complied with the EU Directive 2010/63/UE for animal experiments and 

the institution's guidelines (Ethical Committee for animal experimentation of IDIBELL) and 

were approved by the General Direction of Environment and Biodiversity, Government of 

Catalonia (experiments in NOX4-/- mice, #4589) and the Animal Care Committee of UC 

Davis (experiments in NOX4hepKO mice). 

1.2. NOX4 Knock-out animal models  

NOX4-/- (B6.129-Nox4tm1Kkr/J) mice generated in Dr. Karl-Heinz Krause’s laboratory 

(Geneva, Switzerland), were obtained from Jackson Laboratories (JAX stock #022996) and 

housed at IDIBELL (Barcelona, Spain). In this model, a neomycin cassette replaces exon 4 

of the Nox4 gene, abolishing gene expression in these null/knockout mice (Carnesecchi et 

al., 2011)(Figure 1). C57BL/6J mice were used as Wild Type control mice.  

 

Figure 1. Diagram of the targeting vector (middle) designed to replace the HindIII fragment 

containing exon 4 of the Nox4 gene in the wild-type (WT) allele (top) with a neo cassette (Neo). 

The predicted mutant allele generated by homologous recombination is shown (bottom). (Adapted 

from Carnesecchi et al., 2011). 

Genotyping was assessed by polymerase chain reaction (PCR) as specified in the 

JAX protocol and explained later (Section 4.1), using specific primers that exclusively detect 

expression of Nox4. It was verified that the amplified region of the Nox4 gene in NOX4-/- 

mice had a higher size (approximately 350bp) than the one from WT mice (228bp) due to 

the presence of the neomycin cassette (Figure 2).  
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Figure 2. Validation of the experimental animal model B6.129-Nox4tm1Kkr/J (abbreviated NOX4-

/-) mice. Study of Nox4 gene by semi-quantitative PCR in 3-weeks old mice. 

NOX4 hepatocyte-specific knockout (NOX4hepKO) mice on a C57BL/6J 

background were generated in Dr. Natalie J. Törok’s group (Bettaieb et al., 2015), and 

housed at University of California Davis (Sacramento, CA, USA). NOX4floxp+/+ mice with 

C57BL/6 background (from Dr. Brandes, Goethe University, Frankfurt, Germany) were 

generated by targeted deletion of the translation initiation site and exons 1 and 2 of the Nox4 

gene (Zhang et al., 2010). The NOX4floxp+/+ mice were bred with C57BL/6 Albumin-Cre 

mice (Jackson) to create NOX4 hepatocyte-specific knockout (NOX4hepKO) mice (Figure 

3). NOX4floxp+/+ mice with C57BL/6 background were used as control animals (WT). We 

established a collaboration with Dr. Törok for using these animals in our project. 

 

Figure 3. Diagram of the NOX4floxp+/+ allele (bottom), containing LoxP sites to target Translation 

initiation site and exon 1 and 2. Recombination between LoxP sites is catalyzed by Cre 

recombinase under the control of the mouse albumin promoter.  
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1.3. Partial hepatectomy 

8 to 16-week-old male and female mice hosted under 12h light/dark cycles with free 

access to food and water were used in the study. Partial hepatectomies (PH) were 

performed by removal of two-thirds of the adult mouse liver, as described by Higgins and 

Anderson (Higgins & Anderson, 1931). Mice were anesthetized by isoflurane and 

subcutaneous injection of buprenorphine. Briefly, after cleaning the animal with 70% 

Ethanol, an incision was made just above the sternum bone and opened a little bit up and 

down.  Next, a “V” incision was made on the muscle layer just delimiting the bone. By    

pushing with four fingers from down to up surrounding the opened area, the central and left 

lobe of the liver got out of the body. A ligature surrounding the two lobes was performed and 

the two lobes were removed simply by cutting them. Finally, both incisions were closed 

sewing them and mice were subcutaneously injected with meloxicam. Mice were euthanized 

at 6, 24, 36, 48 and 72 hours, 7 days and 4 weeks after surgery (Figure 4). Livers from 

SHAM-operated mice were used as control. Liver lobes were immediately frozen in liquid 

nitrogen for RNA and protein extraction, cryopreserved in optimal cutting temperature 

(OCT) compound or fixed in 4% paraformaldehyde (PFA) overnight and paraffin embedded 

for histological analysis (protocols below).  

 

Figure 4. Schematic representation of the experimental schedule. 

NOX4-/- partial hepatectomy experiments were performed by Judit López Luque, 

Daniel Caballero Díaz, Noel Pérez Fusté and Macarena Herranz Itúrbide in the IDIBELL 

(Barcelona, Spain). NOX4hepKO partial hepatectomy experiments were performed by Judit 

López Luque and Xiaosong Jiang in University of California Davis (Sacramento, CA, USA). 
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Number of animals used in the study was minimized for ethical reasons. Thus, for 

NOX4-/- model between 3-10 animals were used per time point (Table 1 and 2). For 

NOX4hepKO model between 2-3 animals per time point were analyzed (Table 3) and 2 

different RNA extractions per animal liver tissue were done. 

Table 1. Number of 8-12-weeks-old WT and NOX4-/- mice used in PH experiments. 

 WT NOX4-/- 

SHAM 5 7 

6 hours 3 10 

24 hours 4 9 

36 hours 5 6 

48 hours 7 10 

72 hours 6 7 

7 days 6 7 

4 weeks 5 4 

 

Table 2. Number of 1-year-old WT and NOX4-/- mice used from in PH experiments.  

 WT NOX4-/- 

SHAM 4 4 

24 hours 5 5 

48 hours 4 5 

72 hours 3 4 

 

Table 3. Number of 8-16-weeks-old NOX4floxp+/+ and NOX4hepKO mice used in PH experiments. 

 NOX4floxp+/+ NOX4hepKO 

SHAM 3 2 

24 hours 2 3 

36 hours 3 2 

48 hours 2 3 

72 hours 3 2 
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1.4. Isolation of primary hepatocytes 

8 to 16-week-old male and female mice hosted under 12h light/dark cycles with free 

access to food and water were used in the study. Mice were anesthetized by intraperitoneal 

injection of xylazine and ketamine. After cleaning the animal with 70% Ethanol, an incision 

was made through the ventral midline and the viscera were displaced to the right to expose 

the inferior vena cava and the portal vein. The liver was perfused in situ with Solution I (Table 

4) via the inferior vena cava, and immediately the portal vein was severed. Then, 

suprahepatic veins were clamped off. After washing the liver with Solution I, it was perfused 

with Collagenase solution (C5138, Sigma, Saint-Louis, MO, USA) (Table 5). Once perfusion 

was completed, the liver was carefully excised and placed in a Petri dish containing Solution 

III (Table 6). Glisson's capsule was cut to obtain disperse cells.  This cell suspension was 

filtered through a 100-μm strainer and centrifuged twice at 70 ×g to eliminate non-

parenchymal cells. Finally, number and viability of cells was quantified with a Neubauer 

chamber.  

Isolation of NOX4-/- primary hepatocytes were performed by Ester González 

Sánchez and Macarena Herranz Itúrbide in the IDIBELL (Barcelona, Spain). Isolation of 

NOX4hepKO primary hepatocytes were performed by Judit López Luque and Xiaosong 

Jiang in University of California Davis (Sacramento, CA, USA). 

 

Table 4. Solution I. After prepared, pH was adjusted 7.3-7.5. 

Compound Quantity 

Hanks’ Balance Salts  

(WO Calcium) (Sigma-Aldrich H2387) 

 

HEPES 2.38 g 

NaHCO3 0.35 g 

EDTA 0.19 g 

ddH2O 1 L 

 

 

Table 5. Solution II: Collagenase solution. After prepared, pH was adjusted 7.3-7.5. 

Compound Quantity 

MEM (with Ca2+) 75mL 

Collagenase IV 0.018 g * 

BSA (180 mg/100 mg Collagenase) 0.324 g * 

*For 2/3 hepatectomized mice, 0.06 g of collagenase and 0.108 g of BSA were used.  
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Table 6. Solution III. After prepared, pH was adjusted 7.3-7.5. 

Compound Quantity 

Hanks’ Balance Salts (Sigma- Aldrich H6136)  

HEPES 2.38 g 

NaHCO3 0.35 g 

FBS 100 mL 

BSA 2 g 

ddH2O 1 L  
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2. Cell culture 

2.1. Culture conditions 

After primary hepatocytes isolation, cells were plated in collagen I-treated plates with 

Williams’E medium (W4125, United Kingdom), supplemented with 15% Fetal bovine serum 

(FBS) (Gibco®), Bovine serum albumin (BSA) (0.2%), Insulin (1,8 uM) (I9278, Sigma-

Aldrich, St. Louis, MO, USA), Hydrocortisone (100 uM) (H2270, Sigma-Aldrich, St. Louis, 

MO, USA), Penicillin (100U/mL) and Streptomycin (100μg/mL) and maintained in a 

humidified atmosphere of 37ºC, 5% CO2.  

 

2.2. Treatments used 

For the experiments with NOX4hepKO primary hepatocytes, cells were serum-starved 

for 8h before treatment with fresh Williams’E medium supplemented with human 

recombinant TGF-β1 (2ng/ml) (Calbiochem, La Jolla, CA, USA), or 2 or 15% FBS. 

For experiments with NOX4-/- primary hepatocytes, cells were serum-starved for 4 h 

and treated with fresh Williams’E medium supplemented with:  FBS (2%), human 

recombinant TGF-β1 (2ng/ml) (616455, Calbiochem, La Jolla, CA, USA), Insulin (2μM), 

Hydrocortisone (100μM), EGF (20ng/mL) (E9644, Sigma-Aldrich, St. Louis, MO, USA), as 

indicated in the figures. 
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3. Analysis of cell proliferation 

3.1. Crystal violet staining  

Adherent cells detached after undergoing a toxic process, so crystal violet staining 

allows quantifying the number of cells that survive after a toxic process. It is useful as well 

for quantifying the changes in the cell number along time when cells are cultured under 

certain conditions. The method consists on cell staining with a colorant, crystal violet. 

Primary hepatocytes were seeded in 24-well plates and cultured under basal conditions or 

treated with FBS or TGF-β1.  

After the time of culture required, cell medium was removed, cells were washed twice 

with Phosphate-buffered saline (PBS) and the remaining viable adherent cells were stained 

with 300μL/well of crystal violet solution (0.2%(w/v) in 2% ethanol) for 30 minutes. Following 

this, the staining solution was removed, and the wells were washed several times with 

distilled water until the dye excess was eliminated. The plate was air-dried, and the stained 

cells were lysed by adding 10% Sodium Dodecyl Sulfate (SDS) for 30 minutes, in motion. 

This led to a cellular rupture that released the dye incorporated by the remaining cells and 

stained the SDS proportionally to the number of still attached cells. By spectrophotometric 

analysis, the absorbance was measured in a wavelength of 595nm. Results were then 

calculated as the percentage of viable cells at the indicated times relative to time zero. 
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4. Analysis of gene expression 

4.1. DNA isolation and semi-quantitative Polymerase Chain Reaction (PCR) of 

genomic DNA 

To confirm the experimental animal model genotyping was performed. Mouse ear snips 

were obtained from 3-weeks old mice and they were incubated in PUNCH buffer (10mM 

NaOH, 1mM EDTA) at 99ºC for 10 minutes. Subsequently, the tubes were spinned at 

maximum speed to obtain the supernatant with the genomic DNA. PCR amplification was 

used for detection of the modified gene of Nox4. 2mL of each tissue sample supernatant 

was used per PCR reaction using the kit KAPAG2 Fast HotStart ReadyMix with loading dye 

PCR kit (Ref. B4KK5609, KAPA BIOSYSTEM, Boston, Massachusetts, USA) according to 

the manufacturer’s instructions. PCR conditions were as follows: 94ºC for 2 minutes, 10x 

[94ºC for 20 s, 65ºC for 15 s, 68ºC for 10 s], 28x [94ºC for 15 s, 60ºC for 15 s, 72ºC for 10 

s], 72ºC for 2 minutes and hold at 10ºC. NOX4-/- mice were genotyped using the primers 

(Table 7) and the instructions provided by Jackson Laboratories (Table 8). PCR products 

were analyzed in 1.5% agarose gels with ethidium bromide, and visualized using a Gel DOC 

2000 (BioRad). 

Table 7. Primers sequences used in semi-quantitative PCR for genotyping NOX4-/- mice. 

Gene (mouse) Primer (5’-3’) 

Nox4 Common Forward primer (17665) GTGGTCCAACAGAACAACTGC 

Nox4 Wild Type Reverse primer (17666) CACAAGTCTCCTAGTCAAAAGTGA 

Nox4 Mutant Reverse primer (17814) AACGTCGTGACTGGGAAAAC 

 

Table 8. Semi-quantitative PCR conditions. 

Reaction component Volume (µl) Final concentration Total volume (µl) 

ddH2O 4.25  4.25 

5X Kapa 2G HS buffer 2.40 1X 2.4 

25nM MgCl2 0.96 2mM 0.96 

10mM dNTPS-kapa 0.24 0.2mM 0.24 

20µM 17665 0.30 0.5µM 0.3 

20µM 17666 0.30 0.5µM 0.3 

20µM 17814 0.30 0.5µM 0.3 

5mM 10x Loading Dye 1.20 0.5mM 1.2 

2.5 U/µl Kapa 2G HS taq polymerase 0.05 0.01U/µl 0.05 

DNA 2.00  2 
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4.2. RNA isolation and Reverse Transcription  

E.Z.N.A.® Total RNA Kit II (Omega bio-tek, Norcross, GA, USA) was used for total RNA 

isolation, following Manufacturer’s protocol. For RNA isolation from culture cells, plates were 

washed with PBS. After 3 minutes incubation with trypsin, cells were collected and 

centrifuged at 2500rpm for 5 minutes. The pellet was resuspended in PBS and centrifuged 

again. Then, it was resuspended in 350uL RNA solv-Reagent with 20 µL/mL of β-

Mercaptoethanol. 

When RNA was isolated from tissues, small pieces of the frozen liver were mechanically 

fragmented with a tissue grinder and resuspended in 1mL of RNA solv-Reagent with 20 

µL/mL of β-Mercaptoethanol.  

Reverse transcription (RT) was carried out with random primers using 1μg of total RNA 

from each sample for complementary DNA synthesis using High Capacity RNA to cDNA 

Master Mix Kit (Thermo Fisher Scientific, Applied biosystems, Vilnius, Lithuania), according 

to the guidelines of manufacturer. 

 

4.3. Real Time Quantitative PCR (RT-qPCR) 

For quantitative real time PCR, cDNA was obtained as explained in the previous section. 

Expression levels were measured in duplicate in a LightCycler® 480 Real Time PCR System, 

using the LightCycler® 480 SYBR Green I Master Mix (Roche Diagnostics GmbH, 

Mannheim, Germany), in a 384-well plate, in a final volume of 20μL per duplicate. The PCR 

reaction was prepared using 5μL of SYBR Green I Master Mix, 1μL specific primers (5μM) 

(Table 9) and 1μL of cDNA (1:5 or 1:10 diluted depending on the gene of interest), and 

finally, it was added RNAse free water up to 10μL per each duplicate. Then, the plate was 

centrifuged at 1200 rpm for 2 minutes at 4ºC, and after that, it was introduced into the 

thermocycling machine. After that, manufacturer’s protocols were followed to determine 

mRNA levels for each gene of interest and were normalized with Rpl32 as a housekeeping 

gene.  

 

 

 

 

 



57 
 

Table 9. Mouse primers sequences used in a LightCycler 480 SYBR Green System quantitative PCR. 

Gene Forward (5’–3’) Reverse (5’–3’) 

Ccna2 GAATGTCAACCCCGAAAAACTG TGCTCATCGTTTATAGGAAGGTC 

Ccnb2 TCCTAAAGCCAAGAGCCATG TGGTACTTTGGTGTTCTGAGG 

Ccnd1 CATCTACACTGACAACTCTATCCG TCTGGCATTTTGGAGAGGAAG 

Myc AGCCCCTAGTGCTGCATGA  TCCACAGACACCACATCAATTTC 

Nox1 TCCATTTCCTTCCTGGAGTG  GCATTGGTGAGTGCTGTTGTTC 

Nox2 TCCTATGTTCCTGTACCTTTGTG  GTCCCACCTCCATCTTGAATC 

Nox4 AAAGCAAGACTCTACACATCACAT AGTTGAGGGCATTCACCAAG 

Rpl32 AACGTCAAGGAGCTGGAAG GGGTTGGTGACTCTGATGG 

Tgfb1 CCTGAGTGGCTGTCTTTTGA CGTGGAGTACATTATCTTTGCTG 
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5. RNA sequencing (RNA-seq) 

Total RNA from Mus musculus was quantified by Qubit® RNA BR Assay kit (Thermo 

Fisher Scientific) and the RNA integrity was estimated by using RNA 6000 Nano Bioanalyzer 

2100 Assay (Agilent). The RNA-seq libraries were prepared with KAPA Stranded mRNA-

Seq Illumina® Platforms Kit (Roche) following the manufacturer´s recommendations. Briefly, 

500 ng of total RNA was used for the poly-A fraction enrichment with oligo-dT magnetic 

beads, following the mRNA fragmentation. The strand specificity was achieved during the 

second strand synthesis performed in the presence of dUTP instead of dTTP. The blunt-

ended double stranded cDNA was 3´adenylated and Illumina platform compatible adaptors 

with unique dual indexes and unique molecular identifiers (Integrated DNA Technologies) 

were ligated. The ligation product was enriched with 15 PCR cycles and the final library was 

validated on an Agilent 2100 Bioanalyzer with the DNA 7500 assay. The libraries were 

sequenced on HiSeq 4000 (Illumina) with a read length of 2x51bp+17bp+8bp using HiSeq 

4000 SBS kit (Illumina) and HiSeq 4000 PE Cluster kit (Illumina), following the 

manufacturer’s protocol for dual indexing. Image analysis, base calling and quality scoring 

of the run were processed using the manufacturer’s software Real Time Analysis (RTA 

2.7.7). 

Reads obtained by RNA-seq were mapped against Mus musculus reference genome 

(GRCm38) using STAR software version 2.5.3a (Dobin et al., 2013) with ENCODE 

parameters for long reads. Annotated genes were quantified using RSEM version 1.3.0 (Li 

& Dewey, 2011) with default parameters and the annotation file from GENCODE version 

M15. Differential expression analysis was performed withDESeq2 v1.26.0 R package (Love 

et al., 2014), using a Wald test to compare the different time points between samples WT 

and NOX4-/-, and adjusting for sex. We considered differentially expressed genes (DEG) 

those with p-value adjusted <0.05 and absolute fold-change |FC|> 1.5. The heatmap was 

plotted with the ‘pheatmap’ R package using the shrunken log2 fold change of the DEG in 

each time point. Time course gene expression plots were generated using the normalized 

counts obtained with DESeq2 and the R package ‘ggplot2’. A Gene Ontology (GO) term 

enrichment analysis was performed with the differentially expressed genes using the R 

package gProfileR v0.7.0 (Reimand et al., 2007), based on GO terms from the ENSEMBL 

database. Networks of protein-protein interactions were generated using the webtool 

STRING dB (https://string-db.org/). 

 

https://string-db.org/
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6. Analysis of protein expression 

6.1. Cell lysis 

For protein lysis from cells in culture, cell plates were washed with PBS. After 3 minutes 

incubation with trypsin, cells were collected and centrifuged at 2500rpm for 5 minutes. The 

pellet was resuspended in PBS and centrifuged again. Then, it was resuspended in 60-

100uL of RIPA Lysis Buffer (Table 10) and cell lysis took place during one hour with rotation 

at 4ºC. Subsequently, tubes were centrifuged at 13000rpm during 10 minutes at 4ºC, and 

the supernatants were collected in new eppendorf tubes and store at -80ºC until use. 

Table 10. RIPA Lysis Buffer. 

Sodium Deoxycholate 0.5% 

TRIS-HCl pH 7.5 30mM 

SDS 0.1% 

Triton-X-100 1% 

NaCl 150mM 

EDTA 5mM 

Glycerol 10% 

PMSF 1mM 

Leupeptin 5µg/mL 

Na3VO4 0.1mM 

DTT 0.5mM 

β-Glycerolphosphate 20mM 

When protein was isolated from tissues, small pieces of the tissue were mechanically 

fragmented with a tissue grinder, resuspended in 250µL of RIPA Lysis Buffer (Table 10) and 

transferred to an eppendorf tube. Afterwards, cell lysis took place during one hour with 

rotation at 4ºC. Subsequently, tubes were centrifuged at 13000rpm during 10 minutes at 

4ºC, and the supernatants were collected in new eppendorf tubes and store at -80ºC until 

use. 

6.2. Protein quantification by Bio-Rad commercial kit 

Protein concentration was measured using the commercial kit Bio-Rad Protein Assay 

dye reagent concentrate (Bio-Rad Laboratories GmbH, Munich, Germany). For each 

measurement, a standard curve of protein concentration was prepared with Bovine Serum 

Albumin (BSA) in a range from 0 to 2µg/µL.  The commercial solution was firstly diluted 1:5 

in distilled water. Afterwards, 200µL of this solution were added to 10µL of diluted sample 
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(1:150 for liver lysates and 1:20 for primary hepatocytes), into a 96-well plate. Absorbance 

was measured in duplicates at 595 nm wavelength, without previous incubation. 

6.3. Protein immunodetection by Western blot 

Protein separation by their molecular weight was done by denaturalizing polyacrylamide 

gels. Protein samples were prepared by mixing 20-30 μg of protein with Laemmli loading 

buffer and were denaturalized by heating them at 95ºC during 5 minutes. Acrylamide gels 

were prepared depending on the protein of interest. For proteins with low molecular weight 

12-15% acrylamide gels were prepared. Whereas for proteins with high molecular weight, 

8-10% acrylamide gels were prepared. Once the gel was ready to be used, it was 

assembled into the gel holder and immersed into the tank, which was filled with an 

electrophoresis buffer (25 mM Tris; 192 mM glycine; 0.1% SDS (w/v); pH 8.3). Then, 

samples were carefully loaded into the gel, together with a molecular weight standard in 

order to know the molecular weight of the proteins studied. Finally, the samples were 

submitted to electrophoresis at a constant voltage of 100V. 

 Once the electrophoresis finished, proteins were transferred to a Nitrocellulose 

Blotting Membrane (GE Healthcare, Life Science, Germany) through the passage of 

electrical current using a wet equipment. Firstly, the nitrocellulose membrane was immersed 

into water for 1 minute in order to activate it. Then, the nitrocellulose membrane, the gel and 

the Wattman papers were soaked in transfer buffer (25 mM Tris; 192 mM Glycine; 20% 

Methanol (w/w); pH 8.3) for approximately 5 minutes, and the equipment was assembled 

as follows from bottom to top: 3 Wattman papers - nitrocellulose membrane - Acrylamide 

gel - 3 Wattman papers. An electrical current of 300 mA was applied during 45-75 minutes 

(depending on the protein of interest). After this time, the membrane was stained into a 

solution of 0.5% red Ponceau in 1% acetic acid to confirm that proteins were uniformly 

transferred into the membrane. Then, membrane was washed several times in PBS-T 

0.05%. 

 For blotting the desired protein, the membrane was incubated in 5% of non-fat dry 

milk in PBS-T for one hour at RT, in order to block unspecific bindings. After this time, it was 

incubated with the primary antibody (see antibodies and conditions in Table 11) in 0.5 % 

milk in PBS-T overnight at 4°C in motion. After that, the membrane was washed 3 times 

during 10 minutes with PBS-T (0.05%), and subsequently incubated with the secondary 

antibody (from GE Healthcare: anti-Mouse (NA931V) and anti-Rabbit (NA934V), 

conjugated with Horseradish Peroxidase (HRP)) at a dilution of 1:2000 in 0.5% milk-PBS-T 
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during 1 hour at RT in motion. The membrane was washed again 3 times in PBS-T (0.05%). 

To detect the hybridation of the antibody, the membrane was incubated with ECL TM 

Western blotting detection reagent (GE Healthcare, Life Science, UK) and developed with 

ChemiDoc Gel Imaging System (BioRad). Densitometric analysis of protein bands’ intensity 

was performed using ImageJ software (National Institutes of Health (NIH), Bethesda, MD, 

USA). 

Table 11. Primary antibodies used for Western blotting. 

Primary antibody Reference  Working conditions 

Mouse anti β-actin (Clone AC-15) A5441 (Sigma-Aldrich) 1:5000 

Mouse anti-Caveolin-1 610406 (BD- Biosciences) 1:800 

Mouse anti-p21 sc-6246 (Santacruz) 1:1000 

Rabbit anti-Myc ab32072 (Abcam) 1:1000 

Rabbit anti-M6PR ab124767 (Abcam) 1:1000 

Rabbit anti-phospho-Akt (Ser473) 4060 (Cell Signalling) 1:1000 

Rabbit anti-phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) 

9101 (Cell Signalling) 1:1000 

Rabbit anti-phospho Smad2 

(Ser465/467) 

3108 (Cell Signalling) 1:1000 

Rabbit anti-phospho Smad3 

(Ser423/Ser425) 

07-1389 (Millipore) 1:1000 
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7. Immunocytochemistry 

7.1. Immunofluorescence in cultured cells 

Epifluorescence microscopy studies were performed on cells seeded on gelatin-coated 

glass coverslips. To detect Ki67 (Ab1666, Abcam) and c-Myc (ab32072 (Abcam), cells 

were washed with PBS and fixed with 4% paraformaldehyde (PFA) in PBS 1X for 20 minutes. 

After washing 5 times with PBS, cells were permeabilized with 0.1% Triton-X-100 for 2 

minutes. Prior to the incubation with the primary antibody, they were incubated with a 

blocking solution (1% BSA; 10% FBS; in PBS) during 1 hour at RT. Primary antibody was 

diluted 1:50 in PBS-BSA 1% and incubated during 1 hour at RT. Then, after 3 washes with 

PBS, samples were incubated with fluorescent-conjugated secondary antibody (anti-rabbit 

Alexa Fluor® 488 from Molecular Probes (Eugene, OR, USA)), using 1:200 dilution in PBS-

BSA 1% during 1 hour at RT. Finally, cells were washed 2 times for 5 minutes each with 

PBS, adding DAPI in the third last wash for nuclear DNA staining for another 5 minutes. At 

the end, samples were embedded using MOWIOL® 4-88 reagent (Calbiochem, La Jolla, 

CA, USA). Cells were visualized in a Nikon eclipse 80i microscope with the appropriate 

filters, and representative images were taken with a Nikon DS-Ri1 digital camera and using 

NIS-Elements BR 3.2 (64-bit) software. For confocal microscopy studies, a Leica TSC SL 

spectral confocal microscope was used.  In both cases, representative images were edited 

in Adobe Photoshop. ImageJ software (National Institutes of Health [NIH], Bethesda, MD, 

USA) was used to quantify different parameters.  
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8. Immunohistochemistry 

8.1. Paraffin embedding 

After weighed, fresh tissue was cleaned with PBS and then included in a cassette for 

paraffin embedding. Then, it was fixed with paraformaldehyde (4%) during 12-16 hours. 

After fixing the samples, they were washed 3-4 times with PBS, and sequentially immersed 

in PBS-30% saccharose, PBS-20% saccharose and PBS-10% saccharose. Then, tissue 

samples were dehydrated by bathing them in subsequent alcohols as indicated on Table 

12. Finally, dehydrated samples were embedded in paraffin at 65ºC and taken to 4ºC for 

solidification. 

Table 12. Samples dehydration for paraffin-embedding. 

Step Time 

Rinse with tap water 30 minutes 

Ethanol 70% 60 minutes 

Ethanol 96% 60 minutes 

Ethanol 96% (new) 60 minutes 

Ethanol 96% (new) Overnight 

Ethanol 100% 60 minutes 

Ethanol 100% (new) 90 minutes 

Ethanol 100% (new) 90 minutes 

Xylene 90 minutes 

Xylene-Paraffin (50%, 65ºC) 90 minutes 

Paraffin (65ºC) Overnight 

 

 

8.2. Hematoxylin and Eosin staining on paraffin-embedded tissues 

Paraffin-embedded samples were cut into 4-µm-thick sections with a microtome and placed 

in poly-lysinated slides (for poly-lysing, slides were incubated for 20 minutes with poly-L-Lysine at 

4ºC and overnight of air-drying at 37ºC). Then after, paraffin was removed and samples 

rehydrated. To do that, sample slides were placed at 50ºC during 30 minutes and then immersed 

in subsequent alcohols as indicated in Table 13. Next, sample slides were stained with 

Hematoxylin and Eosin (H&E) for tissue structure study or used for immunohistochemistry (IHC). 
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Table 13. Samples rehydration for H&E staining or Immunohistochemistry. 

Step Time 

Xylene 10 minutes 

Xylene (new) 10 minutes 

Xylene (new) 10 minutes 

Ethanol 100% 5 minutes 

Ethanol 100% (new) 5 minutes 

Ethanol 100% (new) 5 minutes 

Ethanol 96% 5 minutes 

Ethanol 96% (new) 5 minutes 

Ethanol 96% (new) 5 minutes 

Ethanol 70% 5 minutes 

Distilled water 5 minutes 

 

For H&E staining, Hematoxylin solution, Harris modified (Ref. HHS32, Sigma-Aldrich, St. Louis, 

MO), was used. Samples were stained for 1 minute and washed abundantly with tap water. Next, 

samples were stained with Eosin Y solution (Ref. 115935.0100, Merck) for 1 minute and washed 

again abundantly with tap water. Finally, samples were dehydrated soaking them in subsequent 

alcohols as indicated in Table 14 and slides were mounted in D.P.X. mountant (Ref. 360294H, 

BDH Prolabo, Germany) for preservation. 

 

 

Table 14. Samples dehydration after H&E staining or Immunohistochemistry. 

Step Time 

Ethanol 70% 5 minutes 

Ethanol 96% 5 minutes 

Ethanol 96% (new) 5 minutes 

Ethanol 96% (new) 5 minutes 

Ethanol 100% 5 minutes 

Ethanol 100% (new) 5 minutes 

Ethanol 100% (new) 5 minutes 

Xylene 10 minutes 

Xylene (new) 10 minutes 

Xylene (new) 10 minutes 
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8.3. Immunohistochemistry on paraffin-embedded tissues 

For immunohistochemistry, after rehydration as indicated in Table 13, samples were 

rinsed during 5 minutes with distilled water and then covered with a mixture of citric acid 

(0.38mg/mL) and sodium citrate (2.45mg/mL), taken to boiling temperature and left boiling 

during 2 minutes to break the methylene bridges and expose the antigenic sites in order to 

allow the antibodies to bind. After that, samples were left immersed in this mixture for 20 

minutes at RT (until the temperature is between 35-45ºC), and then rinsed during 5 minutes 

with distilled water. At this point, we proceeded to inactivate the endogenous peroxidases 

of the samples, in order to minimize the background, by incubating the slides in 3% 

hydrogen peroxide during 10 minutes and then washing them, first during 5 minutes in 

distilled water, and then in PBS-Tween (PBS-T) (0.1%) during 10 minutes. Afterwards, 

samples were covered during 2 hours in a wet chamber at RT in IHC-blocking solution: 2% 

BSA and 20% Fetal Bovine Serum (FBS) in PBS-T (0.1%). Then, slides were incubated 

overnight with primary antibody (Table 15) diluted in IHC-blocking solution, at 4ºC in a wet 

chamber. 

Table 15. Primary antibodies used for Immunohistochemistry. 

Primary antibody Reference  Working conditions 

Mouse anti-β-catenin 610154 (BD-Transduction) 1:100 

Mouse anti-Caveolin-1 610406 (BD- Biosciences) 1:100 

Mouse anti-TGF-β1 ab64715 (Abcam) 1:50 

Rabbit anti-Ki67 Ab16667 (Abcam) 1:50 

Rabbit anti-Myc ab32072 (Abcam)  1:100 

Rabbit anti-M6PR ab124767 (Abcam) 1:100 

Rabbit anti-phospho Histone 3 (Ser 

10) 

9701 (Cell Signalling)  1:100 

Rabbit anti-Smad3 (clone EP568Y) 04-1035 (Millipore) 1:100 

Next morning, slides were washed 3 times with PBS-Tween (0.1%) during 10 minutes 

and incubated during 1 hour with anti-rabbit secondary peroxidase-conjugated antibody 

(Ref. PK4001 for anti-rabbit and Ref. PK4002 for anti-mouse, Vectastain ABC KIT, Vector 

laboratories Inc., Burlingame, CA, USA) following the manufacturer’s protocol. Afterwards, 

samples were washed 3 times with PBS-T (0.1%) during 10 minutes. Then, they were 

incubated in ABC (Vectastain ABC KIT, Vector laboratories Inc., Burlingame, CA, USA) 

solution for 30 minutes, following the manufacturer’s indications, until developing the 

peroxidase staining with diluted Diaminobenzidine (D.A.B) (Ref. K3468, DAKO, Inc., 
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Carpinteria, CA, USA). This last step lasted a maximum of 30 minutes, taking care not to 

obtain a saturated signal. Once we had acquired an optimum staining, the developing 

reaction was stopped by soaking the samples into tap water during 5 minutes. 

The final steps consisted in a counterstaining with Mayer’s Hematoxylin (Ref. HHS32, 

Sigma-Aldrich, St. Louis, MO, USA) and subsequent sample dehydration as indicated in 

Table 14, and mounting the slides in D.P.X. for preservation.  

Tissues were visualized in a Nikon eclipse 80i microscope. Representative images were 

taken with a Nikon DS-Ri1 digital camera and using NIS-Elements BR 3.2 (64-bit) software. 

Representative images were edited in Adobe Photoshop software. 
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9. Lipid analysis 

9.1. Oil Red O staining 

For analysis of lipid content by Oil Red O solution (Ref. 01391, Sigma Aldrich, St. Louis, 

MO), OCT tissue-blocks from partial hepatectomy were cut into 10-μm-thick sections. 

Firstly, tissue sections were sequentially fixed with 4% PFA for 15 min, washed with distilled 

water, rinsed with 60% isopropanol and washed with distilled water again. After that, tissue 

slices were stained with freshly prepared Oil Red O working solution for 10 minutes at room 

temperature. The working solution of Oil Red O was prepared by diluting a stock solution, 

i.e. 0.5 g of Oil Red O in 100 ml of isopropanol, with distilled water at a ratio of 3:2 (v/v). 

After rinsing with 60% isopropanol and washing with distilled water for 5 minutes, tissues 

were stained with Hematoxylin and mounted in Mowiol.  

Lipid droplets were visualized with a Nikon eclipse 80i microscope. Representative 

images were taken with a Nikon DS-Ri1 digital camera and using NIS-Elements BR 3.2 (64-

bit) software. Representative images were edited in Adobe Photoshop software. 
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10. Statistical analyses 

Data are represented as Mean ± Standard Error of the Mean (SEM). Differences 

between groups were compared using Student's t-test with Welch correction (when 

comparing two groups) or Two-way ANOVA with Tukey's multiple comparison post-hoc test 

(differences between groups considering two independent variables). Survival curves were 

estimated by Kaplan-Meier analysis, and significance was tested by the log-rank test. 

Statistical calculations were performed using GraphPad Prism software (GraphPad for 

Science Inc., San Diego, CA, USA). Differences were considered statistically significant 

when p<0.05. 
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V. Results 

 

 

 

 

 

 



70 
 

Analysis of the liver-to-body weight ratio and tissue recovery after two-

thirds Partial Hepatectomy  

In order to study the specific role of Nox4 during liver regeneration, NOX4-/- and 

NOX4hepKO mice (see Material & Methods section) were used to analyze the response to 

2/3 PH. The majority of the analysis has been performed in the NOX4-/- model, were Nox4 

is deleted in all the cells of the body. The NOX4hepKO model, with Nox4 deletion in 

hepatocytes specifically, has also been really useful for confirming some results as well as 

to study the effect of deleting Nox4 in hepatocytes during proliferation.  

We had previously reported that Nox4 expression decreases after PH in C57BL/6 

mice (Crosas-Molist et al., 2014). Here we confirmed that the decrease in Nox4 mRNA 

levels also occurred in NOX4floxp+/+ mice, the WT mice used for breeding and obtaining 

the NOX4hepKO mice (Figure 1). 

 

Figure 1. Nox4 levels decrease in NOX4floxp+/+ mice after PH.  Nox4 RT-qPCR analysis in livers 

from NOX4floxp+/+ (WT control of NOX4hepKO mice). Relative expression to Rpl32 mRNA levels. 

Red bars represent the Median (n=3-6 per time point). Student’s t test with Welch correction was 

used: *p < 0.05 compared to SHAM condition. 

As a relevant control, we next analyzed how Nox4 deletion affects the liver 

expression of other members of the Nox gene family. Nox2 expression was not significantly 

different between WT and NOX4 deleted mice in any of the groups and its expression 

dropped, recovering later, in response to PH (Figure 2). 
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Figure 2. No differences in Nox2 expression in livers after PH.  Nox2  RT-qPCR analysis in livers 

from (A) NOX4-/- and (B) NOX4hepKO mice and their respective WT controls. Relative expression 

to Rpl32 mRNA levels. Red bars represent the Median. 

Expression of Nox1 was very low, barely detected by Real-Time PCR and with huge 

fluctuations among animals (Figure 3). These results indicate that the absence of Nox4 

expression is not compensated by differences in the expression of other members of the 

family.  

 

Figure 3. No differences in Nox1 expression in livers after PH.  Nox1 RT-qPCR analysis in livers 

from (A) NOX4-/- and (B) NOX4hepKO mice and their respective WT controls. Relative expression 

to Rpl32 mRNA levels. Red bars represent the Median. 

Liver and body weights were recorded after PH, and the ratio of liver-to-body weight 

at the time of sacrifice was used as a parameter to evaluate the progression of LR. It was 

observed that liver recovery took place post hepatectomy in both WT and NOX4-/- mice 

(Figure 4A), and in NOX4floxp+/+ and NOX4hepKO mice (Figure 4B). However, we 

observed a significantly faster recovery in both NOX4-/- and NOX4hepKO mice when 

compared to the corresponding WT mice (Figure 4A and B). This faster recovery correlated 

with a significantly higher survival after PH in NOX4-/- mice (Figure 4C). Although the 

number of animals was too low to obtain statistical significance, a similar tendency was 

observed in NOX4hepKO mice (Figure 4D). Interestingly, a long-term analysis revealed that, 

at the end of the regenerative process (4 weeks), NOX4-/- liver reached a size that did not 
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overcome the initial one (Figure 4A). Therefore, Nox4 did not appear to be essential for the 

termination of liver regeneration. 

 

Figure 4. NOX4 deleted mice presented an earlier recovery of the liver-to-body weight ratio and 

higher survival after PH. Mice were subjected to PH and sacrificed at the indicated time points. (A) 

Liver/Body weight ratio was calculated for NOX4-/- and (B) NOX4hepKO mice and represented 

as mean ± SEM (n= 2-10 per time point). Student’s t test with Welch correction was used: *p<0.05 

compared to previous time point. (C) Kaplan-Meier curve of overall survival in NOX4-/- and (D) 

NOX4hepKO mice. Significance was tested by the log-rank test. 

Considering that repopulation of the liver with newly generated liver cells is 

accommodated by massive tissue remodeling, we studied differences between WT and 

NOX4-/- livers at the histological level. We performed H&E staining and we observed that, 

at the beginning of the “progression phase” (i.e., 24-36 hours after PH), both genotypes 

presented a disorganized structure and they also presented the regenerative steatosis 

characteristic of the final G2/M phase of the hepatocyte cell cycle (López-Luque & Fabregat, 

2018) (Figure 5A). Significant differences mainly occurred 48 hours post hepatectomy, 

when WT still presented a disorganized parenchyma and lipid droplets accumulation, but 

NOX4-/- livers presented an almost completely organized parenchyma and liver steatosis 

was already resolved (Figure 5B).  
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Importantly, 7 days and 4 weeks after PH, both WT and NOX4-/- showed a normal 

hepatic structure (Figure 5C), supporting the idea that Nox4 may not be essential for the 

termination of liver regeneration.  

 

Figure 5. NOX4-/- mice presented an earlier recovery of the parenchymal structure and 

regenerative steatosis after 2/3 PH. (A) Hematoxylin and Eosin staining performed in 

paraformaldehyde-fixed and paraffin-embedded tissue sections. Representative 40x images are 

shown at different time points after PH. (B) H&E (left) and Oil Red O staining (right). Oil Red O 

staining was performed in frozen liver sections. Representative 20x images are shown. (C) H&E 

staining performed after 7 days and 4 weeks after PH. 

H&E and Oil Red O staining also revealed an earlier recovery of the parenchymal 

structure in NOX4hepKO mice when compared with NOX4floxp+/+ mice (Figure 6A and B). 

72 hours after PH, NOX4floxp+/+ still presented hepatic steatosis and a disorganized 

structure, whereas NOX4hepKO livers already recovered from lipid droplet accumulation 

and presented a normal parenchymal structure.   

After that, considering that cell size increase is one of the first responses of 

hepatocytes to recover after PH (Miyaoka & Miyajima, 2013), we performed 

immunohistochemical analysis to quantify hepatocyte size. It was interesting to observe a 

transient higher size at 36 hours after PH in hepatocytes from NOX4-/- mice when compared 

to WT animals (Figure 7A), which was also noticed in NOX4hepKO at 24 and 72 hours after 



74 
 

PH, when compared to NOX4floxp+/+ (Figure 7B). This hypertrophy could contribute to the 

earlier recovery in the liver-to-body weight ratio in both models of NOX4 deleted mice.  

 

Figure 6. NOX4hepKO mice presented an earlier recovery of the parenchymal structure and 

regenerative steatosis after 2/3 PH. (A) Hematoxylin and Eosin staining performed in 

paraformaldehyde-fixed and paraffin-embedded tissue sections. Representative 40x images are 

shown at different time points after PH. (B) H&E (left) and Oil Red O staining (right). Oil Red O 

staining was performed in frozen liver sections. Representative 40x images are shown. 

Kinetics of the recovery after PH varied between both models of animals, probably 

due to the different background and different environmental factors in the culture room 

(NOX4-/- mice were at IDIBELL in Barcelona; NOX4HepKO mice were at UC Davis, in CA). 

But it was clear that deletion of NOX4, either in the whole animal or in hepatocytes, induced 

an earlier recovery of the liver mass, parenchymal structure and regenerative steatosis, 

concomitant with a transient increase in hepatocyte size. Similar results were obtained in 

both NOX4-/- and NOX4HepKO mice and this would indicate that Nox4 silencing has a 

higher impact on the hepatocyte responses to PH, which could be expected considering 

that the hepatocyte is the liver cell where Nox4 expression is notably higher (Sancho et al., 

2012). 
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Figure 7. NOX4 deleted hepatocytes presented higher hepatocyte size after PH. β-catenin 

immunostaining was performed in paraformaldehyde-fixed and paraffin-embedded tissue sections 

in (A) NOX4-/- and (B) NOX4hepKO mice (left) to quantify hepatocyte size (right). Red bars 

represent the Median. Student’s t test with Welch correction was used: * p <0.05, *** p <0.001, 

**** p <0.0001  compared to WT. 
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Analysis of cellular proliferation in Nox4 deleted mice livers and primary 

hepatocytes 

Considering that hepatocytes’ proliferation constitutes one of the most important 

mechanisms in liver recovery after PH (Riehle et al., 2011), we decided to analyze this 

process. We performed immunohistochemistry analysis of Ki67, a proliferative marker 

present in the nucleus during all active phases of the cell cycle (Scholzen & Gerdes, 2000), 

in NOX4floxp+/+ and NOX4hepKO mice. Results revealed a significant increase in the 

number of stained hepatocytes at 48 and 72 hours after PH in NOX4hepKO when compared 

to NOX4floxp+/+ (Figure 8). Furthermore, NOX4hepKO hepatocytes reached the maximal 

DNA synthesis at 48 hours after PH, whereas NOX4floxp+/+ reached it at 72 hours. 

 

Figure 8. NOX4hepKO livers presented higher liver proliferation after PH. Ki67 

immunohistochemistry was performed in paraformaldehyde-fixed and paraffin-embedded tissue 

sections in NOX4floxp+/+ and NOX4hepKO mice (upper) and positive nuclei were quantified with 

ImageJ software (lower). Red bars represent the Median. Student’s t test with Welch correction 

was used: *** p <0.001, **** p <0.0001 compared to NOX4floxp+/+.  

We also performed immunohistochemistry analysis of phosphorylated Histone H3 in 

Ser10, a specific marker of G2/M phase cells (Juan et al., 1998). Results again indicated a 

significant increase in the number of stained hepatocytes at 48 and 72 hours after PH in 

NOX4hepKO when compared to NOX4floxp+/+ (Figure 9). 
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Figure 9. NOX4hepKO livers presented higher liver proliferation after PH. Phospho-Histone H3 

immunohistochemistry was performed in paraformaldehyde-fixed and paraffin-embedded tissue 

sections in NOX4floxp+/+ and NOX4hepKO mice (upper) and positive nuclei were quantified with 

ImageJ software (lower). Red bars represent the Median. Student’s t test with Welch correction 

was used: ** p <0.01, **** p <0.0001 compared to NOX4floxp+/+. 

With the aim of better exploring the proliferative capacity of the NOX4 deleted 

hepatocytes, we isolated them from unhepatectomized mice and cultured them to evaluate 

the response to FBS.  

Interestingly, very low concentrations of FBS (2 %) allowed NOX4hepKO cells to 

increase almost 40 % the number of viable cells in 24 hours, significantly higher than the 

increase observed in NOX4floxp+/+ control hepatocytes (Figure 10A). Then, to assess the 

progression of hepatocytes’ proliferation at the molecular level, we analyzed cell cycle 

regulators by RT-qPCR. The increase in viable cells correlated with a much higher increase 

in the expression of Cyclin D1 (Ccnd1), Cyclin A2 (Ccnd2) and Cyclin B2 (Ccnb2) in 

NOX4hepKO primary hepatocytes, when compared to the NOX4floxp+/+ ones (Figure 

10B). Similar results were obtained in NOX4-/- primary hepatocytes (Figure 11). Moreover, 

immunocytochemistry analysis of Ki67 in FBS-treated primary hepatocytes showed a higher 

number of Ki67 positive nuclei in NOX4-/- primary cells than in WT (Figure 12). 
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Figure 10. NOX4hepKO primary hepatocytes presented higher proliferation after FBS treatment. 

Primary hepatocytes isolated from NOX4floxp+/+ and NOX4hepKO mice were treated as indicated 

in the graph. (A) Viable cell number represented as % of increase versus 0 time. (B) RT-qPCR 

analysis of Cyclin D1 (Ccnd1), Cyclin A2 (Ccna2) and Cyclin B2 (Ccnb2). Relative expression to 

Rpl32 gene. Mean ± SEM (n=3). Two-way ANOVA with Tukey's multiple comparison post-hoc test 

was used: * p <0.05 compared to NOX4floxp+/+. # p <0.05, ### p <0.001, #### p <0.0001 

compared to untreated cells. 

All these results suggest that the absence of Nox4 expression primes hepatocytes 

for a faster and higher response to mitogenic signals.  

Our group had previously described that Myc expression is required for an efficient 

liver regeneration in mice (Baena et al., 2005), as its deletion delays the recovery of the liver 

mass. In this regard, we observed that livers from NOX4-/- mice showed a higher increase 

in Myc expression 24 hours after PH, and both 24 and 36 hours after PH in NOX4HepKO 

livers (Figure 13A) when compared to the corresponding WT mice. Western blot and IHC 

analysis revealed significantly higher c-Myc protein levels and c-Myc positive nuclei 36 

hours after PH in NOX4hepKO hepatocytes, which confirmed the differences observed at 

the mRNA level (Figure 13B and C). 
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Figure 11. NOX4-/- primary hepatocytes presented higher proliferation after 2% FBS treatment. 

Primary hepatocytes isolated from WT and NOX4-/- were isolated and treated with 2% FBS for the 

time indicated in the graph. (A) Viable cell number represented as % of increase versus 0 time. 

Mean ± SEM (6 independent plates). Student’s t test with Welch correction was used: *< p0.05 

compared to WT cells. (B) RT-qPCR analysis of Cyclin D1 (Ccnd1), Cyclin A2 (Ccna2) and Cyclin 

B2 (Ccnb2). Relative expression to Rpl32 gene. Bars represent the Mean from 2 independent 

plates. A representative experiment (n = 3) is shown. 

 

 

Figure 12. NOX4-/- primary hepatocytes presented higher percentage of Ki67 positive nuclei after 

2% FBS treatment. Immunostaining of Ki67 (Green) and DAPI (blue) (left) and quantification of 

positive nuclei quantified with ImageJ software (right). Red bars represent the Median. Student’s t 

test with Welch correction was used: *< p0.05 compared to WT cells. 
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Figure 13. Higher levels of c-Myc were found in NOX4 deleted mice after PH. (A) RT-qPCR analysis 

of Myc in livers from NOX4-/- and NOX4hepKO mice and their respective WT controls. Relative 

expression to Rpl32 gene. Red bars represent the Median (n= 4-10 per time point in NOX4-/- 

model; n=4-6 per time point in NOX4hepKO model). (B) Analysis of c-Myc by Western Blot in 

NOX4floxp+/+ and NOX4hepKO livers (left) and densitometry of the different experiments 

performed (right). Mean ± SEM (n=3-4 per time point). β-actin was used as a loading control. (C) 

c-Myc immunostaining in NOX4floxp+/+ and NOX4hepKO livers 36 h after PH (left) and positive 

nuclei quantified with ImageJ software (right). Red bars represent the Median. Student’s t test with 

Welch correction was used: *p <0,05, ** < p 0.01, *** p <0.001 compared to WT controls. 

Primary hepatocytes coming from WT and NOX4-/- mice 30 and 48 hours after PH 

were isolated and cultured. Interestingly, NOX4-/- primary hepatocytes isolated 30 hours 
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after PH and treated with FBS or a mitogenic mixture containing FBS, Insulin, 

Hydrocortisone and Epidermal Growth Factor showed much higher increase in Myc mRNA 

levels than WT primary culture (Figure 14A). These differences disappeared at 48 hours 

after PH, when the response was even higher in WT hepatocytes (Figure 14B). The 

increased Myc mRNA levels in response to mitogenic stimuli observed in NOX4-/- 

hepatocytes 30 hours after PH correlated with relevant differences in c-Myc protein levels 

and higher levels of intracellular signals that mediate hepatocyte proliferation, such as 

phospho-ERKs and phospho-Akt (Figure 14C). 

 

Figure 14. Induction of Myc expression in response to proliferative stimuli in WT and NOX4-/- 

regenerating hepatocytes 30 and 48 hours after PH. WT and NOX4-/- mice were subjected to PH. 

After 30 h or 48 h, primary hepatocytes were isolated and treated with 2% FBS or a mitogenic 

mixture containing 2% FBS, Insulin (INS, 2 μM), Hydrocortisone (HC, 100 μM) and Epidermal 

growth factor (EGF, 20 ng/mL). RT-qPCR analysis of Myc in primary hepatocytes after (A) 30 hours 

or (B) 48 hours after PH. Relative expression to Rpl32 gene. (C) Analysis of c-Myc, p-ERK 1/2 and 

p-Akt by Western Blot in primary hepatocytes isolated 30 h after PH. β-actin was used as a loading 

control.  Representative experiment is shown (n=2). 

All these results suggest that acceleration of liver regeneration in NOX4 deleted 

mice correlates with higher expression of c-Myc at mRNA and protein levels. 
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RNA-seq analysis to identify how Nox4 influences the liver regeneration 

transcriptomic program 

To better understand the molecular mechanisms that would justify the acceleration 

of liver regeneration and the differences in Myc expression found in NOX4 deleted mice, we 

performed RNA-seq analysis in collaboration with Beatriz Martín Mur, Marta Gut and Anna 

Esteve Codina, from CNAG-CRG (Centre for Genomic Regulation). We analyzed liver 

samples from WT and NOX4-/- mice at 6, 24, 48 and 168 hours after PH, and SHAM 

animals. Results revealed significant differences in gene expression between WT and 

NOX4-/-, particularly at 24 hours after PH (Figure 15).  

 

Figure 15. Transcriptomics RNA-seq analysis of livers after PH in WT and NOX4-/- mice. Heatmap 

showing all differentially expressed genes between NOX4-/- and WT mice in at least one time point 

(SHAM, 6, 24, 48 and 168 hours after PH). 

The Gene Ontology (GO) enrichment analysis of the differentially expressed (DE) 

genes at 24 hours showed that one of the significantly enriched pathways is “response to 

oxygen-containing compound”, in which Nox4 is involved. The network representation of 

the top100 DE genes (based on adjusted p-value) that belong to the aforementioned 

pathway indicated a central role for Myc (Figure 16).  

Myc expression appeared up-regulated at 6 hours after PH in both WT and NOX4-

/- livers, but at 24 hours after PH was maintained at high levels only in NOX4-/- livers, 

whereas in WT livers decreased at basal levels (Figure 17). This differential expression 

pattern at 24 h was also observed in other relevant proliferation-related genes that appeared 
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in the enriched oxygen-response network connected to Myc, such as Jund, Jun, Egr1, Sox9 

and Fosb, among others (Figure 17). 

 

Figure 16. Protein-protein interactions network from RNA-seq analysis results of NOX4-/- vs WT livers 

24 hours after PH. Network generated from the top100 differentially expressed genes (ranked by 

adjusted p-value) which belong to the GO pathway “response to oxygen-containing compound”. The 

network is based on STRING database and predicts associations between groups of proteins. 

Looking for mitogenic factors that showed changes in their expression, we found a 

significant difference in the expression of a member of the Epidermal Growth Factor 

Receptor (EGFR) family, the Heparin Binding EGF-like Growth Factor (Hbegf gene), whose 

expression was significantly higher at both 6 and 24 hours after PH in NOX4-/- mice (Figure 

18). No significant differences were observed in the expression of Epidermal Growth Factor 

Receptor (Egfr gene) or its ligands Epidermal Growth Factor (EGF, Egf gene) and 

Transforming Growth Factor Alpha (TGF-alpha, Tgfa gene). We also analyzed the Met 
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receptor (Met gene) and its ligand, Hepatocyte Growth Factor (HGF, Hgf gene), but no 

significant differences were observed (Figure 18).  

 

Figure 17. Myc and other proliferation-related transcription factors presented a differential 

expression along the time in WT and NOX4-/- mice. Transcriptomics RNA-seq analysis of livers 

after PH. Changes in gene expression over time. **p <0.01, ***p <0.001, ****p<0.0001 when 

compared changes in WT versus NOX4-/-.  

 

 

Figure 18. Changes in genes related to mitogenic pathways after PH. Transcriptomics RNA-seq 

analysis of livers after PH in WT and NOX4-/- mice. ****p<0.0001 when compared changes in WT 

versus NOX4-/-. 
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Interestingly, the top100 DE genes from the enriched oxygen-response network 

revealed a Nox4 – Src – Myc axis. In fact, Src expression significantly increased 24 hours 

after PH in NOX4-/- mice, whereas in WT mice no differences were observed (Figure 18). 

Among the potential processes that regulate hepatocyte proliferation, the TGF-β 

pathway is one of the most significant negative regulators of the expression of Myc 

(Frederick et al., 2004). Coinciding with the transcriptional changes observed 24 hours after 

PH in NOX4-/- mice, we observed differences in the expression of the Tgfb gene family.  

Tgfb1, the main isoform expressed in the liver  (De Bleser et al., 1997), showed a 

significant reduction in its expression at 24 hours, when compared to WT mice (Figure 19A).  

In contrast, Tgfb2 showed increased expression, although in absolute terms, the level of 

expression was much lower than that of Tgfb1. Expression of Tgfb3 did not show significant 

differences.  

It was proposed that a decrease in the expression of TGF-β receptors allow 

hepatocytes to escape from TGF-β-induced growth inhibition and apoptosis during liver 

regeneration (Chart et al., 1995). In our model, TGF-β RI did not show significant differences 

between WT and NOX4-/- (Figure 19B). In the case of TGF-β RII, its expression increased 

in WT at 6 hours to drop at 24 hours, but in NOX4-/- mice the increase at 6 hours was higher 

than in WT mice and its expression was maintained elevated at 24 hours. 

Furthermore, considering that TGF-β is sequestered into the extracellular matrix in 

an inactive state, we focused our attention into genes that codify proteins whose function is 

related to the activation of the latent form of TGF-β1. Adamtsl2 (a disintegrin and 

metalloproteinase with thrombospondin repeats-like 2), which interacts with latent TGF-β 

binding protein 1 (LTBP1) and anchors it in the extracellular matrix (Goff et al., 2009), 

showed a differential pattern of expression almost significant (adjusted p-value=0.068) in 

WT versus NOX4-/- mice (Figure 19C). Although its expression increased in WT at 6 hours 

to decrease at 24 hours, in NOX4-/- mice, the increase at 6 hours was higher than in WT 

mice and its expression was maintained high at 24 hours (Figure 19C).  
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Figure 19. Differential activation of TGF-β may occur between WT and NOX4-/- livers.  

Transcriptomics RNA-seq analysis of livers after PH. Changes in gene expression over time in (A) 

TGF-β ligands, (B) TGF-β receptors, and (C) genes involved in the activation of latent TGF-β1. *p 

<0.05, **p <0.01, ****p<0.0001.  

Additionally, the expression of Bmp1, which cleaves LTBP1 from the extracellular 

matrix inducing TGF-β1 activation (Ge & Greenspan, 2006), was down-regulated at 6 hours 

after PH in both WT and NOX4-/- mice but, whereas in WT mice the levels returned to basal 

at 24 hours, in NOX4-/- mice continued down-regulated even at lower levels at 24 hours 

after PH (Figure 19C).  

Thrombospondin-1 (TSP-1), is a matricellular protein also implicated in TGF-β 

activation in vivo (Crawford et al., 1998). We observed an increase in WT livers at 6 hours 

followed by a decrease at 24 hours. However, the induction was lower, and the decrease 

was less pronounced between 6 and 24 hours in NOX4-/- livers (Figure 19C).   
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Moreover, Extracellular matrix protein 1 (Ecm1) displayed a reduction in both WT 

and NOX4-/- livers, but this decrease occurred later, at 48 hours, in NOX4-/- mice. It has 

been described that ECM1 stabilizes latent-TGF-β in the extracellular matrix, preventing its 

activation (Fan et al., 2019). 

The urokinase-type plasminogen activator system (uPA/uPAR) also participates in 

the activation of latent TGF-β1 from the extracellular matrix. uPA/uPAR converts 

plasminogen to plasmin, which in turn may promote the activation of latent TGF-β by 

proteolytic cleavage within the N-terminal region of the latency-associated peptide (LAP) 

(Lyons et al., 1990). In our model, urokinase-type plasminogen activator receptor (uPAR, 

Plaur gene) peaked later in the case of NOX4-/- livers, and urokinase-type plasminogen 

activator (uPA, Plau gene) presented lower levels in NOX4-/- mice.  

Finally, Mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGFII-R) is 

overexpressed in hepatocytes during liver regeneration and it has been shown to be 

implicated in the maturation of latent pro-TGF-β (Villevalois-Cam et al., 2003). M6P/IGFII-R 

(Igf2r gene) presented a tendency of lower levels in NOX4-/- than in WT livers at 24 after 

PH, although difference was not significant (Figure 19C). M6P/IGFII-R was also analyzed by 

immunohistochemistry. 24 hours after PH M6PR seemed to be localized intracellularly in WT 

liver cells, whereas it was localized in the cellular membrane in NOX4-/- livers (Figure 20). 

The differences in its cellular location could be also responsible of the differences in TGF- β 

activation.  

 

Figure 20. M6P/IGFII-R analysis in WT and NOX4-/- livers. M6P/IGFII-R immunostaining was 

performed in paraformaldehyde-fixed and paraffin-embedded tissue sections. Representative 40x 

images are shown. 



88 
 

In contrast, cell-surface integrins such as Integrin αvβ6 and Integrin αvβ8, and 

metalloproteases such as MMP2 and MMP9, did not present significant differences in the 

RNA-seq analysis (data not shown).  

Altogether, the results indicated that the TGF-β pathway could be differentially 

activated along the time in WT and NOX4-/- mice, so we proceeded to analyze it more in 

detail. 
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TGF-β analysis in Nox4 deleted mice livers and primary hepatocytes  

Immunohistochemistry analysis of the mature, active, form of TGF-β1 revealed that  

TGF-β1  staining considerably  increased  in  WT  liver  tissues  after  PH,  but this increase 

 

Figure 21. Lower activation of the TGF-β pathway in NOX4-/- livers after PH.  (A) TGF-β1 and (B) 

Smad3 immunostaining was performed in WT and NOX4-/- mice. Arrows indicate Smad3 positive 

nuclei (left) and positive nuclei quantified with ImageJ software (right). Student’s t test with Welch 

correction was used: **** p <0.0001 compared to WT. (C) Analysis of p-Smad3 and (D) p21 by 

Western Blot. β-actin was used as a loading control. 
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was significantly lower in NOX4-/- at 24 hours after PH (Figure 21A). The lower expression 

of TGF-β1 in NOX4-/- seemed to be reflected in a decrease in the activation of the TGF-β 

pathway. Indeed, analysis of Smad3 by immunohistochemistry revealed lower number of 

Smad3 positive nuclei in NOX4-/- than in WT (Figure 21B), and western blot analysis showed 

an increase in the levels of phospho-Smad3 after PH in WT mice that was delayed and 

attenuated in NOX4-/- (Figure 21C). Furthermore, we observed that one of the most 

relevant targets of TGF-β, the cyclin-CDK inhibitor p21, presented lower levels in NOX4-/- 

livers (Figure 21D).  

 

Figure 22. Lower activation of the TGF-β pathway NOX4hepKO livers after PH. (A) TGF-β1 and 

(B) Smad3 immunostaining was performed in NOX4floxp+/+ and NOX4hepKO mice. Arrows 

indicate Smad3 positive nuclei (left) and positive nuclei quantified with ImageJ software (right). 

Student’s t test with Welch correction was used: **** p <0.0001 compared to NOX4floxp+/+. (C) 

Analysis of p-Smad3 by Western Blot. β-actin was used as a loading control. 
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Immunohistochemistry analysis of TGF-β1 also revealed that 36 hours after PH there 

was an increase in NOX4floxp+/+ liver tissues, but this increase was barely observed in 

NOX4HepKO (Figure 22A) and it correlated with a lower number of Smad3 positive nuclei 

(Figure 22B) and a delayed phosphorylation of Smad3 (Figure 22C) as observed in NOX4-

/- model.  

Previous results had demonstrated that deficiency in the liver of caveolin-1 impairs 

the TGF-β pathway and improves liver regeneration (Mayoral et al., 2010). Interestingly, 

concomitant with the alteration in the activation of the TGF-β pathway, we found lower 

expression of caveolin-1 in both models of NOX4 deficient mice versus the corresponding 

WT counterparts (Figure 23). 

Taken together, these results indicated that the TGF- β1 pathway presented a 

transcriptional and functional attenuation in vivo.  

 

Figure 23. Lower levels of Caveolin-1 pathway in NOX4 deleted mice after PH. (A) Analysis of 

Caveolin-1 by Western Blot in NOX4-/- and (B) NOX4hepKO mice and their respective WT controls. 

β-actin was used as a loading control. (C) Caveolin-1 immunostaining was performed in 

paraformaldehyde-fixed and paraffin-embedded tissue sections in WT and NOX4-/- mice 24 hours 

after PH.  

After that, we wondered whether or not NOX4-deficient cells were able to respond 

to active TGF- β1. To answer this question, primary hepatocytes were isolated from WT and 

NOX4-/- and were treated with 2% FBS in the absence or presence of TGF-β1 (2ng/mL) for 

the time indicated in the graphs.  
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Firstly, primary hepatocytes from WT and NOX4-/- mice were able to activate the 

TGF-β1 pathway in terms of Smad2 phosphorylation, both at 3 and 24 hours after treatment 

(Figure 24A). Moreover, we observed that 24 hours after treatment, primary hepatocytes 

presented phenotypical differences. TGF-β1-treated primary hepatocytes from both WT and 

NOX4/- mice lost their epithelial shape towards a fibroblast-like phenotype (Figure 24B). 

 

Figure 24. TGF-β1 treatment induced Smad2 phosphorylation and morphological changes in WT 

and NOX4-/- primary hepatocytes. (A) Analysis of p-Smad2 by Western Blot. β-actin was used as 

a loading control. A representative experiment (n=3) is shown. (B) Cell morphology analysis 24 

hours after treatments of WT and NOX4-/- primary hepatocytes cultured on top of Collagen I. 

Representative bright-field images. 

 

NOX4-deficient cells also demonstrated a correct response to exogenous TGF-β1 

inhibiting FBS-induced increase in cell viability (Figure 25A) and cyclins expression (Figure 

25B). Comparable results were observed in NOX4hepKO primary hepatocytes (data not 

shown). 

 Furthermore, Smad2 phosphorylation and decrease in cyclins was coincident with 

a decrease in the number or Ki67+ cells, regardless of Nox4 expression (Figure 26).  
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Figure 25. Decrease in proliferation was observed in WT and NOX4-/- primary hepatocytes after 

TGF-β1 treatment. (A) Viable cell number represented as % versus 0 time. Mean ± SEM (6 

independent plates). ** < p 0.01, ****p<0.0001 compared to untreated cells. (B) RT-qPCR analysis 

of Cyclin D1 (Ccnd1), Cyclin A2 (Ccna2) and Cyclin B2 (Ccnb2). Relative expression to Rpl32 

gene. Bars represent the Mean from 2 independent plates. A representative experiment (n=3) is 

shown.  

 

Figure 26. Decrease in Ki67+ nuclei in response to TGF-β1 treatment in WT and NOX4-/- primary 

hepatocytes. (A) Immunostaining of Ki67 (Green) and DAPI (blue) and (B) quantification of positive 

nuclei quantified with ImageJ software. Red bars represent the Median. Student’s t test with Welch 

correction was used: *< p0.05 compared to WT cells. 
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24 hours after 2% FBS treatment, upregulation of c-Myc was observed in WT and 

NOX4-/- primary hepatocytes. c-Myc protein levels were higher at basal levels (Figure 27 

A), as well as in response to FBS, in NOX4-/- hepatocytes (Figure 27 A and B). Moreover, 

the number of c-Myc positive nuclei after 2% FBS treatment was higher in NOX4-/- primary 

hepatocytes than in WT ones. Nevertheless, TGF-β1 showed identical capacity in inhibiting 

c-Myc upregulation in WT and in NOX4-/- primary hepatocytes (Figure 27 A and B). 

Altogether, these results suggest that Nox4 is not required for TGF-β1-induced 

growth inhibition, nor for c-Myc downregulation. 

Finally, within all the proteins that participate in the activation of the latent form of 

TGF-β1, Mannose 6-phosphate/insulin-like growth factor II receptor (M6P/IGFII-R) is 

localized inside the cell. Western blot analysis revealed that at time 0 hours, M6P/IGFII-R 

protein levels were higher in NOX4-/- primary hepatocytes than in WT ones (Figure 28). 

 

Figure 27. Decrease in c-Myc levels in response to TGF-β1 treatment in WT and NOX4-/- primary 

hepatocytes. (A) Analysis of p-Smad2 and c-Myc by Western Blot. β-actin was used as a loading 

control. A representative experiment is shown. (B) Immunostaining of c-Myc (Green) and DAPI 

(blue) was performed in WT and NOX4-/- mice to visualize the nuclear content. 
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Moreover, M6P/IGFII-R was induced at 3 and 24 hours in WT primary hepatocytes after both 

FBS and TGF-β1 treatment. However, this increase was barely observed in NOX4-/- primary 

hepatocytes at 3 hours after treatment, and levels dropped even more at 24 hours after 

treatment.  

 
Figure 28. Induction of M6PR in WT primary hepatocytes in response to FBS and TGF-β1 

treatment. Analysis of M6PR by Western Blot. β-actin was used as a loading control. A 

representative experiment is shown.  
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Potential role of Nox4 in controlling lipid metabolism and oxidative 

stress 

Taking advantage of the data generated by the afore-described RNA-seq analysis, 

we decided to analyze metabolic and redox mediators that could be differentially expressed 

between WT and NOX4-/- mice.  

 It is well known that liver regeneration demands large amounts of simple substrates 

to cover energy and structural requirements, and so alterations in hepatic and systemic 

metabolism occur after PH. In this regard, we observed that at 36 hours after PH, WT and 

NOX4-/- presented lipid droplets, but this was resolved earlier, at 48 hours after PH, in 

NOX4-/- livers (Figure 5). Considering these differences, we decided to look for metabolic 

changes more in detail.  

Peroxisome proliferation-activated receptor (PPAR) family are important metabolic 

regulators in the liver. PPAR-α (Ppara gene) did not shown significant differences between 

WT and NOX4-/- livers (Figure 29). However, Cyp4a10 and Cyp4a14, which are PPAR-α 

target genes, presented an earlier induction at 6 hours after PH in NOX4-/- livers, when 

compared to WT (Figure 29). Another member of the PPAR family, PPAR- δ (Ppard gene), 

also presented higher levels at 24 hours after PH in NOX4-/- mice (Figure 29). In the case 

of PPAR-γ (Pparg), it did not present significant differences in our model (Figure 29). 

However, Peroxisome proliferation-activated receptor γ coactivator 1-β (PGC-1β, Ppargc1b 

gene), presented a significant increase in NOX4-/- livers at 6 and 24 hours after PH (Figure 

29). 

Cluster of differentiation 36 (CD36, Cd36 gene), which mediates fatty acid uptake 

during liver regeneration, did not present significant differences between WT and NOX4-/- 

livers (Figure 29). Fatty acid synthase (Fas gene) and Glucose-6-phosphate dehydrogenase 

(G6pdh gene) neither presented significant differences (Figure 29). 

Diacylglycerol O-acyltransferase 1 (Dgat1), which catalyzes the terminal step in 

triacylglycerol synthesis, presented higher levels in NOX4-/- at 24 hours after PH (Figure 

29).  

HMG-CoA reductase (Hmgcr) is key enzyme for cholesterol synthesis, which is one 

of the substrates required for liver regeneration (Zivna et al., 2002), and it presented an 

earlier and higher induction in NOX4-/- livers at 6 hours after PH, when compared to WT 

(Figure 29).  
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Pyruvate Dehydrogenase Kinase 4 (PDK4, Pdk4 gene), another critical regulator of 

glucose and lipid metabolism, also presented significant differences. We found a significant 

upregulation at 24 hours after PH in NOX4-/- livers, when compared to WT (Figure 29).  

Altogether, these results indicate that there could be a different metabolic response 

after PH between WT and NOX4-/- livers.  

 

Figure 29. Metabolic changes during liver regeneration . Transcriptomics RNA-seq analysis of livers 

in WT and NOX4-/- mice. Changes in gene expression over time in genes implicated in regulation 

of hepatic metabolism. *p <0.05, **p <0.01, ****p<0.0001. 

 The liver is frequently subjected to oxidative stress, which has a negative impact on 

liver function and regeneration. Considering that the NADPH oxidase NOX4 participates in 

the redox balance of the cell, we thought that there could be differences in the redox status 

between WT and NOX4-/- after PH.  
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An important player in the defense against oxidative stress implicated in LR is the 

Nuclear factor erythroid 2-related factor 2, Nrf2 (Nfe2l2 gene). Looking at the RNA-

sequencing analysis, we observed that Nfe2l2 presented a peak at 6 and 24 hours in NOX4-

/- livers, which occurred later, at 48 hours, in WT mice. However, this difference was not 

significant (Figure 30).  

 

Figure 30. Role of Nox4 in the regulation of redox-related genes during liver regeneration. 

Transcriptomics RNA-seq analysis of livers after PH in WT and NOX4-/- mice. Changes in gene 

expression over time in genes implicated in regulation of redox balance. *p <0.05, **p <0.01, 

****p<0.0001. 

When we look at Nrf2 target genes, some of them presented differential expression 

along the time. Glutathione S-Transferase Mu 3 (Gstm3) showed higher levels at 24 and 48 

hours after PH in NOX4-/- mice. Glutathione S-Transferase Alpha 1 (Gsta1), NAD(P)H 

Quinone Dehydrogenase 1 (Nqo1) and Heme Oxygenase 1 (Hmox1) presented higher 
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expression at 24 hours in NOX4-/- livers than in WT ones. In the case of Glutamate-Cysteine 

Ligase Modifier Subunit (Gclm), there was a decrease in WT at 6 hours, which occurred at 

24 hours in NOX4-/-. Glutathione peroxidase 1 (Gpx1) presented a reduction in WT at 48 

hours, which was lower and occurred earlier in NOX4-/- livers (Figure 30).  

However, other target genes of Nrf2 such as NAD(P)H Quinone Dehydrogenase 2 

(Nqo2), Superoxide Dismutase 1 and 2 (Sod 1 and Sod2), Glutamate-Cysteine Ligase 

Catalytic Subunit (Glcl) and Catalase (Cat) did not presented significant differences 

between WT and NOX4-/- after PH (Figure 30).  

Altogether, the results indicate that there are differences in the expression of some 

antioxidant genes between WT and NOX4-/- after two-thirds partial hepatectomy, although 

a timely regulated antioxidant response does not seem to be responsible for the earlier 

recovery of NOX4-/- after PH. 
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Analysis of liver regeneration after 2/3 PH in one-year-old mice 

Considering that partial hepatectomy is an intervention that can be performed in 

elderly people, we performed a pilot experiment to explore liver regeneration in older mice. 

Firstly, we analyzed if Nox4 levels decrease after partial hepatectomy in 1-year-old WT mice, 

as we had previously described in 8-16-weeks old mice (Crosas-Molist et al., 2014). Nox4 

expression decreased in WT mice at 24 hours after partial hepatectomy and then increased 

at 48 and 72 hours (Figure 31A).  

 

Figure 31. One-year old NOX4 deleted mice presented an earlier recovery of the liver-to-body 

weight ratio and higher survival after PH. Mice were subjected to PH and sacrificed at the indicated 

times. (A) RT-qPCR analysis of Nox4 in livers from WT and NOX4-/- mice. Relative expression to 

Rpl32 gene. Red bars represent the Median. (B) Kaplan-Meier curve of overall survival. (C) 

Liver/Body weight ratio was calculated for WT and NOX4-/- mice and represented as mean ± SEM. 

(D) Increment in liver-to-body weight ratio between timepoints. Data was expressed as mean ± 

SEM. Student’s t test with Welch correction was used: *p<0.05, ***p<0.001 compared to previous 

time point.  

After that, we analyzed mice survival after the surgeries. NOX4-/- mice presented a 

tendency to higher survival after PH than WT (Figure 31B). Liver to body weight ratio as well 

as the increment in the liver/body weight ratio were calculated, and we observed a more 

pronounced increase in the liver/body weight ratio in NOX4-/- mice than in WT counterparts 

between 24 and 48 hours (Figure 31C and D).  
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Then, we studied histological differences. Liver steatosis was perfectly observed in 

both WT and NOX4-/- livers at 48 hours after PH. However, at 72 hours after PH, NOX4-/- 

livers already recovered from lipid accumulation (Figure 32).  

 

Figure 32. One-year old NOX4-/- mice presented an earlier recovery of the parenchymal structure 

and regenerative steatosis after 2/3 PH. Hematoxylin and Eosin staining performed in 

paraformaldehyde-fixed and paraffin-embedded tissue sections. Representative 40x images are 

shown at different time points after PH. 

Afterwards, we wanted to study if the earlier recovery in NOX4-/- mice could be 

associated to the afore-mentioned increase in c-Myc levels. We found that c-Myc presented 

an upregulation after PH in both WT and NOX4-/- at the mRNA and protein level. 

Interestingly, 24 hours after PH two NOX4-/- mice presented higher levels of c-Myc than WT 

counterparts (Figure 33A and B).  

 

Figure 33. Higher levels of c-Myc were found in one-year old NOX4 deleted mice after PH. (A) RT-

qPCR analysis of Myc in livers from WT and NOX4-/-. Relative expression to Rpl32 gene. Red bars 

represent the Median. (B) Analysis of c-Myc by Western Blot in WT and NOX4-/- livers. β-actin was 

used as loading control.  

Finally, considering the previous results in which the higher levels of c-Myc were 

accompanied by an attenuation of the TGF-β pathway, we decided to study the levels of p-
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Smad3. Both WT and NOX4-/- presented an increase in Smad3 phosphorylation after PH. 

However, we observed that NOX4-/- livers presented lower levels of p-Smad3 than WT ones 

(Figure 34). 

 

Figure 34. Lower levels of p-Smad3 were found in one-year old NOX4 deleted mice after PH. 

Analysis of c-Myc by Western Blot in WT and NOX4-/- livers. β-actin was used as loading control. 

Taken together, the results indicate that NOX4 deletion also accelerates liver 

regeneration in 1-year-old mice. 
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Liver regeneration is a complex process that, despite extensive study, is not 

completely understood. Several signaling pathways, as well as interactions among different 

cell types, make the process extremely attractive to glean molecular insights into the self-

renewal of mature cells, a property frequently associated with stem cells. Hepatocytes 

appear to be cell autonomous in deciding their replication fate, which depends on 

reprograming different molecular events in different cell types (Fausto et al., 2012). Results 

here support a role for Nox4 in negatively regulating liver regeneration, since deletion of its 

expression improved survival of mice, accelerated the recovery of the liver mass, as well as 

the liver parenchyma, and enhanced the process of hepatocyte proliferation, which 

correlated with a more efficient response of hepatocytes to mitogenic signals. Interestingly, 

similar results were observed in NOX4-/- (where Nox4 is deleted in all the cell types of the 

organism) and the NOX4HepKO model (where Nox4 is specifically deleted in hepatocytes), 

indicating that the relevant role of Nox4 during mice liver regeneration is mostly due to its 

function in hepatocytes. This is not surprising, since Nox4 expression is two orders of 

magnitude higher in hepatocytes than in stellate cells, and even one order of magnitude 

higher than the expression in myofibroblasts, under fibrotic conditions (Sancho et al., 2012). 

In fact, NOX4 expression in the livers of NOX4HepKO mice was barely detectable, lower 

than 0.5% when compared to the corresponding WT mice (results not shown). 

Nox4 expression is down-regulated after PH in mice, which is probably necessary 

for an efficient hepatocyte proliferation, due to its mitoinhibitory role (Crosas-Molist et al., 

2014). Downregulation of Nox4 might occur by the increase in proliferative signals, since 

both EGF and HGF inhibit its expression (Cao et al., 2017; Carmona-Cuenca et al., 2006). 

In the experimental animal models used in this study, where Nox4 gene expression is 

deleted, hepatocytes were more “primed” to respond to mitogenic signals in a fastest way.  

An interesting aspect to be mentioned is that although an increase in the liver to 

body weight ratio was observed in NOX4-/- mice versus WT, long-term analysis revealed 

that proliferation was arrested. The liver reached a size that did not overcome the initial one 

and liver parenchyma structure was normal. This could be the consequence of the 

“hepatostat” regulation, which orchestrates growth and differentiation of all hepatic cell 

types towards body homeostasis. Many signals contribute to the termination of liver 

regeneration and maintenance of standard liver mass (Michalopoulos, 2017) and Nox4 does 

not appear to be essential for this process, which reinforces its potential as a therapeutic 

target in liver chronic diseases. 
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Trying to analyze the potential mechanism regulated by Nox4 that would make 

regeneration more efficient, we found a stronger activation of the c-Myc in vivo, as well as 

in hepatocytes in culture. c-Myc is a relevant regulator of the expression of cell-cycle related 

genes (Bretones et al., 2015) and it has been suggested that hepatocytes require 

upregulation of Myc after PH to efficiently exit G0 (Baena et al., 2005). It is well known that 

hypertrophy without cell division precedes proliferation after two thirds PH and almost 

equally contribute to regeneration (Miyaoka et al., 2012). Interestingly, c- Myc not only 

regulates hepatocyte proliferation, but also cell size (Baena et al., 2005). Here, the increase 

in Myc expression in Nox4 deleted mice correlated with a significant increase in cell size at 

24-36 h after PH and preceded the peak of cell proliferation.  

RNA-seq analysis revealed significant differences at the transcriptional level after PH 

in NOX4-/- mice when compared to WT mice. The network of the top100 differentially 

expressed genes from the “response to oxygen-containing compound” pathway located 

Myc in a node of proliferation-related genes 24 hours after PH. The highest peak of Myc 

expression was coincident with a peak in Jund levels, and it has been reported that essential 

role of JunD in cell proliferation is mediated via MYC signaling in prostate cancer cells (Elliott 

et al., 2019). Jun gene, which codifies for c-Jun protein, also presented higher levels in 

NOX4-/- livers. This transcription factor has been proposed as a critical regulator of 

hepatocyte proliferation and survival during liver development and regeneration (Behrens et 

al., 2002). Early growth response (Egr)-1 (Egr1), which is a transcription factor required for 

timely cell-cycle entry and progression in hepatocytes after CCl4 injection (Pritchard et al., 

2011), also maintained higher levels in NOX4-/- at 24 hours after PH. Same pattern was 

observed in Sox9, whose expression allows periportal hepatocytes to behave as hybrid 

hepatocytes with ability to regenerate the liver after chronic hepatocyte-depleting injuries 

(Font-Burgada et al., 2015, p.). Finally, Fosb, a member of the Fos family which induce cell 

cycle entry by activating cyclin D1 (Brown et al., 1998), also presented the same pattern of 

expression.  

Regarding mitogenic factors whose expression revealed changes, we found that 

Hbegf, which is a member of the EGFR ligands family, presented a significant increase in 

the expression at 24 hours after PH in NOX4-/- mice. It is known that HB-EGF links 

hepatocyte priming with cell cycle progression during liver regeneration (Mitchell, 2005) and 

transgenic expression of HB-EGF accelerates liver regeneration after 2/3 PH (Kiso et al., 

2003). In spite of the fact that we did not find significant differences in other members of the 
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EGFR or Met family, it has been reported that HB-EGF has more potent protective and 

mitogenic effects for hepatocytes than HGF in liver regeneration (Khai et al., 2006).  

All these transcriptional changes in proliferation-related genes mainly occur at 24 

hours after partial hepatectomy, prior to hepatocyte proliferation and concomitant with 

higher Myc expression, and could contribute to the earlier recovery in NOX4-/- mice after 

two-thirds partial hepatectomy.   

Evidence supports a role for TGF-β inhibiting Myc expression (Frederick et al., 

2004). In hepatocytes, TGF-β1 inhibits growth and induces apoptosis in hepatocytes (Carr 

et al., 1986; Sánchez et al., 1996) and one of its earlier effects is downregulation of the 

mitogen-induced Myc early expression (Sanchez et al., 1995), without an effect on the 

expression of other proto-oncogenes, such as Fos or Hras. Here, we found that acceleration 

of liver regeneration and increased expression of Myc in both mice models of Nox4 deletion 

could be explained, at least partially, due to attenuation of the TGF-β pathway. Different 

evidences support this hypothesis: 1) IHC analysis of TGF-β1 levels in hepatocytes revealed 

an increase shortly after PH in hepatocytes from WT mice in both models, as previously 

reported (Jirtle et al., 1991; Jakowlew et al., 1991); however this increase was attenuated, 

or even barely observed, in Nox4 deleted mice; 2) Percentage of Smad3 positive nuclei, as 

a hallmark of TGF-β activation, was lower in liver tissues from Nox4 deleted mice than in 

their corresponding WT mice; 3) Increase in phospho-Smad3 levels after PH was delayed 

in both NOX4-/- and NOX4HepKO mice.  

TGF-β modulates the proliferation of hepatocytes through inhibition of DNA 

synthesis (Braun et al., 1988). However, it has been proposed that transient escape of 

regenerative hepatocytes from TGF-β-induced growth inhibition and apoptosis is achieved 

through reduction in the expression of TGF-β receptors I and II (Chart et al., 1995) and the 

acquisition of survival signals (Herrera, Álvarez, et al., 2004), within others. In this sense, 

we found that TGF-β type II receptor did not decrease, but even increased its levels after 

PH in NOX4-/- mice. Given that TGF-β type II receptor is the one that binds TGF-β, inducing 

phosphorylation and activation of TGF-β receptor I (Tzavlaki & Moustakas, 2020), we 

consider that upregulation of TGF-β RII could be a compensatory mechanism for the lower 

activation of TGF-β1 from the extracellular matrix. Nevertheless, a mitoinhibitory response 

to TGF-β is still present in regenerating hepatocytes, since intravenous TGF-β1/2 reversibly 

inhibits the proliferative response of liver to PH (Russell, 1988). Furthermore, inactivation of 

the TGF-β pathway by using liver-specific Tgfbr2 knock-out mouse results in an increased 

proliferative response after PH (Oe et al., 2004; Romero-Gallo et al., 2005), and inhibition 
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of TGF-β signaling also facilitates liver regeneration upon acute dimethylnitrosamine (DMN) 

or CCl4-induced injury (Karkampouna et al., 2016; Masuda et al., 2020; Nakamura et al., 

2004). Results here indicate that, in the absence of Nox4 expression, the TGF-β pathway 

was attenuated in hepatocytes, which could contribute to the acceleration of the liver 

regeneration after partial hepatectomy.  

Although it is well known that TGF-β upregulates NOX4 in stellate cells and 

hepatocytes (Carmona-Cuenca et al., 2008; Jiang et al., 2012; Sancho et al., 2012), it is 

less well recognized that NOX4 can reciprocally regulate TGF-β/SMAD signaling. The RNA-

seq experiment revealed some potential mechanisms responsible for the attenuation of the 

TGF-β pathway. On one side, TGF-β ligands, which are mainly expressed in non-

parenchymal liver cells, showed differences between WT and NOX4-/- mice. Tgfb1 

expression was significantly lower at 24 hours after PH in NOX4-/- mice when compared to 

WT mice.  By contrast, another member of the family, Tgfb2, showed higher levels but its 

expression was much lower than that of Tgfb1. TGF-β2 upregulation correlates with fibrotic 

markers and play a prominent role in biliary liver diseases (Dropmann et al., 2016, 2020), 

but its expression during liver regeneration is 10 times lower than that of TGF-β1 (Jakowlew 

et al., 1991). Considering that Smad3 phosphorylation was clearly decreased in Nox4 

deleted mice, the lower expression in Tgfb1 appears to have a higher impact that the 

increase in Tgfb2 expression.   

On the other hand, Nox4 could be participating in the activation of TGF-β1. TGF-β1 

is primarily synthesized by stellate cells in a latent form that is secreted and anchored in the 

extracellular membrane. That latent precursor must be cleaved by proteases to become 

activated. In fact, only activated TGF-β1 has the ability to inhibit cell proliferation after PH, 

but not latent TGF-β (Schrum et al., 2001), and loss of integrin αvβ8, which participate in 

TGF-β activation, accelerates liver regeneration (Greenhalgh et al., 2019). 

Adamtsl2, which interacts with latent LTBP1 and anchors it to the ECM, showed an 

increase in its expression in NOX4-/- mice at 24 hours after PH. Mutations in ADAMTSL2 

have been described in human diseases and lead to dysregulation of TGF-β signaling 

correlating with increase in active TGF-β1 (Goff et al., 2009). Furthermore, Bmp1 is a 

metalloproteinase that catalyze the cleavage of LTBP-1 from the ECM, releasing latent TGF-

β bound to LTBP-1. Mice with null mutations in BMP-1 and the closely related tolloid1 (Tll1) 

protease increased LTBP1 accumulation and decreased phospho-Smad2/3 staining, 

suggesting defective activation of latent TGF-β (Ge & Greenspan, 2006). In agreement, the 

lower expression of Bmp1 at 24 hours after PH in NOX4-/- mice was concomitant with lower 
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levels of TGF-β1. Thrombospondin 1, which negatively regulates liver regeneration by 

participating in the activation of latent TGF-β, presented a higher induction in WT mice after 

PH. This induction is mediated by reactive oxygen species (ROS) in endothelial cells 

(Hayashi et al., 2013). Considering the results described above, TGF-β activation from the 

extracellular matrix could be attenuated in the absence of NOX4-/-.  

Moreover, Extracellular matrix protein 1 (ECM1) stabilizes latent-TGF-β by 

interacting with integrins αV in the ECM, preventing activation of HSCs. Thus, hepatocyte-

specific ECM1 Knock-out mice presented accelerated liver fibrosis in response to CCl4, 

when compared with control mice (Fan et al., 2019). We observed that ECM1 declines after 

PH, but this decline occurred earlier in WT livers, allowing earlier TGF-β activation. ECM1 is 

mainly produced by hepatocytes, which could explain that both models of NOX4 deleted 

mice presented a downregulation of the pathway.  

The transient increase in hepatocyte intracellular concentrations of TGF-β1 after PH, 

previously reported (Jirtle et al., 1991) and here observed, may also result from an increase 

in the expression (Rao et al., 2017) and/or an augmented uptake of the latent TGF-β1 into 

hepatocytes. Once inside the cell, mannose 6-phosphate/insulin-like growth factor II 

receptor (M6P/IGFII-R) directs latent-TGF-β to the intracellular pre-lysosomal/endosomal 

compartment where the mature TGF-β1 is activated by dissociation from the latent complex 

(Jirtle et al., 1991). Jirtle et al reported that M6P/IGFII-R co-localized with TGF-β1 both 

spatially and temporally in hepatocytes after partial hepatectomy. Even though we did not 

find significant differences in M6P/IGFII-R between WT and NOX4-/- livers at the mRNA 

level, we observed differences in the localization of the receptor. Whereas WT livers 

presented intracellular M6P/IGFII-R at 24 hours after PH, NOX4-/- had M6P/IGFII-R located 

at the extracellular membranes. Additionally, the increase in M6P/IGFII-R that is expected 

in cultured hepatocytes prior DNA replication (Villevalois-Cam et al., 2003) was observed in 

WT primary hepatocytes, but not in NOX4-/- primary hepatocytes.  

Some studies have shown that M6P/IGFII-R interacts with urokinase-type 

plasminogen activator receptor (uPAR) to activate latent-TGF-β1. Plasmin generated from 

Plasminogen mediates release of TGF-β1 when uPAR is associated with M6PR (Godár et 

al., 1999). Moreover, activation of TGF-β1 is blocked by anti-uPA antibodies or by preventing 

uPA-uPAR interaction in co-cultures (Odekon et al., 1994). RNA-seq revealed that uPAR 

(Plaur) induction occurred later in NOX4-/- livers than in WT, and this was coincident with 

lower levels of uPA (Plau gene) and M6PR (Igf2r gene), which could also partially explain the 

lower activation of the TGF-β pathway in vivo.  
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Finally, Caveolin-1 is a protein located in lipid rafts at the cell membrane and involved 

in intracellular trafficking of receptors. Mayoral et al. reported that caveolin-1 -/- mice display 

an impairment of TGF-β signaling after PH and improve liver regeneration (Mayoral et al., 

2010). We observed that NOX4-/- presented lower levels of caveolin-1 in NOX4-/- than WT, 

concomitant with a downregulation of the TGF-β signaling.  

All these results reveal a mutual regulation between Nox4 and the TGF-β pathway: 

TGF-β1 is the main up-regulator of Nox4 expression and Nox4 could contribute to modulate 

the process of TGF-β1 activation. The mechanism by which Nox4 could be modulating the 

activation of TGF-β must be further studied.  

Despite these in vivo observations, in vitro experiments in NOX4-/- hepatocytes 

indicated that they continue to respond to TGF-β1 in terms of growth inhibition, Smad2 

phosphorylation or downregulation of Myc levels, maintaining its suppressor function. NOX4 

does not appear to be required for TGF-β1-mediated Myc downregulation, which was 

proposed to be a SMAD dependent mechanism (Calonge & Massague, 1999; Frederick et 

al., 2004). Nox4 deletion increased the hepatocyte mitogenic response, as we had 

previously proposed (Crosas-Molist et al., 2014) and could modify the process of TGF-β1 

activation in vivo, which increases the fastest and more efficient response of hepatocytes to 

mitogenic signals during liver regeneration. But the mechanism of response to extracellular 

TGF-β1 was not altered. It has been well described by our group that TGF-β mediates 

upregulation of NOX4 in hepatocytes and that that upregulation is necessary for its pro-

apoptotic activity (Carmona-Cuenca et al., 2008; Sancho et al., 2012). However, Nox4 may 

not be necessary for TGF-β-induced growth inhibition. This could explain the arrest of 

proliferation in vivo long time (i.e., 4 weeks) after PH, when the expression/activation of TGF-

β1, or other members of the family, increase. 

It has been described that a marked steatosis develops in the regenerating liver to 

meet the increased energy demand for rapid cell proliferation and it is essential for the 

biosynthesis of membrane phospholipids (Zou et al., 2012). In fact, when hepatic 

adipogenesis and/or fat accumulation are suppressed pharmacological (Shteyer et al., 

2004) or genetically (Gazit et al., 2010; Kohjima et al., 2013), liver regeneration is either 

impaired or inefficient. In this regard, we observed that 36 hours after PH, WT and NOX4-/- 

presented triglyceride accumulation, but this was resolved earlier, at 48 hours after PH, in 

NOX4-/- livers. Increased de novo hepatic fatty acid production and catabolism of systemic 

adipose tissue might be the main sources of the lipid that accumulates in the regenerating 

liver (Rudnick & Davidson, 2012). Fatty acid uptake during liver regeneration is mediated, 
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within others, by Cluster of differentiation 36 (CD36, Cd36 gene). Although the difference 

was not significant, CD36 peaked earlier in NOX4-/- than in WT livers.  

Mitochondrial oxidation of free fatty acids (FFA), coming from lipid droplets and 

hepatocytes uptake, is a rapid and efficient way of energy supply for proliferating cells during 

liver regeneration. Concomitant with the earlier recovery of lipid steatosis, a more efficient 

β-oxidation could be occurring in NOX4-/- mice. Several evidences support this hypothesis. 

Peroxisome proliferation-activated receptor- δ (Ppard gene) stimulates β-oxidation in the 

liver by an autophagy-lysosomal pathway involving AMPK/mTOR signaling (Tong et al., 

2019). Peroxisome proliferation-activated receptor-α (PPAR-α, Ppara gene) enhance cell 

cycle progression and β-oxidation during liver regeneration (Xie et al., 2019). Ppard as well 

as PPAR-α target genes Cyp4a10 and Cyp4a14 in NOX4-/- livers presented an earlier 

induction in NOX4-/- livers. By contrast, PPAR-γ (Pparg) negatively regulates liver 

regeneration after PH (Cheng et al., 2018), but no differences were observed. Peroxisome 

proliferation-activated receptor γ coactivator 1-β (PGC-1β, Ppargc1b gene), which induce 

mitochondrial oxidative phosphorylation and fatty acid β-oxidation and protect against 

steatohepatitis (Bellafante et al., 2013), presented higher levels in NOX4-/- livers. c-Myc 

contributes to maintain normal lipid homeostasis in hepatocytes (Edmunds et al., 2016). 

Considering that Myc enhances fatty acid metabolism in several types of cancer (Casciano 

et al., 2020; Oliynyk et al., 2019), and Myc inhibition provokes accumulation of lipid droplets 

in cancer cells (Zirath et al., 2013), we speculate that overactivation of c-Myc in our model 

could explain, at least in part, the faster recovery of regenerative liver steatosis observed in 

NOX4-/- mice. In any case, further studies are needed to determine if a higher fatty acid 

oxidation is occurring in NOX4-/- livers and if this is caused by Myc upregulation.  

Oxidative stress is crucial for many physiological and pathological processes, as 

reactive oxygen species (ROS) are known to regulate many different pathways. Considering 

that Nox4 is an NADPH oxidase that participate in the redox balance of the cell, we 

considered that there could be differences between WT and NOX4-/- livers after PH. The 

Keap1-Nrf2-ARE pathway is primordial in the regulation of various cellular processes, such 

as antioxidant defense or redox equilibrium, within others. Some studies have been 

conducted to investigate the role of Nrf2 during LR. Zou et al. described that Nrf-2 is 

indispensable for timely progression of hepatocytes trough the cell cycle during liver 

regeneration (Zou et al., 2015). Zou et al. also demonstrated that Nrf2 is implicated in 

maintaining hepatocytes in a fully differentiated state after PH (Zou et al., 2014). Moreover, 

Beyer et al described that Nrf2 deficient mice presented an impaired liver regeneration after 

partial hepatectomy (Beyer et al., 2008). Chan et al. recently described that 
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pharmacological activation of Nrf2 by administration of bardoxolone methyl (CDDO-Me) 

enhances LR in terms of recovery of liver volume and better liver function (Chan et al., 

2021). By contrast, there are other studies, such as the one published by Köhler et al., which 

describe that activated Nrf2 impairs liver regeneration, resulting in a delay in hepatocyte 

proliferation and enhanced apoptosis (Köhler et al., 2014). In our model, we did not find 

significant differences in Nrf2 between WT and NOX4-/-. Some of the target genes of Nrf2 

were differentially expressed along the time between both models, but a differential redox 

response timely coordinated seems not to be the responsible for the acceleration of liver 

regeneration in NOX4-/-.  

It is commonly known that age is an important determinant of both magnitude and 

timing of regenerative response after partial hepatectomy: the process is longer and the 

percentage of proliferating cells is lower in older animals (Fry et al., 1984). In fact, it has 

been described that patients over 60 years of age have higher mortality and morbidity after 

major liver resection (IJtsma et al., 2008). Therefore, we considered important to analyze 

the consequences of inhibiting Nox4 during liver regeneration in old mice. Rezende et al. 

reported that Nox4 has no impact on lifespan of mice and that Nox4 mRNA levels dropped 

with age in lung mice (Rezende et al., 2017). We observed that Nox4 levels in the liver from 

1-year-old mice were not so different from those observed in 8 to 16-weeks-old mice. We 

corroborated that Nox4 levels decrease when hepatic cells proliferate, and then increase 

when liver regeneration must finish. Furthermore, we observed an earlier increment in the 

liver/body weight ratio, concomitant with higher survival and higher c-Myc levels in NOX4-/- 

mice. Altogether, inhibiting Nox4 in elder mice also benefits liver regeneration after 2/3 

partial hepatectomy.  

NOX4 has been proposed as a potential therapeutic target in human liver chronic 

diseases (Crosas-Molist & Fabregat, 2015), due to its role mediating TGF-β actions in liver 

fibrosis (Crosas-Molist et al., 2015). Results presented here would support the potential 

benefit of its inhibition also to favor liver regeneration from the remaining healthy 

hepatocytes. Nox4 does not appear to be essential for the termination of liver regeneration, 

which reinforces its potential as therapeutic target, without adverse effects. Nevertheless, 

considering that inhibiting NOX4 could be detrimental under preneoplastic conditions, Nox4 

inhibition must be considered at early stages of chronic inflammation and fibrosis in the liver. 
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Figure 1. Summary diagram. Left: After partial hepatectomy, Nox4 deleted mice show earlier 

liver/body weight recovery, concomitant with higher hepatocyte hyperplasia and proliferation, 

upregulation of Myc and downregulation of the TGF-β pathway. Right: Primary hepatocytes from 

Nox4 deleted mice show higher proliferation in response to FBS, while maintaining TGF-β-induced 

growth inhibitory response (Graphical abstract performed with Servier Medical Art). 
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VII. Conclusions 
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1. Nox4 deletion in mice induces an earlier liver-to-body weight and parenchymal structure 

recovery after two-thirds partial hepatectomy (PH).  

 

2. Nox4 deletion in hepatocytes induces an anticipation of proliferation after two-thirds PH. 

 

3. Nox4 deleted primary hepatocytes present higher proliferation upon FBS treatment, 

which correlates with higher levels of cyclins D1, A2 and B2.   

 

4. Higher c-Myc expression is found in Nox4 deleted mice after two-thirds PH. RNA-seq 

analysis located Myc in a node of regulation of proliferation gene expression. 

 

5. RNA-seq analysis also reveals changes in genes involved in the activation of latent-TGF-

β1, which correlates with transcriptional and functional attenuation of the TGF-β 

pathway.  

 

6. In vitro, Nox4 deleted hepatocytes maintain the capacity to respond to active TGF-β1 in 

terms of Smad2 phosphorylation and growth inhibition. 

 

7. Earlier recovery from the regenerative steatosis is observed in Nox4 deleted mice, which 

could be associated with a more efficient β-oxidation of free fatty acids. 

 

8. One-year-old NOX4-/- mice display an earlier recovery from two-thirds PH, presenting 

similar features as those observed in younger mice.  
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A B S T R A C T   

Liver is a unique organ in displaying a reparative and regenerative response after acute/chronic damage or 
partial hepatectomy, when all the cell types must proliferate to re-establish the liver mass. The NADPH oxidase 
NOX4 mediates Transforming Growth Factor-beta (TGF-β) actions, including apoptosis in hepatocytes and 
activation of stellate cells to myofibroblasts. Aim of this work was to analyze the impact of NOX4 in liver 
regeneration by using two mouse models where Nox4 was deleted: 1) general deletion of Nox4 (NOX4− /− ) and 
2) hepatocyte-specific deletion of Nox4 (NOX4hepKO). Liver regeneration was analyzed after 2/3 partial hep-
atectomy (PH). Results indicated an earlier recovery of the liver-to-body weight ratio in both NOX4− /− and 
NOX4hepKO mice and an increased survival, when compared to corresponding WT mice. The regenerative he-
patocellular fat accumulation and the parenchyma organization recovered faster in NOX4 deleted livers. He-
patocyte proliferation, analyzed by Ki67 and phospho-Histone3 immunohistochemistry, was accelerated and 
increased in NOX4 deleted mice, coincident with an earlier and increased Myc expression. Primary hepatocytes 
isolated from NOX4 deleted mice showed higher proliferative capacity and increased expression of Myc and 
different cyclins in response to serum. Transcriptomic analysis through RNA-seq revealed significant changes 
after PH in NOX4− /− mice and support a relevant role for Myc in a node of regulation of proliferation-related 
genes. Interestingly, RNA-seq also revealed changes in the expression of genes related to activation of the TGF-β 
pathway. In fact, levels of active TGF-β1, phosphorylation of Smads and levels of its target p21 were lower at 24 h 
in NOX4 deleted mice. Nox4 did not appear to be essential for the termination of liver regeneration in vivo, 
neither for the in vitro hepatocyte response to TGF-β1 in terms of growth inhibition, which suggest its potential as 
therapeutic target to improve liver regeneration, without adverse effects.   

1. Introduction 

The NADPH oxidase (NOX) family has recently emerged as an 
important source of reactive oxygen species (ROS), which play relevant 

roles in signal transduction under both physiological and pathological 
situations [1]. The NOX4 isoform shows unique characteristics 
compared to other NOXes [2], since it produces large amounts of 
hydrogen peroxide (H2O2) constitutively, does not require GTPase Rac 
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for its activity and it is associated not only to cell membrane, but also to 
internal membranes, where H2O2 generation occurs [3]. In the liver, 
NOX4 plays relevant roles mediating Transforming Growth Factor-beta 
(TGF-β) actions in fibrosis and hepatocarcinogenesis [4,5]. We previ-
ously described that NOX4 mediates TGF-β1-induced myofibroblast 
activation, contributing to the development of liver fibrosis [6,7]. 
Indeed, there is an increasing interest in the development of NOX4 in-
hibitors as therapeutic tools for chronic liver diseases [8]. However, in 
hepatocytes and liver tumor cells, we found that NOX4 mediates 
TGF-β1-induced tumor suppressor actions, particularly apoptosis [9]. 
Furthermore, when NOX4 expression is knocked-down in hepatocellular 
carcinoma (HCC) cells, they acquire higher proliferative and migratory 
capacity in vitro and higher tumorigenic potential in in vivo xenografts in 
nude mice [10,11]. Interestingly, NOX4 gene deletions were found in 
HCC patients, which correlate with a decrease in NOX4 protein levels 
[11]. 

Liver regeneration is the response to loss of hepatic tissue, which may 
occur as a result of toxic injury, exposure to infection, traumatic damage 
or surgical resection [12]. Hepatocytes are the major functional cells of 
the liver. Indeed, in most cases, the regenerative response is strongly 
triggered when there is a loss of hepatocytes at a large scale. Many genes 
are involved in liver regeneration, but the essential circuitry for the 
process involves the participation of cytokines, growth factors and 
metabolic networks [13]. Under normal conditions, all hepatic cells 
undergo one to three rounds of replication, but evidence strongly sug-
gests that under conditions where the proliferation of hepatocytes or 
biliary cells is inhibited, they can act as facultative stem cells for each 
other and replenish the inhibited cellular compartment by a process of 
transdifferentiation [14]. Liver cell proliferation occurs also at any time 
in normal liver, although very few hepatocytes proliferate and the 
mechanisms involved in this slow process in the absence of liver injury 
are not well understood [15]. Partial hepatectomy is one of the most 
studied animal experimental models of liver regeneration [16]. The 
complexity of the signaling pathways initiating and terminating this 
process has provided paradigms for regenerative medicine and any 
aspect of the mechanisms involved continues to be under active 
investigation. 

Very little is known about the role of NOXes during liver regenera-
tion. However, considering the function of NOX4 in inhibiting hepato-
cyte proliferation, we previously reported that Nox4 expression is down- 
regulated after partial hepatectomy in mice [10]. The aim of this work 
was to understand more about the role of Nox4 in this process taking 
advantage of experimental mouse models were Nox4 was deleted either 
in all cells or specifically in hepatocytes. The study is not only of interest 
because it provides an advanced understanding of the molecular 
mechanisms that regulate liver regeneration, but also to anticipate the 
potential of NOX4 inhibitors as therapeutic tools in human chronic liver 
pathologies. 

2. Material and methods 

2.1. Animal models 

NOX4− /− (B6.129-Nox4tm1Kkr/J) mice, generated in Dr. Krause’s 
Laboratory [17], were obtained from Jackson Laboratories (together 
with the corresponding C57BL/6J wild type (WT) mice) and housed at 
IDIBELL (Barcelona, Spain). Nox4 hepatocyte-specific knockout 
(NOX4hepKO) mice on a C57BL/6J background were generated in Dr. 
Török’s laboratory [18] and housed at University of California Davis 
(Sacramento, CA, USA). See Supplementary Fig. 1A for schematic 
description of the mouse models. 8 to 16-week-old male and female 
mice, hosted under 12 h light/dark cycle with free access to food and 
water were used in the study. All experiments complied with the EU 
Directive 2010/63/UE for animal experiments and the institution’s 
guidelines (Ethical Committee for animal experimentation of IDIBELL) 
and were approved by the General Direction of Environment and 

Biodiversity, Government of Catalonia (experiments in NOX4− /− mice, 
#4589) and the Animal Care Committee of UC Davis (experiments in 
NOX4hepKO mice). 

2.2. Experimental model of liver regeneration 

2/3 partial Hepatectomy (PH) was performed as described by Hig-
gins and Anderson [19]. Mice were euthanized at different times after 
surgery, as indicated in the figures. Tissue samples were immediately 
frozen in liquid nitrogen, cryopreserved in optimal cutting temperature 
compound (OCT) or fixed in 4% paraformaldehyde (PFA) and 
paraffin-embedded for further analysis. SHAM operated mice were used 
as control. Number of animals used in the study were minimized for 
ethical reasons. Thus, for NOX4− /− model between 3-10 animals were 
used per timepoint. For NOX4hepKO model between 2-3 animals per 
timepoint were analyzed and 2 different RNA extractions per animal 
liver tissue were done. 

2.3. Isolation of primary hepatocytes, cell culture and treatments 

Primary hepatocytes from NOX4hepKO, NOX4− /− and the corre-
sponding WT mice were isolated by collagenase (C5138, Sigma-Aldrich, 
St. Louis, MO) in situ perfusion as previously described [20], then 
cultured on collagen-coated plates using Williams’E medium (W4125, 
Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10–15% Fetal 
Bovine Serum (FBS), Penicillin (100 U/ml), Streptomycin (100 μg/mL) 
and maintained in a humidified atmosphere of 37 ◦C, 5% CO2. Between 
20-36 h after isolation, cells were serum-starved for 4–8 h before incu-
bation with fresh Williams’E medium supplemented with: FBS (2% or 
15%), human recombinant TGF-β1 (2 ng/mL) (616455, Calbiochem, La 
Jolla, CA, USA), Insulin (2 μM) (I9278, Sigma-Aldrich, St. Louis, MO, 
USA), Hydrocortisone (100 μM) (H2270, Sigma-Aldrich, St. Louis, MO, 
USA), EGF (20 ng/mL) (E9644, Sigma-Aldrich, St. Louis, MO, USA), as 
indicated in the figures. 

2.4. Western blot analysis 

Protein extracts and western blotting procedures were carried out as 
previously described [21]. Briefly, samples were lysed in RIPA lysis 
buffer supplemented with a protease inhibitors cocktail (1 mM PMSF, 
5 μg/mL Leupeptin, 0.1 mM Na3VO4, 0.5 mM DTT, 20 mM β-Glycer-
olphosphate) for 1 h at 4 ◦C. Protein was quantified with the Bio-Rad 
Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, USA). 
Primary antibodies are summarized in Supplementary Table I. ECL 
Mouse IgG and Rabbit IgG, HRP-Linked antibodies (GE Healthcare, 
Buckinghamshire, UK) were used at 1:2000. Densitometric analysis was 
performed using ImageJ software (National Institutes of Health [NIH], 
Bethesda, MD, USA). 

2.5. Analysis of cell viability 

Viable cell numbers were determined by crystal violet staining. Cells 
were plated in 24-well plates. After treatments, culture medium was 
removed, cells were washed twice with PBS and then stained with 
crystal violet (0.2% w/v in 2% ethanol) for 30 min. Next, staining so-
lution was removed, and cells were washed with PBS to remove dye 
excess before being lysed in 10% Sodium Dodecyl Sulphate (SDS) for 
30 min. Absorbance was measured at 595 nm. Results were then calcu-
lated as the percentage of viable cells relative to time zero. 

2.6. Immunofluorescence staining 

For fluorescence microscopy studies, cells were plated on gelatin- 
coated glass coverslips. Primary hepatocytes were fixed with 4% PFA 
and permeabilized during 2 min with 0.1% Triton X-100. Cells were 
incubated with the primary antibody (Supplementary Table I) during 
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1 h, and then with a secondary anti-rabbit antibody coupled to Alexa 
Fluor 488 (Molecular Probes, Eugene, OR, USA) for 1 h. Nuclei were 
stained using DAPI (Sigma–Aldrich, Merck, Madrid, Spain). Cells were 
visualized in a Nikon eclipse 80i microscope and in a Leica TSC SL 
spectral confocal microscope. Representative images were taken and 
edited in Adobe Photoshop. ImageJ software (National Institutes of 
Health [NIH], Bethesda, MD, USA) was used to quantify positive nuclei. 

2.7. Immunohistochemistry and histology analysis 

Paraffin-embedded tissues were cut into 4-μm-thick sections. He-
matoxylin and Eosin (H&E) staining and immunohistochemistry (IHC) 
analysis were performed using standard procedures [21]. For IHC as-
says, sections were incubated overnight at 4 ◦C with the corresponding 
primary antibodies. Binding was developed with the Vectastain ABC KIT 
rabbit or mouse (PK-4001 and PK-4002, Vector Laboratories Inc., Bur-
lingame, CA, USA). Antibodies used and conditions are summarized in 
Supplementary Table I. Tissues were visualized in a Nikon Eclipse 80i 
microscope and representative images were taken with a Nikon DS-Ri1 
digital camera. ImageJ software (National Institutes of Health [NIH], 
Bethesda, MD, USA) was used to quantify all the parameters. 

2.8. Histological analysis of hepatic lipids 

Hepatic lipid drops were analyzed using Oil Red O staining. 10-μm- 
thick tissue sections in OCT were sequentially fixed with 4% PFA, 
washed with distilled water, rinsed with 60% isopropanol and washed 
with distilled water again. Then tissues were stained with freshly pre-
pared Oil Red O (O1391, Sigma Aldrich, St. Louis, MO, USA) working 
solution (3:2 v/v in distilled water) for 10 min at room temperature. 
After rinsing with 60% isopropanol and washing with distilled water for 
5 min, tissues were stained with Hematoxylin and mounted in Mowiol. 
Lipid droplets were visualized with a Nikon eclipse 80i microscope and 
representative images were taken with a Nikon DS-Ri1 digital camera. 

2.9. Analysis of gene expression 

E.Z.N.A.® Total RNA Kit II (Omega bio-tek, Norcross, GA, USA) was 
used following manufacturer’s protocol for total RNA isolation as pre-
viously described for tissues [21] and cells [22]. Reverse transcription 
(RT) was carried out with random primers using High Capacity RNA to 
cDNA Master Mix Kit (Applied Biosystems, Foster City, CA, USA). 1 μg of 
total RNA per sample was used. mRNA expression levels were deter-
mined in duplicates in a LightCycler® 480 Real Time PCR System, using 
the LightCycler® 480 SYBR Green I Master Mix (Roche Diagnostics 
GmbH, Mannheim, Germany). Gene expression was normalized to Rpl32 
mRNA content. See Supplementary Table II for primers sequences. 

2.10. RNA sequencing (RNA-seq) 

Total RNA from Mus musculus was quantified by Qubit® RNA BR 
Assay kit (Thermo Fisher Scientific) and the RNA integrity was esti-
mated by using RNA 6000 Nano Bioanalyzer 2100 Assay (Agilent). The 
RNA-seq libraries were prepared with KAPA Stranded mRNA-Seq Illu-
mina® Platforms Kit (Roche) following the manufacturer’s recommen-
dations. Briefly, 500 ng of total RNA was used for the poly-A fraction 
enrichment with oligo-dT magnetic beads, following the mRNA frag-
mentation. The strand specificity was achieved during the second strand 
synthesis performed in the presence of dUTP instead of dTTP. The blunt- 
ended double stranded cDNA was 3′adenylated and Illumina platform 
compatible adaptors with unique dual indexes and unique molecular 
identifiers (Integrated DNA Technologies) were ligated. The ligation 
product was enriched with 15 PCR cycles and the final library was 
validated on an Agilent 2100 Bioanalyzer with the DNA 7500 assay. The 
libraries were sequenced on HiSeq 4000 (Illumina) with a read length of 
2x51bp+17bp+8bp using HiSeq 4000 SBS kit (Illumina) and HiSeq 

4000 PE Cluster kit (Illumina), following the manufacturer’s protocol 
for dual indexing. Image analysis, base calling and quality scoring of the 
run were processed using the manufacturer’s software Real Time Anal-
ysis (RTA 2.7.7). 

Reads obtained by RNA-seq were mapped against Mus musculus 
reference genome (GRCm38) using STAR software version 2.5.3a [23] 
with ENCODE parameters for long reads. Annotated genes were quan-
tified using RSEM version 1.3.0 [24] with default parameters and the 
annotation file from GENCODE version M15. Differential expression 
analysis was performed withDESeq2 v1.26.0 R package [25], using a 
Wald test to compare the different time points between samples WT and 
NOX4− /− , and adjusting for sex. We considered differentially expressed 
genes (DEG) those with p-value adjusted <0.05 and absolute 
fold-change |FC|> 1.5. The heatmap was plotted with the ‘pheatmap’ R 
package using the shrunken log2 fold change of the DEG in each time 
point. Time course gene expression plots were generated using the 
normalized counts obtained with DESeq2 and the R package ‘ggplot2’. A 
Gene Ontology (GO) term enrichment analysis was performed with the 
differentially expressed genes using the R package gProfileR v0.7.0 [26], 
based on GO terms from the ENSEMBL database. Networks of 
protein-protein interactions were generated using the webtool 
STRINGdb (https://string-db.org/). 

2.11. Statistical analyses 

Data are represented as Mean ± Standard Error of the Mean (SEM). 
Differences between groups were compared using Student’s t-test with 
Welch correction (when comparing two groups) or Two-way ANOVA 
with Tukey’s multiple comparison post-hoc test (differences between 
groups considering two independent variables). Survival curves were 
estimated by Kaplan-Meier analysis, and significance was tested by the 
log-rank test. Statistical calculations were performed using GraphPad 
Prism software (GraphPad for Science Inc., San Diego, CA, USA). Dif-
ferences were considered statistically significant when p < 0.05. 

3. Results 

3.1. Nox4 deletion accelerated liver mass recovery and parenchymal 
structure 

NOX4− /− and NOX4hepKO mice (see Material & Methods section) 
were used to analyze the response to 2/3 PH. We previously reported 
that Nox4 expression decreases after PH in C57BL/6 mice [10]. Here we 
confirmed that decrease in Nox4 mRNA levels also occurred in 
NOX4floxp+/+ mice, the WT mice used for breeding and obtaining the 
NOX4hepKO mice (Supplementary Fig. 1B). We next analyzed how 
Nox4 deletion affects the liver expression of other members of the Nox 
gene family. Nox2 expression was not significantly different between 
WT and KO mice in any of the groups and its expression decreased, 
recovering later, in response to PH (no significant differences between 
WT and KO mice, Supplementary Fig. 1C). Expression of Nox1 was very 
low, barely detected by Real-Time PCR and with huge fluctuations 
among animals (Supplementary Fig. 1D). These results indicate that the 
absence of Nox4 expression is not compensated by differences in the 
expression of other members of the family. 

When the Liver/Body weight ratio was analyzed at different times 
after PH, we observed a significant earlier recovery in both NOX4− /−
and NOX4hepKO mice when compared to the corresponding WT mice 
(Fig. 1A and Supplementary Fig. 2A), which correlated with significant 
higher survival after PH in NOX4− /− mice (Fig. 1B). Although number 
of animals was lower to obtain statistical significance, a similar tendency 
was observed in NOX4hepKO mice (Supplementary Fig. 2B). Kinetics of 
the recovery after PH varied in both models of animals, probably due to 
the different background and different environment in the animal room 
(NOX4− /− mice were at IDIBELL in Barcelona; NOX4HepKO mice were 
at UC Davis, in CA). But it was clear that deletion of NOX4, either in the 
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whole animal or in the hepatocytes, induced an earlier recovery of the 
liver mass. H&E staining also revealed an earlier recovery of the 
parenchymal structure (Fig. 1C and Supplementary Fig. 2C). Liver 
steatosis, characteristic of the final G2/M phase of the hepatocyte cell 
cycle [12] was already resolved after 48 h in NOX4− /− mice, when 
maximal in WT yet (Fig. 1D). Furthermore, it was interesting to observe 
a transient higher size at 36 h after PH in hepatocytes from NOX4− /−
mice when compared to WT animals, which was also noticed in 
NOX4hepKO at 24 and 72 h after PH, when compared to NOX4floxp+/+
(Fig. 1E and Supplementary Fig. 2D). 

Altogether these results indicate that NOX4− /− and NOX4hepKO 
livers, after 2/3 PH, showed an earlier recovery of the liver parenchyma 
structure and regenerative steatosis, concomitant with a transient 

increase in hepatocyte size. Similar results were obtained in both 
NOX4− /− and NOX4HepKO mice and this would indicate that Nox4 
silencing has a higher impact on the hepatocyte responses to PH, which 
could be expected considering that the hepatocyte is the liver cell where, 
under normal physiological conditions, Nox4 expression is notably 
higher [6]. 

3.2. Accelerated and increased hepatocyte proliferation in NOX4hepKO 
mice after 2/3 PH 

In order to analyze whether the proliferative response of the hepa-
tocytes was altered in the absence of Nox4 expression, we performed 
IHC analysis of Ki67, as a marker of a proliferative cell cycle, and 

Fig. 1. Analysis of liver/body weight, mice survival and parenchymal structure in WT and NOX4¡/¡mice after 2/3 PH. (A) Mice were subjected to PH and 
sacrificed at the indicated times. Liver/Body weight ratio was calculated. Red bars represent the Median (n = 4–10 per time point). *p < 0.05 compared to previous 
time point. (B) Kaplan-Meier curve of overall survival in WT and NOX4− /− mice. (C) Representative images of Hematoxylin and Eosin (H&E) staining. (D) H&E 
(left) and Oil Red O staining (right). (E) β-catenin immunostaining performed (left) to quantify hepatocyte size (right). Red bars represent the Median. ***p < 0.001 
compared to WT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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phospho-Histone3, as a more specific marker of G2/M phase, in the 
NOX4hepKO model. Results revealed a significant increase in the 
number of stained hepatocytes at 48 and 72 h after PH in NOX4hepKO 
when compared to NOX4floxp+/+ (Fig. 2A–B). Furthermore, NOX4-
hepKO hepatocytes reached the maximal DNA synthesis at 48 h after PH, 
whereas NOX4floxp+/+ reached it at 72 h. 

With the aim of better exploring the proliferative capacity of the 
hepatocytes, we isolated hepatocytes from unhepatectomized mice and 
cultured them to evaluate the response to FBS. Interestingly, very low 
concentrations of FBS (2%) allowed NOX4hepKO cells to increase 
almost 40% the number of viable cells in 24 h, significantly higher than 
the increase observed in NOX4floxp+/+ hepatocytes (Fig. 2C). This 
increase correlated with a much higher increase in the expression of 
Cyclin D1 (Ccnd1), Cyclin A2 (Ccnd2) and Cyclin B2 (Ccnb2) (Fig. 2D). 
Similar results were obtained in NOX4− /− isolated primary hepato-
cytes, correlating with increased Ki67 positive nuclei (Supplementary 
Figs. 3A–C). 

These results indicate that the absence of Nox4 expression primes 
hepatocytes for a faster and higher response to mitogenic signals. 

3.3. Accelerated regeneration correlated with an earlier induction of Myc 
expression 

We had previously described that Myc expression is required for an 
efficient liver regeneration in mice [27], as its deletion delays the re-
covery of the liver mass. Livers from NOX4− /− mice showed a higher 
increase in Myc expression 24 h after PH, and both 24 and 36 h after PH 
in NOX4HepKO livers (Fig. 3A) when compared to the corresponding 
WT mice. Western blot and IHC analysis revealed significantly higher 
c-Myc protein levels and c-Myc positive nuclei 36 h after PH in NOX4-
hepKO hepatocytes, which confirmed the differences observed at the 
mRNA level (Fig. 3B–C). Interestingly, primary cultures of hepatocytes 
from WT and NOX4− /− mice 30 h after PH, showed much higher in-
crease in Myc mRNA levels in NOX4− /− hepatocytes in response to FBS 

Fig. 2. Hepatocyte proliferation in NOX4floxpþ/þ and NOX4hepKO analyzed in livers after PH and in cultured hepatocytes. (A) Ki67 and (B) p-Histone 3 
immunostaining was performed in NOX4floxp+/+ and NOX4hepKO mice (left) and positive nuclei were quantified with ImageJ software (right). Red bars represent 
the Median. **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to NOX4floxp+/+. (C–D) Primary hepatocytes isolated from NOX4floxp+/+ and NOX4hepKO 
mice were treated as indicated in the graph: C: Viable cell number represented as % of increase versus 0 time; D: RT-qPCR analysis of Ccnd1, Ccna2 and Ccnb2. 
Relative expression to Rpl32 gene. In C and D, Mean ± SEM (n = 3). *p < 0.05 compared to NOX4floxp+/+ (C). #p < 0.05, ###p < 0.001, ####p < 0.0001 
compared to untreated cells (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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or a mitogenic mixture containing FBS, Insulin, Hydrocortisone and 
Epidermal Growth Factor (Supplementary Fig. 4A). These differences 
disappeared at 48 h after PH, where the response was even higher in the 
WT hepatocytes (Supplementary Fig. 4B). The increased Myc mRNA 
levels in response to mitogenic stimuli observed in NOX4− /− hepato-
cytes 30 h after PH correlated with relevant differences in c-Myc protein 
levels and higher increase in phospho-ERKs and phospho-Akt (Supple-
mentary Fig. 4C). 

All these results suggest that acceleration of liver regeneration in 
NOX4hepKO mice correlates with higher expression of Myc at mRNA 
and protein levels. 

3.4. RNA-seq analysis revealed significant transcriptomic changes in 
NOX4− /− versus WT mice after PH 

In order to better understand the molecular mechanisms that would 

Fig. 3. Analysis of c-Myc expression in livers after PH. (A) RT-qPCR analysis of Myc in livers from NOX4− /− and NOX4hepKO mice and their respective WT 
controls. Relative expression to Rpl32 gene. Red bars represent the Median (n = 4–10 per time point in NOX4− /− model; n = 4–6 per time point in NOX4hepKO 
model). *p < 0,05, **p < 0.01, ***p < 0.001, compared to WT controls. (B) Analysis of c-Myc by Western Blot in NOX4floxp+/+ and NOX4hepKO livers (left) and 
densitometry of the different experiments performed (right): Mean ± SEM (n = 3–4 per time point). β-actin was used as a loading control. (C) c-Myc immunostaining 
in NOX4floxp+/+ and NOX4hepKO livers after 36 h PH (left); positive nuclei quantified with ImageJ software (right). Red bars represent the Median. ** < p 0.01 
compared to NOX4floxp+/+. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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justify the acceleration of liver regeneration and the differences in Myc 
expression found in NOX4 deleted mice, we performed RNA-seq analysis 
of liver samples from WT and NOX4− /− mice at 6 h, 24 h, 48 h and 
168 h after PH. Results revealed significant differences in gene expres-
sion between WT and NOX4− /− , particularly at 24 h after PH (Fig. 4A). 
The Gene Ontology (GO) enrichment analysis of the differentially 
expressed (DE) genes at 24 h showed that one of the significantly 
enriched pathways is “response to oxygen-containing compound”, of 
which one of the genes involved is Nox4. The network representation of 
the top100 DE genes (based on adjusted p-value) that belong to the 
aforementioned pathway (Supplementary Fig. 5) indicated a central role 
for Myc, whose expression appeared up-regulated at 6 h after PH in both 
WT and NOX4− /− livers, but at 24 h after PH was maintained at high 
levels only in NOX4− /− livers, whereas in WT livers decreased at basal 
levels (Fig. 4B). This differential expression pattern at 24 h was also 
observed in other relevant proliferation-related genes that appeared in 
the enriched oxygen-response network connected to Myc, such as Egr1, 
Sox9, Jund and Fosb, among others (Fig. 4B and Supplementary Fig. 5). 
Looking for mitogenic factors whose expression revealed changes, we 

only found a significant difference in the expression of a member of the 
Epidermal Growth Factor Receptor (EGFR) family, the Heparin Binding 
EGF-like Growth Factor (Hbegf gene), whose expression was signifi-
cantly higher at both 6 and 24 h after PH in NOX4− /− mice (Fig. 4C). No 
significant differences were observed in the expression of other members 
of the EGFR family or in the Met/Hgf (Hepatocyte Growth Factor) 
pathway. Interestingly, the top100 DE genes from the enriched oxygen- 
response network revealed an axis Nox4 – Src – Myc. In fact, Src 
expression significantly increased at 24 h after PH in NOX4− /− mice, 
whereas in WT mice no differences were observed (Fig. 4C). 

Among the potential processes that regulate hepatocyte prolifera-
tion, the TGF-β pathway is one of the most significant negative regula-
tors of the expression of Myc [28]. Coincident with the transcriptional 
changes observed at 24 h after PH in NOX4− /− mice, we observed 
differences in the expression of the Tgfb gene family. Tgfb1, the main 
isoform expressed in the liver, showed a significant decrease in its 
expression at 24 h, when compared to WT mice (Fig. 4D). In contrast, 
Tgfb2 showed increased expression, although in absolute terms, the level 
of expression is much lower than that of Tgfb1. Expression of Tgfb3 did 

Fig. 4. Transcriptomics RNA-seq analysis of livers after PH in WT and NOX4¡/¡ mice. (A) Heatmap showing all differentially expressed genes between 
NOX4− /− and WT mice in at least one time point (SHAM, 6 h, 24 h, 48 h and 168 h after PH). Changes in gene expression over time. *p < 0,05, **p < 0.01, ***p <
0.001, ****p < 0.00001. (B) Myc and other proliferation-related transcription factors; (C) Genes related to proliferation pathways; D) Genes related to the activation 
of the TGF-β pathway. 
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not show significant differences. Furthermore, we focused our attention 
into two genes that codify proteins whose function is related to the 
activation of the latent form of TGF-β1. Adamtsl2 (a disintegrin and 
metalloproteinase with thrombospondin repeats-like 2), which interacts 
with latent TGF-β binding protein 1 (LTBP1) and anchors it in the 
extracellular matrix [29], showed a differential pattern of expression 
almost significant (adjusted p-value = 0.068) in WT versus NOX4− /−
mice. Although its expression increased in WT at 6 h to decrease at 24 h, 
in NOX4− /− mice, the increase at 6 h was higher than in WT mice and 
its expression was maintained high at 24 h (Fig. 4D). Additionally, the 

expression of Bmp1, which cleaves LTBPs inducing TGF-β1 activation 
[30], was down-regulated at 6 h after PH in both WT and NOX4− /−
mice but, whereas in WT mice the levels returned to basal at 24 h, in 
NOX4− /− mice continued down-regulated even at lower levels at 24 h 
after PH (Fig. 4D). These results indicated that the TGF-β pathway could 
be differentially activated along the time in WT and NOX4− /− mice. 

Fig. 5. Analysis of the TGF-β pathway in WT and NOX4¡/¡ livers after PH. (A) TGF-β and (B) Smad3 immunostaining was performed in WT and NOX4− /−
mice. Arrows indicate Smad3 positive nuclei. Analysis of p-Smad3 (C), p21 (D) and caveolin-1 (E) by Western Blot (left). β-actin was used as a loading control. In (E), 
on right, caveolin-1 immunostaining. 
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3.5. After PH, Nox4− /− and NOX4hepKO livers showed an earlier and 
increased attenuation of the TGF-β pathway 

IHC analysis of the mature, active, form of TGF-β1 revealed that TGF- 
β1 staining considerably increased in WT liver tissues, but this increase 
was significantly lower in NOX4− /− and barely observed in NOX4-
HepKO at 24 and 36 h after PH, respectively (Fig. 5A and Supplementary 
Fig. 6A, respectively). This correlated with lower number of Smad3 
positive nuclei in NOX4− /− and NOX4HepKO, analyzed by IHC in liver 
tissues (Fig. 5B and Supplementary Fig. 6B). Western blot analysis 
revealed an increase in the levels of phospho-Smad3 after PH in both WT 
mice that was delayed and attenuated in NOX4− /− and NOX4HepKO 
mice (Fig. 5C and Supplementary Fig. 6C), correlating with decreased 
protein levels of one of its more relevant targets, p21, a cyclin-CDK 

inhibitor (Fig. 5D). Previous results had demonstrated that deficiency in 
the liver of caveolin-1, a protein that is located in lipid rafts at the cell 
membrane and involved in intracellular trafficking of receptors, impairs 
the TGF-β pathway and improves liver regeneration [31]. Interestingly, 
concomitant with the alteration in the activation of the TGF-β pathway, 
we found lower expression of caveolin-1 in NOX4− /− mice when 
compared to WT mice (Fig. 5E). 

Worthy to note that primary isolated hepatocytes from WT and 
NOX4− /− mice demonstrated a correct response to exogenous TGF-β1 
inhibiting FBS-induced increase in cyclins expression and hepatocyte 
proliferation, analyzed as cell number or Ki67+ cells, regardless Nox4 is 
expressed or not (Fig. 6A–C). Similar data were observed in primary 
hepatocytes from NOX4hepKO mice (results not shown). Levels of 
Smad2 phosphorylation in response to TGF-β1 were similar in WT and 

Fig. 6. Response of primary hepatocytes, isolated from WT and NOX4¡/¡ livers, to TGF-β. Primary hepatocytes isolated from WT and NOX4− /− mice were 
treated with 2% FBS with or without TGF-β1 for the time indicated in each graph. A representative experiment (n = 3) is shown. (A) RT-qPCR analysis of Ccnd1, 
Ccna2 and Ccnb2. Relative expression to Rpl32 gene. Bars represent the Mean from 2 independent plates. (B) Viable cell number represented as % versus 0 time. 
Mean ± SEM (6 independent plates). ** < p 0.01, ****p < 0.00001 compared to untreated cells. (C) % of Ki67 positive nuclei. Red bars represent the Median. *< p 
0.05 compared to WT cells. (D) Analysis of p-Smad2 and c-Myc by Western Blot. β-actin was used as a loading control. A representative experiment is shown. (E) c- 
Myc immunostaining was performed in WT and NOX4− /− mice to visualize the nuclear content. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

M. Herranz-Itúrbide et al.                                                                                                                                                                                                                     



Redox Biology 40 (2021) 101841

10

NOX4− /− hepatocytes (Fig. 6D). c-Myc levels were higher at basal 
levels, as well as in response to FBS, in NOX4− /− hepatocytes, but TGF- 
β1 showed identical capacity in inhibiting its up-regulation in WT and in 
NOX4− /− hepatocytes (Fig. 6D–E). These results suggest that Nox4 is 
not required for TGF-β1-induced growth inhibition of cell cycle. 

Altogether, in vivo results suggest that deletion of Nox4 in mice ac-
celerates liver regeneration, which correlates with changes in the tran-
scriptional program at 24 h after PH, increased expression of Myc and 
other mitogenic-related genes and attenuation in the activation of the 
TGF-β pathway (Fig. 7, left). In vitro results indicate that hepatocytes 
from Nox4 deleted mice show increased proliferative capacity, coinci-
dent with higher Myc and cyclins expression, in response to FBS or 
mitogenic signals, but they maintain the capacity to respond to TGF-β1 
in terms of growth inhibition (Fig. 7, right). 

4. Discussion 

Liver regeneration is a complex process that, despite extensive study, 
is not completely understood. Numerous signaling pathways, as well as 
interactions among different cell types, make the process extremely 
attractive to glean molecular insights into the self-renewal of mature 
cells, a property frequently associated with stem cells. Hepatocytes 
appear to be cell autonomous in deciding their replication fate, which 
depends on reprograming different molecular events in different cell 
types [32]. Results here support a role for Nox4 in negatively regulating 
liver regeneration. Interestingly, similar results were observed in 
NOX4− /− and NOX4HepKO models, which indicates that the effect on 
liver regeneration is mostly due to Nox4 function in hepatocytes. This is 
not surprising, since Nox4 expression is two orders of magnitude higher 
in hepatocytes than in other liver cell types, such as stellate cells, and 
even one order of magnitude higher than the expression in 

myofibroblasts, under fibrotic conditions [6]. In fact, residual Nox4 
expression in the livers of NOX4HepKO mice was barely detectable, 
lower than 0.5% when compared to the corresponding WT mice (results 
not shown). Nox4 expression is down-regulated after PH in mice, which 
is probably necessary for an efficient hepatocyte proliferation, due to its 
mitoinhibitory role [10]. Down-regulation of Nox4 might occur by the 
increase in proliferative signals, since both EGF and HGF inhibit its 
expression [33,34]. In the experimental animal models used in this 
study, where Nox4 expression is deleted, hepatocytes were more 
“primed” to respond to mitogenic signals in a fastest way. An interesting 
aspect to be mentioned is that although a slight increase in the liver to 
body weight ratio was observed in NOX4− /− mice versus WT, 
long-term analysis revealed that proliferation was arrested, and the liver 
reached a size that did not overcome the initial one. Many signals 
contribute to the termination of liver regeneration and maintenance of 
standard liver mass [15] and Nox4 does not appear to be essential for 
this process. 

Trying to analyze the potential mechanism that could be regulated 
by Nox4, we found a stronger activation of the c-Myc pathway in vivo, as 
well as in hepatocytes in culture. c-Myc is a relevant regulator of the 
expression of cell-cycle related genes [35] and it has been suggested that 
hepatocytes require up-regulation of Myc after PH to efficiently exit G0 
[27]. Interestingly, c-Myc not only regulates hepatocyte proliferation, 
but also cell size [27]. Here, the increase in Myc expression in Nox4 
deleted mice correlated with a significant increase in hepatocyte cell 
size. It is well known that hypertrophy without cell division precedes 
proliferation after 2/3 PH and almost equally contribute to regeneration 
[36]. The increase in cell size observed at 24–36 h after PH in both 
mouse models of Nox4 deletion correlated with the peak of Myc 
expression and preceded the peak of cell proliferation. Furthermore, 
c-Myc could also contribute to maintain lipid homeostasis, through 

Fig. 7. Summary diagram. Left: After partial hepatectomy, Nox4 deleted mice show earlier liver/body weight recovery, concomitant with higher proliferation, up- 
regulation of Myc and down-regulation of the TGF-β pathway. Right: Primary hepatocytes from Nox4 deleted mice show higher proliferation in response to FBS, 
while maintaining TGF-β-induced growth inhibitory response. 
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activating fatty acid oxidation for energy demands [37]. Indeed, over-
activation of c-Myc could also explain the faster recovery of regenerative 
liver steatosis observed in NOX4− /− mice. 

RNA-seq analysis revealed significant differences at the transcrip-
tional level after PH in NOX4− /− mice when compared to WT mice. The 
network of the top100 differentially expressed genes at 24 h from the 
“response to oxygen-containing compound” pathway located Myc in a 
node of proliferation-related genes whose expression decays at 24 h after 
PH in WT mice, but it is maintained, or even enhanced, at this same time 
in NOX4− /− mice. Significant increase in the expression of Hbegf, a 
member of the EGFR ligands family previously shown to have potent 
protective and mitogenic effects in liver regeneration [38], was 
observed specifically at 24 h after PH in NOX4− /− mice, as well as the 
expression of Src, a member of the cytosolic family of tyrosine kinase 
proteins. 

Different evidences support a role for TGF-β inhibiting Myc expres-
sion [28]. In hepatocytes, TGF-β1 inhibits growth and induces apoptosis 
in hepatocytes [39,40] and one of its earlier effects is down-regulation of 
the mitogen-induced Myc early expression [41], without an effect on the 
expression of other proto-oncogenes, such as Hras. Here, we found that 
acceleration of liver regeneration and increased expression of Myc in 
both mice models of Nox4 deletion could be attributed to the attenuation 
of the TGF-β pathway. It was proposed that transient escape of regen-
erative hepatocytes from TGF-β-induced growth inhibition and 
apoptosis is achieved through decrease in the expression of TGF-β re-
ceptors [42] and the acquisition of survival signals [43]. Nevertheless, a 
mitoinhibitory response to TGF-β is still present in regenerating hepa-
tocytes, since intravenous TGF-β1/2 reversibly inhibits the proliferative 
response of the liver to PH [44] and inactivation of the TGF-β pathway 
results in an increased proliferative response after PH [45]. Anti-TGF-β 
molecular intervention also facilitates liver regeneration upon acute 
dimethylnitrosamine (DMN) or CCl4 induced injury [46,47]. Results 
here indicate that in the absence of Nox4 expression, the TGF-β pathway 
was attenuated in hepatocytes, which could contribute to the accelera-
tion of the liver regeneration. 

Although it is well known that TGF-β up-regulates NOX4 in stellate 
cells and hepatocytes [6,7,9], it is less well recognized that NOX4 can 
reciprocally regulate TGF-β/SMAD signaling. The RNA-seq experiment 
revealed the potential mechanism responsible for this effect, which ap-
pears to be indirect, related to other cell-cell interactions and effects on 
extracellular matrix. On one side, TGF-β ligands, which are expressed in 
non-parenchymal liver cells, showed differences between WT and 
NOX4− /− mice. Tgfb1 expression was significantly lower at 24 h after 
PH in NOX4− /− mice when compared to WT mice. Another member of 
the family, Tgfb2, by contrast, showed higher levels but its expression 
was much lower than that of Tgfb1. TGF-β2 up-regulation correlates with 
fibrotic markers and play a prominent role in biliary liver diseases [48, 
49], but its expression during liver regeneration is 10 times lower than 
that of TGF-β1 [50]. Considering that Smad3 phosphorylation was 
clearly decreased in Nox4 deleted mice, the decrease in Tgfb1 expression 
appears to have a higher impact that the increase in Tgfb2 expression. 
Furthermore, activation of the latent TGF-β1 at the extracellular matrix 
may be affected by the absence of Nox4. In support of this hypothesis, 
Adamtsl2, which interacts with latent LTBP1 and anchors it to the 
extracellular matrix, showed an increase in its expression in NOX4− /−
mice at 24 h after PH. Mutations in ADAMTSL2 have been described in 
human diseases and lead to dysregulation of TGF-β signaling correlating 
with increase in active TGF-β1 [29]. Furthermore, the expression of 
Bmp1, a metalloproteinase that cleaves LTBPs releasing the active form 
of TGF-β1 [30], is decreased at 24 h after PH in NOX4− /− mice. Alto-
gether, these results reveal a mutual regulation between Nox4 and the 
TGF-β pathway: TGF-β1 is the main up-regulator of Nox4 expression and 
Nox4 could contribute to modulate the process of TGF-β1 activation. A 
fine down-regulation of Nox4 expression during the first hours after PH 
may be necessary for an efficient hepatocyte proliferation and liver 
regeneration. 

Despite these in vivo observations, in vitro experiments in NOX4− /−
hepatocytes indicated that they continue to respond to TGF-β1 in terms 
of growth inhibition, Smad2 phosphorylation or down-regulation of Myc 
levels, maintaining its suppressor function. Indeed, Nox4 deletion in-
creases the hepatocyte mitogenic response and modify the process of 
TGF-β1 activation in vivo, which increases the fastest and more efficient 
response of hepatocytes to mitogenic signals during liver regeneration. 
But the mechanism of response to extracellular TGF-β1 is not altered. 
NOX4 does not appear to be required for TGF-β1-mediated Myc down- 
regulation, which was proposed to be a SMAD-4 dependent mecha-
nism [51]. This could explain the arrest of proliferation in vivo long time 
after PH, when the expression/activation of TGF-β1, or other members 
of the family, increase. 

5. Conclusions 

NOX4 has been proposed as a potential therapeutic target in human 
liver chronic diseases [8], due to its role mediating TGF-β actions in liver 
fibrosis [5]. Results presented here would support the potential benefit 
of its inhibition also to favor liver regeneration from the remaining 
healthy hepatocytes. Nox4 does not appear to be essential for the 
termination of liver regeneration, which reinforces its potential as 
therapeutic target, without adverse effects. Nevertheless, considering 
that inhibiting NOX4 could be detrimental under preneoplastic condi-
tions, NOX4 inhibition must be considered at early stages of chronic 
inflammation and fibrosis in the liver. 
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