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Targeting of hepatic angiotensinogen using chemically
modified siRNAs results in significant and sustained
blood pressure lowering in a rat model of hypertension

Jeffrey Olearczyk1, Sheng Gao1, Marianne Eybye1, Satyasri Yendluri2, Lori Andrews2, Steven Bartz3,
Doris Cully1 and Marija Tadin-Strapps4

Angiotensinogen (AGT) is the precursor of active vasoconstrictive octapeptide angiotensin II (Ang II) in the renin-angiotensin-

aldosterone system. Blocking the AGT-converting enzymes in the pathway and the Ang II receptor through pharmacological

agents has been proven to be effective in lowering blood pressure (BP) in hypertensive patients. In this study, we developed

chemically modified small interfering RNAs (siRNA) to target hepatic AGT mRNA in rats. Lipid nanoparticle encapsulated

siRNAs were efficiently delivered to rat liver and resulted in significant reduction in hepatic Agt mRNA levels and plasma AGT

concentration without impairing liver function. Single intravenous injection of Agt siRNA led to significant and sustained BP

lowering in spontaneous hypertensive rats and in Sprague-Dawley rats, and the effect was maintained by weekly siRNA dosing.

Data presented here provide proof-of-feasibility for the use of siRNA technology for inhibition of peripheral AGT levels via

hepatic mRNA silencing with beneficial effects on BP in preclinical rat models. Similar approach could be used for validation

of novel hypertension hepatic and extrahepatic targets.

Hypertension Research (2014) 37, 405–412; doi:10.1038/hr.2013.155; published online 12 December 2013

Keywords: angiotensinogen; blood pressure lowering; lipid nanoparticles; siRNA targeting

INTRODUCTON

Hypertension is a chronic condition with a prevalence of B26% in
the adult population worldwide.1 If untreated, hypertension can lead
to death by stroke, heart or kidney failure. Currently, there are many
antihypertension drugs on the market that primarily target the genes
in the renin-angiotensin-aldosterone system (RAAS). RAAS is one of
the important hormonal systems that regulates blood pressure (BP) as
well as fluid and electrolyte homeostasis.2 Angiotensinogen (AGT) is a
plasma glycoprotein primarily secreted by the liver and to a lesser
extent by the kidney, heart, brain, adipose tissue and blood vessels.3

Through successive proteolytic action by renin and angiotensin-
converting enzyme, AGT is processed into the active octapeptide
angiotensin II (Ang II), which acts on Ang II receptor on various
tissues and mediates vasoconstriction and aldosterone secretion,
among many other functions. Agents against major RAAS pathway
components have been successfully used for lowering BP and
improving outcomes of cardiovascular disease (Figure 1). AGT, the
precursor of active peptide and the most upstream component of
RAAS pathway, has not been targeted so far, in part, due to the
difficulty of modulating its expression through pharmacological
interventions.4,5 Reduction in plasma AGT levels is expected to

dampen the RAAS pathway activity, as other clinical agents do, and
therefore lower BP. Preclinical studies have clearly linked the level of
plasma AGT with BP regulation, namely: (1) Human plasma AGT
concentration is close to the Km of renin, and therefore changes in the
AGT level can lead to changes in the plasma Ang II level and
subsequently BP;6 (2) Correlation of higher plasma AGT
concentration and higher BP has been demonstrated in unrelated
human subjects and in families;7–9 (3) Infusion of AGT in rats
increases BP, whereas treatment with AGT antibody lowers BP;10,11

(4) Agt-knockout mice have reduced BP, whereas Agt overexpression
by introducing up to four copies of Agt gene in mice leads to a
successive increase in BP with each additional copy of the gene.12–14

Therefore, modulation of AGT levels could be another promising
approach to control BP. As AGT has proven to be difficult to target
using conventional methodologies,5,15,16 its inhibition warrants the
use of an alternative approach.
RNA interference (RNAi) is a post-transcriptional gene silencing

mechanism that uses small double-stranded RNA molecules to direct
gene silencing in a homology-based manner. Small interfering RNAs
(siRNAs), recruit an RNA-induced silencing complex to the target
mRNA, which then undergoes site-specific cleavage and degradation.17,18
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RNAi-mediated gene silencing has been widely used for both in vitro
and in vivo target validation and mechanistic studies. For in vivo
delivery, siRNAs are frequently packaged into cationic lipid
nanoparticles, also known as lipid nanoparticles (LNPs). Systemic
administration of LNPs has been successfully used for in vivo gene
silencing in a number of preclinical species.19–25 siRNAs can be designed
with high degree of specificity against target of interest, and new
improvements in oligo design and chemical modifications have enabled
the generation of oligos that are not immuno-stimulatory, show potent
and durable target silencing and have minimal off-target effects. In
addition, siRNAs can be designed against any complementary nucleotide
sequence thus expanding the pool of potential drug candidates.
In this report, we demonstrate that chemically modified LNP-

encapsulated siRNAs can be successfully used for hepatic Agt targeting
in rats with profound effects on circulating AGT levels and BP. The
data demonstrate proof-of-feasibility for the use of siRNA technology
for silencing of hepatic targets in the angiotensin–renin pathway as
well as highlights the potential for AGT inhibition as means for
treatment of hypertension.

METHODS

siRNA characterization and synthesis
All siRNAs used in this study were chemically synthesized and modified at

Merck’s oligosynthesis facility as previously described.21 The sequences of lead

Agt siRNAs, non-targeting (nt) and positive controls used in this study are

shown in Supplementary Table 1 (in the 50-30 direction). siRNA sequences

contained the following chemical modifications added to the 20 position of the

ribose sugar when indicated: deoxy (d), 20 fluoro (flu) or 20 O-methyl (ome).

Modification abbreviations are given immediately preceding the base to which

they were applied. Passenger strands are blocked with an inverted abasic

nucleotide on the 50 and 30 ends (iB).

Encapsulation of siRNA
siRNAs used in in vivo studies were encapsulated into L201 lipid nanoparticle

as previously described.26,27 L201 has the following chemical composition:

CLinDMA (2-{4-[(3b)-cholest-5-en-3-yloxy]-butoxy}-N,N-dimethyl-3-[(9Z,12

Z)-octadeca-9,12-dien-1-yloxy]propan-1-amine), cholesterol, and PEG-DMG

(monomethoxy(polyethyleneglycol)-1,2-dimyristoylglycerol) in 50.3:44.3:5.4

molar ratio, respectively.

Cell culture
Rat hepatocyte cells were obtained from Cellz Direct and grown in Dulbecco’s

modified Eagle’s medium (Mediatech, Manassas, VA, USA) supplemented with

Cell Maintenance pack. Cells were plated (2.4� 104 cells per well) in BD

Biosciences, Biocoat Collagen I-coated clear 96-well plates (BD Biosciences,

San Jose, CA, USA). A total of 42 siRNA sequences were tested in an initial

screening. Transfections were performed using Lipofectamine RNAiMAX

Reagent as per the manufacturer’s instructions (Life Technologies, Grand

Island, NY, USA). Final siRNA concentration was 10 nM per well. All

transfections were set up as biological replicas in two cell streams.

For concentration-response curves, cells were plated, cultured and trans-

fected as described for the initial screening. Fourfold serial dilutions were

tested for each siRNA with a starting concentration at 40nM to generate a

12-point curve. Cell lysates were prepared using Biomek FX liquid handler and

Cells-to-Ct Bulk Lysis Reagents (Life Technologies) according to the manu-

facturer’s instructions. cDNAwas generated using Ambion Cells-to-Ct Kit (Life

Technologies). Taqman quantitative PCR analysis was done on ABI 7900 HT

Real-Time PCR System. Reactions were set up in duplicate, singleplex with the

final volume of 10ml using TaqMan Gene Expression Master Mix (Life

Technologies). All Taqman probes and primers were purchased from Applied

Biosystems as pre-validated sets: rat GAPDH Cat no. 4352338E; rat Agt Assay

ID Rn00593114_m1 (Applied Biosystems, Foster City, CA, USA). Taqman data

analysis was done using standard methods on an ABI 7900 Real-Time PCR

System as described previously.28

Experimental animals and animal care for phenotypic
characterization
Aged (1–1.5 years old) male Spontaneously Hypertensive rats (NTac:SHR,

Taconic) weighing 380–420g or male Sprague-Dawley rats (NTac:SD, Taconic)

weighing 550–590g were used. Animals were individually housed, allowed rodent

chow (7012 Teklad LM-485 diet) and drinking water ad libitum and kept on a

12h light:dark cycle. During study, active and non-targeting (nt) control LNP-

encapsulated siRNAs were administered via tail vein injections at 3mgkg�1 for

each dose. Blood and tissue samples were collected at specific time points.

Hemodynamic parameters were monitored via telemetry device as described

below. All animal procedures were approved by the Institutional Animal Care and

Use Committee (IACUC) of Merck Sharp & Dohme (West Point, PA, USA) and

conducted in accordance with National Institutes of Health guidelines.

Analysis of Agt mRNA knockdown in SHR rats
Rats were dosed via tail vein injections with a single 3mg kg�1 dose of LNP-

encapsulated siRNAs. Animals were sacrificed at specific time points following

dosing. Liver samples were collected immediately following euthanasia. Total

RNAwas isolated from the liver tissue using the RNeasy 96 Tissue Kit (Qiagen,

Valencia, CA, USA) according to the manufacturer’s instructions. All RNA

samples were treated with DNase I (Qiagen) on column for 15min at room

temperature. Final RNA eluted was quantified and normalized to a concentra-

tion of 50ngml�1. First strand cDNA was generated from 0.1mg of total RNA

using Ambion Cells-to-Ct Kit (Life Technologies). Taqman quantitative PCR

analysis was done on an ABI 7900 Real-Time PCR System. Reactions were set

up in duplicate, singleplex with a final volume of 10ml using TaqMan Gene

Expression Master Mix (Life Technologies). The Taqman probes used for the

in vivo studies were the same as described for the in vitro screening.

Chronic measurement of arterial pressure
All surgical procedures were approved by the Merck Animal Use and Care

Committee and in accordance to the IACUC guidelines. Animals were

instrumented with PhysioTel PA-C40 transmitters from DSI (Data Sciences

International, St Paul, MN, USA). The catheter from the telemetry device was

placed into the abdominal aorta via the femoral artery. To access the femoral

vessels, a 1.5-cm incision was made across the left inner thigh. Using blunt
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Figure 1 The RAAS pathway has long been targeted for antihypertensive

therapies. Preclinical and clinical studies have demonstrated that inhibitors of

the converting enzymes, renin and ACE, as well as the blockers of angiotensin

II receptor and downstream mineralocorticoid receptor (MR) are very effective
in lowering BP and improving cardiovascular outcomes. A full color version of

this figure is available at the Hypertension Research journal online.

siRNA inhibition of AGT in rat preclinical models
J Olearczyk et al

406

Hypertension Research



dissection, a subcutaneous pocket was formed up toward the area between the

caudal edge of the ribcage and the most cranial extension of the knee’s range of

motion. The transmitter body was inserted into the pocket and secured with silk

sutures through the tissue surrounding the pocket entrance. Once the transmitter

housing was in place, the femoral artery was gently separated from the vein and

the catheter from the telemetry device was advanced through the femoral artery

into the abdominal aorta just below the left kidney (B5.5-cm). To keep the

catheter in proper orientation, the catheter stem was sutured to the surrounding

muscle tissue and looped subcutaneously to prevent kinking. The wound was

then closed with surgical staples. Animals were allowed to recover from the

implantation surgery for 14 days before initiating studies. Animals were lightly

anesthetized with isoflurane and dosed intravenously via tail vein injections with

a single 3mgkg�1 dose of LNP-encapsulated siRNA. Systolic, diastolic and pulse

pressures as well as heart rate were monitored continuously from conscious,

freely moving animals and recorded using Dataquest A.R.T software (version 4.1)

(Data Sciences International).

Measurement of circulating AGT
Conscious animals were restrained and whole blood was collected via tail vein

into EDTA coated BD Microtainer tubes (BD Biosciences). The plasma was

separated from whole blood by centrifugation (10min, 4 1C, 2000� g). The

plasma was aliquoted and stored at �80 1C until assayed. Quantitative

determination of rat plasma AGT was performed using solid-phase sandwich

enzyme-linked immunosorbent assay (Immuno-Biological Laboratories Co.

Ltd., Minneapolis, MN, USA) according to the manufacturer’s instructions.

RESULTS

Identification of Agt siRNA leads
A total of 42 siRNAs were designed to target rat Agt mRNA. Primary
in vitro screening was performed in rat hepatocyte cells at 10nM for
each siRNA. Twelve siRNAs (29%) showed over 80% target

knockdown (KD) at 24 h post transfection (Figure 2a). Top four
siRNAs (Seq 1–4) were then titrated in the same assay to confirm
in vitro KD efficacy and to generate dose-response curve. All four
siRNAs led to near complete KD at higher concentrations and
calculated IC50 values were all in the sub-nanomolar range
(Figure 2b).
These four siRNAs were then tested in spontaneous hypertensive

rat (SHR) rats for in vivo KD efficacy. siRNAs were formulated into
lipid nanoparticle 201 (LNP201). This LNP was shown previously
to successfully deliver siRNAs to the liver and result in hepatic
mRNA silencing.26–28 LNP201-siRNAs were injected intravenously
into SHR rats at a single 3mg kg�1 dose and hepatic mRNA
expression levels examined on days 3, 7, 14 and 21 post dosing
(Figure 2c).
All four siRNAs led to significant reductions in liver Agt mRNA
levels with 490% max silencing on day 3. Agt mRNA levels
began to return to baseline on day 7 and approached pretreatment
levels by day 21. On the basis of in vitro and in vivo activity
and potency data, Seq 2 was selected as the lead siRNA for further
in vivo testing.

In vivo targeting of hepatic Agt mRNA results in significant
reduction of plasma AGT levels without affecting the liver function
Naive SHR animals were dosed with Agt Seq 2 LNP or non-targeting
(nt) control LNP (3mg kg�1, n¼ 5–7 per group) and the plasma and
liver were collected at 8 h, 24 h and 7 days post treatment to assess
how changes in the liver Agt mRNA expression translate to AGT
concentration in the plasma. Single intravenous injection of Agt LNP
led to immediate and significant decrease in hepatic Agt mRNA levels
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Figure 2 Selection of Agt siRNA. (a) Primary Agt siRNA screen in rat hepatocyte cells. Forty-two siRNAs designed against rat Agt were tested at 10nM for

Agt mRNA knockdown at 24 h post transfection. Average of two replicas±s.d. is shown. (b) Dose-response curves of top candidate siRNAs in rat hepatocyte
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found to be in sub-nanomolar range. Average of two replicas±s.d. is shown. (c) In vivo efficacy of Agt siRNAs at day 3, 7, 14 and 21 post dosing in SHR

rats. Rats were dosed intravenously (i.v.) with a single 3 mgkg�1 dose of Agt siRNA-LNPs, non-targeting control siRNA-LNP (nt control) or vehicle control.

N¼3 for each dose group at each time point. Group means±s.d. are shown.
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in SHR. Maximal reduction was achieved at 8 h post dose and was
sustained for at least 7 days (Figure 3a). Agt Seq 2 group showed
B95% target silencing for the first 24 h with 90% silencing remaining
at day 7 post injection. No significant changes in hepatic Agt mRNA
levels were observed in animals injected with nt control siRNA or
vehicle (Figure 3a). Concentrations of circulating AGT were also
significantly reduced by Agt siRNA injection. The level was 55, 17 and
18% of pretreatment level at 8 h, 24 h and 7 days post injection
(Figure 3a). Compared with the kinetics of hepatic Agt mRNA
silencing, the peak reduction of the plasma AGT levels occurred later
at 24 h post dose, likely owing to time required for translation and
secretion. Agt siRNA dosing resulted in similar reductions in the
plasma AGT levels in SD rats 7 days after injection (Figure 3b)
indicating that observed effects of hepatic Agt silencing are strain-
independent. In addition, the plasma levels of alanine transaminase,
aspartate transaminase and blood urea nitrogen were not significantly
different between treatment groups in SHR and SD rats 7 days post
treatment, suggesting that liver and renal functions were not altered
with Agt siRNA treatment in both strains of rats (Figure 3c). Agt
mRNA levels were not significantly altered in the adrenal gland, aorta,
kidney cortex, kidney medulla, heart or fat with Agt LNP treatment
(Supplementary Figure 1), which agrees with previous finding for
LNP biodistribution showing liver and spleen as the main target
organs.29

In vivo targeting for hepatic Agt mRNA results in significant
reduction of BP in hypertensive and normotensive rats
Treatment of SHR rats with Agt Seq 2 LNP (3mg kg�1, n¼ 5)
significantly decreased systolic BP compared with control group
(Figure 4a). The systolic BP reached nadir 4 days after treatment
when compared with control-treated animals (154±5mmHg vs.

188±1mmHg) and the decrease was sustained through day 7 after
injection (152±4mmHg vs. 188±2mmHg). Similar decreases were
observed in mean and diastolic pressures (Figures 4b and c). Three
days after injection, there was a 10% increase in heart rate compared
with control group (341±7 b.p.m. vs. 308±8 b.p.m.) that accompa-
nied the decrease in BP and returned to pretreatment values by day 5
(Figure 4d).
To investigate whether the decrease in BP was unique to the SHR

hypertensive model, BP was measured by telemetry in normotensive
SD rats administered with Agt siRNA or nt control siRNA
(3mgkg�1, n¼ 7). Similar to observations for changes in the plasma
AGT levels in SHR and SD rats, Agt LNP treatment decreased systolic
BP when compared with control animals (Figure 4e). Maximum
systolic BP lowering was observed 4 days after treatment when
compared with control group (113±3mmHg vs. 125±4mmHg)
and was sustained for 7 days after treatment (112±2mmHg vs.
126±3mmHg). Similar decreases were observed in mean and
diastolic pressures (Figures 4f and g). Peak systolic BP lowering in
SD rats was slightly lower than in SHR (14mmHg vs. 36mmHg).
Changes in heart rate were not observed in Agt LNP-treated SD rats
(Figure 4h), which could be attributed to the smaller magnitude of
the BP decrease.

Reduction in BP following hepatic Agt targeting is sustained for
21 days and can be maintained by weekly repeat dosing
To understand the duration of BP lowering, a separate cohort of
telemeterized SHR rats were treated with Agt or control LNP
(3mgkg�1, n¼ 7) and BP monitored continuously. As in the
previous study, systolic BP reached a nadir 4 days after treatment
(158±2mmHg vs. 183±5mmHg) and was sustained through 7
days after injection (Figure 5a). Although systolic BP in the Agt LNP-
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treated rats showed gradual increase back to baseline levels after day 7,
it was still lower than in control-treated animals 21 days post injection
(188±3mmHg vs. 202±5mmHg). Similar changes were observed
in mean and diastolic BPs (data not shown). A 10% increase in heart
rate was also observed on day 3 (331±10b.p.m. vs. 302±6 b.p.m.)
that was consistent with the previous study and corresponded to the

rapid decrease in BP at the same time (Figure 5b). The increase in
heart rate returned to control values 5 days after treatment, also
consistent with previous finding.
We next assessed weather BP lowering effect can be restored and

maintained with repeat dose of Agt LNP. A second dose of Seq 2 or nt
control LNP was administered to all animals at day 21, and then a
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third dose of LNPs was administered to a subset of animals on day 28.
As observed with the initial dose, systolic BP reached a nadir again
4 days after the second dose and the third dose, to a comparable level
as the first nadir (Figure 5a). No increase in heart rate was observed
with the second and third doses, despite of significant BP lowering
(Figure 5b). In rats that received second but not the third dose of Agt
Seq 2 LNP, BP gradually increased over time, following similar
kinetics as after the first dose. Repeated injection of nt control LNP
had no significant effect on BP or heart rate.
To exclude the possibility that the observed pharmacological effects

were specific to Agt Seq 2 oligo, the BP study was repeated in a
separate cohort of telemetered SHR animals using a different LNP-
encapsulated Agt siRNA lead (Seq 1, 3mg kg�1 intravenous injec-
tion). As shown in Figure 5c, Agt Seq 1 LNP decreased systolic BP
similarly as was observed with Agt Seq 2 LNP. Systolic BP reduction
reached its maximum 4 days after treatment and after 7 days
gradually started coming back to pretreatment levels. Similar trends
were also observed in mean and diastolic pressure (data not shown).
These results confirmed that BP lowering observed with the lead Agt
siRNA was due to reduction in Agt mRNA levels and not an off-target
effect. Interestingly, changes in heart rate were not observed with Agt
Seq 1 LNP treatment when compared with control animals, despite
comparable BP decrease.

BP lowering by hepatic Agt targeting can be further improved by
candesartan
Given the significant BP lowering effect in SHR by Agt siRNA alone,
we set out to test whether this effect can be additive to that of
currently used standard of care RAAS agent, such as candesartan.30–33

In SHRs that received Agt Seq 2 or nt control LNP on day 1,
candesartan or placebo was administered orally at 3mg kg�1 once
daily from day 5 to 7. Consistent with previous result, Seq 2 LNP led
to about 50mmHg maximal reduction in systolic BP and modest
increase in heart rate. Addition of 3mg kg�1 candesartan resulted in
further BP lowering on top of Agt LNP, suggesting that the remaining
RAAS pathway activity can be further blocked by candesartan
(Figure 6a). Candesartan treatment also led to slight increase in heart
rate, which could be attributed to baroreflex owing to additional BP
lowering (Figure 6b).

DISCUSSION

Despite the fact that many antihypertensive therapeutic reagents are
available today the health problems associated with hypertension
continue to affect millions of people each year. Underlying causes for
this gap include incomplete detection, poor compliance and lack of
response to the current therapies. Thus, identification of new drugs
with improved duration of effect and tolerability that may improve
patient compliance is still of great interest. Recent development in
RNAi technology provides unique benefits for new target identifica-
tion and validation and the potential to use RNAi therapeutics for
treatment of hypertension, because it allows for the development of
highly selective reagents with potential of tissue-restricted targeting.34

Over the last decade, gene silencing methodologies have been used to
silence target genes in the renin–angiotensin pathway in rat hyperten-
sion preclinical models. Antisense oligo deoxynucleotides, targeting
AT1 receptors, AGT, angiotensin-converting enzyme and beta
1-adrenergic receptors were shown to effectively reduce BP in rat
hypertension models.15,35–40 Among these genes, AGTmay be the best
candidate for gene silencing approaches as the rest of these targets are
also suitable for small-molecule inhibition, whereas inhibition of AGT
via conventional approaches has proven unsuccessful thus far.

Here, we show for the first time that chemically modified LNP-
encapsulated siRNAs can be used to modulate AGTmRNA expression
and plasma protein levels. We demonstrate potent and specific
silencing of Agt mRNA in the liver with greater than 90% maximal
target knockdown. siRNA treatment was well tolerated and resulted in
480% lowering of plasma AGT levels without affecting the liver and
kidney functions. These effects were confirmed in both SHR and
normotensive SD rats indicating that observed effects are not strain-
dependent. Consistent with actions of other RAAS agents, effects on
BP were more robust in SHR than in SD rats. Compared with earlier
reports of Agt targeting in SHR rats using either LNP-antisense oligo
deoxynucleotides or AAV-shRNA (adeno-associated virus-short hair-
pin RNA), we demonstrate superior BP-lowering efficacy (B50mm
Hg vs. B40 and B30mmHg respectively) and duration of effect
following single dose (effects sustained for over 2 weeks vs. few
days).39,41,42

In order to confirm that the effects on BP and heart rate are Agt-
specific, we repeated experiments with a second independent Agt
siRNA (Seq 1). Both siRNAs showed very similar results with slight
difference in maximal BP lowering (B40mmHg for Seq 1 vs.
B50mmHg for Seq 2). BP effect of Seq 1 returned to baseline
sooner than Seq 2 (B15 days for Seq 1). These differences are likely
due to variations in the potency and silencing kinetics that are
inherent to each siRNA.
Interestingly, in SHR with Seq 2 siRNA treatment we observed

transient but significant HR increase that coincided with the initial BP
reduction and reached maximum just before reaching maximum BP
effect. This HR increase was not observed in SD rats treated with Seq
2 siRNA or SHR treated with Seq 1 siRNA, or reported in published
LNP-antisense oligo deoxynucleotides or AAV-shRNA experiments. It
was evident that in the SHR treated with Seq 2 siRNA the extent and
rate of BP lowering were greater than in other studies. It is possible
that the fast and significant BP lowering evoked compensatory
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mechanism through baroreflex and that the HR effect became notable
in the SHR study with Seq 2 siRNA due to its superior silencing
potency and consequently greater BP effects.
Similar to earlier reports, we were able to maintain effects on BP

with once weekly siRNA dosing. In our repeat dosing experiments,
there appeared to be no desensitization to siRNA treatment as we
were able to maintain BP lowering with multiple 1 per week dosing.
No HR increase was observed after second and third doses, possibly
due to lower predose BP and therefore small BP changes, or
alternatively, baroreflex resetting after the first dose. Interestingly,
maximal effect on BP lowering with multiple doses of siRNA was not
improved beyond the level achieved following the first dose suggesting
that maximal effect may have been achieved with this mechanism. In
support of this notion is the fact that similar, albeit slightly less
robust, maximal effect and duration of BP decrease were observed
with other gene silencing approaches for either Agt or other targets in
the RAAS pathway.37,43,44

In this report, we also compared the BP lowering efficacy of Agt
siRNA therapy with the existing RAAS agent. Both Agt siRNA and
3mg kg�1 of candesartan led to comparable max systolic BP lowering
of B50mmHg at day 7 (day 3 of candesartan dosing and day 6 post
siRNA injection) (Figure 6a). Adding candesartan on top of Agt
siRNA further lowered systolic BP. To look more closely at additivity
of the two agents in this animal model additional dose titration and
combination studies are required as the dose of candesartan used in
this experiment is ‘super-therapeutic’. In order to better understand
the utility of Agt siRNA as a potential therapy, further studies are
needed to determine the additivity of Agt siRNA on top of other
standard of care agents, such as diuretics and calcium channel
blockers. It will also be of value to monitor cardiac and renal
functions in future studies with Agt siRNA, as prolonged hyper-
tension are often associated with cardiac remodeling and renal
impairment.45,46

We attempted to measure RAAS pathway parameters in some of
the studies to further investigate the mechanism of action for Agt
siRNA therapy. We observed a trend of reduction in plasma
aldosterone levels 4 days after Agt siRNA-LNP injection
(Supplementary Figure 2). The data were noisy mainly because of
animal to animal variability and limitation of the enzyme imm-
unoassay method. The lack of significant reduction in the plasma
aldosterone level in spite of much lower angiotensinogen level could
also reflect a compensatory mechanism on aldosterone synthesis and
release, suggesting that concurrent therapy with mineralocorticoid
receptor antagonist,47,48 such as spironolactone, may have a
synergistic effect in BP lowering. We also attempted to measure
plasma renin activity (PRA) in these studies. Our current PRA assay
utilizes endogenous AGT, which is abundant under normal
conditions, as substrate to measure enzyme activity of circulating
active renin. However, when the plasma AGT levels are significantly
(490%) reduced by siRNA knockdown, as was the case in the study
samples, the assay could no longer accurately measure PRA likely due
to shift in reaction equilibrium. In studies where SHRs were treated
with ACEi (enalapril)49,50 and achieved comparable BP lowering
(40–50mmHg), B10-fold increase in PRA was observed (data not
shown). Similar increase in PRA would be expected in SHRs treated
with Agt siRNA-LNP.
Current siRNA delivery methodologies have been most successful

for the inhibition of liver targets.26,51 More recently some
advancement has been made in extrahepatic delivery as well.52 We
and others have recently showed that siRNA combinations are well
tolerated in vivo in rodent models.53–55 One could envision using

single-gene siRNA targeting and multiple-gene siRNA combinations
in the AGT–renin pathway for target validation and mechanism of
action studies both in the liver and extrahepatically. Such approaches
are likely to accelerate identification of new single and combination
drugs. In this report, we also show that siRNA administration can
provide long-lasting BP lowering with a single injection and the effect
can be sustained over extended period of time with repeated dosing.
Although clinical safety and translatability remain to be determined,
siRNA-LNP therapy would likely require much lower frequency of
administration as compared with traditional RAAS blockers and
therefore may increase patient compliance and improve BP control.
In summary, we show that targeting of Agt in the liver using LNP-

encapsulated chemically modified siRNAs can be used to achieve
significant and sustained reduction in BP that is well tolerated,
specific and reversible. Our findings highlight the potential for
development of RNAi-based therapeutics for the treatment of
hypertension as well as provide proof of concept for the use of
siRNA technology for identification and validation of new hepatic
hypertension targets.
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