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Conventional Vasopressor and
Vasopressor-Sparing Strategies to
Counteract the Blood Pressure—Lowering
Effect of Small Interfering RNA Targeting
Angiotensinogen
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BACKGROUND: A single dose of small interfering RNA (siRNA) targeting liver angiotensinogen eliminates hepatic angiotensino-
gen and lowers blood pressure. Angiotensinogen elimination raises concerns for clinical application because an angiotensin
rise is needed to maintain perfusion pressure during hypovolemia. Here, we investigated whether conventional vasopressors
can raise arterial pressure after angiotensinogen depletion.

METHODS AND RESULTS: Spontaneously hypertensive rats on a low-salt diet were treated with siRNA (10mg/kg fortnightly) for
4weeks, supplemented during the final 2weeks with fludrocortisone (6 mg/kg per day), the a-adrenergic agonist midodrine
(4 mg/kg per day), or a high-salt diet (all groups n=6-7). Pressor responsiveness to angiotensin Il and norepinephrine was
assessed before and after siRNA administration. Blood pressure was measured via radiotelemetry. Depletion of liver angio-
tensinogen by siRNA lowered plasma angiotensinogen concentrations by 99.2+0.1% and mean arterial pressure by 19mmHg.
siRNA-mediated blood pressure lowering was rapidly reversed by intravenous angiotensin Il or norepinephrine, or gradually re-
versed by fludrocortisone or high salt intake. Midodrine had no effect. Unexpectedly, fludrocortisone partially restored plasma
angiotensinogen concentrations in siRNA-treated rats, and nearly abolished plasma renin concentrations. To investigate
whether this angiotensinogen originated from nonhepatic sources, fludrocortisone was administered to mice lacking hepatic
angiotensinogen. Fludrocortisone did not increase angiotensinogen in these mice, implying that the rise in angiotensinogen in
the siRNA-treated rats must have depended on the liver, most likely reflecting diminished cleavage by renin.

CONCLUSIONS: Intact pressor responsiveness to conventional vasopressors provides pharmacological means to regulate the
blood pressure—lowering effect of angiotensinogen siRNA and may support future therapeutic implementation of siRNA.
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death and disability but remains challenging in preclinical, proof-of-principle study, the antihyperten-
many patients."? Blood pressure control may be sive effect of angiotensinogen siRNA was similar to
improved by treating patients with small interfering that of conventional angiotensin-converting enzyme

Treatment of hypertension effectively prevents RNA (siRNA) targeted to liver angiotensinogen. In a
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CLINICAL PERSPECTIVE
What Is New?

e Intravenous angiotensin Il or norepinephrine
can acutely reverse low blood pressure in spon-
taneously hypertensive rats treated with small
interfering RNA (siRNA) targeting liver angio-
tensinogen, whereas fludrocortisone treatment
or high salt intake gradually increased blood
pressure.

e Although fludrocortisone partially restored the
suppressed angiotensinogen concentrations
in siRNA-treated rats, this was not attributable
to diminished effectivity of the siRNA or angio-
tensinogen release from extrahepatic sites, but
rather the consequence of the fact that fludro-
cortisone abolished renin.

What Are the Clinical Implications?

* |Intact pressor responsiveness to conventional
vasopressors may support therapeutic imple-
mentation of sSiRNA by providing pharmacological
means to regulate the blood pressure—-lowering
effect of angiotensinogen siRNA.

Nonstandard Abbreviations and Acronyms

eWAT epididymal white adipose tissue
RAS renin-angiotensin system
SHR spontaneously hypertensive rat

inhibitors and angiotensin receptor blockers.® Potential
benefits of siRNA over currently available antihyper-
tensive drugs include better treatment adherence be-
cause of the low frequency at which siRNA needs to
be dosed, and because storage of siRNA in hepatic
endosomes ensures prolonged target depletion that
lasts for weeks to months after a single subcutane-
ous injection.* Resistance to renin-angiotensin system
(RAS)-escape phenomena may represent an addi-
tional benefit; reconstitution of angiotensin Il appears
finite during siRNA treatment, because siRNA leaves
little angiotensinogen, and the remainder is depleted
because of accelerated consumption by the compen-
satory rise in renin that inevitably follows blood pres-
sure lowering.® However, angiotensinogen depletion
may also hinder broad therapeutic implementation of
angiotensinogen siRNA, because acute RAS activation
may be needed to maintain adequate arterial pressure
and tissue perfusion during shock and other condi-
tions that cause hypotension.® Therefore, we investi-
gated whether conventional vasopressors can reverse
siRNA-mediated blood pressure lowering and raise
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arterial pressure when angiotensinogen is depleted.
The blood pressure-lowering effect of angiotensino-
gen siRNA was maximized in spontaneously hyper-
tensive rats by limiting dietary sodium intake, an effect
observed previously for other RAS blockers.® Full re-
versal of siRNA-mediated blood pressure lowering was
rapidly achieved with intravenous norepinephrine or
angiotensin I, or gradually achieved by increasing di-
etary sodium intake or fludrocortisone. These findings
may support therapeutic implementation of siRNA by
providing pharmacological means to control the anti-
hypertensive effect of angiotensinogen siRNA. Finally,
because fludrocortisone upregulated angiotensino-
gen, we additionally investigated the origin of this angi-
otensinogen, making use of mice with genetic ablation
of hepatic angiotensinogen.

METHODS

The authors declare that all supporting data are avail-
able within the article and its supplemental files.

Rat Studies

Male, 11-week-old, spontaneously hypertensive rats
(SHRs; Janvier Labs, Le Genest-Saint-Isle, France)
were studied at the Erasmus MC (Rotterdam, the
Netherlands) under the regulation of the Animal Care
Committee (protocol 16-511-02). Rats were housed in-
dividually and maintained on a 12-hour light-dark cycle
with access to standard rat laboratory diet and tap water
ad libitum. Radiotelemetry transmitters (HD-S10; Data
Sciences International, St. Paul, MN) were implanted
to continuously measure blood pressure, heart rate,
and activity.” Buprenorphine (0.5 mg/kg SC) was given
1 hour before and 6hours after surgery for periopera-
tive analgesia, followed by twice-daily doses up until
2days after surgery. After a 2-week recovery period
and 3 subsequent days of baseline telemetry record-
ings (at 10-minute intervals), we replaced standard rat
laboratory diet (0.4% NaCl) by a low-salt diet (<0.03%
NaCl; Ssniff, Soest, Germany). Dietary sodium intake
was restricted to potentiate the antihypertensive effect
of angiotensinogen siRNA. Angiotensinogen siRNA
(10mg/kg SC injection; Alnylam Pharmaceuticals,
Cambridge, MA) was given on day 7 and 21. From day
21 onward, rats were randomized for the final 2 weeks
to fludrocortisone (n=7; 6mg/kg per day; Sigma-
Aldrich, Zwijndrecht, the Netherlands)® or midodrine
(n=6; 4 mg/kg per day; Cayman Chemicals, Ann Arbor,
MI)%10 treatment, or the low-salt diet was replaced by a
high-salt diet (n=6; 4% NaCl; Ssniff, Soest, Germany).
Fludrocortisone and midodrine were dissolved in a
mixture of polyethylene glycol 400 (85%) and dimethyl
sulfoxide (15%; both from Sigma-Aldrich) and adminis-
tered subcutaneously via an osmotic minipump (2ML2;
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Alzet, Cupertino, CA). To exclude the possibility that
the effect of midodrine was impaired by subcutaneous
delivery, the administration interval of these rats was
extended by 4 days in which rats received 8 mg/kg per
day dissolved in the drinking water.

Just before both doses of siRNA (day 7 and 21), we
measured the vasoconstrictive response (radioteleme-
try at 10-second intervals) to intravenous bolus injec-
tions of ascending doses of angiotensin Il (h=11; 0.05,
0.5, and 5 ug/kg; Sigma-Aldrich) and norepinephrine
(n=8; 0.1, 1.0, and 10 pg/kg; Sigma-Aldrich) given at
10-minute intervals in rats anesthetized by inhalation of
isoflurane. Baseline arterial pressure was established
30seconds before each bolus.

During the study, blood samples were collected
from the lateral tail vein (on day 5 and 19) and from the
portal vein at termination. Blood was supplemented
with EDTA (final concentration 1.8 mg/mL) and centri-
fuged at 30009 to obtain plasma. At termination, the
livers, kidneys, and adipose tissue (epididymal, ingui-
nal, and brown) were excised and snap-frozen in lig-
uid nitrogen for gene expression and protein analysis.
Livers and kidneys from male, 16-week-old SHRs (n=3,
Janvier Labs; protocol number 16-511-01) were used
for comparison.® Adipose tissues from only 2 out of 6
midodrine-treated rats were available for downstream
experiments because of a technical failure.

Oligonucleotide Synthesis

The angiotensinogen siRNA consisted of a chemi-
cally modified antisense strand with sequence
UUGAUUUUUGCCCAGGAUAGCUC, hybridized with
a chemically modified sense strand of sequence
GCUAUCCUGGGCAAAAAUCAA.  Oligonucleotides
were synthesized as described previously.® To ensure
selective and efficient delivery to hepatocytes, a trian-
tennary N-acetylgalactosamine, a high-affinity ligand
for the hepatocyte-specific asialoglycoprotein recep-
tor, was attached to the 3’ end of the sense strand."

Mouse Studies

Male, 7- to 10-week-old angiotensinogen floxed
(termed Agt f/f)xalbumin-Cre~~ (hepAGT+/+) and Agt
f/fxalbumin-Cre*~ (hepAGT—/-) mice developed in
an low-density lipoprotein receptor —/— background'?
(weight 18-259) were studied at the University of
Kentucky under the regulation of the Institutional Animal
Care and Use Committee (protocol number 2018-
2968). Genotypes were determined before weaning
by Cre polymerase chain reaction and validated after
termination by genetic services of Transnetyx blindly.
Mice were group-housed and maintained on a 14:10-
hour light-dark cycle with access to standard labora-
tory diet and drinking water from a reverse osmosis
system (pH 6.0-6.2) ad libitum. Mice were treated for
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4weeks with fludrocortisone (12mg/kg per day, dis-
solved in a mixture of polyethylene glycol-400 (85%)
and DMSO (15%), all from MilliporeSigma) or vehicle
(solvent only) administered subcutaneously via an
osmotic minipump (Mmodel 2004; Durect). Minipumps
were implanted on the right flank of each mouse, inci-
sions were closed with surgical staples, and a topi-
cal anesthetic cream (LMX4; Ferndale Laboratories,
Ferndale, MI) was applied immediately after surgery
and 3 to 4hours later to relieve pain. Systolic blood
pressure was measured in conscious mice using a
noninvasive tail-cuff system (BP-2000 blood pressure
analysis system; Visitech Systems, Apex, NC) following
our standard protocol.!® After acclimatization on day 7,
9, and 11 after pump implantation, blood pressure was
measured for 5 consecutive days (days 11-15 and days
20-24). The mean from the final 3days of measure-
ments was used for statistical analysis. Before termina-
tion, mice were kept in metabolic cages (Techniplast,
West Chester, PA) from 6 pv until 8 am (14hours) to
collect urine. Blood samples were collected at termi-
nation from the right cardiac ventricle, supplemented
with EDTA, and centrifuged at 3000g to obtain plasma.
Because fludrocortisone in rats induces the biggest
rise in angiotensinogen in epididymal adipose tis-
sue, we limited our tissue analysis in mice to liver and
epididymal adipose tissue, which were excised and
snap-frozen in liquid nitrogen for gene expression and
protein analysis.

Biochemical Measurements

In both rat and mouse plasma, intact angiotensino-
gen concentrations were measured by enzyme-kinetic
assay as the maximum quantity of angiotensin | gener-
ated during incubation, at pH 7.4 and 37 °C, with rat
kidney reninin the presence of a mixture of angiotensin-
converting enzyme, angiotensinase, and serine pro-
tease inhibitors.'*'> The lower limit of detection of this
assay was 0.2 nmol/L. Active plasma renin concentra-
tions in rat plasma were measured by enzyme-kinetic
assay, by quantifying angiotensin | generation in the
presence of excess sheep angiotensinogen (lower limit
of detection 0.17 ng angiotensin I/mL per hour).'* In the
cases that measurements were at or below the lower
limit of detection, this limit was applied to allow for sta-
tistical analysis.

Quantitative Polymerase Chain Reaction

Total RNA was isolated from snap-frozen livers, kid-
neys, epididymal adipose tissue, inguinal adipose
tissue, and brown adipose tissue from rats, and liver
and epididymal adipose tissue from mice using TRI
Reagent (Sigma-Aldrich) and reverse transcribed into
cDNA using the QuantiTect Reverse Transcription
Kit (Qiagen, Venlo, the Netherlands). cDNA was
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amplified in triplicate in 40 cycles (denaturation at 95
°C for 3minutes, thermal cycling at 95 °C for 3sec-
onds, annealing/extension at 60 °C for 20seconds)
followed by a melt curve with a CFX384 (Bio-Rad,
Veenendaal, the Netherlands) using Kapa SYBR Fast
(Kapa Biosystems). The AACt method was used for
relative quantification of Agt mMRNA expression lev-
els, using the geometric mean of f,-microglobulin
(B2M) and B-actin (ActB) for normalization. The intron-
spanning oligonucleotide primers were designed
with National Center for Biotechnology Information
Primer-Basic Local Alignment Search Tool. Primer
sequences: Agt, CCAGCACGACTTCCTGACTT (for-
ward), GCAGGTTGTAGGATCCCCGA (reverse); B2M,
ATGGCTCGCTCGGTGACCG  (forward), TGGGGA
GTTTTCTGAATGGCAAGCA (reverse); Actb, GGGA
AATCGTGCGTGACATT (forward), GCGGCAGTGGCC
ATCTC (reverse).

Western Blotting

The specificity of an angiotensinogen antibody
(Immuno-Biological Laboratories, Fujioka, Japan) has
been validated previously, by demonstrating a band
at =b3kDa in tissues obtained from wild-type but not
in tissues from hepAGT-/— mice.'® Snap-frozen livers,
kidneys, epididymal adipose tissue, inguinal adipose
tissue, and brown adipose tissue of rats as well as
livers and epididymal adipose tissue from mice were
homogenized on ice in a buffer containing 0.3mol/L
sucrose, 50mmol/L Tris—HCI pH 7.5, 1 mmol/L EDTA,
1 mmol/L EGTA, 50mmol/L sodium fluoride, 1 mmol/L
DTT, and 1 mmol/L PMSF supplemented with protease
inhibitors. Subsequently, 20 to 50 ug of protein (DC pro-
tein assay kit; Bio-Rad) was separated by electropho-
resis on a Criterion TGX precast protein gel (Bio-Rad)
and transferred to a membrane using the Trans-
Blot Turbo Transfer System (Bio-Rad). Membranes
were blocked with 5% bovine serum albumin in Tris-
buffered saline containing 0.1% Tween-20, followed by
incubation overnight at 4 °C with a primary antibody
directed against angiotensinogen (1:100; Immuno-
Biological Laboratories). After washing, blots were
incubated with an anti-rabbit horseradish peroxidase-
conjugated secondary antibody (1:3000; Bio-Rad).
Signals were detected by chemiluminescence (Clarity
Western ECL substrate; Bio-Rad) and quantified using
ImageQuant LAS 4000 (GE Healthcare, Diegem,
Belgium). Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; 1:5000; GeneTex, Irvine, CA) was used
for normalization of protein levels.

Statistical Analysis

Data are represented as mean+SEM. All analyses
were performed using Prism version 8.0 (GraphPad
Software, La Jolla, CA). Data obtained at a single point
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in time were analyzed with a 1-way ANOVA, after log-
transformation for plasma angiotensinogen and active
plasma renin concentration to obtain equal variances.
A repeated-measures ANOVA was used for data ob-
tained at multiple points in time. Post hoc correction
according to Dunnett or Bonferroni was performed in
case of multiple comparisons. Univariate linear asso-
ciations were assessed by calculation of Pearson coef-
ficient of correlation. Area under the curve was defined
as positive deviation from baseline arterial pressure es-
tablished before each intravenous vasopressor dose
and analyzed by a paired t test. Two-tailed P<0.05 was
considered statistically significant.

RESULTS

Angiotensinogen siRNA-Mediated

Blood Pressure Lowering Was Rapidly
Reversed by Intravenous Angiotensin Il or
Norepinephrine, and Gradually Restored
by Fludrocortisone or High Dietary
Sodium Intake

Baseline mean arterial pressure (MAP; 1363 mmHg)
was lowered to 130£x2mmHg by reducing dietary
sodium intake (P<0.0001 versus baselineg), and to
117+2mmHg by addition of angiotensinogen siRNA
(P<0.0001 versus low salt; Figure 1A; systolic and
diastolic blood pressures are provided in Figure S1A
and S1B). Blood pressure lowering was accompanied
by a compensatory increase in heart rate (Figure 1B).
siRNA-mediated blood pressure lowering could be re-
versed rapidly using intravenous vasopressors or grad-
ually using subcutaneous or oral vasopressor-sparing
strategies. In response to intravenous bolus injections
of ascending doses of angiotensin Il, MAP increased
by, respectively, 11+3, 44+5, and 73+4 mmHg before
siRNA (Figure 1C). During siRNA treatment, responses
were increased to 25+4 (P<0.05), 52+6 (not signifi-
cant), and 85+5 (P<0.05) mmHg. The a-adrenergic
agonist norepinephrine caused a vasoconstrictive
response that was similar before and during siRNA
administration, although during siRNA, MAP did not
fully return to baseline after the highest dose of norepi-
nephrine (P<0.05; Figure 1D). Both angiotensin Il and
norepinephrine caused transient increases in heart
rate, and these responses were not altered by siRNA
(Figure S2). Increasing dietary sodium intake increased
MAP by 8+0.4mmHg on the first day of administra-
tion (P<0.0001) and fully restored MAP on the fourth
day (Figure 1A). In contrast, the rise in MAP induced
by subcutaneous administration of the corticosteroid
fludrocortisone became significant only on the fifth day
of treatment (P<0.05), and MAP was fully restored on
the seventh day (Figure 1A). Restoration of MAP by
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Figure 1. Pressor responsiveness of small interfering RNA (siRNA)-administered rats.

Change from baseline (A) mean arterial pressure (A MAP) and (B) heart rate (A HR) in spontaneously
hypertensive rats on a low-salt diet, treated with siRNA on day 7 and 21. From day 21, siRNA was
supplemented with fludrocortisone or midodrine, or the low-salt diet was replaced with a high-salt diet
(n=6-7 per group). Midodrine administration was extended by 4days, in which a double oral dose was
given. Data (mean+SEM) were analyzed using a 2-way ANOVA and post hoc Dunnet (*P<0.0001 vs baseline
(days -2 to 0); “P<0.05, **P<0.01, ***P<0.001 vs siRNA (days 18-20) or otherwise indicated in the graph. C
and D, Pressor responses to IV bolus injections of angiotensin (Ang) Il (h=11) or norepinephrine (NE; n=8)
before siRNA (day 7) or after siRNA (day 21). Data are represented as mean+SEM. Area under the curve
(defined as positive deviation from baseline arterial pressure established before each vasopressor dose)
was analyzed using a paired Student t test (*P<0.05 vs before siRNA). BPM indicates beats per minute.

fludrocortisone or by increasing dietary sodium intake
decreased heart rate during the final 3days of meas-
urements to an average of 36+8 and 28+7 bpm below
baseline level (both P<0.05; Figure 1B). Surprisingly,
the a-adrenergic agonist midodrine could neither in-
crease blood pressure when administered subcutane-
ously nor when a double dose was administered orally
(Figure 1A). None of the treatments affected locomo-
tor activity (Figure S1). Only fludrocortisone impaired
food consumption and physiological weight gain;
rats administered fludrocortisone lost 26+5% of their
body weight over a 2-week treatment period (Table).
Throughout the study period, there were no indications

of renal failure, because plasma creatinine and urea
levels remained low (Table).

Fludrocortisone Partially Restored

the Concentrations of Plasma
Angiotensinogen

Angiotensinogen siRNA decreased the plasma an-
giotensinogen concentrations by 99.2+0.1%, to
5+1 nmol/L (Figure 2A). Angiotensinogen remained low
during midodrine administration (8+1 nmol/L) and high
dietary sodium intake (14+3nmol/L), but increased dur-
ing fludrocortisone administration to 122+26 nmol/L

J Am Heart Assoc. 2022;11:e026426. DOI: 10.1161/JAHA.122.026426 5
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Table. Development of Body Weight and Renal Function Parameters

Reversal of siRNA-Mediated Blood Pressure Lowering

Swk
owk 1wk 3wk Fludrocortisone High-salt diet Midodrine
N 19 19 19 7 6 6
Body weight, g 325+13 347+22* 368+20" 269+441 413154 379121
A Treatment, g -26+12% +7+3% +6+1%
Creatinine, mg/dL 0.22+0.03 0.29+0.07 0.20+0.11 0.31+0.05 0.36+0.04
Urea, mg/dL 42+7 46+5 53+10 38+4 52+5

Spontaneously hypertensive rats on a low-salt diet were dosed with small interfering RNA after 1week and again after 3weeks. From week 3 onward,
treatment was supplemented with fludrocortisone or midodrine, or the low-salt diet was replaced with a high-salt diet (n=6-7 per group). Data represented as
mean+SD were analyzed using a repeated measures ANOVA and post hoc Bonferroni.

*P<0.0001 vs Oweeks.
P<0.01.
#P<0.001 vs 3weeks.

(ie, 20+5% of pre-siRNA levels; P<0.0001 versus
siRNA alone). Active plasma renin concentration in-
creased 5-fold in response to siRNA-mediated blood
pressure lowering (P<0.0001), and kept on rising dur-
ing midodrine administration (P<0.01 versus siRNA
alone; Figure 2B). Active plasma renin concentration
decreased when blood pressure was restored by
fludrocortisone (P<0.01) or by increasing dietary so-
dium intake (P<0.05).

Fludrocortisone Increased
Angiotensinogen in Adipose Tissue

The rise in plasma angiotensinogen concentrations
induced by fludrocortisone during liver-targeted an-
giotensinogen siRNA treatment raised the possibility
that it originated from nonhepatic sources. If drugs

150

B
5
o
=
_ g
=) 2
3 [

E ] 100
5 *kkk )

2 T o0 & 50
o
c

e B, . £

& (CO)
. -
low-salt diet < low-salt diet

B fludrocortisone [l high-salt diet midodrine

Figure 2. Plasma AGT (angiotensinogen) and renin
concentrations.

Plasma levels of AGT (A) and active plasma renin concentrations
(APRC) (B) of spontaneously hypertensive rats on a low-salt diet
(open bars), treated with small interfering RNA (siRNA) (black
bars), supplemented with fludrocortisone (red bars) or midodrine
(yellow bars), or the low-salt diet was replaced with a high-
salt diet (blue bars; n=6-7 per group) during the final 2weeks.
Data, represented as mean+SEM, were analyzed after log
transformation using repeated measures ANOVA and post hoc
Bonferroni (*P<0.05, **P<0.01, ****P<0.0001).
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can stimulate release of angiotensinogen from non-
hepatic sources, this might interfere with the antihy-
pertensive efficacy of liver-targeted siRNA. To this
end, we quantified angiotensinogen in liver and tis-
sues in which Agt is additionally transcribed (ie, the
kidney and adipose tissue).!”'® In SHRs treated with
siRNA plus high salt or midodrine, liver Agt mRNA
abundance was 0.6+0.2% and 0.7+0.1% of the abun-
dance of control SHRs (Figure 3A). After fludrocorti-
sone, this percentage doubled to 1.5+0.2% (P<0.05
versus both). Hepatic angiotensinogen protein con-
centrations displayed a similar trend, although the rise
after fludrocortisone was not significant (Figure 3B).
We have reported previously that renal Agt mRNA
abundance in SHRs is ~1 to 2 orders of magnitude
lower than hepatic Agt mRNA abundance, and is not
affected by liver-targeted angiotensinogen siRNA.®
Here, renal Agt mRNA abundance in all 3 groups
was again >10-fold below that in the liver of control
SHRs (with no difference between any of the groups),
whereas renal angiotensinogen protein was virtually
undetectable in all groups. Remarkably, fludrocorti-
sone increased Agt mRNA abundance in epididymal
white adipose tissue (EWAT), inguinal white adi-
pose tissue, and brown adipose tissue (P<0.05 ver-
sus high salt or midodrine). As a consequence, Agt
mRNA abundance in these tissues resembled that in
the liver of control SHRs (Figure 3A). Likewise, an-
giotensinogen protein abundance in eWAT, inguinal
white adipose tissue, and brown adipose tissue was
higher in fludrocortisone-treated rats than in high
salt- or midodrine-administered rats (P<0.05 for all;
Figure 3C). Only angiotensinogen in inguinal white
adipose tissue correlated with plasma angiotensino-
gen (r=0.87; P=0.01; data not shown). In summary,
fludrocortisone upregulated angiotensinogen in 3 dif-
ferent types of adipose tissue, raising the possibility
that the rise in plasma angiotensinogen concentra-
tions in fludrocortisone-administered rats originated
from these sites.
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Figure 3. AGT (angiotensinogen) mRNA and protein abundance.

A, Agt (angiotensinogen)mRNA abundance (mean+SEM) in selected tissues from spontaneously hypertensive rats (SHRs) administered
with fludrocortisone (n=7), high-salt diet (n=6), or midodrine (n=2) are all represented relative to Agt mRNA abundance in livers of
untreated SHRs (control, n=3). B, AGT (angiotensinogen) protein abundance (mean+SEM) in the livers and kidneys are represented
relative to AGT abundance in the livers or kidneys of untreated SHRs. To also compare AGT protein abundance in adipose tissues we
show in (C) the ratio of AGT protein to GAPDH protein. D, Immunoblots. Data were analyzed using a Student t test (*P<0.0001 vs SHR
liver) or using a 1-way ANOVA and post hoc Dunnett (*P<0.05, ****P<0.0001). BAT indicates brown adipose tissue; eWAT, epididymal
white adipose tissue; iWAT, inguinal white adipose tissue; and ND, not determined.

Fludrocortisone Did Not Increase Plasma through 4C). Fludrocortisone increased blood pres-
Angiotensinogen Concentrations in Mice sure similarly in mice deficient for liver angiotensino-

With Hepatocyte-Specific Deficiency of gen and their controls (P<0.01 for both; Figure 4D).
Angiotensinogen However, both plasma and hepatic angiotensinogen

decreased during fludrocortisone administration in
To further investigate whether fludrocortisone induced controls, whereas no change occurred in hepatocyte
angiotensinogen release from nonhepatic sources, angiotensinogen-deficient mice (Figure 4A and 4B).
we evaluated its effect in mice deficient for hepato- Fludrocortisone increased eWAT Agt mRNA abun-
cyte angiotensinogen and their floxed littermate con- dance in control mice by 4-fold (P=0.07) and in mice
trols that did not express Cre (n=7-14 per group). with hepatocyte angiotensinogen deficiency by 3-fold
Genetic ablation of hepatocyte angiotensinogen de- (P<0.05; Figure S3), and this resulted in parallel rises in
pleted angiotensinogen protein concomitantly from the eWAT angiotensinogen protein (by 2-fold, P=0.12 and
liver, plasma, and eWAT (P<0.0001 for all; Figure 4A  6-fold, P<0.01; Figure 4C). Angiotensinogen protein in
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Figure 4. Effect of fludrocortisone in mice deficient for hepatic AGT (angiotensinogen).

A, AGT protein abundance in the liver, (B) plasma AGT concentrations, (C) AGT protein abundance in epididymal white adipose tissue
(eWAT), (D) systolic blood pressure (SBP), and (E) representative immunoblots of mice deficient for liver angiotensinogen (hepAGT)
and floxed mice not expressing Cre (hepAGT**) that were administered with either vehicle or fludrocortisone as indicated. Data
(mean+SEM of 7-14 per group) were analyzed using a 1-way ANOVA and post hoc Bonferroni (**P<0.01, ***P<0.001, ****P<0.0001). NS

indicates not significant.

eWAT did not correlate with plasma angiotensinogen
concentrations (data not shown). As in rats, fludrocor-
tisone impaired physiological weight gain; body weight
in control mice and hepatocyte angiotensinogen-
deficient mice increased during the 4-week study
period by 16+3% and 12+1%, respectively (P<0.01),
whereas in the fludrocortisone-administered mice,
body weight remained unaltered (changes of 1+3% and
1+£2%, respectively, P=not significant). Fludrocortisone
similarly increased urine production (from 0.9+0.1 and
1.8+0.4mL per 14hours in control mice and hepato-
cyte angiotensinogen deficient mice to 3.5+0.9 and
3.5+0.7 mL per 14 hours, respectively; P<0.01 for both)
and drinking behavior (data not shown) in both groups.

DISCUSSION

This study revealed that the angiotensinogen siRNA-
mediated drop in blood pressure can be counteracted
acutely by infusing the vasopressors norepinephrine or
angiotensin Il, and chronically by vasopressor-sparing
strategies such as high salt and fludrocortisone, but
not midodrine. This is important information, because
angiotensinogen depletion may not only improve blood
pressure control by preventing RAS reactivation, but
it may also prevent the rapid rise in RAS activity that
is required to maintain perfusion pressure during

J Am Heart Assoc. 2022;11:e026426. DOI: 10.1161/JAHA.122.026426

hypovolemia. Thus, knowledge should be available
on what to do in case of severe blood pressure low-
ering under conditions of angiotensinogen depletion.
Although norepinephrine currently is the first-line va-
sopressor for the treatment of shock,'® recent studies
also support a role for angiotensin I1.2° Whereas it was
expected that the pressor responses to norepineph-
rine were not affected by siRNA, the increased reactiv-
ity of siRNA-treated rats to angiotensin Il observed in
this study is not surprising, given that a reduction in an-
giotensin Il is likely to increase the sensitivity of angio-
tensin Il type 1 receptors to angiotensin Il. Surprisingly,
high doses of subcutaneous or oral midodrine did not
increase blood pressure. We have no explanation as
to why midodrine administration failed; lower doses
than those applied here have been shown to massively
increase blood pressure in rats of the same genetic
background,® and norepinephrine, which also raises
blood pressure by stimulating a-adrenoceptors, did
increase blood pressure. Rats treated with fludrocor-
tisone lost a significant amount of weight, consistent
with previous studies showing that higher doses of fl-
udrocortisone induce anorexia in rats,?"??> a phenom-
enon that does not occur in humans.?®

Consistent with observations in hepatocyte-specific
Agt knockout mice,'"?* hepatocyte-specific deficiency
of Agt gene expression by siRNA almost eliminated
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plasma angiotensinogen concentrations. Because
of its liver specificity, the angiotensinogen siRNA did
not affect Agt gene expression at extrahepatic sites,
including the kidney, inguinal white adipose tissue,
eWAT, brown adipose tissue, and the brain.'® However,
at all of these sites, despite local mMRNA abundance,
angiotensinogen protein turned out to be largely, if
not completely, liver derived, and thus local angioten-
sin generation disappeared after siRNA administra-
tion.'® The current study confirmed this view, at least
when siRNA administration was combined with either
high salt intake or midodrine. However, unexpectedly,
plasma angiotensinogen concentrations were partially
restored when siRNA-treated rats were administered
fludrocortisone. It is unlikely that this rise was caused
by a decline in the efficacy of siRNA over time, be-
cause angiotensinogen concentrations remained low
during midodrine administration and high sodium
intake. Remarkably, fludrocortisone increased Agt
mRNA abundance in all tissue except the kidney, and
the highest rise was observed in e WAT. These mRNA
increases were accompanied by parallel rises in an-
giotensinogen protein in these tissues. These findings
raise 2 questions: (1) Does the rise in plasma angioten-
sinogen concentrations underlie the rise in blood pres-
sure during fludrocortisone administration? (2) Do the
elevated angiotensinogen concentrations in plasma
originate from extrahepatic sources?

To address these questions, we made use of mice
in which hepatic angiotensinogen was genetically
ablated and their littermate controls. As in rats ex-
posed to liver-specific angiotensinogen siRNA,'® the
eWAT angiotensinogen protein content in hepatocyte
angiotensinogen-deficient mice was greatly reduced.
This confirms that also in mice, eWAT angiotensinogen
is predominantly derived from the liver, at least under
normal circumstances.?® Fludrocortisone increased
blood pressure similarly in hepatocyte angiotensinogen-
deficient and control mice, but was unable to upregu-
late plasma angiotensinogen and even reduced plasma
angiotensinogen concentrations in control mice, in
spite of upregulated Agt mMRNA and angiotensinogen
protein abundance in eWAT in both strains. In hepato-
cyte angiotensinogen-deficient mice, the increase in
eWAT after fludrocortisone was of similar magnitude
as that in the siRNA-treated rats. Fludrocortisone also
reduced body weight to the same degree in mice as
in rats. Taken together, the effects of fludrocortisone in
mice on blood pressure, body weight, and eWAT an-
giotensinogen fully resemble those in rats, except for
the rise in plasma angiotensinogen that occurred in rats
but not in mice. From this we conclude (1) that the ef-
fects of fludrocortisone on blood pressure occur inde-
pendently of plasma angiotensinogen, and (2) that the
rise in plasma angiotensinogen observed in rats after
this drug is not adipose tissue-derived.
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The mechanism by which fludrocortisone raises
blood pressure, if not involving angiotensinogen up-
regulation, most likely relates to its capacity to stimu-
late mineralocorticoid and glucocorticoid receptors.?®
In rats, glucocorticoid effects predominate,?' whereas
in humans®” and mice,?® fludrocortisone mainly stim-
ulates the mineralocorticoid receptor. The increased
drinking behavior in mice agrees with this concept.
Because glucocorticoids increase the transcription
rate of Agt in the liver?® and adipose tissue® (out not
the kidney®!), the upregulation of angiotensinogen
could simply be the consequence of glucocorticoid re-
ceptor stimulation, without necessarily contributing to
its hypertensive effect. Both in humans and rats, glu-
cocorticoid excess associates with increased plasma
angiotensinogen concentrations.®?33 Simultaneously,
in control mice, fludrocortisone decreased hepatic an-
giotensinogen production. To what degree this is the
consequence of simultaneous mineralocorticoid re-
ceptor stimulation remains to be determined.

This leaves the question why fludrocortisone up-
regulated plasma angiotensinogen concentrations
in siRNA-administered rats. Its lack of effect on the
plasma angiotensinogen concentration in mice defi-
cient for liver angiotensinogen despite the upregulation
of eWAT angiotensinogen synthesis strongly argues
against release from extrahepatic (adipose tissue) sites,
and suggests a hepatic source. However, Agt mBNA
abundance increased only marginally (although signifi-
cantly) in the liver. A further possibility is that the mas-
sive reduction in renin after fludrocortisone (potentially
related to its mineralocorticoid receptor-stimulatory ef-
fect) allowed a significant reduction in angiotensinogen
metabolism. Such renin suppression after fludrocor-
tisone has been described before in both rats®* and
humans.®® Particularly at low angiotensinogen levels
(when angiotensinogen is no longer in the Michaelis-
Menten constant range), rises in renin are capable
of decreasing angiotensinogen even further, and the
opposite may occur when renin disappears, partic-
ularly if hepatic angiotensinogen synthesis modestly
increases.

PERSPECTIVE

In conclusion, deletion of liver angiotensinogen by a
single dose of siRNA virtually abolishes plasma angi-
otensinogen and lowers blood pressure for weeks to
months in preclinical models. We showed that conven-
tional vasopressor and vasopressor-sparing strategies
can reverse siBRNA-mediated blood pressure lower-
ing, although plasma angiotensinogen concentrations
are almost deleted. A rise in plasma angiotensinogen
concentrations may occur during fludrocortisone ad-
ministration, but this does not drive the mechanism
by which fludrocortisone raises blood pressure. That
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pressor responsiveness remained intact during siRNA
administration provides a pharmacological escape to
raise arterial pressure and maintain perfusion pressure
during shock or other conditions that induce hypoten-
sion. Obviously, additional studies should now evaluate
this approach during hypovolemia induced by hemor-
rhage or sepsis. These findings in preclinical models
may support the therapeutic implementation of angio-
tensinogen siBRNA in the future.
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A) systolic blood pressure (SBP), B) diastolic
blood pressure (DBP) and C) locomotor
activity in SHR on a low-salt diet, treated with
siRNA on day 7 and 21. From day 21, siRNA
was supplemented with fludrocortisone or
midodrine, or the low-salt diet was replaced
with a high-salt diet (n=6-7 per group).
Midodrine administration was extended by 4
days, in which a double, oral dose was given.
Data (means + SEM) were analyzed using a
two-way ANOVA and post-hoc Dunnet (#
P<0.0001 vs. baseline (day -2 to 0); * P<0.05,
** p<0.01, *** P<0.001 vs. siRNA (day 18 to
20) or otherwise indicated in graph.
Abbreviations: AU, arbitrary units.
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Heart rate responses to i.v. bolus injections of angiotensin (Ang) Il (n=11) or norepinephrine (NE;
n=8) in SHR on a low-salt diet prior to siRNA (day 7) or after siRNA (day 21). Data are represented as
mean + SEM. Area under the curve (defined as positive deviation from baseline heart rate
established prior to each vasopressor dose) was analyzed using a paired Student’s t-test.
Abbreviations: BPM, beats per minute.

Figure S3.
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liver angiotensinogen (hepAGT”") and floxed mice o
not expressing Cre (hepAGT*/*) that were ° ®e
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7-14/group) were analyzed using a one-way o0 ° o.'. 0)

ANOVA and post-hoc Bonferroni (* P<0.05).
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