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Abstract: Small interfering RNAs (siRNAs) are short, double-stranded RNA molecules
that play a crucial role in the regulation of gene expression, particularly through a natural
process called RNA interference (RNAi). Their discovery, about 25 years ago, paved the
way for a whole series of research leading to synthetic molecules. The gene silencing
potential of these siRNAs was initially oriented towards diseases resulting from genetic
dysfunctions. This led to the development of the first synthetic siRNAs approved for
human use in hereditary transthyretin amyloidosis. Subsequently, the field of application
expanded beyond the confines of genetic diseases. The refinement of pharmacological tech-
niques has led to the synthesis of a variety of siRNAs capable of blocking the production of
individual proteins responsible for various disease conditions, thus expanding their field
of therapeutic application. The kidney has also been affected by this new therapeutic tool,
largely indirectly but also, with some difficulty, directly. The structural complexity of the
kidney has made the search for siRNAs targeting its individual components very challeng-
ing. Nevertheless, the first results of the application of this new therapeutic technology to
the kidney are beginning to be seen in experimental animals and in humans. siRNAs have
been approved for the treatment of amyloidosis with patisiran and oxalosis with lumasiran
and nedosiran. Studies are ongoing for the use of siRNAs as anti-complement drugs in IgA
nephropathy, as angiotensinogen inhibitors in hypertension, or against some mediators
of acute kidney injury. In this review, the biological mechanisms underlying the use of
siRNAs are briefly exposed. The results of the therapeutic application of RNA interference
to the kidney and its diseases are also analyzed and discussed.
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1. Introduction
In recent years, the emergence and availability of a new type of therapeutic tools,

potentially affecting many fields of internal medicine, has given us a glimpse of great
treatment possibilities that were previously unimaginable. We refer to small interfering
RNA (siRNA). In the present review, we focus on the advances that have allowed the clinical
use of siRNA. In fact, thanks to the creation of synthetic structures of short double-stranded
RNA, discovered a few years ago, we have witnessed the expansion of the spectrum of
indications for their use. Some of these applications are, directly or indirectly, addressed to
the kidney. In order to carry out an in-depth examination of the current uses, prospects
and limitations of this new class of agents in a nephrological setting, a brief excursus on
their nature and their mode of action is essential.
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2. RNA Interference (RNAi)
RNAi is a natural defense mechanism of eukaryotic cells responsible for control gene

activity [1]. It works through post-transcriptional silencing of the expression of specific
genes. The first report of this naturally occurring phenomenon came from a botanic
study [2]. This was immediately followed by studies carried out in the animal world.
A decisive step forward, that was also worth the Nobel Prize, was made by Fire and
Mello when they demonstrated in a nematode that the most effective mechanism of post-
transcribing gene silencing is operated by double-stranded RNA, which is 100 times more
effective than the single-stranded molecule [3]. On that occasion, the mechanism was
defined for the first time as “RNA interference”. Subsequent studies have demonstrated the
presence of RNAi in mammalian cells [4]. Based on these findings, it is therefore established
that RNAi plays an important dual role in the life of mammals. It represents a natural
biological response to foreign or native double-stranded RNA. This mechanism provides
a defense toward both endogenous parasitic and exogenous pathogenic nucleic acids. It
also can regulate the expression of protein-coding genes acting as post-transcriptional
gene silencing.

The explanation of how natural siRNA operates in mammalian cells can be summa-
rized in an extreme simplification with the following steps [5]. The presence in the cell of
foreign DNA, double-stranded RNA of viral origin, abnormal segments of DNA or micro-
RNA triggers the RNAi pathway. Firstly, the double-stranded molecules are processed into
a short siRNA by RNase enzymes called Dicer and Drosha. Enzymatic cleavage of dsRNA
within the cell produces the short siRNA fragments typically around 20–25 base pairs (bp),
of 21–23 nucleotides in length. This shorter double-stranded molecule becomes part of a
multi-protein complex, the RNA-induced silencing complex (RISC). This complex is made
of several proteins, not yet fully identified [6]. These dsRNA fragments, loaded into the
RISC, are separated in two strands with different fates. One strand takes the role of a guide.
The other strand, known as the passenger strand, is degraded by the RISC.

In the next step, the activated RISC complex locates the mRNA target in the cell. The
RISC uses the guide strand of siRNA to target complementary mRNA transcripts. In
the final step, the complex bound to mRNA operates the cleavage of its molecule. The
degradation of target mRNA reduces the levels of transcript available to be translated by
ribosomes, thus blocking the synthesis of the target protein. Therefore, by degrading the
mRNA, siRNA effectively “silences” the gene by inhibiting protein synthesis. This process
is sequence-specific, ensuring minimal off-target effects if the siRNA is well-designed.

The discovery of this natural mechanism was immediately followed by attempts to
reproduce it synthetically. In fact, the therapeutic potential of these agents to reversibly
block or stimulate the synthesis of any protein with direct or indirect effects on organs
or biological systems had emerged. The demonstration that synthetic siRNAs could be
introduced into mammalian cells to silence gene expression without producing local and
systemic innate immune responses to double-stranded RNA led the way [4]. It was shown
that synthetic siRNAs acted by the same mechanism as natural ones (Figure 1).

The progressive refinement of the technique allowed the rapid transition to human
experimentation [7]. In 2010, the first clinical trial of local delivery of a synthetic siRNA
in age-related macular degeneration was published [8]. Systemic delivery was a bigger
challenge, though, because of the presence of physiological barriers and potential toxicities.
Furthermore, some of the first synthetic molecules suffered from stability problems. The
use of some techniques such as chemical modification of the siRNA, direct conjugation to
bioactive moieties, and nanoparticle formulations has allowed the majority of the obstacles
to be overcome, such as the delivery to specific cells or tissues, the off-target effects and the
stability of siRNAs in the bloodstream.
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The siRNA delivery systems are categorized as non-viral and viral delivery sys-
tems. The non-viral delivery systems include polymers, lipids and peptides, while N-
acetylgalacto-samine (GalNAc) conjugates are among the most widely studied delivery
systems for siRNAs. Small interfering siRNA molecules that are administered without any
protective support or delivery system are called naked siRNAs. While they can be effective
for localized applications, they are highly susceptible to degradation and have poor cellular
uptake, limiting their broader use in therapeutic settings. The breakthrough came in 2014
when the first synthetic targeted siRNA to be systemically administered to humans was
reported [9,10]. The formal conclusion of this 20-year race was the approval in 2018 by the
United States Food and Drug Administration (FDA) and the European Commission (EC)
of patisiran as the first commercial RNAi-based therapeutic for the treatment of heredi-
tary transthyretin (hATTR) amyloidosis with polyneuropathy in adults [11,12]. With this
agent, the suffix siran was also introduced, which characterizes all synthetic siRNAs. To
date, the FDA has approved six siRNA agents: patisiran, vutrisiran, givosiran, lumasiran,
nedosiran and inclisiran. The six approved siRNA drugs are mainly in the therapeutic
areas of neurology, cardiovascular system and metabolism, such as for amyloidosis, fa-
milial amyloid polyneuropathies [FAPs], hepatic porphyria, primary hyperoxaluria and
hyperlipidemia (Table 1). Many more molecules are in the pipeline, with phase 1 or phase
3 studies already published.



Kidney Dial. 2025, 5, 1 4 of 15

Table 1. List of siRNAs with therapeutic potential for the kidney.

Molecule Disease Protein Target Status Clinical Trial

Patisiran Amyloidosis Transthyretin Approved NCT01960348

Lumasiran Primary oxaluria
type 1 Glycolate oxidase Approved NCTO3681184

Nedosiran Primary oxaluria, all
types LDH Approved NCT04042402

Cemdisiran IgA nephropathy C5 complement Phase 2 NCT03841448

Teprasiran AKI Pro-apoptotic protein
p53 Phase 1 and 3 NCT00554359 and

NCT03510897

Zilebesiran Hypertension Liver AGT Phase 1 and 3 NCT03934307 and
NCT04936035

3. Synthetic siRNA and the Kidney
Unlike other organs, such as the liver, the kidney presents a challenge for the use of

siRNAs due to its structural complexity and the variety of cells it contains [13]. These
diverse cell types of the kidneys make it difficult to optimize and deliver drugs to specific
cell types [14]. Moreover, the glomerular filtration barrier hinders the delivery of larger
siRNA agents. Conversely, since siRNAs with large support molecules tend to be trapped
by the mesangium, this is considered a major potential target for these agents [15]. Naked
siRNAs, smaller than 6 nm, can pass the filtration barrier; therefore, they could act directly
on the structures downstream of the glomerulus. Despite the above-described intrinsic
complexity of delivering siRNAs to individual kidney components, recently many ad-
vances have been made in the chemical synthesis of siRNAs targeting the kidney [16,17].
These advances have demonstrated the numerous renal targets for this new class of drugs
in kidney disease [18]. In fact, the kidney was seen as an organ that offered considerable
potential for the use of siRNAs [19]. Moreover, since shortly after their discovery, siRNAs
have demonstrated their role in some experimental kidney diseases [20]. Consequently,
their possible therapeutic use was studied first in experimental animals and then in hu-
mans [21,22]. In theory, siRNAs can be employed to target specific genes or pathways
implicated in the development of kidney conditions, such as inflammation, fibrosis and
oxidative stress, and their mediators. Meanwhile, agents that act indirectly on the kidney
are already in use with interesting results. In fact, the first RNA authorized for therapeutic
use acts only indirectly on the kidney. It is patisiran.

4. Patisiran in Kidney Amyloidosis
This siRNA employs a delivery carrier. Specifically, it uses lipid nanoparticles as a

delivery system. These nanoparticles improve the stability of siRNA in the bloodstream
and facilitate its delivery into target cells.

Patisiran works by using RNA interference to silence the gene responsible for pro-
ducing the transthyretin (TTR) protein in the liver, which, when mutated, misfolds and
aggregates, leading to hereditary transthyretin-mediated amyloidosis. The accumulation
of these misfolded proteins damages various organs and tissues, including heart, thyroid,
kidney, liver and nerves. Various studies have demonstrated improvements across a wide
range of cardiac biomarkers following treatment with patisiran and have changed the
perception of ATTR-CM from being thought of as a terminal disease process to now being
regarded as a treatable condition [23].

Initially, kidney involvement in ATTR was underappreciated as proteinuria usually
lags behind peripheral neuropathy by about 10 years [24]. Later studies, more focused on
the kidney side of the disease, have shown a significant organ involvement [25]. One survey
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on 402 ATTR patients found that one-third of patients eventually developed proteinuria,
and 10% end-stage renal disease (ESRD) [26]. It has been shown that CKD affects almost
one-third of patients with symptomatic ATTR [27,28]. In this setting, the availability and
the use of patisiran in ATTR amyloidosis, approved in 2019, has allowed the assessment of
its effects on the kidney.

Its administration, via iv infusion once every 3 weeks, reduces up to 80% of the circu-
lating transthyretin and its deposition in parenchymal organs, kidney included [29]. With
the diffuse use of this new agent, some of its potential beneficial renal effects soon became
apparent. In sporadic cases, a remission of nephrotic syndrome was observed [19]. More
interestingly, in a small group of patients followed for up to 30 months, the introduction
of patisiran therapy improved the slope of decline of estimated glomerular filtration rate
(eGFR) [30]. Overall, the results of patisiran therapy obtained to date lead to optimism
regarding its beneficial renal effects in ATTR amyloidosis [31].

5. Lumasiran and Nedosiran in Primary Hyperoxaluria
Lumasiran was the second synthetic siRNA approved for human use, as the first

treatment for primary hyperoxaluria type 1 (PH1). Primary hyperoxaluria (PH) is a rare
autosomal recessive genetic condition, characterized by increased production and renal
excretion of oxalate. Based on the responsible genetic alteration, it is differentiated into
three types. PH1 is caused by mutations of the AGXT gene causing dysfunction of the
liver-specific peroxisomal enzyme alanine glyoxylate aminotransferase (AGT), which cat-
alyzes the transamination of glyoxylate to glycine. Patients with a defect in AGXT fail to
properly detoxify glyoxylate through its conversion to glycine. This results in a build-up of
glyoxylate, which is then oxidized to oxalate by lactate. It is therefore a hepatic metabolic
defect that determines the increase in blood levels and urinary excretion of oxalate. In PH
type 2 (PH2), the mutation of the GHRPR gene causes dysfunction of the cytosolic enzyme
glyoxylate/hydroxypyruvate reductase [32]. In PH type 3 (PH3), the alteration affects the
HOGA1 gene which controls the expression of the mitochondrial enzyme 4-hydroxy-2-
oxoglutarate aldolase.

PH1 accounts for approximately 80% of disease burden and has a population preva-
lence between 1–3 per million population. Kidney failure occurs in 19% and 57% of patients
by the ages of 10 and 40 years, respectively [33]. More than one-third of patients with
PH2 progress to kidney failure by the age of 40 years. In PH3, 14% to 29% of affected
individuals develop chronic renal disease, and 3% to 4% develop kidney failure by the
age of 40 years. The causal element of organ damage in PH is the increased concentration
of oxalates in the urine. The consequent urolithiasis, recurrent and bilateral, causes the
progressive reduction of renal filtration and a progressive accumulation of oxalate in the
blood. When the concentration of oxalic acid reaches supersaturation, precipitation of
insoluble crystals of calcium oxalate occurs in the kidney (nephrocalcinosis) and in other
organs (systemic oxalosis). Up to now, the only therapeutic approach to this condition was
supportive care, which could not stop the evolution towards ESRD. The recent availability
of two new siRNAs, lumasiran and nedosiran, has completely changed the perspective [34].

Lumasiran is a synthetic small interfering RNA that targets and silences the HAO1
gene. The HAO1 gene encodes the enzyme hydroxyacid oxidase 1, also known as glycolate
oxidase, an enzyme upstream of peroxisomal alanine-glyoxylate aminotransferase (AGT)
in the liver. By blocking the production of glycolate oxidase, lumasiran reduces levels of
glyoxylate, the substrate for oxalate synthesis, and consequently decreases hepatic oxalate
production (Figure 2) [35].
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Primary hyperoxaluria type 1 is a genetic alteration that leads to a deficiency of the
peroxisomal alanine-glyoxylate aminotransferase (AGT). Type 2 results from a genetic
deficiency of glyoxylate reductase. These defects result in accumulation of glyoxylate,
which is converted to oxalate by liver-specific lactate dehydrogenase A (LDHA). Lumasiran
silences the hydroxyacid oxidase 1 gene, reducing the production of glycolate oxidase and
the levels of glyoxylate available for conversion into oxalate. This leads to a significant
reduction in the production of oxalate.

Nedosiran, by silencing the gene that encodes LDH-A, prevents the conversion of
glyoxylate to oxalate.

The approval of lumasiran was based on studies that definitively showed its efficacy.
In the first, a double-blind, phase 3 trial (lLLUMINATE-A trial), patients with PH1 who
were 6 years of age or older were randomly assigned in a 2:1 ratio to receive subcutaneous
lumasiran or placebo for 6 months. Inclusion criteria were an estimated glomerular filtration
rate (eGFR) of at least 30 mL per minute per 1.73 m2 of body-surface area, 24 h urinary
oxalate excretion of at least 0.70 mmol per 24 h per 1.73 m2, and no clinical evidence
of extrarenal systemic oxalosis. Lumasiran was administered once monthly for three
doses, followed by maintenance doses given once every 3 months. Treated patients had
a rapid and sustained decrease in 24 h urinary oxalate excretion, reaching −65.4% at
6 months. Plasma oxalate levels decreased by 39.8% [36]. In the ILLUMINATE-B trial, the
study was extended to children aged <6 years and it lasted 12 months. At the end, all
the measured parameters were improved. Additional improvements were also seen in
nephrocalcinosis grade. Kidney stone event rates remained low [37,38]. Other registered
trials have extended the indication of lumasiran to patients excluded by early studies.
The ILLUMINATE-C trial (NCT04152200) evaluates lumasiran in patients of all ages with
eGFR ≤ 45 mL/min/1.73 m2 (if ≥12 months of age) or with elevated sCr (if <12 months
of age) and those stable in hemodialysis. Lumasiran resulted in substantial reductions in
plasma oxalate with acceptable safety in patients with PH1 who have advanced kidney
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disease, supporting its efficacy and safety in this patient population [39]. In the few
years after its registration, this siRNA, which has been used extensively, has radically
revolutionized the prognosis of PH1, in particular its progression to ESRD.

6. Nedosiran in Primary Hyperoxaluria (All Subtypes)
Nedosiran is a therapeutic siRNA that silences the LDHA gene, which encodes the

enzyme lactate dehydrogenase A (LDHA). This enzyme is involved in the conversion of
glyoxylate to oxalate, a key step in oxalate production. By inhibiting LDHA, nedosiran
reduces the conversion of glyoxylate to oxalate, helping to lower oxalate levels in patients
with primary hyperoxaluria, including all three types: PH1, PH2, and PH3. After hepa-
tocyte internalization and release into the cytoplasm, nedosiran exploits the endogenous
RNAi regulatory mechanism to degrade LDHA mRNA, thereby reducing production of
LDHA. Consequently, the activity of hepatic LDHA, the key common enzyme involved in
the final conversion of glyoxylate to oxalate in all three known genetic subtypes of PH, is
reduced (Figure 2).

Nedosiran was approved in 2023 in the USA to lower urinary oxalate levels in children
aged ≥ 9 years and adults with PH1 with an eGFR ≥ 30 mL/min/1.73 m2 with a single
monthly subcutaneous administration. The efficacy and safety of this siRNA have been
demonstrated by robust human studies. In a phase 1 study (PHYOX1) of a once-monthly
subcutaneous nedosiran therapy, the safety, pharmacokinetics, pharmacodynamics and
exposure–response of subcutaneous administration have been evaluated. No significant
side effects have been reported except for some reactions at the injection site. At day 57
(end of study), a reduction in 24 h urinary oxalate excretion from baseline was observed
in nedosiran-treated patients. Mean maximum reduction in urinary oxalate excretion was
55% after single-dose nedosiran, with 33% of participants reaching normal 24 h urinary
oxalate excretion [40]. In a second randomized study (PHYOX2), participants with PH1
receiving nedosiran had clinically meaningful reductions in urinary oxalate, the mediator
of kidney damage in PH [41]. Very satisfactory results are also emerging from studies on
PH type 3 [42].

In conclusion, while lumasiran reduces oxalate formation in patients with PH1 by
decreasing glyoxylate overproduction in peroxisomes at early stages of the metabolic
pathway, nedosiran acts downstream by inhibiting hepatic LDHA, thus reducing oxalate
formation in all PH subtypes (Figure 2) [43].

7. siRNA in Complement-Mediated Diseases
Complement-mediated diseases are disorders caused by abnormal regulation or acti-

vation of the complement system, a key part of the immune system. Kidney involvement is
common in these conditions and many therapeutic attempts have been aimed at inhibiting
one or more components of this system. So far, the best results have been obtained with C5
inhibitors with monoclonal antibodies [44]. Yet, anti-C5 antibodies require large dosages
and frequent intravenous administration because of the high plasma concentration of
C5 [45]. For this and other reasons, alternative ways to block the complement system have
been sought. One of these led to a novel siRNA, cemdisiran [46]. This new investigational
N-acetyl-d-galactosamine (GalNAc) siRNA is designed to target and inhibit the production
of complement component C5 of the complement system. It acts on messenger RNA
(mRNA) that codes for the C5 protein in the liver by degrading it, thereby reducing its pro-
duction. In patients with paroxysmal nocturnal hemoglobinuria, a C5-mediated condition,
C5 suppression by cemdisiran enabled effective inhibition of residual C5 levels, maintained
for 6–10 months after the last dose. Thanks to this new therapy, it was possible to reduce the
dosage and/or the frequency of administration of eculizumab [47]. These results were such



Kidney Dial. 2025, 5, 1 8 of 15

as to support the continuation of the evaluation of this siRNA in complement-mediated
diseases. The delivery of negatively charged large molecules into target cells represents a
major challenge in developing such therapeutics [48]. Lipid nanoparticles’ delivery sup-
port (LNPs) have overcome these difficulties and are currently used for three approved
siRNA-based medicines [49]. Experimental kidney disease is the ideal model for testing
their efficacy. A small-interfering RNA against complement C5 (C5 siRNA-LNP) in a lipid
nanoparticle formulation (C5 siRNA-LNP), was tested in a rat model of antibody-mediated
rejection (AMR) of kidney transplantation [50]. Rats were sensitized by skin grafting and
after 4 weeks underwent kidney transplantation. C5 siRNA-LNP was administered daily
in association with cyclosporine (CsA) and/or deoxyspergualin (DSG) in the treatment
group. Different combinations of immunosuppressive agents were used in control groups.
C5 siRNA-LNP in combination with CsA and DSG completely suppressed C5 expression
and complement activity (hemolytic activity ≤ 20%) within 7 days from the administration.
Immunohistochemical analysis of the grafts revealed that downregulation of C5 expression
was associated with a reduction in the membrane attack complex (C5b-9) positive area.
Serum creatinine in the siRNA-triple therapy group remained stable, whereas its levels
in the control groups were significantly increased. C5 siRNA-triple therapy significantly
prolonged the graft survival compared with the combinations used in control groups.

This first use of an siRNA used as a complement blocker, although limited to ex-
perimental animals, shows the potential of these agents in the nephrology field. The
results in humans were not long in coming. In fact, based on the evidence that IgA
nephropathy (IgAN) pathogenesis is related to activation of complement pathways and
that 5b–9 membrane attack complex plays a fundamental role in kidney injury, a multi-
national group has undertaken a phase 2 study on the use of cemdisiran, an siRNA that
silences the gene responsible for producing the C5 protein, in this nephropathy [51]. The
trial is a randomized, double-blind, placebo-controlled multicenter study to evaluate the
efficacy and safety of cemdisiran in adult patients with IgAN. Thirty-one adult patients
(≥18 years and ≤65 years of age and with urine protein ≥1 g/24 h) were randomized
(2:1) to subcutaneous cemdisiran 600 mg or placebo every 4 weeks in combination with
the standard of care. After a 32-week treatment period, in cemdisiran-treated patients
the mean change in serum C5 level from baseline was −98.7% vs. 25.2% in the placebo
group. In the treated group, the placebo-adjusted geometric mean change in 24 h urine
protein-to-creatinine ratio was −37.4%. The most common adverse event after cemdisiran
treatment was injection-site reaction [52]. The significant reduction in proteinuria was
confirmed in the 52-week open-label extension study. Based on these favorable results, the
manufacturing company has started the procedures for a phase 3 study. Unexpectedly, in
December 2022 the company announced the suspension of this program.

Other siRNAs have been developed that are active against complement components
with a role in nephropathies [53]. Some of these have been tested in experimental animals,
others are in the early stages of use in humans. In a mouse model of C3 glomerulopa-
thy, RNA interference-mediated C3 silencing was effective in slowing the formation of
mesangial and subendothelial electron-dense deposits, thus paving the way for its use in
humans [54]. In New Zealand, the siRNA drug SGB-9768, targeting the complement C3
component for the treatment of complement-mediated diseases, has recently been approved
to conduct a phase 1 clinical trial.

8. siRNA in Acute Kidney Injury [AKI]
In the experimental setting, several approaches to the treatment of AKI have been

tried with different siRNAs. The caspase-3 siRNA was first used to protect porcine renal
tubular epithelia cells against hydrogen peroxide-induced injury [55]. Tumor suppressor
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p53 and chemokine receptor CXCR4 are implicated in AKI pathogenesis [56]. The combined
CXCR4 inhibition and p53 gene silencing with a polymeric CXCR4 antagonist siRNA carrier
improves kidney function and decreases renal damage in an experimental AKI model in
mice [57]. These siRNA applications were aimed at treating the kidney by a direct approach
by targeting tubular cells. In fact, proximal tubule cells are the primary site for rapid and
extensive endocytic uptake of small siRNAs following glomerular filtration. The application
of technologies to allow drug delivery to tubular cells from both the luminal and basolateral
sides is essential to act on these cells [58,59]. A naked siRNA has been shown to meet
these requirements. Teprasiran (I5NP) is a synthetic siRNA designed to act via the RNA
interference pathway to temporarily inhibit expression of the pro-apoptotic protein p53.
This agent has been developed to protect cells from acute ischemia/reperfusion injuries
such as AKI that can occur during major cardiac surgery or delayed graft function following
renal transplantation [60]. The temporary inhibition of p53 expression by teprasiran affords
kidney cells time to repair cellular damage following reperfusion injury and thereby avoid
induction of apoptosis [61]. After animal studies, teprasiran was tested in humans in a
phase 1 study with satisfactory results from the safety point of view [62]. In a phase 2
prospective, multicenter, double-blind, randomized, controlled trial, the effectiveness of
this siRNA has been evaluated in reducing the incidence, severity and duration of AKI
after cardiac surgery in 341 high-risk patients [63]. Teprasiran sodium or placebo (isotonic
saline) were administered as a single intravenous bolus over 1 to 2 min at 4 h after a cardio-
pulmonary bypass or after the last coronary anastomosis. AKI was observed in 49.7% and
36.9% in the placebo and teprasiran groups, respectively (absolute risk reduction −12.8%).
The significant reduction in the incidence, severity and duration of early postoperative AKI
in high-risk patients in this cardiac surgery setting demonstrated the effectiveness of this
siRNA. Teprasiran appeared to be well-tolerated and no safety signal was detected. A Phase
3 trial was started after these results (NCT03510897). The study completed day 90 for the
primary endpoint but was terminated early due to results not meeting the efficacy outcome.

9. Anemia in Kidney Disease
Hepcidin, which has been shown to play a role in anemia in chronic kidney disease, has

been addressed by early studies with siRNA [64]. The HAMP gene provides instructions
for the production of hepcidin, and siRNAs were developed to silence this gene as a novel
therapeutic approach for the treatment of anemia of chronic disease [65,66]. Despite the
exciting expectations, only animal studies, with favorable results, have been reported so
far [67–69].

10. siRNA to Treat Hypertension
RNA interference as a means of direct and/or indirect renal protection is being

studied by blocking hepatic angiotensinogen (AGT) production. Upstream blocking of
the renin–angiotensin system (RAS) could circumvent the so-called escape phenomenon,
elicited by the compensatory renin elevation upon RAS block. Moreover, studies in rat
models of acute kidney injury showed kidney protection by a liver-selective AGT inhibi-
tion [70]. A new siRNA, zilebesiran, targeting liver AGT production has been synthesized
that utilizes a N-acetylgalactosamine (GalNAc) conjugate technology. This pharmaco-
logical support enables infrequent subcutaneous dosing with increased selectivity. This
agent, injected in association with an angiotensin II receptor blocker in spontaneously
hypertensive rats, produced a sustained antihypertensive and cardioprotective effect [71].
Furthermore, anti-AGT has also demonstrated a direct effect on the kidney in the 5/6th
nephrectomy model in rat, a hypertensive chronic kidney disease model. With anti-AGT
treatment in association with losartan, proteinuria and cardiac hypertrophy were abro-
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gated and glomerulosclerosis was significantly reduced [72]. These results suggest that
targeting hepatic AGT offers new possibilities for the treatment of CKD in humans, es-
pecially in non-adherent patients. Shortly after, zilebesiran was tested in hypertensive
patients [73]. A single subcutaneous dose of 200 mg decreased serum angiotensinogen
levels and 24 h ambulatory blood pressure for up to 24 weeks. In the following KARDIA-1
study, zilebesiran monotherapy as single 150, 300 or 600 mg doses significantly reduced
24 h mean ambulatory and office systolic blood pressure (SBP) from baseline to months 3
and 6 compared with placebo in patients with mild-to-moderate hypertension. The few
adverse effects in <5% of patients were mostly injection-site reactions. Small increases in
serum potassium were observed that did not need intervention. Four AKIs were reported
in the zilebesiran group [74]. The subsequent KARDIA-2 randomized study showed that
in patients with uncontrolled hypertension, subcutaneous injection of zilebesiran improves
3-month blood pressure [75]. A new study, KARDIA-3 (NCT06272487), was started to
evaluate zilebesiran as add-on therapy in patients who have established CV disease, or
high CV risk, and hypertension that is uncontrolled despite stable treatment with two of
the standard-of-care antihypertensives [76]. To gain additional safety and efficacy data in
patients with advanced CKD, the study places particular emphasis on the kidney. In fact,
there will be a cohort of patients enrolled with eGFR 30 to <45 mL/min/1.73 m2. Among
the main benefits of zilebesiran are the improved treatment adherence thanks to the long
intervals between administrations and the hepatic storage of siRNA that ensures a lasting
target depletion. However, this prolonged blockade of the RAS has caused concern. In
fact, the integrity of this system is essential for cardiocirculatory homeostasis in critical
situations such as pregnancy, shock and hemorrhage. From this point of view, reassurances
have come from two new studies. The first has shown that, in experimental animals, the
effects of AGT block by siRNA does not abolish the pressor responsiveness to conventional
vasopressors when it is needed [77]. In the second, the same RNA silencing technology
was used. In spontaneously hypertensive rats, the AGT blockade was reversed with an
siRNA. Short, synthetic single-stranded oligonucleotides, complementary to the siRNA
guide (antisense) strand were loaded in the RNA-induced silencing complex targeting
hepatocytes with the same GalNAc delivery approach [78]. This new use of an siRNA adds
additional safety to the use of zilebesiran in arterial hypertension.

11. Conclusions
In the years following their discovery, siRNAs have shown their potential value. Their

selectivity in blocking specific proteins in a non-permanent manner and the use of spaced
administrations are the most evident advantages. The initial use limited to genetic condi-
tions has progressively extended to chronic clinical conditions. The development of new
biotechnologies has extended their delivery from the local to the systemic level. Potentially,
siRNAs could eventually replace a large portion of chronic therapies, improving adherence.

As far as the kidney is concerned, there are still few siRNAs that have passed the
approval test. This is despite the numerous potential targets that this organ offers and the
many studies, in animals and humans, so far performed (Table 2).
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Table 2. Clinical studies on siRNA with renal impact.

Molecule Renal Disease Key Finding Main Side Effect Reference Publication Year

Patisiran Renal amyloidosis
(ATTR)

Improved eGFR
slope peripheral edema [30] 2022

Lumasiran Primary oxaluria
type 1

↓ plasma and urine
oxalate

injection-site
reactions [36] 2021

Nedosiran Primary oxaluria,
all types

↓ plasma and urine
oxalate

injection-site
reactions [41] 2023

Cemdisiran IgA nephropathy ↓ urine protein-to-
creatinine ratio

injection-site
reactions [52] 2024

Teprasiran AKI after cardiac
surgery ↓ risk of AKI none reported [63] 2021

Zilebesiran Hypertension ↓ ambulatory SBP
injection-site
reactions and
hyperkalemia

[74] 2024

↓ stands for reduction.

This relative delay in development can be attributed to two types of causes. The first
lies in the complex structure of the kidney itself and in its physiology. As seen above, it is
difficult to reach every single cell of the kidney, of the more than 20 that compose it, without
creating problems for the others. The second set of reasons is of a more general nature. The
main ones are limitations in the route of administration, overcoming biological barriers,
inactivation by nucleases, immunological activation and possible off-target effects [79]. The
latter is perhaps one of the major obstacles for siRNA therapy. This consists in the induction
of various side effects caused by unexpected perturbations between RNAi molecules and
cellular components.

Finally, last but not least, the enormous costs of the trials required to obtain approval
from the regulatory authorities have proven to be a major obstacle and have caused the
withdrawal of already registered trials before they even started.
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