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Abstract
Chronic liver diseases with different aetiologies rely on the chronic activation of liver injuries which result in a fibrogenesis progression to the end stage of cirrhosis and liver failure. Based on the underlying cellular and molecular mechanisms of a liver fibrosis, there has been proposed several kinds of approaches for the treatment of liver fibrosis. Recently, liver gene therapy has been developed as an alternative way to liver transplantation, which is the only effective therapy for chronic liver diseases. The activation of hepatic stellate cells, a subsequent release of inflammatory cytokines and an accumulation of extracellular matrix during the liver fibrogenesis are the major obstacles to the treatment of liver fibrosis. Several targeted strategies have been developed, such as antisense oligodeoxynucleotides, RNA interference and decoy ODNs to overcome this barriers. With this report an overview will be provided of targeted strategies for the treatment of liver cirrhosis, and particularly, of the targeted gene therapy using short RNA and DNA segments.
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Core tip: Recent advances in understanding the mechanisms underlying liver fibrogenesis, including regulation of inflammatory cytokine signaling, the dynamic process of hepatic stellate cell activation and extracellular matrix degradation. The only option for patients suffering from severe and late-stage cirrhosis is liver transplantation; however, it is limited by the number of available donor organs. Therefore, development of new therapeutic strategies for liver fibrosis and cirrhosis are needed. This review focuses on the recent advances relating to the therapeutic application of liver fibrogenesis through the modulation of gene expression.
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INTRODUCTION
Chronic liver diseases are characterized by reiteration of liver injuries due to an infection by viral agents (mainly hepatitis B and C viruses) or to metabolic toxin/drug-induced (alcohol being predominant) and autoimmune diseases[1]. In response to various insults, the hepatocyte damage will cause the release of cytokines and other soluble factors by Kupffer cells, which lead to an activation of hepatic stellate cells (HSCs). HSCs have been considered as the primary hepatic cell type which is responsible for the excess deposition of extracellular matrix (ECM) during the liver fibrosis[2-5]. Excessive production of ECM results in an imbalance between fibrogenesis and fibrolysis, and leads subsequently to a scar formation. As the scarring progresses from the bridging fibrosis to the formation of complete nodules, it results in an architectural distortion and leads ultimately to liver cirrhosis[6]. In many patients the cirrhosis can result in liver failure and leads to a high morbidity and mortality worldwide[7].
The activation of HSCs is the key factor in liver fibrosis. It is responsible for the excess deposition of ECM and the formation of scars[8,9]. Vitamin A storing quiescent HSCs, are located in the normal liver in the space of Disse in close contact with hepatocyte and sinusoidal endothelial cells. Responding to hepatic injuries, HSCs migrate to the wound-healing area and secret large amounts of ECM, which results in septa formation in the chronically damaged liver[10,11]. Activated HSCs become contractile and secrete a wide variety of ECM proteins and bioactive mediators, including the transforming growth factor-β1 (TGF-β1), the platelet-derived growth factor (PDGF) and the connective tissue growth factor (CTGF). In turn, the proliferation of HSCs and the synthesis of collagen will be accelerated. The TGF-β1 is the most fibrogenic cytokine and increases after the HSC activation. In activated HSCs, TGF-β1 induces a strong and consistent upregulation of the genes encoding for collagens and other ECM components. It also regulates the matrix metalloproteinases (MMPs) expression and their inhibitors (tissue inhibitor of metalloproteinase, TIMP), which modulate the inflammatory reactions by influencing the T cell functions[12-14].
Recent advances were done to understand the mechanisms of the underlying liver fibrogenesis, including the regulation of inflammatory cytokine signaling, the dynamic process of HSC activation and the ECM degradation[8,9]. From a treatment viewpoint, several approaches have successfully inhibited the liver fibrogenesis in animal models. However, the possibility to reverse an established fibrosis is an essential issue, because a fibrotic liver disease may not present clinically until an advanced or cirrhotic stage. Although current treatments target the inflammatory responses, those treatments are still limited to treat an advanced liver fibrosis. The only option for patients suffering from severe and late-stage cirrhosis is the liver transplantation. However, transplantation are limited by the number of available donor organs[15]. Therefore, a development of new therapeutic strategies for liver fibrosis and cirrhosis is needed. This review focuses on the latest advances to modulate gene expressions for the therapeutic application in the liver fibrosis. 

GENE THERAPY FOR LIVER CIRRHOSIS
New techniques to inhibit target gene expressions based on a short RNA or DNA technology were provided due to recent progresses in the cellular and molecular research. Antisense oligodeoxynucleotides (ODNs), small interfering RNAs (siRNAs), microRNAs (miRNAs) and decoy ODNs are oligonucleotides which are able to modulate gene expressions. Although all of these four strategies use a short sequence of nucleotides (approximately 20 base pairs), each strategy differs in the nucleotide type (RNA or DNA) and in the number of strands (single or double stranded)[16]. The main difference between those four strategies is the way of their gene expression regulation. As shown in Figure 1, the decoy ODNs works at the pre-transcription level while siRNAs, miRNAs and antisense ODNs work at the post-translation level[17,18]. 
The development of antisense strategy started at the late 1970s after the discovery of the inhibition of a specific gene product expression due to short complementary DNA sequences[19-21]. Since then, the antisense strategy has become one of the most successful approaches for target validation and therapeutic purposes. Antisense ODNs are short chains of nucleic acids and consist usually of 10 to 30 nucleotides, which are typical single-stranded DNA or chemically modified DNA derivatives. Antisense ODNs specifically hybridize with their complementary targeted RNAs by Watson-Crick base-pairing[16]. RNA-antisense ODN heteroduplex activates ribonuclease H (RNase H)-cleavage of the target mRNA[22]. RNase H is a ubiquitous enzyme that hydrolyzes the RNA strand of an RNA-DNA duplex. The use in the gene therapy is the most widely discussed application of antisense strategy. The first antisense drug, VitraveneTM (Fomivirsen), was approved by the FDA for the treatment of cytomegalovirus-induced retinitis in AIDS patients[23]. Currently, there are about 30 clinical trials in various phases ongoing. Moreover, newer oligonucleotide chemistries are providing antisense molecules with higher binding affinities, greater stability and lower toxicity as clinical candidates[24-26].  
RNA interference (RNAi) is the phenomenon in which siRNAs (21-23 nucleotide in length) silence targets gene by binding to its complimentary mRNA and triggers their elimination initially. It was discovered by Fire et al[27] in Caenorhabditis elegans. Like the antisense strategy, RNAi relies on the complementarity between RNA and its target mRNA. However, the mechanism of RNAi is slightly different to the antisense strategy. RNAi is a sequence-specific gene silencing mechanism which is evolutionarily conserved and induced by the exposure of double-stranded RNA(dsRNA)[28]. Long stretches of dsRNA can interact with the RNase III-like enzyme (DICER) to be cleaved into short (21-23 nucleotide) ds RNA with 3’ overhangs and produce what is known as siRNAs. Through the association with RNA-induced silencing complex (RISC) these siRNAs are then unwound and associated with the complementary RNA. Those enzymes lead to a specific cleavage of complementary targets[29-32]. Inducers of the RNAi mechanism include endogenous miRNA, synthetic siRNA and the vector based short hairpin RNA (shRNA). RNAi-based therapies are intensively focused on gene therapies, and have potent knockdowns of targeted gene with a high sequence specificity[33].
Other classes where the RNAi mechanism is used are miRNAs. miRNAs control the translation of targeted mRNAs and act essentially as naturally occurring antisense ODN. miRNAs are endogenous, noncoding RNAi molecules about 22 nt long and are capable to negative modulate the post-transcriptional expression genes by binding to their complementary 3’ untranslated region (UTR) of mRNA targets[34]. miRNAs differ from siRNAs in their molecular origins and in their mode of target recognition. Unlike siRNAs, miRNAs are generated in the nucleus and transported to the cytoplasm as mature, hairpin structures[35]. In many cases, miRNAs bind to the target 3’ UTRs through imperfect complementarity at multiple sites, while siRNAs often form a perfect duplex with their targets at only one site. Thus, miRNAs negatively regulate target expression at the translational level[34]. Currently, researchers have documented an estimated number of about 1000 miRNAs encoded in the human genome and more than one-third of the expressed genes were regulated by miRNAs[34,36,37].
The action mechanisms for the decoy ODN strategy differs from the mechanisms antisense and RNAi, where the target gene expression is modulated in a post-transcriptional manner. Decoy ODN strategy is based on the competition for trans-acting factors between endogenous cis-elements present within the regulatory regions of the target gene and exogenously added decoy molecules (e.g., double-stranded DNA) mimicking the specific cis-elements. When the decoy ODN are delivered into the nucleus of target cell, the decoy ODN can bind to the free transcription factors. This results in the prevention of transcription factor interaction and the transactivation of a transcription factor-promoting target gene expression[38-41]. Therefore, decoy ODN strategy may enable a diseases treatment by modulation of endogenous transcriptional regulation. It has been used successfully in vitro and in vivo to modulate gene expression, suggesting its use in therapy also[40,42-46]. 

ANTISENSE ODN BASED THERAPY
TGF-β1 is the most potent factor to accelerate liver fibrosis among a number of growth factors and cytokines for the ECM accumulation. TGF-β1 not only enhances the synthesis of ECM but also inhibits the ECM degradation by down-regulating the expression of MMPs and TIMPs induction[47-49]. Therefore, the blockage of TGF-β1 or the signaling pathway is considered as a potent therapeutic strategy for the liver fibrosis treatment. Arias et al[50] reported that adenoviral expression of TGF-β1 antisense ODN resulted in an inhibition of HSC activation. Moreover, the delivery of TGF-β1 antisense ODN prevented also the liver fibrogenesis in vivo due to obstructive bile duct ligature in rats. TGF-β1 signaling occurs through a transmembranes family and Ser/Thr kinase receptors, which are known as receptor I (TβRI) and receptor II (TβRII). An exogenous antisense TβRI and TβRII block in pig serum-induced liver fibrosis in rats[51]. Based on the reports above, TGF-β1 and signaling pathway targeted antisense strategies lead to the deactivation of activated HSCs. Hence, the deposition of ECM will be halt. 
The process of ECM accumulation/degradation is also the major pathogenesis of liver fibrosis. It is important to modulate the ECM turnover, including not only the synthesis but also the degradation. The resolution of ECM accumulation is carried out by a fine balance between activities of proteinases (MMPs) and their inhibitors (TIMPs). MMPs are a family of proteolytic enzymes which are capable to degrade the ECM. The activity of MMPs is tightly regulated by its specific inhibitors TIMPs[52]. A degradation of abnormal ECM after a prolonged liver injury is inhibited due to TIMP expression by activated HSCs. During the spontaneous recovery from liver fibrosis, the TIMP-1 level decreases and the activity of collagenase and the apoptosis of HSCs increase[53]. With the purpose to antagonize the excess amounts of TIMP-1 in the liver fibrosis, it was also proved in an immune induced liver fibrosis model in rats, that TIMP-1 antisense ODN had a preventive effect on liver fibrosis progression[54]. Moreover, Nie et al[55] designed two different antisense ODNs (seq1 and seq2) targeting TIMP-2 and transfected into the rat livers by hydrodynamic injection in immune induced liver fibrosis. The TIMP-2 antisense ODN prevented the progression of liver fibrosis. These results suggest that antisense ODN is appropriate for the gene modulation in liver fibrogenesis. 

SIRNA BASED THERAPY
Gene silencing by siRNA has evolved as a novel post-transcriptional gene silencing strategy with therapeutic potential. In the recent years there has been a considerable interest in siRNA-based gene therapy for a liver fibrosis treatment[56,57]. Most of the targeted genes are those which are critical for the HSC activation, proliferation and/or ECM synthesis and degradation which are usually up-regulated during liver fibrogenesis. Those genes include TGF-β1, PDGF and TIMPs[58-61]. Obstacles of siRNA-based therapies may be systemic, local or cellular and result in rapid excretion, low serum stability, nonspecific tissue accumulation, poor uptake by the cells and an endosomal release into cytoplasm. To overcome these side-effects, a plasmid vector (pU6shX) was employed with encoded siRNA (shRNA) against TGF-β1 in CCl4-induced murine liver fibrosis. Following TGF-β1 shRNA administration, TGF-β1 shRNA effectively silenced TGF-β1 gene expression in murine liver fibrosis. TGF-β1 shRNA also significantly inhibited the expression of α-smooth muscle actin (α-SMA) and type I collagen[62]. Similar trials have been employed TGF-β1 siRNA in liver fibrogenesis in vitro[63]. 
As discussed in the previous section, activated HSCs play a pivotal role during liver fibrogenesis. In order to effective transfer the site-specific inhibition of siRNA, several attempts have been introduced to specific approaches for activated HSCs using HSC specific ligands or promoters. Sato et al[64] employed siRNA using vitamin A-coupled liposome. In dimethylnitrosamine-induced liver fibrosis, collagen specific chaperone molecule (gp46) siRNA/vitamin A-coupled liposome effectively resolved the hepatic collagen deposition and prolonged the survival. Since this report, vitamin-A-coupled liposomal delivery system has been applied in targeting siRNA to HSCs. Chen et al[65] used glial fibrillary acidic protein (GFAP) promoter. GFAP, an intermediate filament protein, was considered as a marker for activated and quiescent HSCs[66,67]. They applied PDGFR-β shRNA using GFAP promoter in liver fibrosis to avoid the nonspecific interference of PDGF-β gene expression in other tissues or cells. Cell-specific PDGFR-β shRNA could attenuate liver injury and liver fibrosis in rats. 
Hepatocytes, which are the key parenchymal cells in the liver, contribute to the accumulation of activated myofibroblast via epithelial-mesenchymal transition (EMT) during the liver fibrogenesis, to date[68-70]. EMT is an emerging concept in the fibrosis of adult organs speculating that this process refers to epithelial cells which underwent a transitioning to resident tissue myofibroblasts in response to persistent tissue injuries[71]. Recently, due to an accumulation of evidences it was suggested that the EMT contributes to the liver fibrosis. This may be similar to processes which occur in other organs, such as in the lung, kidney and intestine[72,73]. From this point of view, hepatocytes will be a new target for the treatment of liver fibrosis. Based on this concept, hepatocyte targeted therapies have been tried with the use of hepatocyte specific promoters (albumin promoter)[74,75] or membrane receptor (galactosylated carriers)[76-78]. Sato et al[79] reported that the galactosylated liposome/siRNA complex effectively exhibited the hepatocyte-selective gene silencing. Taken together, siRNA-mediated therapeutics could lead to an effective inhibition of liver fibrogenesis. Moreover, targeted delivery of the agents to the liver specific cells, especially HSCs and hepatocytes, may provide a solution to reduce the adverse reactions and optimize the efficacy as well. 

MIRNA BASED THERAPY
miRNAs were recently discovered molecules which regulated the entire intracellular pathways at a post-translational level through targeting 3’-UTR of target gene mRNAs as discussed above. The number of miRNA transcripts known to be encoded human genome exceeds 1000 now. There has been an exponential growth for the regulatory roles of miRNAs in the development of diseases. Now, miRNAs are considered as another type of transcription factors[80]. Most of recent studies have focused on the roles of miRNAs in the initiation and progression of liver cancer[81], although it is shown more about the roles of miRNAs in liver fibrosis.
miRNAs can regulate the activation of HSCs and thereby regulate liver fibrosis. In rat HSCs, the down-regulation of miR-27a and 27b switch to quiescent HSC phenotype with accumulated cytoplasmic lipid droplets and a decreased HSCs proliferation[82]. A recent study indicated that miR-29b is a negative regulator for the type I collagen and SP1 in HSCs[83]. Roderburg et al[84] also demonstrated that miR-29 regulates human and murine liver fibrosis through the modulation of TGF-β1 and NF-κB signaling pathway. According to these results, miR-29 families are emerging as a very important and common regulator of liver fibrosis. Other studies[85] have analyzed the expression of miRNAs in CCl4-induced liver fibrosis model and human clinical samples by miRNA microarray analysis. They identified 4 highly expressed miRNAs (miR-199a, miR-199a*, miR-200a and miR-200b) which were significantly associated with the progression of liver fibrosis both human and mice. MiR-199a* and miR-200b directly regulates the TGFβ-induced factor and SMAD specific E3 ubiquitin protein ligase 2, which mediate the TGFβ signaling pathway. Especially, the miR-200 family regulated EMT by targeting the EMT accelerator zinc finger E-box-binding homeobox 1 and survival of motor neuron protein-interacting protein 1. In addition, the coordination of aberrant expression of these miRNAs affects the liver fibrosis related genes. 
From these findings, miRNAs expression profile has the potential not only to therapeutically target but also to be a novel biomarker of liver fibrosis. miRNAs are good biomarkers because they are well defined, chemically uniform, restricted to a manageable number of species and stable in cells and in the circulation[86-88]. The manipulation of the specific miRNAs during the liver fibrosis holds promises a new therapeutic approach. There are 2 different strategies to utilize the therapeutic approaches of miRNA. One of them is a miRNA replacement which utilizes short RNA duplexes to mimic miRNAs which are underexpressed in the liver fibrosis. The other is a chemically modified miRNA inhibitor with single-stranded ODNs which antagonize overexpressed miRNAs[81]. However, miRNA-based therapeutics are still on an early its stages. More studies will be necessary to understand the complex biological function and to develop effective and safe delivery methods. 

DECOY ODN BASED THERAPY
The regulation of gene expression is a complex biological process which involves the transcription factor-DNA interaction for the gene transcription initiation. Thus, modulation of transcription has been considered as an important target of drugs in the biomedicine[89,90]. The transcription of a specific gene is regulated by several transcription factors which can recognize their relatively short binding sequences even in the absence of surrounding genomic DNA. By utilizing this property, decoy ODNs mimic the binding sites for transcription factor proteins and compete with promoter regions to absorb this binding activity in the cell nucleus[38,39]. This decoy ODN strategy provides a powerful tool to inhibit the expression of specific gene by modulation of endogenous transcriptional regulation. 
During iterative or chronic hepatic injuries in liver fibrosis, the liver tissue is exposed, presenting repeated and overlapping waves of inflammation associated with persistently elevated expression of proinflammatory cytokines, chemokines and MMPs. Following the inflammatory reactions in liver, the activation of hepatic NF-κB is observed in nonparenchymal and parenchymal liver cells[91-94]. Kupffer cells (resident macrophages of liver) show powerful NF-κB activation in response to liver injury, resulting in the production and secretion of inflammatory cytokines[95]. Son et al[96] showed that selective transfer NF-κB decoy ODN to liver macrophages in CCl4-induced liver fibrosis. Selective inhibition of NF-κB in liver macrophages showed successful inhibition of subsequent inflammation and ultimately liver fibrosis during long-term treatment of CCl4. 
Another transcription factor specificity protein 1 (Sp1) also plays important roles in the regulation of matrix gene transcription like TGF-β1 and type I collagen in the liver fibrosis[97]. Generally, Sp1 is the founder member of the Sp1/KLF-like family of zinc-finger transcription factors and specifically binds to the GC-rich promoter region[98]. Chen et al[99] showed that Sp1 decoy ODN effectively inhibits proliferation and fibrotic gene synthesis of activated HSCs in vitro. Additionally, Park et al[100] demonstrated that Sp1 decoy ODN effectively blocks Sp1 binding in CCl4-induced liver fibrosis. Transfection of Sp1 decoy ODN markedly reduced TGF-β1 expression as well as matrix gene expression in vivo. 
More recently, alternative structures have been explored for the design of decoy ODNs, which combine in the same molecules the binding sites for different transcription factors. To utilize this strategy, chimeric decoy ODN, which contains two or more transcription factor binding sites, was designed to enhance the effective use of decoy ODN strategy. Although chimeric decoy ODN strategy has been employed against cardiovascular diseases[101,102] and kidney fibrosis[46,103], there is little known about the effectiveness of chimeric decoy ODN strategy in liver fibrosis. Our recent study provided the first evidence of the feasibility of a chimeric decoy ODN strategy against both NF-κB and Sp1 in liver fibrosis simultaneously in vitro and in vivo. The transfection of chimeric decoy ODN significantly inhibited the activation of Sp1 and NF-κB as compared with the independent transfection of Sp1 and NF-κB in activated HSCs. In addition, chimeric decoy ODN prevented the fibrogenic and pro-inflammatory gene response in CCl4-induced liver fibrosis[104]. Taken together, decoy ODN strategy is considered one of the most useful strategies to prevent the progression of liver fibrosis and to examine the molecular mechanism of specific gene expression. 

CONCLUSION
The development of gene therapy technology has steadily progressed over the past 20 years. Among the several strategies for gene therapy, small RNA- and DNA based gene therapy, which includes antisense, RNAi (siRNA and miRNA) and decoy, has attracted a lot of interest in terms of their efficacy and ease of handling. Although these therapies are specific and effective in gene regulation, there are still many unsolved issues. Table 1 shows the major advantages and disadvantages of these therapies. Small RNA and DNA are susceptible to degradation, such as nuclease, serum and cytoplasmic extracts. Additional work is needed to evaluate the efficient transfer of small RNA and DNA. For example, ODN molecules based on peptide nucleic acids (PNAs) should be taken into great consideration[105]. On the basis of PNA strategy, PNA-DNA-PNA chimeras are of great interest from several viewpoints[106,107]. Unlike ODNs, PNA-DNA-PNA chimeras are resistant to nucleases as well as to immunologic responses[108]. 
Only a few clinical studies about liver fibrosis with less success but remarkable lessons were conducted yet. For example, aAntifibrotic trials for the treatment of HCV cirrhosis were conducted with drugs which were not successfully indicated. The fibrosis continued in their progress even in advanced diseases where the HCV was not cured, albeit a nonlinear rates[109]. Recent findings from integrative and mechanism-based profiling studies have provided important information about the roles of small RNA- and DNA based therapeutic strategies in liver fibrosis. These studies could improve the current understanding of the molecular mechanisms of chronic liver diseases. Table 2 briefly summarizes that small RNA- and DNA-based therapeutic approaches for liver fibrosis have been focused on the antifibrotic agents, which are able to reduce hepatic inflammation, HSC activation, the accumulation of ECM and the TGF-β1 expression. In addition, delivery of small RNA- and DNA with cell-specific ligands or driven by cell-specific promoters or transcriptional regulatory units are promising strategies for a direct cell specific gene expression for the treatment of liver fibrosis. However, the non-specific expression of target gene in all of transduced cells remains concerning. A better understanding of limitations for small RNA- and DNA-based gene therapy will greatly facilitate approaches to increase the potency in the treatment of liver fibrosis. Even if not discussed in this article, other delivery technologies such as oral delivery, can enhance the performance and/or the patient convenience of small RNA- and DNA-based gene therapy[110]. Therefore, more clinical trials based on small RNA- and DNA-based gene therapy, particularly in liver fibrosis are expecting in the near future.  
In conclusion, the application of small RNA- and DNA-based gene therapy has opened a new door for the treatment of liver fibrosis. Although many questions remain unsolved, the results to date are very encouraging; small RNA- and DNA-based gene therapy should join small molecules and protein-based therapeutics as the third discovery system in the treatment of liver fibrosis.
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Table 1 Advantages and disadvantages of small RNA and DNA based gene therapy
	Strategy
	Mechanisms of action
	Advantages
	Disadvantages

	Antisense ODN
	· RNA-antisense ODN heteroduplex activates RNase H that can degrade the duplexes
· Antisense ODN physically block the ribosome translocation sterically by hybridization
	· Antisense ODN can be introduced directly into cell
· Availability of chemical modification of antisense ODN

	· Stability in cells (endonucleolytic and exonucleolytic degradation)
· Modified antisense ODN stimulates the immune system
· Design and synthesis is more complicated compared with other strategies

	siRNA
	· siRNA incorporated into RISC, which leads to the rapid degradation of the entire mRNA molecule
	· Great specificity and efficacy: thermodynamic end stability, target mRNA accessibility
	· Non-specific gene silencing
· Activation of immune response
· RNA degradation by endonuclease
· Expensive for larger experiments

	miRNA
	· Small, non-protein coding RNAs that guide the post-transcriptional repression of mRNA binding at 3’ UTR region
	· miRNA ability to regulate multiple genes
· Cost effective for long-term experiments
	· Need for cloning and verification of insert
· Activation of immune response
· RNA degradation by endonuclease


	Decoy ODN
	· Double stranded oligonucleotide containing an enhancer cis-element
· Target transcription factor binds to decoy ODN and block the interaction of target gene transcription
	· Specifically inhibits transcription factor function
· Allows for the regulation of endogenous and pathological gene expression

	· Transfection efficiency and delivery to cells
· DNA degradation by endonuclease




RISC: RNA-induced silencing complex; siRNA: Small interfering RNA; miRNA: Micro RNA; RNase H: Ribonuclease H; 3’UTR: 3’-untranslated region.










Table 2 Summary of studies using small RNA and DNA based therapies in liver cirrhosis
	Strategy
	Target gene
	Biological effects
	Ref.

	Antisense ODN
	TGF-β1
	Inhibition of liver fibrogenesis in vivo(bile duct ligation) and in vitro (activated HSCs)
	[50]

	
	TβRI and TβRII
	Exogenous antisense TβRI and TβRII block in pig serum induced liver fibrosis
	[51]

	
	TIMP-1
	Preventive effect on immune induced liver fibrosis progression
	[54]

	
	TIMP-2 
(seq1 and seq2)
	Hydrodynamic injection of TIMP-2 antisense prevented the progression of liver fibrosis
	[55]

	siRNA
	TGF-β1
	TGF-β1 shRNA effectively inhibited CCl4-induced liver fibrosis
	[62]

	
	TGF-β1
	Inhibition of the expression of TGF-β1 and inflammatory cytokine in HSC-T6
	[63]

	
	Collagen specific chaperon 
(gp46)
	Effectively resolved the hepatic collagen deposition and prolonged survival in DMN-induced liver fibrosis
	[64]

	
	PDGF receptor beta small subunit (GFAP promoter)
	HSCs-specific PDGFR-beta shRNA attenuates CCl4-induced acute liver injury and bile duct ligation-induced chronic liver fibrosis
	[65]

	
	Ubc 13 
	galactosylated liposome/siRNA complex effectively exhibited the hepatocyte selective gene silencing
	[79]

	miRNA
	miR-27a and 27b
	Down regulation of miR-27a and 27b changed from acvitated HSC to quiescent HSC
	[82]

	
	miR-29b
	Negative regulator for the type I collagen and Sp1 in HSC
	[83]

	
	miR-29 family
	Modulation of TGF-β1 and NF-κB signaling pathway in CCl4-induced liver fibrosis
	[84]

	
	miR-199a, miR-199a*, miR200a and miR-200b
	Highly expressed miRNAs by miRNA microarray analysis in CCl4-induced liver fibrosis
	[85]

	Decoy ODN
	NF-κB
	Inhibition of inflammatory changes and fibrosis during CCl4-induced liver fibrosis 
	[96]

	
	Sp1
	Inhibition of proliferation and fibrotic gene synthesis in activated HSCs
	[99]

	
	Sp1
	Inhibition of TGF-β1 and matrix gene expression in CCl4-induced liver fibrosis
	[100]

	
	NF-κB and Sp1
	Inhibition of fibrogenic and proinflammatory response in CCl4-induced liver fibrosis
	[104]


[bookmark: _GoBack]ODN: Oligodeoxynucleotide; HSC: Hepatic stellate cell; TβR: TGF-β1 receptor; TIMP: Tissue inhibitor of metalloproteinase; DMN: Dimethylnitrosamine; GFAP: Glial fibrillary acidic protein; CCl4: Carbon tetrachloride.
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Figure 1 Overview of small RNA and DNA-based therapeutic strategies. Decoy ODNs block the binding of TF and inhibits specific gene expression at the transcriptional level. MiRNAs are generated in the nucleus (pri-miRNA) and bind to the target 3’ untranslated region (UTR) through imperfect complementarity at multiple sites, which act to its target by translational repression or mRNA cleavage. siRNAs form a perfect duplex with their target mRNA site, which leads to a specific cleavage of target mRNA. Antisense ODNs specifically hybridize with their target mRNA, which activates RNase H-cleavage of the target mRNA. ODNs: Oligodeoxynucleotides; RISC: RNA-induced silencing complex; siRNA: Small interfering RNA; miRNA: Micro RNA; RNase H: Ribonuclease H; dsRNA: Double stranded RNA; TF: Transcription factor; 3’UTR: 3’-untranslated region.
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