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ABSTRACT 

OF THE THESIS OF 
 

Ibrahim Adeola Ahmed   for   Master of Science 

Major: Biochemistry 

 

Title: Plasma Kallikrein – Kinin System as a Modulator of Liver Injury/Remodeling 

Background: Liver injury is an apparent condition of the body system owing to the 

numerous functions of the liver. Most of the etiologies are due to the actions of many 

drugs, toxins, hepatotropic viruses, and idiosyncratic factors. Moreover, the occurrence and 

persistence of hepatic injury lead to its remodeling; hence, acute, and chronic liver disease 

results due to apoptosis, necrosis, and inflammation. Besides, the compromise in the liver 

architecture during other organs or tissue’s dysfunction could become a challenge. 

The plasma kallikrein-kinin system (PKKS) plays diverse roles in coagulation, vascular 

injury, tissue inflammation, and wound-healing. In liver injury, the protease-activated 

receptors 1 and 2 play significant roles in the whole process while plasma kallikrein (PK), 

the main effector of the system role’s is unknown. Yet, reports have shown the increase in 

PK’s synthesis in acute liver injury. In terms of PK’s significance in other diseases, a 

cohort study of type 1 diabetic patients observed the significant increase in the activity of 

PK compared to control.  However, PK’s role in liver injury and other disease-state liver 

like type 1 diabetes is still unclear. 

Aims: In this study, the objective is to characterize the role of the PKSS in both acute and 

chronic liver injury models of non-diabetic and diabetic mice; and assess how it modulates 

its downstream targets in liver injury. 

Methods: Acute liver injury was induced in 10-12 weeks old C57BL/6J male mice after a 

single injection of 0.6 mL/kg carbon tetrachloride (CCl4), intraperitoneally. Chronic liver 

injury was induced after the injection of 0.6 mL/kg CCl4, twice a week, for 2.5, 4, 6 or 7 

weeks. In some group of mice, 0.05 mL/g streptozotocin (STZ) was injected daily for three 

to five days, to induce diabetes. Following the confirmation of the diabetic state, two weeks 

post STZ-injections by measuring the plasma glucose levels, the mice were injected with 

CCl4 or its vehicle, mineral oil, either once for the acute liver injury or for 2.5 weeks for the 

chronic liver injury. In the liver, necrosis was observed by hematoxylin and eosin staining. 

Fibrosis was examined by assessing collagen fibers using picro sirius red staining and 

immunohistochemistry was performed for plasma pre-kallikrein. Quantitative polymerase 

chain reaction was used to assess the expression of hepatic genes such as the plasma 

kallikrein-kinin system, inflammation, and fibrosis. By Spearman correlation analysis, the 

PKKS genes were correlated to necrotic area, inflammatory and fibrotic markers, and 
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fibrotic area. In vitro studies were conducted via hepG2 cells to investigate cell-death and 

PK-related signaling pathways. 

Results: A single injection of CCl4 induced necrosis was negatively and weakly associated 

to the PKKS genes except for the Kng1 gene (Klkb1, F2r, Kng1; r = -0.25, -0.20, -0.50 

respectively; p > 0.05 except for Kng1 gene). However, they were positively associated 

with cell-death ligand gene, Hmgb1 (Klkb1, F2r, Kng1; r = -0.75, -0.44, -0.79 respectively; 

p < 0.05 except for Kng1 gene). Analysis by immunohistochemistry showed the PPK 

around the necrotic areas at day 2 and 3 of CCl4 induction, and significantly increased the 

F2R and IL1B genes while it decreased the CCN2 gene expression in PK-induced hepG2 

cells. Likewise, PK increased the proliferation of CCl4-induced hepG2 cells by 140%. 

Varying time-points of liver fibrosis showed an increase in the mRNA levels of F2r 

(thrombin receptor), F2rl1, Bdkrb1 and Bdkrb2. Spearman correlation showed a strong 

positive correlation to profibrotic factors, Lgal3 and Ccn2 genes, and fibrotic area; p < 

0.05. In diabetes mice, we observed the upregulation of hepatic PKKS genes in response to 

chronic administration of CCl4. 

Conclusion: The PKKS play diverse role in liver injury, fibrosis, and resolution. Although 

PAR-1 and PAR-2 are implicated in liver fibrosis progression, they interact with diverse 

agonists. PK, which is an agonist, could be a purposed therapeutic agent in the regeneration 

of injured hepatocytes. However, additional investigations are needed to decipher the 

mechanism of interaction of PK in liver injury or fibrosis. Likewise, more research is also 

needed to understand the role of the bradykinin receptors in liver fibrosis.  
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CHAPTER I 

INTRODUCTION 

A. Liver and Liver Injury 

1. General 

Liver injury is an eminent condition of the body system owing to the numerous 

functions of the liver (1). One of which is the role played in metabolism, biotransformation, 

synthesis and screening of biomolecules, and substances passed through it. More likely, the 

connection of the organ to the hepatic-portal vessels and the gastrointestinal tracts (2, 3) 

accounts for the role in the metabolism of almost all foreign substances (1). Hence, the 

numerous functions of the liver and interconnections with other organs and tissues (figure 

1) serve as the basis of its name, ‘’the central organ of metabolic processes of the body’’. 

Likewise, these attributes confer a strenuous task and thereby subject the liver to injuries 

and diseases, which could be by direct or indirect causative factors. Clinical manifestation 

of hepatic injury is characterized by elevated levels of aminotransferases, alkaline 

phosphatase, and bilirubin. However, these parameters are dependent on the etiological 

factors of the injury. The supposed grouping of liver injury based on the cause is enormous 

due to the mechanism by which each causative agent acts. Hence, liver injury can be 

classified based on etiology and mechanism of action (1, 2): it is on these that incidence, 

prevalence, diseases types and players are reported. 
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2. Classification:  

The etiological classification of liver injury is summarized into: chemical-induced 

liver injury (1), hypoxic hepatitis in intensive care unit patients (4), viral hepatitis, and 

autoimmune hepatitis (5). However, as etiology tends to distinguish one type of injury from 

the other, mechanism of action considers the paths of these injuries. Based on the later, 

some injuries may fall under similar categories. Though, this classification does not 

consider liver injury resulting from complications of other organs or systems in the body 

yet, primary and secondary causative factors form the basis of categorizing liver injuries. 

 

 

 

 

 

 

 

 

 

Figure 1. The Important functions of the Liver: The role of the liver owes it to its 

connection to numerous organs and its function in physiological and pathological 

conditions. 
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Mechanistic categorization of liver injuries tends to identify the differing routes in 

which causative factors of injury act. This allows investigators to specifically target each 

path of action and players for therapeutic interventions. Calcium homeostasis disorder, 

canaliculus disruption, mitochondrial injury, cytochrome P450 (CYP450) bioactivation, 

cell death components, and autoimmunity activation (1) are the diverse pathways 

implicated in liver injury. 

As these pathways are involved in liver injury pathogenesis, their processes lead to 

liver injury progression. In drugs bioactivation leading to injury propagation, widespread 

cellular dysfunction is observed when reactive intermediates synthesized by CYP450 

subtypes bind to cellular proteins (2). These scenarios are basically the profound 

characteristics of acute injury. Yet, chronic responses are initiated after acute liver diseases 

have set in (6) and is a result of complex interplays of different mechanisms. Hepatitis, 

acute liver failure (ALF), cholestasis, non-alcoholic fatty liver disease (NAFLD), alcoholic 

fatty liver disease (AFLD), steatosis, non-alcoholic steatohepatitis (NASH), inborn-errors 

of metabolism (Wilson’s disease) and vascular injury are varying phenotypes of liver 

diseases observed due to complex interplays of biomolecules in the liver. 

 

3. Pathophysiology 

Liver diseases and a resulting effect to other organ dysfunction or disease have been found 

to exist (figure 2). Modification of the liver’s architecture, regulation and physiology may 

occur due to drug interaction or intrinsic factors like hypoxia induced liver injury (7)- as the 
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liver produces the majority of biomolecules needed by other organs or tissues. These 

changes have been observed to cause coagulation abnormalities, acute kidney injury, 

impaired oxygenation, hepatic encephalopathy, modified immune response and altered 

myocardial contractility (7). Many drugs have been implicated in the idiosyncratic events 

of manipulating liver functions. Troglitazone, a type 2 diabetic mellitus (T2DM) drug, led 

to hepatic injuries (8). Drugs prescribed for diabetic patients could have hepatotoxic effects 

leading to increased risk of cardiovascular events (9); as an injured liver could compromise 

the integral secretion of plasma proteins like plasma kallikrein, needed to play roles in 

hemostasis. An implication is a profound effect in diabetes and cardiovascular injuries. 
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Figure 2. Schematic diagram of organ injury and failure due to liver interaction with 

intrinsic and extrinsic factors. Diagram was adapted from Horvatis et al., 2019 (7). 

 

On the global scale, significant increase in morbidity and mortality are associated 

with 20% cases of liver injury caused by idiosyncratic drug interactions (1). Most of the 

epidemiological studies on liver injury or diseases were done on drug-induced liver injury 

(DILI) and ALF. Statistics on ALF in the United States account for about 1600 to 2000 

people being affected per year. Most of these were attributed to DILI especially by 
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acetaminophen (8, 10). Nevertheless, a true estimate of incidence of liver injury is difficult 

to obtain due to asymptomatic and idiosyncratic interactions pertaining to different 

individuals involved (10, 11). Despite these challenges, retrospective studies in Sweden, 

United Kingdom, Germany, and United States identified DILI in patients of liver disease, 

parenchymal liver dysfunction, and medical inpatients to be 6.6%, 8.1% and 1.4% 

frequency among these patients respectively (12-14). An overall 4.0% incidence rate was 

reported in a study conducted at an Indiana community hospital involving new-onset 

jaundice (15).  

A large variability in retrospective studies indicated the need for prospective studies. 

13.9 ± 2.4 cases per 100,000 inhabitants incidence rate was observed in a three-year 

prospective population based studies in France (16). When applied to the United States 

population, ~44, 000 annual cases and at least 2700 deaths is observed with DILI. (17, 18). 

A current prospective cohort study conducted in Italy on DILI of 185 patients highlighted 

an incidence rate of 2% chronic liver diseases (19). Patients with bile duct loss were more 

likely to develop chronic liver injury than were those without such injury (94 vs. 47%) (20). 

 

a. Acute and chronic liver injury: propagators and cell death contribution 

The liver’s physiological function as a detoxifier protects the body system from 

compounds passed through it for screening however, bioactivation by metabolizing 

enzymes could occur. These active substances contribute to toxicity within the liver 

landscape and eventually, injury. Hepatic injury of the liver occurs through the 

parenchymal hepatocyte and is further aggravated by the contribution of hepatic non-
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parenchymal cell subtypes- the Kupffer cells, hepatic stellate cells (HSC), cholangiocytes, 

sinusoidal endothelial, natural killer cells and natural killer T cells (21, 22). As proposed in 

figure 3, the functions of hepatic cell subtypes, vulnerabilities and release of molecules that 

impact wound healing and remodeling contributes to liver injury progression and 

subsequently fibrosis (23). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Illustration of liver injury and progression as propagated by many subsets 

of external players, hepatic cells, and released molecules. Scheme adapted from Michal 

Cohen-Naftaly and Scott L. Friedman 2011 (23). 

 

Owing to these and the regenerative properties of the liver, the types of liver injury 

and the stages of liver diseases exist. Hepatocytes synthesize plasma proteins and 

coagulation factors like plasma kallikrein, thrombin, factor XII, which are upregulated in 

liver injury. Bile acids under toxic conditions of bile ducts blockage lead to severe 
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cholestasis through inflammatory-mediated repression of hepatobiliary transporters and 

canalicular contractility (7, 24). Steatosis results due to large lipid droplets accumulation in 

parenchymal cells- further insults by adipokines and advance glycated end products (AGE) 

ignites inflammatory mediators driven by Kupffer cells, which eventually leads to 

steatohepatitis (25, 26). Collagen fibers, fibronectins and elastin, the main features of liver 

fibrosis and cirrhosis are due to the activation of HSCs; the latter is stimulated by 

inflammatory and profibrogenic cytokines (23, 27, 28).  

The complexity existing in liver injury due to the many players, mechanisms and 

contributing innate and recruited cells create numerous disease phenotypes. These 

consequences, from hepatitis, steatosis, and cirrhosis to autoimmune disorders are risk 

factors for portal hypertension, ascites, encephalopathy, cardiovascular instability, acute 

kidney disease, cerebral oedema infection susceptibility, and hepatocellular carcinoma 

(HCC) (23, 29). In a condition like type 1 diabetes, liver microangiopathy, hepatosclerosis, 

and glycogenopathy occur owing to morphological and physiological change within the 

confinement of the liver due to the preceding condition. This is a chronic form of liver 

injury arising from close ties with the originally affected system i.e. kidney, blood vessels 

and heart (30-33).  

In many major mechanisms of liver injury, external substances engage possible bio-

activators like CYP450 isoforms and reactive mitochondrial enzymes (monooxyenases), 

these later induce death molecules (FAS, TNF) by intracellular dysfunction caused by loss 

of ionic gradient, ATP decrease, cell swelling and rupture (1-3, 8, 34, 35). The distinction 

between acute and chronic hepatic injury is described in terms of cell-death and liver injury 
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recurrence- the presence of more necrotic cells and increased severity of liver damage 

occur in the former. In both, necrosis, necroptosis, apoptosis and autophagy occur (36) 

though, necrosis and apoptosis are the commonest form of cell-death observed (34). 

Inflammation is a common process observed in both acute and chronic liver injury 

however, the recruitment of immune cells through fibrotic factors and players have been 

implicated in the latter. As both injuries lead to hepatocellular damage, the biomarkers 

released to the blood stream during injury are used to assess liver function, however, these 

biomarkers are dependent on the injury subtypes. Alanine transaminases, aspartate 

transaminases, alkaline phosphatase, total bilirubin, creatinine are some of the biomarkers 

employed to assess hepatocyte. Though they indicate damage to liver cells, clinical 

presentations and histological examination are used to assess the disease phenotypes. 

 Difficulty exists in distinctly identifying the type of cell-death or intracellular death 

signals associated with acute and chronic liver injury due to interacting pathways. Necrosis 

is known to be a pronounced form of cell-death in acute and severe response while 

apoptosis dictate early, chronic and mild status (37). As injury is initiated in the liver, 

hepatocytes undergo both controlled and uncontrolled cell-death initiating inflammatory 

and immune response bodies like Kupffer cells, macrophages, neutrophils, lymphocytes, 

natural killer cells and the dendrites (35, 36, 38). Neutrophil recruitment engages many 

surface receptors, Lfa-1 and Mac-1, thereby stimulating ROS production. However, this 

could have been a defensive mechanism thereby aggravating the insults on hepatocytes- 

mitochondrial dysfunction and necrosis ensues (39, 40).  In numerous studies, hepatic 
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apoptosis is considered a distinct contributor to chronic liver injury, and thereby dictate 

liver disease progression (41).  

 Mechanism of cell death by necrosis leads to hepatocyte swelling, rupturing of 

plasma membrane and the disruption of numerous pathways (35). Necrotic cells release 

nucleotides, DNA, uric acid, high mobility group box 1 (HMGB1) protein which are 

intracellular molecules. HMGB1, identified as a damage-associated molecular patterns 

(DAMP) is the most studied, could also be released by apoptotic cells (42). These 

molecules, recognize pattern recognition receptors (PRR) and elicit inflammatory responses 

(21). In addition, hepatocyte death occurs in an ATP-independent manner involving 

mitochondrial dysfunction (mediated by the Bcl-2 family of proteins) (35), activation of 

diverse proteases and phospholipases (43), and receptor interacting protein kinases (RIPK) 

(44). The latter, RIPK, is being shown to coordinate the necroptosis model of cell death. 

Besides, cell death by necroptosis is a regulated mode of necrosis with structural similarity 

though, its mode of initiation occurs through a kinase cascade (45, 46). 

In contrast to necrosis, hepatocyte death by apoptosis is energy-dependent and 

regulated requiring the formation of apoptotic bodies hence, uptake by Kupffer cells and 

HSCs are inevitable (43). Apoptosis could be triggered by cytochrome c, death receptor 

ligands, growth factors, DNA damage and nucleotides (35, 43, 47). In the liver, the death 

receptor-signaling molecule is the major mediator, acting via Fas- Fas Ligand, tumor 

necrosis factor receptor 1 (TNF-R1), tumor necrosis factor alpha (TNF-α), death receptor-5 

(DR-5), and tumor necrosis factor apoptosis inducing ligand (TRAIL) in disease states (21, 

22). In a patient of acetaminophen-induced liver injury and fulminant liver failure, TNF- α, 
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TNF-R1, and Fas were elevated in the serum (38). Meanwhile, subsequent interplays 

between inflammatory bodies and death receptor ligands lead to the release of caspases 

which further contributes to a spike in apoptotic processes. The initiation of caspases 8 and 

10 starts the proteolytic cascade processes leading to the involvement of many caspases like 

3, 6, and 7 which are effectors and degraders of cellular proteins. All these processes 

contribute to cell death. Nevertheless, the involvement of caspases aggravates, and connects 

other processes like mitochondrial dysfunction involving the proapoptotic Bcl-2 proteins 

Bax and Bak; cytochrome c; and second mitochondria-derived activator of apoptosis 

(SMAC) to form the apoptosome thereby continuing the apoptotic cascades which leads to 

cell death eventually (21, 34, 35, 38). Likewise, mitochondrial dysfunction and 

mitochondrial outer membrane permeability (MOMP) combine with other organelle 

dysfunction (endoplasmic reticulum, lysosome) to form the intrinsic apoptotic pathway 

regulated by the Bcl family of proteins (21, 48). 

Other defined hepatocyte cell death like autophagy is controlled and dependent on 

the lysosome for execution. The formation of an autophagosome coordinated by specific 

autophagy-related genes, chaperone heat shock cognate 70 (hsc70) and lysosome-

associated membrane protein 2A (LAMP2A) ensures fusion and degradation in the 

lysosome (35). However, the major role of autophagy in the liver is still under 

investigation. 

Investigation showing the contribution of cell death to liver injury is overwhelming 

and cannot be over-emphasized. However, hepatocyte cell-death in liver injury models has 

been defined to be the crux of the different pathways observed in liver diseases. The release 
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of the different DAMP molecules and reactive oxygen species (ROS) stimulates the 

inflammatory cascades and immune cells which further activates HSCs, the major 

contributor to fibrosis (under chronic injury). Still, the pathways to cell death occurrence, 

injury propagation, inflammation induction, immune cell infiltration and fibrosis 

occurrence are still being researched due to the involvement of many players. 

 

b. Inflammation and fibrosis 

An essential mechanism to be considered in several acute and chronic liver injury 

scenarios is inflammation (49-51). This event has been proposed to occur through necrotic 

and apoptotic release of DAMPs and ROS (49, 50). The consequence is the cellular 

production, activation and release of pro-cytokines - majorly interleukin (IL)-1, and pro-

caspases (49, 50). Numerous studies have proposed the activation of two intertwined 

pathways leading to the NLRP3 inflammasome build-up and subsequent diverse 

inflammatory signals’ initiation by the action of Kupffer cells (51-53). ALI, ASH, NASH, 

DILI models have been studied to prove the existence and mechanism of inflammasome 

modulatory action in liver injury to fibrosis formation (51, 54-56).  As inflammation is 

induced in both pathogen presence and tissue damage, clearance and repair mechanisms are 

reactions initiated for beneficial purposes (52). This observation in liver injury is as a result 

of the presence of numerous pro-and anti-inflammatory signals induced to attract immune 

cells via chemotaxis. Concurrent insults lead to a wound healing mechanism that gives 

birth to fibrous tissues formation in the liver as a result of HSCs activation. As 

schematically drawn below (figure 4), toll-like receptors (TLRs) activation by DAMPs 
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contributes to the first insult initiation process of pro-inflammatory cytokines. Through 

other DAMPs like ATP and ROS, subsequent activation of NRLP3 inflammasome 

formation, pro-caspase 1 and IL-1 occur. The invasion of neutrophils and activation of 

Kupffer cells eliminate the cell-deaths and debris or increase inflammation if insults re-

occur (40).   

Figure 4. The organization of the inflammasome by Toll-like receptor (TLR) 

activation by DAMPs (Ligand 1) and subsequent ROS and ATP interaction with pro-

caspase 1. Adapted from Hoque et al., 2013 (49). 

 

Inflammatory and immune cells are important to the establishment of fibrosis in 

chronic liver disease. Inter-connections among these cells have been implicated in the 

generation of fibrous molecules and tissues. As resident macrophages are activated, they 
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stimulate the release of fibrogenic cytokines which contribute to the activation of HSCs 

into myofibroblasts-like cells (57). Regardless of etiology, extracellular matrix (ECM) 

degradation and generation is a feature of chronic liver injury- a wound-healing response 

orchestrated by the liver (58, 59). HSCs are the major contributor to liver fibrosis and 

subsequent cirrhosis through the contribution and expression of alpha- smooth muscle actin 

(ASMA), collagen type 1 and IV (Col 1α1 and Col IVα1), fibronectin, matrix 

metalloproteins (MMPs), Tissue inhibitors of metalloproteinases (TIMPs), several growth 

factors, inflammatory cytokines and chemokines and polymorphic leukocytes (28, 57, 60-

64). Hepatocytes have also been implicated in liver fibrogenesis by releasing connective 

tissue growth factor (CTGF), a stimulator of fibrogenesis in a Transforming growth factor 

(TGF) -β-dependent mechanism (28, 65). The contribution of liver sinusoidal endothelial 

cells (LSECs) in liver injury and fibrosis is also under investigation. With evidence of 

infiltration of phagocytes and leukocytes through vascular tissues embedded in the liver, 

leakage of molecules like NO, bradykinin, adhesion molecules and myeloid cells is a 

possibility (liver microangiopathy), which could be likened to the phenomenon in 

atherosclerosis and other vascular diseases. Through sinusoid capillarization, angiogenesis, 

angiocrine signals, and vasoconstriction, LSEC contribute to chronic liver injury by 

stimulating the release of TGF-β and HSC activation (66). The role of Kupffer cell in 

chronic liver disease is another contribution to consider in liver fibrosis. They release 

numerous molecules, which influence neighboring hepatic cells contribution to liver 

fibrogenesis. Kupffer cells stimulate the release of pro-inflammatory IL-1β through the 

inhibition of peroxisome proliferated activated receptor-alpha (PPAR-α) in hepatic steatosis 

(25).  
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A well-delineated pathway to fibrogenesis and hepatic fibrosis establishment 

commences with a concurrent insult on the hepatocytes, the parenchymal cells able to 

regenerate and replace dead cells, which results in the ECM degradation and generation. To 

understand this mechanism of fibrogenesis, many complementary experimental and genetic 

animal models were studied (23, 60). Most of these models establish cell-deaths, oxidative 

stress and inflammation as mediators of fibrogenesis (60). However, the activation of HSCs 

from quiescent HSCs remains the major contributor to generation of collagen in liver 

fibrosis (57, 67). Activated HSCs is dictated by a myofibroblast (MFB) phenotype from 

mesenchymal cells and increased expression of ASMA (57, 68). The inducers of quiescent 

HSCs to a MFB type remain an on-going research. TGF-β, platelet-derived growth factor 

(PDGF), connective tissue growth factor (CTGF), vascular endothelial growth factor 

(VEGF), hepatocyte growth factor (HGF), fibroblast growth factor (FGF), epidermal 

growth factor (EGF), ROS, endothelin-1 (ET-1), nitric oxide (NO), fibronectin, insulin 

growth factor (IGF), apoptotic bodies, chemokines are possible stimulators of HSCs (23, 

28, 57, 65, 67). Most of these are released by LSECs, phagocytic Kupffer cells and 

destroyed hepatocytes, which subsequently recruit inflammatory cells and activate stellate 

cells (23, 57, 65, 69, 70). The MFBs nature of HSCs alters the ECM of the liver 

architecture, impairing levels of collagens (1, III, and IV), MMPs, fibronectin, laminin, 

elastin, undulin, elastin, hyaluronan, proteoglycans, and TIMPs (23, 57, 67). In addition, 

activated HSCs express and stimulate the release of proinflammatory, profibrogenic and 

pro-mitogenic cytokines (71). Investigation by Kisserlva et al., around stellated cells 

activation observed their regression once the insult such as CCl4 intoxication is stopped by 

undergoing cell-death by apoptosis and senescence (72). Also, reversion to the quiescent 
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state was being shown to occur (72). Further investigation showed the decline in 

profibrogenic cytokines like TGF-β with concurrent decline in ASMA and collagen I (72, 

73).  

Considering all these, liver fibrosis is a complex interplay among impaired 

physiological and regulatory processes occurring in other to maintain a normal functioning 

liver even at both transcriptional (70, 74) and epigenetic levels (71). Death-cell processes 

(37), inflammatory and fibrotic signals (50, 55, 75, 76), cell structure (77), coagulation 

responses (78), metabolic activities (79, 80), and immune cells mechanisms (55) are among 

investigated pathways in liver fibrosis.  
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Figure 5. Mechanistic contributors of fibrogenesis and cirrhosis progression in the 

liver milieu.  

 

Analysis on different players in liver fibrosis revealed the activities of members of 

the coagulation pathways of the cardiovascular system. Previous studies of chronic 

inflammation and tissue remodeling have highlighted the role of the kallikrein-kinin system 

(KKS) (81). Protease-activated receptors (PARs) 1 and 2 (82-87), and bradykinin (BK) 

receptor 2 (B2R) are upregulated with a possible involvement of the latter in resolution of 

liver fibrosis (81). However, some studies implicated B2R in liver injury while BK receptor 
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1 (B1R) was shown to resolve liver injury (88, 89). The cleaved fragment of high 

molecular-weight kininogen (HMWK), bradykinin (81), is a possible agonist of B2R in 

liver fibrosis though investigations are incomplete. Possible agonists of PARs 1 and 2 

studied over the past years in other systems are thrombin, tissue factor, trypsin, mast 

tryptase, coagulation factors Xa and VIIa and plasma pre-kallikrein (PPK) (90, 91). Most 

investigations suggest the roles of other mentioned ligands for PARs except PPK due to 

their upregulation in chronic liver injury. Although PPK is observed to be upregulated in 

acute liver injury (92) and downregulated in liver fibrosis, its role in both cases is still to be 

determined. 

 

B. The plasma kallikrein-kinin system  

The KKS is thought to play diverse roles in bodily functions. Supported by 

numerous investigations and evidences, this system modulates physiological and 

pathophysiological actions pertaining to neutrophil aggregation, coagulation, vasodilation, 

inflammation, complement activation and vascular tone (93-96). Comprising pre-kallikrein, 

kininogen (high- and low- molecular weight), kinins, kininases and their receptors, the 

actions of this system modulate cardio-vasculature basically through the potent effector BK 

(96). Plasma kallikrein (PK), the active form of PPK and high molecular weight kininogen 

(HMWK) make up the plasma KKS while tissue KKS comprises the action of tissue 

kallikrein (TK) on low-molecular weight kininogen (LMWK). Both PK and TK are the 

main initiator of the KKS through the kininogens (96, 97) though, BK and its related-

peptides (Lys-BK, des-Arg9-BK and des-Arg9-Lys-BK) are the bioactive kinin molecules 
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cleaved from kininogen by the kallikreins (94). Recent researches also show the kallikreins 

acting through the PARs (98) and B2R (99). The kinins are formed by both the actions of 

kallikreins (PK and TK) and kininases I (aminopeptidase M (AM), carboxypeptidases N 

and M(CP)) (93) while Kininase II (angiotensin I-converting enzyme, ACE) is involved in 

the hydrolysis of these peptides (95).  

 

Figure 6. Schematic presentation of the kallikrein-kinin system (KKS). The diagram 

depicts the kallikreins, players in the activation and deactivation of the physiological 

kinins, and the B1 and B2 receptors. HK, High molecular weight kininogen; LK, Low 

molecular weight kininogen; AM, aminopeptidase M; CP, carboxypeptidase N and M. 

Adapted from Marceau and Regoli, 2004 (100). 
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Bradykinin release on endothelial cells facilitates vasodilation by regulating blood 

flow and pressure (101), angiogenesis (97), proinflammation (102) although, it plays a role 

in vascular or endothelial permeability (95), hypertension pathogenesis (96), mitogenesis 

(103) and hereditary angioedema (104). Nonetheless, the process of vasodilation by BK 

leads to the synthesis and action of other vasodilators like NO, prostaglandin (PG) E2 

(PGE2) and PGI2 (100). In normal circumstances, BK mediates its action through one of its 

receptors, while activating the other induced receptor during abnormal situations. As an 

antithrombin agent, BK simulates B2R leading to inhibition of platelet aggregation (105) - 

a role also played by des-Arg9-BK, NO and PGI2 (105, 106).    

 

1. The bradykinin receptors 1 and 2 (B1R and B2R) and liver injury 

To date, two receptors of BK have been discovered and explored, the B1R and B2R 

(107, 108). Encoded by separate genes, these receptors have been largely explored due to 

the beneficial and detrimental roles played in normal functions and diseases of the body 

system. These receptors are G-protein coupled receptors (GPCRs) mediating the actions of 

kinins through the activation of phospholipase C (PLC) and the mobilization of 

intracellular calcium (Ca2+) (100) although PK could also act through B2R. 

BK and other kinins moderate their effects of vascular tone, mitogenesis, 

inflammation, neovascularization and coagulation through the bradykinin receptors 1 and 2 

(B1R and B2R) (95-97, 103). Indeed Lys-BK and des-Arg9-Lys-BK, which are liberated 

from the actions of TK and CP on LMWK and Lys-BK respectively, interact with B1R and 
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B2R. In additional, B1R has been shown to have strong affinity for the arginine CP (des-

Arg9-BK is liberated from BK by CP as well) generated kinins (94). Under normal 

condition, B2R is constitutively expressed in many tissues and involved in vasodilation 

while the B1 receptor is induced in pro-inflammatory conditions of cytokines, endotoxins 

and tissue injury actions (103). Also, the B2 receptor has been shown to play protective 

roles on cardiac pathologies. In a pathological state of liver function i.e. liver fibrosis, 

bradykinin was shown to play a protective role of hindering liver damage by acting through 

the B2 receptor (81). Whereas, in a model of liver injury by trichloroethylene sensitization, 

both B1R and B2R contributed to increased liver injury (89). This studies show differing 

implications of bradykinin receptors in liver injury or fibrosis in mice based on the 

causative factor, the injury model or disease phenotype. PK is the only proven protease 

involved in the cleavage of kininogen to BK yet, these studies did not shown any 

relationship or interaction in the liver disease models investigated. 

 

2. The protease-activated receptors 

Although bradykinin and its related-peptides are the major substrates for the B1R 

and B2R, PK has been shown to directly activate transfected human B2 receptor in the 

absence of cell-bound kininogen carried-out in a Chinese hamster ovary (CHO) cell line 

(99). This indicates that PK’s role in body function is not limited to its proteolytic activities 

as a serine protease. Normally, PK’s activity anecdotally probed in many systems showed 

the activation of thrombin and trypsin receptors PAR-1, 2 and 4. In a study by Abdallah et 

al. 2010, PK was observed to cleave and internalize PAR-1, 2 and 4 in HEK293 cells (98).  
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Like bradykinin receptors, PARs are GPCRs encoded by separate genes, the F2R, 

F2Rl1, F2Rl2 and F2Rl3 genes for PAR-1, PAR-2, PAR-3, and PAR-4 respectively (91). 

Mostly, proteases that cleave PARs do so at specific cleavage sites and sequences (figure 

6), the hirudin site, which eventually induce conformational and affinity changes that 

activates signaling mechanisms through intracellular G proteins (91, 109). PARs cleavage 

by numerous types of proteases, allow for biased signaling due to the various 

conformations initiated and the recruitment of preferred specific G proteins (110, 111). 

Moreover, as PARs have activators, they have deactivators. PARs could be cleaved at 

specific N-terminal regions that render them unresponsive. One study observed the 

shedding of a specific cleavage site initially responsive to thrombin however, this region 

became irresponsive to thrombin agonist when tested. Yet, they responded to ligands from 

adjacent PARs (112).  

 

 

 

 

 

 

Figure 7: Representative cleavage sites of PARs ligands especially PK at hirudin site. 

Adapted from Abdallah et al., 2010, (98). 
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PARs are found expressed in lots of body cells, tissues. Physiologically, they play a 

major role in hemostasis, wound healing, pain, cellular proliferation and inflammation 

(110). Due to their functional roles, they have proportionately been implicated in varying 

diseases like diabetes (113), liver fibrosis, steatohepatitis (83), inflammation and obesity 

(114), asthma, cardiac injury (115, 116), cancer(90), arthritis (90), atopic dermatitis (117), 

and lung fibrosis (118). 

 

3. PARs in liver injury/fibrosis 

Both PAR-1 and 2 have been shown to have functional roles in liver fibrosis. Many 

experimentally induced liver fibrosis observed the reduction in liver fibrosis when mice 

knockouts of PAR-1 and PAR-2 were used. In a PAR-1 knockout model of C57BL/6J 

mice, liver injury was not affected in PAR-1 -/- , PAR-1 +/- and PAR-1 +/+ mice nonetheless, 

the extent of fibrosis was reduced by 56% in PAR-1 -/- compared to PAR-1 +/+ mice (84). In 

addition, alpha-smooth muscle actin (ASMA) cells decreased by 80% suggesting a role 

played by PAR-1 in the pathogenesis of liver fibrosis (84). Similar role and function was 

observed in PAR-2 -/- mice after eight weeks of CCl4 treatment (85). Although PAR-1’s 

modulation and complicity in liver fibrosis was studied in the past, current studies also 

implicate PAR-2 in the progression of liver fibrosis to cirrhosis. Due to the induction of 

these receptors by many agonists, investigations are on-going to really ascertain the main 

culprits in liver injury. Earlier studies have associated tissue factor and thrombin to the 

activation of protease activated receptors in NAFLD (119-121). Most compelling evidences 

stems from thrombin-factor Xa induced-PAR-1 playing a role in tissue fibrogenesis while 
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mast cell tryptase and factor Xa acts through PAR-2 to cause fibroblast proliferation, 

differentiation and migration (85, 122-124). In additional, experimental and human studies 

of acute and chronic liver disease showed the upregulation of thrombin, factor Xa and 

tissue factor therefore implicating them as inducers of the PARs in liver fibrogenesis and 

fibrosis progression (125, 126). A research on the association of necroinflammation and 

extent of fibrosis with prothrombic conditions in 90 patients with chronic hepatitis B 

showed an independent association of thrombin with fibrosis (125, 127).  

Another modulator of the PAR system is PK. However, investigation on PK’s 

impact in liver injury has been short coming due to its translational decrease in liver 

fibrosis. However, a research on the function in liver injury showed the proteolytic 

cleavage of TGF-β in part by PK; TGF-β happens to be significant driver of liver 

fibrogenesis and the most potent pro-fibrotic player studied (92, 128). In this recent 

research, PK-cleaved TGF- β in HEK293 cells released a product that could be detected in 

liver disease patients and many mouse liver injury models (58, 92, 128). These studies 

revealed the function of PK via TGF-β in murine models of liver disease however, 

researches regarding PK actions through PARs, B2R and BK are yet to be shown. 

 

C. Diabetes mellitus and the liver 

Emerging evidence revealed the modulation of the function of liver by 

hyperglycemia. In a particular study, inflammatory cells, cytokines and hepatic 

transaminase levels were significantly increased (129). In addition, other investigation also 
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observed changes in the liver of diabetic rats based on oxidative damage, metabolic 

profiles, hydroxyl radicals and mitochondrial alterations (130-134).  Many researches have 

studied the risk of nonalcoholic fatty liver disease (NAFLD) in diabetes mellitus; with  

fewer studies on their relationships (135-137). Patients with diabetes have shown 

manifestation of NAFLD however, the mechanism of liver damage due to hyperglycemia in 

these patients remains unclear (32, 129).  

Furthermore, numerous phenotypes of diabetic-induced liver damage have been 

revealed over the past few years. These associated diseases like hepatic diabetic 

microangiopathy (31, 32, 138), glycogenic hepatopathy (30, 139, 140), Mauriac syndrome 

(141, 142) are due to hepatic complications of chronic exposure of the liver to high glucose. 

Type 2 diabetes has been associated with an increased risk of liver cirrhosis in various large 

cohort study (143-145). Targher et al., 2010 revealed the association between NAFLD and 

type 1 diabetes mellitus among subjects having a higher prevalence of cardiovascular 

disease (146). In most of the investigated patients with TIDM, hepatic fibrosis was detected 

after liver biopsy was done (147). Moreover, numerous clinical and experimental research 

showed that liver fibrosis could result due to long term diabetes. All these suggest a 

complication of bodily organ functions due to hyperglycemia’s induction of a compromise 

in liver functions; with CVD being a major risk because of its direct interaction to the liver. 

Although, mechanisms driving the complications of diabetes-induced hepatic injury 

are yet to be established, some factors of oxidation, inflammation, fibrosis, coagulation and 

cell-death which have been studied in liver injury and fibrosis could be enquired.  A study 

on experimental type 1 diabetes using streptozotocin-induced hyperglycemia focused on 
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the effects of regulatory T cells (Tregs) in the liver based on previous researches that had 

established Tregs’ loss in hepatic inflammation (129). Some other studies had looked at 

roles of antioxidants (148); signal transducer and activator of transcription factor (STAT1 

and activating transcription factor (ATF3) (149); NF-kβ (150); microsomal prostaglandin E 

synthase 2 (mPES2) (151); and hematopoietic tissue factor induced-PAR-2 signaling (152) 

in diabetes mellitus effects on liver.  

Furthermore, studies involving T2DM in ten subjects, showed that NO and BK had 

lower concentration with a decreased PK activity however, a higher DesArg-BK 

concentration was detected in plasma (153). More recent studies associated PK activity to 

time duration of T1DM, one of the study observed a reduced PK activity in diabetic 

nephropathic patients (154); while others targeted PK using inhibitors as a possible 

treatment for diabetic macular edema (155). while also pharmaceutically and 

therapeutically targeting different members of the PK-kinin system (156). However, less 

studies have been conducted on experimental models of DM and liver injury with basis on 

the plasma kallikrein-kinin system.  
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CHAPTER II 

AIMS OF THE STUDY 

The aim of this study is to understand the roles of the plasma kallikrein-kinin 

system in liver injury knowing fully well that this system has been investigated and 

observed to play diverse functions in coagulation, inflammation and injury. Emphasis will 

be placed upon PK and its action through its receptors. Based on past reports, the KKS has 

contributed to chronic liver injuries and vascular dysfunction through their receptors. On-

going investigations involving T1DM have shown the increased activity of PK in patients 

without complications however, as discussed previously, this activity decreased with an 

underlying complication like diabetic nephropathy.  

Based on this, we will establish our objectives on the following questions: 

1. Does plasma kallikrein and bradykinin interact with their receptors in liver injury to 

affect or alter inflammatory and fibrotic processes knowing that these receptors have 

been implicated in liver fibrosis? 

2. Is there a possibility of PK or BK being used or targeted as a supposed therapeutic 

agent in liver injury or fibrosis? 

3. How does this system contribute to other disease-state like T1DM in the liver? 

To carry out these hypotheses, the following aims will be examined:  
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1. Determine the correlation of liver injury, inflammation and fibrotic factors to expressed 

genes of the plasma kallikrein-kinin system in 10-12 weeks old C57BL/6J mice using 

the carbon tetrachloride (CCl4) model of fibrosis 

2. Assess whether liver injury induced by carbon tetrachloride (CCl4) will modulate the 

expression of components of the kallikrein-kinin system in type 1 diabetic mice. 

3. Investigate the PK/BK-related mechanistic pathway in Human hepatocellular carcinoma 

HepG2.  
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CHAPTER III 

MATERIALS AND METHODS 

A. In Vivo Experiments: 

10-12 weeks old male C57BL/6J mice were used for the experiments. Mice were obtained 

from the Animal Facility of the American University of Beirut. Protocols were approved by 

the Institutional Animal care and Use Committee (IACUC)  

1. Acute liver injury in mice:  

Acute liver injury was induced by a single-intraperitoneal (i.p.) injection of diluted 

(1/10) 0.6 mL/kg carbon tetrachloride (CCl4) (Sigma, 270652) in mineral oil (MO) (Sigma, 

8042-47-5). The mice were sacrificed by cervical dislocation and liver tissues were 

harvested after one, two and three days (figure 8). 

 

2. Liver fibrosis:  

Different time-points (2.5 weeks, 4 weeks, 6 weeks and 7 weeks) of chronic liver 

injuries were induced by i.p. injection of diluted (1/10) of 0.6 mL/kg CCl4 in MO, twice a 

week. After the last injection of CCl4, mice were sacrificed after one and three days (figure 

9).  
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3. Type 1 diabetes mellitus:  

Type 1 Diabetes Mellitus (T1DM) was induced by i.p. injection of 0.05 mg/g of 

streptozotocin (STZ; Sigma, S0130-G) dissolved in freshly prepared cold 0.1 M sodium 

citrate (Na Citrate) buffer (pH 4.5), for three consecutive days. Diabetes was confirmed by 

fasting blood glucose level, through the tail vein using the Performa glucometer (ACCU-

CHECK Performa, 04680430003) and Performa test strips (ACCU-CHECK Performa, 

06454011). When necessary, a fourth or fifth day injection was given. All mice were 

allowed to rest for 10-14 days and hyperglycemia was monitored with blood glucose test, to 

ascertain the stability of high glucose level.  

 

4. Liver injury on mild hyperglycemic mice:  

After the establishment of mild hyperglycemia which was determined by statistical 

analysis, all mice, including the controls, were divided into four groups: vehicle, CCl4, 

Diabetes, Diabetes + CCl4. Each of the 4 groups was divided into two sub-groups. The first 

sub-group, vehicle or CCl4 injections were given once to induce acute liver injury (one-

time CCl4 injection). The chronic injury was established in the second sub-group by 2.5 

weeks of CCl4 injection. The acute CCl4-treated group was sacrificed at 48 hours while the 

chronic CCl4-treated group was sacrificed at 24 hours and 72 hours post last CCl4 injection.  
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Treatments Acute Injury on Diabetes 

(n=6 each) 

Chronic Injury on Diabetes 

Mineral Oil Vehicle Vehicle 

CCl4 CCl4 CCl4 

Mineral Oil Diabetes Diabetes 

CCl4 Diabetes + CCl4 Diabetes + CCl4 

 

5. Histological and immunohistochemical experiments: 

Upon sacrifice, mice were dissected and 4 parts were removed from four liver lobes and 

placed in 10% formaldehyde. Tissues were embedded in paraffin and cut at 4-µm thickness 

on microscopic slides at the Histology Laboratory, Department of Anatomy, Cell Biology 

and Physiological Science, American University of Beirut. 

a. Hematoxylin and Eosin (H&E) and Picro Sirius Red (PSR):  

The H&E staining was performed to detect liver injury.  The PSR staining was 

performed for the detection of collagen fibers. Both staining were conducted on 4-μm thick 

formalin-fixed paraffin-embedded tissue. Images were taken at 40x magnification. 

Morphometric pixel analysis was performed on 10 non-overlapping randomly chosen fields 

per mouse, using ImageJ software (NIH, USA).  
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b. Immunohistochemistry (IHC):  

IHC was carried out for PK on paraffin-embedded mouse liver tissue sections using 

a rabbit polyclonal antibody anti-PK (Invitrogen). Before this, blocking for endogenous 

hydrogen peroxidase was done using 3% hydrogen peroxide in tris buffered saline (TBS). 

Subsequent blocking was performed by utilizing goat serum. After the application of the 

primary antibody, Biotinylated goat anti-rabbit secondary antibodies were added for an 

hour while staining using DAB and counterstaining with hematoxylin (Leica Biosystem) 

were carried out as described previously (157). Images were taken at 40x magnification. 

PK positive area from all mice (ten fields per mouse) were quantified with ImageJ by 

utilizing the image, adjust and color threshold tabs. No staining was observed when 

omitting the primary antibody. 

 

6. Gene expression profiles: 

a. RNA extraction:  

For each mouse, 2 samples from the median and left lobes were snap frozen in 

liquid nitrogen and stored at -80°C until use. Total RNA was extracted using Qiazol Lysis 

reagent (Qiagen, Hilden, Germany, 79306) and homogenized using a Tissue Lyser 

(QIAGEN II) and transferred to RNAeasy mini columns. After extraction of total RNA, the 

pellet was re-suspended in 60 µL RNase/DNase free water. RNA quantification was 

measured using a Nanodrop Spectrophotometer (Thermo Fisher Scientific). 
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b. Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR):  

The High Capacity Reverse Transcriptase kit (Thermo Fisher Scientifics, 004007363) for 

RNA reverse transcription to cDNA was performed according to the manufacturer’s 

instruction. 2 µg of the total extracted RNA was reverse transcribed into cDNA in a final 

volume of 20 µL. The reaction mix done in a BioRad T100 Thermo Cycler machine (Bio-

Rad laboratories, California, USA), according to the manufacturer’s instructions. The 

conditions for the experiment was set at: 25°C for 10 minutes, 37°C for 2 hours, 85°C for 5 

minutes and finally at 4°C. 

Using the iTaq™ Universal SYBR Green Supermix (Bio-Rad Laboratories, 

1725121), polymerase chain reactions (PCR) were done on the obtained samples in a 

CFX384 system (Bio-Rad Laboratories, California, USA): 

The primers were previously described (157) and the oligonucleotide sequences 

were synthesized and purchased from Macrogen Inc. Before usage, they were centrifuged at 

1,000 rpm for 1 minute, reconstituted, and a working solution of 50 µM was prepared. 

For each reaction mix, 5 µL of SYBR Green Supermix, 2.3 µL of DNase/RNase 

free water and 0.1 µL each of forward/reverse primers were added into each tube of 2.5 µL 

cDNA sample. Results were calculated using the ΔΔCT method and normalized to the 

housekeeping gene 18S. 
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B. In Vitro Experiments: 

1. Hepatocellular Carcinoma cell line, culture, and treatment 

a. Cell culture:  

Hepatocellular carcinoma cell line, HepG2, was received from ATCC, Virginia, 

USA. All necessary procedures from storage to culturing were according to the guidelines 

of ATCC. The cells were cultured in low glucose Dulbecco’s media (DMEM, Sigma-

Aldrich) supplemented with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin 

(complete media), and incubated at 37C for two days. The media was changed at day 3 

while the cells were split into three flasks at day 5 after a confluence of about 90% was 

reached.  

b. Treatment: 

Cells were plated in either 96 well- or 12- well plates depending on the experiment 

to be performed. CCl4, Staurosporine (STS, Calbiochem), and PK were used as treatment 

conditions. When necessary, PAR-1, PAR-2, and B2R antagonists were used 30 minutes 

before treatment conditions were applied. The experiments were divided into the following 

parts: 

i. MTT assay: 

MTT assay was performed on HepG2 cells after treating cells with CCl4 or STS or 

PK. For these experimental studies, HepG2 cells were plated in 96-well plate to perform 

cytotoxicity test and proliferation rate for different concentrations of CCl4, and STS 

treatments. In a quintuplet for each concentration and conditions, 100,000 cells/ well were 
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plated for cytotoxicity assay using MTT as described previously while 10,000 cells/well 

were plated for the proliferation assay. Briefly, the cells were plated in low DMEM media 

supplemented with 10% FBS and 1% P/S and treated for 24 hours. Various treatment 

concentrations of CCl4 in 0.5% DMSO (1 mM, 2 mM, 4 mM and 8 mM) and STS (50 nM, 

100 nM and 1 μM were used. Media was aspirated and treated with 10 μL MTT solution 

and 90 μL low DMEM media, supplemented with 10% FBS and 1% P/S, and treated for 

120 minutes. The plate was kept under the dark in the cell culture incubator at 37 °C and 

5% CO2. 150 uL of stop solution (MTT assay) was added in each well. The absorbance was 

checked at 595 nm wavelength. The percentage cytotoxicity and proliferation rate were 

calculated. The 1 mM CCl4 in 0.5% DMSO, and 1 μM for STS, were used for the 

subsequent experiments.  

% Cytotoxicity = 100 – [(Sample- Background/ Control Sample) * 100] 

% Proliferation = (Sample- Background) * 100 

 

ii. Cell death and PK study: 

400,000 cells/well were plated in 12-wells plates for RNA extraction. After 24 

hours, the media was changed and replaced with low glucose complete DMEM media but 

with a 5% FBS. The conditions: vehicle (media only), 1 mM CCl4 in 0.5% DMSO, and 1 

μM STS were added in triplicates and the experiment was stopped after24 hours.  For the 

PK study, the cells were treated with 2.5 ng/mL PK. 
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Receptors inhibition: Receptor antagonists of PAR-1 (SCH530348), PAR-2 (GB83) and 

B2R (HOE-140) were purchased from Axon Medchem BV (Cedarlane, Canada), and where 

used at 0.5 μM, 2 μM and 1 μM, respectively. The inhibitors were diluted in low glucose 

complete DMEM media but with a 5% FBS from the initial stock of 2 μM and 1.82 μM 

respectively and added to the cells prior to 30 minutes stimulation with PK. The cells were 

harvested after 24 hours.  

 

c. Total RNA extraction and RT-qPCR:   

Treatments (Paragraph II) were stopped by washing the plates with Phosphate Buffer 

Saline (PBS; without Ca2+/Mg2+; Sigma-Aldrich) and aspirated after one minute. According 

to the manufacturer’s protocol, 500 μL of TRIzol™ Reagent (Ambion; Life Technologies) 

was added in each well for 30 minutes and scraped thoroughly. The cell lysates were 

transferred into Eppendorf tubes and were vortexed for about 30 seconds. 100 μl of 

chloroform were pipetted into each tube, and vortexed to ensure homogeneity. The tubes 

which were incubated for 5 minutes at room temperature, were centrifuged for 15 minutes 

at 12,000 × g at 4°C. The aqueous phases (RNA) were collected and transferred into new 

Eppendorf tubes. 200 μL of isopropanol was added for precipitation, vortexed again for 15 

seconds, and left at room temperature for 10 minutes. Samples were centrifuged for 15 

minutes at 12,000 × g at 4°C, and the appeared white gel-like pellets (RNA) were 

submersed in 400 μL of 75% ethanol while the supernatants were discarded. This was 

followed by centrifugation for 5 minutes at 7,500 × g at 4°C. The latter step was repeated 

with 75% ethanol and 7,500 × g at 4°C centrifugation after removing the supernatant. To 
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guarantee the elimination of the ethanol in the samples, the tubes were left to air-dry under 

the hood at room temperature for 15 minutes. Finally, 20 μL of DEPC- treated 

DNase/RNase-free water was added to the RNA samples, and were placed at 60°C for 5 

minutes. Furthermore, to evaluate the purity and concentration of the precipitated RNA, the 

samples were placed on ice and the absorbance of 1 μL of each sample and DNase/RNase-

free water (used as blank) were measured using the DeNovix DS-11FX Spectrophotometer. 

Lastly, the RNA samples were stored at -80°C. The protocol for real time quantitative 

polymerase has been described above (In vivo, 6b) likewise, the results were calculated 

using the ΔΔCT method but normalized to the housekeeping gene Gapdh. 

 

C. Statistical analysis: 

Statistical analysis was done using GraphPad Prism 8, (version 8.4.3 for windows, 

GraphPad software, La Jolla, CA 92037, USA). Multiple comparisons between groups 

were done using One-Way Analysis of Variances (ANOVA) or (Mann-Whitney U test), 

p<0.05 was considered statistically significant. Also, correlation analysis where carried out 

by Spearman correlation of non-parametric test. 
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CHAPTER IV 

RESULTS 

A. PK and PAR-1 plays a role in inflammation and activation of neutrophil in acute 

liver injury: 

 

1. Experimental design: 

We studied the role of the PKKS in acute liver injury by the treatment of C57BL/6J 

mice with one single injection of 0.6 mL/Kg of CCl4 or vehicle (MO). Mice were sacrificed 

after one, two or three days (figure 8).                    

 

 

 

 

Figure 8. Schematic representation of CCl4-induced acute liver injury. C57BL/6J male 

mice (10-12 weeks old) were treated with vehicle (mineral oil) or 0.6 mL/Kg CCl4 i.p. 

once. The mice were separated into groups to be sacrificed at three time-points, day 1, 2 

and 3 (n=7 for vehicle and n=7 for CCl4 per group). 

 

2. Acute liver injury assessment: 

Acute liver injury was assessed to determine the induction of hepatic injury by H&E 

staining of liver sections. The necrotic area is presented by the delineated area of liver 

section as shown in the images in figure 9a, while the quantified sections in figure 9b. 

Quantification was done using the ImageJ software. Briefly, Images opened on the ImageJ 

CCl4 (0.6 mL/Kg, i.p) or Vehicle

C57Bl6/J Mice
1                 2                 3

Tissue Harvest/ Day
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software were marked and drawn by freehand selection around the bothers of the necrotic 

areas (necrosis was determined by lighter color and hepatocyte absent areas). The selected 

parts were measured and the area fraction calculated to the total area of each image. There 

was a 45.1% increase in cell death by necrosis after one day CCl4 treatment compared to 

vehicle however, a gradual decrease in necrotic area of 39.3% and 22.9% was observed 

from day one to two, and two to three days respectively (figure 9b).  

A        B    

     

 

Figure 9. Carbon tetrachloride (CCl4)-induced acute liver injury in mice shows 

gradual decrease in injury from day 1 to 3. (A) Schematic representation of CCl4-

induced acute liver injury. C57BL/6J male mice (10-12 weeks old) were treated once with 

vehicle (MO) or 0.6 mL/Kg CCl4 i.p and sacrificed at day 1, 2, and 3. (B) Representative 

hematoxylin and eosin (H&E, original magnification x40) staining of liver sections. 

Necrotic areas are delineated by marked areas. (C) Quantification of necrotic areas using 

ImageJ software. Data are shown as mean ± SEM (n=7 per group); Statistical significance 

was determined by Mann-Whitney test with **p<0.005, ***p<0.0005, (CCl4 versus 

Vehicle).  

 

 

40x 
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3. Time-points assessment of the PKKS genes and thrombin: 

CCl4 treatment of mice resulted in the 42.5% decrease in mRNA expression of the 

Klkb1, gene at day 1 which later increased at day 2 and 3 of analysis (figure 10). A 

statistical increase was observed in gene expression at day 3 when compared to vehicle.  

Since PK activation have been shown to modulate the action of kininogen and PAR-1, we 

assessed the gene expression of their genes. Figure 10 shows similar pattern of expression 

as seen with the PK gene (Klkb1). As observed, there was a 51.92% and 16.67% decrease 

in day 1 mRNA levels of Kininogen and PAR-1 genes respectively. F2rl1, Bdkrb1 and 

Bdkrb2 genes were not induced. 

 Since PAR-1 has numerous ligands of which kallikrein is a part, we also carried out 

RT-qPCR experiment on the thrombin gene. We noticed a similar pattern of gene 

expression to PAR-1 however, mRNA levels at day 1 increased instead of a decrease, as 

observed with PAR-1 (figure 10).  

Figure 10: Pronounced modification of hepatic PKKS genes in acutely injured mice. 

RT-qPCR expression analysis showed a modification to the Klkb1, Kng1, F2r and F2 genes 

over the time-points assessed. Data are shown as minimum to maximum values of boxplots 

(n = 7); Statistical significance was determined by one way ANOVA * p<0.05; **p<0.005; 

***p <0.0005 (CCl4 versus Vehicle). 
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4. Klkb1 gene is translated to the pre-kallikrein protein and PK increases the 

proliferation of hepG2 cells: 

 We next assessed the translatory possibility of the prekallikrein gene to the protein. 

By immunohistochemical analysis, the pre-kallikrein protein was present in a similar 

pattern of expression to the Klkb1 gene in the time-points analyzed. It decreased at day 1 

(figure 11 A; black arrows, PPK is absent at necrotic areas) and was observed to 

increase at day 2 around the injured areas in clusters whereas a decrease in these clusters 

seems to occur at day 3 (figure 11A; black arrows, PPK is seen as dark brown clusters 

at day 2 and day 3). We proceeded to see the effect of inducing hepG2 cells with PK. 

First, we conducted in vitro cell effects of toxic compounds like CCl4 and STS, which have 

been studied to cause cell-death by necrosis and apoptosis, respectively. We pre-incubated 

hepG2 cells with 1 mM, 2 mM of CCl4 and 1 µM of STS for 24 hours and by the MTT 

assay, to conduct the cytotoxicity test. About 48.4% and 56.4% toxicity were observed with 

1 mM and 2 mM CCl4-treated cells respectively however, STS-treated cells showed no 

toxicity after MTT assay (figure 11B). Secondly, we corroborated the results of the acute 

liver injury finding on PK protein assembling at necrotic areas. In this regard, HepG2 cells 

were pre-incubated for 24 hours with CCl4 and STS. The media was changed and the cells 

were further treated with PK for 24 hours. MTT assay for proliferation was conducted 

afterwards. PK’s effects on HepG2 cells was elicited by a 23.9% increase in proliferation 

rate compared to the control of 13%. Although, PK increased the proliferation rate of 1 mM 

CCl4-treated cells to 16.8% compared to 6.9% for control, it had no effect on 2 mM CCl4-

treated and STS-treated HepG2 cells (figure 11C) in the experiment conducted.  
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Figure 11: PK is involved in hepatocyte regeneration? (A) Representative images of 

immunostaining of PPK (black arrows; dark brown clusters) at day 1, 2 and 3 of liver 

injury. (B) % of cytotoxicity level of pre-incubated HepG2 cells with 1 mM, 2 mM CCl4, 

and 1 µM STS, assessed by MTT assay. (C) % of proliferation of HepG2 cells as 

determined by MTT assay was performed by incubating 1 mM, 2 mM CCl4, and 1 µM STS 

treated cells with PK for 24 hours. 1C4 (1 mM CCl4), 2C4 (2 mM CCl4).  

 

5. mRNA expression of a cell-death marker in the liver:  

In tissue injury, some genes have been shown to propagate cell death by necrosis. An 

example is Hmgb1, a marker of cell-death.  Moreover, it has been shown to have pro- 

inflammatory effects in many studies (158-162). We assessed the mRNA level of the 

Hmgb1 gene and found a close pattern to the induced PKKS genes (figure 12a). Likewise, 

a Spearman correlation studies with the quantified necrotic area was performed however, a 

weak correlation of r = 0.15 and a p value of 0.45 (figure 12b, table 1) were obtained. This 

result indicates a probable or possible diverse role of what in acute liver injury rather than 

just necrotic functions. The Hmgb1 molecule has been showed to play inflammatory 

functions in different studies. Due to this previous studies, we will be considering it has 

both a DAMP capable of inducing inflammatory processes. 
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A       B 

 

 

 

 

 

 

       

 

 

Figure 12. Hmgb1 gene plays other role than necrosis. (A) Time-points mRNA 

expression of Hmgb1. (B) Absence of association between necrotic areas and Hmgb1 gene 

(r= 0.15, p = 0.45). Data are shown as minimum to maximum values of boxplots (n = 7); 

Statistical significance was determined by one way ANOVA where **p<0.005, ***p 

<0.0005 (CCl4 versus Vehicle); correlative plots by Spearman Correlation 

 

6. Correlation studies between necrotic area, Hmgb1, and PKKS and thrombin genes:  

We carried out Spearman correlation analysis to observe the association between 

the PKKS genes and necrotic areas. Based on the correlation coefficient and p values, there 

was no or weak negative associations between necrotic areas and the F2, Klkb1 and F2r 

genes however, a negative association (r = -0.51, p = 0.006) exists with the Kng1 gene 

(table 1). We next proceeded to conducting a correlation analysis with the cell-death ligand 

gene, Hmgb1 instead and observed or found a positive association between Klkb1, Kng1, 

and F2r genes (figure 13) 
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A      B 
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Figure 13. Association between necrotic areas and induced genes of the PKKS. 

Correlative studies by Spearman shows the negative associations between necrotic areas 

and (A) Klkb1 gene, r= 0.75, p < 0.0005 (B) F2r gene, r= 0.79, p < 0.0005. (C) Kng1, r = 

0.44, p < 0.0005. Correlative plots by Spearman Correlation.  

 

7. Modifications to hepatic gene expression levels of inflammatory markers could involve 

the PKKS genes: 

The effectors of the PKKS, plasma kallikrein and BK through their receptors have 

been implicated in vascular and tissue inflammation. We assessed the expression of some 
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pro-inflammatory genes like Tnfa, Il6, and Il1b. We noticed a modification to the mRNA 

levels of the inflammatory players assessed except Il6 at the observed time-points (figure 

14). Spearman correlation studies with the PKKS genes and thrombin gave a strong 

relationship with the Il1b gene (table 1). 
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Figure 14. Tnfa and Il1b genes induction implicates inflammatory response to liver 

injury with a probable involvement of the PKKS. (A) Tnfa and Il1b genes. Correlation 

studies between (B) the Klklb1 gene and Tnfa and Il1b genes (r= -0.25, p = 0.20; r= 0.77, p 

< 0.0001) (C) the F2r gene and Tnfa and Il1b genes (r= -0.19, p = 0.34; r= 0.87, p < 

0.0001) (D) the Kng1 gene and Tnfa and Il1b genes (r= -0.47, p = 0.012; r= 0.66, p = 

0.0001); Statistical significance was determined by one way ANOVA where *p<0.05, **p 

<0.005 (CCl4 versus Vehicle); correlative plots by Spearman Correlation.  

 

8. Chemotaxis response and the PKKS genes:  

Inflammatory response of tissues induces chemotaxis which aids immune cells 

infiltration. Some subsets of immune cells have been detected in acute injury site. We 

investigated two C-C motif chemotactic markers, CCL2 and CCL3, which aid in the 

recruitment of monocytes, neutrophils and resident macrophages (Kupffer cells). By RT-

qPCR, their gene expression were modified (figure 15) with only a strong positive 

coefficient correlation to the PKKS genes for Ccl3 gene gave; Klkb1, Kng1 and F2r have 

an r of 0.67, 0.57 and 0.77 (p < 0.005) respectively (table 1). It is not surprising as PK has 

been shown to activate neutrophil and also modulate the inflammatory properties of 
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BMDM as studied in our laboratory. This indicates the possible involvement of the latter in 

immune cells’ presence or functions during acute hepatic injury 
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Figure 15. Ccl3 gene showed strong association to PKKS genes. Data are shown as 

minimum to maximum values of boxplots (n = 7); Statistical significance was determined 

by one way ANOVA; **p<0.005, ***p <0.0005 (CCl4 versus Vehicle). 

 

9. Neutrophils are activated:  

We looked at the possibility of the PKKS genes playing a role in immune cells 

recruitment? Ccl3 gene has been investigated to be involved in the recruitment of 

macrophages and neutrophils. Adgre (gene of F4/80), Ly6c, and Ly6g genes, which are 

markers of immune cells filtration were assessed. Results of gene expression indicate the 

presence of monocytes/macrophages and neutrophils populations. It has been previously 

demonstrated in Dr. Jaffa’s laboratory a modulation of macrophage phenotype by PK; 

likewise, PK has been shown to activate neutrophil extracted from the bone marrow. So, 

the expression of myeloperoxidase gene, Mpo which is a marker of neutrophil activation, 

was observed with a gradual increase in expression of the mRNA level at the time-points 
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assessed (figure 16B). Correlation analysis with the PKKS genes shows a strong positive 

correlation especially, with the Klkb1 gene, r = 0.67, p = 0.000086 (figure 16C).  

A 

 

 

 

 

 

 

B        C 

 

 

 

 

 

 

 

Figure 16: PK might be involved in acute liver injury recruitment of neutrophil. 

mRNA expression levels of (A) Adgre, Ly6c, and Ly6g genes. (B) Mpo genes (C) 

correlation with Klkb1 gene (r = 0.61 p > 0.0005). Data are shown as minimum to 

maximum values of boxplots (n = 7); Statistical significance was determined by one way 

ANOVA; *p<0.05, **p<0.005, ***p <0.0005 (CCl4 versus Vehicle); correlative plots by 

Spearman Correlation 

 

10. Pro-fibrotic factors induction: 

Gene expression analysis on pro-fibrotic factors, galectin-3 and Ctgf (Lgal3 and 

Ccn2) and their correlation analysis indicate their stimulation with no correlation to the 
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PKKS genes (figure 17A & table 1). However, these genes share a strong positive 

correlation with the necrotic area of liver injury, p< 0.0005 (table 1 & figure 17B) 
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Figure 17: Early induction of pro-fibrotic factors in acute liver injury. (A) mRNA 

expression of pro-fibrotic factors Lgal3 and Ccn2. (B) Spearman correlation plot between 

pro-fibrotic factors Lgal3 and Ccn2 and necrotic area (r = 0.8 and 0.77 respectively, p < 

0.0005). Data are shown as Minimum to Maximum values of boxplots (n = 7); Statistical 

significance was determined by one way ANOVA; * p<0.05; **p<0.005; ***p <0.0005 

(CCl4 versus Vehicle); correlative plots by Spearman Correlation 

 

 



 

67 
 

Table 1: Correlation matrix of analyzed genes and necrotic area in acute liver injury 

 

11. Induction of PK in HepG2 cells: 

In the mice model, we observed the upregulation of the kallikrein gene, and by 

correlation analysis, an association exists with F2r and Il1b genes, we preincubated HepG2 

cells with 2.5 ng/mL of PK. After 24 hours, we observed an increase in mRNA levels of 

F2R, F2RL1, and IL1B (figure 18). In similar manner, we assessed the pro-fibrotic factors 

genes, LGAL3 and CCN2; the induction of PK in hepG2 cells significantly upregulated the 

mRNA level of LGAL3 gene however, the CCN2 gene decreased (figure 18). 
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Figure 18: Plasma kallikrein increased the mRNA levels of F2R, F2RL1, IL1B and 

LGAL3 genes while the CCN2 gene decreased in expression. Data are shown as mean± 

SEM (n= 4 separate experiments); (PK versus control corresponding to untreated cells).* 

p<0.05 

 

 

B. Fibrogenesis as a way of initiating processes of resolution in chronic liver injury 

1. Experimental Design: 

  We investigated the effect of early liver fibrogenesis on the PKSS in order to 

understand the role of PK in chronic liver injury. C57BL/6J mice were subjected to 

0.6mL/Kg of vehicle (MO) or CCl4 for 2.5 weeks. These mice were treated with same 

volume of vehicle or CCl4 twice per week and sacrificed after the last injection on day 1 

and 3. Liver tissues were extracted and processed for histological examination and mRNA 

extraction. 
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Figure 19: Schematic representation of CCl4-induced chronic liver injury. C57BL/6J 

male mice (10-12 weeks) were treated with MO or 0.6 mL/Kg CCl4 i.p. for three weeks. 

The mice were separated into groups to be sacrificed at the time-points, day 1 (n = 5 for 

vehicle and n = 6 for CCl4) and day 3 (n = 5 for CCl4) after the last injection of CCl4. 

 

2. Chronic liver injury assessment: 

  Chronic liver injury was assessed at day 1 to determine the induction of hepatic 

injury by H&E staining. The necrotic area is shown by the delineated area (.figure 20) 

Quantification was done using ImageJ software and shows a 28.2% increase in cell death 

by necrosis when compared to vehicle after one day CCl4 treatment.  

Figure 20: CCl4-induced chronic liver injury in mice at day 1. Left, representative 

section of liver tissue stained by hematoxylin and eosin (H&E, original magnification x40) 

after i.p. injection of CCl4 or vehicle (MO). Necrotic areas are delineated by marked areas. 

Right, quantification of necrotic areas using ImageJ by morphometric analysis. Data are 

shown as mean± SEM (n=5-6 mice per group); ***P<0.0005, (CCl4 versus Vehicle). 
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3. Gene expression of cell-death, inflammatory, chemoattractant and neutrophil 

activation markers: 

Since injury by necrotic cell death was observed by H&E staining, we carried out 

RT-qPCR on the Hmgb1 gene to observe its expression at day 1. Figure 21A shows the 

unchanged expression of the Hmgb1 gene in this timepoint of liver fibrosis model 

exploited. We assessed the mRNA levels of Tnfa and Il1b genes and we noticed the 

increase in Tnfa expression levels however, Il1b gene remained unchanged. Likewise, by 

gene expression analysis, we assessed the possible changes in Ccl2 and Ccl3 genes as seen 

earlier in the inflammatory genes of the acute injury time-points observed. There were 

statistically significant increase of Ccl3 gene expression.. While Ccl2 has been studied to 

be involved in monocyte recruitment, the Ccl3 gene is involved in both resident 

macrophage and neutrophil recruitments. Likewise, since we noticed the upregulation of 

the Mpo gene (marker of neutrophil activation) in acute liver injury, we also assessed the 

gene in this time-point. Figure 21B showed an unchanged mRNA levels in the Mpo gene 

after CCl4 treatment compared to vehicle. 
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Figure 21. Day 1 hepatic mRNA expression of (A) cell-death marker, Hmgb1 gene, 

inflammatory markers, Tnfa and Il1b genes. (B) Chemokines Ccl2 and Ccl3 genes and 

neutrophil activation marker Mpo gene. Data are shown as minimum to maximum values of 

boxplots (n = 5-6 mice per group);*p<0.05, **p<0.005, ***p <0.0005 (CCl4 versus 

Vehicle). 

 

4.  Gene expression analysis of the PKSS and thrombin genes: 

As observed in the chronic injury time point, there was a shift from the gene 

expression of both Hmgb1 gene and other inflammatory markers in acute liver injury. This 

could probably be a short-time adaptation of the liver to subsequent insults or injury  Based 

on the role of the PKKS genes in inflammatory processes, we revealed a decrease in gene 

expression of the PKKS and F2 genes except the F2rl1 and Bdkrb1 genes (figure 22B). 

Most notable are the decrease in F2r gene, and its ligands Klkb1 and F2 (figure 22). 
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Figure 22. Inducers of inflammation regulated. Hepatic mRNA expression of the PKKS 

members, changes in gene expression among PKKS members showed a downregulated 

change in hepatic PAR-1 gene expression and its ligands (a) Klkb1, Kng1, F2 genes. (b) 

F2r, F2rl1, Bdkrb1, Bdkrb2 genes Data are shown as minimum to maximum values of 

boxplots (n=5-6 mice per group); * p<0.05; **p<0.005 (CCl4 versus Vehicle). 

 

5. Assessment of liver fibrosis: 

Our study has revealed some findings on the PKKS genes and inflammation, and 

since fibrosis has been shown to occur in this timepoint of chronic liver injury, we assessed 

fibrosis by looking at the deposition of collagen (an ECM component) through PSR 

staining. Images of stained sections are shown in (figure 23, left) while quantified parts 
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done by area fraction analysis using ImageJ software is shown in figure 23, right. There 

was a significant increase in collagen deposition in the CCl4 group over vehicle as shown 

by the PSR staining.  

 

Figure 23. Fibrogenesis is induced as collagen deposition is observed in the liver. Left, 

Representative images of collagen fibers stained with Picro Sirius Red for control as 

vehicle, and treated mice after the last injection of CCl4 (stained red). Right, quantification 

of histological staining of SR. Mice were treated as described in the legend for figure 8. 

Data are expressed as mean ± SEM, (n=5 mice per group); **p < 0.005 (Mann-Whitney 

test).   

 

6.  Gene expression analysis of pro-fibrotic and fibrotic factors:   

By gene expression, we noticed the increase in mRNA expression of pro-fibrotic 

factors and fibrotic players in liver fibrosis. Figure 24 indicates higher expressions for the 

Ccn2, Lgal3, Mmp2, Mmp9 and Timp1 genes after chronic administration of CCl4 

compared to the vehicle. In all, Lgal3, Mmp2 and Timp1 genes were statistically 

upregulated compared to other genes. 



 

74 
 

 

Figure 24: Hepatic fibrogenesis activities regulate inflammatory processes by 

increased gene expression of fibrotic markers. Upregulation of hepatic mRNA 

expression of pro-fibrotic markers Lgal3, Ccn2, matrix metalloproteases Mmp2 and Mmp9 

and the regulator Timp1. Data are shown as minimum to maximum values of boxplots (n = 

5-6 mice per group); * p<0.05; (CCl4 versus Vehicle).  

 

 

C. Varying gene expressions of PKKS members in different timepoints of liver 

fibrosis model suggest rhythmic mode of gene regulation: 

1. Experimental Design: 

To corroborate the obtained results on the effect of liver fibrogenesis on the PKKS 

in chronic liver injury, we studied different timepoints of CCl4-induced liver fibrosis (four, 

six and seven week). This relates to early, progressive, and late liver fibrosis respectively. 

The C57BL/6J mice were subjected to 0.6mL/Kg of vehicle (MO) or CCl4 for 4, 6 or 7 

weeks. These mice were treated with same volume of vehicle or CCl4 twice per week and 

sacrificed after the last injection on day 1 and 3. Lastly, the liver tissues were extracted and 

processed for histological examination and mRNA extraction. Fibrosis was established in 

all time-points however, there was a gradual increase in fibrosis from approximately 3 folds 
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in the 4 weeks’ time-point to 3.4 and 4.2 folds in the 6 and 7 weeks’ time-points, 

respectively. 
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Figure 25: Increase in fibrosis across the time-points of liver fibrosis induction by 

CCl4. (A) Schematic representation of CCl4-induced liver fibrosis, C57BL/6J male mice 

(10-12 weeks) were treated with MO or 0.6 mL/Kg CCl4 i.p. for four, six and seven weeks. 

(B) Varying Representative images of collagen fibers stained with Picro Sirius Red for 4, 6, 

and 7 weeks after the last injection of CCl4 (stained red). (C) Quantification of histological 

staining of SR by Image J software. The quantified areas in each sample were normalized 

to their average time-points controls before statistical analysis plotted. Data are expressed 

as mean ± SEM, (n=7-10 mice per group); **p < 0.0005 (one-way ANOVA).   

 

2. Gene expression analysis of the PKKS:  

As assessed by RT-qPCR, there was a decrease in the mRNA expression of the 

Klkb1 genes (figure 26A) across all time-points except the 4-week timepoint. Gene 

expression analysis in other members of the PKKS and F2 gene indicates a differing mode 

of regulation across all time-points (figure 26). The Kng1 gene (figure 26B) of the CCl4 

groups displayed a significant upregulation of its mRNA across all timepoints except in the 

6-week timepoints where it was decreased. Similarly, the F2 mRNA expression (figure 

26C) increased across all timepoints except in the 7-weeks. The F2r gene (figure 26D) also 

increased significantly at the early and late stages of liver fibrosis. Whereas, the F2rl1 gene 
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(figure 26E) that was unstimulated and unchanged in acute and 3-week liver injury, 

increased across all time-points and showed a more pronounced role in the progressive and 

late liver fibrosis. Likewise, both the bradykinin receptors (figure 26 F&G) displayed an 

increase over all time-points while the Bdkrb2 gene (figure 26G) increased tremendously. 

A       B 

 

 

 

C       D 
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Figure 26: Differential gene expression of members of the PKKS genes indicate 

distinct players at different time-points of chronic injury model. Hepatic mRNA 

expression of (A) Klkb1 gene. (B) F2 gene (C) Kng1 gene. (D) F2r gene, in a 4-week CCl4 

exposure. (E) The F2rl1 gene, (F) Bdkrb1 gene. (G) Bdkrb2 gene, Data are shown as 

minimum to maximum values of boxplots (n = 3-10 mice per group); Statistical 

significance was determined by Mann-Whitney test where *p<0.05; **p<0.005; 

***p<0.0005 ****p<0.0005 (CCl4 versus Vehicle). 

 

3. Correlation analysis by Spearman of fibrotic area and markers, Lgal3 and Ccn2 genes 

to PKSS genes: 

Spearman correlation was used to analyze the association between the PKKS genes 

and pro-fibrotic factors, and fibrotic areas. Due to the enormous charts produced, we 

generated a heat map for each time-points of fibrosis and PKKS genes. In addition, a plot to 

assess the varying changes of each correlative data to a fibrotic parameter over time was 
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produced. Varying expression of gene was observed across fibrotic time-points of 2.5 

(figure 27A), 4 (figure 27B), 6 (figure 27C) and 7 weeks (figure 27D). When Klkb1 

(figure 27E) gene was correlated to fibrotic area and pro-fibrotic genes of galectin 3 and 

CTGF (Lgal3 and Ccn2 ) across all time-points, an insignificant weak negative relationship 

was observed except for the fibrotic area at 6 weeks (r = 0.71, p = 0.05; figure 27 E). Yet, 

the receptors of the kallikrein gene, F2r and F2rl1 genes were associated to some extent to 

the pro-fibrotic factors and fibrotic areas. Distinguishingly, the F2r (figure 27F) gene was 

more correlated at 4 weeks and 7 weeks’ time-points while the F2rl1 (figure 27G) genes 

increased in correlation from the 4th week till the 7th week time-points of liver fibrosis. 

Furthermore, the Kng1 (figure 27H) gene showed an oscillating significant correlative 

structure early in liver fibrosis (2.5 weeks’ time-point) and was impacted by the strong 

association of its receptors, Bdkrb1 (figure 27I) and Bdkrb2 (figure 27J), to the pro-

fibrotic factors and fibrotic area in the progressive and late liver fibrosis time-points (figure 

27 F-H). 
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Figure 27: Spearman Correlation analysis showed association between receptors’ 

genes of PKSS and pro-fibrotic factors, and fibrotic areas. (A-D) Heatmap showing 

correlation coefficients of the PKSS, Lgal3, Ctgf genes and fibrotic areas. Plot analysis of 

the association between (E) Klkb1 and fibrotic area (F) F2r gene, Lgal3, Ctgf genes and 

fibrotic areas (G) F2rl1 gene, Lgal3, Ctgf genes and fibrotic areas (H) Kng1 gene, Lgal3, 

Ctgf genes and fibrotic areas (I) Bdkrb1 gene, Lgal3, Ctgf genes and fibrotic areas (J) 

Bdkrb2 gene, Lgal3, Ctgf genes and fibrotic areas. 2.5, 4, 6 and 7 corresponds to 2.5 weeks, 

4 weeks, 6 weeks and 7 weeks respectively. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p 

< 0.00005. 
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D. Liver Injury and Hyperglycemia induction by streptozotocin (STZ) injection 

1. Model for Hyperglycemia 

One of the risks of cardiovascular disease is diabetes. A previous study done by 

Jaffa et al., 2015 showed an increase in plasma kallikrein activity among cohorts of T1DM 

patients (163). As said earlier, diabetic liver disease in form of hepatosclerosis and NAFLD 

has been defined in some diabetic patients. In order to examine the involvement of the KSS 

system, we induced liver injury in diabetic mice. Analyses were performed by histological 

examination and RT-qPCR technique on the modifications to the mRNA expressions of the 

PKKS genes as a result of injury on hyperglycemia.  

 

2. Experimental Design:    

We employed a model of type 1 diabetes by inducing mild hyperglycemia through 

STZ injection in C57BL6/J mice. 10 weeks old C57BL6/J mice were injected i.p. with 

0.05mg/g of STZ in 0.1M sodium citrate or vehicle on a daily basis for three to five days, 

until hyperglycemia was established in the STZ-treated mice. By ACCU-CHECK Performa 

glucometer and strip, we measured the glucose levels and statistical differences between the 

two groups were determined by Matt-Whitney U test. Figure 28 shows the glucose level 

between the two groups. 
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Figure 28: STZ-Injection induces hyperglycemia in C57BL6/J Mice. STZ-induced 

diabetes mellitus in 10 weeks old C57BL/6J male mice. Mice were treated with vehicle or 

STZ, i.p., for three to five days were necessary. The graph shows measured glucose level. 

Data are shown as mean ± SEM values of boxplots (n = 11 for vehicle, and n = 39 for 

Diabetes group); Statistical significance was determined by Mann-Whitney test where 

***p<0.0005 (CCl4 versus Vehicle); Vehicle (Na Citrate buffer), D (Diabetes). 

 

3. Liver Injury Induction in Diabetic Mice: 

a. Experimental Design: 

After hyperglycemia was induced, the mice were allowed to rest for fourteen days 

while glucose level was measured to ascertain hyperglycemia stability. Mice were 

distributed into acute injury and chronic injury groups.  

 

b. Acute Liver Injury in Diabetic Mice: 

  The diabetic C57BL/6J male mice were treated with either MO as vehicle or 0.6 

mL/Kg CCl4 i.p once and were sacrificed after forty-eight hours. We assessed acute liver 

injury using H&E staining. The area of necrosis is outlined by the delineated area. Images 
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of and quantification of liver sections are shown in figure 29. Quantification was done 

using ImageJ software. H&E staining a 30% increase necrosis in the CCl4 group compared 

to vehicle.  In the diabetic group, no significant necrosis was detected yet, diabetes seems 

to aggravate injury as portrayed in the diabetic + CCl4 group which is impacted by a 36% 

increase in necrosis compared to the vehicle and diabetic group, and a 16% necrotic 

increase compared to the CCl4 group (figure 29, right).  

A       B 

 

 

Figure 29. Representative images of necrotic areas of acute injury on diabetic mice. 

CCl4-induced acute liver injury in diabetic mice after 2 weeks of hyperglycemia stability. 

Diabetic C57BL/6J male mice were treated with MO or 0.6 mL/Kg CCl4 i.p. once. Left, 

Representative staining of liver tissue sections stained with H & E (original magnification 

x40) in Vehicle (MO), CCl4-treated (once), diabetic or diabetic+CCl4-treated mice. 

Necrotic areas are marked. Right, Quantification of necrosis area by Image J software. Data 

are shown as mean ± SEM and minimum to maximum values by boxplots (n = 6 per 

group); Statistical significance was determined by Mann-Whitney and one-way ANOVA 

test with multiple comparisons where *p<0.05 (CCl4 versus vehicle; D versus vehicle); 

***p<0.0005 (CCl4 versus vehicle); &&&p <0.0005 (D+ CCl4 versus CCl4 );  
###p<0.05 

40x 
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(D+CCl4 versus Vehicle or D); Vehicle (Na Citrate/Mineral Oil), D (Diabetes), D+CCl4 

(Diabetes + CCl4) 

 

c. Expression of the PKKS and thrombin genes:  

We noticed the increased necrosis by single injection of CCl4 as observed by H&E 

staining. Studies on murine models of diabetes and the complications have witnessed the 

modification to plasma kallikrein (156, 164-166) as well as inflammatory processes (166-

168). We proceeded to observe the change in gene expression of the PKSS in both diabetic 

and injured diabetic mice. Our analyzed results showed no significant alteration across the 

diabetic and the injury-induced diabetic mice (figure 30). Although F2 mRNA level 

increased by 100% in the diabetic group, the induction of injury by CCl4 had no effect 

(figure 30A). Similarly, the mRNA level of Bdkrb1 genes decreased after CCl4 injection on 

normal mice however no effect was obtained on diabetic mice (figure 30B). 
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Figure 30: The PKKS is not modulated by hyperglycemia. (A) Hepatic mRNA 

expression of the Klkb1, Kng1 and F2 genes. (B) Hepatic mRNA expression of the F2r, 

F2rl1, Bdkrb1 and Bdkrb2 genes. Data are shown as mean ± SEM and minimum to 

maximum values by boxplots (n = 6 per group); Statistical significance was determined by 

Mann-Whitney and one-way ANOVA test with multiple comparisons where *p<0.05 (CCl4 

versus vehicle; D versus vehicle); Vehicle (Mineral Oil), D (Diabetes), D+CCl4 (Diabetes 

+ CCl4). 

 

4. Chronic Liver Injury in diabetic mice 

a. Fibrosis is induced in chronic injured diabetic mice 

  We proceeded to observe the modification to the PKSS in diabetic mice by the 

administration of vehicle or CCl4 for 2.5 weeks. By this, we hope to observe the effect of a 

chronic liver injury in diabetic mice. After the last injection, the mice were sacrificed 

twenty four hours (day 1; n = 5 for vehicle and n = 6 for CCl4) and seventy-two hours (day 

3; n = 5 for CCl4) after the last injection of CCl4. Liver fibrosis was assessed by similar 

method described above; fibrosis was induced by collagen deposition across the group 

except control. Collagen deposition had a 32.35 % increment in the diabetic-chronic injury 

group compared to the CCl4 group and a corresponding 153.56% and 196.67% increase 
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compared to the diabetic and vehicle group (figure 31). The effect of hyperglycemia 

increased collagen deposition compared to vehicle in this experimental model. Likewise, 

injury on diabetes potentiated the deposition of collagen and is statistically significant 

compared to the diabetes and CCl4 groups (figure 31, right).  

                

 

       

 

Figure 31. Fibrogenesis is induced as collagen deposition is observed in the liver. Left, 

CCl4-induced chronic liver injury in diabetic mice after 14 days hyperglycemia stability. 

Diabetic C57BL/6J male mice (10-12 weeks) were treated with MO or 0.6 mL/Kg CCl4 i.p. 

for 2.5 weeks. Left, representative staining of liver tissue sections stained with Picrosirius 

red (original magnification x80) in Vehicle, CCl4-treated, diabetic or diabetic+CCl4-treated 

mice. Diabetes was induced by a 3-day STZ injection and where necessary for 5 days, CCl4 

was injected in normal and diabetic mice after 14 days hyperglycemia stability for 2.5 

weeks. Right, quantification of necrosis area. Data are expressed as mean ± SEM, (n=5 

mice per group) by Mann-Whitney U test; *P < 0.05; (CCl4 versus vehicle; D versus 

vehicle); &p<0.05, &&p<0.005, (D versus CCl4; D+ CCl4 versus CCl4 ); 
###p<0.0005 

(D+CCl4 versus D); Vehicle (Mineral Oil), D (Diabetes), D+CCl4 (Diabetes + CCl4). 

 

 

 

40x 
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b. Gene expression analysis on the PKKS genes and thrombin: 

By qPCR, the increase in gene expression was observed in the Klkb1, F2r and F2rl1 

genes of diabetic- chronic injury group compared to the diabetic group. In all the treatment 

groups, hyperglycemia tends to cause a reduction in gene expression of the PKKS and F2 

genes except the Bdkrb1 gene which had a slight increase in mRNA level compared to 

vehicle (figure 32).  

A 

 

 

 

 

 

 

B 

 

Figure 32. Effect of chronic injury and hyperglycemia on the genes of the PKKS. 

Chronic injury on hyperglycemia increases the mRNA expression of the F2r, F2rl1 and 

Bdkrb1 which are possible influencers of inflammatory and fibrotic responses. However, 

the effectors are not changed in this study. Hepatic mRNA expression of (A) Klkb1, Kng1 

and F2. (B) F2r, F2rl1, Bdkrb1, and Bdkrb2 Data are shown as mean ± SEM and minimum 

to maximum values by boxplots (n = 5-7 per group); Statistical significance was 

determined by Mann-Whitney and one-way ANOVA test with multiple comparisons where 
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*p<0.05, **p<0.005, ***p<0.0005 (CCl4 versus vehicle; D versus vehicle); &p<0.05, 
&&p<0.005, &&&p <0.0005 (D versus CCl4; D+ CCl4 versus CCl4); 

#p<0.05, ##p<0.005, 
###p<0.0005 (D+ CCl4 versus D) 

 

c. Inflammatory and fibrotic genes induction: 

After observing a modifications to some PKKS genes in hyperglycemic and injured-

diabetic mice groups, we conducted gene expression analysis to see if inflammatory or 

fibrotic markers are induced; as both hyperglycemia and chronic liver injury have been 

shown to modulate the effect of inflammatory players, fibrotic and ECM remodeling 

factors. Moreover, in our study of 2.5 weeks fibrogenesis induction, Tnfa, Mpo, Ccl3, 

Lgal3, Ccn2, Mmp2, Mmp9, and Timp1 genes were affected as assessed by mRNA gene 

expression levels. In this study, mRNA levels of inflammatory markers Tnfa, Il1b and 

Hmgb1 were not different across all groups (figure 33A). Diabetes does not potentiate an 

additional increased inflammatory response across all markers when compared to the 

control group. However, chemokines Ccl2 and Ccl3 genes had an increase in mRNA 

expression in all groups compared to control although, statistical significance was not 

reached (figure 33B). In addition, the mRNA levels of Mpo were decreased across all 

groups compared to the control (figure 33B). Pro-fibrotic factors, Lgal3 and Ccn2 had 

increased mRNA levels in all groups compared to the vehicle (figure 33C). ECM 

remodeling factor Mmp2 had increased gene expression in the injured-diabetic groups 

compared to diabetic or CCl4 groups. Injury on diabetes did not increase the mRNA levels 

of Mmp9 although CCl4 and hyperglycemia individually had an effect on the gene injury. 

TIMP1 gene expression was not modulated by hyperglycemia alone but there was an 
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increase in mRNA levels in the CCl4 and diabetes+CCl4 group though statistical 

significance was not reached (figure 33D). 
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Figure 33: Effect of hyperglycemia on the genes of inflammation, chemoattractant, 

neutrophil activation, fibrosis. (A, B) Hepatic mRNA expression of inflammation Tnfa 

and Il1b, cell-death Hmgb1, chemokines Ccl2 and Ccl3, and neutrophil activation Mpo, 

markers. (C, D) Stimulation of fibrotic markers Ccn2 and Lgal3, and matrix 

metalloproteases and inhibitor Mmp2, Mmp9 and Timp1. Data are shown as mean ± SEM 

and minimum to maximum values by boxplots (n = 5-7 per group); Statistical significance 

was determined by Mann-Whitney and one-way ANOVA test with multiple comparisons 

where *p<0.05, **p<0.005, ***p<0.0005 (CCl4 versus vehicle; D versus vehicle); 
&p<0.05, &&p<0.005, &&&p <0.0005 (D versus CCl4; D+ CCl4 versus CCl4); 

#p<0.05, 
##p<0.005, ###p<0.0005 (D+ CCl4 versus D) 
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CHAPTER V 

DISCUSSION AND PERSPECTIVES 

Many studies have investigated hepatic injury and fibrosis in the context of 

mechanisms driving the injury, extracellular matrix remodeling and regeneration pattern. 

Different players have been implicated of which the receptors of the PKKS are part of the 

main casts. Likewise, past and on-going researches have established paths and outlined the 

possible roles of sub-populations of cells, resident and recruited, driving the genesis, 

progression, and resolution of liver injury and fibrosis. Furthermore, among many, these 

researches implicated coagulation factors’ players like PAR-1, PAR-2, BDKRB2, factor Xa 

and XII, thrombin; cell-death propagators (38), caspases, Bax, Bak, TNFR, TRAIL, 

HMGB1, FasL, JNK;  inflammatory markers, NFk-β, IL6, TNF-α, IL1, IL10;  and fibrotic 

factors-  PDGF, VEGF, CTGF, TGF-β, GALECTIN-3, MMPs, ASMA. Yet, the connection 

among these players is incomplete as more players are being involved to play a role in the 

diseases. For example, whilst PAR-1 and PAR-2 have been established as a drivers of liver 

fibrosis, the ligands, thrombin and factor Xa contributes to the production of proliferative 

fibroblasts of HSCs and the progression of liver fibrosis (122). Moreover, these receptors 

seem to be targeted by many proteins including plasma kallikrein. 

In this study, we investigated the involvement of the PKKS genes in liver injury and 

fibrosis by correlative analysis to cell-death, inflammatory and fibrotic makers. 

Specifically, we looked at the possibility of PK as a player in liver injury, and progression 

to fibrosis. Earlier studies by Borges et al., showed the increased clearance rate of PK in 
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murine models of acute phase inflammation (169) while it decreased in chronic liver injury 

(170). The investigation supposedly implicated galectin-3 as the receptor involved in 

endocytic mediation of this clearance. Using time-point liver injury induction, our study 

shows the increased expression of the Klkb1, Kng1, F2r and F2 genes over time. By 

Spearman correlation, these genes showed a strong positive association with cell-death 

marker, Hmgb1 gene; inflammatory marker, Il1b gene, Ccl3; immune cell recruitment 

markers, Adgre, Ly6g genes; and neutrophil activation marker, Mpo gene.  The positive 

association between the Hmgb1 gene and the induced PKKS genes could be influenced by 

the inflammatory roles of the former (159). When we looked at the role of PK in HepG2 

cells, considering its cluster formation around injured areas as seen by IHC, the protein 

increased the proliferation of CCl4-intoxicated cells. Although, doubling the concentration 

of CCl4 seems to abrogate the effect of PK on cells’ proliferation. However, it did decrease 

the expression of the Ccn2 gene in HepG2 cells. Thus, PK showed a huge potential in 

increasing the proliferation of HepG2 cells and in decreasing the Ccn2 gene. Though more 

investigation is needed in ascertaining PK’s regeneration and anti-fibrotic tendencies, our 

correlative analysis to the Ccn2 and Lgal3 gene yielded a weak negative relationship status. 

Nevertheless, the induction of PK in HepG2 cells led to an increase in F2r and Il1b mRNA 

levels probably, signifying the action through PAR-1 and Il1b. However, we should 

consider that thrombin induces an increase in CTGF synthesis in fibroblast cells (76) 

thereby not ruling out the possible induction of CTGF by PK in fibroblast cells. Yet, more 

studies are needed to guide through these findings. Likewise, the regulation of these genes, 

Klkb1, F2r, Kng1, could be involved in the recruitment of the immune cells’ macrophages 

and monocytes, and the activation of neutrophil, as they yielded positive association with 
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their markers. One should not also rule out the involvement of the LSEC in resolving or 

propagating liver injury or fibrosis based on the PKKS contribution on endothelial surfaces 

(171, 172). 

In chronic liver injury time-point, which mimics liver fibrosis time-points of 

fibrogenesis, early, progressive and late settings, we correlated gene expression of PKKS 

genes to these time-points. We saw a change in the expression of the assessed genes 

compared to the acute liver injury scenario. Yet, as fibrotic area increased, profibrotic 

factors and MMPs increased in expression. The regulation of these molecules at the gene 

level could be a feedback mechanism owing to their subsequent roles in acute liver injury 

and injury progression. Likewise, the PKKS genes known to contribute to inflammatory 

processes decreased in mRNA level over this time-point, the regulation of the inflammatory 

markers assessed has been expected. Furthermore, PK continued to show a decreased 

expression over all time-points except 4 weeks, and had a no correlation with the 

profibrotic factors and area assessed. However, investigations surrounding PK in liver 

inflammation and fibrosis suggest the involvement in cleaving Tgfb (58, 173, 174). This 

observation and our study suggest a regulation over the Klkb1 gene’s expression. 

Nevertheless, the receptors of PK’s action, F2r and F2rl1 genes, were increased in all time-

points except at 2.5 weeks. This was expected as they are upregulated along with possible 

ligands ,thrombin, factor Xa, and mast tryptase (83-85, 122, 123). Besides, the F2r gene is 

supposedly an inducer of the Ccn2 gene which was increased in this time-point (84). 

However, the regulation of the F2r gene could have affected in part the Ccn2 gene. Also, 

the F2r gene showed strong positive association at 4 and 7 weeks of fibrosis establishment 
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and the F2rl1 gene was more associated to fibrosis at 4 weeks through 7 weeks. Since both 

genes are significantly associated to profibrotic factors Ccn2 gene at 4 and 7 weeks, this 

supports previous experiments showing the PAR-1 as an inducer of CTGF. However, the 

total knockout of the F2r gene did not abrogate the expression of the Ccn2 gene (84). 

Which suggests another player like the F2rl1 gene or others, F2rl2 and F2rl3, could be 

involved. Also, it is established that a cross-talk exists between PAR-1 and PAR-2 

especially with the TGF-β system (175). The F2rl1 gene showed more association to the 

fibrotic area especially at 6 and 7 weeks’ time-point. This is also prominent with the Lgal3 

gene at 4, 6 and 7 weeks. Our study reveals an association between F2rl1 and profibrotic 

factors, Lgal3 and Ccn2 genes, and fibrotic areas in early, progressive and late fibrosis. 

However, more investigation is needed to ascertain it as a possible indicator of fibrosis by 

correlating it with the well-studied fibrotic gene procollagen 1. 

Furthermore, Kng1 gene showed a strong negative association to Lgal3 and Ccn2 

and fibrotic area corresponding to the relationship witnessed in acute liver injury. This 

observation was found opposite in other time-points of liver fibrosis except 6 weeks’ time-

point which showed no association. Kng1 gene could be a supposed player in liver fibrosis 

as studies showed the inhibition of thrombin-induced platelet aggregation by bradykinin in 

humans (105). Likewise, the infusion of bradykinin corrected hepatocellular damage in a 

chronic liver injury in rats via hepatocytes (81). Although in an another experimental model 

of trichloroethylene induction of liver injury, bradykinin through the B2R activated the 

Kupffer cells and contributed to liver injury (89). This shows the varying interactions of 

implicated players of the PKSS with cell types within the liver architecture. We also saw 
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the association of the bradykinin receptors with liver fibrosis. Especially, the Bdkrb2 gene 

showed strong positive associations through all time-points except in 2.5 weeks. Whether 

bradykinin through the B1R and B2R receptors contributes or plays a major role in liver 

injury required further investigation. Below is a scheme showing the PKKS in liver fibrosis 

production and possible reduction (figure 34). 

 

 

 

Figure 34: Schematic representation of the impact of the PKKS in fibrosis generation 

and resolution.    (Increase),    (decrease) 
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Overall, analysis by correlation identified strong associations between the Kng1, 

F2r, F2rl1, Bdkrb1 and Bdkrb2 gene to Ccn2 and Lgal3 genes and fibrotic area. Our gene 

expression analysis yielded a varying mode of hepatic PKSS gene mRNA levels and 

suggested an oscillating pattern of gene regulation. Could this be attributed to a rhythm of 

gene regulation subject to epigenetic mechanism? The plausible answers to this could be on 

transcriptional and epigenetic regulation of the PKSS genes.  

The PKKS have a major impact on the cardiovasculature especially as they induce 

inflammation, coagulation and platelet aggregation. We studied the impact of a diabetic 

injured liver as a risk factor of cardiovascular disease. Based on this, we assessed gene 

expression of the hepatic PKSS. We observed no changes in their mRNA levels across all 

groups except for the F2rl1 gene which was impacted by chronic injury in hepatic diabetic 

mice. Nevertheless, fibrosis was established in these mice as seen with fibrotic area, 

profibrotic markers, Lgal3 and Ccn2 genes, and MMPs. Inflammation seems to be 

unaffected as assessed via Il1b and Tnfa mRNA levels. Even the cell-death ligand gene, 

Hmgb1 was unchanged. Yet, studies of hyperglycemia on the liver showed increased 

inflammation and immune cell infiltration (129). Why our study yielded no change in 

mRNA levels even in the diabetic group is surprising as studies showed the increase in PK 

activity in type 1 diabetic patients (163). One of the factors to be considered could be gene 

regulation over the time-point of diabetics and liver injury assessed because the fibrotic 

players were modified in this scenario. We may have to repeat this experiments with 

consideration on time-points of hyperglycemia stability and injury establishment and also, 

gene regulation over the PKKS.  
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Lastly, the PKKS is a mediator liver injury or fibrosis by being involved in 

inflammatory, immune cells’ recruitment and activation, hepatocyte proliferation and 

fibrotic processes. PK, the primary activation of the system supposedly is involved in 

resolving injury and could be used as therapeutic target in alleviating or fibrotic resolution.  
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