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Abstract: Hyperlipidemia is one of the conditions that constitute metabolic disorder and it is a common public
health problem. The condition is characterized by increased levels of cholesterol, triglycerides and/or
lipoproteins; it is a recognized as a risk factor for the onset of many diseases such as type 2 diabetes, non-
alcoholic fatty liver disease, and cardiovascular disease. Up to now, the primary drugs for treating hyperlipidemia
are statins and monoclonal antibody drugs against proprotein convertase subtilisin/kexin type 9 (PCSK9). The
main limitation of statins for long-term use is intolerable side effects. Evolocumab and Alirocumab, two
monoclonal antibodies against PCSK9, can effectively decrease the level of low-density lipoprotein cholesterol
(LDL-C) in patients with statin intolerance and familial hypercholesterolemia, while causing fewer side effects.
However, due to its short half-life and high costs, these monoclonal antibody treatments might result in patients’
non-compliance with medication and considerable economic burden on patients. Given that RNA plays a key
role in gene regulation, RNA-based therapeutics have become powerful blueprints for designing new anti-
hyperlipidemia drugs. Here, we summarized RNA-based therapeutic strategies and the current clinical trials for
RNA drugs in hyperlipidemia treatment.
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1. Introduction

Hyperlipidemia has become a common health burden over recent decades, as patients have increasing
levels of cholesterol, triglycerides and/or lipoproteins. It is recognized as a risk factor for type 2 diabetes,
pancreatitis, non-alcoholic fatty liver disease, chronic kidney disease and cardiovascular diseases [1]. Previous
studies showed that lipid metabolism consists of de novo lipogenesis, as well as uptake, oxidation and
degradation of lipids, such as fatty acid, triglycerides and cholesterol. Their transportation and degradation
are greatly affected by the lipoprotein metabolism, including low-density lipoprotein (LDL), very-low-
density lipoprotein (VLDL) and high-density lipoprotein (HDL).

The traditional drugs against hyperlipidemia are mainly small molecule drugs, especially statins and
monoclonal antibody drugs. Statins are the first-line lipid-lowering drugs in clinical practice nowadays; they
lower the level of LDL-C by inhibiting 3-hydroxy-3-methyl-glutaryl coenzyme-A reductase, a rate-limiting
enzyme in cholesterol synthesis. However, with long-term use, some patients suffer from adverse effects; the
main reasons for statin intolerance are liver injury [2], statin-associated muscle symptoms (SAMS) [3] and
new-onset type 2 diabetes (NOD) [4,5]. Previous studies identified that proprotein convertase subtilisin/kexin
type 9 (PCSK9), a serine protease synthesized primarily in hepatocytes, was of great importance to the
pathogenesis of familial hypercholesterolemia. PCSK9 acts by inducing the degradation of low-density
lipoprotein receptor (LDL-R) in the form of PCSK9/LDL-R complex in lysosomes, which decreases the
removal LDL-C from plasma. Evolocumab and Alirocumab, monoclonal antibodies against PCSK9, can
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effectively reduce the level of LDL-C in patients with statin intolerance or familial hypercholesterolemia, while
causing fewer adverse effects and possessing a higher safety profile [6—9]. On the other hand, traditional drugs
are limited by their requirement of target protein complex spatial conformation recognition [10]. In addition,
conventional drugs cannot target many pathogenic proteins, also known as undruggable proteins, which poses a
big challenge to the drug development. Besides, the toxic side effects of statins, especially SAMS, lead to
medication non-compliance [6—8]. Moreover, monoclonal antibody drugs (Evolocumab and Alirocumab),
targeting hyperlipidemia, need to be administered every two weeks or once a month, whereas statins are taken
more frequently. A previous study showed that large doses were required to enhance antibody effectiveness,
however, this may produce excessive immune complexes that damage tissues and organs [11]. Finally, due to
the expense of monoclonal antibody drugs, long-term and frequent use will bring huge economic burdens to
patients and their families [12]. Importantly, traditional small molecule drugs and monoclonal antibodies still
cannot reduce the cholesterol to an optimal level in certain patients with familial hypercholesterolemia.

In view of the above points, nucleic acid therapy, especially on an RNA level, may provide more
possibilities for the treatment of hyperlipidemia (Figure 1). In terms of drug design, the majority of RNA
drugs alter the expression of target gene through Watson-Crick base pairing; unlike traditional drugs, they do
not rely on the recognition of the complex spatial conformation of the target proteins [13]. As for patient
compliance, RNA drugs have longer half-lives due to special delivery platforms and fewer side effects due to
chemical modification. In addition, unlike nucleic acid therapy on the DNA level (genome-editing by
CRISPR-Cas9), RNA drugs do not change genetic structure, which results in higher safety in general.
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Figure 1. RNA-related therapies mainly include mRNA, ASO (Antisense oligonucleotides), siRNA, microRNA
drugs. mRNA drugs can achieve alternative treatment or elicit immune response through synthesizing the
corresponding protein. ASOs, composed of 12—25 nucleotides, bind to target-coding RNA or non-coding RNA through
the principle of complementary base pairing. This leads to the occupation of translation-related binding sites, which
prevents translation without RNA degradation @ or the degradation of RNA with ribonuclease H1 @) . siRNAs are
doubled-stranded RNA with guide strands that can form into RISC complexes; they bind to their complementary
mRNA and induce target mRNA cleavage, thereby silencing target genes. microRNAs belong to endogenous non-
coding RNAs, with 19 — 25 nucleotides, that inhibit protein translation or promote the degradation of mRNA.
microRNA sponges contain identical binding sites to their target microRNAs, which results in decreased binding
between the microRNA and 3’-UTR of its target mRNA. Tough Decoy (Tud) is a short hairpin RNA with a stabilized
stem-loop and 2 microRNA binding sites; it can greatly reduce target microRNAs (By Figdraw).



50 of 54

2. RNA-based Therapeutic Strategies
2.1. mRNA

It is well known that gene expression is composed of transcription, RNA splicing, translation and post-
translational modification. Each step plays a key role in the production of target proteins and have caused a
wave of research regarding mRNA-based therapeutics in cancer and vaccine design. The mRNA drugs can
affect the production of any protein or peptide in transfected cells, without entering the nucleus to alter DNA
sequence.

However, there are three main challenges with mRNA-based therapies, including short half-life,
immunogenicity and delivery [10]. In order to minimize the degradation of mRNA by extracellular RNases, 5'
-cap, poly (A) tail, 5'- untranslated region (UTR), 3'-UTR and coding regions of mRNA are chemically
modified, using cap mimics, poly (A) tail decoration and introduction of stabilizing elements.
Immunogenicity is caused by exogenous RNA, with U-rich sequences, which activate Toll-like receptors (e.g.
5-methylcytidine and pseudouridine) [10] and trigger an innate immune response. Another major issue is the
delivery of mRNA; there is difficulty crossing the cell membrane due to the large size, negative charge of
mRNA and endosome escape. To address the issue, a number of delivery systems with low toxicity have been
designed, including polymetric nanoparticles and extracellular vehicles (EVs) [14].

2.2. Antisense Oligonucleotide

Antisense oligonucleotides, composed of 12—25 nucleotides, bind to target-coding RNA (mRNA) or
non-coding RNA (e.g., long non-coding RNA and microRNA) through the principle of complementary base
pairing; this leads to degradation of RNA under the action of ribonuclease H1 or occupation of the
complementary sequences of mRNA, which prevents translation by steric blocking, without RNA
degradation [15].

Similar to mRNA-based therapeutics, unmodified ASOs are usually degraded by nucleases in the
plasma and cytoplasm, thus they cannot achieve high efficiency. After continuous development, certain
modifications have been suggested, which could improve pharmacokinetics and pharmacodynamics, as well
as reduce renal toxicity. Cholesterol conjugation can help ASOs interact with serum proteins and lipoproteins,
which could promote their entrance into hepatocytes. GaINAc has a high affinity for asialoglyco protein
receptor (ASGPR), which is an endocytosed receptor that is predominantly expressed on hepatocytes;
ASGPR specifically recognizes and binds with GalNAc. Therefore, cholesterol-GalNAc dual conjugation can
be used for delivery of ASOs to the liver to achieve greater target affinity and cellular tropism [16,17].

2.3. Small Interfering RNA

Small interfering RNAs (siRNAs) are doubled-stranded RNAs, which are 20—25 base pairs in length
and function in the cytoplasm. Their guide strands incorporate into RNA-induced silencing complex (RISC),
bind to the complementary mRNA and induce target mRNA cleavage, thereby silencing target genes. Unlike
ASOs, siRNAs can only lead to the degradation of target mRNA, which controls the post-transcriptional
event without preventing transcription initiation.

Because of their negative charge, the high sensitivity of nucleases, and the non-specific immunotoxicities
induced by siRNA, it is necessary to design a suitable delivery system, which is analogous to mRNA-based
therapeutics. Currently, nanoparticle systems have been widely used for drug development, especially lipid
nanoparticles (LNPs) [18]. Similar to ASOs, GalNAc conjugation is also used to target hepatocytes in siRNA
delivery. However, this conjugation is not effective for mRNA delivery, due to mRNA size is much bigger [19]. In
addition, Huang et al. designed a novel siRNA delivery system, the ionizable lipid assisted nucleic acid delivery
system (iILAND); this system has been shown to effectively deliver related siRNA to decrease serum cholesterol
and triglyceride in high-fat diet (HFD) mice, db/db mice, and human APOC3 transgenic mice [20].

2.4. microRNA

MicroRNAs are conserved non-coding RNAs with 19 — 25 nucleotides, which participate in various
biological events. They are assembled by Ago2 in the RISC complex and bind with the 3> UTR of mRNA to
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inhibit its translation or promote mRNA degradation [21]. It has been reported that the pathogenesis of various
diseases is attributable to abnormal expression of microRNAs; miR-30c, miR-378a-3p and miR-24 are all
involved in pathological mechanisms underlying hyperlipidemia [22—24]. Therefore, developing microRNA
inhibitors such as ASO, microRNA sponge and tough decoy (Tud) RNA has become an emerging hotspot in
nucleic acid-based therapeutics for hyperlipidemia over the recent years.

microRNA sponges possess binding sites identical to their target microRNA, which result in decreased
binding between microRNA and the 3’ UTR of its target mRNA. In another word, the more identical binding
sites on a microRNA sponge, the higher its inhibition potential [25]. MicroRNA sponges can be integrated
into virus vectors, and delivered to targeted organs and cells, depending on the virus serotype and specific
promoter. Similar to mRNA delivery, other delivery systems for microRNA sponges, such as LNPs, are also
being explored.

Tough Decoy (Tud) is a short hairpin RNA with a stabilized stem-loop and two microRNA binding sites.
It has been shown to have great effect in reducing target microRNA; Li et al. successfully reduced miR-320
through miR-320-Tud in db/db and HFD-induced diabetic models [26]. In addition, Dongtak Jeong et al.
reported decreased miR-25 level using miR-25-Tud in a mouse model with pressure-overload heart failure;
increased SERCAZ2a protein expression and improved the cardiac function were observed [27]. The delivery
strategy of Tud is similar to that of microRNA-sponges, as mentioned above.

3. RNA Therapeutics in Hyperlipidemia
3.1. Antisense oligonucleotides (ASO)

3.1.1. Volanesorsen and Olezarsen

Previous studies showed that increased levels of apolipoprotein C-III in plasma is involved in the
process of hypertriglyceridemia [28]. Volanesorsen is an ASO drug targeting ApoC III mRNA to reduce the
translation of ApoC-III. The APPROACH trial, a phase III trial in patients with familial chylomicronemia,
showed that the triglyceride levels in 77% of participants treated with Volanesorsen were less than 750 mg
per deciliter [29]. Although Volanesorsen is very effective in reducing triglyceride level, it leads to an
increased risk of thrombocytopenia and other side effects, including injection-site reaction, which impedes
the drug approval application. Recently, researchers found that the modification of N-acetylgalactosamine
could decrease the toxicity of Volanesoren. Therefore, Olezarsen, a GalNac-conjugated ASO, which targets
APOCIII mRNA, has been developed, and no thrombocytopenia has been observed yet [30].

3.1.2. IONIS ANPTL3-L,, (ISIS 703802)

IONIS ANPTL3-LRx is a second-generation ligand-conjugated ASO drug used to target Angptl3
through inhibiting the expression of lipoprotein lipase and endothelial lipase. In the phase I trial of
ANGPTL3-LRx, participants receiving ANGPTL3-LRx were divided into two groups: single-dose group and
multiple-dose group. Results showed that the levels of Angptl3 protein, VLDL cholesterol, total cholesterol
and triglycerides in the multiple-dose group were much lower than the control group. However, in the single-
dose group, the aforementioned parameters did not show statistical difference compared to the control
group [31].

3.1.3. AZD8233

AZD8233 is an ASO-targeting PCSK9 that can decrease the circulating level of LDL-C. Clinical trials,
2020-000767-23 (EudraCT number) and NCT04964557 (SOLANO), are in phase IIb. In the 2020-000767-23
trial, different dose groups have demonstrated a reduction in the levels of LDL-C and PCSK9 at 12 weeks
after subcutaneous injection; injections were administered on Day 1, 8, 29 and 57. NCT04964557 was
completed on July 14th, 2022, but the results have not been updated yet.

3.1.4. CiVi 007 and CiVi 008

CiVi 007 is an ASO drug, targeting PCSK9, in phase IIa (NCT04164888). In the trial, participants, with
a background of stable statin therapy, were divided into four groups; groups were either receiving placebo or
different doses of CiVi 007. CiVi 008 is a third generation PCSK9 antisense molecule for treatment of
hypercholesterolemia and atherosclerotic cardiovascular disease. The outcomes of CiVi 007 and CiVi 008
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have not been disclosed yet.
3.2. siRNA

3.2.1. ALN-PCSsc (Inclisiran)

PCSK9, which is mainly produced by the liver, mediates the degradation of LDL-R, as mentioned
before. Higher level of PCSK9 leads to the onset of hyperlipidemia [32]. Inclisiran is a small interfering
RNA; it targets PCSK9 mRNA in hepatocytes to increase the level of LDL-R and promote the degradation of
cholesterol. Three clinical trials of Inclisiran, ORION-9 (NCT03397121), ORION-10 (NCT03399370) and
ORION-11 (NCT03400800), have been completed. The inclusion criteria for participants were different; the
patients in ORION-9 suffered from heterozygous familial hypercholesterolemia, while ORION-10 and -11
enrolled patients with atherosclerotic cardiovascular disease (ASCVD), elevated LDL-C, and were receiving
maximally tolerated doses of stains. Inclisiran 300 mg via subcutaneous injection was administered on Day 1
and Day 90, every 6 months, while the same dose of saline solution was administered to the control group.
Results from ORION-9, ORION-10 and ORION-11 showed a LDL-C reduction of 49.52%, 57.64% and
53.3% by day 510, respectively. Moreover, the ongoing trial, ORION-16 (NCT04652726), is recruiting
participants with heterozygous familial hypercholesterolemia and elevated LDL-C; this trial will be
completed in 2025.

4. Perspectives

Hyperlipidemia, especially hypercholesterolemia, has become a worldwide health burden [33].
Although there are many established drugs available for hyperlipidemia, such as statins and monoclonal
antibody drugs, each of them has their own limitations, namely intolerable side effects and high costs.
Therefore, it is necessary to explore novel treatments for hyperlipidemia. As a result, RNA-based therapeutics
has attracted much attention (Table 1).

Table 1. RNA therapeutics in hyperlipidemia.

Products Reagent Gene Target Administration
Volanesorsen ASO Hepatic APOC3 mRNA SC
Olezarsen ASO Hepatic APOC3 mRNA SC
ANPTL3-LRx ASO Hepatic ANGPTL3mRNA SC
AZD8233 ASO Hepatic PCSK9 mRNA SC
CiVi007 ASO Hepatic PCSK9 mRNA SC
CiVvi0o8 ASO Hepatic PCSK9 mRNA SC
Inclisiran siRNA Hepatic PCSK9 mRNA SC

ASO, antisense oligonucleotide; siRNA, small interfering RNA; SC, subcutaneous injection.

The GalNAc-conjugated systems used in ASOs and siRNA, as well as LNP delivery, mainly target the
liver. The liver is the central hub of lipid metabolism, which suggests great promise for the treatment of
hyperlipidemia and other diseases, that originate from the liver, using RNA-based therapeutics. Moreover,
various delivery systems and specific chemical modifications, which target different organs and tissues, are
needed to obtain better curative effects.

It is worth mentioning that there are some limitations, which need to be addressed, including the
efficiency of cellular uptake, endosome escape, off-target effects, and the quality control of modifications and
delivery systems. Special delivery systems may be able to solve the issue of drug utilization efficiency, while
also decreasing both hepatotoxicity and immunogenicity. A previous study revealed that the incomplete
complementary binding between siRNA and mRNA induced off-target effects and hepatoxicity [34]. In
addition, quality control is critical in the commercial production of clinical drugs. In a word, it requires
continuous efforts from researchers around the world to improve RNA-based therapeutics so that they can
play a greater role in the clinical management of hypercholesterolemia.
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