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Abstract

Type 2 diabetes mellitus (T2DM) associated non-alcoholic fatty liver disease (NAFLD) is 

the fourth-leading cause of death. Hyperglycemia induces various complications, including 

nephropathy, cirrhosis and eventually hepatocellular carcinoma (HCC). There are several 

etiological factors leading to liver disease development, which involve insulin resistance and 

oxidative stress. Free fatty acid (FFA) accumulation in the liver exerts oxidative and endoplasmic 

reticulum (ER) stresses. Hepatocyte injury induces release of inflammatory cytokines from 

Kupffer cells (KCs), which are responsible for activating hepatic stellate cells (HSCs). In this 

review, we will discuss various molecular targets for treating chronic liver diseases, including 

homeostasis of FFA, lipid metabolism, and decrease in hepatocyte apoptosis, role of growth 

factors, and regulation of epithelial-to-mesenchymal transition (EMT) and HSC activation. This 

review will also critically assess different strategies to enhance drug delivery to different cell 

types. Targeting nanocarriers to specific liver cell types have the potential to increase efficacy and 

suppress off-target effects.

Graphical abstract

Address for Correspondence: Dr. Ram I. Mahato, Department of Pharmaceutical Sciences, University of Nebraska Medical 
Center (UNMC), 986025 Nebraska Medical Center, Omaha, NE 68198-6025, Tel: (402) 559-5422; Fax: (402) 559-9543, 
ram.mahato@unmc.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors declare no conflict of interest

HHS Public Access
Author manuscript
Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
Adv Drug Deliv Rev. 2021 September ; 176: 113888. doi:10.1016/j.addr.2021.113888.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Liver fibrosis; diabetes; NAFLD; inflammation; cirrhosis; hepatocellular carcinoma of microRNA 
in n

INTRODUCTION

Cirrhosis is a growing major health problem in the world. In the United States, the 

number of adults diagnosed with liver disease was 4.5 million and the number of deaths 

due to these complications was 44,358 in 2020 [1]. Around 50% of cirrhosis cases arise 

from non-alcoholic fatty liver disease (NAFLD) and excessive alcohol consumption [2]. 

Moreover, about 20% of individuals with cirrhosis progress to hepatocellular carcinoma 

(HCC), which is the third leading cause of cancer related deaths [3]. Obesity and its 

metabolic consequences are considered the major contributors to fat accumulation in the 

hepatocytes and are termed hepatic steatosis [4]. Diabetes and liver fibrosis are interrelated 

and promote each other. Under normal conditions, insulin increases the glucose transporter 

(GLUT) receptor-mediated blood glucose uptake into hepatocytes, muscles, and adipocytes. 

In hepatic steatosis, the glucose uptake capacity of hepatocytes is compromised, and blood 

glucose levels stay high despite enough insulin. Therefore, obesity in the presence of 

hepatic steatosis also induces insulin resistance and type 2 diabetes mellitus (T2DM) [5]. 

Excessive fat induces oxidative stress in the liver and causes hepatocyte damage, resulting 

in the activation of Kuffer cells (KCs) and the overproduction of inflammatory cytokines. 

Fibrosis is developed in response to tissue injury and is accompanied by extracellular 

matrix (ECM) accumulation which is secreted mainly by hepatic stellate cells (HSCs) [6]. 

Conversely, Long-standing diabetes predisposes patients to severe micro-and macrovascular 

complications in multiple organ systems. These include renal fibrogenesis, diabetic 

retinopathy, and cardiovascular complications such as hypertension, stroke, and coronary 

artery disease [7]. Therefore, understanding the pathogenesis of diabetes-associated with 

liver fibrosis is a timely endeavor as this will lend support to prevent and treat diabetes and 

hepatic complications.
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Lipotoxicity and inflammatory reactions promote NAFLD progression to non-alcoholic 

steatohepatitis (NASH). Before the establishment of NASH, there are three major 

intermediate events: (i) lipid metabolism, including de novo lipid synthesis (DNL) and 

β-oxidation, (ii) inflammation, and (iii) hepatocellular apoptosis [8]. At some stages of 

non-alcoholic liver injury, fat accumulation in the liver plays a protective role. However, 

subsequent initiation of inflammatory reactions triggered by second insults which may 

lead to NASH progression [9]. To prevent it, several pharmacological agents have been 

evaluated, including insulin sensitizers, anti-apoptotic, anti-inflammatory and antifibrotic 

agents. However, current therapeutic approaches have shown a lack of efficacy or an 

unfavorable safety profile, making NASH an untreatable disease.

High levels of free fatty acids (FFA) in hepatocytes promote mitochondrial β-oxidation. 

Overburden of this metabolic pathway results in an imbalanced fatty acid metabolism 

and can cause mitochondrial dysfunction increasing oxidative stress and steatosis [10]. 

Formation of reactive oxygen species (ROS) induces lipid peroxidation, which can alter 

the mitochondrial DNA. Also, ROS bind to mitochondrial proteins and inhibit the electron 

transfer respiratory chain. Therefore, NASH patients display mitochondrial lesions and 

reduced activity of respiratory chain complexes [11]. Liver inflammation is fueled by excess 

production of inflammatory cytokines, including TNF-α, interleukin (IL)-1 and IL-6 by KCs 

that induce the progression of NAFLD to NASH. Hepatic inflammation activates HSCs, 

which undergo proliferation and enter the contractility phase. Moreover, their myofibroblast 

forms loose vitamin A content and start secreting excess collagen, thereby promoting 

excessive ECM deposition in the liver [6].

Although NASH is one of the most common liver diseases, there is still no effective 

therapeutic approaches due to complex etiology, silent disease features, lack of sensitive 

therapeutic evaluation methods, and inefficient drug delivery systems. Efforts are being 

made to address the issues related to lipid homeostasis, hepatic inflammation, and 

hepatocyte damage. Some of the newly discovered compounds with diverse chemical 

structures and mechanisms of action show a decline in fibrosis progression and decrease 

liver damage score in preclinical studies as well as in initial phase of clinical trials. However, 

this interesting field is still nascent and requires more intense drug discovery efforts to bear 

fruit with regulatory agency approvals. This review critically discusses novel discoveries in 

the settings of NAFLD treatment. Since some of these drugs may have adverse effects to 

other organs, an effective drug delivery system is needed to enhance their therapeutic effects 

and reduce toxic side-effects. Therefore, we focus on the development of nanocarriers for 

improved delivery of different therapeutic agents. Further, site-specific delivery of these 

anti-diabetic and anti-fibrotic drugs can be achieved by decorating the nanocarrier surface 

with different targeting ligands. This review will increase the awareness and understanding 

of critical challenges in the field not only to drug delivery researchers studying drug delivery 

but also to those working in drug discovery for liver fibrosis.
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2. ROLE OF DIABETES AND METABOLIC DYSFUNCTION ON LIVER 

FIBROSIS

NAFLD is a metabolic disease caused by dysregulated glucose and lipid metabolism. 

NAFLD has a strong association with T2DM, as more than 90% of obese patients with 

T2DM also have NAFLD [12]. Obesity and high caloric diet contribute to the development 

of insulin resistance, which promotes hepatic lipid accumulation, lipotoxicity, liver injury, 

and inflammation. NAFLD is closely associated with insulin resistance and its prevalence 

among patients with T2DM is 55.5%, which is twice the general population’s prevalence 

without T2DM. The prevalence of NASH and liver fibrosis among patients with both T2DM 

and NAFLD is 67.3% and 17.02%, respectively. Moreover, the mortality rate among patients 

with T2DM and NAFLD is 585 per 10,000 people, significantly higher than other chronic 

liver diseases [13].

Many pathways are involved in insulin resistance in T2DM, and they have close association 

with NAFLD. Therefore, there is a great interest to discuss the link between lipid 

accumulation in the liver and lipid-induced hepatic insulin resistance. After a meal, high 

glucose in the blood is sensed by β-cells of the pancreas, which in turn results in insulin 

secretion. Insulin receptors are mainly found on muscles, adipose, and hepatic cells. Insulin 

binding to the insulin receptor tyrosine kinase (IRTK) promotes phosphorylation of insulin 

receptor substrates (IRS) and IRS2 [14]. Phosphorylation of IRS2 on tyrosine residue 

brings conformational changes and generates binding sites for phosphatidylinositol-3-OH 

kinase (PI3K). The binding of PI3K to IRS2 converts phosphatidylinositol-4,5-bisphosphate 

(PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3), which in turn phosphorylates and 

activates PIP3 dependent kinase 1 (PDK1). Phosphorylated PDK1 and activates protein 

kinase B, commonly known as AKT. Activation of AKT brings two significant changes 

in the cells: inhibition of protein AS160 thereby resulting in translocation of glucose 

transport receptor 4 (GLUT4) to the cell membrane. GLUT4 mediates insulin-stimulated 

glucose uptake by skeletal muscle, heart, and adipose tissues [15]. However, in the liver, 

glucose is transported by GLUT2, irrespective of insulin resistance. Hyperglycemia in 

T2DM directly causes high hepatic uptake of glucose, and initiation of glycogen synthesis 

by inhibiting glycogen synthase kinase 3 beta (GSK3β), a natural inhibitor of glycogen 

synthase (GS) [16]. In the liver, glucose is either used for glycolysis, stored in the cells 

as glycogen, or feeds into de novo lipid (DNL) synthesis. High hepatic glucose level also 

causes hepatotoxicity, in part due to increased glucose metabolism. DNL synthesis in the 

liver further aggravates the elevated levels of FFA and TG. Both FFA and glucose are 

oxidized through TCA cycle during ATP synthesis in the mitochondria. The leaky electron 

transport chains lead to ROS production, which is the source of inflammation, cytotoxicity, 

and fibrosis. AKT activation also inhibits gluconeogenesis by decreasing phosphorylation 

and nuclear exclusion of the fork-head box protein FOXO1 [17].

The development of NAFLD is strongly associated with hepatic lipid content, which is 

affected by the balance between lipid uptake, DNL, and lipid export mechanisms. Hepatic 

lipid uptake is a function of substrate availability and transport into the hepatocytes. Adipose 

tissue lipolysis generates an excess of fatty acid in the circulation that promotes NAFLD 

Kumar et al. Page 4

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and hepatic insulin resistance. Mouse models with liver or muscle-specific overexpression 

of lipoprotein lipase (LPL) have been shown to promote lipid accumulation and insulin 

resistance in these organs [18]. Further, DNL is threefold higher in patients with NAFLD 

than normal, representing a key feature of fatty livers. Fasted patients with obesity and 

NAFLD account for ~26% of hepatocellular triglycerides (TGs). Knockdown of the genes 

encoding the acetyl CoA carboxylases ACC1 and ACC2, which are crucial in the regulation 

of DNL and lipid oxidation, reduced liver triacylglycerol and protected mice from lipid­

induced hepatic insulin resistance. DNL can be stimulated by both insulin via sterol 

regulatory element-binding protein 1c (SREBP‑1c) and glucose via carbohydrate response 

element-binding protein (ChREBP) [19]. Finally, the hepatocellular FFA pool can be further 

increased by impaired export of VLDL cholesterol in insulin-resistant patients with NASH. 

Upon meal ingestion, humans with insulin resistance exhibit reduced muscle glycogen 

synthesis, doubling of both liver TG levels and hepatic DNL. These observations indicate 

that muscle insulin resistance shifts post-prandial energy storage from muscle glycogen to 

hepatic lipid storage [20].

Phospholipases metabolize TGs present in high concentration in the liver cells to produce to 

diacylglycerol (DAG) as an intermediate product, which is a key mediator of lipid-induced 

hepatic insulin resistance. DAG increased concentration in the human liver is correlated well 

with hepatic insulin resistance [21]. In an HFD rat model, the hepatic glycogen synthetic 

and gluconeogenesis inhibitory capacity of insulin is diminished due to increased hepatic 

DAG content. DAG increases translocation of protein kinase-Cε (PKCε) isoform to the 

cell membrane. To date, PKCε has been shown to be involved in diverse cellular pathways 

including tumor-promoting effects of phorbol esters, in protection against cardiac ischemia­

reperfusion injury, in regulating cell–cell junctions, in immune cell activation and in channel 

regulation [22]. In context to insulin resistance, PKCε phosphorylates the IRS2 protein on 

serine residues and thus, inhibits the insulin signaling cascade. Therefore, hepatic DAG 

content is a direct predictor of hepatic insulin resistance in obese humans.

Hepatic lipids undergo oxidation mainly in mitochondria. Mitochondrial FFA entry is 

controlled via carnitine O‑palmitoyltransferase 1 (CPT1), which is inhibited by insulin, 

malonyl-CoA, and fatty acyl CoA. CPT1 activates peroxisome proliferator-activated recep­

tor alpha (PPARα), thereby stimulating β-oxidation of fatty acids [23]. Of note, reduced 

muscle mitochondrial function positively relates to liver fat content. Patients with T2DM 

also exhibit reductions in hepatocellular ATP concentrations and ATP synthase flux. Hepatic 

ATP synthesis correlates directly well with both peripheral and hepatic insulin sensitivity 

but inversely with body fat content. Obese individuals with or without steatosis have up 

to fivefold higher maximal mitochondrial respiration rates than lean individuals [24]. This 

excessive lipid overloading impairs antioxidant capacity and accelerate oxidative stress with 

mitochondrial leakage, resulting in NASH and aggravated insulin resistance.

Inflammation pathway also interferes with insulin signaling pathway. Adipose tissue has 

emerged as a major site of inflammation in obesity-related disorders. The proinflammatory 

cytokine levels of adipose tissues are significantly higher in the obese population [25]. 

Increased concentration of proinflammatory cytokines including IL-1β, IL-6, and TNFα and 

an increase in macrophage as well as invariant natural killer T (iNKT) numbers are common 
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in adipose tissue of obese individuals. Whereas some cytokines such as IL-37, IL-10, IL-5, 

and interferon (IFN) -γ are characteristics of lean person’s adipose tissue [26]. Endoplasmic 

reticulum (ER) dysfunction is another commonly observed phenomenon in NASH [27, 28]. 

Abnormal protein folding within the ER creates stress stimuli, it starts unfolded protein 

response (UPR) through activation of 3 pathways involving 1 α (IRE1α), protein kinase 

RNA-like ER kinase (PERK) and activating transcription factor 6 α (ATF6α) [29]. ER 

stress triggers inflammation during adipose tissue expansion and liver steatosis. Further, 

by virtue of excessive insulin production, apoptotic pancreatic β cells recruit monocytes to 

both local and neighboring tissues. Besides, the elevated level of FFA directly activates the 

proinflammatory response. TNF-α activates its receptor and leads to insulin resistance via 

phosphorylation of IRS1, resulting in increased lipolysis and the fatty acid influx into the 

liver, which exacerbates NAFLD [30]. Triggering of TNF-α receptor induces downstream 

inflammatory pathway via NF-κB signaling. NF-κB activation depends on the inhibitor of 

nuclear factor-κB kinase (IKK), which inhibits the activation of target genes. Inhibition of 

IKK with siRNA reversed insulin resistance in animal models [31].

2.1. Genetic risk factors

Although insulin resistance and NAFLD coexist and share common pathophysiological 

factors, each patient is unique in terms of his/her age, ethnicity, culture, and genetics 

that potentially affect treatment outcomes [32]. An inherent clarity in DNA sequencing 

has enabled us to interpret the patient’s disposition to disease and analyze treatment 

options. Certain genetic variations including derived from genes involved in lipid 

biology, including Patatin-like phospholipase domain-containing protein 3 (PNPLA3), 

transmembrane 6 superfamily member 2 (TM6SF2), glucokinase regulator (GCKR), 

membrane-bound O-acyltransferase domain-containing protein 7 (MBOAT7), and 17β­

hydroxysteroid dehydrogenase type 13 (HSD17B13) are known to influence the progression 

of NAFLD, NASH and cirrhosis [33]. Further, aberrant DNA methylation also promotes 

NAFLD. In humans, the single nucleotide polymorphism (SNP) rs56225452, putatively 

representing a gain-of-function mutation in the fatty acid transporter protein 5 FATP5 

promoter, was associated with insulin resistance and NAFLD [34]. Mice lacking FATP5 

are protected from diet induced NAFLD and hepatic insulin resistance [35]. Apolipoprotein 

C3 (APOC3), which inhibits lipoprotein lipase (LPL) and hepatic lipase (HL), is associated 

with hypertriglyceridemia when mutated. As a result, the livers of individuals with APOC3 

variants take up high amount of lipid from chylomicrons, remnants of lipoprotein particles, 

predisposing them to NAFLD hepatic insulin resistance [36].

Such variation needs to be evaluated in combination with clinical and environmental factors 

to personalize either drug choice or drug dose in individual patients [37]. The immense 

appreciation is to identify some of these critical “drivers” involved and pinpointing novel 

potential candidate targets for therapy.

2.2. Epigenetic risk factors

Lifestyle, epigenetic gene modification, and other preexisting conditions may affect energy 

homeostasis and contribute to the progression of T2D as well as NAFLD [38]. Every single 

step involved in the gene expression process has several controlling transcriptional or post­
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transcriptional factors. Although transcriptional control of gene is deciding in its expression, 

about 60% of all protein-coding genes are regulated post-transcriptionally. Transcription 

attenuation, alternative splicing, and targeting of messenger RNA by microRNAs (miRNAs) 

are some key regulation processes. miRNAs are 21–23 nt endogenous noncoding RNA 

molecules which can bind with mRNA based on “seed” sequence, therebyresulting 

in its transcription repression or degradation [6]. miRNA does not require complete 

complementarity to target mRNA, and single miRNA regulate a set of mRNAs, and a 

single mRNA can be targeted by several miRNAs. The differential expression of miRNAs 

has been linked to development of NAFLD and related disease [39]. Therefore, based on 

their expression profile, different diagnosis as well treatment strategies were developed and 

now are in early phase clinical trials. Furthermore, miRNA-based therapeutic targeting may 

enable individualized therapeutic management for liver fibrosis patients, paving the way for 

precision medicine.

The local or systemic inflammation by various immune cells also fuel in the development of 

NAFLD progression. Cytokines, and inflammatory molecules notably IL-1β, IL-17A, IL-6, 

TNF-α, and LPS activate multiple proinflammatory cascades that in unison promote liver 

injury. TNF-α released by KCs as well as generated oxidative stress mediate liver injury in 

NAFLD. KCs get activated in response to hepatocyte insult and gut-derived endotoxins (i.e., 

LPS), leading to excessive inflammatory cytokine production [40]. Moreover, hepatocytes 

can also secrete TNF-α in response to an increased supply of FFA by adipose tissue 

macrophages of obese individuals with T2DM. Thus, environmental risk factors influence 

the severity, levels of oxidative stress, the magnitude of the immune reactions, and the 

eventual liver fibrosis progression.

Age can alter the oxidative stress, blood flow and mitochondrial capacity and immune 

responses of the body. The probability of liver fibrosis progression for men in age between 

60–70 is estimated 300 times higher than for a man of 20 −40 years [41]. Liver fibrosis 

progression rate in female gender is 10 times less than males, irrespective of age. Although 

more investigation is needed, but researchers have reported that estrogen is one of the critical 

factors responsible for this difference. Estrogen can block some profibrotic cytokines and 

inhibit HSC activation, collagen synthesis, thus reducing CCl4-induced hepatic fibrosis in 

rats. Estradiol (E2) is a potent endogenous antioxidant and diminish hepatic steatosis in 

animal models [42].

Based on genetic, environmental, and epigenetic factors, patients with similar pathological 

conditions may respond differently to the same treatments. Therefore, it emphasizes the 

rationale behind individual variability and provides the right treatment options for all 

patients. Interestingly, several studies conclude that patients’ signature genes are predictive 

of clinical outcomes and overall survival rates. These genetics-based predictions with 

clinical factors may help for predictions and design anti-fibrotic therapies.
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3. MOLECULAR TARGETS OF LIVER INJURY, NAFLD, AND LIVER 

FIBROSIS

Approaches currently being investigated for the treatment of NAFLD/NASH and liver 

fibrosis treatment include, but are not restricted to, modulation of energy intake or 

increasing extra-hepatic energy expenditure, diminishing excessive lipid deposition in the 

liver, reducing hepatocyte apoptosis, decreasing the inflammatory responses in the liver, and 

decreasing ECM proteins deposition after injury in the liver. Among these, the best therapies 

maybe those that address the most proximal causes of energy overload. Such approaches are 

useful in treating NASH and addressing the other components of the metabolic syndrome. In 

this section, we present the most promising targets for treatment of different stages of liver 

disease.

3.1. Molecules affecting hepatic metabolism

3.1.1. Peroxisome proliferator-activated receptor activators—Peroxisome 

proliferator-activated receptors (PPARs) are ligand-activated nuclear receptor superfamily, 

which is comprised of PPAR-α, PPAR-γ, and PPAR-β/δ. Each PPAR has a specific 

expression pattern in adipose tissues, liver, skeletal muscle, heart. PPARs regulate lipid 

and glucose metabolism and play a key role in liver energy homeostasis and regulating 

adipogenesis [43]. PPARs function as heterodimers in association with retinoid X receptor 

(RXR). Upon ligand-mediated activation, the coactivator complex binds to its specific 

DNA sequence called peroxisome proliferators response elements (PPREs) present in 

the promoter regions of target genes. In the absence of ligands, these heterodimers 

are associated with co-repressor complex, including silencing mediator of retinoid and 

thyroid (SMRT) hormone receptors, and nuclear receptor corepressor (NCoR), which blocks 

transcription [44]. The natural ligands of PPARs mainly include lipid-derived substrates 

such as unsaturated fatty acids, eicosanoids, oxidized LDL, VLDL, and linoleic acid 

derivatives. In contrast, synthetic molecules such as fibric acid derivatives (fibrates) and 

thiazolidinediones (also called glitazones) are their pharmacological agonists.

Drugs that can reduce the fatty acid burden of the liver could be ideal for NASH treatment. 

Fat could be reduced by either blocking its synthesis in the liver or by improving the 

insulin sensitivity of adipose tissues to prevent inappropriate peripheral lipolysis. PPAR-

α gene negatively regulates the hepatic lipid uptake by modulating fatty acid transport, 

esterifying FFA, and increasing mitochondrial FFA oxidation [45]. APOC3 protein is 

found on circulating lipoproteins, including high density lipoprotein (HDL), low - density 

lipoprotein (LDL), and triglyceride -rich lipoproteins (TRLs). There is a PPAR binding 

site in the proximal promoter of the APOC3 gene, and therefore, fibrates suppress its 

expression. The circulatory lipid-lowering activity of PPAR agonists is by repression of 

hepatic APOC3 expression, which leads to increased lipoprotein catabolism. PPAR-α 
agonists are classes of compounds name fibrates, which reduce blood TG levels and inc 

rease HDL-cholesterol without significantly affecting LDL-cholesterol [46]. Also, PPAR-α 
activation inhibits inflammatory genes induced by NF-kB and decreases the expression of 

acute-phase inflammation response genes [47]. Although several PPAR-α agonists have 

been developed, only a handful of them could reach the clinics successfully (Figure 1).
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Fibrates are amphipathic compounds whose structural features include three components: 

a carboxylic acid head, an aromatic ring, and a lipophilic cyclic tail. Carboxylate interacts 

with the upper part of the PPAR-α binding pocket containing residues S280 (H3), Y314 

(H5), H440 (H11), and Y464 (H12) to form hydrogen-bonding. Among these, Y464 binding 

is essential for maintaining the active protein conformation [48].

Clofibrate is a lipid-lowering agent used for controlling high cholesterol and TG levels in 

the blood. However, it causes significant toxicity in almost every organ system, especially 

in the liver and kidney. Different substitutions of carboxylic acid depict the potency and 

subtype selectivity. A series of experiments determined that the molecule’s high lipophilicity 

is required for optimal anti-dyslipidemia effects of fibrates. For instance, the substitution of 

the carboxyl moiety with 1,3,4-oxadiazole (1), phenyl mercapto triazole (2), and pyrazolone 

(3) increased their hypolipidemic activity. Clofibrate and fenofibrate are ester forms of the 

active moiety clofibric acid metabolized in vivo [49].

Several studies using fibrates such as fenofibrate and gemfibrozil have shown improvement 

in NAFLD patients’ biochemical and histological parameters [50]. However, most of these 

molecules are weak PPAR-α agonists and induce significant hepatotoxicity, with limited 

overall clinical efficacy. Gemfibrozil was produced by introducing a spacer between the 

carboxylic head and the aromatic ring. Further, dimethyl substitution on the 2,5 position 

of the aromatic ring showed significantly improved activity [51]. The ureido-thioisobutyric 

acid analog GW9578 with 7 carbon chain on the nitrogen increase PPAR-α selectivity by 

300-fold on mice and 20-fold on the human receptors.

Further in vivo study in cholesterol/cholic acid-fed rodents showed the lipid, serum APOC3 

and TLDL cholesterol-lowering effect at 500 times less dose of GW9578 than fenofibrate 

[52]. The compound WY14643 was created to interact with H12 in the PPAR-α ligand­

binding domain (LBD). Unexpectedly, WY14643 occupies a different position in the ligand 

binding and thus provides a distinct ligand recognition mode than other fibrates. To improve 

physicochemical properties and PPAR-α selectivity (~200-fold), molecule GW7647 was 

discovered [53]. Similar to GW9578, molecule GW7647 has been shown to bind not only 

the receptor but also transactivate PPAR-α receptor [54]. LY-518674 has a disubstituted 

triazolone tethered by a two-carbon atom alkyl linker to the fibrate moiety. It shows a 10,000 

more selectivity to PPAR-α compared to fenofibrate [55].

Fibrates alone are not very sufficient to produce desired pharmacological effects, or to 

show hepatotoxicity. Therefore, their pharmacophores have also been combined with other 

structures to obtain hybrid molecules with synergistic activity two molecules. For example, 

antioxidant and hepatoprotective effects of molecule 5-(4-methoxyphenyl-3H-1,2-dithiole-3­

thione (ADT) was combined with fenofibrate [56]. Further, fenofibrate with the combination 

of pentoxifylline was evaluated in a patient with NAFLD. Although pentoxifylline did not 

improve Fenofibrate’s lipid homeostasis, it reduced the hepatic fibrosis as measured by 

levels of hyaluronic acid, transforming growth factor-beta 1 (TGF-β1), insulin resistance, 

and liver stiffness. Another study compared the therapeutic effects of fenofibrate and 

pioglitazone on a small number of NAFLD patients. The study showed significant 

improvement in liver enzyme profile, blood pressure profile, and BMI after treatment [57].
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PPAR-γ protein exists in two isoforms: PPAR-γ1 and PPAR-γ2. The latter poses higher 

transcriptional activity compared to PPAR-γ1. Several PPAR-γ agonists effectively improve 

the histological condition of the liver from NASH mice [58]. PPAR-γ activation causes 

insulin sensitization and enhances glucose metabolism [59]. However, PPAR-γ activation 

often leads to several side effects, such as congestive heart failure, peripheral edema, bone 

fractures, and weight gain, therefore restrict their clinical applications [60]. Upon ligand 

binding, PPAR-γ forms a heterodimer with RXR-α and regulates transcription of target 

genes mainly in adipose tissues. PPAR-γ agonists are in clinical use for the treatment of 

T2D and regulates glucose, lipids, and protein metabolism [61]. However, phosphorylation 

of PPAR-γ at Ser273 is known to deminish its transcription activity and linked to obesity. 

Genes such as cyclin-dependent kinase 5 (CDK5) and growth differentiation factor 3 

(GDF-3), are known to phosphorylated PPAR-γ, and their agonism has been demonstrated 

to have potent anti-diabetic effects [62].

PPAR-γ consists of 13 α helices and four β-sheets with typical helix H-3 to C terminus 

and one extra small helix H-2′. Helices H-3, H-7, H-10, and H-12, along with the 

β-sheets arranged in antiparallel orientation, constitute a large-ligand binding pocket of 

PPAR-γ [63]. PPAR-γ agonists binding switch the H12 α-helix and forms part of the 

ligand-dependent activation domain, AF-2, and closes on the ligand-binding site. The 

active form then binds to several co-activator proteins and control the transcription of 

target genes. Polyunsaturated fatty acids like linolenic acid, eicosapentaenoic acid, and 

9-hydroxy-10, 12-octadecadienoic acid (9-HODE) are the natural agonists of these receptors 

[64]. Several synthetic thiazolidinediones PPAR-γ agonists are approved for T2DM. 

These family members share a standard methoxy-phenylmethyl-1,3-thiazolidine-2,4-dione 

backbone structure having an acidic head, an aromatic or aliphatic linker, and a hydrophobic 

tail. Their interaction with the binding domain can be adjusted by different substitutions 

on these chromophores. Ciglitazone was the first thiazolidinedione molecule discovered of 

this class, while troglitazone (CS-045) was the first approved drug with antidiabetic and 

anti-inflammatory activity [65].

Troglitazone possesses α-tocopherol moiety, which is known to inhibit lipid peroxidation. 

Troglitazone was withdrawn from the clinics due to its severe hepatotoxicity induced by 

its mitochondrial dysfunction activity. It was found that the hydroxyl group is involved 

in the toxic effects, and therefore compounds with hydroxyl groups protected by benzyl 

groups were designed by Reddy et al [66]. Rosiglitazone (BRL-49653) and pioglitazone are 

the other two approved molecules of the same category. Most of these molecules have a U­

shaped configuration that binds with the Y-shaped active site by forming hydrogen-bonding 

with H323, H449, and Y473 amino acid residues [67]. Although rosiglitazone decreases 

insulin resistance and has anti-inflammatory effects, it does not reduce mouse NAFLD 

because activation of PPAR-γ also promotes SREBP-1c mediated lipogenesis, increases 

hepatic TGs and maintain the progression of NAFLD [68]. A promising strategy to decrease 

the toxic effects induced by full PPAR-γ agonists is to use partial agonists with different 

binding properties than full agonists. Farglitazar mostly shows hydrophobic interaction in 

sub-pocket near the H-12 helix via benzophenone, inhibits HSC activation, diminishes 

collagen secretion, and TNF-α reduction [69]. However, for patients with fibrosis of stages 

2–4, treatment for 2 weeks with farglitazar did not alleviate fibrosis [70].
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PPAR-δ regulates metabolism in the liver and other peripheral tissues. PPAR-δ 
overexpression leads to a decrease in insulin resistance, increases fatty acid oxidation, and 

decreases hepatic gluconeogenesis [71]. Most importantly, PPAR-δ exerts anti-inflammatory 

activities in macrophages and KCs [72]. PPAR-δ agonists have been shown to reduce liver 

fat, plasma lipids, increase insulin sensitivity, and decrease γ-glutamyltransferase (GGT) 

[73]. 15-Hydroxyeicosatetraenoic acid (15-HETE) is a natural compound that activates 

PPAR-β/δ receptors [74].

Simultaneous activation of two or more PPARs has been shown to be advantageous 

over individual activation. Many adverse side effects of single PPAR activation, such as 

fluid accumulation and weight gain, and increased frequency of congestive heart failure, 

are often associated with PPAR-γ agonists, such as rosiglitazone and pioglitazone. Dual 

PPAR agonists target two isotypes of PPARs, and work like hybrid molecules, and 

often have better efficacy than single inhibitors. Elafibranor (E)-2-(2,6-dimethyl-4-(3-(4­

(methylthio)phenyl)-3-oxoprop-1-en-1-yl)phenoxy)-2-methylpropanoic acid) also known as 

GFT505, is a dual PPAR-α/δ agonist that has demonstrated efficacy in preclinical 

models of NAFLD, NASH and liver fibrosis [75]. Elafibranor shows hepatoprotection by 

reducing steatosis, inflammation, and fibrosis. It also improves insulin sensitivity, glucose 

homeostasis, and lipid metabolism in prediabetic and T2DM patients. Oral administration 

of elafibranor at the dose of 120 mg/day for a year showed benefits in NASH without 

progression to liver fibrosis and cirrhosis. In this study, elafibranor also improved their 

cardiometabolic risk profile [76]. However, there was a rise in serum creatinine in 

elafibranor treated group, but it was reversible. Further, elafibranor was failed to show the 

predefined primary endpoint of NASH resolution without worsening of fibrosis tested under 

the phase 3 trial in 1,070 patients (RESOLVE-IT Phase 3).

PPAR-β/δ are expressed mostly in skeletal muscle, adipocytes, macrophages, lungs, brain, 

and skin. In the liver, these receptors are expressed in hepatocytes, liver sinusoidal 

endothelial cells (LSECs), KCs, and HSCs [77]. PPAR-β/δ receptors regulate genes 

related to lipoprotein and glucose metabolism and genes related to inflammatory 

pathways [78]. Specifically, PPAR-β/δ increases monounsaturated fatty acids (MUFA) 

production in hepatocytes by upregulating stearoyl-CoA desaturase 1 (SCD1), a process 

that avoids lipotoxicity and protects against NAFLD [79]. Further, PPAR-β/δ promotes 

phosphatidylcholine (PC) 18:0/18:1 production in the liver, which activates PPAR-α and 

stimulates FA catabolism [80]. PPAR-β/δ also enhances adiponectin receptor 2 (AdipoR2) 

expression in the liver, leading to enhanced activity of 5’ adenosine monophosphate­

activated protein kinase (AMPK) and suppression of lipogenesis and glycogen synthesis 

[81]. Similarly, PPAR-β/δ stimulates the insulin-induced gene-1 (INSIG1), suppressing 

SREBP1c levels, and lowers lipogenesis [82]. PPAR-β/δ activation reduces TNF-α or 

interferon-gamma (IFN-γ) expression in KCs, thus suppresses inflammation. Inversely, 

PPAR-β activation by small molecule L165041 is known to enhance HSC proliferation in 

case of acute and chronic liver inflammation [83].

Various PPAR-β/δ agonists have been developed recently, including saturated and 

unsaturated fatty acids (GW 501516), Carbaprostacyclin (GW 610742), VLDLs (GW 

0742X, L-165041, retinoic acid). GW501516 is a selective PPAR-δ receptor agonist with 
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high binding affinity (Ki = 1 nM). Binding of GW501516 to PPAR-δ stimulate PPAR-

γ coactivator 1 alpha (PGC-1α). Treatment with GW501516 increases FA metabolism 

in skeletal muscle and provides protection against diet-induced obesity and T2DM in 

preclinical studies. Further, GW501516 was found to increase HDL and lowered VLDL in 

non-human primates [84]. Increased PGC-1α induces the transcription of nuclear respiratory 

factor 1 (NRF1) and NRF2, leading to increased expression of mitochondrial transcription 

factor A (mtTFA) as well as other nuclear-encoded mitochondria subunits of the electron 

transport chain complex such as β-ATP synthase, cytochrome c, and cytochrome c oxidase 

IV [85, 86]. mtTFA after translocating to the mitochondria stimulates mitochondrial 

biogenesis as manifested by stimulation of mitochondrial DNA replication and mitochondria 

gene expression [87, 88]. Prostacyclin (also called prostaglandin I2 or PGI2) activates 

carnitine palmitoyltransferase-1 (CPT-1) expression through PPAR-β/δ; the former plays an 

important role in mitochondrial fatty acid β-oxidation (FAO), which is s the major pathway 

of fatty acid degradation and is essential for maintaining energy homeostasis.

Dual PPAR-α and PPAR-γ agonists are also being evaluated for fatty liver complications 

[89]. Muraglitazar and tesaglitazar were tested in phase 3 clinical trial. However, due to the 

greater incidence of edema and heart failure, their further development was discontinued. 

Another drug Saroglitazar was significantly decreased plasma TGs and fasting plasma 

glucose level and increased HDL cholesterol level compared to the placebo. However, its 

further development was discontinued due to various toxicological reasons or a risk-benefit 

assessment. Lanifibranor (IVA337), a panPPAR agonist combines the pharmacological 

effects and control different components of the disease. Lanifibranor has shown clear 

beneficial effects in a preclinical model of liver fibrosis and portal hypertension [43]. A 

NATIVE study (EudraCT: 2016–001979-70, NCT: NCT03008070) assessed the safety and 

efficacy of a 24-week treatment with lanifibranor at the doses of 800 and 1200 mg/day 

in adult non-cirrhotic NASH patients [90]. The primary composite endpoint of patients 

having both NASH resolution and fibrosis improvement endpoint was met with statistical 

significance.

3.1.2. Farnesoid X receptor activators—Bile acid receptor (BAR), commonly 

known as Farnesoid X receptor (FXR), is expressed at high levels in the liver and intestine. 

FXR is responsible for the homeostasis of cholesterol metabolism and bile acid production. 

FXR contains both ligand and DNA binding domains. Ligand binding activates FXR and 

promotes its binding to DNA binding elements called FXR response elements (FXREs) and 

RNA polymerase II to modulate transcriptional activity. FXR itself does not bind to the 

putative bile acid response element (BARE) in its promoter region but induces expression 

of the typical nuclear receptor small heterodimer partner (SHP or NR0B2) [91]. SHP 

interacts with two other nuclear receptors that transactivate CYP7A1 expression via BARE 

regions, such as hepatic nuclear factor 4 (HNF4 or NR2A1) and liver receptor homolog-1 

(LRH-1 or NR5A2). SHP repression of CYP7A1 gene transcription occurs by promoting the 

dissociation of coactivators linked to HNF4 and LRH-1 as well as by histone deacetylation 

of the promoter [92]. FXR activation lowers blood glucose, FFA, TGs, and total cholesterol. 

FXR activation also increases intestinal bile acid-binding protein (I-BABP) that facilitates 

bile acid transport from the intestines across enterocytes and portal circulation [93].
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These functions make FXR a promising target to treat metabolic and chronic liver 

diseases. Various functions of FXR and its regulated pathways are shown in Figure 2. 

Most importantly, FXR by increasing FGF-19 secretion into the small intestine regulates 

carbohydrate and lipid metabolism, improves hyperinsulinemia, hepatic steatosis, and 

insulin sensitivity in preclinical models [94]. FGF-19 signals through fibroblast growth 

factor receptor 4 (FGFR4) cell surface receptor tyrosine kinase and suppresses CYP7A1, 

which results in decreased bile acid synthesis. All-trans retinoic acid (atRA) activates 

bile acid nuclear receptor FXR/NR1H4, resulting in downregulation of CYP7A1. It is the 

rate-limiting enzyme in bile acid biosynthesis. AtRA, in combination with ursodeoxycholic 

acid (UDCA) has been shown to reduce cholesterol significantly in the liver and improve 

cholestasis conditions [95]. A limited clinical trial of atRA in patients with primary 

sclerosing cholangitis (PSC) supports this mechanism in humans [96].

Loss of function mutations in FXR encoding NR1H4 (low FXR expression) or mutations 

of FXR target genes ABCB11 (encoding BSEP) or ABCB4 encoding MDR3 lead to a 

severe form of cholestasis [97]. FXR also promotes liver regeneration by aiding hepatocyte 

growth after liver injury. The FXR-SHP regulatory cascade also inhibits HSC activation 

and thus promotes the resolution of liver fibrosis. Therefore, several FXR agonists have 

been evaluated for NASH and related diseases. Several metabolic intermediates, the 

mevalonic pathway precursor farnesol derivative, farnesyl pyrophosphate is FXR agonists. 

Chenodeoxycholic acid (CDCA) and conjugated CDCA species are potent natural agonists 

[98]. Obeticholic acid (OCA) is the first approved FXR agonist to treat (PBC). OCA is a 

6α-ethyl derivative of CDCA and 100-fold higher FXR activation potency than its parent 

molecule. CDCA increases mRNA expression of bile acid efflux transporters, including 

the bile salt export pump (BSEP), multidrug resistance-associated protein 2 (MRP2), and 

organic solute transporter (OSTα/β), in hepatocytes [99]. OCA inhibits alkaline phosphatase 

(ALP) levels, total bilirubin levels (TBIL), and other liver disease markers in PBC patients. 

OCA at the dose of 25 mg significantly improved fibrosis and key components of NASH in 

patients in a phase 3 clinical trial (NCT02548351) [100]. However, OCA has steroidal bile 

acid-like chemical structure with low aqueous solubility and bioavailability. OCA and its 

metabolites do not follow the enterohepatic circulation resulting in a reduced PK/PD profile. 

Most noteworthy, OCA shows Takeda-G-protein-receptor-5 (TGR5) agonistic properties, 

with dose-dependent side effects such as pruritus [101]. Furthermore, OCA also decreases 

the conversion of cholesterol to bile acids, which results in increased serum levels of total 

and LDL cholesterol and decreased HDL, thus elevates the risk of cardiovascular disease.

To overcome these limitations, several non-steroidal FXR agonists have been synthesized. 

Small molecule GW4064 is a potent and selective non-steroidal FXR agonist. It is 100 

times more potent than CDCA. However, its oral bioavailability is ≤ 10%, with a half-life 

of 3.5 h [102]. Therefore, there is a need to improve the PK properties of FXR agonists 

to be potentially used in the treatment of NAFLD. Efforts have been made to improve the 

structure of GW4064. When the stilbene moiety of GW4064 was replaced with a fused 

biaryl ring system such as isoquinoline in GSK2324 (EC50 = 50 nM, 102% efficacy) 

improved potency in vitro. However, this compound lacked the necessary physicochemical 

properties and PK profiles to progress into development [103]. Recently, in another study the 
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central phenyl ring was replaced by a piperidine ring exemplified by LY2562175 (EC50 = 

193 nM, 41% efficacy) with partial activity.

Another potent FXR agonist WAY-362450 (Turofexorate), which is 3-(3,4­

difluorobenzoyl)-1,1-dimethyl-1,2,3,6-tetrahydro-azepino[4,5-b]indole-5-carboxylate. It was 

with acceptable oral bioavailability of 38% and a half-life of 25 h. In a preclinical study, 

WAY-362450 has been shown to significantly lower serum TG and total cholesterol levels 

and inhibit atherosclerotic aortic formation [104]. Tropifexor (LJN452) has a bicyclic [3.2.1] 

tropane linker ring, which was proved to the key component for its high potency [97].

Conversely, FXR activation is not always beneficial and may be detrimental in obstructive 

cholestasis patients. FXR activation suppresses the constitutive androstane receptor (CAR) 

to activate MRP4 promoter. MRP4 has a protective mechanism in obstructive cholestasis, 

and thus FXR activation may even aggravate the liver injury by inhibiting by CAR [105]. 

When FXR activity was antagonized by theonellasterol (a 4-methylene-24-hysteroid isolated 

from the marine sponge; Theonella swinhoei), led to increase in MRP4 expression in the 

liver, which protected against liver injury in cholestasis. CAR, in association with pregnane 

X receptor (PXR), regulate different target genes in cholestasis. Based on these observations, 

it is perceptible that a combination of FXR, PXR, and CAR agonists could be applied 

for optimum activity and reduced potential side effects of FXR activation alone. Besides, 

alternative/basolateral overflow, along with the renal excretion of bile acids, may be an 

attractive pathway for reducing the bile acid accumulation in cholestasis.

3.1.3. Insulin sensitizers—Glucose is converted into pyruvate through glycolysis in 

the cytoplasm. The pyruvate is transported in the mitochondria for oxidation. This process 

is accomplished by the transmembrane protein mitochondrial pyruvate carrier (MPC), 

which is composed of two significant subunits known as MPC1 and MPC2, which are 

the primary connection between non-oxidative and oxidative metabolism. After reaching in 

to mitochondria, pyruvate is either carboxylated to form oxaloacetate, which can be used 

for gluconeogenesis or converted to acetyl-coenzyme A (acetyl-CoA) and one molecule 

of carbon dioxide by the pyruvate dehydrogenase complex (PDC). After conversion to 

acetyl-CoA, it is either used of the tricarboxylic acid (TCA) cycle to produce energy or may 

be used to produce fatty acids, glucose, or amino acids.

Insulin sensitizers are designed to slow down pyruvate’s entry into mitochondria to prevent 

its conversion to acetyl-CoA [106]. Inhibition of either MCP1 or MCP2 results in decrease 

hepatocyte damage induced by HFD. MPC1 and MPC2 are located on the inner membrane, 

which are obligate components of an apparent complex that facilitates inhibitor sensitive 

pyruvate transport. A partial PPAR-γ agonist pioglitazone (MSDC-0160) has the inhibitory 

activity of MPC1 and MPC2 [107]. Interestingly, MSDC-0160 showed only a 50% reduction 

in circulating adiponectin (a marker of the amount of contribution of white adipose tissue) 

and only a 50% decrease in hematocrit (a marker for PPAR-γ expansion of plasma volume). 

These results show that PPAR-γ agonism is not needed for the insulin-sensitizing effects of 

MSDC-0160.
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Further, MSDC-0602 was synthesized to retain the inhibitory activity of MPC1 while 

sparing PPAR-y binding activity. In PPARγ−/− mice, MSDC-0602 showed hepatocyte 

protection showing insulin-sensitizing effects without PPAR-γ activation. These effects 

were independent of PPAR-γ expression levels [108]. Further, MSDC-0602 and Liraglutide 

improved insulinemia and fatty liver disease in mice, alone and with liraglutide [109]. 

Recently, a Phase 2a clinical trial (12-month, Emminence) in NASH patients with or without 

T2D has been completed with MSDC-0602. The study outcomes showed that MSDC-0602K 

was well-tolerated improving liver enzyme levels, liver histology, and markers of glycemic 

control, in NASH patients. However, MSDC-0602K did not demonstrate statistically 

significant effects on primary and secondary liver histology endpoints [NCT02784444] 

[110]. Off note, MSDC-0160 and MSDC-0602 are being evaluated for the treatment of 

T2DM and show reduced side effects associated with PPAR-γ.

Dipeptidyl peptidase 4 (DPP4) is a membrane-associated peptidase with the primary 

function to deactivate a variety of bioactive peptides such as glucagon-like peptide-1 

(GLP-1). GLP-1 released by L cells of the intestine regulates blood glucose by stimulating 

insulin release. GLP-1 binding to its receptors induces fatty acid oxidation pathways in 

hepatocytes and increases insulin sensitivity. The serum DPP4 levels are higher in NASH 

patients than controls, resulting in decreased GLP-1 activity [111]. Inactivation of GLP-1 

causes glucose intolerance, T2DM, and hepatic steatosis. Several GLP-1 analogs are being 

developed and evaluated for treating T2DM.

A peptide named exendin-4 (brand name exenatide) was the first GLP-1 analog discovered 

from Gila monster venom with 53% amino acid similarity to GLP-1 [112]. The N-terminus 

of exendin-4 has a glycine in place of alanine and, therefore, resistance to DPP4 and its 

secondary and tertiary structures prevent its hydrolysis, thus have a much longer half-life 

and blood-glucose-lowering effect. Downside, Extendin-4 treatment results in several side 

effects, including medullary thyroid cancer, angioedema, pancreatitis, and kidney injury. 

Liraglutide is a synthetic analog of GLP-1 peptide with two modifications: a substitution of 

Arginine for Lysine at position 34 and an attachment of a C-16 FFA derivative glutamyl 

spacer to Lysine 26. The FFA chain can promote albumin binding of liraglutide and 

therefore decrease body clearance. Liraglutide was approved by the FDA in 2014 for treating 

T2DM [113]. In some patients, including those with T2DM and NAFLD, liraglutide, while 

improved serum liver enzyme levels but did not improve the overall disease [114].

There has been a lot of effort done in extending the half-life and decreasing the side effects 

of GLP-1 analogs, several of these new GLP-1 receptor agonists currently under clinical 

development. Exenatide is a FDA approved poly(D,L-lactic-co-glycolic acid) (PLGA) 

based microsphere formulation of synthetic extendin-4 peptide for treating T2DM [115]. 

Exenatide reduces the blood glucose level and provides an extended-release profile to reduce 

dosing frequency [116]. LY2189265 is a GLP-1 analog-Fc fusion protein, and LY2428757 

is a PEGylated GLP-1 analog with once a week dose. CJC-1134-PC is a recombinant 

human serum albumin-exendin-4 conjugate that has a half-life of approximately eight days. 

Albiglutide is an albumin GLP-1 complex; both can be administered once weekly [117]. 

NN9535 is another long-acting GLP-1 analog designed using protein acylation technology 

for once-a-week injection. Taspoglutide and AVE0010 are two other GLP-1R agonists 
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currently undergoing clinical trials. Semaglutide oral formulation of a GLP-1 agonist 2 

doses, 7 mg and 14 mg are recently approved by the FDA. It is a co-formulation of 

semaglutide and sodium N-[8-(2-hydroxy benzoyl amino]caprylate (SNAC) [118]. Peptides 

are not stable in the gastrointestinal tract and their absorption is a challenge. Semaglutide 

is noncovalently associated with medium-chain length fatty acid-based system SNAC as an 

oral absorption enhancer to prevent enzyme degradation and facilitate absorption.

The other mechanism to increase GLP-1 level is by inhibiting dipeptidyl peptidase 4 

(DPP4) enzyme. Several DPP4 inhibitors such as sitagliptin, saxagliptin, linagliptin, and 

alogliptin are approved by the FDA [119]. Some other DPP4 inhibitor molecules are also 

approved by regulatory agencies. For instance, vildagliptin was approved by the European 

Union, gemigliptin and evogliptin by South Korea, anagliptin, omarigliptin, trelagliptin, and 

teneligliptin by Japan, and gosogliptin (by Russia. A detailed review has been published to 

highlight various DPP4 inhibitors used for the treatment of T2DM, their benefits, and risks 

[120].

3.1.4. Fibroblast growth factor (FGF) signaling promoters—Fibroblast growth 

factors (FGF) are a family of cell signaling proteins. Specifically, FGF21 increases energy 

expenditure under specific stimuli. FGF21 is synthesized in multiple organs and can 

act on multiple target tissues in either a paracrine or an endocrine fashion [121]. The 

mechanism of FGF21 action signaling is complex that involves several FGF receptors 

(FGFRs) as well as an obligate coreceptor, Klotho-β (KLB). Co-expression of a given 

FGFR and KLB confer the tissue specificity of FGF signaling. FGF21 is predominantly 

released from hepatocytes and increased fatty acid oxidation as well as TCA cycle flux 

by inducing PGC-1α expression in the liver [122]. FGF21 increases glucose uptake by 

increasing GLUT1 expression [123]. Furthermore, FGF21 decreases serum free fatty acids 

by decreasing lipolytic gene expression in white adipose tissue. The ketogenic diet, which 

is a high-fat and low-carbohydrate diet, leads to increased energy consumption, improved 

glucose homeostasis, and increased expression of genes in the fatty acid oxidation pathway 

(Figure 3) [124]. FGF21 is an endocrine regulator of the ketotic state and FGF21 expression 

is induced by both KD and fasting. Hypothalamic neuropeptides, such as neuropeptide Y 

(NPY), agouti-related peptide (AgRP), are considered in inverse correlation with energy 

expenditures, while proopiomelanocortin (POMC) is in direct correlation with it. However, 

a ketogenic diet was shown to increase NPY and AgRP and decrease pro-opiomelanocortin 

(POMC), along with an increase in energy expenditure; It was against the general paradigm. 

FGF21 was found to upregulate PGC-1α and explained these inconsistent results with the 

ketogenic diet. Mitochondria controls cellular energy homeostasis, and their dysfunction 

leads to cell death and may be responsible for organ failure. FGF21 is regarded as a 

biomarker of mitochondrial dysfunction in several diseases [125].

FGF21 and PPAR-β/δ regulate VLDL receptor expression in the liver. PPAR-β/δ-null 

mice and PPAR-β/δ−/− hepatocytes show higher VLDL receptor expression. On the other 

hand, FGF21 neutralizing antibody induces TG accumulation in PPAR-β/δ-null mice 

[126]. Further, increased VLDL receptor levels with reduced PPAR-β/δ mRNA levels are 

evident from the liver biopsies of NAFLD patients [127]. These findings were essential to 

understand the VLDL receptor levels controlling mechanism by PPARβ/δ and FGF21 in 
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NASH and suggest novel treatment opportunities. In preclinical studies, the administration 

of FGF21 reversed hepatic steatosis, decreased obesity, and insulin resistance. Therefore, 

FGF21 peptide is being developed as a novel therapy for NASH treatment [128]. However, 

its clinical applications were halted by its short in vivo half-life and immunogenic activity.

Several approaches have been applied to improve recombinant human rhFGF21 in 

vivo properties. PEGylation of FGF21 at the N-terminal residue with 20 kDa mPEG­

butyraldehyde (BMS-986036) is the most successful strategy till now, which improved its 

biostability and efficacy [129, 130]. Other strategies used for increased stability include 

introducing an additional disulfide bond through L118C and A134C mutations resulted in 

a novel FGF21 variant LY2405319. Further, the deletion of four N-terminal amino acids, 

His-Pro-Ile-Pro (HPIP), prevented FGF21 proteolytic cleavage. For large-scale homogenous 

protein production in yeast Pichia pastoris, a S167A mutation was introduced to eliminate 

O-linked glycosylation. Altogether these efforts of FGF21 re-engineering led to significant 

improvement in its biopharmaceutical properties [131].

FGF19 is another member of the FGF family, a gastrointestinal hormone responsible for bile 

acid synthesis. FGF19 stimulates glycogen synthesis and gluconeogenesis, thus regulating 

the pathology of NASH [132]. Circulating FGF19 concentration is reduced in NASH 

patients, suggesting that its modulation could benefit bile acid-related metabolic disorders. 

However, the therapeutic potential of FGF19 has been hindered by its hepatocarcinogenicity. 

Its expression is elevated in HCC patients.[133] FGF19 stimulates tumor progression by 

activating the signal transducer and activator of the transcription 3 (STAT3) pathway 

[134]. A recombinant non-tumorigenic variant of FGF19 protein, NGM282, was recently 

developed. NGM282 variant (also known as M70) has 5-amino acid deletion (P24–S28) 

coupled with the substitution of three amino acids (A30S, G31S, and H33L) at the active 

site. These modifications enabled NGM282 to retain CYP7A1 repressing ability while 

dropping its STAT3 activation properties. NGM282 showed hepatocarcinogenesis blocking 

properties. Treatment with NGM282 in NASH animal models showed a robust reduction in 

ALT and AST levels and had a definite improvement in all histological features associated 

with NASH. More importantly, NGM282 was well tolerated in healthy volunteers and 

was associated with reduction in serum concentrations of 7α-hydroxy-4-cholesten-3-one, a 

biomarker of hepatic CYP7A1 activity [135, 136].

3.1.5. Stearoyl coenzyme A desaturase 1 (SCD1) inhibitors—SCD1 is a key 

enzyme in fatty acid metabolism and catalyzes delta 9 monounsaturated palmitic and stearic 

acids. SCD1 activity results in the synthesis of monounsaturated fatty acids (MUFAs), 

the major FA of TGs, cholesteryl esters, and membrane phospholipids. SCD1 deficiency 

in mice has been demonstrated to reduce lipid synthesis and increase mitochondrial FA β­

oxidation and insulin sensitivity [137]. Accordingly, the inhibition of SCD1 results in several 

beneficial effects, including reduction of liver fat, protection against insulin resistance, 

and protection against obesity. Several synthetic SCD1 inhibitors, including aramchol, 

CVT-12012, GSK1940029, MF-438, MK-8245, and SW203668 are being evaluated for their 

efficacy in preclinical as well as clinical studies (Figure 4). Aramchol is a conjugate of 

arachidic acid and cholic acid, which is in Phase 3 clinical trial for NAFLD. By inhibiting 

SCD1 activity, Aramchol was found to prevent and reduce NAFLD, and improve cholesterol 
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metabolism, and even dissolve cholesterol gallstones in some cases. In a preclinical 

study, Aramchol treatment in MCD induced NASH mouse model downregulated SCD1, 

which led to decrease in hepatic FAs and TGs, ameliorated inflammation, and reversed 

fibrosis. Aramchol improved β-oxidation by increasing the flux through the trans-sulfuration 

pathway, leading to a rise in glutathione (GSH) [138]. In addition, Aramchol activates 

cholesterol efflux by stimulating the adenosine triphosphate–binding cassette transporter 

A1 (ABCA1), a pan-cellular cholesterol export pump, and has shown to have an anti­

atherogenic effect in animal studies [139]. Aramchol once a day dose of 600 mg was tested 

in patients with biopsy-proven NASH who were obese and pre-diabetic or T2DM. The trial 

enrolled 240 patients with advanced NASH, with more than 60% having fibrosis in stages 2 

and 3 [140].

3.1.6. Adenosine monophosphate-activated protein kinase activators—
Adenosine monophosphate-activated protein kinase (AMPK) is an intracellular energy 

sensor that is involved in many biological processes. The activation of AMPK is found 

suppressed in fibrosis progression. AMPK activation can improve NAFLD in three ways: by 

suppressing de novo lipogenesis, restoring of mitochondrial function, and increasing fatty 

acid oxidation [141]. Several reports confirm the beneficiary effects of AMPK pathway 

activation in metabolic liver disease. Recently, Yao et al. have used a herbal medicine 

Dioscin, a steroid saponin, to treat NAFLD. Dioscin enhanced the phosphorylation and 

activation of AMPK [142]. Woods et al. increased AMPK activity in mice by mutation 

of a residue in AMPK, making it a worse substrate for dephosphorylation. This mutation 

decreased lipogenesis and protected against hepatic steatosis in high fructose-fed mice 

[143]. In an interesting study, Boudaba et al. have shown that AMPK knockout mice 

displayed normal hepatic lipid homeostasis and were not prone to NAFLD. However, 

re-activation of AMPK in AMPK knockout mice by a small molecule direct AMPK 

activator, A769662, could decrease hepatic TG and cholesterol content and restore fatty 

acid oxidation [144]. PF-06409577 an AMPK activator has also been shown to inhibit de 

novo lipid and cholesterol synthesis pathways and causes a reduction in hepatic lipids and 

mRNA expression of markers of hepatic fibrosis [145]. These findings indicate AMPK as a 

potential target for the treatment of fatty liver disease. Therefore, in a randomized clinical 

trial, safety and lipid lowering efficacy of Dithiolethiones drug oltipraz was evaluated in 

patients with NAFLD. Dithiolethiones, are novel class of AMPK activators, which prevent 

insulin resistance through AMPK-dependent p70 ribosomal S6 kinase-1 (S6K1) inhibition 

(NCT02068339). Further, oltipraz was also shown to inhibit liver X receptors (LXRg) and 

SREBP-c and thus decreases the expression of lipogenic genes and decrease fatty acid 

synthesis [146]. Compared with the placebo group 24-week oltipraz treatment significantly 

reduced the liver fat content and BMI in patients with NAFLD. However, the treatment did 

not significantly change in insulin resistance, liver enzymes, lipids, and cytokines.

3.1.7. Apolipoprotein C-3 inhibitors—Apolipoproteins are TG-rich lipoproteins 

(TRL) that transport cholesterol and TGs through the blood. The fat absorbed from the 

intestine is carried to the liver by apolipo protein (APO) particles called chylomicrons 

[147]. On the other hand, excess fat in the liver is packaged and exported in apolipoprotein 

carrier particles called very-low-density lipoprotein (VLDL) [148]. APOC3 is expressed and 
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secreted in the liver and functions as an inhibitor of hepatic LDL receptor. Consequently, 

the plasma residence time of TRLs and their remnants increases. Thus, reduction in hepatic 

APOC3 can enhance the clearance of VLDL from the liver. The molecule Gemcabene (6, 

6’-oxybis [2, 2-dimethyl-4-hexanoic acid] monocalcium salt), also known as PD72953, is 

an inhibitor of APOC3 and lipid-lowering compound. Gemcabene also decrease the TG 

and cholesterol production, associated with reduced hepatic APOC3 mRNA levels. This 

may result in increased VLDL remnant uptake and consequently lower LDL-C levels. Some 

studies also indicate that it posess an anti-inflammatory profile, associated with a lowered 

expression of hs-CRP gene regulating mechanisms. Gemcabene is an orally bioavailable 

small molecule of a dialkyl ether dicarboxylic acid [6,6′-oxybis (2,2-dimethylhexanoic 

acid)]. It is metabolized via glucuronidation by uridine diphosphate glucuronosyltransferase 

(UGT) 2B7 (UDT2B7) [149].

In hypercholesterolemia patients, Gemcabene significantly lowers LDL-C, ApoB, C-reactive 

protein (CRP), TG, and increases high-density lipoprotein cholesterol (HDL-C). To date, 

gemcabene has been administered to 895 healthy subjects and patients and has been 

observed to be well tolerated at the doses up to 900 mg once a day for up to 12 weeks [150]. 

Gemcabene with gemfibrozil has been shown to cause a marked elevation and enlargement 

of HDL and plasma TG reduction; however, no effect on the amount and size of HDL was 

observed [151]. When combined with a statin, gemcabene reduces LDL-C levels by 17–21% 

more than placebo. The safety and efficacy of gemcabene in patients with homozygous FH 

is currently being evaluated in a phase 2 study. Familial partial lipodystrophy (FPL) is a 

rare genetic disorder due to an abnormal distribution of fatty tissue and various metabolic 

abnormalities, including NASH. Gemphire Therapeutics Inc. initiated a phase 2a clinical 

trial of Gemcabene in adults with FPL (NCT03508687).

3.2. Molecules affecting hepatocyte apoptosis

During NASH, hepatocyte apoptosis is correlated with the severity of inflammation and 

fibrosis [152]. Saturated fatty acids (SFAs), as well as free cholesterol, are the critical 

mediators of lipotoxicity resulting in apoptotic cell death. There are two main mechanisms 

of apoptosis: extrinsic and intrinsic pathways. The extrinsic pathway is initiated by 

triggering of death receptors, including Fas, TNFR1, and TNF-related apoptosis-inducing 

ligand (TRAIL) receptors. Binding of ligands to these receptors iniates intracellular cascades 

that activate death-inducing proteolytic enzymes, especially caspases. APO-1/Fas (CD95) 

-mediated apoptosis is one of the mechanisms for hepatocyte apoptosis. Intrinsic apoptotic 

pathway is initiated by damage of the intracellular organelles, such as mitochondria, 

lysosomal permeabilization, and ER stress, among others. Inhibition of hepatocyte apoptosis 

therefore is a viable approach to decrease liver injury and related inflammation [153].

3.2.1. Fas receptor and Fas ligand antagonists—Fas receptor (FasR) is a 

glycosylated type 2 transmembrane protein that belongs to the TNF family. Its binding to 

FasL (CD95L or CD178) induces receptor trimerization and formation of the death-inducing 

signaling complex (DISC) [154]. Fas expression upregulation is a common feature in the 

liver samples of NASH patient. NAFLD induced in mice fed with a high carbohydrate diet 

show increased sensitivity to Fas-induced apoptosis of hepatocytes. This model recapitulates 
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many features of human NAFLD, including obesity, insulin resistance, hyperleptinemia, 

elevated serum FFA and hepatic steatosis. Incubation of human liver cells to FFA resulted in 

the upregulation of Fas expression and increased sensitivity to Fas-induced apoptosis [155]. 

c-Met, also called tyrosine-protein kinase Met or hepatocyte growth factor receptor (HGFR) 

prevents Fas activation in healthy liver tissues. This interaction of Fas and Met is abrogated 

in both human and experimental NAFLD, resulting in increased Fas–FasL complex 

formation and increased apoptosis. Some death receptors, through several intracellular 

cascades, mediate pro-inflammatory responses. For instance, activation of NF-κB by death 

receptors is proinflammatory [156]. Thus, Fas-activation on hepatocytes also results in HSC 

activation and fibrosis. Therefore, blocking Fas stimulation may prevent hepatic fibrosis by 

blocking inflammation, not only apoptosis. There is no fas receptor inhibitor at present. 

However, recently a Fas receptor antagonist peptide ONL1204 (HHIYLGAVNYIY), has 

been reported. ONL1204 has shown anti-inflammatory and neuroprotective effects in a 

microbead-induced mouse model of glaucoma [157]. Therapeutic efficacy of ONL1204 in 

NAFLD/NASH model need to be evaluated.

3.2.2. TNF-α and its receptor inhibitors—TNF-α is a type 2 transmembrane protein 

responsible for signal transduction carcinogenesis as well as in immune reactions. It is a 

well-studied proinflammatory cytokine produced mainly by activated macrophages [158]. 

TNF-α ligand can bind to any of its two receptors: TNF-R1 (p55 or CD120a) and TNF-R2 

(p75 or CD120b). TNF-R1 can induce both pro and anti-apoptotic signaling. Upon ligand 

binding, TNF-R1 engages TNFR-associated protein with death domain (TRADD), receptor­

interacting protein 1 (RIP1), and TNFR-associated factor 2 (TRAF2) to form a complex 

called “complex I.” This complex internalizes and binds to FADD, resulting in caspase 8 

activation and cell death. TNF-α/TNF-R1 can also induce c-Jun N-terminal kinases (JNK) 

activation and promote cell death [159].

In contrast, TNF-R2 activation results in the recruitment of TRAF2 and stimulates the pro­

survival cellular inhibitor of apoptosis 1 and 2 (cIAP1/2) proteins. Together with TRAF2, 

cIAP1/2 proteins degrade the TRADD-bound ubiquitinated RIP1. Multiple ubiquitinations 

of RIP1 and NF-κB essential modulator [NEMO, also called IκB kinase (IKK)γ], 

engage the kinase TAK1 NEMO-containing IKK complex. IKKβ in the IKK complex 

becomes phosphorylated and phosphorylates NF-κB inhibitor IκBα that is subsequently 

cleaved. Released NF-κB translocates into the nucleus and induces survival target gene 

expression [160]. Pentoxifylline, a TNF-α inhibitor, improved NASH in a randomized 

placebo-controlled trial involving patients when administered three times a day at the dose 

of 400 mg [161]. Pentoxifylline results in weight loss with improved liver histological in 

patients with NAFLD/NASH [162].

3.2.3. Caspase inhibitors—Since caspases target critical cellular components, caspase 

inhibitors have been applied in several clinical conditions, including liver fibrosis. Caspase 

inhibitors IDN-1965 and Z-Asp-CMK reduce several apoptotic SEC after reperfusion 

in normothermic and cold ischemia models. Another caspase inhibitor GS-9450 is an 

irreversible selective inhibitor of caspases 1, 8, and 9 and showed some promising results 

in NAFLD patients [163]. Hepatocyte apoptosis is also profibrogenic in animal models of 
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cholestasis. HSCs, after exposure to apoptotic bodies, i.e., DNA from apoptotic hepatocytes, 

become fibrogenic by activation of reduced nicotinamide adenine dinucleotide phosphate 

oxidase 2 (NOX2), phagocytic NADPH oxidase [164].

Caspases 3 and 7, along with higher expression of Fas receptors by hepatocytes, are well 

correlated with NASH progression [165]. Hence, pan-caspase inhibitors were designed to 

inhibit all caspases and inhibit cellular apoptosis and tested as therapeutic agents for NASH. 

Emricasan ((L-alaninamide, N-[2-(1,1- dimethylethyl) apephenyl]-2-oxoglycyl-N-[(1S)-1­

(carboxymethyl)-2-oxo-3-(2,3,5,6-tetrafluorophenoxy)propyl]) is a small molecule that 

irreversibly inhibit activated caspases. In preclinical models of cytokine-induced liver 

disease, cholestasis, and NASH. Emricasan reduced apoptosis of hepatocytes as well as 

HSC activation, resulting in reduced inflammation and fibrosis. The drug has a good safety 

profile, as patients with hepatitis C or NASH treated with emricasan once, twice, or three 

a day at doses from 5–400 mg daily for up to 12 weeks were well-tolerated without 

significant adverse events [166]. Several other clinical trials evaluated emricasan in different 

liver diseases. A randomized, double-blind Phase 2b clinical trial ENCORE-LF, enrolled 

217 patients with decompensated NASH. Patients were randomized and received 5 mg or 

25 mg of emricasan or placebo twice a day for at least 48 weeks. The trial’s endpoint 

was event-free survival, defined as a composite of all-cause mortality, new decompensation 

events, or ≥4 points progression in the Model for End-stage Liver Disease (MELD) score. 

The primary analysis showed no statistically significant differences between the treatment 

and placebo arms. Another double-blinded Phase 2b clinical trial named ENCORE-PH was 

conducted in 263 NASH patients with compensated or early decompensated cirrhosis and 

severe portal hypertension confirmed by the hepatic venous pressure gradient (HVPG) of 

≥12 mmHg at baseline. The patient received 5, 25, or 50 mg of emricasan or placebo twice 

a day for 24 weeks. The trial showied no statistically significant differences between the 

treatment and placebo arms.

Another pan-caspase inhibitor VX-166, was shown to reduce liver apoptosis, inflammation, 

and fibrosis in experimental models without decreasing ALT levels and oxidative stress 

markers. The beneficial effects of VX-166 on liver fibrosis were attributed to a reduction 

in the uptake of apoptotic bodies by HSCs and their decreased activation (Figure 5). 

However, the drug had a modest effect on animal models with established steatosis/

steatohepatitis [167]. Nivocasan (GS-9450) is a caspase inhibitor that reduced ALT and 

levels of cytokeratin 18 (CK-18), a central intermediate fragment protein in the liver in 

patients with hepatitis C and NASH. The drug also had favorable PK profiles; however, the 

potential risk of carcinogenesis was a concern regarding GS-9450 and caspase inhibitors in 

general [168].

Several other apoptosis inhibitors like triacsin C, baicalin, and resveratrol have been 

evaluated in preclinical models of acute liver injury [169]. However, their efficacy and 

safety in chronic liver disease are not known. Inhibition of caspase activity might be 

ineffective in chronic liver injury, as caspase inhibition may promote premalignant cells and 

could potentially exacerbate the risk of cirrhosis and HCC. Another concern regarding the 

safety of caspase inhibitors is ALT overshoot after treatment withdrawal. The pan-caspase 
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inhibition escape apoptosis of hepatocytes upon withdrawal, leading to massive apoptosis, 

which could result in acute liver failure [170].

3.2.4. Apoptosis signal-regulating kinase 1 inhibitor—Apoptosis signal­

regulating kinase 1 (ASK1) is a member of the mitogen-activated protein kinase (MAPK) 

family, which executes intracellular signaling in response to various extrac ellular stimuli 

[171]. There are three leading MAPK families in this pathway: extracellular signal­

regulating kinase (ERK) family, c-Jun N-terminal kinase (JNK) family, and p38 MAPK 

family. Each MAPK family is activated by distinct stimuli and changes the cell physiology. 

Other than stress, specific ligands such as death-associated protein 6 also known as DAXX, 

which is a Fas adapter protein, and TNFR-associated factor 2 also activaes ASK1 to induce 

apoptosis [172]. ASK1/JNK cascade phosphorylates and inactivates the antiapoptotic protein 

Bcl-2 [173]. In oxidative stress conditions of hepatocytes, ASK1 mediates phosphorylation 

of p38 MAPK leading to apoptosis and worsens fibrosis [174]. Therefore, inhibition 

of ASK1 could be an attractive approach to prevent hepatocyte death and treatment of 

NASH. In a preclinical study, small molecule ASK1 inhibitor selonsertib showed significant 

improvement in metabolism and NASH features such as hepatic steatosis, inflammation, 

and fibrosis. However, selonsertib, when tested in two randomized phase 3 trials for the 

anti-fibrotic efficacy in patients with NASH with bridging fibrosis (STELLAR-3 trial), and 

patients with compensated cirrhosis (STELLAR-4 trial), the drug failed to reach the primary 

efficacy endpoint of fibrosis.

Selonsertib has also been evaluated preclinically in combination with another drug for the 

treatment of fibrosis. Lysyl oxidase‐like molecule 2 (LOXL2) is an enzyme that catalyzes 

the crosslinking of collagen and elastin, leading to the stabilization of the ECM [175]. A 

humanized monoclonal antibody against LOXL2, simtuzumab, was tested for antifibrotic 

effect in the NASH model. However, in clinical studies of simtuzumab, monotherapy 

was not encouraging, and patients with F3 fibrosis (NCT01672866) and cirrhosis 

(NCT01672879) showed no benefits in reducing hepatic fibrosis. Further, selonsertib, in 

combination with simtuzumab, showed additive effects in a murine model of advanced 

fibrosis [176]. In another study, the combination of selonsertib and an acetylcoenzyme A 

carboxylase (ACC) inhibitor GS-9674 resulted in more significant anti-fibrotic activity than 

either agent alone in a rodent model of advanced fibrosis supported clinical evaluation of 

the combination. Selonsertib with GS-9674 and GS-0976 are currently being evaluated in a 

Phase 2 study in patients with NASH (NCT03449446).

3.3. Molecules affecting inflammatory pathways

NASH is characterized by extensive inflammation in the liver. Although lipotoxicity 

resulting from the build-up of proinflammatory lipids are the major cause, the inability 

of hepatocytes to cope with an increased metabolic load leads to ER stress, metabolic 

dysfunction, and production of ROS, which exacerbation of the hepatic inflammatory 

response [177]. Injured hepatocytes release DAMPs (damage-endogenous-associated 

molecular patterns) that activate proinflammatory signaling pathways via TLRs. Subsequent 

activation of KCs releases the proinflammatory cytokines and ligands. Several pathways 

including leukocyte extravasation signaling, chemokine signaling, production of nitric oxide, 
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ROS, and Fcγ receptor-mediated phagocytosis in macrophages and monocytes are believed 

to play an important role in the inflammatory response in NASH. Inhibitors of these 

pathways thus represent an important tool for therapeutics development.

3.3.1. Amine oxidases inhibitors—Amine oxidase (AO) catalyzes the oxidation of 

endogenous amines such as histamine or dopamine. AO can be either flavin or copper 

dependent. Four amine oxidase copper (AOC) containing genes are known to code for 

different enzymes in humans. AOC-1 encodes for a diamine oxidase (DAO), possesses a 

histamine metabolism activity, and is predominantly found in the kidney, placenta, intestine, 

thymus, and seminal vesicles. AOC-2 encodes for amine oxidase, which metabolizes larger 

monoamines and is mainly found in the retina. AOC-3 is the best characterized AOC known 

as vascular adhesion protein-1 (VAP-1) and semicarbazide-sensitive amine oxidase (SSAO). 

AOC-3 is found in the adipocytes, smooth muscle cells, endothelial cells, liver, lung, aorta, 

and ileum. It is involved in leukocyte migration during inflammation and implicated in many 

human diseases.

AOC-3 protein has a membrane-bound distal site and a catalytic amine oxidase site. 

Both sites are critical for inhibiting leukocyte rolling, adhesion, and transmigration in 

response to inflammatory stimuli. Active AOC-3 catalyzes the oxidation of primary 

amines to aldehydes, releasing ammonia and hydrogen peroxide upon regeneration of the 

cofactor. At high concentrations, these compounds are cytotoxic and contribute to the 

pathogenesis of different vasculopathy and inflammation. Methylamine and aminoacetone 

are the endogenous substrates for SSAO/VAP-1. Active AOC-3 is upregulated in the liver 

and renal fibrosis and could be used as a biomarker of disease progression (Figure 6).

NASH is predominantly characterized by neutrophil infiltration and responsible for the non­

specific immune response. In case of injury, neutrophils upregulate cell surface receptors 

such as CD44 and CD11b, which subsequently help their binding to endothelial cell 

surface adhesion molecules such as E-selectin, P-selectin, VAP-1/SSAO, and ICAM-1. 

This interaction enables neutrophils to transmigrate through the endothelial cell lining 

into the underlying parenchyma. Neutrophils release several inflammatory mediators and 

proteinases that contribute to progressive fibrosis and destruction of the liver parenchyma 

[178]. VAP-1 is a membrane-bound amine oxidase that promotes leukocyte infiltration to the 

liver. Hepatic VAP-1 expression is increases in patients with chronic liver disease including 

NAFLD. To inhibit VAP-1 activity, a binding peptide Siglec-9 was developed for imaging of 

inflammation and cancer [179]. This peptide binds to VAP-1-positive vessels in rheumatoid 

synovium, and the peptide conjugated with 68Ga-DOTA has recently successfully passed 

the phase 1 clinical trial. Several small molecules are being developed to inhibit neutrophil 

migration via their adhesion [178]. PXS-4728A is a small molecule inhibitor of VAP-1/

SSAO enzymatic function.

However, the development of several of these molecules as therapeutics has been 

hampered by low selectivity, pharmacological differences across species, and poor PK 

properties. The crystal structure shows that SSAO/VAP-1 has an elongated binding pocket 

with the co-factor and copper sitting deep within the pocket and can accommodate 

more bulky groups. Mofegiline is a selective, irreversible of monoamine oxidase 
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B (MAO-B) and semicarbazide-sensitive amine oxidase (SSAO). Mofegiline with a 

phenylethyl moiety tethered to the 2-position of 3-fluoroallylamine shows good interaction 

with the receptor. Mofegiline, when substitution at either the 3 or 4-positions of a 

benzene ring with hydrophilic polar group decreases its receptor binding. However, 

substituting secondary amides with larger lipophilic groups resulted in a potent 

and selective compound PXS-4159A (10 nM) [(E)-4-(4-amino-2-fluorobut-2-enyloxy)-N-
cyclohexylbenzamide [180]. PXS-4159A showed a promising in vivo PK parameter. 

However, it suffered from a narrow therapeutic window in the mouse model because 

of low efficacy against rodent protein. A new allylamine-based inhibitor, PXS-4681A 

[(Z)-4-(2-(aminomethyl)-3-fluoroallyloxy)benzenesulfonamide], has been synthesized with 

ideal PK properties. PXS-4728 was initially developed for treating NASH and subsequently 

for diabetic retinopathy. The compound testing was discontinued primarily because of 

the risk of dose-dependent drug interactions. LJP1207, hydrazine derivative, displayed 

antiinflammatory activity but has the potential for toxicity upon prolonged administration 

[181]. Substitution of methoxy on benzene ring resulted in LJP 1586 [Z-3-fluoro-2-(4­

methoxybenzyl)allylamine an orally active compound with reasonable inhibition of SSAO 

with IC50 of 4 nM. SzV-1287 [3-(3,4-diphenyl-1,3-oxazol-2-yl)propanal oxime] is another 

new molecule with VAP-1 inhibition and analgesic properties [182]. PXS-4728 was 

evaluated under a phase 2a study in patients with NASH. Although the treatment was well 

tolerated and showed inhibition of AOC3 activity in the plasma, compared to placebo, it was 

not developed further due to drug-drug interactions (NCT03166735) (Figure 6).

3.3.2. Chemokine signalling inhibitors—A chronic low-grade inflammatory 

response is directly connected to obesity, which increases the infiltration of macrophages in 

the adipose tissues. Macrophages can be either proinflammatory (M1) or anti-inflammatory 

(M2) [183]. In the fat tissues, an increase in M1 macrophages and a decrease in M2 

macrophages is evident [184]. Specific chemokines and cytokines promote the M1 state. 

Chemokines stimulate the chemotaxis of target cells by activating mitogenic responses 

through specific G protein-coupled C-C chemokine receptors (CCRs). The chemokine 

monocyte chemoattractant protein (MCP)-1 and its receptor CCR2 increase the M1 

population in fat tissue, as CCR2−/− mice show resistance to this switch [185].

Chemokine receptor-ligand interaction is crucial for the development of insulin resistance 

and hepatic steatosis in an HFD-induced obese mouse [186, 187]. CCR consists of seven 

transmembrane domains and amino and carboxyl termini.[188] Inhibition of CCR2 with 

propagermanium could prevent insulin resistance and steatosis in mutant diabetic as well as 

in wild-type mice [189, 190]. CCL2 can be released by KCs, stressed hepatocytes, stressed 

adipocytes, or activated HSCs. CCL2 mobilizes CCR2+ monocytes into the circulation and 

recruit them into the tissue.

Other than CCR2, genetic deletion or inhibition of CCR5 also results in reduced 

inflammation and fibrosis progression in the liver. CCR5 has widely expressed in the liver 

non-parenchymal cells and helps in recruiting lymphocytes in the liver. CCR5 activation 

recruits lymphocytes and stimulates the migration of HSCs to the injury site, which starts the 

accumulation of KCs [191]. CCR1 is also implicated in macrophage migration to the injured 

liver and the promotion of HSC activation. Although drugs designed to inhibit CCR1/2/5 
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is expected to dampen inflammation, and fibrogenic activation of HSCs, the high level of 

redundancy within the chemokine network makes this task a bit challenging. For example, 

CCR1 can not only interacts with CCL1 but additionally with CCL3/4/5,[192] CCR8 with 

CCL1 [193], CX3CR1 with CX3CL1 [194], and CXCR3-CXCL10 [195]. Thus, the effect 

of inhibition of one CC pathway is compensated by alternative CC. P-selectin glycoprotein 

ligand 1 (PSGL-1/CD162) and Mac-1 (CD11b/CD18) are the two attractive targets. Studies 

have shown that CXCR2 deficient mice or treated with CXCR2 antagonists; SCH527123, 

AZD8309, and SB-656933 inhibit lipopolysaccharides (LPS) induced inflammation due to 

neutrophils [196, 197].

CCR2 and CCR5 receptors share almost 72% sequence identity and are expressed on 

different cells in a complementary manner. Dual inhibition of these receptors, therefore, 

has been implemented for antiinflammatory therapy. The compound benzo[7]annulene 

(TAK-779) represents a potent, first non-peptide dual CCR5 and CCR2 receptor antagonists 

with IC50 = 1.4 nM, and 27 nM respectively (Figure 5) [198]. However, due to the 

quaternary ammonium group of TAK-779, its oral bioavailability was very low (~10%) 

and found irritant at the injection site [199]. The analog bearing polar sulfoxide instead 

of quaternary ammonium group TAK-652 (2) showed similar efficacy (IC50 = 3.1 nM for 

CCR5 and IC50 = 5.9 nM for CCR2 receptors) [200]. Structure-activity relationship (SAR) 

studies conclude that a compound with a reduced ring from a benzazocine to a benzazepine 

had similar CCR5 affinity while introducing an isobutyl side chainenzazocine ring increased 

CCR5 binding affinity. Cenicriviroc (CVC, TAK-652), is an orally active molecule with a 

mean half-life of ~40 h, and an excellent safety profile. In a recent clinical phase 2b study 

(Centaur), demonstrated an improvement in liver fibrosis at least one stage after a year of 

therapy. Oral administration of CVC at the dose of 150 mg once a day is being tested in a 

phase 3 trial, dubbed AURORA in NASH patients [201].

CCR inhibitors, in combination with other liver metabolism targeting drugs such as 

FXR agonist Tropifexor is being tested in a clinical trial (TANDEM). TANDEM 

(NCT03517540) has now progressed to Phase 2. Another nonsteroidal FXR agonist 

Cilofexor (GS-9674) demonstrated the biological activity and safety profile in healthy 

volunteers and strengthened its evaluation in patients with NASH and cholestatic liver 

disorders. Phase 2 studies with Cilofexor are ongoing in patients with NASH, primary 

biliary cholangitis (PBC), and primary sclerosing cholangitis (PSC) [202]. Further, its 

combination with PPAR agonists or FGF-21 could be logical for treating steatohepatitis. 

[203].

3.3.3. Adenosine receptor agonists—Adenosine receptors (ARs) are G protein­

coupled receptors (GPCRs) found in the human lung, liver, brain, aorta, and testis. ARs are 

involved in a variety of intracellular signaling pathways and physiological functions. ARs 

are a family of four subtypes; A1, A2A, A2B, and A3, where A1 and A3 ARs inhibit the 

adenylyl cyclase (AC) activity, whereas A2A and A2B increase the cAMP levels. Of these, 

A3AR and A2AR are of particular interest in cancer and fibrosis. A3AR is overexpressed on 

inflammatory cells and peripheral blood mononuclear cells (PBMCs) compared to healthy 

cells. The antiinflammatory effects of A3AR have been proven in preclinical models of 
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inflammatory bowel disease (IBD), systemic toxemia, pulmonary inflammation, rheumatoid 

arthritis (RA), osteoarthritis, and liver inflammation.

The antiinflammatory activity of A3AR is through the deregulation of NF-kB signaling 

pathway, leading to inhibition of TNF-α, IL-6, IL-12, macrophage inflammatory proteins 

(MIPs)-1a, MIP-2 and receptor activator of NF-κB ligand (RANKL), resulting in apoptosis 

of inflammatory cells. Under stressed metabolic conditions, TNF-α upregulates protein 

kinase B (PKB)/AKT, which is an inhibitor of NF-kB light polypeptide gene enhancer in B 

cells (IkB) and IkB kinase (IKK). Upregulated NF-kB acts as an A3AR transcription factor. 

Further, transcription factors, such as c-Rel, MyoD, c-fos, GR, CREB, AP-1, GATA-1, 

C/EBP, c-Jun, and PU.1 are also known to bind the A3AR promoter region (Figure 8A). 

A3AR agonists administered in combination with chemotherapeutic agents to tumor-bearing 

mice prevented myelotoxic effects and prevented a decline in white blood cell (WBC) and 

neutrophil counts, resulting in full recovery of myeloid system parameters. This effect is 

because A3AR agonists induces the production of granulocyte colony-stimulating factor (G­

CSF), which stimulates myeloid progenitor cell expansion in the bone marrow and increases 

the WBC and neutrophil counts in the peripheral blood. Additionally, A3AR agonist can 

protect against mitochondrial damage and helps preserve ATP production in immune cells. 

Caffeine, the major component of coffee, has AR antagonist properties and is found to 

significantly diminish hepatic injury and chronic liver disease [204].

Although A3AR is an important target in drug development, several major problems 

complicate the development of AR agonists in general: (1) AR expression is ubiquitous 

in the body and may result in diverse side effects. (2) The low density of ARs in the target 

can reduce its desired treatment. (3) In general, nucleoside derivatives possess low efficacy 

(the ability to induce the required conformational change of the receptor), and their binding 

to receptors exert only a partial agonistic effect. (4) GPCRs are insoluble in environments 

lacking phospholipids. Thus, obtaining their 3D structural configuration is difficult by using 

standard structure determination techniques such as X-ray and NMR studies. (5) GPCRs 

are dynamic proteins, and ligand binding can induce a spectrum of conformations changes, 

and each confirmation is associated with its own signaling profile. Thus, the effect of 

various adenosine substitutions on affinity and relative maximal efficacy is a comparison by 

determining the concentration of activating the second messenger to a known full agonist 

[205].

A3AR agonists have been modified at the N6 and C2 positions of adenine as well as the 

ribose moiety and using a combination of these substitutions to optimize their interaction 

with A3AR. The binding of a nucleoside to A3AR and its activation of the receptor are 

separate processes and represent a distinct structural requirement (Figure 8B). With a small 

group such as methyl at the N6 position, affinity to hA3AR is reduced by some groups at 

C-2 such as trifluoromethyl, amino, aminomethyl, and N-methyl-carboxamidine (NMPC) 

and enhanced by another group such as cyano. With a larger N6-substituent, the 2-cyano 

substitution did not enhance the affinity but instead resulted in a reduction in the ability to 

activate the receptor.[206] There is no correlation between the affinity of a given nucleoside 

derivative in binding to A3AR and its ability to fully vs. partially activate the receptor. 

For instance, N6-benzyl and certain 2-position substituents on the adenine moiety reduce 

Kumar et al. Page 26

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the relative efficacy at A3AR. 2-Chloro alone does not reduce A3AR efficacy, but in 

combination with a substituted N6-benzyl moiety, it leads to a further reduction. IB-MECA 

has an N6-iodobenzyl group, and a 5′-methylcarboxamido group, whereas in Cl-IB-MECA 

a 2-chloro group was introduced makes it more selective than IB-MECA. IB-MECA was 

tested in various conditions, which included RA, dry eye syndrome, and psoriasis. Oral 

administration of IB-MECA was safe and well-tolerated and resulted in improvement in 

some symptoms of diseases in various clinical trials [207]. Substituted on MECA structure 

bearing a methyl group in the N6-position and 2-pyridinyl)ethynyl substituent showed a 

remarkable selectivity and 7- to 8-fold more potency than Cl-IBMECA [208].

Modifications of the ribose moiety specifically on 5′ region is a prerequisite for A3AR 

activation. Conformational studies of the ribose moiety and its equivalents indicate that the 

ring oxygen is not required, and that the North (N) ring conformation is preferred in binding 

to A3AR. One means of locking the conformation of the ribose-like ring is through the use 

of bicyclo[3.1.0]hexane ring system, which assumes an (N)-envelope conformation. Based 

on these observations, CF502 (MRS3558, N-methanocarba-5′-uronamide derivatives was 

reported to be highly potent [209]. Further, LJ529 (2-chloro-N6-methyl-4’-thioadenosine-5’­

methyluronamide) with the 4’-thionucleosides was found to be a potent compound [210]. 

A flexible 5′ -uronamide moiety is particularly well suited to maintaining efficacy and 

even overcomes the reduction of efficacy induced by various adenine substituents at 

the N6 and C2 positions. CP-532,903 [N6-(2,5-Dichlorobenzyl)-3′-aminoadenosine-5′-N­

methylcarboxamide] with an amine on 4’thioadenosine showed high potency to A3AR 

[211]. One family of selective A3AR antagonists comprises the derivatives of 1.4­

dihydropiridines, which are known as inhibitors of L-type Ca2+ channels. After various 

modifications, including the introduction of a 6-phenyl group, these molecules bind with 

high affinity and selectivity for the human A3AR.

Several synthetic AR antagonist molecules have been developed, which are being tested in 

preclinical or clinical studies. Namodenoson is a synthetic adenosine derivative that binds 

with high selectivity to A3AR in pathological liver cells, inducing robust anti-inflammatory 

and anti-cancer effects. Namodenoson was tested in Phase 2 (60 patients) double-blind, 

placebo-controlled, dose-finding efficacy, and safety study enrolled 60 patients with NAFLD 

with or without NASH. The study shows that treatment with Namodenoson twice daily 

with 12.5 mg (n=21) or 25 mg (n=19) achieved its efficacy endpoints while continuing to 

demonstrate a good safety profile (www.can-fite.com).

Another critical member of this family is A2AR, which is activated upon liver injury 

and fibrosis. A2AR activation enhances HSC activation, and A2AR deficient mice are 

protected from CCl4 or thioacetamide-induced liver fibrosis. Further, A2AR helps in 

the hypoxic preconditioning of hepatocytes through the PI3K/PKB/AKT pathway and 

increases angiogenesis post-liver injury. A2AR inhibits proinflammatory cytokine formation 

in monocytes and macrophages acting via adenosine. Mice with macrophages deficient in 

A2AR display elevated and prolonged production of proinflammatory cytokines, including 

TNF-α and IFN-γ, in response to challenge with lipopolysaccharide (LPS) [212].
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3.3.4. Bromodomain containing protein inhibitors—Bromodomain (BRD) 

containing proteins are transcriptional enhancers from the bromodomain and extra terminal 

domain (BET) family. The BET family of proteins including BRD2, BRD3, BRD4, and 

BRDT (germ cell-specific) contain N terminal tandem bromodomains, a structural feature 

that enables to bind acetylated histones in the promoter of genes and regulate their 

expression. BET proteins regulate the transcription of genes needed for normal development, 

maintenance of oncogenic gene expression, and physiological response to injury and 

infection. BET proteins contain first and second bromodomains (BD1 and BD2), each 

with a different role in the activity. BD1 domain is mainly involved in the maintenance of 

gene expression, including for cancer, whereas BD2 domain predominantly affects the rapid 

induction of genes such as inflammatory and autoimmune responses. After inflammatory 

stimuli such as cytokine (including IFN-y, Th17, IL-6) stimulation, the BET proteins are 

specifically recruited to target the gene prom oter region to induce gene expression. Specific 

BD2 inhibition has been shown to dampen inflammation in preclinical arthritis, psoriasis, 

and hepatitis. There are mainly two types of BETi under development. First, the type of 

molecules interacts with BET protein binding domains and inhibit their interaction with 

acetylated histones, including JQ1, OTX-015, I-BET762, BY27, RVX-208, GSK340, and 

ABBV-744. The second type of inhibitors are proteolysis-targeting chimeras (PROTACS) 

molecules, which binds to the target protein and recruits the E3 ligase complex and degrades 

BET protein after ubiquitination. These include dBET1, ARV-771, QCA570, BETd-260, 

and A1874 [213]. These PROTAC molecules usually consist of three parts: a target protein­

ligand, an E3 ubiquitinated ligase ligand, and a ligation module. Among all these BET 

inhibitors (BETi), the selective BD1 (RVX 201, PLX51107) and BD2 (ABBV744) binding 

molecules are also undergoing clinical investigation.

BET activity is directly related to the gene expression signatures of steatosis, liver 

fibrosis, and patient-derived NASH [214]. BET promotes interferon-related proinflammatory 

pathways by upregulating expression of genes such as CXCL10 and STAT1. It has been 

shown that chemokine CXCL10 induces inflammation (TNF-α, IL-1β, and MCP-1) and 

regulates lipogenesis (SREBP-1c) and oxidative stress (CYP2E1 and C/EBPβ) in NASH. 

STAT1 upregulation has been shown to increase hepatocyte apoptosis and increase disease 

severity [215].

Transcriptomic profiling of diethylnitrosamine (DEN)/choline-deficient, L-amino-acid­

defined HFD (CDAHFD) mouse livers show gene expression profile like patients with 

NASH. Treatment with JQ1 significantly reduced liver fibrosis measured by collagen 

deposition and expression of genes mediating fibrogenesis (ACTA2, TGFβ1 and TIMP1) 

as well as liver inflammation (CCL2 and TNF-α expression).

Among all BET proteins, research has focused mainly on the coactivator effects of BRD4 

transcriptional functions because of its requirement to maintain oncogenic transcriptional 

programs. BRD4 binding to histone H3 lysine 27 acetylation (H3K27ac) is an epigenetic 

mark for active enhancers for several profibrotic transcription factors such as ETS1 and 

SRF SMAD3, and NF-κB. Gene ontology (GO) analyses of BRD4 putative target genes 

include the major profibrotic pathways such as focal adhesion, ECM-receptor interaction, 

integrin signaling, smooth muscle contraction, platelet-derived growth factor-beta (PDGF) 
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signaling, NF-κB signaling, and JNK/MAPK signaling. BRD4 inhibitor JQ1 reverted the 

transcriptional liver programming of NASH, including the EMT, inflammation, IL2/STAT5, 

oxidative phosphorylation, bile acid, and fatty acid xenobiotic metabolism, and allograft 

rejection pathways. BRD4 inhibition mainly (~60%) reverted expression of H3K27ac­

altered genes. JQ1 treatment did not affect BRD4 levels; instead, significantly reduced 

its binding on SOX9, EPCAM, KRT7, and NF-κB2 promoter [216]. Lipid accumulation 

in the liver is controlled by the coordinated action of several genes, including CYP8B1, 

dihydroxyacetone kinases (DAK), and perilipin 5 (PLIN5). Cyp8b1 gene is involved in the 

regulation of cholesterol metabolism by generating cholic acid. The DAK gene product 

converts dihydroxyacetone to dihydroxyacetone phosphate in the glycolytic system. PLIN5 

is found in the periphery of lipid droplets and facilitate TG synthesis. BRD4 enhances the 

transcription of these three genes in fructose-force-fed mice compared to glucose-force-fed 

mice. BRD4 binding to the promoters of CYP8B1, DAK, and PLIN5 genes by JQ1 were 

found to suppress their expression [217].

BRD4 acts as a mitogenic regulator in HSC proliferation and promotes COL1A1 expression 

in response to TGF-β1 signaling. JQ1, a small molecule BRD4 inhibitor as a treatment for 

CCl4 induced liver fibrosis. JQ1 treatment in vitro suppressed the induction of key marker 

genes, including COL1A1, COL1A2, and α-SMA. Besides, early treatment with JQ1 could 

dramatically inhibit HSC activation and reverse or at least prevent further progression of 

liver fibrosis as indicated by reduced collagen and profibrotic markers. These findings 

strongly support that BRD4 is a therapeutic target for liver fibrosis [218]. Yamada et al. 

reported induction of genes related to lipid accumulation in the livers of mice force-fed with 

fructose [217]. Systemic administration of JQ1 inhibited histone acetylation and inhibited 

lipid accumulation in the liver.

Further, Jung et al. determined the role of BRD4 on FXR function in bile acid 

regulation and whether the beneficial effects of OCA are reduced by inhibiting BRD4 in 

cholestatic mice [219]. Inhibition of BRD4 disrupted bile acid homeostasis in mice, and 

FXR-mediated regulation of bile acid-related genes was BRD4-dependent. JQ1 or OCA 

treatment ameliorated hepatotoxicity, inflammation, and fibrosis in cholestatic mice but 

was antagonistic in combination. It was found that FXR mediates bile acid metabolism 

through the small heterodimer partner (SHP), which is a key regulator of bie acid. BRD4 

epigenetically coactivates the induction of SHP. Inhibition of BRD4 with JQ1 abolished 

OCA-induced anti-inflammatory and anti-fibrotic effects.

3.3.5. Galectin-3 receptor inhibitors—Oxidation of excessive accumulated fat results 

in advanced lipoxidation end-product (ALE) and deposition of advanced glycation end­

products (AGEs) in the liver. Receptor-mediated endocytosis of ALE triggers several 

signaling pathways leading to chronic low-grade inflammation and contribute to NASH. 

Also, the scavenging function of KCs is impaired, and result in the deposition of ALEs in 

various extra-hepatic organs, including vessels and increase the risk of NAFLD related 

cardiovascular risk [220]. FA metabolites induce ER stress and increased production 

of reactive oxygen species (ROS) by mitochondrial β-oxidation. When ER capacity is 

overwhelmed by an excess of fat, ROS are produced by peroxisomal β-oxidation and 
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ER ω-oxidation. In positive feedback, ROS trigger κB kinase-β/NF-κB/TNF-α cycle and 

initiates and maintains a T helper 1 (Th1)- and macrophage 1 (M1)-mediated inflammation.

There was significant increase in the plasma levels of ALE/AGE in patients with cirrhosis, 

which correlates well with the disease severity [221]. ALEs/AGEs are selectively recognized 

by scavenger receptors (SRs), TLRs, and AGE receptors present in different liver cell types. 

For instance, macrophages express SR-A and SR-A/CD36 receptors for ALE endocytosis. 

Hepatocytes predominantly express the receptor for AGE (RAGE), whereas galectin-3 is 

overexpressed in KCs and SLECs. Levels of both RAGE and galectin-3 receptors increase 

with the extent of liver damage. RAGE is upregulated during HSC activation, and its 

blockade reduces experimental hepatic fibrosis. Galectin-3 promotes an M2 macrophage 

state in mice, which is associated with increased fibrosis of the liver, lung, kidney, 

heart, and vascular system [222, 223]. While deletion of galectin-3 gene blocks TGF-β–

mediated HSC activation and ECM production. However, some studies have shown that 

mice with galectin-3 disruption develop NAFLD/spontaneously with aging, thus warrant 

further investigation to define its exact role.

Galectin-3 plays an important role in the uptake of ALE/AGE by LSECs, and its ablation 

resulted in reduced accumulation within the liver and increased serum levels of these end­

products compounds [220]. Galectin-3 also modulates VEGF/VEGFR-2 signaling pathway 

in endothelial cells in response to hypoxia, and its deficiency attenuates inflammatory 

angiogenesis in vivo [224, 225]. Several galactin-3 inhibitors are being tested in preclinical 

and clinical setup for antifibrotic effect in different organ fibrosis. Two approaches have 

been taken to develop drugs that bind galactin-3: large polysaccharides that contain 

galactose (GR-MD-02, belapectin; Galectin Therapeutics), and modified disaccharides 

(TD139; Galecto Biotech). GR-MD-02 is a modified, naturally occurring galactoarabino­

rhamnogalacturonan polysaccharide (50 kDa), that contains side chains of 1,4-β-D-galactose 

(Gal) and 1,5-α-L-arabinose (Ara) galactose as a drug that binds to galactin-3.[226] TD139 

is disaccharide 1,1′-sulfanediyl-bis-{3-deoxy-3-[4-(3-fluorophenyl)-1H-1,2,3-triazol-1-yl]-

β-d-galactopyranoside} molecule. Both molecules are not well absorbed orally and must 

be given parenterally, although TD139 could also be delivered by inhalation for idiopathic 

pulmonary fibrosis (IPF). TD139 has a higher affinity for the carbohydrate recognition 

domain of galactin-3, while per drug molecule of GR-MD-02 has ~5 molecules of galactin-3 

binding domains. Regardless of these crucial differences, both molecules show a similar 

effect in a pulmonary fibrosis mouse model [227].

Recently, a phase 2b randomized trial of galentin inhibitor belapectin (GR-MD-02) a) was 

completed in patients with NASH, cirrhosis, and portal hypertension [223]. Patients with 

NASH, cirrhosis, and portal hypertension (hepatic venous pressure gradient [HVPG] ≥ 6 

mm Hg) received biweekly infusions of 2 mg/kg, 8 mg/kg belapectin, or placebo for 52 

weeks. The primary and secondary endpoints were changed in HVPG (Δ HVPG), and 

changes in liver histology at the end of 52-week period compared with baseline. Belapectin 

was safe in the patient when administered at the dose of 2mg/kg. However, there was 

no significant difference in ΔHVPG between belapectin groups at both doses and placebo 

groups. Further, belapectin treatment did not show any significant effect on fibrosis or 

NAFLD liver. In patients without esophageal varices at baseline, 2 mg/kg belapectin reduced 
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HVPG at 52 weeks compared to baseline, and reduced development of new varices. The 

company plans to advance belapectin into phase III testing.

A synthetic low-molecular weight carbohydrate-based compound lactulosyl-L-leucine (Lac­

L-Leu) has been shown to have galactin-3 antagonizing properties [228]. Further, Lac-L­

Leu synergistically augmented paclitaxel’s efficacy in human cancer cells and inhibited 

clonogenic survival, and induced apoptosis in metastatic cells. Lac-L-Leu/paclitaxel 

combination was functionally linked with increased mitochondrial damage and caused a 

reversal and eradication of the advanced metastatic disease in 56% of experimental animals.

3.3.6. Phosphodiesterase inhibitors—Cyclic nucleotide monophosphates 

(guanosine; cGMP and adenosine; cAMP) are the second messengers of the cells and 

regulate metabolic hemostasis and inflammation. cAMP plays a pharmacological role in 

inflammation, cognition, lipogenesis, proliferation, apoptosis, and differentiation. Cellular 

cAMP levels are tightly controlled by a balance between inducing substances such as 

epinephrine and glucagon and degradation of cAMP into AMP by phosphodiesterases 

(PDEs). The superfamily of PDE enzymes comprises 11 isotypes (PDE1–PDE11), and 

each type differing in structure, substrate specificity, inhibitor selectivity, and differentially 

expressed in cells and tissues. cAMP specific PDE4 is overexpressed in immunocytes, 

including T cells, monocytes, macrophages, neutrophils, dendritic cells, and eosinophils. 

In the case of inflammation, the intracellular cAMP levels are found low; thus, inhibition 

of PDE4 is one of the best strategies to modulate the inflammatory responses because it 

bypasses the complex antigen receptor-specific immunoregulatory mechanisms [229].

Increased cAMP level leads to the release of a catalytic subunit from the regulatory 

subunit and exhibits the activation of protein kinase A (PKA), resulting in phosphorylation 

of downstream protein targets. Cyclic nucleotide modulators, including PKA, cyclic 

nucleotide-gated ion channels, and exchange factors (Epac1/2) are directly activated by 

cAMP and contribute to the formation of cAMP signalosomes. PKA regulates gene 

expression by mediating a transcription factor, cAMP response element-binding (CREB) 

protein, activating transcription factor 1 (ATF-1), and cAMP-responsive element modulator 

(CREM) and recruit CREB binding protein (CBP) or the homologous protein p300, leading 

to the reduction of inflammatory cytokines and increase in anti-inflammatory cytokines. 

Notably, the activity can be stimulated upon the phosphorylation of p65 on Ser276 by PKA, 

and PKA activation could regulate the transcriptional activity of NF-κB by modulating 

its interaction with CBP and p300 without IκBα degradation or NF-κB DNA binding 

activity, which results in the downregulation of inflammatory responses. Additionally, PKA 

activation could interfere with B-cell lymphoma 6 protein (Bcl-6)-mediated synthesis of 

proinflammatory cytokines and proliferation of immune cells. Increase in cAMP levels 

showed multiple effects on cell proliferation, differentiation, immune responses, increased 

glucose production, lipogenesis inhibition, and improved oxidative stress [230].

PDE4 is a downstream component of β-adrenoceptor, and N-methyl-D-aspartic acid 

(NMDA) receptor mediated signaling pathway. Receptors for activated C kinase 1 (RACK1) 

and Akinase-anchoring proteins (AKAPs) and proteins that contain SH3 domains act as the 

interacting proteins that affect the intracellular localization and function of PDE4. PDE4 
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inhibition modulates both innate and adaptive responses. For instance, PDE4 inhibition 

showed regulatory activities in macrophages, neutrophils, monocytes, and dendritic cells. 

Besides, PDE4 inhibition showed excellent effects on T cell receptor (TCR)-induced 

activation of T cells, resulting decreased cytokine and chemokine secretion from T helper 

1 (Th1), Th2, and Th17 cells. Selective PDE4 inhibitors such as roflumilast, apremilast, 

and crisaborole have been developed and used in asthma, chronic obstructive pulmonary 

disease (COPD), psoriasis, atopic dermatitis (AD), inflammatory bowel diseases (IBD), 

rheumatic arthritis (RA), lupus, and neuroinflammation. However, most of these inhibitors 

are nonspecific and cause nausea, emesis, gastrointestinal effects, and other adverse effects 

which largely impeded the clinical application.

ASP9831 is a new PDE4 inhibitor with antiinflammatory properties mainly directed at 

activated macrophages and KCs. Upon stimulation by lipopolysaccharide (LPS), ASP9831 

inhibits TNF-α production in the nanomolar range from both human and rat peripheral 

blood mononuclear cells (PBMCs). Further, ASP9831 showed a significant reduction in 

ALT activity in 3 distinct acute hepatitis models: D-galactosamine and D-galactosamine 

plus LPS in rats and concanavalin A in mice. In MCD induced NASH, ASP9831 

administration at 1 and 3 mg/kg reduced 40% to 50% in ALT levels and improved 

histologic necroinflammation. Based on these data, ASP9831 was evaluated in Phase 1 

and 2a clinical trials for anti-inflammatory and antifibrotic potential in patients with NASH 

[231]. Unfortunately, no significant change was observed for liver injury biomarkers and 

in the biomarker adiponectin, cytokeratin 18, and TNF-α between ASP9831 and placebo 

groups. Interestingly, while >50% inhibition of TNF-α expression was observed in healthy 

individuals treated with 100 or 200 mg ASP9831 daily but not in patients with NASH, 

possibly reducing TNF-α signaling through cAMP induction could trigger compensatory 

inflammatory pathways, resulting in TNF-α upregulation [168].

3.3.7. Anti-LPS hyperimmune bovine colostrum—Metabolic imbalance often leads 

to insulin resistance and inflammation which is characterized by immune cells such as 

CD4+ T lymphocytes infiltrate into the inflamed tissues. Regulatory T cells (Tregs, CD4+ 

Foxp3+) play an essential role in maintaining peripheral tolerance, preventing autoimmune 

diseases, and limiting chronic inflammatory diseases by preventing autoreactive T cells 

[232]. Accordingly, it is not surprising that a reduction of Tregs is observed in the fat 

of insulin-resistant models of obesity. Tregs induction can ameliorate the effect on the 

leptin-deficient (ob/ob) mouse model of T2DM associated with an increase in the number 

of splenic CD4+ CD25+, CD4+ CD25+ Foxp3+, and CD3+ NK1.1+ regulatory lymphocytes 

[233].

Bovine colostrum (BC) is the milk of lactating mammals that is secreted during the 

first 72 hours following birth. Colostrum delivers bioactive proteins that possess a wide 

range of biological activities that promote the normal development of innate immune 

system and maturation. Immunoglobulins (IgG) are the primary immune components of 

the acquired immune system presented in colostrum. The immunological activity of bovine 

IgG in milk from cows immunized against human pathogens is like that of IgG in human 

milk. For example, skimed milk from cows immunized with a polyvalent human gut 

bacterial vaccine was shown to reduce elevated blood cholesterol and TG concentrations 
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significantly. IMM-124E is an anti-LPS hyperimmune BC. Treatment with IMM124-E 

showed a beneficial effect on the lipid profile and liver injury of treated patients. One month 

of oral treatment of 124-E affected Tregs, which is accompanied by an increase in serum 

IL-6 and a small increase in adiponectin levels. IMM124-E induces NKT cells and provides 

an ameliorating effect in ob/ob mice. The BC also neutralizes LPS and reduces the influx of 

LPS from the gut to inhibit enteropathogenic endotoxemia.

Oral administration of Imm124-E in patients with metabolic syndrome was safe and 

alleviated insulin resistance, liver damage, and hyperlipidemia [234]. These beneficial 

effects were also accompanied by increased serum levels of GLP-1, adiponectin, and Tregs. 

Colostrum contains a high amount of insulin-like growth factor (IGF-1), stimulating glucose 

utilization to alleviate diabetic symptoms. IMM-124E is tested orally three times a day in 

a phase II trial in patients with any stage biopsy-proven NASH by Immuron Ltd., (IMRN). 

The primary endpoint is the change in liver fat content confirmed by MRI and the change in 

ALT. In addition to the adult NASH study, IMM-124E is also evaluated in a phase II study in 

children with pediatric NAFLD.

3.4. Molecules affecting extracellular matrix/remodeling and HSC activation

Activated KCs in the inflammatory liver release profibrogenic cytokines to induce quiescient 

HSCs into activated myofibroblast phenotype. Activated HSCs produce high amount of 

extracellular matrix (ECM) leading to progressive fibrosis [235]. ECM is rich in fibrillary 

and nonfibrillar collagen and other proteins such as elastin, laminin, and fibronectin; 

hyaluronan, aggrecan, fibromodulin, decorin, biglycan, glypicans, and syndecans. ECM 

represents a complex network which meant to restore the architecture damaged tissue and 

provide the mechanical stability [236]. However, prolong ECM deposition increases its 

crosslinking that renders it more resistant to degradation, and often result in incomplete 

reversibility of advanced fibrosis. ECM contributes to typical complications such as portal 

hypertension and loss of functional liver mass.

Although HSC activation is a central process in all type of liver injuries, recent single­

cell RNA sequencing study showed involvement of other cells type such as mesothelia/

portal fibroblasts, vascular smooth muscle cells, and scar-associated mesenchymal cells 

in profibrogenic response [237]. ECM deposition is associated with dysregulation of 

ECM remodeling proteins, i.e., increased expression of TIMPs and inefficient removal of 

excess fibrillary collagen by metalloproteases (MMPs). Targeting mechanisms resulting 

in dysregulation of critical molecular pathways in activated HSCs or MFs represent a 

promising therapeutic approach. Several molecular pathways including hedgehog (Hh), 

renin-angiotensin, and TGF-β1 are known to participate in HSC activation and ECM 

secretion. Yet, there is a long road ahead to translate these molecular mechanisms for 

therapies in human.

3.4.1. Hedgehog pathway inhibitors—Sonic hedgehog (Shh) ligand is secreted by 

stressed hepatocytes, which leads to several events related to lipid metabolism and NASH 

development. Hedgehog (Hh) pathway includes three morphogen proteins; sonic Hh (Shh), 

Indian Hh (Ihh), and Desert Hh (Dhh), which regulate the developmental events in the 
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embryo and wound healing process in adult tissue. In vertebrates, Hh ligand binding to 

its receptor ‘Patched’ evokes its inhibitory effects on the Smoothened (SMO) receptor and 

subsequently leads to GLI translocation into the nucleus. GLI is a transcription factor family 

consists of GLI1, GLI2, and GLI3. GLI2 and GLI3 are the primary effectors to induce Hh 

signaling, whereas GLI1 is their direct target and functions to amplify the transcriptional 

response. Moreover, GLI2 is an Hh dependent transcriptional activator, and GLI3 is a 

repressor of Hh signaling [238].

Hh pathway shows various effects related to glucose metabolism, insulin secretion, 

lipid generation, and adipocyte differentiation. For instance, SHH inhibits adipocyte 

differentiation by diverting preadipocytes away from adipogenesis and inducing white 

adipose tissue development. Hh signaling elicits these effects by inducing anti-adipogenic 

transcription factors such as Gata2 [239]. While the Hh-GLI2 axis drives lipogenesis 

in adipocytes, leading to increased obesity in adult mice. Further, postnatal constitutive 

activation of Hh pathway in adipocytes by either mutated SMO (SmoM2) or by 

overexpression of GLI2 (ΔNGli2) suppresses both white adipose tissue (WAT) and brown 

adipose tissue (BAT) accumulation in mice on a high fat diet (HFD). Adipocyte de novo 

formation (hyperplasia) and hypertrophy contribute to fat accumulation in response to a 

HFD. The Hh signaling through GLI2 induces Wnt expression, which subsequently inhibits 

adipocyte differentiation and the conversion of glucose to lipids [238]. In β-cells, elevated 

Hh signaling leads to impaired β-cell function and insulin secretion, resulting in glucose 

intolerance in transgenic mice. The mature β-cell exclude precursor cell markers Hes1 

and Sox9, while Hh signaling stimulates their expression and impair the functionality of 

these cells. Sustained high Hh levels in β-cell erodes their identity and eventually led to 

undifferentiated pancreatic tumors [240]. As discussed before, PPAR-γ is a master regulator 

of glucose homeostasis, and its depletion induces insulin resistance. Recently it was shown 

that Shh by ERK-dependent pathway decreases the stability of PPAR-γ in subcutaneous 

adipose tissue and result in insulin resistance [241]. ERK phosphorylation induced by 

Shh increased PPARγ phosphorylation at Ser-112 and decreased its protein levels via E3 

ubiquitin protein ligase neural precursor cells expressed developmentally downregulated 

protein 4 (NEDD4–1) dependent ubiquitination.

The Hh pathway modulates the regeneration and repair responses, inflammation and 

accelerates NASH progression to liver fibrosis. Shh stimulates HSCs and portal fibroblasts 

(PF), thereby promote fibrosis responses. Lipotoxicity in these cells results in c-Jun 

N-terminal kinase (JNK) activation, subsequently induces Shh expression. Shh prevents 

cell death and continuously being secreted persistently despite lipotoxic insults [242]. 

Inhibition of Hh signaling in the liver may lead to deleting ballooned hepatocytes and 

reduced downstream events, including HSC actication, inflammatory reactions, and even 

HCC development. Osteopontin (OPN) is an extracellular matrix protein, which is one 

of the Hh target genes and plays pathological roles in several liver diseases. Osteopontin 

(OPN) is secreted by macrophages, neutrophils, and HSCs in the liver [243]. Although 

the hepatocyte-specific role of Shh signaling is not fully understood, in one study, it 

was found that mice with liver‐specific knockout of Smoothened (SMO LKO) reduced 

macrophage activation and inhibited proinflammatory cytokine expression [244]. Further, 

inhibition of SMO with Vismodegib or Sonidegib moderately reduced serum levels of TG 
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and cholesterols, improved glucose tolerance, and significantly reduced the expression of 

SREBP1 and SCD1 in the liver [244]. Hh pathway inhibition decreased murine macrophage 

marker F4/80‐positive cells and mRNA levels of TNF‐α, IL‐1β, MCP1, and IL‐6. Activated 

macrophages (M1 phenotype) produce pro-inflammatory cytokines, whereas alternatively 

activated macrophages (M2) possess the ability to attenuate inflammation. In the case of 

the body’s higher energy balance, macrophages in the adipose tissue tend to polarize to 

the M1 type responsible for insulin resistance. It was found that adipocytes communicate 

with macrophages mainly by exosomes caring Shh. In T2DM patients, serum exosomes 

are the elevated proportion of Shh-positive. Shh increases the PI3K phosphorylation in 

macrophages, essential for their survival and activation [245].

Yes-associated protein 1 (YAP1) is a stem cell-associated transcription coactivator in the 

Hippo pathway responsible for controlling adult liver size [246]. Very few cells express 

YAP, including localizing along hepatic sinusoids and within small ductular-appearing 

cells immediately adjacent to portal tracts in healthy adult liver. In cholestatic liver 

disease, nuclear YAP positive ductular cells accumulate periportal. NAFLD OPN and YAP 

expressions are co-localized in NAFLD patient samepls, suggesting that YAP positive cells 

promote fibrosis in NASH [247]. Hippo-YAP/TAZ signaling is activated by cell shape, cell–

cell interactions, and ECM stiffness. HSCs and myofibroblasts also express high YAP/TAZ 

levels upon activation.

Moreover, inhibition of YAP diminished fibrogenesis in CCl4 treated mice. Martin et 

al. have further found that YAP is a critical mediator able to perpetuate integrin β1 in 

profibroblast phenotype. Integrin β1 has been extensively studied and is required to produce 

ECM and myofibroblast (MF) proliferation. Inhibition of YAP could attenuate liver fibrosis 

in vivo by mediating integrin β1 [248]. The Ihh ligand is a TAZ/TEAD target, and increased 

YAP/TAZ in hepatocytes during NAFLD progression leads to its secretion, which then acts 

on HSCs to promote the expression of pro-fibrotic genes [249].

Hh signaling activates quiescent HSCs into ECM-secreting MFs, contributing to increased 

vascular resistance, thereby promoting portal hypertension. Upregulation of Hh ligands 

also leads to the transformation of cholangiocytes and hepatocytes into MFs through 

EMT. Furthermore, the fibrotic liver has matrix deposition in the portal tracts or in 

perisinusoidal spaces, resulting in liver sinusoidal endothelial cell (LSEC) capillarization 

(loss of fenestrae) and poor extravasation to liver fibrogenic cells. Hh inhibition prevents 

LSEC capillarization in chronic and acute liver injuries, thus increasing the liver’s drug 

accumulation. Furthermore, differentiated LSEC prevents HSC activation and causes a 

reversal of activated myofibroblastic HSCs to quiescence. Because of the Hh pathway’s 

deep involvement in inflammation, liver fibrosis, and cancers, its inhibition has provided an 

attractive approach. While most Hh pathway inhibitors target SMO, some small molecules 

targeting the signaling cascade downstream of SMO were also developed. The details of 

small molecules’ discovery as Hh inhibitors from the diverse chemical background with 

their extensive structure-activity relationship (SAR) have been reviewed recently by Bariwal 

et al [250].
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Our lab co-delivered Vismodegib and Rosiglitazone, a PPAR-γ agonist, for liver fibrosis 

treatment. Our study showed that Hh ligands are highly upregulated in common bile duct 

ligation (CBDL) induced liver fibrotic mice and their inhibition by Vismodegib. Delivery of 

Hh inhibitor alone reduced liver injury and attenuated fibrosis in CBDL mice as indicated by 

injury markers and fibrotic gene expression. Co-delivery of Vismodegib and Rosiglitazone 

showed a synergic effect on fibrosis treatment, improving both the Hh pathway and PPAR-γ 
are potent targets for treating liver fibrosis [251]. Further, our group has also synthesized 

vismodegib analog MDB5 to improve its efficacy in treating liver fibrosis. Delivery of 

MDB5 loaded NPs to CBDL mice significantly inhibited the Hh pathway. MDB5 loaded 

NPs also decreased serum AST and ALT levels, revered hepatic pathological damage, 

reduced collagen accumulation, and prevented EMT. More importantly, MDB5 showed 

higher efficiency compared with Vismodegib [252].

3.4.2. Renin-angiotensin system antagonists—Renin-angiotensin system (RAS) 

is classically considered a hormonal cascade, which regulates cardiovascular, renal, and 

adrenal functions by media hydrolytic balance and blood pressure through angiotensin II 

actions. Angiotensin-converting enzyme (ACE) converts angiotensin I into angiotensin II 

(Ang II). The increased ACE/ACE II ratio leads to vasoconstriction. Fibrosis progression 

rate (FPR) is commonly associated with arterial hypertension. Therefore, the RAS system is 

directly associated with the disease and favors steatosis, inflammation, and fibrogenesis via 

HSC activation [253].

Ang II could exacerbate liver fibrosis by stimulating TGF-β1 via Ang II receptor type 1 

(AT1), while its interaction with angiotensin II receptor type 2 (AT2) has an anti-fibrogenic 

effect. It is reasonable that ACE inhibitors and AT1 receptor antagonists could serve 

fibrosis treatment targets [254]. Josson et al. demonstrated that early administration of 

captopril reduced collagen deposition, α-SMA production, TGF-β1 level, and increased 

ECM degradation enzyme matrix metalloproteinase (MMP)-2 and MMP-9 activity as 

compared to CBDL rats [255].

There are several pathways by which angiotensin-receptor inhibitors may be beneficial for 

NAFLD treatment [256]. RAS may also promote insulin resistance and modulate cytokine 

and adipokine production. Angiotensin II receptor blockers (ARB) may benefit from insulin 

resistance by selective stimulation of PPAR-γ. RAS inhibition can be achieved by ACE­

inhibitors (ACEI) or by ARB. ACEI and ARB are also widely prescribed for reno-protection 

in individuals with diabetes. In crosssectional studies, RAS inhibition protected patients 

with hypertension from severe fibrosis and NAFLD, and was associated with reduced liver 

stiffness in patients with chronic kidney disease [257]. Significant improvements in the 

systolic blood pressure, AST levels, ALT, and liver fibrosis-related biomarkers were seen 

when 7 hypertensive patients with NASH were treated with 50 mg losartan daily for 48 

weeks. Improvements in necroinflammation, ballooning, and fibrosis were seen in some 

patients, but there was no change in steatosis. Angiotensin II receptor blocker, telmisartan, 

has the unique qualities of a PPAR-γ modulator. In a blinded pilot study, 54 patients with 

biopsy-proven NASH and mild-moderate hypertension were randomly assigned to either 

telmisartan (20 mg/d) or valsartan (80 mg/d). Both medications improved transaminase 

levels and insulin resistance, but this improvement was more profound in the telmisartan 
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group, showing a significant decrease in NASH activity score and fibrosis. In a study 

using rats on a high-fat, high-carbohydrate diet, it was found that telmisartan, but not 

valsartan, promoted increases in caloric expenditure and protected against diet-induced 

weight gain. Telmisartan reduced visceral fat accumulation, decreased adipocyte size, and 

reduced hepatic TG levels to a much greater extent than valsartan.

In contrast, a recent 12-month, randomized, open-label study in 137 patients with NASH 

showed no additional benefit on liver histology with combination therapy with rosiglitazone 

and losartan (50 mg/d) compared to rosiglitazone alone. Thus, data from human studies are 

limited and contradictory. A double-blind, randomized controlled trial of 50 mg Losartan 

once a day versus placebo for 96 weeks in patients with histological evidence of NASH has 

been conducted. The trial under-recruited due to the widespread use of ACEI and ARBs in 

the study population, and as a result, the study was unable to determine whether losartan has 

anti-fibrotic effects in the liver [258].

3.4.3. Transforming growth factor-beta 1 (TGF-β1) inhibitors—Liver injury 

results in a rapid induction of transforming TGF-β1, which involves in extensive signaling 

pathways in metabolism and fibrosis. TGF-β1 is also a negative regulator of hepatocytes 

and an inducer of parenchymal cell apoptosis. It exerts multiple functions, including both 

profibrogenic and anti-inflammatory effects. Okuno et al. used a serine protease inhibitor, 

camostat mesylate (CMM), as a TGF-β1 inhibitor to significantly reduce HSC activation, α­

SMA and collagen production in rats with hepatic fibrosis induced by porcine serum [259]. 

A liver histological study showed suppressed fibrosis with CMM treatment, supporting 

TGF-β1 inhibitor as chronic fibrosis treatment. Several pathogenetic mechanisms result in 

excess ECM deposition (Figure 9), where TGF-β1 is one such crucial cytokine mediating 

fibrosis response.

Forkhead O transcription factors (FOXOs) are the downstream mediator of insulin signaling 

and their activity is modulated by AKT and other kinases. After meal, insulin stimulated 

AKT phosphorylate FOXOs and decrease their nuclear localization, while in fasting FOXOs 

are less phosphorylated and actively promote gluconeogenesis and lipolysis and inhibit 

glycolysis and lipogenesis. FOXOs also regulate hepatic lipid metabolism by modulating 

multiple pathways including inhibition of lipogenesis through suppression of SREBP-1c and 

glucokinase. FOXOs also modulate sirtuin (SIRT) enzymes, espatially SIRT1 and SIRT6. 

Both SIRT1 and SIRT6 inhibit lipogenesis and promote fatty acid oxidation in the liver. 

FOXOs control SIRT activity by increasing the expression of rate-limiting enzyme in the 

NAD biosynthesis nicotinamide phosphoribosyltransferase (NAMPT). FOXOs also promote 

hepatic lipolysis by upregulation of adipose triglyceride lipase (ATGL) that catalyzes the 

first step of lipolysis and downregulation of the G0/S1 switch 2 gene (G0S2), an inhibitor 

of ATGL. In addition, FOXOs also increase breakdown of lipid droplets through activation 

of the autophagy pathway as autophagy related 14 (ATG14) has been shown to be a direct 

target of FOXOs. Deletion of hepatic FOXO1/3/4 has been shown to markedly aggravate 

NAFLD phenotype by increasing hepatic inflammation and fibrosis, especially on the HFC 

diet. FOXO3 is a negative regulator or TGF-β1 pathway [260]. FOXO3 upregulate SMAD7 

protein expression and therefore decrease liver fibrosis.
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Within last decade, various pharmaceutical companies stepped up for NASH therapy 

development. Therefore, many drugs being actively pursued in various stages of for clinical 

trials. Here, we review some of the most promising targets for NASH, as well as describe 

compounds being developed against these targets in the clinic (Table 1).

4.0. DRUG DELIVERY AND TARGETING FOR TREATING LIVER FIBROSIS

Liver fibrosis disrupts the normal architecture, leads to scar fomation and perturbs the liver 

functions, especially in the end-stage of cirrhosis. Due to multiple factors, most of the 

preclinical findings in liver fibrosis are not being translated to humans. Therefore, there 

is an urgent need of clinically effective treatment. One major obstacle is the inability of 

conventional therapy to deliver the adequate concentration of therapeutic agents into the 

fibrotic liver. Drug delivey approach has the potential to some of the issues. Here, we discuss 

some of the common challenges and drug delivery systems being explored in treating 

fibrosis.

4.1. Barriers to liver fibrosis therapy

Despite significant improvement in our understanding of liver fibrogenesis, there is no 

standard treatment. Due to excess deposition of ECM proteins in the fibrotic liver, 

perfusion is less, resulting in decreased uptake of the antifibrotic drug by fibrogenic cells, 

consequently suboptimal efficacy. LSECs constitute liver sinusoids, with discontinuous 

fenestrae. In adults, LSECs express embryological as well as endothelial cell markers due 

to their complex origin. In a normal liver, differentiated LSECs maintain HSCs in their 

quiescent state. LSECs also regulate sinusoidal blood flow and thus maintain portal pressure 

low. LSECs allow molecules such as metabolites, plasma proteins, drug molecules, and 

small chylomicron, viruses (<200 nm), and exosomes to pass throw into the space of Disse. 

Following liver injury, de-differentiation of LSECs occurs called capillarization and result 

in HSC activation and macrophages [261]. After capillarization, fenestra disappears, which 

further inhibits the hepatic uptake of anti-fibrotic agents. ECM deposition in the space of 

Disse decreases the exchange of molecules [262]. Further, delivery of anti-fibrotic agents 

to specific cell types such as effector HSCs, and KCs in the liver is a challenge. HSCs 

constitute a small portion of the liver mass, and targeting these cells is difficult. Activated 

KCs that abide with HSCs can take up a substantial amount of delivery carriers and dilute 

the therapeutic response.

4.2. Drug delivery systems used for liver fibrosis

The conventional anti-fibrotic treatments fail in clinical settings because of non-specific 

drug disposition. The nanomedicine is a promising tool for loading the therapeutic agents 

for both acute and chronic liver diseases in animal models. Nanocarriers can achieve liver­

specific anti-fibrotic drug delivery using with or without active targeting to the fibrotic 

region. Without drug targeting decorations, most drugs from nanocarriers are taken up 

by hepatocytes with the facilitation of different transporters on the sinusoidal site of 

hepatocytes, which may lead to unexpected adverse effects and cytotoxicity.
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Depending on disease types and cell of interest, the approach for drug delivery may vary. 

Each cell type has specific receptors and a preference for uptake drug carriers which could 

be utilized to target using nenocarriers. For instance, NPs with a hydrophobic surface are 

more rapidly removed from circulation by KCs. Further, KCs and LSECs recognize NPs 

based on deposited LDL, human serum albumin (HSA), and negatively charged NPs by 

scavenger receptors. At the same time, hepatocytes uptake more positively charged particles. 

Several HSC-specific targeting carriers have also been designed and explored in the past. 

One difficulty in targeting HSCs is their number is only 10–15% of the liver cells’ total 

population. In liver fibrosis, HSCs have been the primary target for drug delivery using 

nanomedicine. To improve the pharmacological effects of antifibrotic drugs, various receptor 

types on activated HSCs have been identified, and nanocarriers decorated with targeting 

ligands were applied in the literature (Table 2, Figure 10).

4.2.1. Targeting ECM to enhance delivery to the liver cells.—Due to the 

excessive fibrosis, collagen deposited in the space of Disse upon hepatic injury hinders 

the delivery of nanoformulations. Due to silent nature of disease, liver fibrosis is often 

diagnosed in late stage at which ECM is already prominent in the hepatic fibrosis tissue. 

ECM is abundant in condensed fiber network which blocks NP activity and significantly 

reduces NP diffusion efficiency. In addition, ECM compresses the blood and lymphatic 

vessels, resulting in high interstitial fluid pressure which prevents NP convection and NP 

transport being dependent only on diffusion. Therefore, thaere is a critical need to improve 

the deep penetration capabilities of NPs under such poor perfusion conditions.

It has been reported that nanocarriers bearing a biochemical matrix degradation agent 

such as collagenase, hyaluronidase, MMPs, and bromelain could disrupt ECM to improve 

NP transport efficiency. However, protein delivery in vivo is a difficult task hindered 

by their rapid degradation, immunogenic effects, and accumulation at the non target 

site. To solve some of these issues, Fan et al. developed micelles using poly-(lactic­

co-glycolic)-b-poly (ethylene glycol) (PLGA-PEG) decorated with collagenase I and 

retinol (CRM). Collagenase I enhanced the penetration of micelles, and retinol increased 

HSC specificity in the liver. The efficacy and uptake of collagenase I and retinol 

decorated micelles were investigated and in human HSCs (LX-2 cells) in the presence 

of an excessive collagen I barrier. The in vivo biodistribution, antifibrotic activity 

and toxicity profile of these polymeric micelles loaded with tyrosine kinase inhibitor 

were analyzed. Drug loaded CRM showed optimal antifibrotic activity in CCl4 induced 

liver fibrosis model. Micelles primorily showed liver accumulation and efficient HSC 

targeting without exerting any acute or chronic toxicity [263]. Similarly, Zinger at el. 

reported collagenase loaded liposomes called “collagozome” to disrupt collagen in CCL4 

induced liver fibrosis [264]. Liposomes were composed of 1,2-dimyristoyl-sn-glycero-3­

phosphocholine (DMPC): cholesterol: 1,2-distearoyl-sn-glycero-3-phosphorylethanolamine 

(DSPE)-PEG2000. Liposomes predominantly accumulated in the liver. When injected in 

CCl4 induced liver fibrotic mice, collagozomes decreased collagen levels up to 35–49% 

compared to empty liposomes and decreased the severity of the disease.

There is an inverse correlation exist between collagen-I degrading MMPs and liver 

fibrosis progression. Liver fibrosis is characterized by increased tissue inhitors of 
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metalloprotease (TIMP) and consequently reduced MMP levels. Recently, Geervliet et al. 

reported MMP-1 decorated polymersomes (MMPsomes) for the treatment of liver fibrosis. 

MMPsomes are polymeric vesicles with defined aqueous compartment mimicking cell- and 

virus-dimensions. MMPsomes enhanced relative MMP-1/TIMP-1 expression which then 

efficiently degraded collagen I and thereby ameliorated liver fibrosis in CCl4-induced early 

liver fibrogenesis mouse model [265].

Stem bromelain is a cysteine protease derived from pineapple which is orally administered 

for its anti-inflammatory and anticoagulant properties. Parodi et al. developed mesoporous 

silica nanoparticles (MSN) decorated with proteolytic bromelain. This surface modification 

showed increased particle uptake in endothelial, macrophage, and an increased ability to 

digest and diffuse in tumor ECM in vitro and in vivo [266]. HA is an anionic, nonsulfated 

glycosaminoglycan, composed of D-glucuronic acid and N-acetyl-D-glucosamine, which is 

a major ECM component. In fact, serum hyaluronan and hyaluronidase are early markers 

of toxic liver injury [267]. Strategies for depleting HA via decreasing its synthesis or 

degrading coild beneifit in liver fibrosis. Hyaluronidase-1 and hyaluronidase-2 are the 

two enzymes majorly responsible for HA catabolism. 4-methylumbelliferone (4MU) is a 

naturally occurring coumarin, which decrease HA deposition via the depletion of cellular 

UDP-glucuronic acid dehydrogenase (UDP-GlucUA) and downregulation of hyaluronan 

synthase 2 (HAS2) and HAS3 gene expression. HAS2 expression is upregulated by TGF-

β1 through Wilms tumor 1 in HSCs and secreted HA promotes fibrogenic phenotypes 

of HSCs through activation of CD44, TLR4, and Notch1 signaling. Yang et al. showed 

4-MU treatment suppressed liver fibrosis by decreasing HA content, Notch1 mRNA 

expression, HSC activation, and macrophage infiltration [268]. Further, Andreichenko et 

al. used 4MU in CCl4-induced liver fibrosis in mice [269]. 4MU treatment alleviated 

liver fibrosis by reducing hyaluronan deposition and downregulating follistatin like 1 

(FSTL1) expression. Further, 4MU suppressed HSC activation and altered macrophage 

localization. Yang et al. used 4-MU for treatment of mouse model of choline-deficient 

L-amino acid-defined diet (CDAA)-induced NASH. 4-MU effectively ameliorated NASH­

associated steatosis, hepatocyte injury, inflammation, and fibrotic response [270]. Rajan et 

al. prepared hyaluronidase core-5-fluorouracil-loaded chitosan-polyethylene glycol-gelatin 

polymer nanocomposites (CS-HYL-5-FU). These nanocomposites were in the size range 

between 300 – 580 nm with a clear, smooth surface and fine morphology, drug release, and 

cytotoxicity [271]. Although these nanoparticles can be potential carriers for targeted and 

controlled drug delivery, but their potency has not been checked in a suitable in-vivo model.

Hepatocyte targeting: Hepatocyte targeting is little challenging, as these cells do not 

express specific surface receptors which can be used for drug targeting. Hepatocytes 

express an extracellular glycoprotein called the asialoglycoprotein receptor (ASGPR). The 

expression level of asialoglycoprotein receptor (ASGPR) is liver fibrosis stage dependent 

and could be utilized for precise treatment of liver fibrosis. Galactose is the specific ligand 

of ASGPR. Therefore, delivery systems modified with galactose have been explored to 

target hepatocytes and improve delivery efficiency. Mandal et al. used galactose-modified 

liposomes loading quercetin (QC) to combat arsenic-induced hepatic fibrogenesis [272]. 

Galactosylated liposomes containing quercetin (QC) could improve drug delivery to the 
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the hepatocytes and protect the liver from fibrosis. Further, Zhang et al. used ASGPR 

targeting tracer for in vivo SPECT/CT imaging and quantification of fibrosis severity for the 

chronic liver disease [273]. Kang et al. designed pullulan-containing PEI/siRNA complexes 

for enhanced delivery into mice liver through the tail vein injection [274]. Pullulan is 

a polysaccharide consisting of three α−1, 4-linked glucose polymers with different α−1, 

6-glucosidic linkages and has high affinity for the ASGPR.

Hepatocytes show dynamin-dependent macropinocytosis which could be used as a 

strategy for improving hepatocyte targeting in liver diseases. Nanocomplexes mimicking 

natural lipoproteins termed lipopeptide nanoparticles (LPNP) could efficiently target and 

hepatocytes in vivo. Dong et al. prepared lysine conjugated lipid cKK-E12 based LPNP for 

siRNA against factor VII (a blood clotting factor) in mice liver and siRNA targeting TTR 

in nonhuman primates [275]. Further, siRNA cell uptake and gene silencing efficiency by 

cKK-E12 was significantly enhanced by addition of apolipoprotein (ApoE) proteins into 

LPNPs.

4.2.2. HSC targeting—HSCs are the proper targets for antifibrotic agents. The 

challenge of targeting HSCs is mainly due to its low percentage of 5% to 8% in total 

liver cells [276]. HSCs express retinol-binding protein receptor (RBPR). Vitamin A (VA) 

is the major ligand for these receptors [277]. Therefore, VA-targeted delivery carriers could 

be utilized for targeted drug delivery systems. Liposomes encapsulating siRNA against 

human heat shock protein 47 (siHSP47) were decorated with vitamin A (VA-lip-siHSP47). 

HSP47 is an ER protein that is transiently associated with procollagen and is involved in 

collagen maturation and secretion under normal conditions [278]. Deletion of HSP47 causes 

ER stress-mediated apoptosis of HSCs [279]. VA-liposomes contacting siHSP47 showed 

regression of fibrosis in dinitrosamine (DMN), CCl4, and CBDL induced liver fibrosis, 

animal models. The therapeutic effect was surmised to because of inhibition of collagen 

secretion by HSP47 and concomitant degradation of predeposited collagen by collagenase 

activity [200].

In another study, polymeric nanoparticles (NPs) encapsulating nitric oxide (NO) donor 

molecules S-nitrosoglutathione and decorated with vitamin A were designed. In the in-vitro 

experiment, Vitamin A conjugated nanoparticles showed a significantly higher uptake by 

HSCs than KCs, LSECs or NPs. Further, higher accumulated in the liver of CBDL rats 

when compared to normal rat due to a larger number of HSCs in former animals. These 

vitamin A coated NPs release nitric oxide (NO) in liver cells, resulted in inhibition of 

collagen α1 (COL1α1) and α-SMA. Moreover, NO-releasing NPs targeted with vitamin 

A not only attenuate endothelin-1 (ET-1), which elicits HSC contraction but also alleviates 

hemodynamic disorders in CBL-induced portal hypertension evidenced by decreasing portal 

pressure (≈20%) and unchanging mean arterial pressure [280].

Surface modification of NPs with biological ligands has limited clinical success because 

of the layering of serum proteins on active ligands in the blood circulation. Control of 

the layering proteins on the vehicle surfaces can avoid this masking effect. The corona 

formation can be controlled for recruiting selective proteins to its component and utilize 

these proteins for tissue/cell-targeting purposes. In a study, Zhang et al. prepared a retinol­
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conjugated polyetherimide (RcP) NPs capable of selectively recruit the retinol-binding 

protein 4 (RBP4) on its corona. RBP4 was found to bind retinol and direct the antisense 

oligonucleotide (ASO)-laden RcP carrier to HSCs. After injection into mice, most ASO 

molecules were accumulated in HSCs. However, naked ASO was found mainly in the 

endothelial cells and macrophages. ASO-laden RcP particles in two different mouse models 

of liver fibrosis induced by CCl4 and CBDL effectively suppressed the expression of type 

I collagen and consequently ameliorated hepatic fibrosis [281]. VA conjugated with low 

molecular weight polyethylenimine (PEI) was used to target NPs to the HSCs. PEI possesses 

a positive charge, which formed complexes with nucleotide (RcP). This NP system actively 

recruited plasma proteins such as RBP4 to form corona on the surface.

Qiao et al. reported micellar formulation of poly (lactide-co-glycolide)-polyspermine-poly 

(ethylene glycol)-vitamin A (PLGA-PSPE-PEG-VA), for co-delivery of silibinin and 

siCOL1α1 to suppress collagen production synergistically. PLGA-PSPE-PEG-VA is an 

amphiphilic copolymer that self-assembled into micelles at low concentrations. Drug loaded 

micelles showed very low cytotoxicity and hemolytic activity in vitro and were well 

tolerated in vivo. Of note, micelles effectively accumulated in fibrotic livers and specifically 

targeted activated HSCs, resulting in decreased α1 production and ameliorated liver fibrosis 

compared with silibinin loaded micelles or siCOL1α1 loaded non targeted micelles [282].

HSCs reside in the space of Disse and procude excess collagen, whose deposition in the 

liver hinders drug delivery to activated HSCs. Nanocarriers with proteolytic enzymes on 

their surface can degrade ECM and facilitate drug delivery to the fibrotic liver. Monomeric 

type I collagen fiber consists of two extended α1 chains and one α2 chain, twisted into a 

triple helix and resistant to most protease except collagenase. Fan et al. developed polymeric 

micelles based on poly (lactic-co-glycolic)-b-poly(ethylene glycol)-maleimide (PLGA-PEG­

Mal) co-decorated with collagenase I and retinol (termed CRM) for liver fibrosis therapy 

[263]. Collagenase I decoration facilitated CRM to permeation acriss fibrotic ECM, and 

the retinol decoration was specifically recognized by HSCs. The DiR (red fluorescent dye) 

loaded CRM exhibited excellent accumulation in the liver of normal and 4 or 8 wk CCl4 

treated liver fibrosis, mouse models. Further, in mice injected with DiI dye loaded CRM 

showed fluorescence merged with the green fluorescence of HSCs to generate strong yellow 

signals indicating that most of the dye was in activated HSCs.

Integrin receptors mediate cellular adhesion and reaction to the ECM and regulate cell 

growth, survival/apoptosis, differentiation, and migration. Among the integrin family, 

integrin αvβ3 interacts with various ECM proteins like vitronectin, fibrinogen, and 

fibronectin via arginine-glycine-aspartate (RGD) motif. Integrin αvβ3 is found upregulated 

on activated HSCs compared to quotient and promotes later survival and proliferation 

[283]. RGD sequence has a binding affinity with integrin αvβ3and can be used to target 

HSCs in the fibrotic liver [284]. A cyclic peptide containing RGD (cRGD) recognizing 

collagen type VI receptor on HSCs was conjugated to sterically stable liposomes (SSLs) 

for delivering Interferon-alpha1b (IFN-α1b). In CBDL rats, a biodistribution study showed 

10-fold more accumulation of cRGD-SSLs in HSCs isolated from CBDL rats than unlabeled 

SSLs. cRGD-SSL encapsulating INF-α1b exhibited significantly reduced the extent of liver 

fibrosis compared with CBDL control rats or CBDL rats treated with SSLs encapsulating 
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IFN-α1b [285]. In a separate study, Li et al. decorated dendrimer nanoprobes with cyclic 

arginine-glycine-aspartic acid pentapeptide (cRGDyK) to track HSCs. An MRI modality 

was used to visualize hepatic Den-RGD deposition in a thioacetamide-induced mouse model 

of liver fibrosis. Nanoprobes conjugated with cRGDyK bind specifically to activated HSCs 

expressing αvß3 receptors. A T1-weighed MR signal MRI study showed that Den-RGD 

tracer deposition increased in parallel with the severity of liver fibrosis [286].

Oxymatrine (OM) is an alkaloid extracted from the medicinal plant Sophora alopecuraides 

L. OM exhibits an antifibrotic effect through acting against lipid peroxidation and inhibiting 

the TGF-β1 signaling pathway. To facilitate OM binding to HSCs, RGD liposomes 

containing OM were developed and tested in rats with CCl4-induced hepatic fibrosis. They 

demonstrated that OM-RGD liposomes were bound explicitly to HSCs and enhanced OM’s 

liver-protective effect compared with OM-liposome group [287]. Li et al. encapsulated 

hepatocyte growth factor (HGF) in sterically stabilized liposomes (SSL) to protect from in 

vivo degradation. Further, SSL was decorated with cRGD peptides for targeting. Injection of 

RGD–SSL–HGF induced more significant remission of liver cirrhosis than the injection of 

SSL–HGF, HGF alone, HGF plus RGD–SSL, and saline [288]. Further, Vismodegib loaded 

cRGDyK liposomes effectively inhibited the Hh pathway and prevented the activation of 

HSCs in vitro, and alleviated liver fibrosis in vivo [289]. Pulavendran et al. incorporated 

HGF into chitosan nanoparticles (CNP) by ionic gelation method. Cirrhotic mice either 

with hematopoietic stem cells (HSC) or mesenchymal stem cells (MSCs) were treated 

with HGF-CNP or saline control. HGF-CNP enhanced the differentiation of stem cells into 

hepatocytes and reversed the hepatic fibrosis [290].

Activated HSCs also express mannose 6-phosphate/insulin-like growth factor II (M6P/

IGF-II) receptors. Beljaars et al. conjugated M6P on albumin at different proportions 

and showed that M6P modified albumin accumulated in liver tissue, specifically on 

HSCs [291]. We also used M6P decorated methoxy poly (ethylene glycol)-block-poly 

(2-methyl-2-carboxyl-propylene carbonate)-graft-dodecanol (PEG-PCD) polymeric micelles 

for vismodegib delivery to HSCs [292]. Micelles with different M6P ligand densities (10, 

20, and 30% w/w) were administered to normal and liver fibrotic mice, and biodistribution 

of vismodegib was determined at 30 and 120 min post systemic administration. There was 

a significant increase in vismodegib accumulation in the liver when M6P-conjugated mixed 

micelles were injected. Micelles decorated with 30% M6P-ligand density showed the highest 

drug concentration in the liver. Of note, HSCs were isolated after injection and accounted 

for 14.19% of vismodegib for M6P-targeted micelles in fibrotic mice compared to 5.62% of 

non-targeted micelles.

Further, liposomes encapsulating inactivated hemagglutinating virus of Japan (HVJ) 

containing a plasmid DNA holding luciferase as reporter gene were decorated with albumin­

M6P showed efficient delivery to the fibrotic liver [293]. Zhu et al. used heterobifunctional 

PEG (ortho-pyridyl) disulfide-poly (ethylene glycol) – N-hydroxysuccinimidyl ester (OPSS­

PEG-NHS) as a backbone to conjugate M6P at its NHS end and 3’-sense strand of siRNA at 

its OPSS end via a disulfide bond. After transfection, the level of TGF-β1 protein in the cell 

medium was found 40% decreased compared to siTGF-β1 measured by ELISA [294].
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Dilinoleoylphosphatidylcholine (DLPC) has been shown to reduce HSC proliferation, 

α-SMA expression, and collagen synthesis by HSCs [295]. Further, it reduces TNF-α 
production by KCs [296]. Taking advantage of it, Adrian et al. developed liposomes 

incorporating DLPC into the lipid bilayer. Further, the surface of DLPC-containing 

liposomes was modified with M6P-HSA. The antifibrotic effects of DLPC-containing 

liposomes were evaluated in a CBDL rat model of liver fibrosis. DLPC-containing 

liposomes displayed hepatoprotective effects in livers of CBDL rats [297]. Rho kinase 

pathway is involved in activation, migration, and contraction of HSCs. However, the 

Rho pathway is expressed in the whole body, and its generalized inhibition may result 

in unwanted effects. Therefore, Beuge et al. conjugated Rho kinase inhibitor to M6P­

HSA carrier for HSC specific delivery. M6P-HSA conjugated Y27632 (Y27-conjugate) 

decreased protein expression of phosphorylated myosin light chain 2 (pMLC2) and vinculin, 

downstream of Rho-kinase; the Y27-conjugate showed high specificity and did not show 

activity in rat aortas. In CCl4-induced liver fibrosis, Y27-conjugate, but not with a free drug, 

reduced pMLC2 expression in livers 24 h after injection, and significantly reduced collagen 

deposition [298].

However, M6P targeting approach has a significant limitation. In a study, M6P-FITC­

dextran-loaded particles were incubated with different liver cell types. Surprisingly, particles 

were taken up not only by HSCs but also by ECs and hepatocytes and effectively by 

KCs. Therefore, M6P directed drug delivery strategy is suitable not specifically to HSCs, 

and both M6P/IGF-II and scavenger receptors can detect and bind to M6P-HSA subunit. 

Activated HSCs also overexpress CD44 receptors. Hyaluronic acid (HA) and chondroitin 

sulfate (CS) is the natural ligand of CD44 receptors. Among these, CS has a higher affinity 

than HA to CD44 receptors. Recently, a self-assembled micelle system based on chondroitin 

sulfate−deoxycholic acid conjugate (CS−DOCA), phospholipid, and sodium deoxycholate 

were reported [299]. CS decorated micelles loaded with doxorubicin (DOX), and retinoic 

acid (RA) were evaluated for therapeutic efficacy in a CCl4 induced liver fibrosis model 

in rats. Study results showed that FITC-labeled CS micelles endocytosis by HSCs via a 

CD44 receptor-mediated internalization pathway and selectively accumulated in the Golgi 

apparatus. CCl4 induced fibrotic rats, when treated with DOX+RA-CS micelles showed 

a significantly reduced number of highly proliferative HSCs collagen fibers deposition, 

inflammatory lesions, and hydroxyproline content in the liver tissues. Further, silibinin­

loaded hyaluronic acid (SLB-HA) micelles were designed for the treatment of hepatic 

fibrosis [300].

PDGF-β is secreted by both resident and infiltrating cells of the liver and causes extensive 

proliferation, migration, and contraction of primarily HSCs and myofibroblasts. HSCs 

positively express PDGF-β receptors. Hence, a cyclic peptide (pPB) that mimics the binding 

site of PDGF-β to its endogenous receptor was developed for their targeting. Arginine 

and isoleucine residues and their adjacent amino acids represent PDGF-β receptor binding 

moieties in pPB peptide CSRNLIDC (C denotes the cyclizing cysteine residues) [301]. 

Multiple (10) pPB moieties coupled to human serum albumin yielded a highly HSC-specific 

carrier macromolecule pPB-HAS. In the CBDL rat’s liver, pPB-HSA highly accumulated 

in PDGF-β receptor-expressing HSCs in contrast to unmodified HSA (P<0.001) [302]. 

Further, Li et al. developed SSLs modified with cyclic peptides (pPB) with a specific 
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affinity for PDGFR-β, encapsulated IFN-γ (pPB-SSL-IFN-γ). In healthy rats, pPB-SSL­

IFN-γ showed higher accumulation in the livers and had a longer half-life than free 

IFN-γ. Furthermore, thioacetamide-induced liver fibrotic rats, FITC-labeled pPB-SSL were 

predominantly localized in activated HSCs accompanied by enhanced anti-fibrotic effect of 

PB-SSL-IFN-γ treatment [303].

HA as discussed earlier is a polysaccharide capable of specific delivery to the liver tissues 

with HA receptors. A liver-specific, low molecular weight polyethyleneimine (PEI) grafted 

hyaluronic acid [(PEI-SS)-g-HA] conjugates were designed for the delivery of TGF- β 
siRNA. siRNA/(PEI-SS)-g-HA complex showed 80% gene silencing in-vitro in the presence 

of 10 vol% serum and 50% silencing in the presence of 50 vol% serum in B16F1 melanoma 

cells and activated HSCs. Furthermore, the complex showed an antifibrotic effect on 

cirrhosis with a significantly reduced nodule formation, collagen content, and HSC number 

[304]. Activated HSCs, overexpress death receptor 5 on the cell surface, making them more 

susceptible to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induced 

apoptosis than normal HSCs. Therefore, HA–TRAIL conjugate was developed for targeting 

HSC to resolve liver fibrosis. Infra red (IR) dye-labeled HA–TRAIL conjugate showed 

target-specificity in vivo. Surprisingly, HA–TRAIL conjugate was detected for more than 4 

days after a single intravenous injection into rats. Further antifibrotic effect of HA–TRAIL 

conjugate was confirmed in an N-nitrosodimethylamine-induced liver fibrosis rat models 

[305].

Synaptophysin (SYN) is a major transmembrane glycoprotein of small (30–80 nm) electron­

translucent (SET) vesicles containing neurotransmitters. Expression of SYN has been 

demonstrated in quiescent as well as activated human and rat HSCs [306]. A recombinant 

human monoclonal single-chain antibody (C1–3 scAb) against a conserved peptide sequence 

present in an extracellular domain of synaptophysin was therefore generated. C1–3 

scAb was conjugated to an HSC apoptosis-inducing compound gliotoxin (GT). C1–3-GT 

conjugates significantly reduced the numbers of liver myofibroblasts present in CCl4 

induced liver fibrosis model and resolved fibrosis without affecting the number of KCs 

[307].

HSCs also express p75 NT receptor (p75NTR), which is a part of the TNF superfamily. 

The structure of p75NTR features a cysteine repeat motif, which acts as a ligand-binding 

domain and a cytoplasmic portion called the death domain. Natural ligands of 75NTR are 

the NTs with nerve growth factor (NGF)as a prototype and BDNF, NT-3, and NT-4. Binding 

of NGF to p75NTR induces apoptosis of activated HSCs and can selectively target and 

eliminate HSCs. Therefore, Reetz et al. developed a peptide (NGFP) derived from the NGF 

and conjugated it to the adenoviral (Adv) vector surface via the PEG linker. NGFp coupled. 

Adv resulted in a reduced hepatocellular tropism and an enhanced adenoviral-mediated gene 

transfer to HSCs in CBDL mice model [308, 309].

4.2.3. KCs targeting—KCs are closely associated with the hepatic scar, which can 

act on HSCs to induce a pro-fibrotic phenotype because of a rich source of inflammatory 

cytokines. Macrophages can produce and activate several regulatory factors, such as PDGF, 

which is a potent stimulator of myofibroblast proliferation; TGF-β, which acts to increase 
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the production of ECM and TIMP-1 by myofibroblasts; IL-1β and TNF-α, which are 

proinflammatory cytokines; and the number of chemokines, which can induce further 

inflammatory cell recruitment to perpetuate the proinflammatory profibrotic stimulus. 

Therefore, KCs are considered as potential targets in combatting fibrosis. The success of 

targeting liver macrophages involves the use of different nanoparticle types with spherical 

shape, positive charge, or a diameter >200 nm to allow them to be preferentially taken up by 

the KCs and appropriate ligands to increase accumulation in the specific phenotype of KCs 

to avoid unexpected adverse effects.

Drugs can be delivered to macrophages by passive and active targeting. NPs are easily 

identified and swallowed by macrophages as a foreign object. Specifically after intravenous 

injection, NPs with positive surface charge tend to adsorb on the plasma proteins and are 

easily recognized by macrophages [310]. However, NPs modified by PEG on the surface has 

been shown to weaken this ability. Besides macrophages can precisely identify the signal 

exposed from apoptotic cells, such as phospholipid serine (PS). Therefore, NPs modified 

by PS can be identified as apoptotic cells by macrophages and enhance the macrophages­

targeting ability. Wang et al. demonstrated that PS-coated NPs have the ability to efficiently 

target macrophages [311]. They recently designed PS-modified nanostructured lipid carriers 

that prolonged the drug’s retention time, enhanced its bioavailability and delivery efficiency 

to the liver, resulting in reduced liver fibrosis in vivo. In addition, Kim et al. also developed 

a glucan-based siRNA carrier system BG34–10-Re-I/siRNA for macrophage-targeted siRNA 

delivery. Therefore, macrophage targeting delivery systems may have a promising future for 

the treatment of liver fibrosis.

5. Concluding remarks and future prospectives

Patients who are obese or have T2DM are at an increased risk of developing NASH 

and if not controlled progresses to cirrhosis and eventually to HCC. The high prevalence 

of T2DM and obesity is expected to make NASH one of the most common causes of 

advanced liver diseases. Further, NASH is associate with a higher risk of death from 

cirrhosis, HCC and cardiovascular diseases. Given a vast numberof drugs acurrently being 

investigated, the arsenal of medications will be available for treating NASH is likely to 

significantly expand in the coming years. The ideal treatment of NASH should improve 

liver histology and cardiovascular outcomes and have good tolerability and an excellent 

safety profile. Diabetic NASH patients could be preferentially treated with novel antidiabetic 

drugs such as glucagon-like peptide-1 receptor agonists (GLP-1RAs) and sodium-glucose 

cotransporter 2 (SGLT2) inhibitors. Reversal of steatohepatitis with at least no worsening 

of fibrosis has been considered as a primary endpoint of clinical trials. However, no 

treatment to date has shown histological improvement of NASH in greater than 50% of 

patients and resolution rates of fibrosis are remarkably low. NASH is a heterogeneous 

disease and likely has different underlying contributing factors in different patients. This 

may reflect ineffectiveness of therapies, inability to overcome continuing caloric excess, or 

the heterogeneity in pathway activation between subjects.

Because insulin resistance is central to the pathogenesis of NASH, many new NASH 

drugs have insulin sensitization as one of their primary modes of action; however, other 
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drug classes such as anti-inflammatory and antifibrotic are also emerging. There is an 

urgent need of developing antifibrotic agents for NASH treatment, as fibrosis significantly 

complicate and induce progression to end-stage disease. However, it should be noted that 

therapies based simply on pure antifibrotic effects do not address the drivers of disease 

progression such as cell stress, apoptosis and inflammation. It is also imperative to treat 

other components of the metabolic syndrome, including hypertension, dyslipidemia and 

insulin resistance or diabetes. It is possible that no one-medication-fits-all strategy will be 

successful and future research should focus on combination therapies. In addition, longer­

term studies are essential to establish safety and the effects of other metabolic comorbidities.

Various approaches have been developed for drug delivery to fibrotic livers. Nanocarriers 

show great potential for selective drug delivery to targeting cells. Apart from physical 

entrapment into NPs or micelles, drugs can also be conjugated to polymer backbone via 

ester, amide, or pH-sensitive bonds is another way to improve drug loading and plasma 

circulation. A large number of formulations have been prepared till date for liver targeting 

by polymeric nanocarriers as targeting ligands. Nevertheless, liver cell specific delivery 

needs sophisticated synthesis and involves a lot of engineering tools, which creates many 

opportunities for liver fibrosis therapy but also needs complex synthesis and may introduce 

heterogeneity to the final products. That may be the reason that very few nanomedicines are 

approved or tested in the clinical trials for liver fibrosis. Apart from small molecules, gene 

therapy and immunotherapy are being evaluated for liver fibrosis treatment.

However, several nanocarriers have failed to deliver therapeutic agents efficiently due to the 

fibrotic liver due to the closure of the sinusoidal gaps and excessive collagen deposition.

In conclusion, this review discussed various molecular targets and strategies to overcome 

biological barriers to the effective treatment of NAFLD and liver fibrosis. Several 

nanocarriers have the potential to increase efficacy and decrease off-target effects by 

enhancing drug delivery and targeting to specific liver cell types.
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Abbreviations

ALE Advanced lipoxidation end-product

ALT Alanine aminotransferase

AMPK Adenosine monophosphate-activated protein kinase

ApoB Apolipoprotein B

AR Adenosine receptor

ASK Apoptosis signal-regulating kinase

AST Aspartate transaminase
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ATF6 Activating transcription factor 6

AUC Area under the curve

BC Bovine colostrum

BIL Bilirubin

CAR Constitutive androstane receptor

CBDL Common bile duct ligation

CCl4 Carbon tetrachloride

CCR Chemokine receptor

CDCA Chenodeoxycholic acid

CTGF Connective tissue growth factor

E2 Estradiol

ECM Extracellular matrix

EMT Epithelial-to-mesenchymal transition

ER Endoplasmic reticulum

ERK Extracellular signal-regulating kinase

ET-1 Endothelin-1

EV Extracellular vesicles

FAH Fumarylacetoacetate hydrolase

FAK Focal adhesion kinase

FFA Free fatty acids

FGF Fibroblast growth factor

FXR Farnesoid X receptor

GPCR G protein-coupled receptor

GSDs Glycogen storage disease

GSH glutathione

HA Hyaluronic acid

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

Hh Hedgehog
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HSCs Hepatic stellate cells

HSP47 Heat shock protein 47

IFN-1β Interferon 1β

IGF1 Insulin-like growth factor

IL-6 Interlukin-6

JNK c-jun N-terminal protein kinase

IKK Inhibitor of nuclear factor-κB kinase

KC KCs

LAL Lysosomal acid lipase

LDL Low-density lipoprotein

LNP Lipid nanoparticles

LPS Lipopolysaccharides

LSEC Liver sinusoidal endothelial cell

MAA Malondialdehyde-acetaldehyde

miRNAs microRNAs

M6P Mannose 6 phosphate

M6P-PEG-PCD M6P--methyl-2-carboxyl-propylene carbonate)-graft­

dodecanol

MCD Methionine and choline deficient

MSCs Mesenchymal stem cells

NAFLD Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NF-κB Nuclear factor-κB

NPs Nanoparticles

OM Oxymatrine

PAM Protospacer adjacent motif

PBMC Peripheral blood mononuclear cell

PD Pharmacodynamics

PDE4 Phosphodiesterase 4
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PDGF-β Platelet-derived growth factor beta

PH Portal hypertension

PK Pharmacokinetics

PPAR Peroxisome proliferator-activated receptor

RBP Retinol binding protein 4

RGD Arginine-Glycine-Aspartate

ROS Reactive oxygen species

RXR Retinoid X receptor

SCD1 Stearoyl-coenzyme A desaturase 1

SFA Saturated fatty acids

sgRNA Single guide RNA

SNP Single nucleotide polymorphism

SPECT Single-photon emission computed tomography

SREBPs Sterol regulatory element binding proteins

SSL Sterically stabilized liposomes

T2DM Type 2 diabetes mellitus

TGs Triglycerides

TGF-β Transforming growth factor

TIMP1 Tissue inhibitor of metalloproteinase 1

TNF-α Tumor necrosis factor alpha

TRAF2 TNFR-associated factor 2

TRAIL Tumor necrosis factor-related apoptosis-inducing ligand

UPR Unfolded protein response

VLDL Very-low-density lipoprotein

WD Wilson’s Disease

ZFNs Zinc finger nucleases
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Figure 1. Peroxisome proliferator-activated receptors as targets to treat non-alcoholic fatty liver 
disease (NAFLD).
Various synthetic PPAR agonists are being evaluated for the treatment of NAFLD. PPAR-α 
activation leads to fatty acid β-oxidation in the mitochondria. The products can be later 

converted into ketone bodies (β-hydroxybutyrate or acetoacetate) or can be incorporated into 

TCA cycle as Acetyl CoA for further oxidation. PPAR- β/δ activation induces FOXO-1 

transcription, which reduces hepatic gluconeogenesis and glucose uptake processes. Further, 

PPAR-β/δ activation suppresses inflammation by reducing IL-1β, IL-6, and NF-κB . 

Activation of PPAR-γ is linked to decreased hepatocyte lipogenesis and keeps HSCs in 

quiescent state. Dual or pan agonists targeting two or more of PPARs such as Lanifibranor 

has shown promising results in pre-clinical and clinical studies.
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Figure 2. Farnesoid X Receptor (FXR) agonists in non-alcoholic hepatitis.
A) The role of FXRs in bile homeostasis and liver disease. B) Various FXR binding agents. 

CYP7A1 activity affects the overall rate of bile acid synthesis. Hepatic FXR activation 

reduces CYP7A1 mRNA expression by activating small heterodimer partner (SHP). FXR 

signaling plays an essential role in the control of hepatic de novo lipogenesis via SHP- 

mediated inhibition of SREBP-1c. SHP is also expressed in HSCs, and FXR ligands inhibit 

their activation and collagen synthesis. In enterocytes, FXR through Ileal bile acid-binding 

protein (IBABP), induces intestinal hormone fibroblast growth factor 19 (FGF19), which 

activates FGF receptor 4 (FGFR4) signaling in hepatocytes to inhibit CYP7A1 via triggering 

the extracellular stress-activated receptor kinase 1/2 (ERK1/2) pathway. Obeticholic acid 

(OCA), a semi-synthetic bile acid analogue of 6α-ethyl-chenodeoxycholic acid (6-ECDCA), 

is used as a medication for treatment of primary biliary cholangitis. In REGENERATE trial, 

OCA improved fibrosis in NASH patients.
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Figure 3. Glucose-lowering effects of fibroblast growth factors (FGFs).
FGF21 is secreted by hepatocytes and stimulates glucose uptake in adipocytes while 

increases insulin secretions by pancreas. FGF21 requires the cofactor, b-Klotho (KLB) 

for binding its receptor FGFR and activation of the receptor auto-phosphorylation and 

signaling. In hepatocytes, via SIRT1 and AMPK dependent mechanism, FGF21 induces 

transcription coactivator, PGC-1α, which increases the mitochondrial activity and enhances 

oxidative capacity. In white adipose tissue, FGF21 induces the expression of glucose 

transporter, GLUT1, but prolonged exposure to FGF21 enhances lipolysis as well as 

increases thermogenesis. FGF21 induces insulin gene expression in islet cells, and this 

treatment alleviates β-cell dysfunction. A novel FGF21 version, LY2405319 with reduced 

tumorigenic potential and improved biophysical properties was investigated in Phase 1 

clinical trial.

Kumar et al. Page 73

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The role of stearoyl-CoA desaturase 1 (SCD1) in the development of fatty liver diseases.
SCD1 converts saturated fatty acids (SFAs) to monounsaturated fatty acids (MUFAs). SCD1 

maintains a balance between SFAs and MUFAs in the cells. SFAs could be used for 

β-oxidation and energy production by mitochondria. MUFAs products of SCD1 may be 

further elongated or incorporated into a variety of complex lipids including triglycerides 

(TGs), phospholipids, and other lipid species or exported through VLDL mechanism. Excess 

TG accumulation in the cells leads to steatosis and onset of NAFLD. SCD1 inhibition 

produces a significant enrichment of SFAs and promotes fatty acid oxidation and increases 

insulin sensitivity. SCD1 inhibitor Aramchol was tested in Phase 3 clinical trial.
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Figure 5. Hepatocyte apoptosis in NAFLD.
Lipids accumulation in hepatocytes makes them more susceptible to multiple secondary 

hits such as ROS and LPS that can lead to hepatocyte apoptosis and NASH progression. 

Apoptosis can occur by two main mechanisms: extrinsic and intrinsic pathways. In 

the extrinsic pathway, death receptors including Fas, TNFR1, and TNF-related apoptosis­

inducing ligand (TRAIL) are activated. These receptors initiate intracellular cascades 

that activate death-inducing proteolytic enzymes, especially caspases. APO-1/Fas (CD95) 

-mediated apoptosis is one of the mechanisms for hepatocyte apoptosis. Intrinsic apoptotic 

pathway is initiated by damage of the intracellular organelles such as mitochondria, 

lysosomal permeabilization, ER stress, and nuclear DNA damage. Blocking apoptosis 

pathways may prevent hepatic fibrosis by reducing inflammation. Emricasan a pan­

caspase inhibitor show antiapoptotic and anti-inflammatory effects. It was evaluated in a 

randomized, double-blind Phase 2b clinical trial in patients with decompensated NASH.
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Figure 6. Various vascular adhesion protein (VAP-1) and semi carbazide-sensitive amine oxidase 
(SSAO) inhibitors for treating NAFLD and fibrosis.
Neutrophil’s activation is a characteristic feature of inflammatory liver disease. Neutrophils 

can perform a series of functions, including degranulation, reactive oxygen species (ROS) 

generation, phagocytosis, and the formation of neutrophil extracellular traps (NETs)Upon 

injury, endothelial cells express P and E selectins, which serve as an anchoring ligands 

for neutrophils to adhere the endothelium layer. Amine oxidase (AO) are the enzymes 

that catalyze the oxidation of endogenous amines. One of the isoform AOC-3 also known 

as VAP-1 and SSAO catalyzes oxidation of primary amines of lymphocytes and enables 

them to transmigrate through the endothelial cell lining into the underlying parenchyma. 

In contrast, neutrophils can also inhibit liver injury by phagocytosing necrotic cellular 

debris and secrete hepatocyte growth factor (HGF) to induce hepatocyte regeneration. 

To inhibit neutrophil migration via their adhesion process, several small molecules are 

being developed. PXS-4728 was evaluated under a phase 2a study in patients with NASH. 

Although the treatment was well tolerated and showed inhibition of AOC3 activity in the 

plasma, compared to placebo, it was not developed further due to drug-drug interactions.
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Figure 7. Chemokines in the progress of NAFLD.
Chemokines mediate the liver inflammation by controlling the migration of various hepatic 

and immune cells. The C-C chemokine receptor types 2 (CCR2) and 5 (CCR5) and their 

respective ligands (CCL2 and CCL3–5) are involved in the development of NAFLD and 

NASH. Therefore, CCR2 and CCR5 have been established as promising therapeutic targets 

for NASH. TAK-779 was the first non peptide CCR5 receptor antagonist. To improve the 

oral bioavailability, cenicriviroc (CVC) was developed for dual CCR2 and CCR5 inhibition. 

CVC demonstrated anti-fibrotic effects in the Phase 2b clinical study in adults with NASH 

and liver fibrosis.
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Figure 8. Adenosine receptor (AR) agonists for treatment of NAFLD.
A) The role of ARs in inflammatory responses in NAFLD. ARs are G protein-coupled 

receptors (GPCRs) that regulate adenylyl cyclase (AC) activity. A3AR stimulation triggers 

increase of AC activity and cAMP production. cAMP activates protein kinase B (PKB), 

which is a negative regulator of inflammatory NF-kB pathway and glycogen synthase 

kinase 3 beta (GSK-3β) mediated cell apoptosis. B) There are various AR inhibitors. 

Namodenoson, a potent and selective A3AR agonist was evaluated in Phase 2 trials for the 

treatment of NAFLD and NASH. The drug successfully met the endpoints with 60 patients 

and the optimal dosage. The Phase IIb NASH trial of namodenoson is currently underway.
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Figure 9. Role of transforming growth factor beta 1 (TGF-β1) in progression of liver fibrosis.
Kupffer cells (KCs), monocytes, and injured hepatocytes release TGF-β, the main cytokine 

in fibrosis, which causes the activation of HSCs and more accumulation of ECM protein in 

the liver. In the hepatocytes, TGF-β promote accumulation of lipids and promote steatosis.
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Figure 10. Drug delivery systems used for treating liver fibrosis.
Cell-specific receptors could be used for targeted delivery of nanomedicine for fibrosis/

cirrhosis. (B) Ligand decoration on nanocarries facilitate receptor binding and uptake of 

compounds resulting in target cell-specific actions.
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