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Part 1

Targeting angiotensinogen with RNA-based therapeutics.

Liwei Ren, Katrina M. Mirabito Colafella, 
Dominique M. Bovée, Estrellita Uijl, and A.H. Jan Danser

Curr Opin Nephrol Hypertens. 2020;29:180-189.
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Abstract
Purpose of review: To summarize all available data on targeting angio-
tensinogen with RNA-based therapeutics as a new tool to combat cardio-
vascular diseases.

Recent findings: Liver-targeted, stable antisense oligonucleotides and 
small interfering RNA targeting angiotensinogen are now available, and 
may allow treatment with at most a few injections per year, thereby im-
proving adherence. Promising results have been obtained in hypertensive 
animal models, as well as in rodent models of  atherosclerosis, polycystic 
kidney disease and pulmonary fibrosis. The next step will be to evaluate 
the optimal degree of  suppression, synergy with existing renin-angioten-
sin-aldosterone system blockers, and to determine harmful effects of  sup-
pressing angiotensinogen in the context of  common comorbidities such 
as heart failure and chronic kidney disease. 

Summary: Targeting angiotensinogen with RNA-based therapeutics is 
a promising new tool to treat hypertension and diseases beyond. Their 
long-lasting effects are particularly exciting, and if  translated to a clinical 
application of  at most a few administrations per year, may help to elimi-
nate non-adherence.  

Keywords: antisense oligonucleotides, RNA interference, angiotensino-
gen, renin, angiotensin, drug adherence
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Introduction 
Although more than 100 commercial drugs and drug combinations are 
available for the treatment of  hypertension, a substantial proportion of  
the hypertensive population remains uncontrolled or sub-optimally con-
trolled. This could relate to non-adherence and/or drug ineffectiveness. 
The latter might be due to counterregulatory mechanisms (like a rise in 
renin [1]) that eliminate or diminish the initial blood pressure-lowering 
effect. Hence, given the deleterious consequences of  uncontrolled blood 
pressure, there still is a need for novel treatment options that preferably 
are not counterbalanced by the upregulation of  contractile mechanisms 
and circumvent non-adherence. An attractive option is targeting angio-
tensinogen (AGT) with RNA-based therapeutics. Since all angiotensins 
stem from AGT, deleting AGT will suppress angiotensin (Ang) forma-
tion, even when renin levels rise. Furthermore, the dosing frequency with 
this approach might go down to a few times per year, thereby potentially 
reducing the clinical and economic burden of  non-adherence.  

RNA therapeutic approaches 

RNA-based therapies bind to RNA and change the expression of  any 
protein, even those not amenable to traditional approaches involving 
small-molecule drugs. A number of  RNA therapeutic approaches have 
been developed [2,3], with antisense oligonucleotides (ASO) that inhibit 
RNA translation and oligonucleotides that function via the RNA interfer-
ence (RNAi) pathway being the most clinically relevant. ASO-based ther-
apies utilize Watson-Crick’s base-pairing rules and single-stranded DNA 
containing 15 to 30 nucleotides, which are designed in antisense orienta-
tion to the pre-mRNA and mRNA of  interest. Mature mRNA is formed 
in the nucleus by splicing the introns of  pre-mRNA. ASOs are able to 
modulate alternative splicing by binding to the pre-mRNA producing dif-
ferent protein variants and changing the prevalence of  one variant. When 
ASOs bind to their target mRNA, RNase H1 cleaves the RNA in an 
RNA-DNA duplex in both the cytoplasm and nucleus [4] destroying the 
mRNA and inhibiting the translation of  the target protein (Figure 1A). 
Chemically modified ASOs with phosphorothioate linkages can trigger 
RNA cleavage even in the absence of  transfection reagent [5,6]. In con-
trast to the ASO approach, RNAi-based therapies utilize double-strand-
ed RNA and exploit the RNAi process, an evolutionary conserved mech-
anism for the regulation of  gene expression. At present, the majority of  
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RNAi-based therapies employ non-coding small interfering RNA      
(siRNA) that are 21 to 23 bases in length and work naturally in the cell 
as a part of  the RNA-Induced Silencing Complex (RISC). Unlike ASOs, 
when siRNA enters the cell it stays inactive until loaded by transactiva-
tion responsive RNA-binding protein into Argonaute where the passen-
ger strand is removed and the remaining antisense strand binds comple-
mentary mRNA targets, leaving Argonaute endoribonuclease to cleave 
the mRNA, thus preventing protein translation [7] (Figure 1B). In mam-
mals, Argonaute contains an RNase H domain, but cleaves RNA in an 
RNA-RNA duplex [8]. The majority of  RNA-based therapies in clinical 
pipeline utilize the RNAi approach (Table 1). This is unsurprising given 
that a major advantage of  RNAi over ASO for therapeutic applications 

Figure 1. Inhibition of RNA translation by A) antisense oligonucleotide (ASO) or B) RNA 
interference. See text for further explanation. Abbreviations: ASGPR, asialoglycoprotein 
receptor; Ago-2, argonaute-2; RISC, RNA-induced silencing complex.
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is that RNAi is much more potent and has a longer inhibitory effect [9].

The clinical translation of  RNAi-based therapies has faced a number of  
challenges including off-target effects, siRNA delivery, immune reactions 
and toxicity [2]. The biggest hurdle has been delivery since siRNAs do 
not readily cross the cell membrane. Various approaches have been pro-
posed to solve the problem of  siRNA delivery in vivo e.g., viruses, cat-
ionic lipids, polymers, nanoparticles [10,11]. One of  the most promising 
approaches to improve the delivery and safety of  siRNA is bioconjuga-
tion, the covalent connection of  siRNAs with biogenic molecules such as 
lipophilic molecules, antibodies, aptamers, ligands, peptides, or polymers 
which also cause less immunoreaction [12,13]. The development of  tri-
valent N-acetylgalactosamine (GalNAc)-siRNA conjugates for targeted 
delivery of  siRNA to the liver is the most successful. GalNAc binds to 
the asialoglycoprotein receptor that is highly expressed on hepatocytes 
resulting in rapid endocytosis [14]. The GalNAc approach has also been 
employed to enhance ASO delivery to hepatocytes by ~10-fold versus 
free ASOs in preclinical models, resulting in a significant dose reduction 
[15]. In a phase 2 clinical trial, hepatocyte-directed GalNAc-siRNA mol-
ecules have been shown to yield incredible results with stable suppression 
of  proprotein convertase subtilisin/kexin type 9 (PCSK9) achieved for at 
least 6 months [16]. RNA-based therapies will not only fundamentally 
change the way we treat diseases, but may also provide treatments for 
diseases with unmet clinical need. This has led to RNA-based therapeu-
tics becoming one of  the most rapidly advancing fields in drug discovery.  

Current application of RNA-based therapies 

To date, four ASOs and one siRNA-based therapy have been approved 
for clinical use. Fomivirsen, an intravitreally injected inhibition ASO 
indicated for the treatment of  ocular cytomegalovirus retinitis (CMV) 
in acquired immunodeficiency syndrome (AIDS) individuals, was the 
first ever RNA-based therapy to be approved by the U.S. Food and Drug 
Administration (FDA) in 1998 and by the European Medical Associa-
tion (EMA) in 1999 [17]. However, in the early 2000’s, fomivirsen was 
withdrawn from the market as the introduction of  highly active antiret-
roviral therapy (HAART) dramatically reduced the number of  cases of  
CMV. A second inhibition ASO, mipomersen, which is injected subcu-
taneously and targets mRNA encoding apolipoprotein B for the treat-
ment of  homozygous familial hypercholesterolemia, was approved for 
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clinical use in 2014 [18]. Two splice modulating ASOs, nusinersen for 
the treatment of  spinal muscular atrophy (2017) [19,20] and eteplirsen 
for the treatment of  Duchenne muscular dystrophy (2016) [21], are also 
approved for clinical use. In 2018, patisiran, an siRNA encapsulated in 
a lipid nanoparticle for delivery to hepatocytes, became the first globally 
(FDA and EMA) approved RNAi therapeutic. Patisiran is indicated for 
the treatment of  hereditary transthyretin-mediated amyloidosis (hATTR) 
in adults [22]. In addition, >50 RNA-based therapies for diseases as var-
ied as cancer, neurodegenerative disease and cardiovascular disease are 
currently in clinical development with several investigational new drug 
and clinical trial applications expected to be filed within the next 2 years 
(Table 1). Interestingly, a number of  ASO and RNAi therapies are being 
developed for the same disease targets (Table 1), including hepatic AGT 
for the treatment of  hypertension which are in phase 2 and phase 1 re-
spectively.  

AGT RNA-based therapy in hypertension 

Since AGT is the sole precursor of  the potent vasoconstrictor Ang II, 
it is a promising target for gene silencing. At present, inhibition of  the 
renin-Ang-aldosterone system (RAAS) is the mainstay for the treatment 
of  hypertension, heart failure and chronic kidney disease [23,24]. Yet, 
the long-term management of  these conditions remains complicated 
by RAAS escape phenomena, during which a counterregulatory rise in 
plasma renin often restores Ang II to its original pre-treatment values 
[25-27]. As a consequence, blood pressure control commonly requires 
multiple antihypertensive drugs, but is impeded by a decline in therapy 
adherence with every drug added to the treatment regimen [28,29].

The clinical need for an antihypertensive therapeutic which prevents Ang 
reactivation has long been recognized and may be achieved by blocking 
the RAAS at the AGT level. As opposed to classical RAAS inhibitors, a 
compensatory rise in renin could even potentiate blood pressure lower-
ing as it would facilitate depletion of  the remaining AGT (Figure 2A). 
This can be explained as follows. Normally, AGT is present at levels that 
exceed Ang levels by many orders of  magnitude. Under such conditions, 
blocking renin, Ang I-converting enzyme (ACE) or the Ang receptor 
results in a renin rise which either (partially) restores Ang II, or increas-
es Ang II above its original level (in order to overcome blockade of  its 
receptor). This is easily achievable, simply because there is ample AGT 
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Figure 2. Near elimination of AGT is required for lowering of Ang II. A) Inhibition of 
the renin-angiotensin-aldosterone-system (RAAS) at the angiotensinogen (AGT) level 
may prevent RAAS reactivation, because a rise in plasma renin levels, due to a lack of  
negative feedback exerted by angiotensin (Ang) II on renin production, could now facilitate 
depletion of remaining AGT. B) Plasma AGT, C) active plasma renin concentration (APRC), 
D) plasma Ang II, E) renal Ang II and F) mean arterial pressure (MAP) of spontaneously 
hypertensive rats after four weeks of vehicle, valsartan, AGT siRNA or valsartan+siRNA 
treatment (all groups n=8). Data, modified from Uijl et al. [38], are represented as means 
± SEM and analyzed using two-way ANOVA and post-hoc Bonferroni (MAP) or transformed 
to natural logarithms before analysis by one-way ANOVA and post-hoc Bonferroni (RAS 
parameters). *P<0.05, *** P≤0.001, ****P≤0.0001 vs. vehicle or otherwise indicated; # 
P≤0.0001. 
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around to allow this. Even a 100-fold rise in Ang I generation (sufficient 
to overcome 99% renin inhibition!) is feasible. Yet, if  the renin rises are 
substantial, it is possible that at a certain moment AGT levels start to 
decrease. During AGT suppression by RNA-based therapy, AGT levels 
are down already, and now a rise in renin might be sufficient to result in 
complete AGT depletion, particularly when simultaneously introducing 
other types of  RAAS blockade, which induce further rises in renin. Res-
toration of  Ang II levels is then no longer possible. 

While initial ASO constructs targeting Agt lowered circulating AGT, 
Ang II and blood pressure in parallel in spontaneously hypertensive rats, 
these methods lacked potency and specificity: AGT levels were halved 
at most, and the effects were short-lived (<1 week) [30-32]. Similar prob-
lems also impeded the use of  Agt-directed siRNA. The introduction of  
lipid nanoparticle delivery enhanced AGT downregulation, although 
stable suppression still necessitated weekly intravenous dosing [33]. Ad-
ditionally, treatment with lipid delivery vehicles causes an inflammatory 
reponse and must therefore be given with histamine receptor antagonists, 
non-steroidal anti-inflammatory drugs and relatively high doses of  glu-
cocorticoids [34]. 

Conjugating GalNAc to ASO and RNAi molecules enabled general 
therapeutic application. Subsequent selective accumulation in the liv-
er permitted minimal invasive delivery via subcutaneous injection and 
optimization of  AGT downregulation, since circulating AGT levels are 
determined by hepatic synthesis [35,36]. Indeed, by improving liver ac-
tivity 8-fold, GalNAc-conjugation potentiated AGT inhibition of  ASOs 
to maximally 88% in a dose-dependent manner [37]. Interestingly, a 
reduction of  at least 75% was required to simultaneously lower blood 
pressure, which then remained low for a period of  7-10 days after a sin-
gle dose. This relates to the above-mentioned upregulation of  renin. In 
fact, in a study employing GalNAc-siRNA to target Agt [38], even when 
AGT was decreased by 97.9%, circulating Ang II remained intact due to 
renin upregulation. Only a 99.8% reduction, achieved by combining siR-
NA with valsartan (which further upregulates renin, thereby additionally 
lowering AGT), was required to deplete both systemic and renal Ang II 
(Figure 2B-E). The latter observation implies that renal Ang generation 
relies on AGT of  hepatic origin. Consequently, AGT siRNA monother-
apy provided similar antihypertensive and cardioprotective efficacy as 

thesis-liwei Ren.indd   18 26-05-2021   15:51



 Introduction and Aims

C
ha

pt
er

  1

19

conventional RAAS inhibition, whereas near elimination of  AGT by 
addition of  valsartan yielded a synergistic reduction in blood pressure 
and cardiac hypertrophy, without adversely affecting renal function (Fig-
ure 2F). Unique to GalNAc-siRNA is its long-lasting effectiveness [22], 
as opposed to an ASO liver half-life of  2 to 4 weeks [37]. These findings 
suggest that, in clinical practice, AGT inhibition mediated by RNAi may 
not only prevent RAAS reactivation but also improve cardiovascular out-
come and therapy adherence due to a sustained and stable single-dose 
efficacy lasting weeks to months [38]. 

AGT RNA-based therapy in other diseases 

While the potential for clinical translation is currently being investigated 
in patients, preclinical studies now focus on safety and efficacy in mod-
els of  chronic kidney disease and heart failure. However, the application 
of  AGT inhibition is not limited to hypertension and related end-organ 
damage. Polycystic kidney disease (PKD) appears an especially promis-
ing target, with multiple recent studies showing beneficial effects in an-
imal models of  this disease [39-41]. PKD is caused by mutations in the 
Pkd1 and Pkd2 gene. In affected patients, these mutations lead to early 
onset hypertension, the progressive growth of  renal cysts and kidney fail-
ure. Conventional treatment with ACE inhibitors or Ang receptor block-
ers (ARBs) effectively lowers blood pressure in PKD, but whether this 
treatment also reduces the decline in kidney function is unclear [42,43]. 
Experimentally, PKD may be studied in mice with targeted knockout of  
the Pkd1 or Pkd2 gene, with both models developing progressive intra-
renal cysts and kidney failure [44,45]. In Pkd2 knockout mice, treatment 
with AGT ASO resulted in a reduction in kidney size, lower total cyst 
volume and improved kidney function compared to control treatment 
(scrambled ASO) [39]. Pkd1 knockout mice displayed similar reductions 
in kidney size and cyst volume after treatment with AGT ASO [40,41]. 
Interestingly, in the latter model, the effects of  AGT ASO on cyst growth 
were independent of  changes in systolic blood pressure. In contrast, 
ACE inhibition with lisinopril significantly lowered systolic blood pres-
sure, but did not reduce kidney size to a similar degree as AGT ASO and 
had no effect on cyst volume [40]. 

Experimental evidence indicates that AGT ASO may also be effective 
in the treatment of  atherosclerosis. Increased activity of  the RAAS 
promotes atherosclerosis through activation of  AT1A receptors [46-48]. 
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Treatment of  spontaneous hypertensive rats on a diet enriched with high 
fat and vitamin D3 (i.e., to induce atherosclerosis) with Gal-PEG-Et 
(GPE) nanoparticles carrying short hairpin RNA (shRNA) that specifi-
cally targets Agt in the liver decreased systolic blood pressure and atten-
uated the development of  atherosclerotic lesions compared with control 
animals [49]. Similar effects were observed in another animal model for 
atherosclerosis and obesity, i.e., LDL receptor knockout mice fed with a 
saturated fat-enriched diet [50]. In these mice, treatment with AGT ASO 
resulted in decreased blood pressure, less atherosclerosis, and diminished 
body weight gain. Correspondingly, previous clinical studies also showed 
beneficial effects of  ACE inhibitors and ARBs on the progression of  ath-
erosclerotic plaques [51,52]. However, whether AGT ASO is effective in 
the treatment of  atherosclerosis in patients has yet to be investigated. 

Finally, AGT ASO treatment has been used as a therapeutic strategy 
against experimental pulmonary fibrosis. Currently, treatment options 
for idiopathic pulmonary fibrosis are limited, leaving most patients with 
a poor prognosis – the median survival rate is 2–5 years. Several stud-
ies in animals (i.e., mice and rats) with bleomycin-induced lung injury 
showed that Ang II contributes to pulmonary fibrosis, whereas treatment 
with renin inhibitors, ACE inhibitors and ARBs attenuates disease pro-
gression [53-57]. In this same animal model, intratracheal administration 
of  AGT ASO was found to decrease pulmonary AGT concentrations 
and lung fibrosis [58], but no comparison was made to conventional 
RAAS inhibitors.

Conclusion 
Targeting AGT with RNA-based therapeutics is a promising new tool to 
treat hypertension and diseases beyond, including heart failure, athero-
sclerosis, diabetic nephropathy, polycystic kidney disease and pulmonary 
fibrosis. The long-lasting effects of  RNA-based therapeutics are partic-
ularly exciting, and if  translated to a clinical application of  at most a 
few administrations per year, may help to eliminate non-adherence. To 
what degree the effects of  such therapeutics are fully identical to those of  
other RAAS blockers (given the fact that they eliminate all Ang metabo-
lites) remains to be determined. It will also be important to determine to 
what level AGT should be suppressed to induce meaningful effects, and 
whether there is a role for AGT synthesized outside the liver [59]. Syn-
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ergy in combination with other RAAS blockers needs to be evaluated, as 
well as the potential harmful effects of  suppressing AGT in the context 
of  common comorbidities such as heart failure and chronic kidney dis-
ease, where AGT might already be suppressed.  
 
Key points

• Liver-targeted, stable antisense oligonucleotides and small inter-
fering RNA targeting angiotensinogen, capable of  suppressing 
angiotensinogen in a dose-dependent manner, are now available.

• Suppressing angiotensinogen exerts similar effects as classical 
blockers of  the renin-angiotensin-aldosterone system (RAAS) in 
hypertensive animal models, as well as in rodent models for ath-
erosclerosis, polycystic kidney disease and pulmonary fibrosis. 

• Future studies should evaluate their safety, e.g. in the context of  
common comorbidities such as heart failure and chronic kidney 
disease, and synergy with existing RAAS blockers.

• The long-lasting effects of  this approach are particularly exciting, 
and if  translated to a clinical application of  at most a few admin-
istrations per year, may help to eliminate non-adherence.  
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Part 2

(Pro)renin Receptor Functions in Blood Pressure and 
Energy metabolism.
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The (Pro)Renin Receptor
Renin, the rate-limiting enzyme of  renin-angiotensin-aldosterone sys-
tem, has an inactive form called prorenin. Renin is synthesized as a pre-
pro-renin protein. After cleavage of  the pre-fragment, prorenin is trans-
ferred to the Golgi. From there prorenin is either directly secreted via 
the constitutive pathway, or sorted to the dense-core secretory granules 
for regulated exocytosis following its conversion to renin1. Unlike renin, 
which is exclusively kidney-derived, prorenin is also synthesized by oth-
er organs, like the reproductive tract, eye, adrenal and submandibular 
gland2. Prorenin occurs in blood in excess to renin, sometimes at con-
centrations that are a 100 times higher3. The (pro)renin receptor [(P)RR]          
was identified as a receptor for both renin and prorenin. It bound pro-
renin with greater affinity4. Combined with the much higher levels of  
prorenin, this made an interaction between prorenin and the (P)RR a 
reasonable expectation5. Unexpectedly, total ablation of  (P)RR turned 
out to be lethal, while ablation of  (pro)renin is not. This implies that 
the (P)RR must have important RAS-independent function(s). Remark-
ably, after 2 decades of  research on the (P)RR, it is still not entirely clear 
how and to what degree the (P)RR is related to the RAS. Yet, novel and 
RAS-independent functions of  the (P)RR have been identified. Indeed, it 
turned out to be an accessory protein of  vacuolar H+-ATPase (V-ATPase), 
with important roles in Wnt/β-catenin signaling, lipid metabolism, and 
glucose metabolism. 

Characteristics of the (P)RR

 
The (P)RR is expressed in a wide range of  organs, including brain, heart, 
kidney, liver, adipose tissue, eye, and placenta4. The gene ATP6AP2 
(ATPase H+ transporting accessory protein 2), encoding for the (P)RR, 
is located on the X chromosome at locus p11.4. The protein consists of  
350 amino acids, and is membrane-located, with a structure that encom-
passes 3 parts6, 7: a large extracellular domain that can be cleaved to form 
the soluble (P)RR [s(P)RR], a small transmembrane domain, and a cy-
toplasmic domain. The extracellular domain binds renin and prorenin, 
promoting their catalytic efficiency of  angiotensin I generation4. The cy-
toplasmic domain is involved in intracellular signaling, and, as a subunit 
V-ATPase8 is essential to maintain an acidic pH in intracellular vesicles 
like lysosomes, endosomes, and synaptosomes. 
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Role(s) of the (P)RR in regulating blood pressure 

Polymorphisms of  (P)RR gene have been associated with blood pres-
sure9,10 and hypertension11. Yet, mechanistically it is hard to imagine how 
the receptor exerts hypertensive effects in a RAS-dependent manner, 
given that the affinity of  the (P)RR for both renin and prorenin is many 
orders of  magnitude above their levels in blood. One idea might be that 
its interaction with (pro)renin occurs at tissue sites, where higher levels 
are likely to be present. 

In the kidney, the (P)RR has been localized to mesangial cells, podo-
cytes, proximal tubule, distal convoluted tubule, the luminal membrane 
of  intercalated cells, and principal cells7, 12-14. In the collecting duct, the  
(P)RR regulates the activity and expression of  the epithelial Na channel 
in a RAS-independent manner15, while in the medulla, (P)RR expres-
sion is upregulated by angiotensin II15. Overexpression of  the (P)RR in 
vascular smooth muscle cells caused systolic hypertension, possibly by 
enhancing aldosterone synthesis16. Whether this involved angiotensin II 
is unknown. 

In the brain, the (P)RR is expressed in cardiovascular regulatory nu-
clei, like the subfornical organ, paraventricular nucleus, rostral ventral 
lateral medulla, nucleus tractus of  solitarii and area postrema17. (P)RR 
knockdown in these brain areas resulted in blood pressure lowering, sup-
porting the concept that the brain (P)RR is involved in blood pressure 
regulation18 19. Its blood pressure effect may relate to interference with 
the sympathetic nervous system. A link with (pro)renin seems highly un-
likely, given the virtual absence of  (pro)renin in the brain. 

The (P)RR has also been linked to obesity20, 21. Interestingly, adipo-
cyte-(P)RR deficiency increased blood pressure22, 23. Possibly, this in-
volved an upregulation of  s(P)RR (secreted by the liver) and angiotensin 
II formation, since it could be mimicked by s(P)RR infusion and blocked 
by losartan22. 

Taken together, a wide range of  (P)RR effects in multiple organs have 
been observed, potentially contributing to hypertension, and involving 
both RAS-dependent and -independent effects. 

thesis-liwei Ren.indd   35 26-05-2021   15:51



Chapter 1

36

Role(s) of the (P)RR in lipid and glucose metabolism

(P)RR expression in adipose tissue doubled after a high-fat diet24. Ad-
ipose tissue-specific (P)RR knockout mice displayed increased insulin 
sensitivity, and a reduced body weight and fat mass after exposure to a 
high-fat diet25. Genome-wide association studies have linked sortilin-1 
(SORT1) to the  plasma levels of  low-density lipoprotein (LDL) choles-
terol26. Studies applying SORT1 knockout or overexpression in  rodents  
in  vivo confirm this view26,27. Lu et al. identified SORT1 as a high-con-
fidence (P)RR-interacting protein via a proteomics-based approach28. 
Importantly, (P)RR silencing in hepatocytes decreased SORT1 and 
low-density lipoprotein receptor (LDLR) protein abundance in hepato-
cytes, thus attenuating LDL uptake28.

Kanda et al. observed molecular binding between ATP6AP2 and the py-
ruvate dehydrogenase (PDH) E1 β subunit (PDHB). Consequently, AT-
P6AP2 knockdown reduced PDH activity, resulting in a predilection to 
anaerobic glycolysis29. 

In summary, most likely due its role as a subunit of  V-ATPase, the          
(P)RR regulates the metabolism of  both lipids and glucose. 
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Aim of this thesis
Blockade of  the renin-angiotensin-system (RAS) is accompanied by 
counterbalancing mechanisms which diminish the effectiveness of  these 
drugs. This particularly concerns renin upregulation. Angiotensinogen 
siRNA is a new tool to suppress the RAS, and since it removes the sub-
strate from which all angiotensins stem, it may prevent the angioten-
sin-upregulating consequences of  renin stimulation. Making use of  a liv-
er-targeted angiotensinogen small interfering (si)RNA variant, it would 
additionally be possible to distinguish the contribution of  hepatic and 
non-hepatic angiotensinogen. 

It is widely accepted that angiotensin synthesis occurs locally in multiple 
organs, but whether this involves liver-derived angiotensinogen or local-
ly synthesized angiotensinogen is still uncertain. Two sites where local 
angiotensinogen synthesis has been claimed to occur are the brain and 
the kidney. Yet, given the virtual absence of  renin in the brain, local an-
giotensin synthesis in this organ seems impossible, raising the question 
why the brain synthesizes angiotensinogen at all. Chapter 2 summa-
rizes our knowledge with regard to angiotensin generation in the brain, 
and explains how centrally acting RAS blockers/agonists might work. 
Subsequently, in Chapter 3 we have studied the brain RAS in full detail 
making use of  the deoxycorticosterone acetate (DOCA)-salt rat model. 
It is believed that this model is representative for primary aldosteronism, 
and displays selective brain RAS upregulation. To obtain a better un-
derstanding of  the origin of  brain angiotensin, we applied liver-targeted 
angiotensinogen siRNA to DOCA-salt hypertensive rats. Its effects were 
compared with those of  the aldosterone receptor antagonist spironolac-
tone and the angiotensin II type 1 receptor blocker valsartan.     

Next, in Chapter 4, we evaluated the effects of  liver-targeted angioten-
sinogen siRNA in a model representing chronic kidney disease, the 5/6th 

nephrectomy rat. The model is characterized by hypertension, cardiac 
hypertrophy, proteinuria, reduced glomerular filtration rate, glomerulo-
sclerosis, and tubulointerstitial fibrosis. Again a comparison was made 
versus other RAS blockers, i.e., the ACE inhibitor captopril and the an-
giotensin II type 1 receptor blocker losartan. 

The (pro)renin receptor [(P)RR] has been proposed to facilitate angio-
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tensin generation at tissue sites. Yet, it only binds renin and prorenin at 
nanomolar levels, which do not normally occur in humans. Hence, its 
in-vivo functions may be entirely independent of  the RAS. In Chapters 
5 and 6 we studied the role of  the hepatic (P)RR in lipid metabolism in 
mice fed a high-fat diet, making use of  liver-targeted (P)RR antisense 
oligonucleotides. We focused on obesity, hepatosteatosis and atheroscle-
rosis. 
    
Finally, Chapter 7 provides a general summary and discusses future per-
spectives.
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Abstract
Although an independent brain renin-angiotensin system is often as-
sumed to exist, evidence for this concept is weak. Most importantly, 
renin is lacking in the brain, and both brain angiotensinogen and angio-
tensin (Ang) II levels are exceptionally low. In fact, brain Ang II levels 
may well represent uptake of  circulating Ang II via Ang II type 1 (AT1) 
receptors. Nevertheless, novel drugs are now aimed at the brain RAS, 
i.e., aminopeptidase A inhibitors should block Ang III formation from 
Ang II, and hence diminish AT1 receptor stimulation by Ang III, while 
AT2 and Mas receptor agonists are reported to induce neuroprotection 
after stroke. The endogenous agonists of  these receptors and their origin 
remain unknown. This review addresses the questions whether indepen-
dent angiotensin generation truly occurs in the brain, what its relation-
ship with the kidney is, and how centrally acting RAS blockers/agonists 
might work.

Keywords: brain renin-angiotensin system; aminopeptidase A inhibitor; 
AT2 receptor; angiotensinogen; kidney; sympathetic nervous system; 
stroke 
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Introduction
Angiotensinogen is the precursor of  all angiotensin (Ang) metabolites. 
Although its major source is the liver, additional sites of  angiotensinogen 
synthesis have been reported, the most important of  which are the brain, 
kidney, and adipose tissue [1-7]. Renin, in contrast, is derived from one 
source, the kidney. Its precursor, prorenin, like angiotensinogen, remark-
ably has several sources, including the kidney, ovaries, testis and adrenal 
[8]. Yet, given the fact that prorenin is inactive, it would require a (local?) 
activation mechanism to be of  importance. Here the (pro)renin receptor, 
which binds and activates prorenin in vitro, has been proposed as a ma-
jor player [9]. Unfortunately however, its affinity for prorenin is too low 
to allow this phenomenon to play any role in vivo [10], and the concept 
of  (pro)renin receptor-prorenin interaction as a unit allowing local Ang 
I-generating activity is now being abandoned [11]. This does not mean 
that the (pro)renin receptor has no role at all – in contrast, given its 
ubiquitous abundance, its link with vacuolar H+-ATPase, and the lethal 
consequences of  its deletion, it turns out to be of  vital importance [12-
15], yet apparently independently of  the renin-angiotensin system (RAS). 
Taken together, the various sites of  renin, prorenin and angiotensinogen 
synthesis allow multiple possibilities for angiotensin generation, e.g., 
in circulating blood from renal renin and hepatic angiotensinogen, or 
at tissue sites, from either locally synthesized angiotensinogen and pro-
renin, or renin, prorenin and angiotensinogen taken up from blood. Yet, 
regarding prorenin, we still lack a detailed insight into how it might dis-
play activity. This review focuses on the brain RAS, critically addressing 
the questions whether independent angiotensin generation occurs in the 
brain, what its relationship with the kidney is, and how centrally acting 
RAS blockers (in particular the recently introduced aminopeptidase A 
inhibitors) and activators (Ang II type 2 (AT2) and Mas receptor ago-
nists) might work.  

Independent angiotensin generation in the brain?

Given the presence of  the blood-brain barrier, diffusion of  circulating re-
nin, prorenin or angiotensinogen into the brain is impossible (Figure 1). 
Although early studies were able to demonstrate renin-like activity in the 
brain [16], its origin remained uncertain. Here one has to consider that 
brain tissue, when homogenized, of  course contains minute amounts of  
trapped blood, and thus brain renin measurements have to be corrected 
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for such admixture. Recently, making use of  different mouse brain nu-
clei, we performed such correction, and in parallel experiments perfused 
the brain with buffer to remove as much blood as possible prior to brain 
tissue homogenization [1]. Data revealed that, although renin was easi-
ly detectable in brain nuclei, it could be entirely explained based on the 
presence of  trapped blood in brain tissue – indeed, it disappeared after 
buffer perfusion. Moreover, we found no evidence for the synthesis of  
prorenin in the brain, not even under circumstances where activation of  
the brain RAS has been proposed, i.e., the deoxycorticosterone acetate 
(DOCA)-salt model [17, 18]. Around the same time, it was concluded 
that ‘intracellular renin’, a renin isoform derived from an alternative 
transcript of  the renin gene, lacking the signal peptide and part of  the 
prosegment (and hence being unable to leave the cell) also does not 
contribute to brain angiotensin generation [19]. In fact, if  anything, it 
suppressed brain RAS activity, although the underlying mechanism re-
mains unknown. Taken together, these data, in combination with the 

Figure 1. Current understanding of the origin of brain renin-angiotensin system (RAS) 
components. Circulating renin, prorenin and angiotensinogen (Agt) are unlikely to pass 
the blood-brain barrier (BBB). Intracellular (i.c.) renin does not contribute to brain RAS 
activity. Agt has been shown in brain cells and cerebrospinal fluid, yet whether actual 
release from cells into cerebrospinal fluid occurs remains unclear, nor do we know how 
brain cell-derived Agt contributes to local angiotensin (Ang) generation in the absence of 
renin. Ang II may bind to brain Ang II type 1 or 2 (AT1, AT2) receptors (R) outside the BBB, 
or could diffuse into the brain under conditions where the BBB is disturbed (right part of 
the Figure), like in hypertension. Possibly, such diffusion results in local formation of Ang-
(1-7) and subsequent Mas receptor stimulation.
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exceptionally low (and often impossible to detect at all) renin mRNA 
expression the brain [20, 1], rule out a role for renin or prorenin in local 
angiotensin generation at brain tissue sites.

Data on the presence of  angiotensinogen in the brain are more convinc-
ing. Multiple studies report detectable brain angiotensinogen levels that 
do not run in parallel with circulating angiotensinogen levels [6, 4]. Yet, 
generally, brain angiotensinogen levels still at most correspond with a 
few percent of  plasma angiotensinogen levels, in a wide range of  species, 
and thus admixture from blood cannot be entirely ruled out. Important-
ly, brain angiotensinogen mRNA levels, albeit being several orders of  
magnitude below those in the liver, are not as excessively low as those of  
renin [1]. At this stage, the ultimate proof  for local synthesis (showing 
the presence of  angiotensinogen in the brain of  animals lacking hepatic 
angiotensinogen expression) is still awaited. When applying this approach 
to other organs claimed to synthesize angiotensinogen (kidney and ad-
ipose tissue) it turned out that their angiotensin generation depended 
entirely on hepatic angiotensinogen, implying that local angiotensinogen 
synthesis in these organs, if  occurring at all, has no functional conse-
quence [2, 3, 7]. If  angiotensinogen synthesis truly occurs in the brain, 
a complicating factor remains the absence of  renin. This would require 
non-renin enzymes to cleave angiotensinogen. There is currently no 
in-vivo evidence for this concept.

Angiotensins have been reported in brain tissue in widely varying levels. 
In some cases levels (expressed per gram tissue) were even higher than 
those in the kidney [18, 17]. This is hard to believe given the low angio-
tensinogen levels, and the absence of  renin in the brain. Issues that need 
to be considered here are the use of  very small tissue pieces for angioten-
sin measurements (often representing selected brain nuclei), the detection 
limit problems that arise from this approach (inherent to brain research), 
and the absence of  rigorous separation techniques to distinguish true 
angiotensin from background noise. As an example, measuring an an-
giotensin (Ang) II level at the detection limit of  the assay (often around 
2 fmol/sample) in 10 mg brain tissue results in a theoretical tissue level 
of  200 fmol/g. At the same time, measuring 50 fmol Ang II in 0.5 gram 
renal tissue (i.e., well above the detection limit), would translate to 100 
fmol/g. On this basis, it seems that brain Ang II levels are higher than in 
the kidney, although in reality they may be zero. 
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When employing liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) to quantify the individual angiotensin metabolites, a high-
ly sensitive method with little or no background noise, we were unable to 
detect Ang I in brain tissue of  spontaneously hypertensive rats (SHR) [1]. 
Brain Ang II occurred at levels that were ≈25% of  the levels in plasma, 
i.e., they were several orders of  magnitude below those in the kidney 
[21, 22]. Since Ang II type 1 (AT1) receptor blockade reduced the brain/
plasma Ang II ratio by >80%, and in view of  the absence of  Ang I, the 
most likely origin of  brain Ang II is accumulation of  circulating Ang II 
via binding to AT1 receptors [23, 21]. Additionally, considering its much 
smaller size versus renin and angiotensinogen, Ang II may gain access 
to the brain under conditions where the blood-brain barrier is (partially) 
disrupted, e.g., in hypertension. In fact, Ang II itself  is capable of  dis-
rupting this barrier [24, 25]. Once in the brain, Ang II might be convert-
ed to metabolites, like Ang III and Ang-(1-7). However, at least in SHR, 
we were unable to demonstrate these metabolites [1], and thus whether 
angiotensin metabolites other than Ang II truly reach meaningful levels 
in the brain is still uncertain. 

The ‘reno-cerebral reflex’

Salt intake promotes progression of  chronic kidney disease. Cao et al. 
have suggested that renal inflammation, as occurring in the 5/6 nephrec-
tomy rat model following exposure to high salt, results in oxidative stress 
and subsequent activation of  the sympathetic nervous system [26]. Un-
der these conditions, AT1 receptors and Ang II (determined semiquanti-
tatively by double-staining immunofluorescence), tyrosine hydroxylase 
(the rate-limiting enzyme for norepinephrine synthesis) and oxidative 
stress markers (Nox2 and Nox4) were upregulated in the brain. Remark-
ably, intracerebroventricular application of  losartan or tempol (a reac-
tive oxygen species scavenger) prevented this, as did renal denervation. 
Moreover, these procedures also prevented the paradoxical upregulation 
of  the renal RAS (reflected by elevated angiotensinogen, ACE and AT1 
receptor levels) following high salt in this rat model. This eventually led 
to reduced renal inflammation and fibrosis. Based on these findings, the 
authors proposed that a there is a ‘reno-cerebral reflex’ resulting in a 
positive feedback mode, further worsening kidney function (Figure 2). 
Similar observations were made in a mouse renal ischemia-reperfusion 
model under normal salt conditions [27]. Importantly, in both models 
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the renal RAS upregulation occurred independently of  renin, since renin 
was either unchanged (mouse ischemia-reperfusion model) or severely 
downregulated (rat 5/6 nephrectomy model during high salt). This is 
highly unusual, since it is normally renin that allows the up- or downreg-
ulation of  angiotensin levels [28, 29]. The authors attributed this renal 
RAS upregulation to the increased renal angiotensinogen expression. Yet, 
it has already been shown that renal angiotensinogen does not contribute 
to renal angiotensin generation, neither under normal nor pathological 
conditions [2, 3]. Furthermore, as an indication of  the brain RAS, Cao 
et al. identified angiotensinogen- and Ang II-‘positive’ cells in the brain, 
making use of  anti-angiotensinogen and anti-Ang II antibodies. Given 
the exceptional low Ang II levels in the brain, Ang II ‘quantification’ 
by double-staining immunofluorescence should be interpreted with the 
utmost care, particularly given the inconsistencies obtained with anti-
bodies against RAS components [30]. Why angiotensinogen, a protein 
which is normally secreted and not stored intracellularly, was observed 
in brain cells remained unexplained, nor did the authors investigate brain 
renin. Taken together, although of  course the sympathetic connection 
between brain and kidney is well-established (and known to play a vital 

   5/6 Nx
+ high Na+

  ischemia
reperfusion

fibrosis

oxidative stress

inflammation

renal RAS brain RAS

sympathetic
nervous system

Chronic Kidney Disease

Figure 2. The reno-cerebral reflex. Renal inflammation, fibrosis and oxidative stress, as 
occurring in chronic kidney disease models like the 5/6 nephrectomy (Nx) model (in the 
presence of a high-salt diet) or after renal ischemia + reperfusion, result in sympathetic 
nervous system activation, which via activation of the brain renin-angiotensin system 
(RAS) is believed to subsequently upregulate renal angiotensinogen, thereby inducing 
renal RAS stimulation. A simpler explanation might be that sympathetic activation directly 
upregulates renal renin synthesis, since this is a well-known consequence of β-adrenergic 
receptor stimulation, not requiring brain RAS activation. 
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role in blood pressure regulation and the pathogenesis of  hypertension), 
whether sympathetic activation truly results in significant angiotensin 
generation at brain tissue sites cannot be concluded from these data. An 
alternative explanation might be that systemic Ang II, particularly in 
combination with high salt, via binding to brain AT1 receptors outside 
the blood-brain barrier (e.g., in the subfornical organ or the organum 
vasculosum laminae terminalis) results in the activation of  angiotensin-
ergic projections into brain nuclei within the blood-brain barrier (like the 
paraventricular nucleus and the rostroventrolateral medulla) [31]. Indeed 
in rats, subcutaneous infusion of  low-dose Ang II alone marginally af-
fected blood pressure, while in combination with high salt it massively 
increased blood pressure and upregulated aldosterone [32]. Central ap-
plication of  either losartan or a mineralocorticoid receptor blocker pre-
vented this. Clearly, these latter data show that protective effects of  intra-
cerebroventricular application of  an AT1 receptor blocker can also be due 
to interference with systemic Ang II acting in the brain. Similarly, the 
protective effect of  centrally applied mineralocorticoid receptor blockers 
might relate to blockade of  effects of  circulating aldosterone in brain 
nuclei outside the blood-brain barrier, particularly because brain and 
plasma aldosterone levels were found to correlate closely. In conclusion, 
before concluding that elevated brain Ang II ‘positivity’ truly reflects 
activation of  the brain RAS based on a reno-cerebral reflex we need to 
exclude that this is due to uptake of  circulating Ang II, either into nuclei 
outside the blood-brain barrier, or, following disruption of  this barrier (as 
occurring during pathological conditions, including a high-salt diet), into 
nuclei within this barrier, like the brain stem and hypothalamus [33, 25]. 
Here it is important to realize, as stated above, that Ang II itself  is ca-
pable of  disrupting this barrier. Moreover, central application of  an AT1 
receptor antagonist prevented the central effects of  systemic Ang II, and 
thus effects of  centrally applied drugs cannot be taken as evidence for 
selective interference with brain-derived Ang II. Finally, the sympathet-
ic nervous system is a well-known stimulator of  renin release, and thus 
elevating renal sympathetic nervous activity is likely to activate the renal 
RAS, yet not necessarily via brain RAS activation.

Central aminopeptidase A inhibition

Apart from Ang II, its metabolite Ang III, generated by aminopeptidase 
A (APA), is an alternative activator of  AT receptors. It displays similar 
affinity for the AT1 receptor, and might even be the preferred agonist 
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of  the AT2 receptor. Assuming that the latter receptor exerts beneficial 
effects, e.g. coronary vasodilation and diuresis [34-36], blocking APA 
seems counterintuitive in hypertension. Yet, it has been claimed that in 
the brain Ang III rather than Ang II is the endogenous AT1 receptor ag-
onist, and on the basis of  this concept centrally acting APA inhibitors 
are now being tested in hypertensive patients. This claim relates to the 
observation that central application of  Ang II did not affect vasopressin 
release (a well-known effect of  central AT1 receptor activation) when si-
multaneously blocking APA with EC33, while simultaneous inhibition 
of  aminopeptidase N (APN, the enzyme that degrades Ang III) with 
PC18 enhanced the effects of  Ang II on vasopressin release [37]. Since 
the Ang II effects were blocked by an AT1 receptor antagonist, it was 
concluded that they involved AT1 receptor stimulation by Ang III rather 
than by Ang II. However, the authors did not quantify brain Ang III in 
vivo during these procedures, and thus the underlying biochemical evi-
dence for this concept is still lacking. Confusingly, when employing LC-
MS/MS we were unable to demonstrate Ang III in the brain [1], while 
others observed identical responses to Ang II and Ang III following 
intracerebroventricular application, even when making use of  APA-resis-

Ang II

Ang IVAng-(1-7) Ang III 

AT2RMasR AT1R

ACE2 APA
APN

neuroprotection vasopressin

heterodimerize

Figure 3. Formation of angiotensin (Ang) III and Ang-(1-7) from Ang II, and the receptors 
which are believed to be activated by the various angiotensin metabolites. The 
application of central aminopeptidase A (APA) inhibitors is based on the concept that 
Ang III is the endogenous activator of AT1 receptors, resulting in vasopressin release. 
Aminopeptidase N (APN) degrades Ang III to the inactive Ang IV. Yet, others argue that 
Ang II is the preferred agonist of this receptor, while both agonists may also bind to 
AT2 receptors. The latter heterodimerize with Mas receptors, potentially explaining the 
identical neuroprotective effects observed with AT2 and Mas receptor agonists in stroke 
models. 
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tant analogues [38]. An alternative explanation of  the findings on APA 
and APN inhibition during Ang II application should therefore be con-
sidered, i.e., the possibility that such inhibition interferes with pathways 
beyond the RAS. This is not unlikely since these aminopeptidases not 
only act on multiple substrates, but are also ubiquitously present in- and 
outside the brain. Nevertheless, an EC33 prodrug, RB150, has now been 
synthesized which is capable of  passing the blood-brain barrier. This 
drug decreased blood pressure in DOCA-salt rats [39], but also attenu-
ated cardiac dysfunction after myocardial infarction [40]. As expected it 
reduced vasopressin and increased diuresis. A Phase IIa study assessed 
the blood pressure-lowering effect of  a 4-week oral application of  RB150 
(also known as QGC001 or firibastat) in 34 patients with grade I or II 
essential hypertension (EudraCT Number: 2014-003071-37, unpublished 
results). Although there were no significant effects on blood pressure 
versus placebo, the drug was found to be safe and did not affect renin. 
At the recent American Heart Association meeting in Chicago (Novem-
ber 2018), a follow-up trial (NEW-HOPE, NCT03198793, unpublished 
results) in a much larger hypertensive, overweight subject population of  
multiple ethnic origin (n=250) reported antihypertensive effects of  the 
drug (250 mg, 500 mg or 500 mg + 25 mg hydrochlorothiazide) over an 
8-week treatment period. A detailed analysis of  its dose-dependency and 
the effect of  adding hydrochlorothiazide was not provided, and the trial 
did not include a placebo arm. Taken together, APA inhibition may well 
be a promising novel treatment strategy in patients displaying low sys-
temic RAS activity (like in DOCA-salt-treated rats) but whether this tru-
ly involves suppression of  brain Ang III remains to be proven(Figure.3). 

AT2 and Mas receptor agonism in the brain

AT1 receptor blockers have often been suggested to offer cerebrovascular 
protection, in contrast to ACE inhibitors, although clinical evidence for 
this concept is still missing [41]. The underlying mechanism of  this con-
cept would be that only AT1 receptor blockers allow central AT2 receptor 
agonism. Possibly, AT2 receptor stimulation by endogenous Ang II might 
already exert protective effects. Indeed, the neurological deficit after 
middle cerebral artery occlusion was greater in AT2 receptor knock-out 
mice, and without AT2 receptors the beneficial effects of  AT1 receptor 
blockade were diminished [42]. Now that AT2 receptor agonists like C21 
are available, the next step is to evaluate these drugs in stroke models, 
like the middle cerebral artery occlusion model and the endothelin-1-in-
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duced ischemic stroke model. Indeed, in both models, C21 exerted cere-
broprotection, not only when applied introcerebroventricularly, but also 
when applied systemically [43, 44]. To explain the efficacy of  the latter 
approach, considering that C21 cannot pass the blood-brain barrier, it 
has to be assumed that C21 enters the brain under conditions where this 
barrier has been disturbed, like in the above models. An exciting novel 
approach is to administer C21 via the nose-to-brain route to bypass the 
blood-brain barrier [45]. When applying C21 via this route at 1.5 hours 
after stroke, it reduced infarct size and improved neurological scores. 
Furthermore, angiotensin-(1-7) (Ang-(1-7)), generated from Ang II by 
ACE2, also offers neuroprotection, both when applied centrally and 
orally, as did the putative ACE2 activator diminazene [46]. Ang-(1-7) is 
believed to act via Mas receptors. One possible explanation for the iden-
tical beneficial effects of  AT2 and Mas receptor stimulation is that both 
receptors co-localize and are functionally interdependent [47]. Impor-
tantly, none of  these approaches supports actual angiotensin synthesis in 
the brain allowing AT2/Mas receptor activation by endogenous angio-
tensins. A further complicating factor is that both C21 and diminazene 
exert AT2 receptor- and ACE2-independent effects, respectively [48, 49], 
while Ang-(1-7) was recently reported not to act as Mas agonist at all [50]. 
Clearly, these observations remain controversial, and even if  they can be 
taken as evidence for AT2/Mas receptor activation, they do not automat-
ically imply that these receptors are normally seen by brain-derived en-
dogenous agonists. In fact, their stimulation may depend on breakdown 
of  the blood-brain barrier (Figure 1), allowing circulating angiotensins 
access to brain receptors [42].            

 
Conclusion
Convincing evidence that angiotensin synthesis occurs independently at 
brain tissue sites is lacking. Renin is absent, and brain angiotensin levels 
are exceptionally low as compared to other organs. In fact, they may well 
represent binding of  circulating Ang II to brain AT1 receptors in brain 
nuclei outside the blood-brain barrier. To investigate whether brain-origi-
nating angiotensinogen, if  existing, contributes to brain angiotensin syn-
thesis, experiments need to be performed under conditions where hepatic 
angiotensinogen synthesis is silenced, preferably in a model where brain 
angiotensin is assumed to play an important role, like the DOCA-salt 
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rat. Before concluding that novel therapies aimed at APA, APN, ACE2, 
AT2 receptors and Mas receptors interfere with the brain RAS, we not 
only need to exclude non-specific effects of  the applied drugs, but also 
show that they truly affect brain angiotensin levels, and that this explains 
their effects. In other words, it would help to demonstrate brain-selective 
Ang III suppression during RB150 treatment, and Ang-(1-7) upregula-
tion after diminazene. Here, the application of  a highly sensitive meth-
od with little or no background noise like LC-MS/MS is essential. Yet, 
given the fact that APA, APN and ACE2 have multiple other substrates, 
one simultaneously needs to rule out that effects are seen due to interfer-
ence with these alternative substrates. 
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Abstract
Brain renin-angiotensin system (RAS) activation is thought to medi-
ate deoxycorticosterone acetate (DOCA)-salt hypertension, an animal 
model for human primary hyperaldosteronism. Here, we determined 
whether brainstem angiotensin II is generated from locally synthesized 
angiotensinogen and mediates DOCA-salt hypertension. To this end, 
chronic DOCA-salt-hypertensive rats were treated with liver-directed 
siRNA targeted to angiotensinogen, the angiotensin II type 1 receptor 
antagonist valsartan, or the mineralocorticoid receptor antagonist spi-
ronolactone (n=6-8/group). We quantified circulating angiotensinogen 
and renin by enzyme-kinetic assay, tissue angiotensinogen by western 
blotting, and angiotensin metabolites by LC-MS/MS. In rats without 
DOCA-salt, circulating angiotensin II was detected in all rats, where-
as brainstem angiotensin II was detected in 5 out of  7 rats. DOCA-salt 
increased mean arterial pressure by 19±1 mmHg and suppressed circu-
lating renin and angiotensin II by >90%, while brainstem angiotensin II 
became undetectable in 5 out of  7 rats (<6 fmol/g). Gene silencing of  
liver angiotensinogen using siRNA lowered circulating angiotensinogen 
by 97±0.3%, and made brainstem angiotensin II undetectable in all rats 
(P<0.05 vs. non-DOCA-salt), although brainstem angiotensinogen re-
mained intact. As expected for this model, neither siRNA nor valsartan 
attenuated the hypertensive response to DOCA-salt, whereas spironolac-
tone normalized blood pressure and restored brain angiotensin II togeth-
er with circulating renin and angiotensin II. In conclusion, despite local 
synthesis of  angiotensinogen in the brain, brain angiotensin II depended 
on circulating angiotensinogen. That DOCA-salt suppressed circulating 
and brain angiotensin II in parallel, while spironolactone simultaneously 
increased brain angiotensin II and lowered blood pressure, indicates that 
DOCA-salt hypertension is not mediated by brain RAS activation.

Keywords: brain; angiotensinogen; angiotensin II; salt-sensitive hyper-
tension; RNA, small interfering; RNAi therapeutics; mineralocorticoid 
receptor antagonism
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Introduction
Hypertension is the leading risk factor for death and disability world-
wide.1 End-organ damage caused by hypertension can be effectively 
prevented by blocking the renin-angiotensin system (RAS), even when 
circulating RAS activity is low.2-4 The underlying concept is that in these 
organs angiotensin (Ang) II generation relies on the local synthesis of  
angiotensinogen (AGT), i.e., occurs independently of  AGT synthesis in 
the liver.5 Indeed, even though liver-derived AGT is the main – if  not the 
only – source of  circulating Ang II6, gene expression of  Agt also occurs 
in brain, kidney and adipose tissue.7, 8 Yet when the Agt gene was deleted 
selectively in hepatocytes, it was found that Ang II generation in kidney 
and adipose tissue did depend on the uptake of  liver-derived AGT from 
the circulation.6, 9, 10 To what degree this is also true for the brain is un-
known.

The brain RAS is thought to be activated by the combination of  deoxy-
corticosterone acetate and excess dietary salt (DOCA-salt). The DO-
CA-salt rat represents a model for human primary hyperaldosteronism 
in which the circulating RAS is suppressed by volume-dependent hyper-
tension. That intracerebroventricular, but not intravenous, administra-
tion of  RAS blockers partially reversed the hypertensive response to DO-
CA-salt has supported the concept of  selective brain RAS activation.11-13 
The underlying assumption is that the blood-brain barrier prevents the 
diffusion of  circulating AGT and Ang II into the brain, so that any Ang 
II in the brain must be derived from locally synthesized AGT. However, 
it is widely accepted that high blood pressure disrupts the blood-brain 
barrier, thereby allowing circulating Ang II access to the brain.14, 15 This 
perspective offers an alternative explanation as to why intracerebroven-
tricular administration of  an Ang II type 1 (AT1) receptor blocker (ARB) 
attenuated hypertension better than its intravenous application.16 

An additional argument against selective brain RAS activation by DO-
CA-salt is that the brain lacks renin. Originally, it was proposed that in-
tracellular renin – the isoform of  renin expressed in the brain17 – cleaves 
brain AGT. Yet, surprisingly, its deletion increased blood pressure and 
made mice more susceptible to Ang II-induced organ damage.18 Conse-
quently, intracellular renin is now believed to play a protective, RAS-sup-
pressing role, without acting on AGT.18 Furthermore, brain renin levels 
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in DOCA-salt-hypertensive mice decreased in parallel with circulating 
renin.19 In fact, brain renin levels were so low that they likely represented 
renin in trapped blood.19 The same is true for prorenin19, which opposes 
the concept that prorenin’s interaction with the (pro)renin receptor un-
derlies brain RAS activation in DOCA-salt treated animals.

In the current study, we set out to determine the contribution of  liver-de-
rived AGT to brain RAS activation in chronic DOCA-salt-hypertensive 
rats, making use of  liver-targeted small interfering RNA (siRNA) to se-
lectively silence hepatic Agt.20 We focused on the brainstem as a proxy 
for brain RAS activation, because this region is fully sequestered from 
the circulation by the blood brain barrier and it contains the highest lev-
els of  renin in the brain.19 To simultaneously delineate the role of  blood 
pressure and AT1 receptor-mediated uptake of  circulating Ang II into 
the brain, we also evaluated DOCA-salt rats treated with the mineralo-
corticoid receptor antagonist spironolactone (which normalizes blood 
pressure in this model), the ARB valsartan, or their combination. We 
found that, in contrast to AGT in the kidney or adipose tissue, AGT in 
the brain did not depend on uptake of  liver-derived AGT from the circu-
lation. Yet, DOCA-salt suppressed levels of  brain Ang II in parallel with 
those in blood, kidney and adipose tissue. Thus, selective brain RAS ac-
tivation by DOCA-salt did not occur, while a role for brain-derived AGT 
still needs to be demonstrated. 

Methods
Animal studies 

All studies were performed at the Erasmus MC (Rotterdam, The Nether-
lands) under the regulation and permission of  the Animal Care Commit-
tee of  the Erasmus MC (protocol number 17-870-01). Male, 14-week old 
Sprague Dawley rats (Janvier Labs, France) were housed in individual 
cages and maintained on a 12-h light-dark cycle with access to standard 
rat chow and tap water ad libitum. Radiotelemetry transmitters (HD-S10, 
Data Sciences International, St. Paul, USA) were implanted to continu-
ously measure blood pressure, heart rate and activity.21 Peri-operative an-
algesia consisted of  buprenorphine (0.5 mg/kg s.c.) given 1h prior to sur-
gery and 6 hours after surgery, followed by twice daily injections up until 
2 days after surgery. After a two-week recovery period, hypertension was 
induced by subcutaneous implantation of  a DOCA-pellet (200 mg; 60-
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day release; Innovative Research of  America, Sarasota, Fl, USA) and 
by replacing the drinking water with saline (DOCA-salt). Normotensive 
control rats (non-DOCA; n=7) were sham operated and remained on tap 
water. DOCA-salt-hypertensive rats were studied for 7 weeks; telemetry 
data was recorded every 10 minutes from 3 days prior to DOCA-pellet 
implantation onwards. During the final 3 weeks, DOCA-salt was supple-
mented with vehicle (n=7), liver-targeted siRNA directed against AGT 
(AGT siRNA; n=7; 30 mg/kg fortnightly by subcutaneous injection; pro-
vided by Alnylam Pharmaceuticals, Cambridge, MA, USA), valsartan 
(n=8; 31 mg/kg/day; Santa Cruz Biotechnology, Heidelberg, Germa-
ny), spironolactone (n=8; 80 mg/kg/day; Sigma Aldrich, Zwijndrecht, 
The Netherlands) or the combination of  spironolactone and valsartan 
(n=6). The siRNA consisted of  a chemically modified antisense strand 
with sequence UUGAUUUUUGCCCAGGAUAGCUC, hybridized 
with a chemically modified sense strand of  sequence GCUAUCCUG-
GGCAAAAAUCAA. Oligonucleotides were synthesized as previously 
described.22 To ensure selective and efficient delivery to hepatocytes, a 
triantennary N-acetylgalactosamine (GalNAc) – a high-affinity ligand 
for the hepatocyte-specific asialoglycoprotein receptor – was attached 
to the 3′ end of  the sense strand.20 Valsartan was dissolved in 1 mol/
L sodium hydroxide (Sigma Aldrich; made up in saline). The solution 
was titrated back to a pH of  ~7 with 10% hydrochloric acid (Sigma Al-
drich) and delivered by an osmotic mini-pump (Alzet, Cupertino, CA, 
USA). Spironolactone was dissolved in sesame oil (Sigma Aldrich) and 
delivered by daily subcutaneous injection. To control for effects of  these 
methods of  delivery, all rats underwent a sham pump implantation and 
received daily injections of  equivalent volumes of  sesame oil. For bio-
chemical measurements, we collected 24-hour urine in metabolic cages 
and blood plasma by venipuncture from the lateral tail vein at 3 points in 
time: prior to DOCA-salt, and after 4 and 7 weeks of  DOCA-salt. At the 
end of  the 7-week study period, rats were anaesthetized by inhalation of  
isoflurane and exsanguinated: 1 mL blood was collected in 10mL of  4 
mol/L guanidine thiocyanate (Sigma Aldrich) and used for quantifica-
tion of  angiotensin metabolites; remaining blood was supplemented with 
EDTA and centrifuged at 16000 x g to obtain plasma. Liver, brainstem, 
cerebellum, kidneys, heart, epididymal adipose tissue (AT), inguinal AT 
and brown AT were excised, weighed, and snap frozen in liquid nitrogen 
for gene expression and protein analysis. 
Biochemical measurements

thesis-liwei Ren.indd   61 26-05-2021   15:51



Chapter 3

62

In plasma, AGT was measured by enzyme-kinetic assay as the max-
imum quantity of  Ang I generated during incubation, at pH 7.4 and 
37°C, with rat kidney renin in the presence of  a mixture of  ACE, angio-
tensinase, and serine protease inhibitors.23, 24 The lower limit of  detection 
(LLOD) of  this assay was 0.2 nmol/L. We have previously shown that 
the results produced by this assays correlate strongly with those obtained 
from AGT ELISA (Immuno-Biological Laboratories Co. Ltd.).22 Active 
plasma renin concentration (APRC) was measured by enzyme kinetic 
assay, by quantifying Ang I generation in the presence of  excess porcine 
AGT (LLOD 0.17 ng Ang I/mL per hour).23 In the cases that measure-
ments were at or below the LLOD, this limit was applied to allow for 
statistical analysis. Ang metabolites in plasma, kidney, brainstem, epi-
didymal AT and heart tissue (left ventricle) were measured by LC-MS/
MS analysis as described before.25, 26 Briefly, tissue samples were homog-
enized under liquid nitrogen and extracted with a guanidinium based 
extraction buffer. Stabilized whole blood and tissue extracts were spiked 
with stable isotope labeled internal standards for each individual target 
analyte (Sigma Aldrich) before being subjected to C18 based solid phase 
extraction and subsequent LC-MS/MS analysis. Table S1 specifies the 
lower limits of  quantification (LLOQ) for each metabolite per tissue. 
NT-proBNP was measured with a rat ELISA NT-proBNP kit (LLOD 
15.6 pg/mL; Aviva Systems Biology, San Diego, USA). Plasma and uri-
nary sodium and urinary potassium (both 24-hour urine) were measured 
at the clinical chemistry laboratory of  the Erasmus MC.

Quantitative polymerase chain reaction (qPCR) 

Total RNA was isolated from snap-frozen liver, kidney, brainstem, epi-
didymal AT, inguinal AT and brown AT using TRI Reagent (Sigma Al-
drich) and reverse transcribed into cDNA using the QuantiTect Reverse 
Transcription Kit (Qiagen, Venlo, The Netherlands). cDNA was ampli-
fied in triplicate in 40 cycles (denaturation at 95°C for 3 min; thermal cy-
cling at 95°C for 3 sec, annealing/extension at 60°C for 20 sec) followed 
by a melt curve with a CFX384 (Bio-rad, Veenendaal, The Netherlands) 
using Kapa SYBR® Fast (Kapa Biosystems). The intron-spanning oli-
gonucleotide primers were designed with NCBI Primer-BLAST (Table 
S2). The DDCt method was used for relative quantification of  mRNA 
expression levels, using the geometric mean of  β2-microglobulin (B2M) 
and β-actin (ActB) for normalization.
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siRNA quantification

siRNA quantification was performed as described previously.27 Anti-
sense levels in siRNA standard curve dilutions and homogenized liver, 
kidney and cerebellum samples were quantified by stem loop reverse 
transcription followed by qPCR. The primer and probe sequences were 
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC-
GACGAGCTATCCT (RT primer), GCCGCGCTTGATTTTTGCCC 
(Forward qPCR primer), CTGGATACGACGAGCTATCC (Taqman 
probe), GTGCAGGGTCCGAGGT (Reverse qPCR primer), using 5′ 
FAM and 3′ MGBNFQ for the probe. Ct values derived from samples 
were interpolated onto the standard curve, adjusted for sample dilution, 
and expressed as micrograms of  antisense strand per gram of  tissue.

Western blotting

Snap frozen liver, kidney, brainstem, epididymal AT, inguinal AT and 
brown AT were homogenized on ice in a buffer containing 0.3 mol/
L sucrose, 50 mmol/L Tris-HCl pH 7.5, 1 mmol/L EDTA, 1 mmol/L 
EGTA, 50 mmol/L sodium fluoride, 1 mmol/L DTT, and 1 mmol/L 
PMSF supplemented with protease inhibitors. Subsequently, 20-50 μg of  
protein (DCTM protein 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-buff-
ered saline containing 0.1% Tween-20, followed by incubation overnight 
at 4°C with a primary antibody directed against AGT (1:100; polyclonal 
antibody raised in rabbits against a synthetic peptide modeled after the 
C-terminal part of  mouse AGT and purified by antigen affinity; Immu-
no-Biological Laboratories Co. Ltd., Japan; lot #1E-711). After washing, 
blots were incubated with an anti-rabbit horseradish peroxidase-conju-
gated secondary antibody (1:3000; Bio-Rad). Signals were detected by 
chemiluminescence (Clarity Western ECL substrate; Bio-Rad) and quan-
tified using ImageQuant LAS 4000 (GE Healthcare, Diegem, Belgium). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:5000; Gene-
Tex, Irvine, CA, USA) was used for normalization of  protein levels. 
Using the method described above, AGT antibody target specificity was 
validated by demonstrating a single band at ~53 kD in tissues obtained 
from wild-type but not in tissues from Agt knockout mice28 (tissues were 
a kind gift from Prof. M. Bader; Figure S1). Specificity was confirmed 
for rat tissues by demonstrating a single band at ~53 kD in liver homog-
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enates from untreated control rats but not in liver homogenates from 
AGT siRNA-treated rats (Figure S1).
For comparison, brainstem AGT in western blot samples was also 
measured by AGT ELISA (Immuno-Biological Laboratories Co. Ltd.; 
LLOD 0.32 ng/mL).

Kidney function

Glomerular filtration rate (GFR) was determined prior to DOCA-salt, 
and after 4 and 7 weeks of  DOCA-salt, by transcutaneous measurement 
of  fluorescein isothiocyanate (FITC)-labeled sinistrin (Mannheim Phar-
ma & Diagnostics GmbH, Mannheim, Germany), administered as a 
bolus injection (0.3 mg/kg dissolved in saline) via the tail vein. A non-in-
vasive clearance (NIC)-kidney fluorescent detection device together with 
partner software (Mannheim Pharma & Diagnostics GmbH) were used 
to generate the elimination kinetics curve of  FITC-sinistrin. GFR was 
derived from the excretion half-life (t1/2) of  FITC-sinistrin, using a con-
version factor and formula validated for rats29:
GFR (mL/min per 100g body weight (BW)) = 31.26 (mL/100g BW) / 
t1/2 FITC-sinistrin (minutes).

Histology 

Transverse heart sections fixed in 4% paraformaldehyde were dehydrated 
and paraffin-embedded. Deparaffinized sections (5μm) were stained with 
Gomori silver to visualize individual cardiomyocytes. Only left-ventric-
ular, transversally cut cardiomyocytes showing a nucleus were analyzed 
with Qwin (Leica, Cambridge, UK) for surface area quantification.

Myograph studies

Responses of  iliac arteries were measured in a Mulvany myograph 
as changes in isometric force. Iliac arteries were preconstricted with 
U46619 to construct concentration-response curves to the endotheli-
um-dependent vasodilator acetylcholine, in the absence or presence of  
the NO synthase inhibitor L-NAME, the small conductance Ca2+-acti-
vated K+ channel inhibitor apamin and the intermediate conductance 
Ca2+-activated K+ channel inhibitor TRAM34.

Statistical analyses

Parametric data are expressed as mean values ± SEM and were analyzed 
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using a one-way analysis of  variance (ANOVA). Before statistical testing, 
data on Ang metabolites were log-transformed to conform to normality. 
Non-parametric data that did not follow a normal distribution after log 
transformation (APRC) are expressed as median (interquartile range) 
and were analyzed using a Kruskal-Wallis test. Data obtained at multiple 
points in time were analyzed using a repeated-measures ANOVA. Post-
hoc correction according to Dunnett or Dunn was performed in case of  
multiple comparisons. Univariate linear associations were assessed by 
calculation of  Pearson’s coefficient of  correlation. Two-tailed P values 
<0.05 were considered statistically significant. All analyses were per-
formed using Prism v8.0 (Graphpad Software Inc., La Jolla, USA)

Results

Spironolactone with or without valsartan reverses DOCA-salt hyper-

tension

Upon induction of  DOCA-salt, rats developed polydipsia and polyuria, 
accompanied by an increase in plasma sodium concentration and uri-
nary sodium and potassium excretion (Table S3). Prior to DOCA-salt, 
mean arterial pressure (MAP) was 103±1 mm Hg. Over a 4-week peri-
od, DOCA-salt increased MAP by 19±2 mm Hg and decreased heart 
rate by 52±3 BPM (P<0.0001 vs. baseline for both; Figure 1A-B). The 
rise was greater for systolic than for diastolic blood pressure (24±2 vs. 
15±2 mm Hg; P<0.0001; data not shown). The hypertensive response 
to DOCA-salt was not attenuated when DOCA-salt was supplemented 
with vehicle, AGT siRNA or valsartan for the final 3 weeks (Figure 1A). 
In contrast, spironolactone with or without valsartan fully normalized 
MAP (P<0.01 and P<0.05 vs. vehicle, respectively; Figure 1A). When 
combined with valsartan, the antihypertensive effect of  spironolactone 
occurred faster and tended to be stronger (P=0.12 vs. spironolactone). 
Reductions in MAP were matched by increases in heart rate (Figure 1B). 
Although AGT siRNA did not lower MAP, heart rate also rose in these 
rats (P<0.05 vs. vehicle; Figure 1B). None of  the treatments, nor DO-
CA-salt on its own, affected locomotor activity or physiological weight 
gain (Figure 1C; Table S3).
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Spironolactone with or without valsartan reverses the suppressive ef-

fect of DOCA-salt on circulating RAS activity

Prior to DOCA-salt, circulating AGT levels were 698±29 nmol/L and 
active plasma renin concentrations (APRC) were 11.8±0.8 ng Ang I/mL 
per hour. Although DOCA-salt suppressed APRC by 98±0.5% (P<0.0001 
vs. baseline), circulating AGT remained unaffected (Figure 2A-B), 

Figure 1: Mean arterial pressure, heart 
rate and locomotor activity. 
Rats were sham operated (non-DOCA 
normotensive controls; open circles) 
or received DOCA-salt for 7 weeks 
and were treated with vehicle (solid 
circle), AGT siRNA (triangle), valsartan 
(square), spironolactone (upside-down 
triangle) or valsartan+spironolactone 
(diamond) during the final 3 weeks 
(n=6-8 per group). A) Mean arterial 
pressure (MAP), B) heart rate (HR) and 
C) locomotor activity were recorded 
via radiotelemetry. Data, represented 
as means ± SEM, were analyzed using 
two-way ANOVA and post-hoc Dunnett 
(# P≤0.0001 vs baseline; * P≤0.05, ** 
P≤0.01 vs. vehicle). Abbreviations: BPM, 
beats per minute; AU, arbitrary units.
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most likely because rat AGT levels approximate the Michaelis-Menten 
constant for renin. Addition of  AGT siRNA lowered circulating AGT 
by 97±0.3% (Figure 2A). APRC remained suppressed by 96±1% and 
95±2% when DOCA-salt was supplemented with AGT siRNA or val-
sartan, respectively (Figure 2B). As APRC determined circulating Ang 
I (r=0.95; P<0.0001) and Ang II (r=0.72; P<0.0001; Figure S2A-B), 
levels of  Ang I and II were downregulated together with APRC in DO-
CA-salt-treated rats given vehicle, AGT siRNA or valsartan (Figure 2C-
D). However, consistent with the restoration of  a strong inverse rela-
tionship between MAP and APRC (r=-0.80; P<0.001; Figure S2C-D), 
spironolactone with or without valsartan reversed the suppressive effect 
of  DOCA-salt on circulating APRC, Ang I, and Ang II in parallel with 
its antihypertensive efficacy (Figure 2C-D). 

Figure 2: Circulating RAS parameters. Plasma levels of A) angiotensinogen (AGT), B) 
active plasma renin concentration (APRC), C) angiotensin (Ang) I, and D) Ang II of rats not 
given DOCA-salt (non-DOCA) or given DOCA-salt for 7 weeks and treated with vehicle, 
AGT siRNA, valsartan (val), spironolactone (spiro) or valsartan+spironolactone (val+spiro) 
during the final 3 weeks (n=6-8 per group). Data are represented as means (AGT and Ang) 
or medians (APRC). AGT and log-transformed Ang data were analyzed using one-way 
ANOVA and post-hoc Dunnett, APRC was analyzed using Kruskal-Wallis test and post-hoc 
Dunn (# P≤0.0001 vs all other groups; * P≤0.05, ** P≤0.01, **** P≤0.0001 vs. non-DOCA or 
otherwise indicated in graph).

thesis-liwei Ren.indd   67 26-05-2021   15:51



Chapter 3

68

Extrahepatic Agt gene expression is not affected by liver-targeted 

AGT siRNA

Agt gene expression in control rats that had not received DOCA-salt 
was lowest in inguinal adipose tissue (3±1% of  liver Agt expression), 
followed by kidney (7±1%), brown adipose tissue (15±3%), epididymal 
adipose tissue (27±5%) and brainstem (55±8%; P<0.001 vs liver; Figure 
3A). DOCA-salt increased Agt mRNA expression by 1.5-fold in liver and 
by 2-fold in brown adipose tissue (both P<0.05; Figure 3A). Treatment 
with liver-directed siRNA for 3 weeks resulted in siRNA levels of  87±17 
mg/g in the liver and 4±0.4 mg/g in the kidney, whereas none could 
be detected in the brain. Accordingly, liver Agt mRNA was silenced by 
98±1%, while expression remained intact in kidney, adipose and brain-
stem tissue of  siRNA-treated rats (Figure 3A). In fact, in the brainstems 
of  DOCA-salt-hypertensive rats given siRNA, Agt mRNA was doubled 
when compared to rats that had not received DOCA-salt (P<0.05) or 
only DOCA-salt (P<0.001; Figure 3A). 

In contrast to kidney and adipose AGT, brain AGT is liver-independent

We quantified tissue AGT protein to determine whether locally tran-
scribed Agt mRNA was also translated. In rats not given DOCA-salt, the 
lowest amount of  AGT protein was detected in liver, followed by kidney 
(1.3-fold higher), brainstem (2.1-fold higher), brown adipose tissue (2.2-
fold higher), epidydimal adipose tissue (3.2-fold higher) and inguinal 
adipose tissue (5-fold higher; Figure 3B). DOCA-salt on its own doubled 
AGT protein in brown adipose tissue (P<0.0001; Figure 3C). In DO-
CA-salt-treated rats given siRNA, hepatic Agt silencing eliminated AGT 
protein levels in liver and plasma concomitantly (Figure 3C, Figure 2A). 
Absence of  AGT from the circulation also eliminated AGT protein in 
kidney and epididymal adipose tissue (P<0.0001 for both), whereas lev-
els were reduced by three-quarters in brown adipose tissue and halved in 
inguinal adipose tissue (P<0.0001 and P<0.01 vs. vehicle, respectively; 
Figure 3C). Depletion of  AGT protein despite retention of  mRNA ex-
pression indicates that AGT levels in these tissues are fully or partially 
dependent on circulating/liver AGT, consistent with previous observa-
tions.6, 10 In contrast to kidney and adipose tissue, hepatic Agt silencing 
did not affect brainstem AGT protein (Figure 3C). Equal brainstem 
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AGT content was confirmed with an ELISA, which detected 7.1±1.1 
ng AGT per mg protein in DOCA-salt-treated rats given siRNA versus 
9.1±1.6 ng AGT per mg protein in rats that had not received DOCA-salt 
(n=7 for both, P=0.42).

Figure 3: Agt gene expression and AGT protein abundance in tissues of rats not given 
DOCA-salt (non-DOCA) or given DOCA-salt for 7 weeks and treated with vehicle or AGT 
siRNA during the final 3 weeks (n=7 per group). A) Gene expression of Agt, represented 
as mean fold induction relative to Agt expression in the livers of non-DOCA controls, was 
analyzed using one-way ANOVA and post-hoc Bonferroni. Protein abundance of AGT in B) 
tissues of non-DOCA controls, normalized to liver AGT, and in C) tissues of non-DOCA and 
DOCA-salt-treated rats given vehicle or siRNA, represented as mean fold induction relative 
to AGT abundance in the non-DOCA controls of each tissue, was analyzed using one-way 
ANOVA and post-hoc Dunnett or Bonferroni. D) Representative immunoblots. (# P≤0.001 
vs. non-DOCA liver; * P≤0.05, ** P≤0.01, *** P≤0.001, **** P≤0.0001). Abbreviations: AT, 
adipose tissue.
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DOCA-salt suppresses brain Ang II in parallel with circulating, kid-

ney and adipose Ang II

In DOCA-salt-treated rats, suppression of  circulating RAS activity 
was mirrored in the kidney, where renin expression was 88±6% lower 
(P<0.001; Figure S3), Ang I was 98±0.5% lower (P<0.001; Table S4) and 
Ang II was 99±0.3% lower than in rats not given DOCA-salt (P<0.05; 
Figure 4A). Except for Ang (3-8), all Ang metabolites could be detected 
in the kidneys of  rats not given DOCA-salt (Table S4). In contrast, only 
renal Ang I and II were detectable in the majority of  DOCA-salt-treated 
rats given vehicle, and none of  the Ang metabolites could be detected in 
any DOCA-salt-treated rat given AGT siRNA (Table S4). Kidney Ang 
I became detectable again in ~85% of  the DOCA-salt-treated rats given 
valsartan, spironolactone or their combination, while renal Ang II was 
detected again in 25% of  the rats given valsartan, and in ~85% of  the 
rats given spironolactone with or without valsartan (Figure 4A).In the 
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brainstem, only Ang II could be detected, and none of  the other metab-
olites (Table S4). Brainstem Ang II was detected in 71% of  the rats not 
given DOCA-salt, but only in 29% of  the DOCA-salt-treated rats given 
vehicle, and in none of  the DOCA-salt-treated rats given siRNA (P<0.05; 
Figure 4B). In contrast, treatment with valsartan, spironolactone or their 
combination reconstituted brainstem Ang II in 40-50% of  the rats (Figure 
4B). Ang II levels in epididymal adipose and heart tissue followed the 
exact same pattern of  elimination and reconstitution as was observed for 
kidney and brainstem (Figure 4C-D). 

DOCA-salt on its own halved the expression of  Ang II type 1A receptors 
(P<0.05) in the brainstem, whereas the expression of  Ang II type 1B and 
Ang II type 2 receptors remained comparable to that of  rats that were 
not given DOCA-salt (Figure S3).

Effects on kidney function, endothelial function and cardiac hypertro-

phy

Glomerular filtration rate was 1.0±0.04 mL/min per 100 g body weight 
at baseline, and was not affected by DOCA-salt (P=0.34) or any other 
treatment (Table S3). Acetylcholine relaxed preconstricted iliac arter-
ies of  rats not given DOCA-salt by 87±5%, and by 79±5% after seven 
weeks of  DOCA-salt (P=0.31; Figure S4). This indicates that endothelial 
function was also left intact by DOCA-salt. The development of  cardiac 
hypertrophy in DOCA-salt-treated rats was indicated by greater heart 
weights (normalized to tibia length; P<0.05) and surface areas of  indi-
vidual cardiomyocytes (P<0.001) than those measured in rats that had 
not been given DOCA-salt (Figure 5A-B). Cardiac hypertrophy could be 
prevented by spironolactone combined with valsartan, which lowered 
heart weight, cardiomyocyte surface area and plasma levels of  NT-proB-
NP – a marker for cardiac dysfunction (P<0.05 vs. vehicle for all; Figure 
5A-C). Unexpectedly, AGT siRNA normalized the heart weights (P<0.01 

Figure 4: Tissue levels of angiotensin (Ang) II were measured by LC-MS/MS in A) kidneys, 
B) brainstems, C) epididymal adipose tissue (AT), and D) hearts of rats not given DOCA-
salt (non-DOCA) or given DOCA-salt for 7 weeks and treated with vehicle, AGT siRNA, 
valsartan (val), spironolactone (spiro) or valsartan+spironolactone (val+spiro) during the 
final 3 weeks (n=6-8 per group). Data, represented as medians, were analyzed after log 
transformation using ANOVA and post-hoc Dunnett (* P≤0.05, ** P≤0.01, *** P≤0.001, 
**** P≤0.0001). Abbreviations: ND, not detectable; LLOQ, lower limit of quantification.
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vs. vehicle; Figure 5A), even though MAP had remained high through-
out the treatment period (Figure 1A). However, cardiomyocyte surface 
area and NT-proBNP were unaffected by AGT siRNA (Figure 5B-C). 

Discussion

This study evaluated the concept that DOCA-salt selectively upregulates 
the brain RAS via locally synthesized AGT. Controversy has existed for 
decades regarding brain renin. Recently not only intracellular renin and 
secreted renin (i.e., the regular form of  renin as it is released from the 
kidney), but also prorenin were ruled out as potential contributors to 
brain angiotensin generation.18, 19 This leaves increased brain AGT pro-
duction, combined with its cleavage by an as of  yet unidentified enzyme, 
as a potential mechanism for brain RAS upregulation. Making use of  
siRNA targeting liver Agt, our current data fully confirm the indepen-
dent existence of  AGT in the brain: decreasing circulating (i.e. liver-de-
rived) AGT by 97% did not affect brain AGT levels. In fact, brain AGT 
levels (expressed per gram protein) were higher than liver AGT levels. 
However, DOCA-salt did not upregulate brain AGT. Moreover, DO-

Figure 5: Indices of cardiac hypertrophy. A) Heart weight relative to tibia length (HW:TL 
ratio), B) cardiomyocyte surface area and C) plasma NT-proBNP levels of rats not given 
DOCA-salt (non-DOCA) or given DOCA-salt for 7 weeks and treated with vehicle, AGT 
siRNA, valsartan (val), spironolactone (spiro) or valsartan+spironolactone (val+spiro) during 
the final 3 weeks (n=6-8 per group).  Data, represented as means, were analyzed using a 
one-way ANOVA and post-hoc Dunnett (* P≤0.05, ** P≤0.01, *** P≤0.001 vs. vehicle).
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CA-salt did not increase brain Ang II. Instead, brain Ang II was lowered 
to values below the detection limit in 70% of  the rats given only DO-
CA-salt, and in 100% of  the rats given the combination of  DOCA-salt 
and AGT siRNA. Yet suppression of  brain Ang II by siRNA did not 
attenuate DOCA-salt hypertension (Figure 6). Surprisingly, upregulating 
circulating RAS activity in DOCA-salt rats using spironolactone, partic-
ularly in combination with valsartan, restored brain Ang II levels, despite 
the fact that these treatments fully reversed the hypertensive response to 
DOCA-salt. In other words, brain Ang II levels related neither to blood 
pressure, nor to brain AGT levels, but did parallel the levels of  circulat-
ing Ang II. The latter was also true for kidney, cardiac and adipose tissue 
levels of  Ang II, and suggests that at all these sites angiotensin genera-

Figure 6: Schematic overview of changes induced by DOCA-salt in mean arterial pressure 
(MAP) and circulating and brain renin-angiotensin system (RAS) parameters. DOCA-
salt increased MAP, while suppressing circulating and brainstem angiotensin (Ang) II in 
parallel. Liver-targeted angiotensinogen (AGT) siRNA eliminated circulating AGT in DOCA-
salt-hypertensive rats and lowered brainstem Ang II to undetectable levels in all rats, 
even though brainstem AGT was intact. Yet blood pressure remained high. In contrast, 
brainstem Ang II was detectable in normotensive control rats and in DOCA-salt-treated 
rats after blood pressure normalization by spironolactone. This indicates that DOCA-salt 
hypertension is not mediated by brain RAS activation, and that Ang II in the brain is not 
generated from locally synthesized AGT, but instead must be derived from the circulation.
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tion depends on AGT of  hepatic origin. 

This raises the question what the function, if  any, of  locally synthesized 
AGT is in the brain. Previous studies demonstrated that deleting kidney 
Agt does not affect kidney angiotensin levels, both under normal and 
pathological conditions, while deleting hepatic AGT entirely abolishes 
kidney angiotensin generation.6, 30 Apparently, therefore, kidney angioten-
sin generation relies on hepatic AGT, and the function of  kidney AGT 
is unknown. The same now appears to be true for brain AGT, at least in 
the DOCA-salt model. Yet, brain AGT levels (expressed per gram tissue) 
were much higher than renal AGT levels. We confirmed that brain AGT 
truly is AGT by using both an immunoblot approach and a direct ELI-
SA. Previous immunohistochemical studies have localized brain AGT 
intracellularly.31 This is remarkable, as AGT is not typically retained but 
secreted, consistent with our observation that hepatic AGT levels are 
low. Taken together, a unifying concept might be that brain AGT cannot 
be converted to yield Ang I, either because there is neither renin, nor 
prorenin, nor any other enzyme capable of  reacting with this substrate 
in the brain, or because AGT is located at an (intracellular) site where 
it cannot meet with any of  these enzymes. Under either circumstance, 
the only possible source of  Ang II in the brain is circulating Ang II. It 
may either diffuse into the brain at sites where the blood-brain barrier is 
disturbed14, 15, or bind to AT1 receptors.32 In support of  the latter, ARB 
treatment greatly diminished the brain/plasma Ang II concentration ra-
tio in spontaneously hypertensive rats.19 In the current study, DOCA-salt 
decreased circulating Ang II levels by >90%, and reduced brainstem Ang 
II levels in 5 out of  7 rats to undetectable levels, making the calculation 
of  a tissue/plasma ratio impossible. Hence, a further reduction after 
valsartan could not be demonstrated. Brainstem tissue was chosen for 
this purpose, since renin levels are highest here,19 while the rostral ven-
trolateral medulla is an important cardiovascular control center that is 
fully sequestered from the circulation by the blood-brain barrier.33  Addi-
tionally, the brainstem has often been used as an indicator of  brain RAS 
activation in the DOCA-salt model.34, 35 Although the paraventricular 
nucleus has also been studied extensively and is similarly sequestered, it 
was less suited for our studies because it is known to respond to signals 
transmitted by binding of  circulating Ang II to the subfornical organ36 – 
an area that is not shielded by the blood brain barrier. Importantly, none 
of  the other angiotensin metabolites could be demonstrated in brainstem 
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tissue, in contrast with tissues like the heart and kidney, where Ang I is 
easily detectable. Indirectly, this argues against local Ang II formation 
from locally generated Ang I. It also argues against a role for angiotensin 
metabolites other than Ang II, like Ang-(1-7) and Ang III, in the brain. 

Partial reversal of  DOCA-salt hypertension has been demonstrated 
when administrating RAS blockers intracerebroventricularly instead of  
intravenously.11-13 Yet in these studies, circulating and brainstem Ang II 
levels were not reported and there was severe hypertension, due to the 
combination of  DOCA-salt with uninephrectomy. Such high blood pres-
sures are likely to have disturbed the blood-brain barrier, thus allowing 
access of  multiple RAS components from the circulation. Therefore, it 
cannot be excluded that the intracerebroventricularly administered RAS 
blockers were actually interfering with Ang I or Ang II taken up from the 
circulation. Secondly, several decades ago both AGT and AT1 receptor 
antisense oligonucleotides were injected intracerebroventricularly in vari-
ous hypertension rat models other than the DOCA-salt rat.37-41 Although 
these approaches lowered blood pressure, intracardiac administration 
was equally effective,40 while direct injection into the paraventricular 
nucleus (PVN) did not affect blood pressure.39 Effects were short-lasting 
and could not be linked to consistent lowering of  brain Ang II levels, 
while AGT suppression was not verified. Taken together, convincing 
evidence that suppression of  brain AGT selectively reduces brain Ang II 
and thereby lowers blood pressure is still missing.    

It has been suggested that brain angiotensin generation occurs in select 
nuclei only, e.g., the PVN or rostral ventrolateral medulla. If  true, brain 
angiotensin levels would be severely diluted when highly localized angio-
tensin production sites are evaluated as part of  a broader region, thereby 
reducing interpretability or utility of  data. Lombard-Banek et al. recently 
applied a novel micro-analytical capillary electrophoresis-coupled mass 
spectrometry approach to determine Ang II in the PVN.42 Making use 
of  0.2 mg tissue, they reported levels of  approximately 65 pmol Ang 
II/g.43 At such levels, even if  ‘’diluting’’ our samples 10.000-fold with 
non-Ang II-containing brain tissue, we should still have detected brain 
Ang II given our detection limits (Table S1). In reality, Ang II levels of  
65 pmol/g are many orders of  magnitude above the levels measured in 
tissues with an abundance of  the peptide, like the adrenal and kidney, 
and equivalent to the amount of  AGT we observed in brain tissue ( 
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≈10 ng/mg protein, which corresponds to ≈20 pmol AGT/g, given that 
1 gram of  tissue contains ≈100 mg protein). Hence, before concluding 
that such high regional levels exist, ex-vivo AGT degradation needs to 
be excluded. Brainstem Ang II levels in the current study were detectable 
in 5 out of  7 normotensive SD rats, and this decreased to 0 out of  7 DO-
CA-salt-treated rats given siRNA. Had Ang II been independently upreg-
ulated in a regional manner after DOCA-salt, the opposite should have 
been observed. A final argument for brain RAS activation might be AT 
receptor upregulation independent of  changes in Ang II levels. However, 
the opposite was observed for Ang II type 1A receptors, while no chang-
es occurred in Ang II type 1B or type 2 receptors.

DOCA-salt suppressed the renal RAS by >95%. The RAS is essential to 
preserve renal function and glomerular filtration.44 AGT siRNA on top 
of  DOCA-salt lowered but not fully annihilated renal Ang II. This may 
explain why GFR remained intact. Alternatively, GFR in this model 
may be less dependent on renal RAS activity.    

Spironolactone reversed the blood pressure rise observed after DO-
CA-salt, implying that this rise is mineralocorticoid receptor-mediated. 
It also restored RAS activity. Although valsartan (31 mg/kg/day) tend-
ed to reduce blood pressure even further on top of  spironolactone, this 
effect was not significantly different from that of  spironolactone alone. 
Neither valsartan monotherapy nor AGT siRNA attenuated DOCA-salt 
hypertension, while applying the same or lower dosages robustly low-
ered blood pressure in spontaneously hypertensive rats.22 Hence, as has 
been shown before11, 13, systemic RAS blockade is of  limited or no use in 
the DOCA-salt model. This comes to no surprise when considering that 
DOCA-salt suppressed circulating RAS activity by at least 95%. Never-
theless, AGT siRNA did fully reverse cardiac hypertrophy, to the same 
degree as spironolactone combined with valsartan. Since this occurred 
independently of  a change in blood pressure or NT-proBNP, these data 
imply that it was due to a reduction of  cardiac Ang II. Indeed, like in 
the brain, siRNA reduced cardiac Ang II to undetectable levels in 7 out 
of  7 DOCA-salt-treated rats. Such observations were not made with val-
sartan, possibly because it did not fully suppress cardiac Ang II, unlike 
siRNA. Taken together, these findings confirm that cardiac angiotensin 
generation relies on hepatic AGT, and that liver-targeted AGT siRNA 
is therefore capable of  exerting cardiac-specific effects in a blood pres-
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sure-independent manner. 

Determining the functional significance of  local, tissue-based AGT pro-
duction may guide the development of  tissue-targeted antihypertensive 
drugs. However, our data indicate that liver-derived AGT is the sole 
determinant of  tissue angiotensin generation in blood, kidney, heart, ad-
ipose tissue and brain. We did not find selective brain RAS upregulation 
in DOCA-salt-hypertensive rats, and eliminating brain Ang II through 
hepatic Agt silencing did not lower blood pressure in this animal model 
for human primary hyperaldosteronism. To the best of  our knowledge, 
brain-targeting of  AGT siRNA (other than via intracerebroventricular in-
jection) is not yet feasible. Yet this approach might help to identify a role 
of  brain AGT, if  any, in the various hypertension models that currently 
exist. Ideally, these studies will combine detailed measurements of  both 
AGT and Ang II in the brain, and include a comparison with hepatic 
AGT siRNA. 

Clinical perspectives
Background as to why the study was undertaken

DOCA-salt hypertension - an animal model for human primary hyper-
aldosteronism - is thought to be mediated by independent generation of  
angiotensin II in the brain. If  so, the development of  brain-targeted anti-
hypertensive drugs may help to treat this condition.

Brief summary of the results

In DOCA-salt-hypertensive rats, elimination of  circulating angioten-
sinogen by liver-specific RNA silencing lowered brain angiotensin II to 
undetectable levels, even though brain angiotensinogen remained intact. 
Nonetheless, blood pressure remained high. In contrast, brain angio-
tensin II could be detected in normotensive control rats and after blood 
pressure normalization by spironolactone.

Potential significance to human health and disease

These results indicate that angiotensin II in the brain is derived from the 
circulation, and is not independently generated from locally synthesized 
angiotensinogen. These results argue against selective brain renin-angio-
tensin system activation during DOCA-salt hypertension or its human 
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equivalent, primary hyperaldosteronism. Yet a role for brain angioten-
sinogen might still be identified if  it becomes possible to target siRNA to 
the brain.
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Ang(1-10) 
= Ang I  

Ang(1-8) 
= Ang II

Ang(1-7) Ang(1-5) Ang(2-8) Ang(3-8)

Blood 3 2 8 2 2,5 1

Brainstem 6 6 10 8 6 5

Kidney 6 3 19 13 6 10

Epididymal AT 3 2 6 3 3 2

Heart 8 6 12 8 5 5

Gene Sequences (5’ to 3’)

Agt
Forward primer CCAGCACGACTTCCTGACTT
Reverse primer GCAGGTTGTAGGATCCCCGA

Ren
Forward primer TGTGGTAACTGTGGGTGGAAT
Reverse primer GCATGAAGGGTATCAGGGGC

AT1aR
Forward primer ATCACCAGGTCAAGTGGATTTCG
Reverse primer TTCCCACCACAAAGATGATGC

AT1bR
Forward primer CTGAATCTTGCCCTGGCTGA
Reverse primer ACATAGGTGGTTGCCGAAGG

AT2R
Forward primer AAGGAATCCCTGGCAAGCATC
Reverse primer TGGCAATGAGGACAGACAAGC

B2M
Forward primer ATGGCTCGCTCGGTGACCG 
Reverse primer TGGGGAGTTTTCTGAATGGCAAGCA 

Actb
Forward primer GGGAAATCGTGCGTGACATT 
Reverse primer GCGGCAGTGGCCATCTC 

Supplemental Table S2. Sequences of  primers used for qPCR. Abbreviations: Agt, an-
giotensinogen; Ren, renin; AT1aR, angiotensin II type 1a receptor; AT1bR, angiotensin 
II type 1b receptor; AT2R, angiotensin II type 2 receptor; B2M, β2-microglobulin; Actb, 
β-actin.

Supplemental Table S1. Lower limit of  quantification (LLOQ; pM or fmol/g) for an-
giotensin (Ang) metabolites specified per tissue. Abbreviations: AT, adipose tissue.

Supplemental data
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Supplemental Figure S1: Validation of angiotensinogen (AGT) antibody target specificity. 
A) Immunoblots showing protein abundance of AGT in tissues from wild-type and Agt 
knockout mice (tissues were a kind gift of Prof. M. Bader, Berlin, Germany; n=4 per group). 
B) Complete immunoblot of liver homogenates from untreated (non-DOCA) control rats 
and AGT-siRNA-treated rats.
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Supplemental Figure S2: Relationship between circulating RAS parameters and 
antihypertensive effect. Rats were sham operated (non-DOCA normotensive controls; 
open circles) or given DOCA-salt for 7 weeks and treated with vehicle, AGT siRNA, 
valsartan, spironolactone or spironolactone+valsartan during the final 3 weeks (n=6-8 per 
group). Correlation between A) angiotensin (Ang) I and active plasma renin concentration 
(APRC), B) Ang II and APRC, C) mean arterial pressure (MAP) and APRC for all treatment 
groups or for D) spironolactone (upside-down triangle) and valsartan+spironolactone-
treated rats (diamond). r denotes Pearson’s correlation coefficient.
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Supplemental Figure S3: Kidney renin and brain angiotensin receptor expression. 
Gene expression of kidney renin and brainstem angiotensin II receptor type IA (AT1RA); 
angiotensin II receptor type IB (ATR1B) and angiotensin II receptor type 2 (AT2R) of rats 
that were sham operated (non-DOCA) or rats that had received DOCA-salt for 7 weeks and 
were treated with vehicle or AGT siRNA during the final 3 weeks (n=7 per group). Data, 
represented as mean fold induction relative to the non-DOCA controls, were analyzed 
using one-way ANOVA and post-hoc Dunnett (* P≤0.05, *** P≤0.001). 

Supplemental Figure S4: Vascular responses to acetylcholine. Relaxations to acetylcholine 
(% reduction of preconstriction with U46619) in the absence (control; black circles) or 
presence of Nω-nitro-L-arginine methyl ester hydrochloride (L-NAME; red triangles) or 
L-NAME+TRAM34+apamin (blue squares) in iliac arteries of rats not given DOCA-salt or 
after seven weeks of DOCA-salt (n=7 for both). Emax (maximal effect) and pEC50 (the 
negative logarithm of the half-maximal effective concentration) were analyzed using one-
way ANOVA and post-hoc Bonferroni.
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Abstract

Small interfering RNA targeting liver angiotensinogen (AGT siRNA) 
lowers blood pressure, but its effectiveness in hypertensive chronic 
kidney disease (CKD) is unknown. Considering that the kidney may 
generate its own AGT, we assessed the effectiveness of  liver-targeted 
AGT siRNA in the 5/6th nephrectomy (5/6Nx) rat, a hypertensive 
CKD model. Five weeks after 5/6Nx (baseline), rats were subjected 
to vehicle, AGT siRNA, AGT siRNA + losartan, losartan, or losartan 
+ captopril. Baseline MAP was 160±6 mm Hg. Over the course of  4 
weeks, MAP increased further by ≈ 15 mm Hg during vehicle treatment. 
This rise was prevented by AGT siRNA. Losartan reduced MAP by 
37±6 mm Hg, and increased plasma angiotensin II. Both AGT siRNA 
and captopril suppressed these effects of  losartan, suggesting that its 
blood pressure-lowering effect relied on stimulation of  vasodilator 
angiotensin II type 2 receptors by high angiotensin II levels. Proteinuria 
and cardiac hypertrophy increased with vehicle and these increases 
were comparably abrogated by all treatments. No intervention improved 
GFR, while siRNA and losartan equally diminished glomerulosclerosis. 
AGT siRNA ± losartan reduced plasma AGT by >95%, and this was 
accompanied by almost complete elimination of  angiotensin II in 
kidney and heart, without decreasing renal AGT mRNA. Multiple 
linear regression confirmed both MAP and renal angiotensin II 
as independent determinants of  proteinuria. In conclusion, AGT 
siRNA exerts renoprotection in the 5/6Nx model in a blood pressure-
independent manner. This relies on the suppression of  renal angiotensin 
II formation from liver-derived AGT. Consequently, AGT siRNA may 
prove beneficial in human chronic kidney disease.

Keywords: chronic kidney disease – novel therapeutics – small 
interfering RNA – renin-angiotensin system – hypertension – cardiac 
hypertrophy
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Introduction

Treatment of  chronic kidney disease (CKD) often involves the use of  
renin-angiotensin system (RAS) blockers to treat hypertension and 
confer renoprotection. The latter is believed to be due to interference 
with either the generation or effects of  angiotensin (Ang) II at renal 
tissue sites. Here it has often been argued that apart from renin synthesis 
in the kidney, angiotensinogen (AGT) is also synthesized at renal tissue 
sites, for instance in the proximal tubule.1 Given the broad expression 
of  ACE in the kidney,2 this implies that all components required 
to synthesize Ang II are present in the kidney,3 thereby allowing 
locally synthesized Ang II to exert its effects fully independently from 
circulating Ang II, i.e., by stimulating angiotensin II type 1 and 2 (AT1, 
AT2) receptors at renal tissue sites.

RAS blockade is hampered by counterbalancing mechanisms, the most 
important of  which is renin upregulation.4 As a consequence, the degree 
of  RAS suppression may be less than anticipated, even more so if  organs 
express their own AGT. Furthermore, particularly during AT1 receptor 
blocker (ARB) treatment, the elevated Ang II levels might stimulate 
vasodilator AT2 receptors, thereby lowering blood pressure.5

A novel approach of  interfering with the RAS is the use of  small 
interfering RNAs (siRNAs) targeting AGT.6 Currently siRNA designs 
exist with hepatocyte-directed, N-acetylgalactosamine (GalNAc)-
conjugated molecules which allow stable suppression of  hepatic 
proteins like proprotein convertase subtilisin/kexin type 9, requiring 
only biannual dosing in humans.7 Given the hepatic origin of  circulating 
AGT, this approach could allow a similar suppression of  AGT. 
Importantly, under such circumstances counterbalancing renin rises 
should no longer be able to restore Ang II in blood, simply because 
AGT is lacking. Indeed, a GalNAc-conjugated siRNA targeting AGT 
was highly effective in suppressing circulating AGT in spontaneously 
hypertensive rats (SHR),6 thereby reducing blood pressure to the same 
degree as ACE inhibitors (ACEi) and ARB. Moreover, combining this 
AGTsiRNA with an ARB virtually eliminated Ang II, because the 
accompanying further renin rise now cleaved any remaining AGT and 
thus exhausted the source of  angiotensin peptides.
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A remaining question is to what degree this approach also exerts 
beneficial effects at tissue sites, in particular in the kidney, given its 
own AGT synthesis. Here, it should be noted that RAS blockade has 
a limit, and that too much RAS blockade (e.g., by combining multiple 
RAS blockers at the same time) may result in hypotension, acute kidney 
injury and hyperkalemia. Disappointingly, a two-week treatment of  
the 5/6th nephrectomy (Nx) rat, a CKD model which is responsive to 
RAS blockade,8-10 with AGT antisense oligonucleotides (liver-specific 
or non-specific) revealed no beneficial effect on proteinuria or renal 
histology.11 Non-specific AGT suppression even impaired renal function 
(evidenced by a reduced creatinine clearance) and worsened histology, 
while hepatic-specific suppression was indistinguishable from vehicle 
treatment. Based on this, the authors argued that non-specific AGT 
suppression is potentially deleterious, because it lowers renal Ang II too 
much. Yet, they did not report renal angiotensin levels. Moreover, their 
results were obtained while exposing the 5/6th Nx rats to a very low-salt 
diet (0.015 % NaCl). Since this will greatly upregulate the dependency 
of  renal function on the RAS, it may explain why no beneficial effects 
of  AGT suppression were observed.

Therefore, in the present study we set out to investigate the effects 
of  liver-targeted AGT siRNA in the same CKD model (the 5/6th Nx 
rat) under normal salt conditions, applying treatment for a longer 
time period (4 weeks) and making a comparison versus the ARB 
losartan or dual RAS blockade (AGT siRNA + losartan or captopril 
+ losartan). Our hypothesis was, firstly, that AGT siRNA alone would 
exert renoprotection to the same degree as maximal RAS blockade, 
and secondly that this would rely on both blood pressure lowering 
and suppression of  renal Ang II. Here it is important to note that the 
5/6th Nx procedure results in significant blood pressure elevation when 
using a 2-step approach (removal of  the right kidney, followed by 
subsequent removal of  2/3 of  theremaining kidney 7-10 days later),8,12 
or when combining right uninephrectomy with immediate infarction 
of  2/3 of  the left kidney.9,10,13-15 This is not the case when performing 
right uninephrectomy at the same time as excision of  both poles of  
the left kidney (1-step approach).13-15 In the present study we used the 
2-step approach, allowing us to evaluate the contribution of  blood 
pressure to both the development of  proteinuria and the deterioration of  
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glomerular filtration rate (GFR) and renal histology. Furthermore, by 
simultaneously measuring angiotensin levels in kidney, heart and blood 
we were able to distinguish the contribution of  non-hepatic AGT to 
their synthesis.

Methods

All supporting data are available within the article and in the Data 
Supplement.

Animal studies

All animal experiments were approved by the Animal Welfare 
Committee of  the Erasmus MC (protocol number 16-790-06). Male 
6-weeks old Sprague-Dawley (SD) rats were obtained from Envigo 
(Huntingdon, United Kingdom) and maintained on a standard sodium 
diet (containing 0.27% Na+, translating to ≈57 mg Na+/day per rat). 
5/6th Nx was performed in a two-step procedure as reviously described.12 
Briefly, right uninephrectomy was performed under isoflurane 
anesthesia, followed by resection of  the poles of  the left kidney 10 
days later. Right uninephrectomy was combined with telemetry device 
(HD-S10, Data Sciences International, St. Paul, USA) implantation as 
previously described.16,17 Animals were allowed to recover for 5 weeks, 
as this period is necessary for the remnant kidney to attain a new steady-
state condition.18 Subsequently, animals were treated for 4 weeks with 
vehicle (15% dimethylsulfoxide/75% polyethylene glycol-400/10% 
ethanol; n=10), AGT siRNA (10-30 mg/kg fortnightly by subcutaneous 
injection, n=12; Alnylam Pharmaceuticals, Cambridge, MA, USA), 
AGT siRNA + losartan (30 mg/kg per day; n=7; SigmaAldrich, 
Zwijndrecht, The Netherlands), losartan (n=8), or losartan + captopril 
(6 mg/kg per day, n=8; Sigma Aldrich). Losartan and captopril 
doses were chosen on the basis of  maximum effectiveness.16,19 
The siRNA consisted of  a chemically modified antisense strand 
w i t h  s e q u e n c e  U U G A U U U U U G C C C A G G A UA G C U C , 
hybridized with a chemically modified sense strand of  sequence 
GCUAUCCUGGGCAAAAAUCAA. Oligonucleotides were 
synthesized as previously described.6 To ensure selective and efficient 
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delivery to hepatocytes, a triantennary N-acetylgalactosamine (GalNAc) 
– a high-affinity ligand for the hepatocyte-specific asialoglycoprotein 
receptor – was attached to the 3′ end of  the sense strand.20 Two doses 
of  AGT siRNA were tested (10 and 30 mg/kg), but since the degree 
of  AGT depletion was identical with both doses (97.3±1.4% versus 
95.9±1.1%; Figure S1) data for both doses were combined. Losartan 
and captopril were administered subcutaneously by osmotic minipump 
(model 2ML4, Alzet, Cupertino, CA, USA). Four additional 5/6th Nx 
animals were sacrificed after the recovery period, to establish plasma 
hormone levels, proteinuria, renal histology and cardiac hypertrophy 
before the start of  treatment(‘baseline’). Eight Sprague-Dawley rats 
(18 weeks old, weight 407±24 g) were sacrificed to establish renal 
histology in healthy controls. Animals were allocated to treatment 
groups by stratification based on the 3-day average of  mean arterial 
pressure (MAP) and the glomerular filtration rate (GFR) measured at 
baseline. For biochemical measurements, we collected 24-hour urine 
in metabolic cages and blood plasma by venipuncture from the lateral 
tail vein before treatment (baseline), after 2 weeks and after 4 weeks of  
treatment. Blood pressure, heart rate and animal activity were recorded 
continuously via radiotelemetry. At the end of  the treatment period, 
rats were anaesthetized by inhalation of  isoflurane and exsanguinated: 
1 mL blood was collected in 10 mL of  4 mol/L guanidine thiocyanate21 
(Sigma Aldrich) and used for quantification of  angiotensin metabolites; 
remaining blood was supplemented with EDTA and centrifuged at 
16000 x g to obtain plasma. Kidneys and heart were harvested, weighed, 
divided into transverse segments, and fixated in 4% paraformaldehyde 
for histological analysis, or snap frozen in liquid nitrogen for gene - and 
protein expression analysis. Mesenteric arteries were isolated and used 
directly in myograph studies.

Biochemical measurements

In plasma, AGT was measured by enzyme- kinetic assay as the 
maximum quantity of  Ang I generated during incubation, at pH 7.4 
and 37°C, with rat kidney renin in the presence of  a mixture of  ACE, 
angiotensinase, and serine protease inhibitors.22 The lower limit of  
detection of  this assay was 0.2 nmol/L. In renal tissue, AGT was 
quantified by Western blotting and normalized vs. glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as described before.23 Plasma renin 
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concentration (PRC) was measured by quantifying Ang I generation 
in the presence of  excess porcine AGT (detection limit 0.17 ng Ang 
I/mL per hour).24 Ang I was measured by radioimmunoassay. In the 
cases that measurements were at or below the detection limit, this limit 
was applied to allow for statistical analysis. Ang metabolites in plasma, 
kidney, and heart tissue (left ventricle) were measured by LC-MS/MS 
analysis as described before.25 Briefly, tissue samples were homogenized 
under liquid nitrogen and extracted with a guanidinium-based 
extraction buffer. Stabilized whole blood and tissue extracts were spiked 
with stable isotope labeled internal standards for each individual target 
analyte (Sigma Aldrich) before being subjected to C18 based solid phase 
extraction and subsequent LC-MS/MS analysis. Table S1 specifies the 
lower limit of  quantification for each metabolite. Plasma NT-proBNP 
was measured with a rat NT-proBNP ELISA kit (detection limit 15.6 
pg/mL; Aviva Systems Biology, San Diego, USA). Urine total protein 
was measured by the clinical chemistry laboratory of  the Erasmus 
MC. Urinary neutrophil gelatinase-associated lipocalin (NGAL) was 
measured with a rat NGAL ELISA kit (detection limit 0.1 pg/mL; 
Abcam, Cambridge, UK).

Quantitative polymerase chain reaction (qPCR)

Total RNA was isolated from snap-frozen kidney using TRI 
Reagent (Sigma Aldrich) and reverse transcribed into cDNA 
using the QuantiTect Reverse Transcription Kit (Qiagen, Venlo, 
The Netherlands). cDNA was amplified in triplicate in 40 cycles 
(denaturation at 95°C for 3 min; thermal cycling at 95°C for 3 
sec, annealing/extension at 60°C for 20 sec) followed by a melt 
curve with a CFX384 (Bio-Rad, Veenendaal, The Netherlands) 
using Kapa SYBR® Fast (Kapa Biosystems). Intron-spanning 
oligonucleotide primers were designed with NCBI Primer-
BLAST for AGT (forward CCAGCACGACTTCCTGACT, 
r e v e r s e  G C A G G T T G T A G G A T C C C C G A ) ,  r e n i n 
( f o r w a r d  T G T G G T A A C T G T G G G T G G A A T ,  r e v e r s e 
GCATGAAGGGTATCAGGGGC) and β  2-microglobulin 
(B2M; forward ATGGCTCGCTCGGTGACCG, reverse 
TGGGGAGTTTTCTGAATGGCAAGCA). The DDCt method 
was used for relative quantification of mRNA expression levels, 
using the housekeeping gene B2M for normalization.
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Kidney function

Glomerular filtration rate (GFR) was determined at baseline and at 
the end of  treatment, by transcutaneous measurement of  fluorescein 
isothiocyanate (FITC)-labeled sinistrin (Mannheim Pharma & 
Diagnostics GmbH, Mannheim, Germany), administered as a bolus 
injection (0.24 mg/kg dissolved in saline) via the tail vein. A non-
invasive clearance (NIC)-kidney fluorescent detection device together 
with partner software (Mannheim Pharma & Diagnostics GmbH) were 
used to generate the elimination kinetics curve of  FITC-sinistrin. GFR 
was derived from the excretion half-life (t1/2) of  FITC-sinistrin, using a 
conversion factor and formula validated for rats26:GFR (mL/min per 
100g body weight (BW)) = 31.26 (mL/100g BW) / t1/2 FITC-sinistrin 
(minutes).

Histology

Kidney segments, fixed in 4% paraformaldehyde, were dehydrated 
and paraffin-embedded. Transversely sliced and deparaffinized 
kidney sections (2 mm) were stained with periodic acid– Schiff  
(PAS) and scored semiquantitatively in a blinded fashion by a renal 
pathologist (M.C.C.v.G.) as previously described.27 Focal segmental 
glomerulosclerosis (FSGS) was assessed and graded in all glomeruli 
of  one kidney section per rat, basing on an arbitrary scale wherein 
0%, <25%, 25-50%, 50-75%, and >75% of  glomerular sclerosis were 
represented by grade zero (n0), 1 (n1), 2 (n2), 3 (n3), and 4 (n4), respectively. 
The glomerulosclerosis index (GSI) was calculated with the formula: 
[(1×n1)+(2×n2)+( 3×n3)+( 4×n4)]/(n0+n1+n2 +n3+n4). Tubular atrophy, 
interstitial fibrosis, and tubulointerstitial inflammation were scored in 
the same kidney section and summed to obtain the tubulointerstitial 
score (TIS). A score of  0-3 indicated that <25% of  tubulointerstitial 
tissue was affected, a score of  4–6 indicated 25–50% and a score of  7–9 
indicated >50%. Finally, observing dilated tubules and acute thrombotic 
microangiopathy was used as an indication of  hypertensive kidney 
injury.

Myograph studies

thesis-liwei Ren.indd   96 26-05-2021   15:51



Renoprotection and  angiotensinogen siRNA

C
ha

pt
er

  4

97

Mesenteric arteries were carefully dissected and placed in a cold, Krebs 
bicarbonate solution (composed as follows [in mmol/L]: NaCl, 118; 
KCl, 4.7; CaCl2, 2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3, 25 and 
glucose, 8.3; pH = 7.4), aerated with 5% CO2 in O2 (carbogen). Arteries 
were cut into 2 mm segments and mounted in Mulvany myographs 
(Danish Myo Technology, Aarhus, Denmark) with 6-mL organ baths 
containing oxygenated Krebs buffer and maintained at 37°C. Changes 
in tissue tension were measured using a LabChart data acquisition 
system (AD Instruments Ltd, Oxford, UK). After equilibration for at 
least 30 min and a wash, the vessel segments were stretched to a tension 
normalized to 90% of  100 mm Hg. After reaching equilibrium, the 
contractile capacity of  the mesenteric arteries were examined by adding 
30 mmol/L KCl. After washout, the tissue was exposed to 100 mmol/
L KCl to determine the maximal contraction. Endothelial function 
was checked by verifying relaxation to 10 mmol/L acetylcholine after 
preconstriction with the thromboxane A2 analogue U46619 (10 nmol/L) 
to >70% of  the maximal contraction. Next, segments were equilibrated 
in fresh Krebs buffer for 30 min, and preincubated for 30 min with the 
NO synthase inhibitor L-NAME (Nω-nitro-L-arginine methyl ester 
hydrochloride; 100 μmol/L), the small- and intermediate-conductance 
Ca2+-activated K+-channel (SKCa , IKCa) inhibitors apamin (100 nmol/
L) and TRAM34 (10 μmol/L), the endothelin type A (ETA) receptor 
antagonist BQ123 (1 μmol/L), or the ETB receptor antagonist BQ788 
(1 μmol/L). Thereafter, concentration-response curves (CRCs) were 
constructed to ET-1. To construct CRCs to the endothelium-dependent 
dilator acetylcholine (ACh) arteries were preconstricted with U46619. 
All drugs were obtained from Sigma-Aldrich.

Statistics

Data are expressed as mean values ± SEM in case of  normal 
distribution and median with interquartile range in case of  non-normal 
distribution. Non-normally distributed data were log-transformed 
before statistical analysis. The minimum number of  animals per group 
was calculated to be 7 (4-week treatment, 5 treatment groups, a=0.05, 
power 80%, standard deviation 10 mm Hg, difference in means 15 mm 
Hg). Data were analyzed by one-way analysis of  variance (ANOVA) 
and mixed linear models, using treatment and time as fixed effects, if  
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appropriate. If  significant, selected post-hoc analyses were performed 
between individual groups by controlling for a false-discovery rate 
of  5%.28 Relaxant responses to either ACh or SNAP are expressed as 
a percentage of  the contraction to U46619. Contractile responses to 
ET-1 are expressed as a percentage of  the contraction to 100 mmol/
L KCl. CRCs were analyzed as described before29 to obtain pEC50 
(-10logEC50) and Emax values. Data obtained at multiple points in time 
were analyzed using a repeated- measures two-way ANOVA, followed 
by post-hoc correction according to Dunnett or Dunn in case of  
multiple comparisons, if  appropriate. Univariate linear associations 
were assessed by calculation of  Pearson’s coefficient of  correlation. 
Two-tailed P values <0.05 were considered statistically significant. 
Multiple linear regression analysis was performed to identify variables 
correlating independently with proteinuria. All analyses were 
performed using Prism version 9.0.0 (GraphPad Software Inc., La 
Jolla, USA)

Results

AGT siRNA halts the blood pressure rise in the 5/6th Nx model

We have reported earlier that MAP in healthy SD rats is 103±1 mm Hg 
(n=7).23 At 5 weeks after 5/6th Nx (‘baseline’) MAP had increased to 
160±6 mm Hg (n=47; Figure 1A). Systolic and diastolic blood pressure 
(SBP, DBP) were 187±6 and 126±8 mm Hg, respectively. MAP increased 
further to 174±5 mm Hg during the subsequent 4 weeks of  vehicle 
treatment. AGT siRNA treatment prevented this increase (P<0.05 versus 
vehicle; Figures 1A and 1B). Losartan lowered MAP by 37±6mmHg, 
P<0.001 versus vehicle). Adding either AGT siRNA or captopril on top 
of  losartan diminished (P<0.05 versus losartan) the effect of  losartan, 
yielding MAP decreases of  22±7 and 21±6 mm Hg, respectively (both 
P<0.001 versus vehicle). As a consequence, MAP was identical during 
treatment with AGT siRNA alone, AGT siRNA + losartan and losartan 
+ captopril, while it was lower in the losartan alone group versus the 
AGT siRNA alone group (P<0.05). No treatment affected heart rate 
(Figure 1C), activity (Figure 1D), body weight, or food intake (Table S2). 
Evaluating the drug effects on the basis of  analyses with SBP instead 
of  MAP yielded the same outcome (Figure S2). Figure S2 additionally 
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provides scatter plots of  SBP, DBP and pulse pressure in the various 
groups at the end of  the 4-week treatment.

AGT siRNA suppresses the circulating RAS

PRC in healthy SD rats amounted to 11.8±0.8 ng Ang I/mL per hour.23 
At 5 weeks after 5/6th Nx, PRC had decreased to 2.6 (range 0.8-3.9) ng 
Ang I/mL per hour (Figure 2A). All treatments modestly increased PRC, 
although significan ce (P<0.05 versus baseline) was reached for losartan 
only (at 2 weeks). PRC correlated negatively with MAP (P=0.008; 
Figure 2B) and SBP (P=0.006; Figure S3A). As expected, AGT siRNA, 
either alone or with losartan, diminished plasma AGT by >95% (Figure 
2C). No other treatment affected circulating AGT. Losartan increased 
plasma Ang I (P<0.001 versus vehicle) and II (P<0.01) (Figures 2D and 
2E), while in combination with captopril only plasma Ang I increased 
(P<0.001). AGT siRNA reduced plasma Ang I (P=0.07) and II (P<0.05) 
in parallel, with the plasma Ang I levels becoming undetectable in 
most animals. Combining AGT siRNA with losartan yielded virtually 

Figure 1. Effects on hemodynamics and activity. Mean arterial pressure (MAP; A), ΔMAP 
(B), heart rate (bpm; C), and locomotor activity (D) in Sprague-Dawley rats subjected 
to 5/6th nephrectomy and treated with either vehicle, angiotensinogen (AGT) small 
interfering RNA (siRNA), AGT siRNA+losartan, losartan, orlosartan+captopril for 28 d. 
Treatment was started after 5 wk of recovery. Data are mean±SEM of n=7 to 12. *P<0.05, 
***P<0.001 vs vehicle; #P<0.05, &P<0.01, %P<0.001 vs indicated group.
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Figure 2. Effects on the circulating renin-angiotensin system. Renin (A), angiotensinogen 
(AGT; C), Ang (angiotensin) I (D), and Ang II (E) in blood plasma of Sprague-Dawley rats 
subjected to 5/6th nephrectomy and treated with either vehicle, AGT small interfering RNA 
(siRNA), AGT siRNA+losartan, losartan, or losartan+captopril for 28d. Treatment was started 
after 5 wk of recovery (=baseline). Data are mean±SEM of n=7 to 12. B, The relationship 
between plasma renin and mean arterial pressure (MAP) during the last 3 treatment days. 
LLOQ indicates lower limit of quantification. *P<0.05, **P<0.01, ***P<0.001, ***P<0.001 
vs indicated group.
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Figure 3. Effects on the renal reninangiotensin system. Renin expression (normalized 
versus β2-microglobulin; A), angiotensinogen (AGT) mRNA (normalized versus β2-
microglobulin; C), AGT protein (fold induction versus GAPDH; D), Ang (angiotensin) I (E), 
and Ang II (F) in kidneys of Sprague-Dawley rats subjected to 5/6th nephrectomy and 
treated with either vehicle, AGT small interfering RNA (siRNA), AGT siRNA+losartan, 
losartan, or losartan+captopril for 28d. Treatment was started after 5 wk of recovery. Data 
are mean±SEM of n=7 to 12. B, The relationship between plasma renin and renal renin 
expression. D, Representative blots. LLOQ indicates lower limit of quantification; and NS, 
not significant. *P<0.05, **P<0.01, ***P<0.001, ***P<0.001 vs indicated group.
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identical Ang I and II levels as AGT siRNA alone. Only captopril 
reduced the Ang II/I ratio (Table S1). Neither Ang-(1-7), nor Ang III 
or IV were detectable in blood of  5/6th Nx rats (Table S1), and only 
after losartan (with or without captopril) did these metabolites become 
detectable.

AGT siRNA and the renal RAS

AGT siRNA, as well as the other treatments, tended to upregulate 
renal renin expression (Figure 3A), but no significance was reached. 
Renal renin expression correlated closely (P<0.001) with PRC (Figure 
3B). AGT siRNA did not affect renal AGT expression (Figure 3C), in 
agreement with its liver-specificity, nor did any of  the other treatments 
affect this expression. Yet, AGT siRNA greatly suppressed the renal 
AGT, Ang I, and Ang II levels (Figures 3D-F), while in combination 
with losartan, renal Ang I and II were virtually eliminated (P<0.0001 
versus AGT siRNA alone). Losartan, with or without captopril, did not 
affect renal Ang I. Losartan when given alone, modestly reduced renal 
Ang II (P<0.05 versus vehicle), while in combination with captopril, 
it reduced renal Ang II more strongly (P<0.01). As a consequence, the 
renal Ang II/I ratio decreased during both losartan alone and losartan 
+ captopril (P<0.001 versus vehicle; Table S1), but not during the other 
treatments. Renal Ang III and Ang IV levels were low in the 5/6th Nx 
model, and rapidly became undetectable after most treatments (Table 
S1). In contrast, renal Ang-(1-7) levels were of  identical magnitude 
as the renal Ang II levels, and decreased in parallel with Ang I and II 
after siRNA (with or without losartan), but not after losartan alone or 
losartan + captopril.

AGT siRNA is renoprotective

GFR in healthy SD rats is 1.0±0.04 mL/min per 100 g body weight.23 
At 5 weeks after the 5/6th Nx procedure, GFR had decreased to 
0.38±0.10 mL/min per 100 g body weight. Neither vehicle, nor any 
treatment affected GFR over the next 4 weeks (Figure 4A). None of  
the treatments altered water intake (Table S2), urinary volume (Table 
S2) or urinary NGAL excretion (Figure 4B), although losartan, with or 
without AGT siRNA, did tend to reduce the latter (P=NS). Proteinuria 
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Figure 4. Effects on renal function. Glomerular filtration rate (GFR; expressed as change 
versus baseline; A), urinary NGAL (neutrophil gelatinase-associated lipocalin) excretion 
(B), and proteinuria (C) in kidneys of Sprague-Dawley rats subjected to 5/6th nephrectomy 
and treated with either vehicle, angiotensinogen (AGT) small interfering RNA (siRNA), 
AGT siRNA+losartan, losartan, or losartan+captopril for 28 d. Treatment was started after 
5 wk of recovery (=baseline). Data are mean±SEM of n=7 to 12. D and E, The relationship 
between proteinuria at 4 wk and mean arterial pressure (MAP) during the last 3 treatment 
days and the renal Ang (angiotensin) II levels, respectively. BW indicates body weight; and 
NS, not significant. *P<0.05, **P<0.01, ***P<0.001 vs indicated group.
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(13 (range 8.5-16) mg/day in healthy SD rats (n=73, unpublished 
results) was 140 (range 92-170) mg/day at 5 weeks after 5/6th Nx. It 
rapidly increased further during vehicle treatment, and all treatments, 
whether given alone or in combination, fully prevented this rise 
(Figure 4C). Proteinuria correlated significantly with MAP (P<0.001; 
Figure 4D), SBP (P<0.0001; Figure S3B) and renal Ang II (P=0.03; 
Figure 4E). Incorporating MAP and renal Ang II in a multiple linear 
regression model confirmed that both MAP (standardized coefficient 
0.69, P<0.0001) and renal Ang II (standardized coefficient 0.26, 
P=0.023) were independent determinants of  proteinuria (adjusted 
R2=0.60). Results were identical if  replacing MAP by SBP (data not 
shown). The percentage of  glomeruli having any degree of  glomerular 
injury, FSGS, GSI and TIS all increased over the 8 weeks period after 
5/6th Nx (Figure 5), although statistical significance for the latter was 
not reached (P=0.06). The significant increases in kidney injury scores 
versus healthy control disappeared after all treatments, except after 

Figure 5. Effects on renal histology. Percentage of glomeruli having any degree of 
glomerular injury (A), focal segmental glomerulosclerosis (FSGS; B), glomerulosclerosis 
index(GSI; C), and tubulointerstitial score (TIS; D) in kidneys of Sprague-Dawley rats 
subjected to 5/6th nephrectomy and treated with either vehicle, angiotensinogen (AGT) 
small interfering RNA (siRNA), AGT siRNA+losartan, losartan, or losartan+captopril for 
28 d. Treatment was started after 5 wk of recovery (=baseline), and data in healthy rats 
have been added for comparison. Data are mean±SEM of n=7 to 12. E–H,Representative, 
periodic acid–Schiff-stained renal histological images of different types of damage 
illustrating a normal kidney (E), thrombotic microangiopathy of glomeruli and arteriole (F), 
dilated tubules (G), and a thrombus in a main large vessel (H). NS indicates not significant. 
*P<0.05, **P<0.01, ***P<0.001 vs indicated group.
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the treatment with losartan + AGT siRNA. The number of  rats with 
dilated tubules increased from 0 out of  8 (0/8) in the healthy control 
group, to 2/4 at baseline and 7/10 after 4 weeks of  vehicle exposure. 
Acute thrombotic microangiopathy featured in these groups in 0/8, 
2/4, and 5/10 rats, respectively, with arterial involvement in 1/10 of  
vehicle-treated rats. AGT siRNA, AGT siRNA + losartan, losartan, 
and losartan + captopril reduced the number of  rats with dilated tubules 
to 5/12, 2/7, 2/8 and 4/8, and acute thrombotic microangiopathy 
to 4/12, 2/7, 1/8, and 2/8 rats (with arterial involvement in 2/12 
AGT siRNA-treated rats and 1/8 losartan + captopril-treated rats) 
respectively. These data therefore fully agree with the histology scores.

AGT siRNA is cardioprotective

Cardiac Ang I and II levels in vehicle-treated 5/6th Nx rats were close 
to or below detection limit (Figures 6A and 6B). siRNA, with or 
without losartan, lowered these levels even further (P<0.05 vs. vehicle), 
while losartan alone and losartan + captopril upregulated cardiac Ang 
I (P<0.05). Losartan did not alter cardiac Ang II, while losartan + 
captopril lowered cardiac Ang II (P<0.05). As a consequence, the Ang 
II/I ratio decreased after both losartan and losartan + captopril (P<0.05; 
Table S1). All other angiotensin metabolites were undetectable in cardiac 
tissue of  5/6th Nx rats, and only after losartan and losartan + captopril 
did Ang-(1-7) occasionally rise above lower limit of  quantification 
(P=NS). No treatment lowered NT-proBNP (Figure 6C). Yet, all 
treatments equally prevented the rise in HW/TL ratio that occurred over 
the 4 week period after starting therapy (Figure 6D). The HW/TL ratio 
correlated strongly with MAP (P<0.001; Figure 6E) and SBP (P<0.0001; 
Figure S3C), but not with cardiac Ang II (data not shown).

5/6th Nx does not alter vascular function

Acetylcholine fully relaxed U46619-preconstricted mesenteric arteries of  
5/6th Nx rats (Figure S4 and Table S3). Blocking NO (with L-NAME) or 
EDHF (with TRAM34+apamin) marginally prevented this relaxation, 
and only when combining L-NAME with TRAM34+ apamin, did the 
blockade become significant. This indicates that the ACH response 
depends on both NO and EDHF, and that the two pathways are 
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Figure 6. Effects on the cardiac renin-angiotensin system and cardiac hypertrophy. 
Cardiac angiotensin I (A), cardiac angiotensin II (B), plasma NT-proBNP (N-terminal 
pro-B-type natriuretic peptide; C), and heart weight/tibia length (HW/TL) ratio (D) in 
Sprague-Dawley rats subjected to 5/6th nephrectomy and treated with either vehicle, 
angiotensinogen (AGT) small interfering RNA (siRNA), AGT siRNA+losartan, losartan, or 
losartan+captopril for 28 d. Treatment was started after 5 wk of recovery (=baseline). Data 
are mean±SEM of n=7 to 12. E, The relationship between cardiac hypertrophy (HW/TL) and 
mean arterial pressure (MAP) during the last 3 treatment days. LLOQ indicates lower limit 
of quantification; and NS, not significant. *P<0.05, **P<0.01 vs indicated group.
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interchangeable. No treatment altered this outcome. ET-1 strongly 
constricted mesenteric arteries of  5/6th Nx rats, and the ETA receptor 
antagonist BQ123, but not the ETB receptor antagonist BQ788, blocked 
this constriction, indicating that it depended entirely on ETA receptor 
stimulation. No treatment altered this outcome.

Discussion

This study is the first to demonstrate reno- and cardioprotection in 
the rat 5/6th Nx model after a 4-week treatment with liver-directed 
AGT siRNA. The model is characterized by hypertension, cardiac 
hypertrophy, proteinuria, reduced GFR, glomerulosclerosis and 
tubulointerstitial fibrosis, and therefore recapitulates important 
characteristics of  CKD.30 Although it is known to be responsive to 
RAS blockade,8-10 we found circulating RAS activity in the 5/6th Nx rat 
to be greatly reduced, while renin upregulation during RAS blockade 
was barely detectable. This may simply reflect the fact that 5/6th of  
the kidneys was removed, reducing the capacity of  the kidneys to 
release renin and/or to respond appropriately to RAS blockade.31 In 
contrast, renin rises during RAS blockade (including angiotensinogen 
suppression) in salt-depleted humans4 and spontaneously hypertensive 
rats6 can easily be >100-fold, thereby allowing Ang II levels to stay in 
the normal range, even when blocking the system by >99%.

We compared the effect of  AGT siRNA in the 5/6th Nx model to the 
ARB losartan or combined treatment with losartan and the ACEi 
captopril, two drugs that are commonly used separately but not 
together in patients with CKD. Treatment was started at 5 weeks after 
5/6th Nx, when blood pressure had already increased by ≈60 mm Hg. 
Despite the >75% reduction in circulating RAS activity at that time, 
the Ang II-AT1 receptor axis may still have contributed to this blood 
pressure rise. Indeed, losartan did lower blood pressure by 37 mm Hg. 
This was accompanied by renin and Ang II rises. Remarkably, when 
combining losartan with either AGT siRNA or captopril, its blood 
pressure-lowering effect was diminished, while AGT siRNA alone did 
not lower blood pressure, although it did prevent a further rise in blood 
pressure after the initial 5-week period. As a consequence, after 4 weeks 
of  treatment MAP was lower in the losartan group than in the AGT 
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siRNA group, while MAP in the losartan + AGT siRNA and losartan 
+ captopril groups was identical to that in the AGT siRNA alone group 
(i.e., ≈40 mm Hg above that in healthy SD rats23). The most likely 
explanation for these observations is that losartan, by upregulating Ang 
II, allowed concomitant AT2 receptor stimulation, which would result in 
more substantial blood pressure lowering (given that AT2 receptors cause 
vasodilation32-34) than might be expected from blockade of  the Ang II-
AT1 receptor axis alone. This is not possible in combination with either 
siRNA or captopril, since these drugs prevented such a rise in circulating 
Ang II. Although studies with the AT2 receptor antagonist PD123319 in 
the 5/6th Nx model confirm this concept,35 the relevance of  AT2 receptor 
signaling in humans is unclear. Despite the difference in blood pressure 
reduction, losartan, AGT siRNA and losartan + captopril reduced 
cardiac hypertrophy, proteinuria and glomerulosclerosis comparably, 
and a favorable trend was observed for the tubulointerstitial score and 
urinary NGAL. These protective effects in kidney and heart therefore 
must reflect the consequence of  local RAS blockade. Indeed, AGT 
siRNA lowered the cardiac and renal Ang I and II levels more strongly 
than the circulating Ang I and II levels. Taken together, these data 
illustrate that cardiac and renal angiotensin generation depend on liver-
derived AGT, accumulating at tissue sites either via diffusion or by 
active uptake mechanisms. Our data do not support the concept11 that 
renal Ang II production in the 5/6th Nx rat depends on locally produced 
AGT and that liver-targeting of  AGT siRNA would keep renal Ang II 
formation intact. We stress that AGT mRNA expression did occur in 
renal tissue of  the 5/6th Nx rat. In agreement with the liver-specificity of  
our GalNAc-labeled siRNA, this expression was unaltered after AGT 
siRNA, nor was it altered by any of  the other treatments. Yet, when 
treating the rats with AGT siRNA + losartan, renal Ang II entirely 
disappeared. The strong suppression of  renal Ang II after AGT siRNA 
+ losartan lowered proteinuria and cardiac hypertrophy to the same 
degree as single treatment, but no longer improved glomerulosclerosis. 
This observation supports the concept that complete elimination of  
the renal RAS is undesirable, and may underlie the renal side-effects 
of  conventional dual and triple RAS blockade.36,37 However, the latter 
particularly concerns a reduction in GFR, and this was not observed 
in the present study. In fact, no treatment affected the ≈60% GFR 
reduction in our model, although GFR improvement has been observed 
previously in 5/6th Nx rats after RAS blockade.10 This may relate to the 
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larger (>75%) GFR reduction in those earlier studies.

Proteinuria correlated with MAP and the renal Ang II levels. A unifying 
concept to explain our data is therefore that both a decrease in blood 
pressure and a decrease in renal Ang II improve proteinuria, most likely 
in an additive manner, and involving a reduction in glomerulosclerosis. 
Multiple linear regression confirmed this view. Hence, losartan 
predominantly exerts its effects via blood pressure lowering (likely 
depending on AT2 receptor stimulation), while siRNA rather acts by 
suppressing renal Ang II. Whether a similar mechanism (blood pressure 
lowering and suppression of  tissue Ang II generation38) underlies the 
improvement of  cardiac hypertrophy remains to be proven. Heart 
weight/tibia length ratio correlated with MAP only, and not with cardiac 
Ang II, possibly because cardiac Ang II levels after treatment were often 
below the detection limit. No effect of  any treatment on NT-proBNP 
was observed, possibly because the blood pressure-lowering effects 
(with the exception of  that of  losartan alone) were modest, so that atrial 
stretch (a major stimulant of  BNP synthesis) would be reduced only 
mildly.

Both captopril and losartan suppressed the Ang II/I ratio in kidney and 
heart. In the case of  captopril, this simply reflects the degree of  ACE 
inhibition. In the case of  losartan, like during ACE inhibition, there will 
be renin upregulation, resulting in enhanced Ang I generation. Ang II 
generation should increase in parallel. However, tissue Ang II reflects 
Ang II that has  beeninternalized via AT1 receptors,38,39 and consequently, 
given the fact that losartan inhibits this process, ARB treatment may 
indeed lower the tissue Ang II/I ratio, albeit without affecting the 
Ang II/I ratio in the circulation. Ang-(1-7) has been suggested to be 
responsible for the beneficial effects of  RAS blockade in both kidney 
and heart, as it counteracts the Ang II-AT1 receptor axis.40 In the present 
study Ang-(1-7) was not detectable in either blood or cardiac tissue of  
5/6th Nx rats, although it was present in the kidney. Nevertheless, AGT 
siRNA eliminated renal Ang-(1-7), thereby implying that its beneficial 
effects are unrelated to this peptide.
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Perspectives

In summary, liver-targeted AGT siRNA exerts beneficial renal and 
cardiac effects in the 2-step 5/6th Nx rat despite the fact that this is a low-
renin CKD model. Its tissue effects are likely to represent the maximum 
effect of  RAS blockade, since adding losartan on top of  AGT siRNA (or 
combining losartan with captopril) yielded an identical degree of  reno- 
and cardioprotection. These effects reflect the dependency of  both renal 
and cardiac Ang II on liver-derived AGT. In view of  the potential long-
lasting effects of  siRNA treatment (as with inclisiran, which is dosed 
every six months7) targeting hepatic AGT offers new possibilities for 
the treatment of  CKD in humans, especially in non-adherent patients. 
Future studies will be needed to understand both the long-term risks and 
benefits of  such long-term tissue RAS suppression, considering that too 
much renal Ang II suppression may not be desirable.
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Novelty and significance

What is new?

• Small interfering RNA targeting liver angiotensinogen (AGT) pro-
vide cardio- and renoprotection in a blood pressure-independent 
manner in the 5/6th nephrectomy rat, a hypertensive chronic kid-
ney disease model.

• Multiple linear regression confirmed both blood pressure and re-
nal angiotensin II as independent determinants of  proteinuria.

• Renal angiotensin II formation in this model depends entirely on 
angiotensinogen of  hepatic origin.

What is relevant?

• Given its stable and sustained efficacy, lasting weeks, RNA inter-
ference may prove beneficial in human chronic kidney disease.

Summary

Small interfering RNA (siRNA) targeting liver angiotensinogen 
abrogated proteinuria, glomerulosclerosis and cardiac hypertrophy in the 
5/6th nephrectomy rat, a hypertensive chronic kidney disease model, to 
the same degree as the angiotensin II type 1 receptor blocker losartan. 
Angiotensinogen siRNA reduced plasma angiotensinogen by >95%, and 
this was accompanied by almost complete elimination of  angiotensin 
II in kidney and heart. Multiple linear regression confirmed both 
blood pressure and renal angiotensin II as independent determinants 
of  proteinuria. Given its stable and sustained efficacy, lasting weeks, 
angiotensinogen siRNA may prove beneficial in human chronic kidney 
disease.
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Supplemental Figure S2. Systolic blood pressure (systolic BP; panel A), diastolic BP (panel B) 
in Sprague-Dawley rats subjected to 5/6th nephrectomy, and treated with either vehicle, 
angiotensinogen (AGT) siRNA, AGT siRNA + losartan, losartan, or losartan + captopril for 
28 days. Treatment was started after 5 weeks of recovery. Data are mean±SEM of n=7-
12. Panel C, D and E display the systolic BP, diastolic BP and pulse pressure at the 24th 
day after those treatments. *P<0.05, **P<0.005 versus vehicle; #P<0.05 versus indicated 
group.

Supplemental Figure S1. Plasma angiotensinogen (AGT) in Sprague-Dawley rats subjected 
to 5/6th nephrectomy, and treated with AGT siRNA 10 or 30 mg/kg biweekly. Treatment 
was started 5 weeks after 5/6th Nx (=baseline), and measurements were performed at 
baseline, after 2 weeks, and after 4 weeks of treatment. Data are mean ± SEM of n=5-7.

Online Supplement
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Supplemental Figure S3. The relationship between plasma renin and systolic blood 
pressure (systolic BP) during the last 3 treatment days (panel A), relationship between 
proteinuria and systolic BP (panel B), and relationship between heart weight/tibia length 
(HW/TL) and systolic BP (panel C) in Sprague-Dawley rats subjected to 5/6th nephrectomy, 
and treated with either vehicle, angiotensinogen (AGT) siRNA, AGT siRNA + losartan, 
losartan, or losartan + captopril for 28 days. Treatment was started after 5 weeks of 
recovery.

Supplemental Figure S4. Vascular response to acetylcholine and endothelin-1 in 
mesenteric arteries of Sprague-Dawley rats subjected to 5/6th nephrectomy, and treated 
with either vehicle, angiotensinogen (AGT) siRNA, AGT siRNA + losartan, losartan, or 
losartan + captopril for 28 days. Treatment was started 5 weeks after 5/6th Nx. Panel 
A shows the relaxant responses to acetylcholine, expressed as a percentage of the 
U46619-induced preconstriction, in the absence (control) or absence the inhibitors 
TRAM34+apamin, L-NAME, and L-NAME+TRAM34+apamin. Panel B shows the responses 
to endothelin-1, expressed as a percentage of the response to 100 mmol/L KCl in the 
absence (control) or presence of the endothelin receptor blockers BQ123 and BQ788. Data 
are mean ± SEM of n=5-11, and the accompanying statistics are shown in supplemental 
Table S3.
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parameter vehicle
AGT 

siRNA
AGT siRNA 

+ losartan
losartan

losartan 
+ captopril

body weight (g) 379±11 378±8 388±18 390±14 411±9
∆treatment 38±8 38±7 46±9 49±8 57±5

food intake 
(g/day)

baseline 21±1 21±1 21±1 22±1 23±1
T=2 weeks 19±1 21±1 21±1 21±2 21±1
T=4 weeks 17±2 22±4 20±1 21±2 21±1

water intake 
(mL/day)

baseline 52±3 50±3 50±4 51±5 52±2
T=2 weeks 55±3 62±3 56±4 51±6 56±4
T=4 weeks 56±7 48±6 59±6 54±6 60±4

urine 
(mL/day)

baseline 39±3 34±3 36±4 37±4 37±3
T=2 weeks 44±4 41±3 38±4 37±4 40±5
T=4 weeks 40±3 39±2 39±6 37±4 41±3

Supplemental Table 2. Growth, food and water intake, and 24 hour-urine parameters of 
Sprague-Dawley rats subjected to 5/6th nephrectomy, and treated with either vehicle, 
angiotensinogen (AGT) siRNA, AGT siRNA + losartan, losartan, or losartan + captopril for 28 
days. Treatment was started 5 weeks after 5/6th Nx (=baseline), and measurements were 
performed at baseline, after 2 weeks and after 4 weeks of treatment. Data (mean ± SEM of 
n=7-12) were analyzed by paired t-test (baseline vs. 4 weeks) or one-way ANOVA followed 
by post-hoc correction according to Bonferroni.
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pEC50 control AGT siRNA
siRNA+
losartan

losartan
losartan+
captopril

ACh 8.0±0.3 8.0±0.2 7.9±0.3 8.5±0.5 8.2±0.3
ACh+
L-NAME

7.9±0.4 8.0±0.2 7.6±0.2 7.6±0.3 8.2±0.4

ACh+T+A 7.2±0.2 7.5±0.1 7.2±0.3 7.4±0.2 7.4±0.2
ACh+L-NAME
+T+A

7.5±0.4 7.3±0.3 7.4±0.5 7.4±0.6 7.2±0.5

ET-1 8.2±0.1 8.3±0.1 8.3±0.1 8.1±0.2 8.2±0.1
ET-1+BQ123 7.0±0.1* 7.2±0.1 # 7.1±0.04 # 7.2±0.1* 7.0±0.03 &
ET-1+BQ788 8.3±0.5 8.3±0.3 8.4±0.4 8.3±0.3 8.2±0.1

Emax control AGT siRNA
siRNA
+losartan

losartan
losartan+
captopril

ACh 82.6±5.1 90.9±2.7 78.9±8.6 82.3±9.2 84.2±3.4
ACh+
L-NAME

70.9±9.0 76.0±6. 65.1±7.9 58.1±11.6 66.9±7.2

ACh+T+A 63.8±11.7 84.8±3.7 68.0±10.3 79.0±7.9 77.0±6.2
ACh+L-NAME
+T+A

29.0±6.9 & 43.6±7.0 & 36±7.8 # 45.7±11.7 30.2±5.4 &

ET-1 134.8±11.6 113.4±5.0 134.7±14.4 138.5±14.6 120.6±11.1
ET-1+BQ123 75.0±11.5* 105.6±11.1 110.1±9.2 117.7±20.9 94.4±8.3
ET-1+BQ788 129.7±18.4 107.1±9.6 141.8±19.3 131.1±7.1 114.1±12.4

Supplemental Table 3. Emax (maximum effect) and pEC50 (the negative logarithm of the 
half-Emax concentration) for vascular response to acetylcholine (ACh) and endothelin-1 
(ET-1) in mesenteric arteries of Sprague-Dawley rats subjected to 5/6th nephrectomy, and 
treated with either vehicle, angiotensinogen (AGT) siRNA, AGT siRNA + losartan, losartan, 
or losartan + captopril for 28 days. Treatment was started 5 weeks after 5/6th Nx. ACh 
responses were studied in the absence (control) or presence of the inhibitors L-NAME, 
TRAM34+apamin (T+A), or L-NAME+T+A. ET-1 responses were studied in the absence 
(control) or presence of the endothelin receptor blockers BQ123 and BQ788. Data (mean 
± SEM of n=5-11) were analyzed by one-way ANOVA followed by post-hoc correction 
according to Bonferroni. *P<0.05, #P<0.01, &P<0.001, $P<0.0001 vs. no inhibitor.
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Abstract
Rationale: An elevated level of  plasma LDL (low-densitylipoprotein) is 
an established risk factor for cardiovascular disease. Recently, we report-
ed that the (pro)renin receptor ([P]RR) regulates LDL metabolism in vi-
tro via the LDLR (LDL receptor) and SORT1 (sortilin-1), independently 
of  the renin–angiotensin system.

Objectives: To investigate the physiological role of  (P)RR in lipid me-
tabolism in vivo. 

Methods and Results:We used N-acetylgalactosamine modified anti-
sense oligonucleotides to specifically inhibit hepatic (P)RR expression in 
C57BL/6 mice and studied the consequences this has on lipid metabo-
lism. In line with our earlier report, hepatic (P)RR silencing increased 
plasma LDL-C (LDL cholesterol). Unexpectedly, this also resulted in 
markedly reduced plasma triglycerides in a SORT1-independent man-
ner in C57BL/6 mice fed a normal- or high-fat diet. In LDLR-deficient 
mice, hepatic (P)RR inhibition reduced both plasma cholesterol and 
triglycerides, in a diet-independent manner. Mechanistically, we found 
that (P)RR inhibition decreased protein abundance of  ACC (acetyl-CoA 
carboxylase) and PDH (pyruvate dehydrogenase). This alteration re-
programs hepatic metabolism, leading to reduced lipid synthesis and 
increased fatty acid oxidation. As a result, hepatic (P)RR inhibition at-
tenuated diet-induced obesity and hepatosteatosis.

Conclusions: Collectively, our study suggests that (P)RR plays a key role 
in energy homeostasis and regulation of  plasma lipids by integrating he-
patic glucose and lipid metabolism.

Keywords: dyslipidemia; hypercholesterolemia; hypertriglyceridemia; 
liver; renin–angiotensin system; vacuolar H+-ATPase
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Introduction
Elevated plasma low-density lipoprotein (LDL) levels are a major risk 
factor for developing atherosclerosis and ensuing ischemic cardiovascu-
lar disease (CVD), a leading cause of  world-wide death. LDL, which is 
derived by peripheral lipolysis of  very low-density lipoprotein (VLDL), 
is primarily cleared from the circulation in the liver via the LDL receptor 
(LDLR) pathway.1, 2 Hence, plasma LDL levels are determined by the 
dynamic balance between hepatic VLDL secretion and LDL clearance.
    
VLDL particles are formed by lipidation of  apo (apolipoprotein) B100, 
the core protein of  VLDL, in the endoplasmic reticulum and Golgi 
apparatus.3 The assembly of  VLDL particles depends on apo B100 pro-
duction and cellular availability of  triglycerides. Accordingly, genetic 
mutations in apo B100 are associated with altered VLDL secretion and 
plasma LDL levels.4–6 Overexpression of  apo B100 results in increased 
VLDL secretion and plasma LDL levels in rabbits.7 Similarly, the activ-
ity of  enzymes involved in de novo lipid biosynthesis also affects VLDL 
assembly and secretion.8,9 For example, impaired loading of  triglycerides 
into nascent VLDL particles, caused by mutations in the MTP (microso-
mal triglyceride carrier protein), results in defective VLDL secretion.10

    
Disturbed LDL clearance can increase plasma LDL levels and risk for 
cardiovascular diseases. In line with this, loss-offunction LDLR muta-
tions are associated with elevated plasma LDL levels and cardiovascu-
lar risk.11–13 Recently, GWAS studies have identified single-nucleotide 
polymorphisms (SNPs) mapping to 1p13.3 that strongly associated with 
plasma LDL levels and coronary heart disease.14-19 Subsequent mecha-
nistic studies revealed that sortilin-1 (SORT1), located within the 1p13.3 
region, is a novel regulator of  LDL metabolism.20-22 Overexpression of  
SORT1 increases LDL clearance and decreases plasma LDL levels,16, 21, 22 
while SORT1 deficiency reduces cellular LDL uptake in vitro and LDL 
clearance in vivo.22, 23 In addition, SORT1 also plays a role in VLDL 
secretion. Overexpressing SORT1 promotes ApoB degradation via an 
endolysosome-dependent route, and hence reduces VLDL secretion and 
plasma triglyceride levels.22 Controversially, mice deficient for SORT1 
also display reduced VLDL secretion and triglyceride levels.20, 22 These 
opposing results highlight the complex, and not yet fully elucidated, role 
of  SORT1 in lipoprotein metabolism.
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The (pro)renin receptor ([P]RR) interacts with renin/prorenin (denoted 
as [pro]renin) at supra- physiological concentrations that are even several 
orders of  magnitude higher than (patho)physiological concentrations, 
questioning the physiological relevance of  the (P)RR-(pro)renin interac-
tion.24, 25 Recently, the (P)RR was reported to play a role in Wnt/β-catenin 
signaling pathway, vacuolar H+-ATPase (V-ATPase) integrity and T-cell 
development, independently of  (pro)renin.26-30 Moreover, we have recent-
ly identified the (P)RR as a SORT1-interacting protein,31 and demon-
strated that silencing (P)RR expression in hepatocytes in vitro reduces 
protein abundance of  SORT1 and LDLR post-transcriptionally, and con-
sequently cellular LDL uptake. To understand the role of  the (P)RR in 
lipoprotein metabolism in vivo, we studied here the consequence of  he-
patic (P)RR silencing on lipoprotein metabolism. We report that hepatic 
loss of  (P)RR in mice results in a SORT1- dependent increase in plasma 
LDL levels, but unexpectedly also in a reduction in plasma triglycerides 
that was SORT1-independent that resulted from altered metabolic repro-
gramming of  hepatocytes. Our study thus highlights hepatic (P)RR as a 
crucial regulator of  energy and  lipid metabolism. 

Methods:

The authors declare that all supporting data are available within the arti-
cle [and its online supplementary files]. A detailed description of  meth-
ods used in this study is available in the Online Supplemental Materials.

Results

Inhibiting hepatic (P)RR reduced both hepatic LDL clearance and 

VLDL secretion

We have previously reported that (P)RR inhibition attenuates cellular 
LDL uptake by reducing LDLR and SORT1 protein abundance in he-
patocytes.31 To understand the role of  hepatic (P)RR in lipoprotein me-
tabolism in vivo, we used N-Acetylgalactosamine (GalNAc) modified 
antisense oligos (ASOs) to inhibit hepatic (P)RR expression. At a dose 
of  3.0 mg/kg/week, GalNAc (P)RR ASO [G- (P)RR] potently reduced 
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(P)RR expression in liver, but had no effects on its expression in other 
major organs, including heart, kidney, intestine, spleen, and different ad-
ipose tissues (Online Figure IA, IC- F). In line with our previous report, 
inhibiting the (P)RR specifically reduced hepatic LDLR and SORT1 
protein levels without affecting their transcript levels (Online Figure I B). 
As a result of  reduced hepatic LDLR and SORT1 protein abundance,   
(P)RR inhibition elevated plasma cholesterol levels in normal diet (ND) 
fed mice, primarily by increasing cholesterol content in IDL/LDL frac-
tions (Figure 1 A&B). Since plasma LDL-c concentrations reflect the 
balance between hepatic LDL clearance and VLDL secretion, we then 
investigated the effects of  (P)RR inhibition on LDL clearance and hepat-
ic VLDL output. In line with decreased LDLR and SORT1, inhibiting 
hepatic (P)RR led to attenuated clearance of  injected Dil-labeled human 
LDL (Figure 1C). Unexpectedly, (P)RR inhibition also significantly de-
creased plasma triglyceride concentrations (Figure 1D), a finding could 
be attributed to reduced hepatic VLDL secretion (Figure 1E).

We then asked if  silencing (P)RR in hepatocytes could aggravate hyper-
cholesterolemia in C57BL/6J mice fed a high-fat diet (HFD). Like in 
ND-fed mice, 1 week after (P)RR inhibition, plasma cholesterol levels 
were 3~4 fold higher than those measured in GalNAc control ASO 
(G-control) injected mice (Figure 2A). This elevation was primarily at-
tributed to a marked increase in cholesterol content in the IDL/LDL 
fraction (Figure 2B). Notably, (P)RR inhibition also increased choles-
terol contents in the VLDL fraction and reduced cholesterol contents in 
the HDL fraction. Unexpectedly, within two weeks, plasma cholesterol 
levels of  G-(P)RR injected mice normalized and were similar to those 
in the saline or G-control injected mice (Figure 2 A&C, Online Figure 
IG). This contrasts with the sustained increase in plasma cholesterol 
levels in C57BL/6J mice fed with ND (Online Figure IH). Neverthe-
less, (P)RR inhibition in HFD-fed mice reduced hepatic LDL clearance 
and VLDL secretion (Figure 2 D&E). Plasma triglycerides and VLDL 
triglycerides were both lower in G-(P)RR injected mice as compared to 
saline or G-control injected mice (Figure 2 F&G), thus mimicking the 
pattern seen under ND feeding. Importantly, plasma lipoprotein lipase 
(LPL) activity was not affected by hepatic (P)RR inhibition (Figure 2H). 
This excludes the possibility that increased triglyceride hydrolysis un-
derpins reduced levels of  plasma triglycerides in (P)RR-silenced mice.
Since SORT1 deficiency in vivo reduces VLDL secretions and plasma 
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Figure 1. Inhibiting hepatic (P)RR induces hypercholesterolemia by reducing hepatic 
LDL clearance in normal diet (ND)-fed C57BL/6J mice. Eight-weeks-old male C57BL/6J 
mice were inject with either saline (blue), G-control (magenta) or G-(P)RR (green) 
intraperitoneally. Mice were sacrificed after 7 days and blood samples were collected for 
(A) determining circulating levels of cholesterol (N=12-18 per group). Each bar and error 
represent the mean ± SEM; ***: p<0.001, or (B) pooled plasma samples were loaded on 
FPLC for lipoprotein fractionation analysis, and cholesterol content in each fraction was 
determined. (C) 7 days after injection, mice (n=6 per group) were injected with 50μg Dil-
labeled human LDL. Blood samples were drawn retro-orbitally at the indicated time points 
and the Dil-LDL was determined. Each point represents the mean ± SEM and the area-
under curve (AUC) was constructed for each group and used to compare the difference 
in LDL clearance. ***: p<0.001. (D) Blood was collected as in (A) and used to determine 
plasma triglyceride levels. (N=12-18 per group); Each bar and error represent the mean ± 
SEM ***: p<0.001. (E) 7 days after injection, mice (n=6 per group) were fasted for 6 hours, 
and injected with Pluronic F127 to inhibit lipoprotein lipase. Blood samples were drawn 
retro-orbitally at the indicated time points and the concentration of triglycerides was 
determined. The mean VLDL secretion for saline-, G-control-, or G-(P)RR-injected mice is 
474 ± 16 mg/dL*h, 460 ± 14 mg/dL*h, and 342 ± 10 mg/dL*h, respectively. The AUC was 
calculated for individual mice and used to compare the differences in the rate of VLDL 
secretion. ***: p<0.001; G-control vs. G-(P)RR.
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Figure 2. Inhibiting hepatic (P)RR does not result in hypercholesterolemia in HFD-fed 
C57BL/6J mice. Eight-weeks-old male C57BL/6J mice were injected with either saline 
(blue), G- control (magenta) or G-(P)RR (green), and fed a HFD for 4 weeks. (A) Plasma 
cholesterol concentrations were determined weekly and each point represents the mean 
± SEM. N=10 per group; ***: p<0.001; G-control vs. G-(P)RR. (B,C) Pooled plasma samples 
were collected after the (B) 1st week of diet, or (C) following 4 weeks of diet and the 
lipoprotein distribution was determined. The cholesterol content in each fraction was 
determined and is plotted. (D) Two weeks after start of HFD diet, mice (n=6 per group) 
were injected with 50μg Dil-labeled human LDL, and LDL clearance was assessed. Each 
point represents the mean ± SEM and the AUC was constructed for each treatment and 
used to compare the differences in LDL clearance. *: p<0.05. (E) Two weeks after (P)RR 
inhibition, mice were fasted for 6 hours and VLDL secretion was assessed (n=6 per group) 
by injecting mice with Pluronic F127 to inhibit lipoprotein lipase. Blood samples were 
drawn retro-orbitally at the indicated time points and the concentration of triglycerides 
was determined and the AUC was calculated and used to compare the differences in the 
rate of VLDL secretion. **: p<0.01; G-control vs. G-(P)RR. (F,G) Plasma triglyceride levels 
were analyzed in samples collected following 4 weeks of HFD. Each bar represents the 
mean ± SEM, N=10 per group. ***: p<0.001, or (G) pooled plasma samples were analyzed 
by FPLC. (H) Plasma lipoprotein lipase (LPL) activity was determined for mice were injected 
with G-control or G-(P)RR and fed HFD for 4 weeks. N=9/group
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triglycerides and (P)RR- silencing decreases SORT1,20, 22, 31 we wondered 
if  the effect of  (P)RR inhibition on hepatic lipid output is SORT1-depen-
dent. To address this possibility, we studied plasma lipid levels in (P)RR  
- silenced mice in which we overexpressed human SORT1 (hSORT1). 
Exogenous hSORT1 protein was detected in liver, and hSORT1 partially 
rescued the (P)RR-inhibition-induced LDLR protein reduction (Online 
Figure II). Given that SORT1 itself  is a clearance receptor for LDL,20-22 it 
is not surprising that hSORT1 overexpression reversed the (P)RR-inhibi-
tion-induced increase in plasma cholesterol levels, primarily by decreas-
ing the cholesterol content in the VLDL and IDL/LDL fractions (Figure 
3 A&B). However, hSORT1 overexpression did not prevent the reduction 
in plasma triglycerides caused by (P)RR inhibition (Figure 3C), implying 
that (P)RR inhibition reduced plasma triglycerides in a SORT1-indepen-
dent manner.

Figure 3. SORT1 overexpression prevents 
PRR-dependent hypercholesterolemia, 
b u t  d o e s  n o t  a f fe c t  r e d u c t i o n  i n 
plasma triglycerides. Eight-week-old 
male C57BL/6J mice were injected with 
G-control or G-(P)RR intraperitoneally, 
and subsequently injected with either 
adenovirus carrying GFP (Ad-GFP) or 
adenovirus carrying human SORT1 (Ad-
SORT1) via the tail-vein. Mice were fed 
with ND or HFD for 1 week and (A) plasma 
cholesterol levels were determined. Each 
bar represents the mean ± SEM (N=6 
per group). **: p<0.01; ***: p<0.001. 
Alternatively, (B) Lipoprotein composition 
in pooled plasma samples was analyzed by 
fractionation. (C) Plasma was collected as 
in (A) and analyzed for triglyceride content. 
Each bar and error represent the mean ± 
SEM (N=6 per group). **: p<0.01.
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Hepatic (P)RR inhibition reduced plasma cholesterol levels in LDLR 

deficient mice

As (P)RR affects both hepatic LDL clearance and VLDL secretion, it is 
possible that (P)RR has a differential role in governing plasma cholester-
ol levels under distinct diet conditions. Under ND, LDL clearance may 
govern plasma cholesterol levels, while under HFD VLDL secretion 
may become more prominent in determining plasma cholesterol levels. 
To address this issue, we tested the effects of  hepatic (P)RR inhibition 
on plasma cholesterol levels in mice with impaired LDL clearance by 
injecting adeno-associated virus (AAVs) expressing the gain-of-function 
PCSK9 D377Y mutant 32, 33 and in LDLR-/- mice. As expected, inject-
ing C57BL/6J mice with the PCSK9 D377Y-encoding AAVs led to a 
marked increase in the circulating levels of  LDL cholesterol (from 76.74 
± 1.72 mg/dL to 167.3 ± 2.27mg/dL, n=39). We subsequently injected 
these mice with either saline, G-control, or G- (P)RR for 4 weeks, and 
fed either ND or HFD. We found that after this treatment period, (P)RR 
inhibition reduced plasma cholesterol levels in both ND and HFD fed 
mice, despite the lack of  functional LDLR-mediated clearance (Figure 
4 A-D). Similarly, inhibiting hepatic (P)RR in LDLR-/- mice induced 
a sustained decrease in plasma cholesterol levels independent of  diet 
(Online Figure IIIA&IIIB). These results confirm that LDL clearance is 
more dominant than VLDL secretion in determining circulating LDL 
levels in mice fed ND. Similar to the observation in wildtype C57BL/6J 
mice, plasma triglycerides and VLDL-associated triglycerides were re-
duced by (P)RR inhibition under ND or HFD feeding (Figure 4 E-H), 
in PCSK9-induced LDLR deficient mice. Moreover, in LDLR-/- mice, 
hypertriglyceridemia was prevented by hepatic (P)RR inhibition (Online 
Figure IIIC&IIID). We reasoned that if  (P)RR inhibition primarily af-
fects lipid export pathways, we should observe lipid accumulation in liv-
er, especially under HFD feeding. However, we found that hepatic lipid 
levels were also reduced by (P)RR inhibition (Figure 4 I-K, Online Fig-
ure IV), implying that the reduced plasma lipid levels are not the result 
of  impaired lipid secretion.

Hepatic (P)RR inhibition attenuated diet-induced obesity and im-

proved metabolic disorders
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Figure 4. Hepatic (P)RR inhibition in the absence of LDLR reduces plasma lipid levels 
and hepatic lipid deposition. Eight-week-old male C57BL/6J mice were injected 
intraperitoneally with 10×1010 genomic copies of mouse PCSK9D377Y AAV, and fed with 
ND for 4 weeks. Subsequently, mice were injected with either saline (blue), G-control 
(magenta) or G-(P)RR (green) and fed with ND or HFD for an additional 4 weeks. (A-D) 
Plasma cholesterol levels and lipoprotein profiles at the end of study were determined for 
ND fed (A,B) and HFD fed (C,D) mice. (E-H) Plasma triglycerides and lipoprotein distribution 
were determined for ND fed (E,G) and HFD fed (F,H) mice. (N=6 per group). **: p<0.01; 
***: p<0.001; G-control vs. G-(P)RR. (I) Representative images of Oil Red O stained liver 
samples from above-indicated mice fed with ND or HFD for 4 weeks. scale bar = 100μm. 
(J,K) Lipids were extracted from liver samples and analyzed for triglycerides and cholesterol 
levels. *: p<0.05; G-control vs G-(P)RR.

thesis-liwei Ren.indd   130 26-05-2021   15:52



（Pro)renin receptor regulates lipid metabolism

C
ha

pt
er

  5

131

(P)RR inhibition resulted in decreased hepatic VLDL secretion without 
concomitant hepatic lipid accumulation. This could point towards (P)RR                    
regulating hepatic lipid biosynthesis, an important facet of  fatty liver 
disease and obesity.34 We therefore questioned whether hepatic (P)RR 
inhibition can ameliorate diet-induced fatty liver disease and obesity. To 
address this, we inhibited hepatic (P)RR expression in C57BL/6J mice 
fed a HFD for 14 weeks. In line with our hypothesis, loss of  hepatic       
(P)RR attenuated diet-induced obesity in C57BL/6J mice (Figure 5A). 
Body composition analyses using Echo-MRI revealed that inhibiting he-
patic (P)RR lowered fat weight of  the mice, but did not affect the weight 
of  lean mass (Figure 5B, Online Figure VA). Furthermore, the size of  
the livers and white adipose tissues (WATs) of  G-(P)RR injected mice 
were smaller than control mice (Figure 5 C&D). Under HFD, lipid accu-
mulates in liver and increases liver weight. Mean liver weight of  saline or 
G-control injected mice was ~2 gram, which was nearly twice the mean 
liver weight (1.07 ± 0.02gram, n=12, p<0.001) of  ND fed C57BL/6J 
mice at same age (22 weeks old). Hepatic (P)RR inhibition attenuated 
HFD-induced liver weight gain and prevented abnormal lipid deposition 
in the liver (Figure 5 E&F). Liver/body weight ratios of  G-(P)RR in-
jected mice were also significantly lower than that of  G-control injected 
mice, and resembled the ratio of  ND fed C57BL/6J mice at the same 
age (Online Figure VB). Moreover, mice in which hepatic (P)RR was 
inhibited had smaller adipocytes in inguinal WATs (Online Figure VC), 
but normal brown adipose tissues weight (Figure 5D). In agreement with 
reduced adipose tissues, plasma leptin concentrations were also reduced 
by hepatic (P)RR inhibition (Online Figure VD). However, plasma adi-
ponectin concentrations were unaltered by (P)RR inhibition despite the 
marked reduction in adipose tissue weight (Online Figure VE), likely due 
to increased expression of  adiponectin in white adipose tissues (Online 
Figure VC&VE). This suggests that hepatic (P)RR inhibition can indi-
rectly affect adipokine secretion by adipose tissues, thereby contributing 
to improved metabolic control.

Accompanied by less body weight gain, fasting blood glucose concentra-
tions were reduced by (P)RR inhibition (Online Figure VF), which also 
improved glucose tolerance and lowered plasma insulin levels (Online 
Figure VG&H). Plasma AST, ALT and AST/ALT ratio indicates (P)RR           
inhibition did not cause liver damage (Online Figure VI). In addition, 
H&E staining also revealed improved liver morphology by (P)RR inhi-

thesis-liwei Ren.indd   131 26-05-2021   15:52



Chapter 5

132

bition (Figure 5E). Cumulative food intake of  the mice during the 14 
weeks experimental period was also recorded. G-(P)RR injected mice 
consumed slightly less food than saline or G-control injected mice, but 
when corrected for their body weight, their food consumption was actu-
ally higher (Online Figure VJ), suggesting that the reduced body weight 
gain is not due to reduced food intake. In addition, we did not observe 
any difference in blood pressure or heart rate between saline, G-control 
or G-(P)RR injected mice (Online Figure VK&L), suggesting that the 
activity of  the autonomic nervous system was not affected. We then 
monitored oxygen consumption and physical activity of  the mice using 

Figure 5. Hepatic (P)RR inhibition attenuates diet-induced obesity and metabolic 
deregulation. Eight-week-old mice were injected with saline (blue), G-control (magenta) 
or G-(P)RR (green) and fed a HFD for 14 weeks. (N=10 per group). (A) Body weight was 
monitored during the study period and each point and error represent the mean ± SEM. 
***: p<0.001. Representative picture showing that G-(P)RR injected mice are leaner 
than control mice. (B) Fat and lean mass were measured by Echo-MRI. Each bar and 
error represent the mean ± SEM. ***: p<0.001. (C) Liver weight, and representative 
pictures showing G-(P)RR treated mice have less fatty liver. **: p<0.01. (D) Weight and 
representative picture of different adipose tissue depots. Brown fat tissue of saline and 
G-control injected mice were surrounded with white fat which was removed to give a 
correct estimation of the weight of the brown fat. ***: p<0.001. (E) Representative images 
of Oil Red O and H&E staining of the livers (scale bar = 200μm). (F) Hepatic lipids were 
extracted and measured. *: p<0.05; G-control vs. G-(P)RR. (G) Oxygen consumption and 
24h average respiratory quotient (RQ) of G-control injected and G-(P)RR injected mice was 
monitored with a metabolic monitoring system 4 days prior to sacrifice. N=8 per group.

thesis-liwei Ren.indd   132 26-05-2021   15:52



（Pro)renin receptor regulates lipid metabolism

C
ha

pt
er

  5

133

metabolic cages. Inhibiting hepatic (P)RR increased oxygen consump-
tion and 24h respiratory quotient (RQ) of  the mice, implying increased 
catabolism of  energy sources (Figure 5G). Yet, physical activities of  the 
mice were not different (Online Figure VM). Collectively, these results 
support the beneficial metabolic effects of  (P)RR inhibition.

Inhibiting the (P)RR up-regulated genes involved in fatty acid oxida-

tion

Currently recognized functions of  the (P)RR are not linked with lipid 
biosynthesis and energy homeostasis. To understand how (P)RR may 
regulate these processes, we transcriptionally profiled mice follow-
ing     (P)RR inhibition. Male mice (8-weeks old) were injected either 
with saline or G- (P)RR for 5 days, and liver samples were collected 
and extracted for total RNA and RNAseq analysis. We identified that 
(P)RR inhibition led to up- and down-regulation of  199 genes and 202 
genes, respectively (Online Table III). GO enrichment analysis revealed 
that metabolic pathways, including fatty acid (FA) degradation and 
elongation, were strongly affected by (P)RR inhibition (Online Figure 
VIA&B). Among the affected genes, several genes involved in FA β-oxi-
dation, such as Hadha, Acaa2, Acadvl, and Acadl, were up-regulated by            
(P)RR inhibition, as confirmed by qPCR (Online Figure VII). As such, 
increased FA β-oxidation may contribute to increased oxygen consump-
tion and reduced hepatic lipid content.

Inhibiting (P)RR reduced protein abundance of ACC and PDH

To complement the RNAseq analysis and to better understand the 
function(s) of  the (P)RR, we next performed comparative quantitative 
proteomics to identify hepatic proteins which are affected by (P)RR in-
hibition. Through this unbiased approach, we identified 191 and 116 
proteins that were down- and up-regulated, respectively, following (P)RR 
inhibition during feeding of  either ND and HFD (Online Table IV). As 
reported previously, LDLR protein abundance was decreased by (P)RR 
inhibition (Online Table IV), validating the effectiveness of  this approach 
to identify proteins with altered abundance. GO enrichment analyses re-
vealed that proteins involved in lipid biosynthesis, lipid metabolism, and 
cholesterol metabolism were markedly affected by (P)RR inhibition (On-
line Figure VIC and VID). Among the identified proteins, pyruvate de-
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hydrogenase (PDH), acetyl-CoA carboxylase α (ACCα), and acetyl-CoA 
carboxylase β (ACCβ) were markedly decreased. PDH is the enzyme 
responsible for converting pyruvate to acetyl-CoA, and is a central met-
abolic node.35 ACC catalyzes the formation of  malonyl-CoA, an essen-
tial substrate for FA synthesis and a potent inhibitor of  FA oxidation.36 

ACC is crucial in determining lipid storage and overall energy metab-
olism.37 Thus, reduced PDH and ACC may contribute to increased FA 
oxidation and decreased lipid synthesis. To confirm this, we examined 
ACCα/β and PDH protein abundance in the liver of  saline, G-control or           
G-(P)RR injected C57BL/6J mice fed with HFD for 14 weeks. Corrob-
orating the proteomic-based approach, hepatic ACCα/β, PDHA, and 
PDHB were reduced by ~40-60% after hepatic (P)RR inhibition (Figure 
6A), whereas the transcript abundance of  ACCα/β, PDHA, and PDHB 
remained unaltered (Online Figure VII).Inhibiting the (P)RR in human 
hepatoma HepG2 cells with siRNAs also reduced protein abundances 
of  ACCα/β, PDHA, and PDHB (Online Figure VIIIA), suggesting that 
this outcome is conserved in both mouse and humans. The (P)RR knock-
down induced reduction in ACCα/β protein abundance was partially 
reversed by the lysosome inhibitor bafilomycin A1 (BafA1), but was not 
affected by the autophagy inhibitor 3-methyladenine (3-MA) or the pro-
teasome inhibitor MG-132 (Online Figure VIIIB), suggesting accelerated 
lysosome-dependent degradation of  ACCα/β by (P)RR inhibition. In 
contrast, BafA1, 3-MA and MG-132 were unable to rescue (P)RR knock-
down induced reduction in PDHA and PDHB, implying that a different 
mechanism underlies the control of  these proteins by (P)RR.

(P)RR inhibition reduced cellular acetyl-CoA abundance and FA syn-

thesis in hepatocytes 

Collectively, our results suggest that by reducing protein abundance of  
PDH, (P)RR inhibition reduces pyruvate to acetyl-CoA conversion, 
and therefore reduces cellular acetyl-CoA production from glucose. 
Lower cellular acetyl-CoA levels will limit cellular FA and cholesterol 
synthesis. This biosynthetic block will be compounded by reduced ACC 
abundance, which will further limit FA synthesis. To test this hypoth-
esis, we first measured relevant hepatic metabolites in mice injected 
with saline, G-control, or G-(P)RR and fed with HFD for 14 weeks. 
As expected, G-(P)RR injected mice displayed hepatic pyruvate accu-
mulation (Figure 6B), increased plasma pyruvate and lactate concen-
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trations (Figure 6 C&D), and decreased hepatic PDH activity (Figure 
6E). Nevertheless, despite these changes, hepatic acetyl-CoA concentra-
tions were unaltered by (P)RR inhibition (Figure 6F). Yet importantly, 
cellular acetyl-CoA levels in isolated mouse primary hepatocytes in 
which (P)RR   was inhibited using G-(P)RR ASO, were reduced (Figure 
6G). Similarly, acetyl-CoA levels were decreased by (P)RR inhibition 
in HepG2 cells, combined with a decrease in cellular PDH activity, 
increased cellular pyruvate concentrations and medium lactate concen-
trations, and reduced cellular lipid levels (Online Figure VIIIC through 

Figure 6. Inhibiting the (P)RR reduces PDH and ACC protein abundance and activity. (A) 
Representative blot of liver samples from mice injected with saline, G-control, or G-(P)
RR, and fed a HFD for 14 weeks. The protein abundance of PDHA, PDHB, and ACCα/β was 
quantified and normalized to the level of β-actin in the same lysate. (N=6 per group); *: 
p<0.05; ***: p<0.001. (B) C57BL/6J mice were treated with ASOs and fed with HFD for 14 
weeks. Hepatic pyruvate concentrations (B), plasma pyruvate concentrations (C), plasma 
lactate concentrations (D), hepatic PDH activity (E), and acetyl-CoA concentrations (F) were 
determined. (G) Mouse primary hepatocytes were treated with G-control or G-(P)RR for 
36 hours, and cellular Acetyl-CoA concentrations were determined. Three independent 
experiments in triplicates were performed. ***: p<0.001. Oxygen consumption rate (OCR) 
(H) and fuel dependency (I) were measured in mouse primary hepatocytes treated with 
G-control or G-(P)RR for 36 hours. Arrow 1-3 indicates addition of oligomycin, FCCP and the 
mixture of rotenone and antimycin, respectively. N=6 per group. *: p<0.05; ***: p<0.001.
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VIIIG). These data support our hypothesis, and simultaneously suggest 
that in vivo, alternative sources, especially fatty acids supply, are avail-
able to overcome reduced pyruvate to acetyl-CoA conversion. This may 
also explain why acetyl-CoA levels were not reduced in the liver, as 
they were in HepG2 cells and primary hepatocytes. It is plausible that 
increased FA oxidation provides additional acetyl-CoA to compensate 
the increased energetic demand, which could also explain the increased 
oxygen consumption observed in G-(P)RR injected mice. Therefore, we 
examined if  (P)RR inhibition affects the oxygen consumption rate (OCR) 
in mouse primary hepatocytes and HepG2 cells. As expected, inhib-

Figure 7. Model for reprogramed hepatic metabolism by (P)RR inhibition. Inhibiting 
hepatic (P)RR reduces PDH activity, impairing pyruvate metabolism and reducing acetyl-
CoA supply from pyruvate, which limits FA biosynthesis. (P)RR inhibition further limits FA 
biosynthesis by reducing protein abundance of ACC, the crucial enzyme in FA biosynthesis. 
Its further signals to increase FA oxidation via reduced malonyl-CoA, an inhibitor of FA 
oxidation that blocks the transportation of long-chain fatty acyl-carnitine by carnitine 
acyltransferase I (CAT1).
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iting the (P)RR significantly increased basal OCR by ~50% in mouse 
primary hepatocytes (Figure 6G) and ~30% in HepG2 cells (Online 
Figure VIIIH) and, implying increased energy expenditure and utiliza-
tion of  high-oxygen- consuming fuels such as FA. To fully understand 
the mechanism, we further examined cellular fuel dependency on long 
chain FA (LCFA) in mouse primary hepatocytes and HepG2 cells. In 
the presence of  50 μmmol/L oleic acid, LCFA accounted for ~20-30% 
oxidized fuels (glucose, glutamine and LCFA together) in control cells, 
while it accounted for more than 40% oxidized fuels in primary mouse 
hepatocytes and HepG2 cells with (P)RR inhibited (Figure 6H, Online 
Figure VIII I). These data suggest that reduced acetyl-CoA supply from 
pyruvate is compensated by increased FA oxidation, as a mechanism to 
sustain cellular energy needs.

Discussion

We recently reported that the (P)RR is a novel modulator of  LDL 
metabolism in vitro.31 In the current study, we demonstrate that also 
in vivo, inhibiting the (P)RR in hepatocytes leads to defective LDL 
clearance as a result of  reduced SORT1 and LDLR protein abundance. 
SORT1 is a recently identified hepatic clearance receptor for LDL, 
which also regulates VLDL secretion and plasma triglycerides.16, 20-22, 38 
SORT1 deficiency reduces VLDL secretion and plasma triglycerides,20 
and in line with this, we found that (P)RR inhibition reduced VLDL 
secretion and plasma triglycerides, likely as a consequence of  re-
duced SORT1. However, hepatic overexpression of  hSORT1 in mice 
with (P)RR silencing was unable to prevent the reduction in plasma 
triglycerides, despite completely preventing the increase in plasma 
LDL-c. This implies that the (P)RR regulates plasma triglycerides via 
a SORT1-independent manner. Furthermore, plasma LPL activity was 
not affected by (P)RR inhibition, excluding the possibility that increased 
triglyceride hydrolysis accounts for the reduced plasma triglycerides. In 
fact, hepatic lipid concentrations, including triglycerides and cholester-
ol, were both markedly reduced by (P)RR inhibition, indicating that lip-
id synthesis is diminished. Indeed, we found that the protein abundance 
of  ACC, the crucial enzyme catalyzing the first step in fatty acid syn-
thesis, was markedly reduced by (P)RR inhibition. As a consequence, 
limited amounts of  lipid being available for ApoB lipidation likely 
caused the reduction in plasma triglycerides. This may also explain why 
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(P)RR inhibition even reduced plasma cholesterol levels in LDLR defi-
cient mice, in whom SORT1-dependent LDL clearance is impaired.
    Our results raise the question of  how the (P)RR regulates cellular 
lipid levels. Intriguingly, vacuolar H+-ATPase (V-ATPase) has recently 
been identified as a component of  the mechanistic target of  rapamycin 
complex 1 (mTORC1) pathway.39 Indeed, acidification of  lysosomes 
by V-ATPase is crucial for mTOR activation and function.40 Increased 
mTORC1 activity is observed in genetic, and HFD-induced obesity, and 
has been implicated in the regulation of  lipogenesis and VLDL secre-
tion.41-43 Knocking down the (P)RR reduces the protein levels of  several 
subunits of  the V-ATPase complex.28-30, 44 Consequently, (P)RR inhibi-
tion may prevent mTORC1 activation. Nevertheless, this seems unlike-
ly as a recent report found that mTORC1 signaling was unaffected by       
(P)RR.45

An alternative explanation for the effect of  (P)RR on hepatic lipid me-
tabolism may be related to the renin-angiotensin system, which has 
been linked with obesity and lipid metabolism.46 However, this too 
seems unlikely, as the affinity of  (P)RR to (pro)renin is very low, and 
in fact their interaction requires supraphysiological concentrations of  
(pro)renin. Rather, by using a combined unbiased transcriptome and 
proteomic approach, we now identified PDH and ACC as downstream 
effectors of  (P)RR inhibition. (P)RR inhibition has previously been re-
ported to reduce PDHB protein levels via a tyrosine-phosphorylation 
dependent manner in mouse retina and human retinal pigment epithe-
lium cells.47 We found that both PDHA and PDHB were reduced by 
(P)RR inhibition. PDH is a ubiquitously expressed enzyme complex 
that catalyzes the conversion of  pyruvate to acetyl-CoA,48, 49 acting as 
a central node that links lipid metabolism, glucose metabolism and the 
tricarboxylic acid (TCA) cycle. We thus speculated that by reducing 
PDH protein abundance and activity, (P)RR inhibition would reduce 
acetyl-CoA production from glucose, and consequently diminish FA 
synthesis and increase FA oxidation (Figure 7).50 Indeed, this is what 
we observe in the livers of  (P)RR- silenced mice. Additionally, (P)RR 
inhibition also reduced ACC protein abundance. ACC plays an essen-
tial role in regulating FA synthesis and degradation.37 Genetic deletion, 
or inhibition, of  ACC reduces body-weight gain and fat mass, suppress-
es triglycerides synthesis, and increases FA oxidation and energy expen-
diture,51, 52 which resembles the phenotype of  hepatic (P)RR inhibition. 
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Moreover, PPARγ expression was reduced by (P)RR inhibition by 
~50% (Figure VII), and this may also have contributed to the reduced 
hepatic lipogenesis, as hepatic PPARγ plays important roles in HFD- 
induced upregulation of  lipogenic genes and de novo lipogenesis.53-55 
Recent studies have reported that genetically deleting adipose (P)RR 
in mice resulted in resistance to diet-induced obesity56 and accelerated 
oxygen consumption,57 yet causing severe hepatosteatosis.56 Unaltered      
(P)RR expression in both white adipose tissues and brown adipose 
tissues excluded the possibility that adipose (P)RR deficiency also con-
tributed to the observed phenotype in our study. However, it raises the 
question whether inhibiting the (P)RR in both adipose tissue and liver 
would provide additional beneficial effects in treating metabolic disor-
ders.

Post-transcriptional regulation of  ACC and PDH is not well under-
stood, and thus novel studies are required to fully understand their pro-
tein degradational regulation, and the role of  the (P)RR in this process. 
TRB3 has been reported to control ACC degradation under fasting 
conditions by coupling ACC to the E3 ligase COP1.58 Interestingly,              
(P)RR inhibitions upregulated the expression of  several E3 ligases, in-
cluding HECTD1 (Online Table III), and both ACCα and ACCβ have 
been reported to interact with HECTD1.59 It is therefore conceivable 
that (P)RR inhibition accelerates ACC degradation via lysosomes by 
upregulating HECTD1. Simultaneously, the (P)RR-inhibition-induced 
reduction in PDH abundance is more difficult to understand. Inhibiting 
either autophagy, the lysosome or the proteasome did not rescue this 
reduction, nor did was inhibiting mitophagy, a special form of  autopha-
gy involved in degradation of  mitochondrial proteins (data not shown). 
This may suggest that (P)RR inhibition regulates PDH abundance via 
an as yet unsolved mechanism, as seems to be the case with SORT1 as 
well.31

    
In conclusion, we report that hepatic (P)RR is a crucial regulator of  
lipid metabolism. Inhibiting hepatic (P)RR reduced ACC and PDH 
protein levels, and consequently increases FA oxidation and reduces lip-
id synthesis, thus attenuating diet-induced obesity and liver steatosis, as 
well as improving glycemic controls in C57BL/6J mice. Taken together, 
our study highlights the potential of  inhibiting hepatic (P)RR as a thera-
peutic treatment for metabolic disorders such as fatty liver diseases, and 
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familial hypercholesterolemia.
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Novelty and Significance
What Is Known?

• We recently demonstrated that the (pro)renin receptor [(P)RR] 
regulates low-density lipoprotein (LDL) metabolism in vitro, in-
dependent of  the renin-angiotensin system.

• Regulation of  cellular LDL uptake by the (P)RR is dependent on 
SORT1 and the LDLR.

What New Information Does This Article Contribute?

• Inhibiting hepatic (P)RR lowers plasma triglyceride and cholester-
ol levels in LDL receptor deficient mice.

• Hepatic (P)RR inhibition prevents diet-induced obesity, liver ste-
atosis, and improves glycemic control.
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• Hepatic (P)RR controls the protein abundance of  pyruvate dehy-
drogenase (PDH) and acetyl-CoA carboxylase (ACC), thereby 
promoting fatty acid oxidation and reducing lipid synthesis.

The renin-angiotensin system independent functions of  the (P)RR are 
not yet completely understood. Previously, we observed that hepatic 
(P)RR regulates LDL metabolism in vitro by controlling protein abun-
dance of  the LDL receptor and sortilin-1. In this study, we evaluated 
the role of  (P)RR in vivo and found that inhibiting hepatic (P)RR 
regulates LDL metabolism, but that unexpectedly this also decreases 
plasma triglycerides. These actions are, at least in part, a result of  de-
creased lipid synthesis and increases fatty acid oxidation in the liver as 
a result of  decreased protein abundance of  PDH and ACC. Thus, our 
study identifies the (P)RR as a crucial regulator of  hepatic lipid metab-
olism, and suggests hepatic (P)RR inhibition as a potential strategy to 
treat dyslipidemia and fatty liver diseases.
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Online Supplement
Methods

Animals

C57BL/6 mice and LDLR-/- mice were obtained from Model Animal 
Research Center of  Nanjing University (Nanjing, China), and were 
housed at a 10-hour light/14-hour dark cycle. 8-week old male C57BL6 
mice were injected weekly with saline, GalNAc control ASOs (G-conrol), 
or GalNAc (P)RR ASOs [G-(P)RR] subcutaneously. For experiments 
≤ 4 weeks, ASOs were dosed at 3 mg/kg/week. For experiments ≥ 4 
weeks, ASOs were dosed at 3 mg/kg/week in the first 4 weeks, and were 
then reduced to 1.5 mg/kg/week until end of  the experiment. Mice were 
either fed with ND (Harlan Teklad) or HFD (42% kcal fat, 0.2% choles-
terol, Harlan Teklad). LDLR-/- mice were treated in the same way as 
C57BL/6 mice. Body weight was monitored weekly. Food consumption 
of  each cage hosting 6 mice was recorded weekly. Blood samples were 
collected via submandibular bleeding after 6h fasting. Plasma lipid TC 
and TG levels were monitored bi-weekly, unless indicated elsewhere. Ex-
perimental procedures were approved by local animal ethnic committee 
(no. 2014-0140). 

Antisense Oligonucleotides (ASOs)

ASOs with 5’-methyl modified cytosine and a phosphorothioate back-

ma2 stimulates hepatic lipogenesis in a mouse model of  obesity, insulin resistance, 
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bone containing 2-O, 4-C-[(S)-ethylidene]-D-ribose (cEt) modified sugars 
were synthesized as described previously.1 Chimeric ASOs containing 
16mer cEt chemistries were used with the gapmer design of  3-10-3 
wherein the terminal 5’ and 3’ nucleotides contained the cET modified 
sugars that flanked 10 nucleotides with unmodified sugars. The liver 
targeting conjugate GalNAc was connected through a trishexylami-
no-(THA)-C6 linker at the 5’ end of  the ASO 2. Extensive in vitro activ-
ity screens were performed followed by in vivo tolerability and activity 
studies to identify the lead (P)RR ASO with the following nucleotide se-
quence AGATATTGGTCCATTT. A control ASO that did not hybridize 
to any known rodent mRNA was used and had the following nucleotide 
sequence, GGCCAATACGCCGTCA. 

Intraperitoneal glucose tolerance test (IPGTT) 

IPGTT was performed as described elsewhere, 3 one week prior to the 
end of  the study. Briefly, following 16h fasting, 2 g/kg glucose was in-
jected intraperitoneally to mice. Blood samples were collected from tail 
vain at 0, 15, 30, 60 and 120 min after glucose injection, and blood glu-
cose was measured using a glucometer (Roche). Glucose levels at each 
time point were compared, and overall differences in glycemic control 
were compared using area under curve (AUC). 

In vivo LDL clearance assay

In vivo LDL clearance was measured as described before.4 In short, mice 
were injected with 50 μg human Dil-labeled LDL (AngYuBio, Shanghai) 
via a tail-vein. Then, blood samples were collected retro-orbitally at 2, 
10, 20, 40, 80, 160, and 300 min after injection. A standard curve was 
constructed by serial dilution of  the human Dil-labeled LDL into mice 
plasma. Dil-LDL concentrations at 2 min after injection were the highest 
and were thus set as the baseline value for further analysis. Differences in 
VLDL secretion were compared using area under curve (AUC). 

Hepatic VLDL secretion

To determine VLDL-TG secretion rate, mice were fasted for 4 hours and 
injected intraperitoneally with 1 mg/g Pluronic F127 (Sigma Aldrich), 
a detergent that inhibits lipolysis. Subsequently, blood samples were col-
lected by retroorbital bleeding at 0, 1, 2 and 4 hours after Pluronic F127 
injection. Differences in VLDL secretion were compared using area un-
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der curve (AUC). 

Fast Protein Liquid Chromatography (FPLC) analysis of plasma lipo-

proteins

FPLC analysis of  plasma lipoproteins was performed as described be-
fore.5 In short, plasma samples were pooled, and cleared by centrifuga-
tion and filtering through a 0.22 μm filter. 200 μL cleared plasma sam-
ples were loaded for FPLC analysis using an AKTA purifier (GE) and 
Superose-6 Increase 10/300 GL (GE). Flow rate was set to 0.5 mL/min, 
and fractions between 10-16 mL were collected at intervals of  0.25 mL/
fraction. Cholesterol and triglycerides content in each fraction was mea-
sured.   

Oxygen consumption and physical activity measurement

Metabolic and physical activity of  the mice were measured using an 
indirect open-circuit calorimeter (Oxylet, Panlab).6 Mice were housed 
individually in metabolic chambers and oxygen consumption, CO2 
production, and physical activity were recorded at 30 min intervals for 
consecutive 48 hours. For accuracy, the recorded data from the first 12-
14 hours after the mice have been housed in the chamber were not ana-
lyzed. 

Body composition analysis

Fat and lean mass composition of  the mice were evaluated by EchoMRI 
(Echo Medical Systems, Houston, TX, USA) before sacrifice. Weights 
of  different fat tissues were measured using a scale balance with 0.0001-
gram accuracy (Sartorius). 
 
H&E staining and Oil Red O staining

Hematoxylin and eosin (H&E) staining was performed on 5 μm tissue 
sections which were Bouin’s-fixed and paraffin-embedded. Oil Red O 
staining was used to detected hepatic neutral lipids. Fresh liver and adi-
pose tissues embedded in OCT were cryosectioned for 7 μm. After fixa-
tion with 4% paraformaldehyde, sections were stained with 0.3% oil red 
o following standard procedures 7 and then counterstained with hema-
toxylin. Images were scanned using Cytation 5 Cell Imaging Multi-mode 
reader (Biotek). 
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Measurement of ALT and AST

Blood samples were pre-cleared by centrifugation at 3,000×g for 5 min-
utes. Plasma alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities were measured by commercial kits (Biosino) fol-
lowing the manufacture’s protocol.

Adenovirus and Adeno-associated virus

Adeno-associated virus (AAV) expressing the D377Y PCSK9 mutant 
and their use was previously described.8 Eight-week-old mice were intra-
peritoneally with AAV-PCSK9 at a concentration of  10×1010 genomic 
copies, and fed a chow-diet for 4 weeks to induce LDLR degradation. 
Afterwards, mice were treated with saline, G-control, or G-(P)RR for 4 
weeks, and fed with chow or HFD. Human SORT1 under control of  a 
CMV promotor was cloned and inserted in to pAd-EF1a-GFP vector 
(Vigenebio, China). Packaging of  adenovirus was performed by linear-
ization of  the plasmid and transfection of  293A cells. Adenoviral parti-
cles were purified by ultracentrifugation, and virus titer was determined 
by serial dilution and plaque formation. 8-weeks old male mice were 
injected with 1.5×109 pfu Ad-hSORT1 or Ad-GFP (purchased from Vi-
genebio) via tail-vein. Mice were fed with chow or HFD for 7 days, and 
sacrificed after 6h fasting. 

Transcriptome analysis

To assess whether silencing hepatic (P)RR affects gene expression in the 
liver, we injected mice (3 mice/group) intraperitoneally with saline or 
G-(P)RR as described above. After 5 days, the mice were sacrificed af-
ter 6h fasting, and liver samples were collected immediately and stored 
in Trizol at -80 °C until use. Total RNA was extracted and a RNA se-
quencing library was constructed for each sample using the Illumina 
mRNA-Seq Prep Kit. Paired-End libraries were prepared following Il-
lumina’s protocols and sequenced on the Illumina HiSeq X10 platform. 
RNA Sequencing reads were analyzed following the reported protocol 
with HISAT, StringTie and Ballgown.9 More specifically, high quality 
sequencing reads were firstly mapped to the mouse reference genome 
(version Ensembl GRCm38) using HISAT with default parameters.10 
Transcriptomic expression at gene and transcript level, characterized 
by FPKM (Fragments Per Kilobase of  transcript per Million mapped 
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reads), was then quantified by StringTie.9 The Ballgown package was 
used to identify differential expressed genes (DEGs) with P <0.05 be-
tween G-(P)RR and saline control.11 Functional analysis of  all DEGs 
was preformed using DAVID functional annotation clustering tool.12 
Gene numbers were calculated for each Gene ontology (GO) category, 
and a hypergeometric test was used to identify significantly enriched GO 
categories in DEGs. 

Comparative proteomics using iTRAQ

To understand how does (P)RR inhibition affects lipid metabolism and 
energy metabolism, we performed comparative proteomics analysis. 
Mice (n=3/group) were treated with G-control or G-(P)RR for 4 weeks, 
and fed with chow or HFD. Mice were sacrificed after 6h fasting. Livers 
were collected and homogenized in lysis buffer by TissueLyzer. Proteins 
were precipitated by acetone and resuspended with dissolving buffer 
containing 6 M guanidine hydrochloride and 300 mM TEAB (trieth-
ylammonium bicarbonate). Protein concentrations were determined by 
BCA, and equal amounts of  proteins from individual samples per group 
were mixed and processed for iTRAQ labeling. Labeled samples were 
fractionated by high pH separation using Acquity UPLC H-Class Bio 
system (Waters Corporation, Milford, MA) connected to a reverse phase 
column (XBridge C18 column, 2.1 mm×150 mm, 3.5 μm, 300 Å, Waters 
Corporation, Milford, MA). High pH separation was performed using 
a linear gradient, starting from 5% B to 35% B in 40 min (B: 5 mM am-
monium formate in 90% acetonitrile, pH 10.0, adjusted with ammonium 
hydroxide). The column flow rate was maintained at 200 μL/min and 
column temperature was maintained at room temperature. Ten fractions 
were collected. Each fraction was dried in a vacuum concentrator for 
the next step. The peptide samples were resuspended with 30 μL sol-
vent A respectively (A: water with 0.1% formic acid; B: acetonitrile with 
0.1% formic acid), separated by nano-RPLC (EASY-nLC 1000, Thermo 
Fisher Scientific) and analyzed by on-line electrospray tandem mass 
spectrometry (Q Exactive mass spectrometer, Thermo Fisher Scientific). 
5 μL peptide sample was loaded onto the trap column (Thermo Scien-
tific Acclaim PepMap C18, 75 μm × 2 cm), and subsequently separated 
on the analytical column (Acclaim PepMap C18, 75 μm × 15 cm) with 
a linear gradient, from 5% B to 35% B in 70 min, at a flow rate of  300 
nL/min. The electrospray voltage of  1.6 kV versus the inlet of  the mass 
spectrometer was used. The Q Exactive mass spectrometer was operated 
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in the data-dependent mode to switch automatically between MS and 
MS/MS acquisition. Survey full-scan MS spectra (m/z 300-1600) were 
acquired in Orbitrap with a mass resolution of  70,000 at m/z 200. The 
AGC target was set to 1 000 000, and the maximum injection time was 
20 ms. The ten most intense peaks were isolated in the quadrupole with 
isolation window of  2.0 m/z units. Ions with charge states 2+, 3+, and 
4+ were sequentially fragmented by higher energy collisional dissocia-
tion (HCD) with a normalized collision energy of  27%, fixed first mass 
was set at 100, and further analyzed in the Orbitrap mass analyzer with 
17,500 resolution. The AGC target was set to 500,000, and the maxi-
mum injection time was 200 ms. In all cases, one microscan was record-
ed using dynamic exclusion of  35 seconds. 

The expression ratio [G-(P)RR/G-control] was calculated for each pro-
tein, under different diet conditions. Cut-off  value was set to 1.2-fold 
[G-(P)RR/G-control >1.2 or <0.083]. Proteins with altered abundance 
were compared between HFD and chow, and only proteins that were 
regulated in the same trend by (P)RR inhibition were identified as differ-
ential expressed proteins (DEPs). Functional analysis of  all DEGs was 
preformed using DAVID functional annotation clustering tool. Gene 
numbers were calculated for each Gene ontology (GO) category, and 
hypergeometric test was used to identify significantly enriched GO cate-
gories in DEGs. 

Measurement of pyruvate, acetyl-CoA, lactate and PDH activity

Plasma pyruvate and lactate levels were detected using Pyruvate Assay 
kit (Sigma Aldrich) and Lactate Assay kit (Sigma Aldrich), following 
the manufacture’s protocols. To measure hepatic pyruvate, acetyl-CoA, 
and PDH activity, liver samples (~25 mg) were homogenized in the as-
say buffers provided with the kits, and measurements were performed 
according to the manufacture’s protocol. To measure cellular pyruvate 
levels, HepG2 cells were transfected with either control siRNA (siNC) 
or (P)RR siRNA [si(P)RR] for 48 hours. Cells were then detached using 
TrypLE and collected by centrifugation at 4 °C at 100x g, followed by 
washing with ice-cold PBS for three times. Measurement of  pyruvate 
levels from an equal number of  cells was performed according to man-
ufacturer’s protocol, and normalized to cell number. Acetyl-CoA levels 
were measured using the PicoProbe Activity Microplate Assay kit (Ab-
cam) in a similar approach, except that protein concentration was used 
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to normalize acetyl-CoA levels. To measure lactate concentration, 24h 
after transfection, cells were switched to conditional medium (CM) that 
does not contain phenol red for 24 hours. Lactate levels in CM were then 
measured using the Lactate Assay kit (Sigma Aldrich). PDH activity was 
detected by a commercial kit (Sigma Aldrich), following the manufac-
ture’s protocol. 

Measurement of lipoprotein lipase (LPL) activity

Mice were treated with saline, G-control, or G-(P)RR and fed an HFD 
for 4 weeks. To measure LPL activity, mice were injected with 0.2 U/
g heparin via tail-vein, and blood were drawn 15 min after heparin in-
jection. Plasma LPL activity were then measured with a commercial kit 
from Abcam (catalog nr. ab204721). 

Measurement of plasma insulin

Mice were treated with saline, G-control, or G-(P)RR and fed an HFD 
for 14 weeks. After 6-hour-fasting, plasma samples were collected and 
measured for insulin levels with an ultrasensitive mouse insulin ELISA 
kit from ALPCO (catalog nr. 80-INSMSU-E01), following the standard 
manufacturer’s protocol. 

Isolation and culture of primary hepatocytes

Primary hepatocytes were isolated from C57BL/6J mice using previous-
ly described two-step collagenase perfusion method with modifications 
(Cytotechnology. 2012 Mar; 64(2): 187–195.). Briefly, mice were first 
perfused with O2 gassed perfusion buffer (5 mmol/L HEPES, 4 mmol/
L KCl, 120 mmol/L NaCl, 1 mmol/L KH2PO4, 2.4 mmol/L MgSO4, 
40 mmol/L NaHCO3, 20 mmol/L glucose) supplemented with 0.1 
mmol/L EDTA, for 5-7 minutes at a constant flow rate at 7 mL/min. 
Perfusion path was set to flow into liver via inferior vena cava and flow 
out through portal vein. After the first perfusion step, mice were then 
perfused with O2 gassed perfusion buffer supplemented with 2.7 mmol/
L CaCl2 and 1.6 mg/mL Type IV collagenase (Sigma Aldrich, catalog 
nr. C5138), for 3-4 minutes at a constant flow rate at 6 mL/min. Primary 
hepatocytes were released by removing liver capsule, and filtered through 
100 μm filtered. Then, primary hepatocytes were washed with ice-cold 
DMEM and centrifuged at 50x g for 2 min, which was repeated for three 
times. Primary hepatocytes were seeded at a density of  600,000 cells/
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well or 8,000 cells/well into collagen coated 6-well plate or Seahorse 24-
well plate, respectively, and cultured with DMEM GlutaMax™ high glu-
cose supplemented with 5% FBS. To inhibit (P)RR expression in mouse 
primary hepatocytes, 0.05 mg/mL G-(P)RR ASO was added to culture 
medium 3 hours after seeding cells. 

Seahorse XFe24 analyzer

HepG2 cells were seeded to Seahorse 24-well plate, and cultured with 
DMEM GlutaMax™ high glucose with 10% FBS. HepG2 cells were 
transfected with siNC or si(P)RR for 48 hours. Mouse primary hepato-
cytes were isolated, seeded to Seahorse 24 well plate, and cultured with 
DMEM GlutaMax™ high glucose supplemented with 5% FBS. To in-
hibit (P)RR expression, mouse primary hepatocytes were treated with 
0.05 μg/mL final concentration of  G-(P)RR ASOs for 36 hours. Mito-
chondrial function and cellular fuel dependency were then measured 
using Seahorse XF Cell Mito Stress Test Kit and Seahorse XF Mito Fuel 
Flex Test Kit, following manufacturer’s protocol, with the exception that 
for FA dependency assay oleic acid was added to a final concentration 
of  50 μmol/L to the cell culture medium 4 hours prior to the start of  the 
assay. 

Immunoblotting

For protein expression and phosphorylation studies, 50 mg mouse liver 
samples were homogenized in RIPA buffer (50 mM Tris-HCl, 150mM 
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH 7.4) 
with phosphatase inhibitor cocktail (Sigma Aldrich) and protease inhib-
itors cocktail (Roche) using TissueLyzer (Qiagen). Homogenates were 
centrifuged at 10,000× g at 4 °C for 10 minutes to clear any cell debris or 
insoluble proteins. Protein concentrations were then determined using 
BCA assay (Pierce). Equal amounts of  proteins (30-40 mg) were load-
ed and separated on 4-20% Bis-Tris gels (GenScript), and transferred to 
PVDF membranes using iBlot® 2 Dry Blotting System (Thermo Fisher 
Scientific). For high-molecular weight proteins such as acetyl-CoA car-
boxylase (ACC), samples were loaded and separated on 6% SDS-PAGE 
gels with ice-cold buffers for 3-5 hours, and transferred to PVDF mem-
branes using traditional wet transferring system at 4 °C for 16 hours. The 
blots were then probed with the antibodies listed in Online Table I and 
detected by ClarityTM Western Substrate (Bio-rad). The intensities of  
bands were analyzed using ImageJ. 
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Online Table I. Antibodies used in the study

Target
Species 
originated

Dilution Source Catalog number

(P)RR Rabbit 1:1000 Sigma HPA003156
SORT1 Mouse 1:1000 BD Bioscience 612100
LDLR Rabbit 1:1000 Thermo Fisher Scientific PA5-22976
PDHA Rabbit 1:1000 Proteintech 18068-1-AP
PDHB Rabbit 1:1000 Proteintech 14744-1-AP
ACCa/b Rabbit 1:1000 Cell Signaling Technology 9957
PPARγ Rabbit 1:1000 Cell Signaling Technology 2435
Adiponectin Rabbit 1:1000 Cell Signaling Technology 2789
β-actin Mouse 1:3000 Proteintech 60008-1

RNA isolation and qPCR analysis

Liver samples were homogenized with Trizol (Thermo Fisher Scientif-
ic) and total RNA was extracted using Direct-zolTM RNA MiniPrep 
kit (ZYMO Research). One microgram of  total RNA was reverse tran-
scribed with Prime ScriptTM RT Master Mix (TaKaRa). SYBR Green 
real-time quantitative PCR assays were performed on a qTOWER appa-
ratus (Analytic Jena) using SYBR ®Premix Ex TaqTM II kit (TaKaRa). 
Primers used in the study were listed in Online Table II. 

Hepatic lipids extraction and measurement

To measure hepatic lipid contents, lipids in the liver were extracted using 
Folch’s method.13 In short, 50 mg liver samples were homogenized using 
Tissue lyzer (60Hz, 30s) in chloroform and methanol mixture (2:1) fol-
lowed by adding methanol, chloroform and MQ. Extracted lipids were 
dried with N2 gas and dissolved with 200μl PBS containing 1% Triton 
X-100. Cholesterol, triglycerides and non-esterified fatty acid (NEFA) 
were measured using colorimetric kits (Wako). 

Statistics

All values were presented as mean ± SEM. For experiments with n num-
ber ≥ 8/group, D’Agostino-Pearson omnibus test was performed to test 
normality. For experiments with less n number, Kolmogorov-Smirnov 
test was performed for normality test. After passing normality test, one-
way ANOVA followed by the Bonferroni test was performed for compar-
ison of  more than two groups. And student t-test was used to compare 
the differences between two groups. P values of  <0.05 were considered 
significant. 
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Results

Online table III: 
http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESA-
HA. 117.312422/-/DC1.

Online Table II. List of qPCR primer sequences
Gene Sequence

(P)RR
Forward 5’-GGGTGGATAAACTGGCACTTC-3’
Reverse 5’-TGGAATTTGCAACGCTGTC-3’

SORT1
Forward 5’-TGAGGACATGGTCTTCATGC-3’
Reverse 5’-GGTAAAGATGGTGCCAAACC-3’

LDLR
Forward 5’-GATGGCTATACCTACCCCTCAA-3’
Reverse 5’-TGCTCATGCCACATCGTC-3’

PDHA
Forward 5’-GGCATCGTTGGAGCTCAG-3’
Reverse 5’-ACAGACCTCATCTTTTCCATTGT-3’

PDHB
Forward 5’-GAGCTGAGATTTGTGCCAGA-3’
Reverse 5’-ACATCAGCACCAGTGACACG-3’

ACCα Forward 5’-GGCTCAAACTGCAGGTATCC-3’
Reverse 5’-TTGCCAATCCACTCGAAGA-3’

ACCβ Forward 5’-TGAATCTCACGCGCCTACTA-3’
Reverse 5’-TTGTGTTCTCGGCCTCTCTT-3’

PPARγ Forward 5’-GAAAGACAACGGACAAATCACC-3’
Reverse 5’-GGGGGTGATATGTTTGAACTTG-3’

Adiponectin
Forward 5’-GGGGGTGATATGTTTGAACTTG-3’
Reverse 5’-CTTTCCTGCCAGGGGTTC-3’

UCP-1
Forward 5’-GGCCTCTACGACTCAGTCCA-3’
Reverse 5’-TAAGCCGGCTGAGATCTTGT-3’

Hadha
Forward 5’-GAAATGGATAATATCTTGGCAAATC-3’
Reverse 5’-TGGACGTCTTCATCAGAGGAG-3’

Acaa2
Forward 5’-AAATGTGCGCTTCGGAAC-3’
Reverse 5’-CGTTAATCCTGCCCACAAAG-3’

Acadvl
Forward 5’-GGTGGTTTGGGCCTCTCTA-3’
Reverse 5’-TCCCAGGGTAACGCTAACAC-3’

Acadl
Forward 5’-GCTTATGAATGTGTGCAACTCC-3’
Reverse 5’-CCGAGCATCCACGTAAGC-3’

β-actin
Forward 5’-CTAAGGCCAACCGTGAAAAG-3’
Reverse 5’-ACCAGAGGCATACAGGGACA-3’
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Online Figure I. GalNAc-(P)RR ASO specifically targets hepatic (P)RR and affects plasma 
lipid concentrations. (A) Eight-weeks-old male C57BL6 mice were injected with saline 
(blue) or G-(P)RR (green). After 5 days, mice were sacrificed and tissues were collected and 
analyzed for (P)RR expression. (P)RR expression was normalized by the geometric mean of 
the expression of actin, 36B4 and GAPDH. N=5/group; ***: p<0.001. (B) Immunoblotting of 
liver samples from saline or G-(P)RR treated mice. (C-E) (P)RR expression levels and protein 
abundance in epididermal white adipose tissue (eWAT), inguinal white adipose tissue 
(iWAT), and retroperitoneal white adipose tissue (rWAT) of mice treated with G-control or 
G-(P)RR for 14 weeks and fed with HFD. (F) (P)RR expression in brown adipose tissue (BAT) 
of mice treated with G-control or G-(P)RR for 14 weeks and fed with HFD. (G) G-(P)RR did 
not affect mRNA levels of LDLR and SORT1. N=6 per group. (D) Plasma triglycerides and 
cholesterol concentration of C57BL6 mice injected with saline (blue), G-control (magenta) 
or G-(P)RR (green), and fed HFD for 14 weeks. N=10 per group. ***: p<0.001. G-control v.s 
G-(P)RR. (H) Plasma cholesterol levels of C57BL6 mice treated as indicated, and fed ND for 
4 weeks. N=12 per group. ***: p<0.001. G-control v.s G-(P)RR.
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Online Figure III.  Inhibiting hepatic (P)RR in LDLR-/- mice reduces plasma cholesterol 
and triglyceride levels under both chow and HFD conditions. Eight-weeks-old male mice 
were treated with G-control (magenta) or G-(P)RR (green), and fed with ND or HFD for 
16 weeks. Plasma cholesterol levels (A&B) and plasma triglyceride levels (C&D) were 
monitored weekly in the first 4 weeks, and bi-weekly afterwards. N=8 per group. *: p<0.05; 
**: p<0.01; ***: p<0.001. 

Online Figure II.  SORT1 overexpression does not prevent PRR deficiency induced 
reduction in LDLR protein levels in the liver. Eight-week-old male mice were treated with 
G-control or G-(P)RR, in combination of control adenovirus (Ad-GFP) or SORT1 expressing 
adenovirus (Ad-SORT1). N=6 per mice. Representative blot. Ex: exogenously expressed 
hSORT1. En: endogenously expressed mSORT1. 
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Online Figure IV. Inhibiting the (P)RR reduces hepatic lipid levels under both ND and HFD 
conditions. Eight-week-old male mice were treated with saline (blue), G-control (magenta) 
or G-(P)RR (green) for 4 weeks, fed ND or HFD. (A) Representative image of Oil Red O 
staining of liver samples. (B&C) Lipids were extracted from the liver using Folch’s method, 
and dried with N2 gas. Resuspended lipids were measured for triglycerides and cholesterol, 
normalized by the weight of liver samples used for lipid extraction. N=12 per group. *: 
p<0.05; ***: p<0.001.
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Online Figure VIII. Silencing the (P)RR in HepG2 cells reduces ACC and PDH protein abun-
dance resulti ng in increased oxygen consumpti on and dependency on fatt y acid as fuel 
source. (A) (P)RR expression was silenced in HepG2 cells and a representati ve blot of 3 in-
dependent experiments in quadruplicate is shown. Total cell lysates were immunoblott ed 
as indicated, and the level of PDHA, PDHB, and ACCα/β protein was quanti fi ed and nor-
malized to the level of β-acti n in the same lysate. ***: p<0.001. (B) HepG2 cells were trans-
fected with control or (P)RR siRNAs for 48h. Cell were incubated with vehicle control, 100 
nmol/L bafi lomycin A1 (BafA1), 7.5 mmol/L 3-3-Methyladenine, and 20 μmol/L MG-132(R) 
for 8 hours. A representati ve blot of 4 independent experiments and corresponding quan-
ti fi cati on is shown. (C-G) To measure cellular metabolites, HepG2 cells were transfected 
with control siRNA (siNC) or siRNA against (P)RR [si(P)RR] for 48 hours. Subsequently, cells 
or medium were prepared as described to measure intracellular acetyl-CoA levels (C), PDH 
acti vity (D), lactate levels in the conditi onal medium (CM) (E), intracellular pyruvate levels 
(F), and intracellular triglyceride levels (G). Three independent experiments in triplicate 
were performed for each measurement and values were corrected with either the amount 
of protein or number of cells. N=9 per group; *: p<0.05; ***: p<0.001. (H-I) Cellular oxygen 
consumpti on rates (OCR) (H) and fuel dependency (I) were measured in HepG2 cells treat-
ed with siNC or si(P)RR for 48 hours. Arrow 1-3 indicates additi on of oligomycin, FCCP and 
the mixture of rotenone and anti mycin, respecti vely. N=6 per group. *: p<0.05; **: p<0.01.
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Abstract

Rationale: Elevated plasma cholesterol concentrations contributes to 
ischemic CVD. Recently, we showed that inhibiting heaptic (P)RR at-
tenuated diet-induced hypercholesterolemia and hypertriglyceridemia 
in LDLR deficient mice. The purpose of  this study was to determine 
whether inhibiting heaptic (P)RR could attenuate atherosclerosis. 

Methods and Results: Eight weeks-old male LDLR-/- mice were inject-
ed with saline or GalNAc-modified antisense oligos (G-ASOs) primarily 
targeting hepatic (P)RR weekly and fed a western-type diet (WTD) for 
16 weeks. (P)RR G-ASOs markedly reduced plasma cholesterol concen-
trations from 2211±146 mg/dL to 1128±121 mg/dL. FPLC analysis 
reveals that cholesterol in VLDL and IDL/LDL fraction were potently 
reduced by (P)RR ASOs. Moreover, (P)RR G-ASOs reduced plasma tri-
glyceride concentrations by more than 80%. Strikingly, despite drastic 
reduction in plasma lipids, (P)RR G-ASOs did not attenuate atheroscle-
rosis in these mice. Further testing in ApoE-/- mice confirmed that (P)RR           
G-ASOs reduced plasma lipids but accelerated atherosclerosis. To un-
derstand the reason behind, we compared the transcriptomic changes in 
aortic arch segment from saline and (P)RR ASOs treated LDLR-/- mice 
fed with WTD for 4 weeks, and found that (P)RR G-ASOs induced the 
expression of  genes involved in immune response and inflammation. 
Further investigation reveals that macrophage is an additional target of  
(P)RR G-ASOs, and inhibiting (P)RR in macrophages enhanced pro-in-
flammatory response to exogenous stimuli. Moreover, deleting the (P)
RR in macrophages did not affect plasma lipids but accelerated athero-
sclerosis in WTD fed ApoE-/- mice.

Conclusion: (P)RR G-ASOs reduced plasma cholesterol and triglycerides 
in atherosclerotic mice due to hepatic (P)RR deficiency. However, the 
beneficial effects of  lowered plasma lipids on atherosclerosis were abol-
ished by augmented pro-inflammatory responses in macrophages as a 
result of  unexpected downregulation of  (P)RR in macrophages. Our 
study demonstrates that hepatic (P)RR and macrophagic (P)RR play a 
counteracting role in atherosclerosis.   
   

thesis-liwei Ren.indd   164 26-05-2021   15:52



(Pro)renin Receptor and Atherosclerosis

C
ha

pt
er

  6

165

Introduction
Atherosclerosis is a major cause of  morbidity and mortality. Increased 
concentrations of  plasma cholesterol and triglycerides, increased blood 
pressure, and impaired blood glucose metabolism are major risk fac-
tors for developing atherosclerosis and ischemic cardiovascular diseases 
(CVD). The (pro)renin receptor [(P)RR] can bind both renin and pro-
renin, and activate intracellular signaling cascades, including extracellu-
lar signal-regulated kinase 1/2 and phosphatidylinositol 3-kinase/Akt.1 

Upon binding, the (P)RR activates prorenin in a non-proteolytic manner, 
leading to renin-angiotensin system (RAS) activation. However, the in-
teraction of  (P)RR with renin/prorenin at supraphysiological concentra-
tions questioned the physiological relavence with RAS. Indeed, recently 
studies show that the (P)RR is an accessory protein of  the vacuolar 
H+-ATPase (V-ATPase) and indispensable for V-ATPase integrity and 
functions.2-5 We recently identified that the (P)RR plays an RAS-inde-
pendent role in regulating lipoprotein and lipid metabolism.6, 7 Suppress-
ing the (P)RR in hepatocytes reduced protein abundance of  the low-den-
sity lipoprotein receptor (LDLR), the major receptor for low-density 
lipoprotein (LDL), thus reducing cellular LDL uptake.6 Inhibiting the 
hepatic (P)RR on the one hand reduced hepatocyte LDL clearance as a 
consequence of  decreased LDLR protein abundance, but simultaneously 
decreased hepatic very low density lipoprotein (VLDL) secretion, which 
overall resulted in decreased plasma cholesterol and triglycerides concen-
trations in wild type C57BL/6J mice fed a Western-type diet (WTD) .7         
We further discovered that inhibiting the hepatocyte (P)RR in gene de-
letion induced- or proprotein convertase subtilisin/kexin type 9 overex-
pression-induced LDLR deficient mice drastically reduces the plasma 
concentrations of  cholesterol and triglycerides, regardless of  diet feeding. 
We thus hypothesized that (P)RR inhibition would be an effective way 
to lower plasma cholesterol and triglycerides concentrations, and reduce 
the risk for atherosclerosis, especially in familial hypercholesterolemia 
patients whose LDLR activity is reduced or diminished and response to 
statin is less pronounced than in normal patients.8 

Methods
The data that support the findings reported in this manuscript are avail-
able from the corresponding authors upon reasonable request.
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Animals experiments

LDLR-/-, ApoE-/-, and Lyz2-Cre mice were purchased from the Model 
Animal Research Center of  Nanjing University (Nanjing, China), and 
mice carrying floxed (P)RR allele were kindly provided by Prof. Michael 
Bader and Prof. Genevieve Nguyen.9 Mice were housed on a 10-hour 
light/14-hour dark cycle. Eight weeks-old male LDLR-/- and ApoE-/- 
mice were injected weekly with either saline or GalNAc modified ASOs 
targeting (P)RR [(P)RR G-ASOs] subcutaneously. Only male mice were 
studied because our previous study focused on male mice. Also,the es-
trus cycle in female mice may affect atherosclerosis and other parame-
ters.10 ASOs were synthesized as described before.7, 11, 12 G-(P)RR ASOs 
were injected subcutaneously at 3.0 mg/kg/week at the first 4 weeks 
and were then reduced to 1.5 mg/kg/week. Mice were fed aWTD ( 42% 
kcal/kcal fat, 0.2% wt/wt cholesterol, Envigo) for 16 weeks. Blood sam-
ples were collected via submandibular bleeding after 6 h fasting. Systolic 
blood pressure was measured on conscious mice with a computerized 
noninvasive tail-cuff  system (Softron, BP-2010A). Blood pressure was 
measured weekly for 4 weeks, prior to the end of  the study. The mean of  
five repeated measurements at the last week (16th week) is reported. To 
isolate peritoneal macrophages, C57BL/6J mice were first injected with 
saline or 3.0 mg/kg (P)RR G-ASOs, and 4 days later mice were injected 
with 6% autoclaved starch broth into intraperitoneal cavity. Three days 
after starch broth injection, peritoneal macrophages were isolated as de-
scribed.13 To obtain macrophage (P)RR knockout mice on ApoE-/- back-
ground, Lyz2-Cre and (P)RR flox mice were first crossed with ApoE-/- 
mice, and the offsprings were intercrossed to obtain Lyz2-Cre+/0 (P)RRwt/

YApoE-/- mice and Lyz2-Cre+/0 (P)RRfl/YApoE-/- mice, which were further 
intercrossed to obtain macrophage (P)RR knockout mice. Genotyping 
primers were listed in Supplemental Table I. These mice were fed with 
WTD for 12 weeks to assess the consequences on atherosclerosis. Exper-
imental procedures were approved by the Animal Ethic Committee of  
Shenzhen Health Science Center (no. 2014-0140). 

Isolation of mouse aortas and en face analysis

Aortic segments between the aortic root and the iliac arteries, were dis-
sected and fixed with 4% paraformaldehyde for 24 hours. After fixation, 
adventitial tissues were carefully removed, and the aortas were cut open. 
Isolated aortas were quantified with or without Oil Red O (ORO) as 
described in the AHA statement.14 En face aortas were imaged with a 
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microscope (Nikon, SMZ1270), and lesion areas were measured and 
quantified using Image J. In addition to quantification of  plaque sizes in 
the whole aorta, plaque sizes of  the ascending aorta, arch, and from the 
aortic orifice of  left subclavian artery to 3 mm below were also quanti-
fied, which was designated as aortic arch in the figures.    

Histology analysis of aortic root

Mouse hearts were isolated and fixed with 4% paraformaldehyde for 24 
hours, embedded in OCT, and cryosectioned at 7 μm thickness. Aortic 
root sections were prepared as recommended with some modifications.14 

In short, serial tissue sections were acquired from the initial appearance 
of  the aortic valves. Three tissue sections were placed on a single slide, 
and in total 45-48 slides were obtained. The slide showing the largest 
aortic valves were chosen for hematoxylin and eosin (H&E) and ORO 
staining. Stained slides were scanned using Cytation 5 Cell Imaging 
Multi-mode reader (Biotek). Lesion areas of  the aortic root were mea-
sured for the three sections on the same slide with Image J, and average 
plaque size was reported. 

Biochemical measurements 

Plasma total cholesterol and triglycerides concentration were measured 
by commercial kit (Wako) following the manufacturer’s protocol. Plas-
ma renin concentrations were measured by enzyme-kinetic assay in the 
presence of  excess sheep angiotensinogen as described previously.15 The 
plasma concentrations  of  apolipoprotein B (ApoB) were determined 
by ELISA kit (Signalway Antibody, EK0320). Fractionation of  plasma 
was described earlier,7 and cholesterol and triglycerides concentrations in 
each fraction were determined by commercial kit (Wako).  

RNA isolation, quantitative PCR and RNA sequencing

Total RNA was extracted using Direct-zolTM RNA MiniPrep kit 
(ZYMO Research). One microgram of  total RNA was reverse tran-
scribed with Prime ScriptTM RT Master Mix (TaKaRa). SYBR Green 
real-time quantitative PCR assays were performed on a qTOWER appa-
ratus (Analytic Jena) using SYBR® Premix Ex TaqTM II kit (TaKaRa). 
Primers used in the study were listed in Supplemental Table I. Total 
RNAs extracted from aortic arch region were used to construct RNA 
sequencing libraries, which were sequenced on Illumina HiSeq X10 plat-
form. DESeq2 was used to identified differently expressed genes (DEGs). 
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Gene ontology (GO) and KEGG enrichment analysis were performed 
using clusterProfiler. Gene set variation analysis (GSVA) was performed 
as described previously,16 using described curated datasets (Supplemental 
Table II) from the literature.17, 18

Cellular experiments

RAW264.7 cells were maintained with DMEM high glucose medium 
supplemented with 10% fetal bovine serum. To inhibit (P)RR expression, 
0.1 mg/mL final concentrations of  (P)RR G-ASOs were added to the 
cells. Twenty-four hours later, cells were stimulated with or without 100 
ng/mL lyposacharide (LPS) for 4 hours for measuring gene expression, 
and 12 hours for measuring cytokine production, respectively. To stimu-
late cytokine release, cells were treated with 10 uM nigericin for 30 min 
before collecting the cell culture medium. Secreted cytokines in the cell 
culture medium were measured using commercial kits from Thermo Sci-
entific (TNF-α: # 88-7324-88; IL-1b: # 88-5019-88; IL-6: # 88-7064-88; 
IL-10: 88-7105-88), following the manufacturer’s protocol. 

Fast Protein Liquid Chromatography (FPLC) analysis of plasma lipo-

proteins

FPLC analysis was performed as described previously.7 In short, plasma 
samples from 8 mice were pooled, and cleared by centrifugation and 
futher filtered through a 0.22 um filter. Two hundred fity microliters of  
filtered plasma was loaded for FPLC analysis using Superous-6 Increase 
10/300 GL column (GE) on an AKTA purifier (GE). Flow rate was set 
to 0.5 mL/min, and fractions between 10-16 mL were collected at a in-
terval of  0.25 mL/fraction. Cholesterol and triglycerides concentrations 
in each fraction was measured. 
  
Statistics

All values are presented as mean ± SEM. The Kolmogorov-Smirnov test 
was performed to test normality. When passing the normality test, one-
way ANOVA followed by the Bonferroni test was performed for compar-
ison in case of  >2 groups. Student T-test was performed when compar-
ison was made between two groups. P<0.05 was considered significant. 
Statistical analysis was performed using Prism 9 (Graphpad Software). 

Results
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(P)RR G-ASOs did not ameliorate atherosclerosis in LDLR-/- mice 

To evaluate whether hepatic (P)RR inhibition attenuated atherosclerosis, 
we administered (P)RR G-ASOs to LDLR-/- mice. The efficacy and spec-
ificity of  G-(P)RR ASOs in reducing hepatic (P)RR was demonstrated in 
our previous study.7 Inhibiting the (P)RR in hepatocytes reduced plasma 
cholesterol concentrations by ~50% (2211 ± 146 mg/dL versus 1128 ± 
121 mg/dL) (Figure 1A). FPLC analysis revealed that the cholesterol 
content of  VLDL and IDL/LDL fractions were reduced (Figure 1B). 
Plasma triglyceride concentrations were also reduced markedly, mainly 
by reducing VLDL- and IDL/LDL-triglycerides (Figures 1 C&D). Strik-
ingly, lesion sizes in the aortic arch region and the entire aorta were not 
reduced by (P)RR inhibition (Figure 1 E-G). Moreover, H&E and ORO 
staining of  the aortic root revealed that lesions sizes were not reduced by 
(P)RR inhibition (Figure 1 H&I). A previous study reported that systolic 
blood pressure was elevated in adipose (P)RR knockout mice,19 suggest-
ing that (P)RR inhibition may affect RAS activity and blood pressure. 
However, (P)RR inhibition did not alter systolic blood pressure or plas-
ma renin concentrations in LDLR-/- mice (Supplemental Figure I), rul-
ing out altered RAS activity as the counteracting factor for the beneficial 
effects of  lowering lipid concentrations. 

(P)RR G-ASOs did not ameliorate atherosclerosis in ApoE-/- mice 

We further tested the effects of  (P)RR inhibition on atherosclerosis in 
another atherosclerotic mice model, namely ApoE-/- mice. We found that 
(P)RR G-ASOs also effectively reduced both plasma cholesterol and tri-
glycerides concentrations in ApoE-/- mice (Supplemental Figure II A&B), 
to a similar extent as observed in LDLR-/- mice. This suggests that the 
plasma lipids lowering effect of  hepatic (P)RR inhibition is independent 
of  LDLR or ApoE. Yet, plaque size in the whole aorta and aortic arch 
region remained unaltered by (P)RR inhibition (Supplemental Figure 
II C-E), despite the strong reduction in plasma lipids. H&E and ORO 
staining of  the aortic root further confirmed that atherosclerosis was not 
attenuated in ApoE-/- mice treated with (P)RR G-ASOs (Supplemental 
Figure II F&GF). 

(P)RR G-ASOs promotes immune responses by stimulating macro-

phagic pro-inflammatory cytokines 

Our observation that (P)RR G-ASOs markedly reduced plasma lipid 
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concentrations, but not atherosclerosis in two different atherosclerotic 
models, suggested that (P)RR G-ASOs promote other crucial atherogen-
ic factor(s) to counteract the potential benefit of  lowered plasma lipids. 
To clarify this, we mapped the transcriptomic changes in aortic arch 
region of  saline and (P)RR G-ASOs adminstered treated LDLR-/- mice 
fed a WTD for 4 weeks (Figure 2A). Using aortic arch region of  normal 
diet-fed control 8-week-old LDLR-/- mice , we identified 58 up-regulated 
and 3 down-regulated genes in saline administered  LDLR-/- mice, and 
GO enrichment analysis of  DEGs revealed that immune response relat-
ed biological processes were affected mostly (Supplemental Table III & 
Supplemental Figure III). In comparison, (P)RR G-ASOs upregulated 
256 genes and downregulated 4 genes, which are also enriched in im-
mune response related biological processes (Supplemental Table IV & 
Supplemental Figure IV). We then compared the DEGs and found that 
206 genes were specifically altered by (P)RR G-ASOs (Supplemental 
Table V & Figure 2B). GO enrichment analysis revealed that these genes 
were related to immune responses (Supplemental Figure V), and KEGG 
enrichment analysis revealed that inflammation related pathways, such 
as NF-kB signaling pathway, chemokine signaling pathway and Toll-
like receptor signaling pathway, were mostly affected (Figure 2C). GSVA 
analysis demonstrated that inflammatory gene set, type I interferon re-
sponse gene set, and M1 macrophage signature gene set were activated 
(Figure 2D), suggesting enhanced inflammation in the aortic arch region 
of  (P)RR G-ASOs administered LDLR-/- mice. Despite the relatively 
high specificity of  N-acetylgalactosamine modified ASOs towards he-
patocytes,20 macrophages could also be a target as they express asialogly-
coprotein receptors which bind N-acetylgalactosamine.21 We therefore 
suspected that (P)RR G-ASOs targeted macrophages and promoted in-
flammation, thereby counteracting the benefit of  lowered plasma lipids 
concentrations. Indeed, isolated peritoneal macrophages from C57BL/6J 
mice adminstered (P)RR G-ASO for 1 week showed marked reduction 
in (P)RR expression (Supplemental Figure VIA). Moreover, successfully 
inhibiting (P)RR expression in murine RAW264.7 (Supplemental Figure 
VIB), a widely used murine macrophage cell line, enhanced LPS-stimu-
lated expression of  pro-inflammatory cytokines, including Tnfa, Il6 and 
Il1b (Figure 2 E-G). In RAW264.7 cells, inhibiting the (P)RR reduced 
abundance of  Il10, an anti-inflammatory cytokine, with or without 
LPS stimulation (Figure 2H). In line with the gene abundance findings,         
(P)RR inhibition in macrophages increased TNF-α, IL-6 and IL-1β se-
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Figure 2. (P)RR G-ASOs promote immune responses in aorta by augmenting macrophagic 
pro-inflammatory cytokine production. A-D: Eight-week-old LDLR-/- mice were treated 
with saline or (P)RR G-ASOs and fed a WTD for 4 weeks, and aortas were isolated for 
transcriptomic analysis. Aortas from 8-week-old LDLR-/- mice (0 week) serve as control. 
The experimental procedure is illustrated (A). Venn graph showing overlapped and non-
overlapped DEGs (B). KEGG enrichment analysis (C) and GSVA analysis (D). E-L: RAW cells 
were treated with saline (blue) or (P)RR G-ASOs (red), and stimulated with or without LPS. 
Expression and production of pro-inflammatory and anti-inflammatory cytokines were 
determined. 
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cretion (Figure 2 I-K), and decreased IL-10 secretion (Figure 2L). To 
confirm the effect of  macrophage (P)RR downregulation in atherosclero-
sis, we generated macrophage-specific (P)RR knockout mice on ApoE-/- 
background (Supplemental Figure VII A-C). We found that deleting the 
(P)RR in macrophages did not affect plasma cholesterol and triglyceride 
concentrations (Supplemental Figure VII D-E), further confirming that 
lowered plasma lipid concentrations were due to hepatic (P)RR deficien-
cy. Yet, macrophage (P)RR-deleted mice did show accelerated athero-
sclerosis development (Supplemental Figure VII F-I). Collectively, these 
findings suggest that suppressed (P)RR expression in macrophages en-
hanced inflammatory responses in lesions, counteracting the benefits of  
lowered plasma lipid concentrations by hepatic (P)RR inhibition. 

Discussion  
Increased plasma cholesterol concentrations are thought to initiate ath-
erosclerosis by causing abnormal lipid deposition in the artery wall.22 

Reducing plasma cholesterol concentrations, for instance with statins, 
is an effective way to reduce CVD risk. However, in the current study, 
we demonstrate that a ~50% reduction in plasma cholesterol concentra-
tionsby  hepatic (P)RR inhibition failed to attenuate atherosclerosis in 
either LDLR-/- or ApoE-/- mice. It is worthy to note that reduced plasma 
cholesterol concentrations were observed as early as 1 week after hepatic 
(P)RR inhibition.7 Thus, reduction of  plasma cholesterol concentrations 
was maintained throughout the experimental period. Moreover, IDL/
LDL cholesterol, the most potent atherogenic cholesterol, was reduced 
~30% by hepatic (P)RR inhibition. LDL particles are heterogenous in 
terms of  size, density, and lipid compositions, and LDL particles with 
smaller size and higher density (more apolipoproteins and less lipids) 
have higher atherogenic ability.23, 24 Thus, it is possible that (P)RR inhi-
bition alters the size and density of  LDL. Indeed, we found that plasma 
ApoB concentrations were increased by inhibiting hepatic (P)RR (Sup-
plemental Figure VIII). This finding, together with reduced cholesterol 
content in the IDL/LDL fraction, suggested that the densities of  LDL 
particles were likely increased by hepatic (P)RR inhibition. Since small 
dense LDL enters arterial intima more easily and is more prone to be ox-
idized,25, 26 it may elicit immune responses more easily. This may explain 
the overactivated immune responses in the aortas of  (P)RR inhibited 
mice. 
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Activation of  immune responses, characterized by infiltration of  macro-
phages, mast cells, and T lymphocytes, is another hallmark in atheroscle-
rosis development.27 The number of  macrophages accumulating in aorta 
can increase up to 20-fold during atherogenesis.28 These macrophages 
can internalize accumulated oxidized LDL, leading to foam cell forma-
tion and the production of  inflammatory cytokines, such as IL-1β. Ox-
idized LDL can also directly interact with Toll-like receptors to activate 
the expression of  proinflammatory cytokines and chemokines,27 leading 
to activation of  both innate and adaptive immune responses. Unexpect-
edly, we found that inhibiting macrophagic (P)RR promoted inflamma-
tory cytokine production in the presence of  exogenous stimuli, providing 
another possibility why (P)RR G-ASOs did not attenuate atheroscle-
rosis although they did reduce plasma lipid concentrations. A recent 
study demonstrated that WTD feeding increased angiotensinogen and 
the angiotensin type 1 receptor expression in peritoneal macrophages, 
and blocking the RAS with the angiotensin type 1 receptor antagonist, 
valsartan, reduced ox-LDL concentrations and expression of  Il1b and 
Tnfa in macrophages.29 This highlights that RAS activation plays a role 
in inflammatory responses of  macrophages. However, despite the de-
bate on the role of  (P)RR in RAS,30 inhibiting the (P)RR would reduce 
rather than activate the RAS. Thus, (P)RR depletion is an unlikely cause 
of  macrophageinflammatory responses via RAS activation. In fact, we 
found no effect on renin concentrations by (P)RR G-ASOs. Thus, the 
observed effect might be linked with its functions related with V-ATPase. 
V-ATPase is expressed at the plasma membrane and in lysosomes in 
macrophages.31 Inhibiting V-ATPase using bafilomycin induces TNF-α 
production in macrophages with and without LPS stimulation, and ex-
tends the duration of  LPS-stimulated TNF-α production.31 Moreover, 
deleting macrophage Atp6v0d2, a subunit of  the V-ATPase complex, aug-
mented LPS-stimulated IL-1β and TNF production in vivo.32 Interesting-
ly, this study also showed that LPS stimulation itself  reduced Atp6v0d2 
expression, indicating that inhibition of  V-ATPase is required for activat-
ing inflammatory responses in macrophages. V-ATPase also plays a role 
in cholesterol efflux in macrophages.33 Inhibiting V-ATPase using bafilo-
mycin dose-dependently reduced ATP cassette binding protein A1-me-
diated cholesterol efflux in RAW264.7 cells, and inhibiting the Atp6v0c 
yielded similar effects. In fact, our transcriptomic result shows that the 
expression of  ABC transporters was altered by (P)RR G-ASOs. Thus, it 
is possible that (P)RR deficiency in macrophages augments inflamma-
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tion and impairs cholesterol efflux by impairing V-ATPase activity. 

In summary, we showed that (P)RR G-ASOs lowered plasma lipid con-
centrations in WTD fed LDLR-/- and ApoE-/- mice due to hepatocyte 
(P)RR inhibition. However unexpectedly, downregulation of  (P)RR in 
macrophages due to (P)RR G-ASOs promotes inflammatory cytokine 
production and suppressed anti-inflammatory cytokine production, 
thus counteracting the benefits of  lowering plasma lipid concentrations. 
Overall, (P)RR G-ASOs did not attenuate atherosclerosis in WTD fed  
LDLR-/- and ApoE-/- mice. 
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Highlights: 

• (P)RR G-ASOs reduce plasma cholesterol and triglycerides con-
centrations in atherosclerotic mice due to hepatic (P)RR deficien-
cy

• (P)RR G-ASOs also reduces macrophage (P)RR expression and 
augmentedits inflammatory response

• Deletion of  macrophage (P)RR accelerates atherosclerosis in 
ApoE-/- mice
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Supplemental Figure I. Systolic blood pressure (A) and plasma renin activity (B) of saline 
(blue) or (P)RR G-ASOs (red) treated LDLR-/- mice fed with WTD for 16 weeks. 

Supplemental Figure II. (P)RR G-ASOs reduces plasma lipids but not atherosclerosis 
in ApoE-/- mice. Eight-week-old ApoE-/- mice were treated with saline (blue) or (P)RR 
G-ASO (red) and fed a WTD for 16 weeks. Plasma cholesterol (A) and triglycerides (B). 
Representative images of aortic arch and en face whole aorta (C). Quantification of lesion 
are in whole aorta (D) or aortic arch region (E). Representative images showing H&E and 
ORO stained sectioned aortic root (F), and quantification of lesion size in aortic root (G). 

Supplement data
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Supplemental Figure IV. GO enrichment analysis of biological processes. DEGs [(P)RR 
G-ASOs treated WTD-fed LDLR-/-  mice for 4 weeks vs 0 week control] were used. 

Supplemental Figure III. GO enrichment analysis of biological processes. DEGs (saline 
treated WTD-fed LDLR-/-  mice for 4 weeks vs 0 week control) were used. 
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Supplemental Figure V. GO enrichment analysis of biological processes. Non-overlapped 
DEGs {[(P)RR G-ASOs 4 weeks vs 0 week] vs (saline 4 weeks vs 0 week)} were used. 

Supplemental Figure VI. 
(P)RR expression in ex vivo 
peritoneal macrophages 
(A) and RAW264.7 cells 
(B). Blue: saline; Red: (P)
RR G-ASOs.
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Supplemental Figure VIII. Plasma 
ApoB concentrations of saline (blue) 
or (P)RR G-ASOs (red) treated LDLR-/- 
mice fed a WTD for 16 weeks. 

Supplemental Table I. Primers used.
Target Sequence

(P)RR
Forward 5’-GGGTGGATAAACTGGCACTTC-3’
Reverse 5’-TGGAATTTGCAACGCTGTC-3’

36b4
Forward 5’-ACTGGTCTAGGACCCGAGAAG-3’
Reverse 5’-CTCCCACCTTGTCTCCAGTC-3’

Il1b
Forward 5’-AACTGTTCCTGAACTCAACTGT-3’
Reverse 5’-GAGATTTGAAGCTGGATGCTCT-3‘

Tnfa
Forward 5’-AAGCCTGTAGCCCACGTCGTA-3’
Reverse 5’-GGCACCACTAGTTGGTTGTCTTTG-3’

Il6
Forward 5’-TAGTCCTTCCTACCCCAATTTCC-3’
Reverse 5’-TTGGTCCTTAGCCACTCCTTC-3’

Il10
Forward 5’-GCTGCGGACTGCCTTCA-3’
Reverse 5’-TGCATTAAGGAGTCGGTTAGCA-3’

Lf Forward 5’-AGCACTCTCTTCCAGGTATGTTGTG-3’
Lr Forward 5’-CTGGATCCCGGAGCATGGGTAAAGG-3’
Er Forward 5’-GCCCCTCTCTTACAGTTCTATCAGT-3’

Cre
Forward 5’-GCTGCCACGACCAAGTG-3’
Reverse 5’-TCGCCATCTTCCAGCAG-3’
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Supplemental table II
M1 signature
Irg1, Ccl2, Csf2, Marcksl1, Il23a, Cmpk2, Rtp4, Slc7a11, Maff, Gpr85, Pde4b, Trex1, 
Ier3, Ifi47, Nfkbie, Oasl2, Gdf15, Cdkn1a, Slc7a2, Gem, F10, Oas2, Il15, Rnd3, 
Gbp2, Lif, Irf1, Fabp3, Src, Slc39a14, Ccl9, Ripk2, Plagl1, Iigp1, Rel, Tap1, Sphk1, 
Stat5a, Sh3bp5, Lad1, Adm, Lcp2, Zc3h12a, Calcrl, Irgm1, Arid5a, Arrdc4, Cebpd, 
Junb, Etv6, Stk40, Nfkb1, Daxx, E2f8, Tlr7, Fam129a, Tmem2, Znfx1, Cav1, Mmp13, 
Plek, Trib3, Herpud1, Asns, Tgm2, Klf7, Ptprj, Ccdc86, Slc1a4, Nmi, Tpst1, Hk2, 
Osgin2, Slamf9, Egr1, Akna, Atp10a, Phldb1, Sesn2, Rbpj, Mthfd2, Parp12, Aff1, 
Slc12a4, Tor3a, Ogfr, Kpna3, Plagl2, Casp7, Ugcg, N4bp1, Igsf8, Rasa2, Tank, Rcsd1, 
Trim13, Marcks, Siah2, Hivep1, Rbbp8, Tnfaip2, Tcof1, Myd88, Apbb1ip, Dab2, 
Psmb10, Stip1, Sp100, Myo10, Psme2, Mtmr14, Plaur, Il2rg, Aftph, Tars, Appl1, 
Myo1g, Dck, Sap30, Fcgr2b, Sertad2, Rabgef1, Azi2, Rnf19b, Nck1, Vav3, Trim34, 
Itgav, Prdm1, Aebp2, Larp1, Eef1e1, Ifitm3, Rela, Aars, Epsti1, Slc4a7, Rps6ka2, 
Rnf14, Gars, Tor1aip1, Katna1, Ddx21, Eif2s2, Nampt, Zfand3, Wars, Wdr43, Aida, 
Ube2f, Rps6ka4, Ptpn2, Sbds, Notch2, Nup62, Txnrd1, Top1, Eif6, Klf6, Gtpbp2, Lz-
tfl1, Hspa9, Mat2a, Abca1, Ptpn12, Surf4, B3gnt2, Ghitm, Gtf2b, Slc3a2, Bcl10, Srgn, 
Sqstm1, Atf4, Tapbp, Eif3c, Hspa5

M1 Macrophage Polarization
Tnf, Ccl5, Ccr7, Irf1, Il6, Kynu, Cd86, Marco, Il1a, Cd14, Cd40, Cxcl11, Il1b, Cxcl10, 
Cxcl9, Cd80, Irf5, Ido1, 

Type I Interferon response
Trex1, Rtp4, Oasl1, Ly6e, Il15, Ifi44l, Irf1, 

Pro-inflammatory
Tnf, Ccl2, Ccl3, Il2, Ccl4, Tlr4, Il17a, 

Monocyte
Cd14, Ly6c1, Ly6c2, Adgre1, Ly6g5b, Sirpa, 

Apoptosis
Fasl, Jun, Sptan1, Ccnd1, Prf1, Bid, Cdkn1a, Il18, Bax, Tnfsf10, Casp8, Tnfrsf12a, 
Casp9, Cflar, Mcl1, Il1b, Diablo, Birc3, Bcl2l11, Casp6, Gadd45a, F2r, Bik, Casp3, 
Cd44, Il1a, Tnf, Sqstm1, Ddit3, Btg3, Satb1, Igfbp6, Bnip3l, Dffa, Gsn, Cdkn1b, Egr3, 
Casp7, Fas, Pmaip1

CD8 T cell activation
Ctla4, Eomes, Icos, Ccr7, Cd8a, Il2ra, Lag3, Cd69, Cd8b1, H2-Ea-ps, Tnfrsf4, Ifng, 
Cd40lg, Tnfrsf9, Cd47, Tnfrsf18, Gzma, Cd3e, Prf1, Btla, Gzme, Gzmd, Gzmg, 
Gzmf, Gzmn, Gzmc, Gzmb, Cd27, Lamp1
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Inflammatory Response
H2-M11, Il1rl1, Il2ra, Csf3, Bcl6, Ptpn11, H2-Q5, Crh, Srgn, Atg5, Eno1, Tlr9, H2-
M9, Fasl, C4b, Met, Defb14, Tslp, Lep, Tnfsf9, H2-M1, H2-Q6, H2-Q7, Cr1l, Notch1, 
Abcg3, Jun, Pla2g4a, Plg, Optn, Nod2, Flt1, Stat5b, H2-M10.5, H2-Q10, H2-M10.6, 
Idh1, Areg, Cyp2d22, Gstm6, Rtn4, Erap1, Ripk2, Apob, Map3k4, Hoxa10, Trpv1, 
Brd4, Aqp1, Lyn, Tnfsf14, Grm3, Tpsab1, Il12a, C3, Mgp, Stard5, Il18r1, Cyld, Il-
17ra, Prkcb, Fadd, Htt, Nlrp4b, Agtr1a, Gfer, Tlr2, Tbxas1, Irf4, Hrh4, Plaur, Stab1, 
Map3k8, Alox12, Rorc, Myh9, Cd300a, Bmyc, Camk4, Tnip1, Tlr1, Spn, Il17a, 
Xrcc1, Gm10031, Mmp2, Camk1d, Adrb3, Ano6, Bad, Gstm2, Cyp2d11, Cyp2d10, 
Egfr, Pik3ca, Ppargc1a, Prlr, Stat5a, Il11, Map3k14, Fn1, Mas1, Gpr4, Ccdc3, Stat3, 
Tlr6, Trp63, Nlrp4f, Nlrp4a, Nlrp4c, Nlrp4e, Terf2ip, Abca1, Tax1bp1, Bace1, Prkcz, 
Ogg1, Ccnd1, Glp2r, Bdkrb1, Itga3, Prf1, Tpsb2, Fgf15, Apc, Lgals1, Casp12, Vcan, 
Bdkrb2, Map3k7, Bmp6, H2-M5, Mecp2, Ptpa, Pik3cg, Irak1, Sulf1, Ptgs1, Trim28, 
Pycard, Npsr1, Ager, Fgf2, Ptafr, En1, Ppp1r13l, Hdac3, Jazf1, Ptger4, Dusp10, Ctgf, 
Ptgs2, Arrb2, P2rx1, Shbg, Rhoa, Pdcd1lg2, Cldn1, Nov, Sod3, Oprm1, Tgfbr2, Il21, 
Cbl, Pim2, Ngf, Mapk14, Orai1, Trem2, Havcr2, Ceacam10, Ccl27a, Trp53, Cyp2d9, 
Park7, Sema3a, Mapk7, Ccl20, Trem1, Gm21973, Itgam, Prkaa1, Il2, Rarres2, Cy-
p2j13, Cyp2j9, Ptprc, Esr2, Rxra, Itgal, Irf3, Ptpn6, Crhr1, Nos2, Osm, Iapp, Alox5, 
Grn, Plce1, Hsp90ab1, Cx3cl1, Prtn3, Ndrg1, Mcam, Inhba, Aqp4, Pin1, Bcr, Itgb2, 
Il7, Il1rap, Itga2b, Hsf1, Cd274, Plau, Cd86, Tnfrsf11b, Gpr68, Scrib, Adcyap1r1, Fc-
gr2b, Fcgr3, Mvk, Muc16, Cnr1, Cdkn1a, Rit1, Trpv4, Ifnl2, Ifnl3, Rps6ka5, Sigmar1, 
Fcgr4, Col2a1, Itgb7, Sumo1, Il22ra1, Rock1, Lif, Alox15, Prdx1, Cnr2, Tlr5, Ucp2, 
Cdh1, Klf6, Rhoc, Ntn1, Pdgfb, Wwox, Jam3, Bach2, Calr, Homer1, Apln, Casr, 
Dusp4, Pon1, Egfl7, Usp4, Gkn1, Vdr, S100a4, Jak1, Igf1r, Polb, Il18, Casp8, Map2k3, 
Serpine2, Smad7, Sirt1, Trpm7, Map2k2, Ryr1, Npas3, Pthlh, Hmox1, Ahsg, Cd36, 
Pink1, Tnfsf10, Cga, Ppp5c, Nlrp1a, Nlrp1b, Il6st, Pdpk1, Hfe, Tnfsf12, Cebpg, Tnfrs-
f12a, Sdc1, Scnn1a, Bap1, Nfe2l2, Il17rc, Prkcd, Igfbp2, Tnfrsf8, Aldh2, Nr3c1, Cd48, 
Tnfrsf1a, Nr1h2, Flt3l, Sdc2, Il2rg, Gm20489, Ppara, Slc2a1, Nampt, Nfat5, Tlr4, Il7r, 
Il4ra, Adamts4, Ikbkb, Adora3, Ifngr1, Il1rn, Ifna15, Ifna14, Ifna9, Ifna12, Ifna13, 
Ifna16, Ifna2, Ifnab, Ifna7, Ifna11, Ifna6, Ifna5, Ifna4, Ifna1, Ppm1d, Syk, Tff1, Wrn, 
Pag1, Xbp1, Elane, Muc4, Gm10184, Myoc, Hdac4, Fut1, Myc, Foxo1, Ghsr, Egr1, 
Prdx2, Pdpn, Mal, Arrb1, Il31ra, Vim, Ripk1, Adora2b, Mapk1, Fhit, Esr1, Nr4a2, 
Has1, Thada, Angptl2, Gclc, Ifnb1, Arid3a, Ccne1, Tab1, P2ry12, Lpar3, Kcnn4, H2-
M3, H2-M2, H2-K1, Muc5ac, Dab2, Runx3, Dapk1, Tnfrsf11a, Ly96, Phlpp1, Dst, 
Ednra, Cflar, Mapt, Pgrmc1, Trib1, Gm13306, Tfrc, Igfbp5, Kit, Bcl3, Gm21541, 
Gm13304, Gna12, Ptgdr, S100a8, Sgk1, Flg, Cebpa, Pten, Sfrp1, Vgll3, Ret, Pnpla3, 
Ngfr, Foxp3, Prkci, Pirb, Lilra5, Gm14548, Gm15922, Lilra6, Gm15448, Pira2, Lil-
r4b, Lilrb4a, Gm49339, Adamts13, Phb, Cd200, Trap1, Anpep, Adk, Apol7a, Apo-
l9a, Apol7b, Apol10a, Apol11a, Apol7c, Apol10b, Apol11b, Apol7e, Apol9b, Apol8, 
Il1f6, Psg16, Ceacam3, Psg29, Scnn1b, Apoa2, Cxcl10, Foxp1, Tac1, Ciita, Hspb1, 
Mitf, Mmp13, Spp1, Csf2, Snx9, Gja1, Apom, Gnai1, Braf, Serpinh1, Tollip, Casp9, 
Adora2a, Cd244a, Tnfsf13, Ido1, C1qtnf3, Scnn1g, Pdcd1, Col1a1, Cxcl12, Pdgfa, 
S100a9, Pfkfb4, Oxtr, Abcb11, Ikzf1, Scarb1, Alpl, Tnfrsf1b, Cyp4a32, Cyp4a30b, 
Cyp4a10, Cyp4a31, Anxa1, Smad2, Adar, Ins2, Smad4, Irf5, Ubd, Atf4, Ier3, Tln1, 
Itgb3, Bcl10, Tor1a, Il33, Lmna, Jak3, Klf4, Nr4a1, Lgals8, Tmem9, Relb, Hspa4
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Cxcr4, Ptger2, Stk39, Nradd, Ptprk, Agtr1b, Nlrp3, Prom1, Slamf1, Pld2, Fabp4, 
Chuk, Il6ra, Ddr1, Fbln5, Rel, Cftr, Hif1a, Cyp19a1, Cav1, Klf5, Creb3l3, Inpp5d, 
Bax, Prl3a1, Prl6a1, Prl2c2, Prl8a2, Prl2c5, Prl2b1, Prl8a6, Prl8a8, Prl8a9, Prl8a1, 
Prl7b1, Prl7a1, Prl, Prl7a2, Prl3d1, Prl3d2, Prl7d1, Prl3d3, Prl7c1, Prl2a1, Prl2c1, 
Prl4a1, Prl5a1, Prl3c1, Prl3b1, Fpr1, Nrg1, Nr3c2, Cyp26b1, Prkg1, Ccr7, Zmiz1, 
Ywhaq, Mef2c, Ptgir, Nod1, Sod2, Alk, Gm49368, Cyp2d12, Cyp2d34, Cyp2d40, 
Cyp2d26, Bche, Apoe, Cxcl16, Nfia, Robo1, Selenos, Ltbr, Tnfrsf14, Bcl2, Fgf21, 
Rnaset2b, Cldn2, Hnmt, Atp11a, Setd7, Foxo3, Cfl1, Smad3, Ccr3, Cd83, Mcl1, Eng, 
Nos3, Prrc2a, Fstl1, Gba, Socs3, Tacr1, Ifngr2, Fgf10, Vcam1, Inpp4b, Ace2, Ar, 
Cd44, Nr2f2, Agtr2, Nudc, Nr1h4, Ace, Rarres1, Adgrb1, Sbno2, Lag3, Chil1, Ccl21a, 
Myd88, Mid1, Prmt5, Cxcr5, Tnf, S1pr2, Crebbp, Slc6a4, Adm, Scn10a, Olr1, Il1a, 
Smad1, Adcyap1, Pak1, Camp, Tnfaip8l2, Cdk5, Myo9b, Tab2, Hsp90b1, Erbb2, Ets1, 
Irf7, Egln1, Gnas, Cln3, Tgfbi, Retnla, Retnlg, Cdh11, Siglece, Rgs2, Ikbkg, Csf1r, 
Hrh1, Ptk2, Cdkn1b, Fndc4, Tnfrsf25, Pomc, Bpifb1, Calca, Map2k4, Pla2g2a, Nfkb1, 
Dmbt1, Ptgfr, Entpd1, Cd28, Map4k4, Gli1, Sphk1, Tbk1, Pltp, Erg, Il4, Itch, Hnf1a, 
Ptgis, Hnf4a, Apex1, Psmd10, Ghrl, Vwf, Hmmr, Spred2, Ifng, Ctla4, Thbs1, Ada, 
Hpse, Bdnf, Alb, Rps6kb1, Gpr55, Sp3, Cyba, Dlk1, Kdr, Egf, Ctsd, Gm49369, Oxt, 
Ranbp2, Cd40, G6pc3, Itga2, Nts, Abcb1a, Abcb1b, Mavs, Map2k5, Duox1, Ctsk, 
Tshr, Traf2, Ticam1, Cd180, Il34, Elavl1, Prkca, Itga4, Txnrd1, Traf3ip2, Ipmk, Zyx, 
Bmp4, Adam17, Egr2, Trpc1, Tnfsf15, Slc38a9, Tle1, Prl2c3, Nr0b2, Slc39a11, Ctnn-
bip1, Plcg1, Trpc5, Pglyrp1, Tnfaip3, Ecm1, Socs2, Wnt5a, Mertk, Gata2, Ceacam5, 
Ceacam14, Gm5155, Ceacam11, Ceacam13, Ceacam12, Psg18, Psg28, Psg26, Psg25, 
Psg27, Psg21, Psg23, Psg20, Psg22, Psg19, Ceacam1, Psg17, Ceacam2, Rasgrp1, 
Klk1b8, Klk1b9, Klk1b1, Klk1b11, Klk1b26, Klk1b27, Klk1b21, Klk1b22, Klk1b16, 
Klk1b3, Klk1b4, Klk1b24, Klk1b5, Klk1, Edn1, Mpo, Blnk, Map2k1, Angpt2, Crp, 
Pdyn, Ccr1, Ccr1l1, Yy2, Yy1, Parp1, Map3k5, Cd226, Snai1, Aicda, Mthfr, Irf2, 
Arf6, Il22, Iltifb, Stat1, Traf1, Cd40lg, Rbpj, Adcy3, Ackr1, Psmd4, Cisd1, Slit3, Tn-
frsf26, Tnfrsf22, Tnfrsf23, Pgf, Chrna7, Igf1, Serpinb2, Clu, Serpine1, Ltb, Pla2g7, 
Slc22a5, Slc22a21, Eln, Slit2, Traf6, H2-D1, H2-Q1, H2-Q2, H2-Q4, H2-T22, H2-
T23, Gm11127, H2-Bl, H2-T10, Gm7030, Gm8909, H2-T3, H2-M10.2, H2-M10.1, 
H2-M10.3, H2-M10.4, Nes, Prkcq, Adipoq, S100b, Casp6, Srebf2, Cbr3, Cltc, Epo, 
Trpc6, F3, Tmbim6, Ctnnd1, F10, Efnb1, Ahr, Hcar2, Pdgfrb, Birc5, Pik3cb, Nfkbia, 
Creg1, Tnfsf13b, Elf3, Tyk2, Grem1, Xdh, Src, Tiam1, Vegfa, Bpi, Icosl, Clec4e, Brd2, 
Ednrb, Tnfrsf17, Cdc37, Spred1, Bcl2l11, Gper1, Mme, Faah, Timp1, Foxf1, Icam1, 
Rarb, Nfatc2, Retn, Cd47, Ptx3, H2-Eb2, Mdm2, Tnfrsf21, Irak3, Ffar1, Irf8, Ccl2, 
F2r, Satb1, Cntf, Il10, Nfatc4, Itgb2l, Tek, Pin1rt1, Il27, Cd19, Ntrk3, Fut2, Ffar2, 
Tgfa, Il25, Gpc5, Rictor, Ormdl3, Il1r2, Adamts9, Igfbp3, Cd4, Irak4, Shh, Med1, 
Sqstm1, C1qa, Traf5, Dio2, Nlrc4, Habp2, Pkm, Tymp, Muc1, Litaf, Selp, Akt1, 
Zap70, Hdac1, Bmp2, Mill1, Mill2, Hnrnpd, Ifi206, Ifi209, Ifi207, Ifi204, Ifi203, 
Ifi202b, Tbx21, Rac1, Rev3l, Txn1, Il24, Prkd1, Il12b, Ep300, Glul, Il23r, Kat2b, Li-
n28a, Cybb, Ptpn22, Ntrk1, Ifnar1, Map2k6, Kpna2, Btk, Nusap1, Itga5, F2, Ikzf3, 
Cdh5, Il13, Htr2a, Ctnnb1, Nox1, Gch1, Enpp2, Diablo, Cdk5r1, Apoa1, Fyn, Casp3, 
F2rl1, Csf1, Il1b, Fgf23, Cd247, Hsp90aa1, Adam10, Malt1, Bst2, Pik3cd, Acly, Dcn, 
Ctsb, Tgfb2, Smad6, Il10ra, Vip, Ncstn, Rgs16, S1pr3, Slc9a3, Pgr, Flt4, Acvr1, Prkdc, 
Gsk3b, Sod1, Mmp9, Has2, Thbd, Rcan1, Lta, Cebpb, Dio3, Eif2ak2, Postn, Tgfb1
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 Il12rb1, Mmp3, Klrk1, Slc9a1, Ikzf2, Ccl28, Socs5, Serping1, Pappa, Sost, Rb1, F7, 
Gsto1, Apcs, Aimp1, Eif4g1, E2f1, Pparg, Masp1, Creb1, Kitl, Fli1, Irs1, Ptpn1, Kl, 
Serpinc1, Socs1, Pkd1, Bcl2l1, Hamp2, Hamp, Trpm8, Tnfrsf4, Plat, Ccr6, Twist1, 
Dnmt1, Slc7a5, Ddx58, Cxcr2, Csnk2a1, Ccl19, Nedd9, Ccr5, Star, Hpgd, Keap1, 
Ncf2, Axl, Agt, Jag1, Mtdh, Atf3, Sdc4, Nppc, Lrrk2, Bmp7, Hsh2d, Gdf15, Sp1, 
Adipor1, Tnc, Il6, Rnaset2a, Il1r1, Erbb4, App, Angpt1, Tab3, Tirap, Gckr, Clock, 
Cd93, Snca, Mst1, Comt, Ezh2, Cxcr3, Dock2, Il13ra2, Bcl2a1d, Bcl2a1a, Gm29094, 
Bcl2a1b, Lepr, Cd59b, Cd59a, Ror2, Etv6, Pde4b, Gip, Hspa1b, Hspa1a, Fos, Stk11, 
Lpar1, Nr4a3, Cirbp, Adipor2, Hc, Pim1, F8, Hyal1, Il20, Epas1, Prok1, Tlr7, P2rx7, 
Adam15, Snai2, Gab2, Itga1, Sftpb, Cd55b, Cd55, Rapgef3, Kras, Il5, Ptpn2, Pecam1, 
Ikbke, Mcph1, Ctss, Ccr8, Rnf11, Mc1r, Traf3, Procr, Il9, Zfp831, Dusp16, Cdkal1, 
Aplnr, Nr1h3, Mtus1, Brca2, Fndc5, Tlr8, Irs2, Gzmc, Gzmb, Stim1, Il15, Gpbar1, 
Mif, Bmx, Itgav, Tnfsf11, Sirt6, Sele, Npy, Dll4, Ppard, Nr1i2, Prok2, Birc3, Irf1, 
Lcn2, Gsk3a, Lum, Hgf, Adm2, Nppa, Rela, Lgals3, Rspo3, Clec7a, Nox4, Srebf1, 
Bmpr2, Icos, Hspa5, Tbxa2r, Mst1r, Gstp1, Gstp2, Akt2, Cd209a, Cd209e, Cd209d, 
Cd209b, Cd209c, Psen1, Birc2, S1pr1, Mapk9, Tgm2, Cebpd, Mtor, Serpinf1, C5ar2, 
Mmp1b, Mmp1a, Dusp1, Adcy7, Gcg, Apod, Mirlet7a-1, Mir122, Tmem173, Dpp4, 
Cd74, Gm5849, Mir200b, Mir219a-2, Pdcd4, Ins1, Stat2, Gm28635, Gm6665, Cd46, 
Il2rb, Serpina1b, Serpina1d, Serpina1a, Serpina1c, Serpina1e, Ndfip1, Mir200c, 
Mir222, Mir29a, Il23a, Casp1, Mir155, Cd34, Ankrd2, Trib2, Dab2ip, Mapk3, Eno1b, 
Nfatc1, Fads2, Mir22, Mir143, Stat6, Itgb1, Itga6, Itgb4, Mir101a, Gm10591, Ccl21c, 
Ccl21b, Ccl27b, Ccl27, Mir29b-1, Sftpc, Nrp1, Isg15, Bsg, Adrb1, Mir200a, Hspg2, 
Mir24-1, Mir342, Adam28, Mir30a, Lime1, Ppbp, Stc1, Nfkb2, Bcl2a1c, Cd14, 
Mir23b, Lrp1, Klf9, Igf2, Mmp11, Tlr3, Mir125b-1, Jak2, Gm2564, Ifih1, Mir18, 
Pdlim2, Mapkbp1, Mir7-1, Mir27b, Mir19b-1, Fas, Hbegf, Fgf7, Mir145a, Adrb2, 
Sh2d1a, Mapk8, Rbp4, Casp7, Mir142, Mbl2, Mir26a-1, Nkx3-1
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(Pro)renin Receptor and Atherosclerosis
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Summary

The renin-angiotensin system (RAS) is a major regulator of  blood pres-
sure and fluid homeostasis. It is now widely accepted that its active 
end-product, angiotensin (Ang) II, is produced at tissue sites. Although 
a wide range of  drugs exists to suppress either the formation of  Ang II 
(renin inhibitors, ACE inhibitors [ACEi]) or its effects (Ang II type 1 
receptor [AT1R) antagonists [ARBs]), a substantial proportion of  the hy-
pertensive population treated with these drugs remains uncontrolled or 
suboptimally controlled, due to non-adherence and/or drug ineffective-
ness. The latter relates among others to the fact that the body is capable 
of  counteracting the effects of  RAS blockade by substantially upregu-
lating renin. A new approach to suppress the RAS might be to delete 
the substrate, angiotensinogen (AGT), from which all angiotensins are 
derived. Since the majority of  AGT is synthesized in the liver, its sup-
pression might occur with RNA therapeutic approaches, including small 
interfering RNA (siRNA) and antisense oligonucleotides (ASO), targeted 
to the liver. This approach is already feasible, given the introduction of  
inclisiran, targeting the hepatic synthesis of  proprotein convertase sub-
tilisin kexin type 9 (PCSK9). Remarkably, this requires only 2 doses per 
year. Chapter 1 provides an overview of  all RNA therapeutic approach-
es that are currently in clinical development. 

Chapter 2 revisits local Ang II generation in the brain. Although AGT 
synthesis has been claimed to occur locally in the brain, there is virtu-
ally no renin. This raises the question whether angiotensin synthesis 
occurs in the brain at all. It has been proposed that the brain synthesiz-
es prorenin, the inactive precursor of  renin, which would then bind to 
the (pro)renin receptor [(P)RR], allowing it to display Ang I-generating 
activity. However, we were unable to demonstrate prorenin in the brain 
at sufficiently high quantities. Taken together therefore, local angioten-
sin generation in the brain seems impossible, and a more likely source 
of  Ang II in the brain is circulating Ang II, for instance taken up via 
AT1R. Clearly, given the presence of  the blood-brain barrier, diffusion 
of  circulation renin, prorenin, or AGT into the brain is impossible. In                        
Chapter 3, we have used a N-acetylgalactosamine (GalNAc) modified 
siRNA targeting liver AGT to finally settle the origin of  brain AGT and 
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Ang II. The siRNA was applied to rats made hypertensive with deoxy-
corticosterone acetate (DOCA)-salt. This approach will lower the circu-
lating RAS, and is generally believed to upregulate the brain RAS. Yet, 
in our hands, DOCA-salt turned out to lower brain Ang II in parallel 
with the circulating Ang II, while after depleting liver-derived AGT, Ang 
II was entirely absent in the brain. Blood pressure remained high despite 
the disappearance of  brain Ang II. Remarkably, AGT could still be de-
tected in the brain after depleting liver-derived AGT. This confirms that 
the brain independently synthesizes AGT. However, given the absence of  
renin and prorenin, this apparently does not result in angiotensin genera-
tion in the brain. Moreover, brain Ang II is not responsible for the blood 
pressure rise in the DOCA-salt model. Whether brain AGT has a role 
remains to be demonstrated.  

Another organ which is believed to synthesize its own AGT is the kid-
ney. Ang II generated in the kidney is known to contribute to renal 
dysfunction, and thus is a major player in the development of  glomeru-
losclerosis, proteinuria, fibrosis, and glomerular filtration lowering. The 
5/6th nephrectomy (5/6th Nx) hypertensive rat is a widely established 
model for chronic kidney disease. In Chapter 4, we have treated 5/6th 

Nx rats with AGTsiRNA, making a comparison versus the ARB lo-
sartan and the ACEi captopril. Unexpectedly, losartan reduced blood 
pressure most strongly, while this effect was diminished in combination 
with both captopril and AGT siRNA. Since losartan was the only drug 
that increased circulating Ang II, the most likely explanation of  these 
data is that this Ang II rise resulted in the stimulation of  dilator Ang II 
type 2 receptors (AT2R), thereby lowering blood pressure more strongly. 
Importantly, despite the difference of  blood pressure reduction, all treat-
ment groups (AGT siRNA, losartan + AGT siRNA, losartan, losartan 
+ captopril) exerted the same degree of  renoprotection, reflected by a 
reduction in proteinuria and glomerulosclerosis. Multiple linear regres-
sion analysis revealed that this was due to the additive effect of  lowering 
blood pressure and renal Ang II. These data support the use of  AGT 
siRNA as a new treatment tool for chronic kidney disease. 

The (P)RR has been proposed to act as a receptor for both renin and 
prorenin, allowing the latter to display Ang I-generating activity due to a 
binding-induced conformational change. However, the affinity of  the re-
ceptor for (pro)renin is very low, making the occurrence of  an interaction 
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between the receptor and (pro)renin in vivo highly unlikely. Chapters 5 
and 6 therefore focus on non-RAS effects of  the (P)RR, given that it has 
been claimed to interact with sortilin-1 (SORT1), thereby affecting LDL 
metabolism and LDL receptor (LDLR) density. Most likely, this is relat-
ed to the fact that the (P)RR simultaneously acts as an accessory protein 
of  V-ATPase. Inhibiting the hepatic (P)RR with GalNac ASOs in mice 
on a normal diet increased LDL cholesterol, as a result of  downregulat-
ed LDLR and SORT1 protein abundance. Yet, hepatic (P)RR inhibition 
decreased both plasma cholesterol and triglycerides in LDLR deficient 
mice, thus preventing the development of  obesity and hepatosteatosis. 
Comparative quantitative proteomics revealed a crucial role for both 
pyruvate dehydrogenase, which converts pyruvate into acetyl-CoA, and 
acetyl-CoA carboxylase, which catalyzes the formation of  malonyl-CoA, 
an essential substrate for fatty acid synthesis and a potent inhibitor of  
fatty acid oxidation. Taken together, this reveals a new function of  the    
(P)RR  in lipid metabolism. Despite the reduction in plasma cholesterol 
and triglycerides in LDLR deficient mice fed a high-fat diet, hepatic (P)RR    
inhibition did not attenuate atherosclerosis, while the same was true in 
high fat diet-fed ApoE deficient mice. It turned out that the GalNAc 
ASO approach also downregulated  the (P)RR in macrophages, which 
resulted in augmented  pro-inflammatory responses. This therefore anni-
hilated the potential beneficial effects of  lipid lowering on atherosclero-
sis.      
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Perspectives

Despite hundreds of  antihypertensive drugs and their combinations 
currently being available on the market, there still is a substantial pro-
portion of  patients whose blood pressure is not appropriately controlled. 
This could be due to either non-adherence or drug ineffectiveness. Both      
siRNA and ASO offer a novel approach to overcome non-adherence, 
since this approach may require only one dose every few months. Cur-
rently, targeting to the liver is possible, and soon approaches may become 
available that target other organs and cells as well. This has the poten-
tial to revolutionize drug therapy, as it may simultaneously result in less 
side-effects, given it targeting the desired organ/cell only.

In case of  suppression of  angiotensinogen, a major question is how far 
its levels should be suppressed. Titrating it down to zero is possible. Yet, 
it is well-known that too much RAS suppression is not necessarily bene-
ficial, since it may result in too much blood pressure lowering, hyperka-
lemia and renal dysfunction. Simultaneously, the human body is capable 
of  upregulating renin almost indefinitely1, and thus even lowering AGT 
by 90% can still be matched easily by 10-fold rises in renin, as demon-
strated in this thesis. Similar matches occur during both ACEi and ARB 
treatment, and yet these drugs are highly effective. Thus, we should now 
investigate what the most optimal degree of  AGT lowering is, without 
inducing too severe RAS suppression. Here emphasis may be laid on the 
lowering of  tissue angiotensin levels, as these are possibly more sensitive 
to AGT suppression than blood angiotensin levels. 

Another risk is that under conditions of  emergency (e.g., after hemor-
rhage), when the RAS is needed, the lack of  AGT may be acutely del-
eterious. For this we need approaches that quickly annihilate the effect 
of  the siRNA/ASO, or immediately acting constrictor drugs, like for 
instance Ang II itself  or catecholamines. Animal models should evaluate 
these possibilities, taking into consideration that the responsiveness to 
Ang II might be increased due to the lack of  receptor stimulation in the 
absence of  Ang II.

An interesting patient population that may profit from AGT suppres-
sion are women with preeclampsia, given the beneficial effects of  this 
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approach in a rodent model of  preeclampsia2. Here a caveat is that ani-
mal models with high RAS activity (like in the aforementioned study by 
Haase et al2.) are not necessarily representative of  human preeclampsia, 
considering that in human preeclampsia, AGT and RAS activity are 
actually lowered3. Future studies should thus evaluate whether this ap-
proach would exert beneficial effects in the hypertensive mother only, 
quantifying placental AGT levels after such treatment, and studying its 
passage of  the placenta, which if  occurring would allow (toxic?) fetal ef-
fects.

Our data strongly argue against the existence of  local angiotensin gen-
eration in the brain, and do not support that the DOCA-salt model is a 
high brain RAS model. This opposes multiple studies by others, often in 
transgenic models, which indirectly supported this concept4, 5. However, 
no study ever measured renin or angiotensin in a reliable manner. Al-
though in our hands brain angiotensin levels were very low as compared 
to other organs6, 7, they still were detectable, and closely followed the 
circulating Ang II levels. One possibility that has been proposed is that 
angiotensins occur at very high levels in specific brain nuclei, which then 
would result in the detection of  “low” levels if  “diluting”the sample with 
sufficient surrounding brain tissue not containing angiotensins. Solving 
this issue is possible only if  one can isolate these nuclei. Although some 
attempts have been made in rodents8, a major issue remained the detec-
tion limit in such small samples (often corresponding with micrograms 
of  tissue!). Thus, this might be successful only in larger animal models. 
Remarkably, angiotensin infusion, or the application of  angiotensin 
receptor agonists (including AT2R agonists) into the brain does exert ef-
fects, confirming the presence of  AT receptors in the brain, even at loca-
tions that are within the blood-brain barrier9. Future studies should solve 
why we have these receptors, and what angiotensin they eventually see. 
On the one hand, receptors often do exist without their agonist being 
released locally (e.g., vascular muscarinic receptors occurring in the ab-
sence of  parasympathetic nerve endings), while on the other hand, these 
receptors might also be stimulated with exogenous agonists in pathologi-
cal conditions (e.g.., AT2R agonism in stroke10). 

The beneficial blood pressure-independent renoprotective effects of  he-
patic AGT suppression in chronic kidney disease supports that also in 
the kidney, AGT is liver-derived. Novel insight supports renal AGT up-
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take via megalin11, while the same is true for renin and prorenin12. Thus, 
future studies should now evaluate how exactly renal Ang II synthesis 
occurs. Such insight might help to even more selectively interfere with re-
nal angiotensin generation. Since beneficial cardiac effects of  AGT siRNA 
were observed in both the DOCA-salt model and the 5/6th Nx model, 
we still need to unravel to what degree these effects occurred blood pres-
sure-independently. Ideally, AGT siRNA/ASO should be evaluated in 
animal models representative for heart failure or post-myocardial infarc-
tion, to ascertain its efficacy and safety in these conditions as well.

Finally, we have been able to link the (P)RR to non-RAS effects, focusing 
on lipids and atherosclerosis. Hepatic (P)RR inhibition prevented high-
fat diet-induced obesity, liver steatosis and improved glycemic control. 
Although this offers new avenues for the treatment for metabolic disor-
ders like fatty liver disease and familial hypercholesterolemia, we also 
observed that such cholesterol lowering did not improve atherosclerosis. 
This turned out to be due to off-target effects of  liver-targeted (P)RR         
ASOs in macrophages. Combined with the lethal consequence of   (P)RR 
deletion in heart and kidney13, 14 this implies that targeting the (P)RR in 
humans may still be risky. Given the fact that the (P)RR occurs as an ac-
cessory protein of  V-ATPase, which exerts crucial functions in virtually 
every cell of  the body, this may not come as a complete surprise. Clearly, 
we still need to get a better understanding of  the (P)RR. Also, the time 
may have come to change its name, given that a relationship with the 
RAS after all is unlikely.   
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Nederlandse samenvatting
Het renine-angiotensine systeem (RAS) is een belangrijke regulator 
van de bloeddruk en de vochthuishouding. Het wordt inmiddels alge-
meen aangenomen dat het actieve eindproduct, angiotensine (Ang) II, 
produceerd wordt in weefsels. Alhoewel er een breed assortiment van 
medicijnen bestaat om de aanmaak van Ang II (renine inhibitors, ACE 
inhibitors [ACEi]) ofwel de effecten van (Ang II type 1 receptor [AT1R) 
blokkers [ARBs]) te remmen, blijft een substantieel deel van de hyperten-
siepatiënten die met deze medicatie behandeld wordt onbeheersbaar of  
suboptimaal beheersbaar als het gevolg van therapieontrouw en/of  inef-
fectiviteit van het medicijn. Dit laatste heeft onder andere te maken met 
het feit dat het lichaam in staat is om de remming van het RAS tegen te 
werken door de aanmaak van renine aanzienlijk te verhogen. 

Een nieuwe aanpak om het RAS te onderdrukken zou kunnen bestaan 
uit het verwijderen van het substraat, angiotensinogeen (AGT), waaruit 
alle angiotensines voortkomen. Aangezien het merendeel van AGT  
gesynthetiseerd wordt in de lever, zou de remming kunnen worden be-
werkstelligd met op RNA aangrijpende methodes, waaronder small in-
terference RNA (siRNA) en antisense oligonucleotiden (ASO) die dan 
bij voorkeur alleen in de lever werken. Deze aanpak is reeds haalbaar, 
gezien de introductie van inclisiran dat de hepatische synthese van pro-
proteïne convertase subtilisine kexine type 9 (PCSK9) remt. Wat opvalt, 
is dat hiervan slechts 2 doses per jaar nodig zijn. Hoofdstuk 1 geeft een 
overzicht van alle therapeutische RNA-gerichte toepassingen die mo-
menteel in klinische ontwikkeling zijn. 

Hoofdstuk 2 bekijkt de lokale aanmaak van Ang II in de hersenen. 
Hoewel beweerd wordt dat AGT synthese lokaal in het brein plaats-
vindt, is er vrijwel geen renine. Hierdoor rijst de vraag of  er überhaupt 
angiotensine-synthese in de hersenen plaatsvindt. Er is een theorie dat 
de hersenen prorenine synthetiseren, de inactieve voorloper van renine, 
dat dan bindt aan de (pro)renine receptor [(P)RR], waardoor er Ang 
I-genererende activiteit kan optreden. Wij zijn er echter niet in geslaagd 
om de aanwezigheid van prorenine in de hersenen in voldoende hoge 
concentratie aan te tonen. Alles bij elkaar genomen lijkt lokale aanmaak 
van angiotensine in de hersenen onmogelijk en is het circulerende Ang 
II, dat bijvoorbeeld via AT1R binding wordt opgenomen, een meer 
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voor de hand liggende bron van Ang II in de hersenen. Gezien de aan-
wezigheid van de bloed-hersenbarrière, is het sowieso niet mogelijk dat 
renine, prorenine of  AGT vanuit de bloedsomloop naar de hersenen 
verspreid worden. In Hoofdstuk 3 hebben we een N-acetylgalactosamine         
(GalNAc) -gemodificeerd siRNA gebruikt dat alleen aangrijpt op AGT 
in de lever, om zo eindelijk uitsluitsel te verkrijgen over de bron van AGT 
en Ang II in de hersenen. Dit siRNA werd toegediend aan ratten die hy-
pertensief  gemaakt zijn met deoxycorticosteronacetaat (DOCA)-zout. 
Deze methode verlaagt het circulerend RAS maar zou het RAS in de 
hersenen stimuleren. Echter, in onze studie bleek DOCA-zout het Ang II 
gehalte in de hersenen juist te verlagen, parallel aan Ang II in de bloed-
somloop, terwijl na remming van AGT in de lever Ang II in de hersenen 
volledig verdwenen was. De bloeddruk bleef  hoog, ondanks dat Ang II 
uit de hersenen verdwenen was. Opvallend is dat AGT nog steeds kon 
worden gedetecteerd in de hersenen na remming van uit de lever afkom-
stig AGT. Dit bevestigt dat in het brein onafhankelijke AGT synthese 
plaatsvindt. Gezien de afwezigheid van renine en prorenine, leidt dit 
klaarblijkelijk niet tot aanmaak van angiotensine in de hersenen. Bov-
endien is uit het brein afkomstig Ang II niet verantwoordelijk voor de 
bloeddrukverhoging in het DOCA-zout model. Al met al bewijzen deze 
data niet dat er een rol voor lokaal gevormd AGT in de hersenen is.  

Een ander orgaan dat mogelijk zelf  AGT aanmaakt is de nier. Van Ang 
II dat in de nieren geproduceerd wordt, is bekend dat het bijdraagt aan 
een verstoorde nierfunctie, en daarmee een belangrijke factor is bij het 
ontstaan van glomerulosclerose, proteïnurie, fibrose, en een verlaagde 
glomerulaire filtratiesnelheid. De 5/6th nefrectomie (5/6th Nx) hyper-
tensieve rat is een veelgebruikt model voor de bestudering van chro-
nische nierziekten. In Hoofdstuk 4 hebben we 5/6th Nx ratten behan-
deld met AGT siRNA en vergeleken met ratten die behandeld werden 
met de ARB losartan en/of  de ACEi captopril. Tegen de verwachting 
in, bleek losartan de bloeddruk het sterkst te verlagen, terwijl dit effect 
afnam wanneer dit middel gecombineerd werd met captopril of  AGT 
siRNA. Aangezien losartan het enige middel was dat de Ang II con-
centratie in de bloedsomloop verhoogde, is de meest waarschijnlijke 
verklaring voor deze bevinding dat de Ang II stijging heeft geleid tot 
stimulatie van bloedvat-verwijdende Ang II type 2 receptoren (AT2R), 
zodat de bloeddruk extra daalde. Belangrijker, ondanks de verschillen in 
bloeddrukverlaging, toonden alle behandelingsgroepen (AGT siRNA,                         
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losartan + AGT siRNA, losartan, losartan + captopril) dezelfde mate 
van nierbescherming, wat zich uitte als een afgenomen proteïnurie en 
glomerulosclerose. Meervoudige lineaire regressie analyse toonde aan 
dat dit effect veroorzaakt werd door zowel de verlaagde bloeddruk als de 
verlaging van Ang II in de nier. Deze bevindingen ondersteunen het geb-
ruik van AGT siRNA als een nieuwe behandelmethode voor chronische 
nierziekten. 

Er is geopperd dat de (P)RR optreedt als een receptor voor zowel renine 
als prorenine, wat de laatste in staat stelt om Ang I-genererende activiteit 
te vertonen als gevolg van een binding-geïnduceerde conformatieveran-
dering. De affiniteit van de receptor voor (pro)renine is echter erg laag, 
wat het plaatsvinden van een interactie tussen de receptor en (pro)renine 
in vivo onwaarschijnlijk maakt. Hoofdstuk 5 en 6 richten zich op non-
RAS effecten van de (P)RR, op basis van de eerdere bevinding dat de     
(P)RR een interactie vertoont met sortiline-1 (SORT1), hetgeen het LDL 
metabolisme en de LDL receptor (LDLR) dichtheid beïnvloedt. Dit laat-
ste heeft waarschijnlijk te maken met het feit dat de (P)RR tegelijkertijd 
als een hulpeiwit van vasculair H+-ATPase (V-ATPase) werkt. Remming 
van de hepatische (P)RR met GalNac ASOs in muizen met een nor-
maal dieet leidde tot een verhoogd LDL cholesterol, als gevolg van de 
onderdrukking van de LDLR en SORT1. Onverwacht leidde remming 
van de hepatische (P)RR tot een verlaging van zowel plasma cholesterol 
als triglyceriden in muizen met LDLR deficiëntie, als gevolg waarvan 
de ontwikkeling van obesitas en hepatische steatose voorkomen konden 
worden. Proteoomanalyse onthulde een cruciale rol voor zowel pyruvaat 
dehydrogenase, wat pyruvaat omzet in acetyl-CoA, als acetyl-CoA car-
boxylase, wat de vorming van malonyl-CoA katalyseert, een essentieel 
substraat voor vetzuursynthese dat de vetzuuroxidatie remt. Alles samen 
genomen, onthult dit een nieuwe functie van de (P)RR in het vetmetabo-
lisme. Hoewel de plasma concentraties van cholesterol en triglyceriden in 
muizen met LDLR deficiëntie die tijdens een hoog-vet dieet hepatische 
(P)RR remming ondergingen dus verlaagd waren, leidde dit niet tot een 
vermindering van de atherosclerose, en hetzelfde gold voor muizen met 
een ApoE deficiëntie die een hoog-vet-dieet kregen. Dit bleek te komen 
doordat de GalNAc ASO methode ook leidde tot een daling van de       
(P)RR in macrofagen, hetgeen resulteerde in een verhoogde pro-inflam-
matoire respons. Door dit effect werden de mogelijke gunstige effecten 
van vetvermindering op atherosclerose teniet gedaan.      
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Abbreviations and Acronyms
5/6th Nx 
ACC
AGT
Ang
ApoB
APRC
ARB
AT
AT1 (R)  
AT2 (R)  
CKD 
DOCA
ETA 
ETB 
FA
G-(P)RR
GFR 
HDL 
HFD
hSORT1
IDL
LDL
LDL-C
LDLR
LLOQ
L-NAME 
LPL 
MAP 
mTOR 
mTORC1
ND (chapter 3)
ND (chapter 5)
NGAL 
NT-proBNP 
(P)RR 
PDH 
PRC 
PVN
RAS
RAS 
SBP 
SD 
SHR 
siRNA 
SORT1
VLDL 

5/6th nephrectomy
acetyl-CoA carboxylase
angiotensinogen
angiotensin
apolipoprotein B
active plasma renin concentration
Ang II type 1 receptor blocker
adipose tissue
angiotensin II type 1 (receptor)
angiotensin II type 2 (receptor)
chronic kidney disease
deoxycorticosterone acetate
endothelin type A
endothelin type B
fatty acid
N-acetylgalactosamine (P)RR antisense oligonucleotide
glomerular filtration rate
high-density lipoprotein
high-fat diet
human SORT1
intermediate-density lipoprotein
low-density lipoprotein
low-density lipoprotein cholesterol
low-density lipoprotein receptor
lower limit of  quantification
N-nitro-L-arginine methyl ester hydrochloride
lipoprotein lipase
mean arterial pressure
mechanistic target of  rapamycin
mechanistic target of  rapamycin complex 1
not detectable
normal diet
neutrophil gelatinase-associated lipocalin
N-terminal pro-B-type natriuretic peptide
(pro)renin receptor
pyruvate dehydrogenase
plasma renin concentration
paraventricular nucleus
renin–angiotensin system.
renin-angiotensin system
systolic blood pressure
Sprague-Dawley
spontaneously hypertensive rat
small interfering RNA
sortilin 1
very low-density lipoprotein
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