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Small RNA or oligonucleotide therapeutics represent a unique modality outside the traditional treatment paradigm of small molecule and protein-based drugs that have historically only targeted a small fraction of the proteome. Innovations in the structural design and chemical modification have been invaluable for recent oligonucleotide therapeutics, greatly improving their biological stability, intracellular delivery, and targeting. Widespread adoption of these strategies has further enabled the application of oligonucleotides as viable drugs and expanded the class of RNA therapeutics, with thirteen antisense oligonucleotides (ASOs) (fomiversen, mipomersen, nusinersen, inotersen, eteplirsen, golodirsen, casimersen, viltolarsen, tofersen, eplontersen, olezarsen, and donidalorsen), seven small interfering RNAs (siRNAs) (patisiran, givosiran, lumasiran, inclisiran, vutrisiran, nedosiran, and fitusiran), and two aptamers (pegaptanib and avacincaptad pegol) that have been approved by the United States Food and Drug Administration (FDA). RNA therapeutics have expanded the druggable space and provide a novel treatment strategy, they do not fit within the framework of our current methodology in evaluating risk of drug-drug interactions (DDIs) and assessing pharmacokinetic/pharmacodynamic (PK/PD) relationships. This article provides an overview of FDA-approved oligonucleotide therapies, emphasizing chemical modifications, molecular targets for mechanistic actions, and available ADME and PK/PD properties, followed by the discussion of critical needs for risk assessment strategies suited for this unique modality that focuses on possible DDIs with concomitant drugs. The latter may involve direct competition for the endogenous RNA interference machinery to alter ADME or relevant PD gene expression, rather than uncommon binding or interactions with drug-metabolizing enzymes or transporters found and recommended for small molecule drugs.
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1 INTRODUCTION
Conventional therapeutic strategies centered around protein-targeted drugs have been constrained by our limited understanding of RNAs as simply a set of messengers that relay the genetic code into functional protein. With only a small percentage of messenger RNA (mRNA) encoded proteins being considered druggable, research into protein-targeted therapies was limited to a fraction of the proteome. The discovery of many functional RNA species that did not encode proteins provided a perspective of protein expression and RNA function that was much more complex, but quickly showed therapeutic potential when a single-stranded oligonucleotide was found to target mRNA and control gene expression (Sutcliffe, 1978). This continued with the discovery of small non-coding microRNAs (miRNAs or miRs), which were naturally expressed within Caenorhabditis elegans to elicit post-transcriptional gene regulation (PTGR) of target mRNA via antisense interaction (Lee et al., 1993; Wightman et al., 1993). Soon after, exogenous double-stranded RNAs showed regulation of complementary mRNA, a mechanism referred to as RNA interference (RNAi) that set the stage for future therapeutic use of small interfering RNAs (siRNAs) (Fire et al., 1998; Zamore et al., 2000).
These discoveries gave rise to RNA-based therapeutics, a novel class of therapies that are fundamentally distinct from traditional small molecules and protein biologics. This class encompasses a diverse set of therapeutic strategies including aptamers, antisense oligonucleotides (ASOs), and siRNAs, which modulate protein expression or activity of their specific targets (Yu and Tu, 2022; Jin et al., 2025). These therapies exhibit unique chemical structures and diverse mechanisms of action that are critically different from small molecule and biologic protein drugs. RNA therapeutics’ unique targeting and mechanistic actions expand the range of druggable molecules within the genome, but they also differ in their pharmacokinetic (PK) properties compared to well-understood small molecule and protein-based drugs. Oligonucleotide drugs are naturally unstable in biological systems, being readily degraded by natural human endo- and exonucleases that cleave phosphodiester bonds at unique locations within the molecule (Kovacevic et al., 2018; Post et al., 2019; Li et al., 2021; Zhang et al., 2025). Additionally, the charged backbone, hydrophilic nature, and large size of many oligonucleotide drugs prevent them from crossing cell membranes, posing significant delivery challenges, a major concern affecting clinical drug administration, distribution, metabolism, and excretion (ADME) processes. These challenges are commonly addressed by chemical modification of the phosphodiester linkages, ribose sugar rings, and nucleobases, as well as through the conjugation of large polymers or ligands. These modifications confer nuclease resistance, improve oligo delivery and PK, and enable specific targeting to hepatocytes through the use of ligands like N-acetylgalactosamine (GalNAc) (Wang et al., 2019; Li et al., 2021; Jeon et al., 2022; McDougall et al., 2022).
Distinct from small molecule and protein drugs, oligonucleotides are not major substrates of cytochrome P450 enzymes but subject to cleavage by various nucleases and hydrolases, nor are they typical substrates for efflux transporters, hepatic uptake transporters, or renal uptake transporters but subject to endocytosis or receptor mediated uptake, and thus exhibit nontraditional PK properties. Further, systemic PK parameters of RNA therapies do not always reflect target tissue distribution and are not often reflective of pharmacodynamic (PD) outcomes, highlighting the need for additional pharmacodynamic endpoints in multiple-dose studies such as target mRNA/protein or other relevant PD biomarkers (U.S. Food and Drug Administration, 2024b).
RNA therapeutics’ sequence driven specificity offers novel therapeutic opportunities, but they also present unique challenges in evaluating risk of drug-drug interactions (DDIs) and adverse events, from both PK and PD perspectives. With these factors in mind, the U.S. Food and Drug Administration (FDA) recommends several key risk evaluations including assessing potential for QTc interval prolongation, as well as assessing the impact of hepatic and renal impairment on pharmacodynamic endpoints and biomarkers independent of PK, with participants across a range of organ function. The distinct structures, non-natural chemical modifications, unique mechanistic actions, and nebulous PK/PD relationships of oligonucleotide therapeutics underscore the needs for risk assessment strategies uniquely tailored to this modality, including immunogenicity, on/off-target effects, and PD-based DDI with drugs or endogenous RNA that share mechanistic action or pathways. Indeed, RNAi or ASO drugs would likely compete with the genome-derived miRNAs for the intrinsic RNAi components and subsequently, alter the PTGR of ADME or related PD genes and then lead to possible DDIs (Yu, 2007; Yu and Pan, 2012; Jilek et al., 2017; Traber et al., 2025).
This review will first introduce the U.S. Food and Drug Administration (FDA) approved oligonucleotide drugs, their molecular targets, mechanistic actions, therapeutic indications, known ADME/PK properties, and discuss the challenges in the evaluation of DDIs for RNA therapeutics (U.S. Food and Drug Administration, 2024b).
2 COMMON MECHANISTIC ACTIONS OF RNA THERAPEUTICS
Fundamental scientific research uncovering the diverse forms and functions of natural RNAs beyond encoding protein has provided valuable inspiration in the design and application of RNA therapeutics. RNA has since emerged as a versatile treatment modality, employing several different mechanisms of action across FDA-approved therapies. While there are many exciting therapeutic applications of different forms of RNAs under clinical and preclinical development, this review will focus on the FDA-approved aptamers, ASOs, siRNAs (Figure 1).
[image: Diagram illustrating three gene regulation mechanisms: A) Aptamers recognize protein targets to modulate activity. B) Antisense oligonucleotides (ASOs) influence pre-mRNA splicing, induce RNA degradation via RNase H1, and block translation by inhibiting ribosome initiation. C) Small interfering RNA (siRNA) duplexes unwind and load into the RNA-induced silencing complex (RISC) for mRNA target recognition and degradation, involving AGO2.]FIGURE 1 | General pharmacological actions of FDA-approved RNA therapeutics. (A) Aptamers are single-stranded oligonucleotides that fold into unique structures to specifically bind their protein targets and modulate their activities. (B) ASOs are short, single-stranded oligonucleotides that target specific RNA sequences via Watson-Crick base pairing and alter expression of their corresponding proteins. ASOs can modulate target expression by several distinct mechanisms such as alternative splicing of pre-mRNA, induction of RNase H1-dependent cleavage of target RNA, and inhibition of target RNA translation through steric blockage of ribosome interaction. (C) SiRNAs are double stranded RNAs containing guide/antisense strands designed to target specific mRNA sequences by (near-)perfect complementary base pairing with target transcripts. After the siRNA is unwounded, the antisense strand is uploaded into the RISC where it identifies and cleaves complementary target mRNA sequence to modulate protein outcome.Aptamers are single-stranded oligonucleotides optimized for high-affinity binding to a specific protein sequence, commonly acting as inhibitors or antagonists of their target to reduce protein activities or functions (Yu et al., 2020) (Figure 1). Aptamers that function as agonists and allosteric modulators of their target have also been developed, although none have yet reached the clinic (Yunn et al., 2022; Kim et al., 2025). Aptamer drugs assume complex tertiary structures that allow binding of their target with a high degree of specificity. Oligonucleotide sequences form a diverse range of structural motifs that are utilized in aptamer design to target a variety of molecules beyond just proteins, including nucleic acids, small molecules, and heavy metals (Ruscito and DeRosa, 2016; Yu et al., 2020). While other strategies are promising, both FDA-approved aptamer therapies function through protein targeting (Figure 1) (U.S. Food and Drug Administration, 2011; 2025d).
ASOs are short, single-stranded oligonucleotides that engage with specific RNA sequences through Watson-Crick base pairing (Yu et al., 2020; Yu and Tu, 2022). FDA-approved ASO therapies bind target mRNA and regulate protein expression through several possible mechanisms, including cleavage of the target transcript by RNase H, and inhibition of its translation through steric blockage of ribosome binding. ASO therapies can also act through alternative splicing of pre-mRNA to promote inclusion or exclusion of specific exons, altering the identity of the corresponding protein (Figure 1). These mechanisms encompass all FDA-approved ASOs, with other types of remedies, such as ASO against disease-associated miRNAs, showing limited success in the clinic (Gebert et al., 2014; Martino et al., 2025).
SiRNAs are double stranded RNA molecules that form complementary base pairings with target mRNA transcripts, modulating the levels of corresponding proteins through RNAi pathway (Yu et al., 2020; Traber and Yu, 2023; Traber and Yu, 2024). SiRNA therapies contain an antisense/guide strand designed to recognize a sequence within the coding region or 3′untranslated region (UTR) of a target transcript, where they bind with (near-) perfect complementarity. Administered siRNA duplexes within the cytoplasm are unwound and the antisense/guide strand is preferentially loaded into the RNA induced silencing complex (RISC). The guide identifies complementary mRNA sequences to direct RISC-mediated cleavage of target transcripts, leading to the reduction of protein levels (Figure 1). The therapeutic action of siRNA cannot happen without the key machinery that comprises the RISC, with Argonaute (AGO) protein serving as a critical and necessary component. The four AGO isoforms in humans serve similar functions in RNAi, but only AGO2 possesses the catalytic activity needed for nucleolytic cleavage of RISC-bound target mRNA. This is key for siRNA drugs as they possess highly complementary guide strands, form ideal interactions for mRNA cleavage, and preferentially engage with AGO2/RISC. By contrast, endogenous miRNAs acting through RNAi machinery typically binds via the seed region spanning 2-7 nt and can interact with AGO1-4/RISC, forming shorter complementary interactions that are less specific but allowing targeting of multiple unique mRNA transcripts. This seed-mediated target binding by miRNA does not rapidly cleave the mRNA but instead inhibits its translation and sometimes promotes mRNA degradation. Despite this distinction, siRNA and miRNA may compete for key parts of the RISC, with AGO2 serving as a major example. Later in this review, we will discuss the unique challenges this poses in evaluating DDI risk and provide perspective for the future study and intelligent design of RNAi therapeutics.
3 APTAMER DRUGS
Pegaptanib (Macugen) was the first FDA-approved aptamer drug and the first therapy to target vascular endothelial growth factor (VEGF), being approved in 2004 for the treatment of age-related macular degeneration (AMD) (Table 1) (Gragoudas et al., 2004; U.S. Food and Drug Administration, 2011; Yu et al., 2020). Pegaptanib treats the neovascular (wet) form of AMD, where abnormal blood vessel growth causes loss of vision. The 28-nucleotide RNA sequence of pegaptanib specifically targets the heparin binding domain of extracellular VEGF, preventing efficient activation of VEGF receptors and inhibiting abnormal blood vessel growth within the eye to halt vision loss. Pegaptanib’s tertiary structure provides isoform-selective targeting of VEGF, binding the extracellular isoform most relevant to AMD progression (VEGF-165) while sparing other biologically active isoforms important in heathy function (VEGF-121) (Ruckman et al., 1998; Lee et al., 2005; Kim, 2007). Pegaptanib proved effective in two concurrent clinical trials, where 70% of patients lost less than 15 letters of visual acuity compared to 55% in control groups over 54 weeks. This was also reflected in reduced risk of severe vision depreciation (loss of 30 letters of visual acuity or more) being twice as likely in the sham-injection group compared to pegaptanib treatment group (Gragoudas et al., 2004). Significant benefit was evident across all doses assessed (0.3 mg, 1 mg, 3 mg).
TABLE 1 | FDA-approved aptamer drugs.	Aptamer drug
RoA	Chemistry	Target protein	Indication	Year approved
	Pegaptanib (Macugen®)
IVT	PEGylated 28-nt RNA aptamer; all PO (∼) linkages; NaCl/NaPO4 solution for IVT injection; MW = ∼50 kDa (sodium salt bound to two 20 kDa PEG moieties)
R1 ― 5′-Cf ∼ Gm ∼ Gm ∼ A ∼ A ∼ Uf ∼ Cf ∼ Am ∼ Gm ∼ Uf ∼ Gm ∼ Am ∼ Am ∼ Uf ∼ Gm ∼ Cf ∼ Uf ∼ Uf ∼ Am ∼ Uf ∼ Am ∼ Cf ∼ Am ∼ Uf ∼ Cf ∼ Cf ∼ Gm∼(3′–3′)dT-5’
[image: ]	VEGF	AMD	2004
	Avacincaptad pegol (Izervay™) 
IVT	PEGylated 39-nt RNA aptamer; all PO (∼) linkages; NaCl/NaPO4 solution for IVT injection; MW = 56 kDa (free acid bound to one 43 kDa PEG moiety)
R2 ― 5′-Cf ∼ Gm ∼ Cf ∼ Cf ∼ G ∼ Cf ∼ Gm ∼ Gm ∼ Uf ∼ Cf ∼ Uf ∼ Cf ∼ Am ∼ Gm ∼ Gm ∼ Cf ∼ G ∼ Cf ∼ Uf ∼ Gm ∼ Am ∼ Gm ∼ Uf ∼ Cf ∼ Uf ∼ Gm ∼ Am ∼ Gm ∼ Uf ∼ Uf ∼ Uf ∼ A ∼ Cf ∼ Cf ∼ Uf ∼ Gm ∼ Cf ∼ Gm∼(3′–3′)dT-5′
[image: ]	Complement
protein
C5	GA/AMD	2023


Abbreviations: (3′–3′)dT, inverted thymidine; A, adenosine; Am, 2′-O-methyladenosine; AMD, age-related macular degeneration; C, cytidine; C5, complement component 5; Cf, 2′-fluorocytidine; d, deoxyribonucleoside; G, guanosine; GA, geographic atrophy; Gm, 2′-O-methylguanosine; IVT, intravitreal; PEG, polyethylene glycol; PO (∼), phosphodiester linkage; RoA, route of administration; T, thymidine; U, uridine; Uf, 2′-fluorouridine; VEGF, vascular endothelial growth factor. In the absence of any other label, 2′-deoxynucleosides are assumed.
Pegaptanib contains extensive chemical modifications that protect it from nuclease degradation, improve its PK properties, and improve target binding. All pyrimidines are 2′-deoxy-2′-fluoro nucleosides, while all purine nucleosides contain 2′-O-methyl modifications with the exception of two adenosines (positions 4 and 5) (Table 1) (U.S. Food and Drug Administration, 2011). Additionally, the 3′terminal end is an inverted deoxythymidine bound through a 3′–3′ phosphodiester linkage, further improving the aptamer’s metabolic stability. The 5′end of pegaptanib is conjugated to two 20 kDa polyethylene glycol (PEG) moieties via aminohexyl linkage, greatly increasing its size to support a long half-life within the vitreous humor and limit its systemic clearance by renal filtration (Kovacevic et al., 2018; Adachi and Nakamura, 2019). Renal clearance was the major route of elimination identified for pegaptanib, and patients with impaired renal function were assessed in PK studies (Drolet et al., 2000; Basile et al., 2012). However, these patients did not require dose adjustment–likely because of pegaptanib’s slow absorption to the plasma following intravitreal (IVT) injection.
Many years later in 2023, Avacincaptad pegol (Izervay) would become the second aptamer drug approved by the FDA, indicated for the treatment of geographic atrophy (GA) secondary to AMD (Table 1) (U.S. Food and Drug Administration, 2025d). GA is the advanced stage of dry AMD, where chronic inflammation and oxidative stress lead to the irreversible loss of retinal cells and eventually the loss of central vision. Avacincaptad pegol slows the progression of GA by inhibiting the complement system, an inflammatory signaling cascade of the immune system (Danzig and Loewenstein, 2024b). Avacincaptad pegol specifically binds to complement protein C5 and prevents its cleavage to C5a and C5b, lessening subsequent inflammatory signaling that drives cell death and GA progression (Biesecker et al., 1999; Nozaki et al., 2006; Jaffe et al., 2021). In the GATHER1/2 trials, 3.4% of treated patients exhibited persistent loss of visual acuity (>15 letters) compared to 7.8% in the sham group over 12 months (Danzig et al., 2024a). Both pegaptanib and avacincaptad were developed by systematic evolution of ligands by exponential enrichment (SELEX) which screens large pools of nucleotide sequences for affinity to a specific target, identifying the highest-affinity oligonucleotide ligands in many subsequent rounds of enrichment (Tuerk and Gold, 1990).
Avacincaptad pegol is a 39 nucleotide RNA aptamer with extensive chemical modifications that are heavily inspired by the success of pegaptanib. Similarly, all present pyrimidines are 2′-deoxy-2′-fluoro nucleosides, the 3′terminal end is capped with an inverted deoxythymidine bound via 3′–3′ phosphodiester linkage, and the 5′end is bound to a 43 kDa PEG moiety via aminohexyl linker. All purines are 2′-O-methyl substituted, with the exception of two unmodified guanosines (positions 5 and 17) and one unmodified adenosine (position 33) (Table 1) (U.S. Food and Drug Administration, 2025d). Echoing the strategy of pegaptanib, these structural features provide nuclease resistance and extend avacincaptad pegol’s half-life to support monthly dosing. Dose adjustment is similarly not required for renal or hepatic impairment, but treatment was associated with increased rates of neurovascular (wet) AMD (U.S. Food and Drug Administration, 2025d).
4 ASO DRUGS
Fomivirsen (Vitravene), an ASO indicated for the local intravitreal treatment of cytomegalovirus (CMV) retinitis in patients with acquired immunodeficiency syndrome, became the first FDA-approved RNA therapeutic in 1998 (Table 2) (Roehr, 1998; U.S. Food and Drug Administration, 1998). CMV retinitis is an opportunistic infection characterized by formation of lesions in the retina that progress to loss of vision. Fomivirsen binds to its target, human CMV immediate early region 2 (IE2) mRNA, via complementary base pairing and prevents translation of several proteins critical to viral replication (Azad et al., 1993). Fomivirsen inhibits translation through antisense hybridization of target mRNA, creating a steric blockade that limits ribosomal interaction. This binding also enables RNase H-mediated degradation of target mRNA, though less efficiently than later-generation ASOs (Anderson et al., 1996). Clinical trials utilized fundus photography of the retina to assess CMV retinitis lesions and progression, with only 44% of patients in the immediate treatment group exhibiting disease progression progression compared to 70% in the group where treatment was deferred (Vitravene Study Group, 2002). Fomivirsen is a 21-mer ASO with a full phosphorothioate (PS) backbone, a modification that would become standard practice in future ASO design. PS linkages protect ASOs from nuclease degradation and greatly enhance plasma protein binding (>90%) to limit renal clearance and dramatically prolong their half-life (Srinivasan and Iversen, 1995; Geary et al., 2002; Shemesh et al., 2016). While extensive plasma protein binding allows PS ASOs to escape filtration by the kidneys, it also promotes broad tissue distribution that can increase off-target exposure and potential for associated toxicities. PS backbone modifications can also affect potency of mRNA target regulation, with high-affinity binding to plasma proteins like α-2-macroglobulin serving as a key example (Shemesh et al., 2016; Crooke et al., 2020).
TABLE 2 | FDA-approved ASO drugs.	ASO drug RoA	Chemistry	Target RNA	Indication	Year approved
	Fomivirsen (Vitravene®) IVT	21-mer ASO; PS (−) linkages; carbonate-buffered saline solution for IVT injection;
MW = 7.122 kDa (sodium salt)
5′-dG–dC–dG–dT–dT–dT–dG–dC–dT–dC–dT–dT–dC–dT–dT–dC–dT–dT–dG–dC–dG-3′	CMV IE2 mRNA	CMV retinitis	1998
	Mipomersen (Kynamro®) SQ	20-mer ASO gapmer (5*-10-5*); PS (−) linkages; unbuffered aqueous solution for SQ injection;
MW = 7.595 kDa (sodium salt)
5′-G*–m5C*–m5C*–m5U*–m5C*–dA–dG–dT–m5dC–dT–dG–m5dC–dT–dT–m5dC-G*–m5C*–A*–m5C*–m5C*-3′	Apo B-100 mRNA	HoFH	2013
	Nusinersen (Spinraza®) IT	18-mer ASO; PS (−) linkages; aCSF solution for IT injection;
MW = 7.501 kDa (sodium salt)
5′-m5U*–m5C*–A*–m5C*–m5U*–m5U*–m5U*–m5C*–A*–m5U*–A*–A*–m5U*–G*–m5C*–m5U*–G*–G*-3′	SMN2 pre-mRNA (ISS-N1)	SMA	2016
	Inotersen (Tegsedi®) SQ	20-mer ASO gapmer (5*-10-5*); PS (−) linkages; unbuffered aqueous solution for SQ injection; 
MW = 7.601 kDa (sodium salt)
5′-m5U*–m5C*–m5U*–m5U*–G*–dG–dT–dT–dA–m5dC–dA–dT–dG–dA–dA–A*–m5U*–m5C*–m5C*–m5C*-3′	TTR mRNA	hATTR	2018
	Eteplirsen (Exondys 51®) IV	30-mer PMO; PN (») linkages; PBS concentrate diluted in saline for IV infusion;
MW = 10.306 kDa
R » 5′-C » T » C » C » A » A » C » A » T » C » A » A » G » G » A » A » G » A » T » G » G » C » A » T » T » T » C » T » A » G-3
[image: ]	Dystrophin pre-mRNA (Exon 51)	DMD (Exon 51)	2016
	Golodirsen (Vyondys 53™) IV	25-mer PMO; PN (») linkages; PBS concentrate diluted in saline for IV infusion; MW = 8.647 kDa
R » 5′-G»T»T»G»C»C»T»C»C»G»G»T»T»C»T»G»A»A»G»G»T»G»T»T»C-3′	Dystrophin pre-mRNA (Exon 53)	DMD (Exon 53)	2019
	Casimersen (Amondys 45™) IV	22-mer PMO; PN (») linkages; PBS concentrate diluted in saline for IV infusion;
MW = 7.585 kDa
R » 5′-C»A»A»T»G»C»C»A»T»C»C»T»G»G»A»G»T»T»C»C»T»G-3′	Dystrophin pre-mRNA (Exon 45)	DMD (Exon 45)	2021
	Viltolarsen (Viltepso™) IV	21-mer PMO; PN (») linkages; saline solution for IV infusion; MW = 6.925 kDa 
5′-C » C » T » C » C » G » G » T » T » C » T » G » A » A » G » G » T » G » T » T » C-3′	Dystrophin pre-mRNA (Exon 53)	DMD (Exon 53)	2020
	Tofersen (Qalsody™) IT	20-mer ASO gapmer (5*-10-5*); PO (∼) and PS (−) linkages; aCSF solution for IT injection; 
MW = 7.127 kDa
5′-m5C*–A*∼G*–G*∼A*–dT–dA–m5dC–dA–dT–dT–dT–m5dC–dT–dA–m5C*∼A*–G*∼m5C*–m5U*-3′	SOD1 mRNA	SOD1-ALS	2023
	Eplontersen (Wainua™) SQ	20-mer GalNAc-linked ASO gapmer (5*-10-5*); PO (∼) and PS (−) linkages; PBS solution for SQ injection;
MW = 9.046 kDa (sodium salt)
(GalNAc)3-THA∼ 5′-m5U*–C*∼m5U*∼m5U*∼G*∼dG–dT–dT–dA– m5dC–dA–dT–dG–dA–dA–A*∼m5U*∼m5C*–m5C*–m5C*-3′
[image: ]	TTR mRNA	hATTR-PN	2023
	Imetelstat (Rytelo™) IV	13-mer 3′-amino-3′-deoxy ASO; PS (−) linkages; lyophilized solid reconstituted in saline for IV infusion;
MW = 4.896 kDa (sodium salt)
RP – 5′-T–A–G–G–G–T–T–A–G–A–C–A–A-NH2-3′
[image: ]	Telomerase template RNA	MDS with transfusion-dependent anemia	2024
	Olezarsen (Tryngolza™) SQ	20-mer GalNAc-linked ASO gapmer (5*-10-5*); PO (∼) and PS (−) linkages; PBS solution for SQ injection;
MW = 9.124 kDa (sodium salt)
(GalNAc)3-THA∼ 5′-A*–G*–m5C*–m5U*–m5U*–m5dC–dT–dT–dG–dT–m5dC–m5dC–dA–dG–m5dC–m5U*–m5U*–m5U*–A*–m5U*-3′	Apo C-III mRNA	FCS	2024
	Donidalorsen (Dawnzera™) SQ	20-mer GalNAc-linked ASO gapmer (5*-10-5*); PO (∼) and PS (−) linkages; PBS solution for SQ injection;
MW = 9.112 kDa (sodium salt)
(GalNAc)3-THA∼ 5′-m5U*–G*–m5C*∼A*∼A*–dG–dT–m5dC–dT–m5dC–dT–dT–dG–dG–m5dC–A*∼A*∼A*–m5C*–A*3′	PKK mRNA	HAE	2025


Abbreviations: *, 2′-O-(2-methoxyethyl) nucleoside; aCSF, artificial cerebrospinal fluid; Apo B-100, apolipoprotein B-100; Apo C-III, apolipoprotein C-III; ALS, amyotrophic lateral sclerosis; ASO, antisense oligonucleotide; DMD, Duchenne muscular dystrophy; GalNAc, N-acetylgalactosamine; CMV IE2, cytomegalovirus immediate early region 2; FCS, familial chylomicronemia syndrome; HAE, hereditary angioedema; hATTR, hereditary transthyretin-mediated amyloidosis; hATTR-PN, hereditary transthyretin-mediated amyloidosis with polyneuropathy; HoFH, homozygous familial hypercholesterolemia; ISS-N1, intronic splicing silencer N1; Italicized, 3′-amino-3′-deoxy nucleoside; IT, intrathecal; IV, intravenous; IVT, intravitreal; m5C, 5-methylcytosine; m5U, 5-methyluridine; MDS, myelodysplastic syndromes; PBS, phosphate buffered saline; PKK, prekallikrein PMO, phosphorodiamidate morpholino oligomer; PN (»), phosphorodiamidate linkage; PO (∼), phosphodiester linkage; PS (−), phosphorothioate linkage; RoA, route of administration; SMA, spinal muscular atrophy; SOD1, superoxide dismutase 1; SQ, subcutaneous; THA, tris-hexylamino linker; TTR, transthyretin; underlined, morpholino nucleoside; WFI, water for injection. In the absence of any other label, 2′-deoxynucleosides are assumed. Molecular weights in kDa were rounded to the nearest thousandth.
Mipomersen (Kynamro) is a 20-mer PS ASO that targets the apolipoprotein B-100 (Apo B-100) transcript, approved in 2013 to treat homozygous familial hypercholesterolemia (HoFH) via subcutaneous (SQ) injection (Table 2). HoFH is characterized by dangerous accumulation of low-density lipoprotein cholesterols (LDL-C), of which Apo B-100 is a key precursor (Raal et al., 2010; U.S. Food and Drug Administration, 2019). Mipomersen hybridizes with target Apo B-100 mRNA, preventing its translation through steric inhibition of ribosome interaction and RNase H-mediated transcript cleavage. Preclinical animal studies demonstrated reduction of liver Apo B-100 mRNA levels, as well as serum levels of Apo B-100, total cholesterol, and LDL-C (Crooke et al., 2005). Clinical assessment of mipomersen showed significant reduction of baseline LDL-C levels (36%) which served as the primary endpoint, but also demonstrated significant reduction of secondary endpoints Apo B-100 and Apolipoprotein A (Marcovina et al., 1994; McGowan et al., 2012; Santos et al., 2015). Mipomersen was the first ASO to use a “gapmer” design, featuring a central DNA gap of ten nucleotides flanked by “wings“ of five 2′-O-(2-methoxyethyl) (2′-MOE) modified nucleosides on each side. The 2′-MOE modified wings provide exonuclease resistance, reduce immune stimulation, and increase target affinity, while the central DNA gap enables RNase-mediated cleavage of target mRNA, a process which is otherwise inhibited by 2′-sugar modifications. Mipomersen was also the first ASO to utilize 5-methylcytosine and 5-methyluracil nucleobases, naturally occurring pyrimidine modifications that reduce immunogenicity and improve hybridization to target mRNA (Henry et al., 2000; Karikó et al., 2005; Wan and Seth, 2016; McCown et al., 2020). Mipomersen pioneered PS 2′-MOE gapmer design and would serve as a valuable example in the development of future ASO therapies. Unfortunately mipomersen received multiple black-box warnings from the FDA due to hepatotoxicity risk, with common adverse reactions including hepatic steatosis and elevations in serum transaminases like alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (U.S. Food and Drug Administration, 2019). Because of these risks, mipomersen was contraindicated in patients with hepatic impairment and eventually pulled from the market in 2019 (Santos et al., 2015; Lui et al., 2021).
Nusinersen (Spinraza) is a 18-mer PS 2′-MOE ASO approved in 2016 for the treatment of spinal muscular atrophy (SMA) (Table 2) (U.S. Food and Drug Administration, 2024h). SMA is characterized by survival motor neuron (SMN) protein deficiency, leading to spinal motor neuron degeneration and death. Nusinersen works by alternative mRNA splicing, binding intronic splicing silencer N1 (ISS-N1) within the SMN2 pre-mRNA to promote exon 7 inclusion and enable production of functional SMN protein (Hua et al., 2008; Rigo et al., 2014; Chiriboga et al., 2016). In addition to the PS linkages and 2′-MOE sugar modifications mentioned, all pyrimidine nucleobases in nusinersen are 5-methyl substituted. While these modifications benefit ASO stability, potency, and tissue distribution as being discussed, they did not enable crossing of the blood-brain barrier when nusinersen was administered systemically. However, nusinersen would prove to be a great success in the treatment of SMA when administered locally via intrathecal injection.
Inotersen (Tegsedi) is a 20-mer PS ASO gapmer that was approved in 2018 for the treatment of hereditary transthyretin-mediated amyloidosis (hATTR) (Table 2), a rare genetic disorder that causes misfolding of transthyretin (TTR) protein. Misfolded TTR proteins manifest as dangerous amyloid deposits that commonly lead to cardiomyopathy and neuropathy, with kidney dysfunction also being a secondary concern. Inotersen hybridizes with TTR mRNA, promoting its degradation by RNase H. Inotersen heavily mirrors the design of mipomersen, containing the same 5-10-5 gapmer design with 2′-MOE wings, a central DNA gap, and 5-methylcytosine and 5-methyluracil nucleobases. Inotersen is similarly administered SQ and exhibits extensive plasma protein binding and widespread distribution, with the highest concentrations depositing to the liver and kidneys. Inotersen exhibited significant toxicities, receiving two black box warnings for thrombocytopenia (drastic reduction in platelet count that causes severe bleeding), and glomerulonephritis (inflammation of the kidneys, additive to the toxicity of amyloid protein buildup and consistent with severe immune response). Inotersen treatment suppresses natural vitamin A levels, explaining some of its potential toxicities and necessitating vitamin A supplementation during treatment. Overall, inotersen’s variety of potential adverse events led to very strict exclusion criteria for patient enrollment and eventually its discontinuation in 2024, with another ASO and multiple RNAi therapies for hATTR being better tolerated by patients (U.S. Food and Drug Administration, 2024i).
Eteplirsen (Exondys 51) is a 30-mer oligonucleotide that was approved in 2016 for the treatment of Duchenne muscular dystrophy (DMD) that is exon 51 amenable (Table 2). In DMD the gene encoding the dystrophin protein is not functional, with several different possible mutations capable of causing the disease. Dystrophin is a critical protein in motor function and those without a functional copy have reduced life expectancy and quality of life. Eteplirsen binds to exon 51 of dystrophin pre-mRNA, causing this exon to be skipped during mRNA splicing and resulting in a functional dystrophin protein for patients with the corresponding mutation. Eteplirsen incorporates two unique modifications, featuring uncharged phosphorodiamidate backbone linkages as well as six-membered morpholino rings replacing the natural five-membered sugar rings present in DNA/RNA. Eteplirsen was the first of four phosphorodiamidate morpholino oligonucleotides (PMOs) to be approved for DMD, followed by golodirsen (Vyondys 53) in 2019, viltolarsen (Viltepso) in 2020, and casimersen (Amondys 45) in 2021 (Table 2). All approved PMO therapies work via the same mechanism and are administered via intravenous (IV) infusion, with golodirsen and viltolarsen indicated for DMD amenable to exon 53 skipping and casimersen for DMD amenable to exon 45 skipping (Table 2) (U.S. Food and Drug Administration, 2021; U.S. Food and Drug Administration, 2024k; U.S. Food and Drug Administration, 2024c; U.S. Food and Drug Administration, 2024a). These PMO therapies’ unique structural features confer exceptional metabolic stability, each being excreted in the urine as the parent drug without any known metabolites. Distinct from PS linked ASOs, PMOs exhibit modest plasma protein binding (<40%) and are more readily cleared from the body. The PMO subclass is generally well tolerated, with renal toxicity being the primary concern. Patients with renal impairment exhibit reduced clearance of PMO drugs, but specific recommendations for dose adjustment can be challenging in DMD due to reduced muscle mass and creatinine levels.
Tofersen (Qalsody) is a 20-mer ASO gapmer with mixed PS/PO linkages, approved to treat amyotrophic lateral sclerosis (ALS) with superoxide dismutase 1 (SOD1) mutation in 2023 (Table 2) (U.S. Food and Drug Administration, 2023b). Tofersen’s structure is consistent with other ASO gapmers, containing the same 5-10-5 design with 2′-MOE wings, a central DNA gap, and 5-methylcytosine and 5-methyluracil nucleobases. Tofersen is primarily metabolized by exonucleases consistent with other ASOs but is uniquely administered via intrathecal injection. Tofersen promotes degradation of SOD1 mRNA through antisense binding, preventing accumulation of plasma neurofilament light chains that promote ALS progression.
Eplontersen (Wainua) was approved by the FDA to treat polyneuropathy of hATTR in 2023 (Table 2), and it was the first ASO drug that utilized conjugation of GalNAc ligands to achieve hepatocyte-specific delivery (Qazi et al., 2024; U.S. Food and Drug Administration, 2025h). Eplontersen is a 20-mer ASO gapmer with mixed PS/PO linkages and a 5-10-5 design consistent with other discussed therapies. Eplontersen targets the TTR transcript and promotes its degradation via RNase H following antisense hybridization. Eplontersen is conjugated to a tri-antennary GalNAc ligand (GalNAc3) via a trishexylamino linkage. The conjugated GalNAc moieties specifically bind to asialoglycoprotein receptors (ASGPRs) on the surface of hepatocytes, promoting ASO internalization at the target tissue. This approach has proven invaluable in the liver-targeted delivery of RNA drugs. In addition to improving target tissue specificity, GalNAc conjugation also greatly improves elimination half-lives of RNA therapies to enable less frequent dosing. Individual GalNAc ligands are cleaved by N-acetyl-β-glucosaminidase, creating several possible metabolites possessing different lengths and remaining number of GalNAc sugars (Figure 2) (Wang et al., 2019). However, GalNAc3-conjugated ASO is the most common form in plasma following SQ administration. Within target tissue, unconjugated ASO undergoes degradation by endo- and exonucleases consistent with the unconjugated ASOs discussed. Similarly, GalNAc-conjugated ASOs are extensively plasma protein bound, limiting their renal elimination. Multiple ASO therapies have also employed this GalNAc3 conjugation strategy to achieve liver-specific ASO delivery and improve tolerability of therapy (Yu R. Z. et al., 2016).
[image: Diagram illustrating the sense and antisense strands of DNA, highlighting positions of exo- and endonucleases, phosphorothioate bonds, and chemical modifications such as 2'-O-methyl and 2'-fluoro. L96 structure is shown with cleavage sites for beta-N-acetylglucosaminidase and amidases marked in red.]FIGURE 2 | Common metabolic pathways of GalNAc-conjugated siRNA drugs. Some endogenous nucleases may cleave the sense and antisense strands at unique locations while exonucleases metabolize an RNA strand from the 5′or 3′end. Illustrated chemical modifications of ribonucleosides and the linkages are critical in reducing nuclease mediated degradation, and they are commonly found amongst the FDA-approved siRNA drugs. GalNAc conjugation of the sense 3′terminus is widely employed to improve nuclease resistance and hepatocyte uptake, found among five out of seven FDA-approved siRNA drugs. L96 and similar GalNAc moieties, however, are subject to metabolism by ß-N-acetylglucosaminidase and amidases. These enzymes can cleave several points within the L96 structure, giving rise to a variety of metabolites possessing different lengths and remaining number of GalNAc moiety.Imetelstat (Rytelo) is an ASO therapeutics possessing a unique design, approved in 2024 for the treatment of myelodysplastic syndromes (MDS) with transfusion-dependent anemia (Table 2) (U.S. Food and Drug Administration, 2024g). Imetelstat binds to the template region of Human telomerase’s RNA component. This binding elicits competitive inhibition of telomerase enzymatic activity that is overactive in malignant stem and progenitor cells and key to MDS progression (Wang et al., 2018). Imetelstat is a 13-mer ASO uniquely consisting of 3′-amino-3′deoxy nucleotides, where the natural 3′-oxygen is replaced by a nitrogen that forms a 3′-amino group. Joined with PS linkages. Imetelstat is uniquely conjugated to a palmitoyl lipid moiety that enhances its permeability and potency of telomerase inhibition (Table 2) (Herbert et al., 2005; Kazmi et al., 2019). However, IV administration of ASOs conjugated to lipophilic moieties is still often required, distinct from GalNAc conjugation that enables SQ administration (Watanabe et al., 2016).
One such therapy is Olezarsen (Tryngolza), approved in 2024 adjunct to low fat diet for familial chylomicronemia syndrome (FCS) (Table 2) (U.S. Food and Drug Administration, 2024j; Jin et al., 2025). Olezarsen targets the mRNA transcript of Apolipoprotein C-III, promoting its degradation. This improves the capability of patients to clear triglycerides and low-density cholesterols from the plasma that drive FCS progression. GalNAc3 conjugation is also employed in the most recent ASO drug, Donidalorsen (Dawnzera), which was approved in 2025 for the treatment of hereditary angioedema (HAE) (Table 2). Donidalorsen specifically targets prekallikrein mRNA, promoting its degradation through RNase H1. This reduces plasma prekallikrein protein levels, lowering incidence of swelling episodes characteristic of HAE (U.S. Food and Drug Administration, 2025b). GalNAc3-linked ASO gapmers like eplontersen, olezarsen, and donidalorsen exhibit superior tolerability and tissue specificity compared to their unconjugated predecessors and represent a significant advancement in ASO design. However, there are still limited studies assessing the use of such drugs in patients with hepatic and renal impairments, with no specific dose adjustments available based on these parameters.
5 RNAI DRUGS
Patisiran (Onpattro) represents a significant achievement in the field as the first RNAi therapy, gaining FDA approval to treat polyneuropathy of hATTR in 2018 (Table 3) (Adams et al., 2018; U.S. Food and Drug Administration, 2023a). Patisiran is a 21-mer/21-mer siRNA duplex containing an antisense strand that targets the 3′UTR of TTR mRNA with near-perfect complementarity and promotes its degradation through the RISC. Unlike later RNAi therapies, patisiran employs a lipid nanoparticle (LNP) formulation that requires administration by IV infusion. Patisiran exclusively contains natural PO backbone linkages, as well as several 2′-O-methyl substituted cytosine and uridine bases that limit nuclease-mediated degradation in plasma and tissues. Short chain oligonucleotide metabolites produced via nuclease degradation undergo renal elimination. Consistent with other RNA drugs, patisiran was not found to inhibit or induce major cytochrome P450 enzymes. Population studies showed no impact on the PK from mild renal and hepatic impairment, while moderate to severe impairment was not assessed.
TABLE 3 | FDA-approved siRNA drugs.	siRNA drug
RoA	Chemistry	Target mRNA	Indication	Year approved
	Patisiran (Onpattro™) IV	21-mer/21-mer siRNA; PO (∼) linkages; LNP formulation for IV infusion; MW = 14.304 kDa
[image: ]	TTR	hATTR	2018
	Givosiran (Givlaari™) SQ	21-mer/23-mer siRNA; only PS (−) linkages illustrated, all others PO (∼); unbuffered aqueous solution for SQ injection; MW = 17.246 kDa (sodium salt)
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[image: ]	ALAS1	AHP	2019
	Lumasiran (Oxlumo™) SQ	21-mer/23-mer siRNA; only PS (−) linkages illustrated, all others PO (∼); unbuffered aqueous solution for SQ injection; MW = 17.286 kDa (sodium salt)
[image: ]	HAO1	PH1	2020
	Inclisiran (Leqvio®) SQ	21-mer/23-mer siRNA; only PS (−) linkages illustrated, all others PO (∼); unbuffered aqueous solution for SQ injection; MW = 17.285 kDa (sodium salt)
[image: ]	PCSK9	HeFH + ASCVD	2021
	Vutrisiran (Amvuttra®) SQ	21-mer/23-mer siRNA; only PS (−) linkages illustrated, all others PO (∼); PBS solution for SQ injection; MW = 17.290 kDa (sodium salt)
[image: ]	TTR	hATTR CM + PN	2022
	Nedosiran (Rivfloza®) SQ	36-mer/22-mer siRNA; all PS (−) linkages illustrated, all others PO (∼); unbuffered aqueous solution for SQ injection; MW = 22.238 kDa (sodium salt) aG
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[image: ]	LDHA	PH1	2023
	Fitusiran (Qfitlia®) SQ	21-mer/23-mer siRNA; only PS (−) linkages illustrated, all others PO (∼); PBS solution for SQ injection; MW = 17.193 kDa (sodium salt)
[image: ]	AT	Hemophilia A+ B	2025


Abbreviations: A, adenosine; AdemA, GalNAc aminosugar conjugated adenosine; AdemG, GalNAc aminosugar conjugated guanosine; Af, 2′-fluoroadenosine; AHP, acute hepatic porphyria; ALAS1, delta-aminolevulinate synthase 1; ASCVD, atherosclerotic cardiovascular disease; AT, antithrombin; CM, cardiomyopathy; Cm, 2′-O-methylcytidine; Gf, 2′-fluoroguanosine; Gm, 2′-O-methylguanosine; HAO1, hydroxyacid oxidase 1; hATTR, hereditary transthyretin-mediated amyloidosis; HeFH, heterozygous familial hypercholesterolemia; IV, intravenous; L96, tri-N-acetylgalactosamine (GalNAc); LDHA, lactate dehydrogenase A; LNP, lipid nanoparticle; PBS, phosphate buffered saline; PCSK9, proprotein convertase subtilisin/kexin type 9; PH1, primary hyperoxaluria type 1; PS (−), phosphorothioate linkage; RoA, route of administration; SQ, subcutaneous; TTR, transthyretin; Um, 2′-O-methyluridine; Um^, 2′-O-methyl-4′-O-((methoxy)phosphoryl)methyluridine; WFI, water for injection. Sense (blue) and antisense (red) strand sequences were obtained from FDA approved product inserts. Vertical lines illustrate Watson-Crick base pairing. Molecular weights in kDa were rounded to the nearest thousandth.
Givosiran (Givlaari), a 21-mer/23-mer siRNA to treat acute hepatic porphyria (AHP), was approved by the FDA in 2019 (U.S. Food and Drug Administration, 2024d) (Table 3). The antisense strand of givosiran targets the coding region of aminolevulinate synthase 1 (ALAS1) mRNA with near-perfect complementarity and promotes its degradation via RISC (Traber and Yu, 2024). Givosiran contains extensive 2′-fluoro and 2′-O-methyl substituted ribonucleosides. Givosiran’s backbone contains primarily PO linkages, with PS linkages present on the 5′terminal end of the sense strand and both terminal ends of the antisense strand (Figure 2) (Table 3) (U.S. Food and Drug Administration, 2024d). Critically, givosiran is conjugated to a tri-antennary GalNAc moiety termed L96 that provides enhanced stability and specific delivery to hepatocytes, enabling SQ administration. Within the liver, N-acetyl-β-glucosaminidase generates several possible metabolites possessing different lengths and remaining number of GalNAc sugars while nucleases generate shortened oligonucleotide sequences that can be excreted renally (Figure 2) (Agarwal et al., 2020; Li et al., 2021). The L96 ligand is conjugated to the 3′terminal end of the sense strand, improving its thermodynamic stability. This improved stability and large steric bulk provided by the L96 moiety can influence the strand-selection process, where the more thermodynamically unstable strand of the duplex is preferentially incorporated to the RISC (Khvorova et al., 2003; Schwarz et al., 2003; Gu et al., 2011). It is also shown that, when assessing RNAi drug metabolism in preclinical models, it is worth considering the impact of pH on the stability of individual sense or antisense strands, including multiple physiological pH conditions for in vitro testing can provide insight into how metabolism and stability may change during circulation and distribution to certain tissues and subcellular compartments (Zhang et al., 2025).
Another key structural element present in givosiran is the two-nucleotide overhang present at the antisense 3′terminus. In addition to providing further nuclease resistance, asymmetric design of siRNA duplexes influence the incorporation of the antisense/guide strand to the RISC (Sano et al., 2008). The conjugation of L96 ligand to the sense 3′terminus and presence of a two-nucleotide overhang at the 3′antisense terminus represent key advancements in the design of RNAi therapeutics that would be utilized extensively in later therapies (Figure 2). Several other siRNA drugs that mirror these structural innovations are detailed herein.
Lumasiran (Oxlumo) is a 21-mer/23-mer siRNA that was approved by the FDA in 2020 for the treatment of primary hyperoxaluria type 1 (PH1) (U.S. Food and Drug Administration, 2025e) (Table 3). The antisense strand of lumasiran targets the mRNA of hydroxyacid oxidase 1 (HAO1), hybridizing to the 3′UTR with perfect complementarity and promoting RISC-mediated degradation of the transcript (Frishberg et al., 2021; U.S. Food and Drug Administration, 2025e). Knockdown of HAO1 by lumasiran prevents harmful accumulation of calcium oxalate crystals in the urine and plasma, which are overproduced in patients with PH1 and are the underlying cause of resulting organ damage.
Inclisiran (Leqvio) is a 21-mer/23-mer siRNA that was approved by the FDA in 2021 to treat heterozygous familial hypercholesterolemia (HeFH) or existing atherosclerotic cardiovascular disease (ASCVD) (Table 3). While originally approved for use alongside statin therapy, its indication was recently expanded for use as a monotherapy (U.S. Food and Drug Administration, 2024e). Inclisiran targets the 3′UTR of the proprotein convertase subtilisin/kexin type 9 (PCSK9) transcript, binding with perfect complementarity and promoting its RISC-mediated degradation (Fitzgerald et al., 2014; Wright et al., 2020; Kallend et al., 2022; U.S. Food and Drug Administration, 2024e; Zhang et al., 2025).
Vutrisiran (Amvuttra) was approved by the FDA in 2022 to treat polyneuropathy and cardiomyopathy related to hATTR (Table 3). Vutrisiran targets the 3′UTR of the TTR transcript with perfect complementarity, promoting its degradation via RNAi (Habtemariam et al., 2021; U.S. Food and Drug Administration, 2025a). The most recent RNAi therapy to utilize this design strategy is Fitusiran (Qfitlia), which was approved by the FDA in 2025 as a prophylactic treatment for Hemophilia A and B (U.S. Food and Drug Administration, 2025f; 2025c) (Table 3). Hemophilia A and B are genetic bleeding disorders characterized by insufficient levels of pro-clotting factors VIII and IX respectively. Fitusiran aims to rebalance the coagulation cascade by suppressing antithrombin (AT), a key anticoagulant that mediates hemostasis through inhibition of several enzymes critical to clot formation, including factor IIa (thrombin), factor Xa, and factor IXa. Fitusiran hybridizes to the coding region of the antithrombin transcript with perfect complementarity, promoting its degradation to suppress AT levels and reduce bleeding risk (Sehgal et al., 2015). Clinical efficacy of fitusiran was assessed through annualized bleeding rate (ABR), with integrated analysis of multiple studies showing significant reductions in mean ABR compared to on-demand clotting factor replacement (71%), as well as on-demand and prophylactic treatment with bypassing agents (73%, 70%) (Young et al., 2025). Fitusiran has not been evaluated in a head-to-head trial against prophylactic antibody treatments like emicizumab, which similarly has a long PD half-life and exhibits sustained suppression of AT levels. However genetic or acquired deficiency of AT can increase risk of thrombotic events, highlighting the importance of an informed dosing schedule for fitusiran which was optimized to target AT activity levels between 15% and 35% based on monthly patient blood sampling (Young et al., 2025). Even with a detailed and flexible dosing strategy informed by this additional endpoint, fitusiran carries an FDA black box warning for thrombotic events as well as acute and persistent gallbladder disease (U.S. Food and Drug Administration, 2025f).
These RNAi drugs all similarly consist of a 21-mer/23-mer duplex with a 2-nucleotide antisense overhang, extensive 2′-fluoro and 2′-O-methyl substituted ribonucleosides, and a L96-conjugated sense strand (Figure 2A). The backbone of each duplex are primarily PO linkages, with PS linkages present on the 5′terminal end of the sense strand and both terminal ends of the antisense strand. Each of these approved siRNA therapeutics undergo some common metabolic pathways, where shortened nucleotide products are generated through endogenous nuclease cleavage (Figure 2) (An, 2024). While these GalNAc-conjugated siRNA therapies exhibit nontraditional PK/PD profiles distinct from small molecule drugs, their unique ADME properties are predictable and highly conserved across species, aiding efforts translating preclinical findings to humans (McDougall et al., 2022).
On the other hand, Nedosiran (Rivfloza), approved by the FDA in 2023 for the treatment of PH1 (Amrite et al., 2023; Goldfarb et al., 2023; U.S. Food and Drug Administration, 2025g), represents a unique strategy in siRNA design, consisting of a 36-mer/22-mer siRNA duplex (Table 3). Nedosiran contains primarily PS linkages, with a sense strand that binds itself in a hairpin-like structure. Rather than utilizing the GalNAc3 L96-conjugation strategy used in other approved siRNA drugs, Nedosiran uniquely employs adenosine and guanosine nucleobases that are conjugated to GalNAc sugars to enable targeted hepatocyte delivery. Nedosiran binds the 3′UTR of lactate dehydrogenase A (LDHA) mRNA, hybridizing with near-perfect complementarity to promote RISC-mediated degradation of the transcript. Knockdown of the LDHA transcript in the liver reduces lactate dehydrogenase protein levels and subsequent production of oxalate crystals in PH1 patients.
6 CHALLENGES IN THE EVALUATION OF DDI OF RNA DRUGS
With diverse mechanistic actions, versatile chemistry, and distinct PK properties, RNA therapeutics provide unique strategies that have been leveraged to invaluable treatments for unaddressed diseases but also demand their own tailored strategies in assessing DDI separate from conventional approaches optimized for small molecule and protein drugs. Recent FDA guidance provides recommendations to support the development of oligonucleotide drugs, with considerations specific to this therapeutic modality including assessments of QTc interval prolongation, immunogenic risk, and possible impact of hepatic and renal impairment as well as DDIs (U.S. Food and Drug Administration, 2024b; U.S. Food and Drug Administration, 2024f). Consistent with traditional therapeutic modalities, single and multiple-dose studies are recommended to assesses the PK properties of oligonucleotide drugs in early development and determine resulting target tissue distribution, PD efficacy (e.g., reductions in target mRNA or corresponding protein, biomarker of treatment efficacy specific to disease), and DDI risk. Analytical techniques employed in determining oligonucleotide biodistribution and metabolic fate include quantitative whole body radiography (QWBA), mass-spectrometry based approaches, and stem-loop reverse transcription quantitative polymerase chain reaction (Thomas and Akoulitchev, 2006; Post et al., 2019; Wang et al., 2019; McDougall et al., 2022; Vervaeke et al., 2022). Traditional approaches in preclinical characterization of PK properties and PK-related DDI potential (e.g., assessing their potential as substrates, inhibitors, or inducers of cytochrome P450 enzymes or major drug transporters hepatocyte, recombinant, or microsomal approaches paired with probe substrates) are generally not major contributors to oligonucleotide drug metabolism, exposure, or DDI (Li et al., 2014; Shemesh et al., 2017; Ramsden et al., 2019). Oligonucleotide drugs are instead metabolized to shortened oligonucleotide chains by endogenous endo- and exonucleases that are generally well-conserved between species, reducing the likelihood of human-specific metabolites with potential for toxicity. PK and DDI assessments must consider all components of the therapeutic agent including any conjugated ligands, LNP-based delivery components, and full oligonucleotide molecule (Suzuki et al., 2023). This should also include major metabolites of examined drugs, most commonly being the parent oligonucleotide sequence shortened by 1 nucleobase, which may have hybridization-based effects of its own at the intended target or off-targets (Geary et al., 2015).
PK-based DDIs were shown uncommon across oligonucleotide drugs, with adverse events due to organ-specific PD interactions being more typical. Individual classes of RNA therapeutics (aptamers, ASOs, RNAi) and their chemical subgroups often exhibit PK properties and organ distribution very similar to one another, due in large part to the LNP or polymer formulations and ligand-conjugation strategies (e.g., GalNAc) to overcome challenges in RNA delivery and achieve preferential or targeted tissue distribution. The advancement of these delivery strategies and especially GalNAc have provided great benefit in the treatment of liver-based diseases, but there are many therapeutic targets and disease states for which this is not suitable. 1n these instances, local administration to target tissues using organ-suitable formulations (e.g. IVT administration of aptamers and fomivirsen, IT administration of nusinersen and tofersen) has been utilized. These strategies however carry their own unique challenges in assessing PK/PD relationships within the target tissue and organ-specific off target effects that contribute to DDI risk.
LNP platforms for RNA delivery are customizable, employing several different components that can be functionally optimized to preferentially target the tissue or subcellular compartment of interest. These are often lipid components, polymers, and biochemicals (PEG, lipids, cholesterol), generally well distributed to the liver and kidneys. The utility of LNP formulations extend past the RNA therapies discussed herein, with the mRNA vaccines for COVID-19 being a major example. Therapeutic investigations of miRNA mimics have also utilized LNP and extracellular vesicle-based encapsulation approaches as well as several viral expression vectors–with concern to minimize immunogenic potential in these tools (Yu et al., 2020; Traber and Yu, 2023). LNP formulations have also demonstrated their flexibility and utility in clinical trial of small activating RNA (saRNA) drug candidate that target specific transcription factors within the nucleus to promote expression of endogenous therapeutic proteins. One example is MTL-CEPBA, a saRNA that utilizes a liposomal LNP SMARTICLES formulation to achieve saRNA delivery to the nuclear compartment of target myeloid cells (Sarker et al., 2020). Customizable LNP formulations use a range of ingredients including biomolecules specific to the target of interest, synthetic polymers, and even metals. While these solutions to achieve tissue- and compartment-specific delivery of RNA drugs might enable treatment of new diseases, the variety of combined excipients utilized in these technologies highlight the importance of assessing all formulation ingredients along with the parent drug early in development to identify potential DDIs and organ-specific toxicities.
While in vitro assessment of enzyme and transporter-mediated DDI is necessary for oligonucleotide drugs, those induction or inhibition studies commonly established for small molecule therapeutics may not be sufficient or suitable for RNA medications. Indeed, the clinical discovery on 2- to 3-fold increase in systemic exposure to dextromethorphan (CYP2D6) and caffeine (CYP1A2) by co-administered givosiran among subjects with acute intermittent porphyria (Vassiliou et al., 2021) was not predicted by in vitro findings on its lack of effects on CYP enzymes. The proposed mechanism involving the interference with hepatic heme content due to on-target ALAS1 suppression by givosiran (Vassiliou et al., 2021) cannot explain the selective impact on CYP1A2 and CYP2D6 mediated metabolism versus other CYP3A4, CYP2C9, and CYP2C19 as examined, whereas this notion seems taken in the FDA guidance (U.S. Food and Drug Administration, 2024b). Given the fact that many miRNAs have been identified to control PTGR of specific ADME genes (Yu A. M. et al., 2016; Wang et al., 2024), an inevitable competition for the RNAi machinery by siRNA drugs may significantly alter the protein levels of particular drug-metabolizing enzymes or transporters, causing possible DDIs (Figure 3) (Yu, 2007; Yu and Pan, 2012; Jilek et al., 2017; Traber et al., 2025). Likewise, potential for PD-mediated DDI and adverse events due to on-target activity should also be investigated where appropriate. One example of on-target effects leading to exaggerated PD response is fitusiran, which required additional safety assessment ahead of Phase 3 to optimize dosing schedule and mitigate risk of excessive AT suppression through using patient AT activity levels as an additional endpoint (Young et al., 2025). This additional study was critical to minimize DDI risk and provide guidance for modified dosing of on-demand factor treatments in the instance of breakthrough bleeds. This serves as an example of how oligonucleotide drugs may increase DDI risk through PD-based effect on their intended target for concomitant drugs that do not share the same target but affect the same physiological pathway.
[image: Diagram illustrating miRNA and siRNA pathways. Panel A shows endogenous miRNA duplex unwinding and loading onto RISC/AGO2 for normal protein expression, while exogenous siRNA competes with miRNA, affecting protein outcomes. Panel B details endogenous and exogenous gene transcription in the nucleus. XPO5 mediates nuclear export of pre-miRNA and shRNA to the cytoplasm, where they compete for Dicer processing, impacting miRNA or siRNA duplex formation and function.]FIGURE 3 | RNAi drugs may lead to risk of DDI through competition for endogenous RNAi machinery. (A) Competition with endogenous miRNAs for the unwinding, loading, and slicing/RISC components by siRNAs within the cytoplasm may alter the PTGR of ADME/PK or PD genes to cause possible DDI. (B) A shRNA, expressed within the nucleus or introduced directly into the cytoplasm, may compete with pre-miRNAs for the XPO5-mediated intracellular translocation or Dicer-mediated miRNA biogenesis, as well as the subsequent processes shown in (A), leading to potential DDI.Oligonucleotide drugs possess distinct features from other modalities and between individual classes of RNA therapies (e.g., nucleobase sequence, molecular size, chemical modifications, conjugation of varying ligands, mechanistic action) that contribute to varying tissue distribution, plasma protein binding, and potential DDI mechanisms. While aptamer drugs may assess DDI likelihood through off-target protein binding, ASO and siRNA drugs should assess potential of full or partial hybridization interactions with non-target mRNA transcripts as well as other potential endogenous DNA/RNA like mitochondrial and nuclear genomes. In particular, organ-specific off-target PD effects (e.g. miRNA-like seed hybridization at non-target transcripts by siRNA) are critical in overall safety assessments and to determine risk of DDIs with concomitant drugs. Identification and assessment of these miRNA-like interactions at non-target transcripts are routinely performed for siRNA drugs and often included in new drug application filings to the FDA prior to clinical development. It is also worth considering the impacts of RNA therapeutics across multiple organ systems, such as those targeting lipid and lipoprotein pathways (e.g., inclisiran). Modulations of lipid and lipoprotein levels across different organ systems could potentially influence the distribution and exposure of lipophilic drugs. Species differences in pharmacologically relevant tissue function and target sequence must also be addressed, with one useful approach being the use of surrogate RNA molecules possessing appropriate sequence or structure modifications that reflect species differences to allow assessment of equivalent PD endpoint in model organism. Species differences in drug effect and DDI may also be related to differences in adjacent factors within the same pathway or physiological process, as observed in non-human primate studies that over-predicted risk of complement activation from 2′MOE ASO treatment due to inhibition of factor H (Shen et al., 2014; Crooke et al., 2016). Species differences must also be considered in plasma protein binding, RNA binding proteins, and when determining ideal route of administration in nonhuman species to best recapitulate human metabolism and DDI risk (Shemesh et al., 2016).
With many RNA drugs being widely distributed and accumulating in the liver and kidneys, early preclinical and Phase 1 efforts must assess the impact of hepatic and renal impairment on PK/PD relationships and resulting DDI safety risk (Wright et al., 2020; Hoppe et al., 2022; Amrite et al., 2023; Goldfarb et al., 2023). Specifically, further assessment in renal impairment is recommended for RNA drugs that are highly cleared by the kidneys (>30%), a common characteristic of many oligonucleotide therapeutics with PS backbones that promote plasma protein binding. With prolonged PD effects and effects on organ function not always reflective of observed PK, PD-based endpoints relevant to the target organ are recommended when possible and provide valuable perspective in establishing dose-response relationships for efficacy and potential DDI (U.S. Food and Drug Administration, 2024b). Many animal species were reported to exhibit similar oligonucleotide PK properties to humans and are well suited for translational study, providing invaluable information for how target tissue PK relates to sustained PD outcomes. Population PK/PD modeling can be valuable in relating this information to organ-specific toxicity endpoints or other biomarkers to inform proper schedules and ideal doses for first-in-human studies (Geary et al., 2015; Yu R. Z. et al., 2016; Li et al., 2021; Rogers et al., 2021; McDougall et al., 2022). In general, clinical trial enrollment should emphasize patient inclusion across a substantial range of organ functions when appropriate.
Aforementioned it is critical to assess DDI risk of RNA drugs by considering the general RNAi mechanism shared by the genome derived miRNAs and exogenously introduced siRNAs (or other forms of RNAi agents), i.e., competing for the RNAi machinery that may alter endogenous miRNA function and homeostasis governing the PTGR of ADME and relevant PD genes (Figure 3). Endogenous machinery that governs the processes of miRNA duplex unwinding, RISC loading, and RNAi-based regulation may be subject to competition by exogenous RNA molecules. Natural PTGR by endogenous miRNAs is a critical determinant of protein outcomes for both PK and PD genes (Lewis et al., 2005; Yu A. M. et al., 2016; Li et al., 2019; Wang et al., 2024). By competing for critical RNAi machinery integral to RISC function such as AGO proteins, exogenous siRNA administration can disrupt natural PTGR by miRNA (Figure 3A) (Khan et al., 2009). Competition for RNAi machinery by exogenous RNAs can therefore alter the protein expression of miRNA-controlled genes to impact ADME/PK or PD function of co-administered drugs, leading to adverse DDIs (Yu and Pan, 2012; Yu A. M. et al., 2016; Jilek et al., 2017).
In addition to exogenous RNA-mediated disruption of natural PTGR by miRNA, transcribed or transfected short hairpin RNAs (shRNAs) may also contribute to potential DDI risk through competitive saturation of elements critical to endogenous miRNA biogenesis and transport (Figure 3B). One such element is exportin-5 (XPO5), a protein that mediates the nuclear export of precursor miRNAs (pre-miRNAs) and is critically important to miRNA biogenesis. Without functional XPO5 available to facilitate this transport, pre-miRNAs accumulate in the nucleus, unable to be processed to their mature miRNA duplexes by the cytoplasmic ribonuclease Dicer (Hutvagner et al., 2001; Lund and Dahlberg, 2006; Melo et al., 2010). Nuclear export by XPO5 and cytoplasmic processing by Dicer are critical steps in endogenous miRNA biogenesis, necessary for the natural PTGR of cytoplasmic miRNA targets. ShRNAs expressed within the nucleus are also substrates of XPO5, competing with endogenous pre-miRNAs for nuclear export (Figure 3B). XPO5-mediated nuclear shuttling is a rate-limiting step in endogenous miRNA biogenesis, with limited XPO5 protein being susceptible to competitive saturation by nuclear shRNA (Yi et al., 2005). Competitive saturation of XPO5 and resulting global disruption of miRNA biogenesis has significant consequences in terms of toxicities and DDI risk, demonstrated across multiple mammalian species and organ systems (Grimm et al., 2006; McBride et al., 2008; Boudreau et al., 2009; Bish et al., 2011). In addition to competitive saturation of XPO5, alteration of XPO5 activity through phosphorylation or other processes must also be considered in assessing potential toxicity and DDI risk of RNA therapies (Sun et al., 2016). In addition to these risks posed by competitive saturation or phosphorylation of XPO5, exogenous RNA molecules may also disrupt miRNA biogenesis by competing for key cytoplasmic enzyme Dicer. Many RNA molecules may be substrates of Dicer, including shRNAs exported from the nucleus as well as transfected synthetic shRNAs or siRNAs (Figure 3B). While the predominant 21-mer/23-mer duplex design strategy employed in approved RNAi therapeutics (Figure 2; Table 3) are not canonical substrates of Dicer, this is a critical factor that must be addressed when assessing DDI risk of new oligonucleotide drug candidates. Considering this critical impact on endogenous miRNA abundance and function, new RNA therapies must be assessed for potential XPO5/Dicer competition and modulation to minimize DDI risk and ensure treatment tolerability.
Assessment of DDI potential related to the disruption of endogenous small RNA pathways may also extend to other classes such as PIWI-interacting RNAs (piRNAs), which are expressed in germline cells across many animal species. This family of noncoding RNAs act in concert with PIWI proteins, impacting biological function and even drug resistance through several mechanisms including the silencing of transposable elements and epigenetic modifications. Both PIWI and AGO proteins are part of the same evolutionarily conserved family, participating in critical processes underlying the function of endogenous piRNAs, miRNAs, as well as siRNA drugs (Thomson and Lin, 2009; Wu et al., 2023). To support assessments of DDI risk due to perturbation of these pathways, further advancements in our research tools to investigate the functions and spatiotemporal characteristics of related RNA/protein complexes are needed (Hafner et al., 2021; Hazra and Spector, 2022; Hofman et al., 2025). Current approaches including cross-linking immunoprecipitation (CLIP) and fluorescence in situ hybridization (FISH) have been applied to interrogate ncRNA/AGO protein complexes but still carry significant challenges in spatial or temporal resolution, necessitating rigorous fractionation controls to interrogate nuclear vs. cytoplasmic interaction, for example. Additionally, UV cross-linking methods applied in CLIP and its variations may produce results that are not always representative of true cellular RNA/protein interactions, stabilizing complexes that may in fact be transient interactions. FISH methods also exhibit their own challenges, providing valuable spatial evidence for RNA but requiring concurrent immunofluorescent imaging for the protein of interest. While co-localization of these signals can provide evidence of RNA/protein proximity, this does not necessitate complex formation and can be challenging for ubiquitous proteins like AGO2 due to high background fluorescence. As sRNA therapies and their delivery strategies advance to tackle new targets and reach intracellular compartments specific to their mechanistic function, so too must our tools to interrogate the spatial and temporal aspects of these drugs and their critical partners like the AGO/PIWI family. Innovations in these methods will be critical to assess the potential impacts and DDIs of oligonucleotide drugs related to endogenous RNA pathways moving forward.
Another way oligonucleotide drugs could affect the abundance of endogenous noncoding RNAs is through disruption of target directed miRNA degradation (TDMD), which depends on AGO proteins and ubiquitin ligases like ZSWIM8 to regulate overall miRNA levels (De et al., 2013; Hiers et al., 2024). Although siRNAs are usually protected from these pathways because they are designed for preferential AGO2 loading (Frank et al., 2010; Frank et al., 2011; Ma et al., 2014; Kingston and Bartel, 2021), therapeutic concentrations could possibly saturate these shared systems. This competition could disrupt the natural degradation of endogenous miRNA, potentially altering the expression of the many genes they regulate. While the inherent stability of AGO2-bound siRNAs benefits their duration of action, it also prolongs the potential for interference with endogenous miRNA function. Continued efforts in RNAi therapeutics must prioritize the design of candidates that minimize the risk of pathway competition and make efforts to ensure their effects on the endogenous miRNA network do not become a source of adverse DDIs.
As such, it is recommended to assess the risk of DDI for RNA therapeutics by employing relevant preclinical model systems (e.g., human hepatocytes) to directly examine the effects of RNAi drugs on the activities of important drug-metabolizing enzymes and transporters (e.g., relevant probes or target drugs to be co-administered) as well as related therapeutic targets, or their protein levels. It is also noteworthy that the apparent impact could be suppression of ADME/PK/PD gene expression (protein levels; and thus function) instead of so called “induction” of enzymes or transporters applied to small molecule drugs. The latter is usually a result of the activation of nuclear receptors or transcription factors upon ligand binding, whereas oligonucleotides are unlikely to act on the ligand binding sites directly, with some chances to interfere with DNA binding domains theoretically. On the other hand, small molecule drugs have been shown to alter the levels of specific miRNAs in cells (e.g., streptomycin on miR-21, and methadone on miR-124) through interfering with miRNA biogenesis machinery or RNAi elements (Rodrigues et al., 2011; Bose et al., 2012), indicating the needs for evaluating possible DDIs with appropriate assays in proper preclinical models where the RNAi drugs are the victims of co-administered drugs. Rather, clinical investigations properly designed and completed would provide direct evidence regarding to what degrees the ADME/PK/PD or safety profiles of co-administered drugs are altered by RNA therapeutics, and vice versa, among patients.
7 CONCLUSIONS AND PERSPECTIVES
Fundamental scientific advancements pave the way for innovative therapeutic approaches, expanding the molecular toolkit of drug design to reach targets previously thought impossible. This is exemplified by the emergence of RNA or oligonucleotide therapeutics, which can harness our intrinsic biological machinery to manage human disease in novel ways and greatly improve the lives of underserved patient populations. With these innovations, however, also comes a new layer of complexity and many unanswered questions that must be addressed if we are to predict DDIs and ensure the safety of this promising treatment modality.
The distinct structural characteristics and functionalities of oligonucleotide drugs that make them uniquely useful therapeutic tools also present unique challenges in assessing their ADME/PK properties such as plasma protein binding, metabolic stability, biotransformation, and tissue distribution, requiring a specialized set of analytical techniques and risk assessment strategies. Traditional approaches utilized in the development of small molecule and protein drugs are not sufficient to predict DDI risk or elucidate PK/PD relationships for oligonucleotide drugs, with recent FDA guidance providing some recommendations. Valuable advancements have been made in the strategies to assess DDI risk of aptamers, ASOs, and siRNAs based on these features, as well as based on their distinct mechanisms of action and PD effects. However, an overlooked element is that RNA therapeutics would likely compete with endogenous miRNAs for the intrinsic RNAi components and thus alter the protein levels of miRNA-regulated ADME/PK/PD genes, leading to possible DDIs. This warrants more transparent communications among regulatory agencies and pharmaceutical industries along with neutral academic communities to provide further clarity in proper identification of the risks and avoid unwanted DDIs of novel RNA therapeutics with co-administered medications.
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