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Abstract

Background and Objectives Angiotensin-converting

enzyme 2 (ACE2) converts angiotensin II (Ang1-8) to

angiotensin 1-7 (Ang1-7), a functional antagonist of

Ang1-8, with vasodilatory, antiproliferative, antiangio-

genic, and anti-inflammatory properties. In conditions with

an unbalanced renin–angiotensin–aldosterone system with

elevated Ang1-8, administration of ACE2 has shown

promising effects in a variety of animal models. Enhancing

ACE2 activity by exogenous administration of ACE2

might also be beneficial in human diseases with

pathologically elevated Ang1-8. As a first step we per-

formed a first-in-man study to determine pharmacokinetics,

pharmacodynamics, safety, and tolerability of recombinant

ACE2 in healthy volunteers.

Methods Recombinant human ACE2 (rhACE2) was

administered intravenously to healthy human subjects in a

randomized, double-blind, placebo-controlled, single-dose,

dose-escalation study followed by an open-label multiple-

dose study. ACE2 concentrations were determined by

quantifying ACE2 activity and ACE2 content in plasma

samples. Concentrations of the angiotensin system effector

peptides Ang1-8, Ang1-7, and Ang1-5 were determined

using a liquid chromatography–tandem mass spectrometry

method.

Results Single rhACE2 doses of 100–1,200 lg/kg

caused a dose-dependent increase of systemic exposure

with biphasic elimination and a dose-independent termi-

nal half-life of 10 h. In all single-dose cohorts, Ang1-8

decreased within 30 min postinfusion, angiotensin 1-7

(Ang1-7) either increased (100 and 200 lg/kg doses),

decreased, or remained unchanged (400–1,200 lg/kg

doses), whereas angiotensin 1-5 (Ang1-5) transiently

increased for all doses investigated. With the exception of

the lowest rhACE2 dose, the decrease in Ang1-8 levels

lasted for at least 24 h. Repeated dosing (400 lg/kg for 3

or 6 days) caused only minimal accumulation of ACE2,

and Ang1-8 levels were suppressed over the whole

application period.

Conclusions Administration of rhACE2 was well toler-

ated by healthy human subjects. Exposure was dose

dependent with a dose-independent terminal elimination

half-life in the range of 10 h. Despite marked changes in

angiotensin system peptide concentrations, cardiovascular

effects were absent, suggesting the presence of effective

compensatory mechanisms in healthy volunteers.
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Abbreviations

ACE Angiotensin-converting enzyme

ACE2 Angiotensin-converting enzyme 2 (endogenous

protein)

Ang1-5 Angiotensin 1-5

Ang1-7 Angiotensin 1-7

Ang1-8 Angiotensin 1-8

ANOVA Analysis of variance

ARDS Acute respiratory distress syndrome

AUC Area under concentration–time curve

AUC? Area under concentration–time curve from time

zero to infinity

AUEC24 Area under effect curve from 0 to 24 hours

C0 Concentration at the end of study drug infusion

Cmax Maximum concentration

DLT Dose-limiting toxicity

DNP 2,4-Dinitrophenyl

DSMB Data Safety Monitoring Board

ELISA Enzyme-linked immunosorbent assay

LPS Lipopolysaccharides

MCA (7-Methoxycoumarin-4-yl)acetyl

NOAEL No-observed-adverse-effect level

OPD o-Phenylenediamine dihydrochloride

RAS Renin–angiotensin system

rhACE2 Recombinant human ACE2

RMS Root of mean square error

tinfusion Duration of study drug infusion

Vd Volume of distribution

1 Introduction

The RAS is a central regulator of cardiovascular and renal

function, and plays a key role in the pathophysiology of

various cardiovascular and renal diseases [1–3]. The

effector peptides of the RAS are produced and degraded by

a series of enzymatic reactions, which determine effector

peptide concentrations in plasma as well as in various tis-

sues. Angiotensin processing is initiated through hydrolysis

of the precursor angiotensinogen by the protease renin to

generate the biologically inactive decapeptide angiotensin I

(Ang1-10) [4, 5]. The peptidase action of ACE converts

angiotensin I to the important effector octapeptide angio-

tensin II (Ang1-8).

Ang1-8 acts as a central mediator of the RAS and is

responsible for a variety of physiological effects. Ang1-8

promotes vascular smooth muscle contraction, thereby

increasing systemic vascular resistance, initiates sodium

reabsorption in the kidney by stimulating aldosterone

secretion and is a key regulator of the renal tubulo-glo-

merular feedback mechanism [6, 7]. Ang1-8 has also

been shown to have potent proinflammatory [8–10]

and proangiogenic properties [11]. Ang1-8 binds to two

distinct receptors (AT-1 and AT-2), with the AT-1

receptor mediating the vasoconstrictive, proliferative and

proinflammatory actions of this octapeptide [6]. The

function of the AT-2 receptor has not yet been fully

clarified.

Recently, ACE2, a homolog of ACE was discovered

[12–15]. ACE2 predominantly functions as a monocarb-

oxypeptidase that preferentially hydrolyses between pro-

line and a hydrophobic or basic C-terminal amino acid. The

enzymatic reaction most effectively catalyzed by ACE2 is

the degradation of Ang1-8 by removing its C-terminal

phenylalanine to generate the heptapeptide Ang1-7 [15–

17].

In this context, the focus of attention has shifted to the

properties of Ang1-7. Ang1-7 functions as an antagonist of

Ang1-8, with vasodilatory, antiproliferative, antiangiogenic

Fig. 1 Pharmacological action of ACE2. Similar to ACE, ACE2 can

cleave amino acids from angiotensin I (Ang1-10) and angiotensin II

(Ang1-8) at the carboxy-terminal. While ACE cleaves two amino

acids, ACE2 only cleaves one amino acid. The most important

products of ACE2 are therefore Ang1-9 from Ang1-10 and Ang1-7

from Ang1-8. The two products are substrates of ACE and are

converted to Ang1-7 and Ang1-5, respectively. To determine the

in vivo pharmacological action of ACE2, we quantified Ang1-8,

Ang1-7, and Ang1-5 by liquid chromatography–tandem mass spec-

trometry. ACE angiotensin-converting enzyme, APA aminopeptidase

A, APN aminopeptidase N, NO nitric oxide, ROS reactive oxygen

species
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and anti-inflammatory properties [18]. Ang1-7 effects are

mediated by the G-protein coupled Mas-receptor. Ang1-7 also

inhibits the activity of the carboxy-terminal domain of ACE,

thereby preventing ACE from fully acting on its substrates

angiotensin I and bradykinin [19, 20]. Figure 1 gives a sim-

plified overview of the pathways of the RAS and of the

functions of Ang1-8, Ang1-7, ACE, and ACE2.

Modulation of the effector proteins described above

can therefore shift the balance in the RAS system from

vasoconstrictive, proinflammatory, and growth-promoting

conditions to a vasodilatory, anti-inflammatory, and

growth-inhibitory state. The balance is maintained by the

effects of ACE, Ang1-8, and the AT1 receptor on the one

hand, and by ACE2, Ang1-7, and the Mas receptor on the

other [21]. Dysregulation of this well-balanced system

occurs in several diseases, for example, down-regulation of

ACE2 activity in the presence of inflammatory cytokines

leading to an accumulation of Ang1-8 [22, 23].

Pathologic effects of chronically elevated Ang1-8 levels

have been reported in numerous biological systems, both in

experimental as well as clinical settings, [23, 24] and

triggered the development of ACE inhibitors, renin inhib-

itors, and AT1 receptor blockers. Based on the mechanisms

described above, the concomitant reduction of Ang1-8 and

increase of Ang1-7 levels could have a substantial positive

impact in a variety of diseases. Because this double ben-

eficial action could be achieved by the action of ACE2, an

enhancement of the activity of this enzyme can be seen as a

promising approach for the treatment of diseases and

conditions with pathologically enhanced Ang1-8 and/or

decreased Ang1-7 levels due to an imbalanced RAS.

In support of this hypothesis, therapeutic effects of

rhACE2 were investigated recently in various acute and

chronic animal disease models with pathologically elevated

Ang1-8 levels or a dysregulated RAS. In ACE2 knockout

mice treated with Ang1-8, administration of rhACE2 was

able to prevent Ang1-8-associated arterial hypertension,

oxidative stress, and tubulo-interstitial fibrosis [25].

Administration of rhACE2 also showed promising effects

in murine models of heart hypertrophy, myocardial fibrosis,

and cardiac dysfunction [26] and reduced the progression

of diabetic nephropathy [27]. Furthermore, rhACE2

inhibited development of liver fibrosis in a bile duct liga-

tion and in a chemically induced liver fibrosis model in

mice [28]. Systemic administration of rhACE2 also

improved pulmonary blood flow and blood oxygenation in

a LPS-induced ARDS model in piglets [29].

ACE2 may thus be developed clinically for the therapy

of diseases and syndromes with pathologically elevated

Ang1-8. As a first step, we performed a first-in-man dose-

escalation, safety and tolerability study assessing the

pharmacokinetics and pharmacodynamics of intravenously

administered rhACE2 in healthy human subjects.

2 Methods

2.1 Clinical Study

A randomized, double-blind, placebo-controlled, single-

dose, dose-escalation study and an open-label, multiple-

dose study were performed at the Phase I Research Center,

University Hospital Basel, Switzerland. The study was

conducted in adherence to International Conference on

Harmonization Good Clinical Practice Guideline and in

accordance with the principles of the Declaration of Hel-

sinki. The study was approved by the local ethics com-

mittee (Ethikkommission Basel, EKBB) and the national

regulatory authorities (Swiss Agency for Therapeutic

Products, Swissmedic) and registered at clinicaltrials.gov

(NCT00886353).

In the dose-escalation part, five cohorts of four subjects

each were treated with single doses of rhACE2 (three

subjects per cohort) or placebo (one subject per cohort).

The starting dose in the first cohort was 100 lg/kg body

weight given as an intravenous infusion over 30 min,

subsequent cohorts 2–4 were dosed with 200, 400, and

800 lg /kg body weight, respectively. Conduct of the study

was monitored by a DSMB. Each dose-escalation event

had to be approved by the DSMB based on an interim

safety data analysis. Due to the first-in-man application,

subjects within cohorts were dosed sequentially; sub-

sequent subjects were only dosed where no DLT was

observed within 72 h after each subject in the first cohort

and after the first two subjects of cohorts 2–4.

In the open-label part, two cohorts (cohorts 5 and 6) of

three subjects each were treated with 400 lg/kg body

weight (one dose level lower than the highest tested single

dose) per day for three and six consecutive days, respec-

tively. Because no DLT was observed in the highest single-

dose (800 lg/kg) cohort, the initial protocol was amended

and an additional randomized, double-blind, placebo-con-

trolled, single-dose cohort (cohort 7) was treated with

1,200 lg/kg body weight.

Venous blood samples for pharmacokinetic and phar-

macodynamic assays were obtained by an indwelling

catheter before (baseline) and after the 30-min study drug

infusion (C0) and 1, 2, 4, 8, and 12 h after study drug

administration. For all study drug administrations, a dedi-

cated indwelling catheter on the contralateral arm was

used. In the multiple-dose cohorts, samples were collected

before (baseline) and after the 30-min study drug infusion

and 1, 2, 4, and 8 h after study drug administration on each

day of the 3-day cohort and on days 1 and 6 of the 6-day

cohort (plus morning samples on days 2–5). In all cohorts,

additional samples were collected 24, 48, and 72 h as well

as 7 and 14 days after the last study drug administration.

To document a potential humoral immune response,
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plasma samples obtained before and 7 (for multiple-dose

cohorts), 14, and 28 days after the last rhACE2 adminis-

tration were tested using an anti-rhACE2 IgG-specific,

IgA-specific, and IgM-specific sandwich ELISA. For

pharmacokinetic and immunogenicity analysis, plasma

aliquots were collected into heparin tubes, while for

pharmacodynamic analyses, aliquots were collected into

tubes containing an enzyme inhibitor cocktail composed of

phenanthroline, EDTA, beta-mercuri-benzoic-acid, and

pepstatin. After centrifugation at 1,800g for 10 min at

4 �C, plasma was stored at -20 �C until analysis. Blood

pressure, heart rate, and transcutaneous oxygen saturation

were monitored for 24 h (single dose) and for 2 h (multi-

ple-dose cohorts) after study drug application.

2.2 Study Drug

Soluble rhACE2 was produced by Polymun Scientific,

Vienna, Austria (contract manufacturer) according to Good

Manufacturing Practice guidelines and formulated as a

physiological aqueous solution containing 5.2 mg/ml

rhACE2 in 100 mM glycine, 150 mM NaCl, and 50 lM

ZnCl2 at a pH of 7.5. The study drug was provided to the

study site by the sponsor as a sterile, colorless and clear

physiological protein solution supplied in sealed glass vials

(batch number APN01/0308-A) and stored at B-20 �C

until use. On study days, the study drug was prepared by

two unblinded staff members not involved in the conduct

of the study. Vials were thawed at room temperature, the

appropriate volume of protein solution based on dose group

and body weight was aspirated into a sterile infusion syr-

inge, made up to a final volume of 30 ml with physiolog-

ical NaCl solution, and labeled with the study subject ID

following a written standardized procedure. To ensure

correct dosing, vials were weighed before and after aspi-

ration of the study drug and the weight difference was

compared with a dose-weight control sheet. Physiological

sterile NaCl solution (30 ml) provided by the hospital

pharmacy was used as placebo. Infusion syringes filled

with 30 ml of clear solution containing either rhACE2 or

placebo, labeled with the subject ID, preparation date, and

signatures of study personnel responsible for drug prepa-

ration were handed over to the blinded study staff for

administration as an intravenous infusion at an infusion

rate of 1 ml/min.

2.3 Pharmacokinetic Analysis

The ACE2 concentration was determined using two dif-

ferent methods. The first assay quantified enzymatic

activity of ACE2 in human heparin plasma samples using

MCA-Ala-Pro-Lys(DNP) as substrate. This assay measures

the total of endogenous and exogenous ACE2 activity

(where contribution of endogenous ACE2 is negligible

compared to the amount of exogenous enzyme). ACE2

causes cleavage of the C-terminal Lys residue and removal

of the 2,4-dinitrophenyl moiety quenching the fluorescence

of 7-methoxycoumarin. The resulting increase in fluores-

cence was measured photometrically using an Anthos

Fluorometer at 320/430 nm. The second assay determined

total ACE2 content in plasma using a ‘‘sandwich’’ ELISA.

As coating antibody the monoclonal mouse antihuman

ACE2 antibody MAB933 (R&D Systems, Minneapolis,

MN, USA), as secondary antibody the polyclonal goat

antihuman ACE2 antibody AF933 (R&D Systems, Min-

neapolis, MN, USA), and for detection an antigoat-HRP

conjugated antibody and OPD were used. The recombinant

expression product was compared to an internal standard.

Half-maximal effective concentration (EC50) values were

calculated using a four-parameter sigmoidal fit.

Pharmacokinetic parameters for ACE2 activity and

content were estimated with Mathcad (PTC�, Needham,

MA, USA) using a two-compartment model.

To account for the infusion process for which no data

was collected, a linear increase of AUC was assumed and

an area defined by the term ��C(0) 9 tinfusion was added to

the AUC obtained by the two-compartment model. Good-

ness of fit between predicted and measured data was

checked by inspection of graphical representation of mea-

sured and fitted data and by checking the RMS divided by

the initial value (relative RMS).

Immunogenicity of rhACE2 was assessed in plasma

samples by a sandwich ELISA using rhACE2 as coating

agent and an antihuman IgG, A, M-HRP conjugate as

secondary antibody in presence of OPD. Samples were

compared to a defined positive control serum raised in

Rhesus monkey by active vaccination with rhACE2 for-

mulated as immunogen on Alum-hydrogel.

2.4 Pharmacodynamic Analysis

Concentrations of Ang1-8, Ang1-7, and Ang1-5 in plasma

were determined using a liquid chromatography–tandem

mass spectrometry (LC-MS/MS) method. Briefly, protease-

inhibited plasma samples were spiked with 100 pg/ml

stable isotope-labeled internal standards for Ang1-8,

Ang1-7, and Ang1-5 (Sigma-Aldrich, St. Louis, MO, USA)

and subjected to solid-phase extraction using SEP-Pak

C18-Cartridges (500 mg, Waters, Milford, MA, USA)

according to the manufacturer’s protocol. Following elu-

tion and solvent evaporation, samples were reconstituted in

50 ll of 50 % acetonitrile/0.1 % formic acid and subjected

to LC-MS/MS analysis using a reversed phase analytical

column [Luna C18(2), 3l, Phenomenex, Torrance, CA,

USA] using a gradient ranging from 10 % acetonitrile/

0.1 % formic acid to 70 % acetonitrile/0.1 % formic acid
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in 9 min. The eluate was analyzed in line using a triple-

quadrupole mass spectrometer (API-4000, AB Sciex, Fra-

mingham, MA, USA) operated in the MRM mode using

dwell times of 25 ms, operating with atmospheric-pressure

chemical ionization at a cone voltage of 4,000 V and a

source temperature of 300 �C. For each peptide and cor-

responding internal standards, two different mass

transitions were measured. The performance of the method

was monitored using quality control samples. Angiotensin

peptide concentrations were calculated by relating endog-

enous peptide signals to internal standard signals provided

that integrated signals achieved a signal-to-noise ratio

above 10. The quantification limits observed for individual

peptides were 1 pg/ml (Ang1-8, Ang1-5) and 2 pg/ml

(Ang1-7).

2.5 Statistical Analysis

The SAS/STAT� software package (version 9.1.3, SAS

Institute Inc., Cary, NC, USA) was used for statistical

analyses. Demographic data, adverse events, and data from

physical exams and electrocardiography were analyzed

using descriptive statistics stratified by cohort and treat-

ment. Clinical laboratory parameters were assessed by

ANOVA or v2 test, as appropriate for the type of data

under consideration. Changes in angiotensin peptide con-

centrations were parametrized by calculating AUEC24 for

each peptide and tested with ANOVA and Dunnett’s test

for posthoc comparisons.

3 Results

A total of 27 healthy, normal-weight subjects (14 men and

13 women), aged 18 years or older, without history of

relevant disease, drug or substance abuse, and with normal

findings on physical exam and screening laboratory were

included. Due to a randomization error, one subject of the

first single-dose cohort had to be replaced and was not

included in the statistical analysis.

The plasma concentration–time courses after increasing

intravenous rhACE2 doses (see supplementary Figure 1 for

treatment schedules) are shown in Fig. 2. An ELISA and a

functional assay were used for quantification of ACE2,

which yielded almost identical results (Fig. 2a, b). The

plasma concentrations were dose dependent. The elimina-

tion of rhACE2 was biphasic and could be described by a

two-compartment model. The pharmacokinetic variables

derived from these measurements are given in Table 1. As

A

B

C

b Fig. 2 Pharmacokinetics of ACE2 after administration of single and

multiple doses. Different doses of rhACE2 (100–1,200 lg/kg) were

administered to healthy subjects. ACE2 was quantified using an

activity assay (a insert: semi-logarithmic plot) and an ELISA method

(b), which gave almost identical results. The kinetic data derived from

these curves are given in Table 1. Multiple-dose pharmacokinetics of

400 lg/kg rhACE2 administered daily for 3 or 6 days are shown in

c. Regarding trough values, there was only minimal ACE2 accumu-

lation over time. Distribution and elimination of ACE2 did not change

during the administration period investigated. ACE angiotensin-

converting enzyme, rhACE2 recombinant human angiotensin-con-

verting enzyme 2, ELISA enzyme-linked immunosorbent assay
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expected from the plasma concentrations, the area under

the plasma concentration–time curve increased almost

linearly with the rhACE2 dose. The terminal elimination

half-life was 10.4 ± 4.0 h (mean ± SD) and was not

dependent on the rhACE2 dose.

Daily administration of 400 lg/kg rhACE2 for 3 or

6 days (Fig. 2c) showed no relevant accumulation with

time, a finding that is compatible with the elimination half-

life of 10 h. The distribution (as reflected by Vd and Cmax)

and the elimination of rhACE2 did not change over the

entire period of repeated dosing.

The pharmacological activity of rhACE2 was assessed

by simultaneously monitoring the concentrations of the

substrate (Ang1-8) and the product (Ang1-7) of the reac-

tion catalyzed by ACE2 in addition to a downstream

angiotensin metabolite (Ang1-5).

Taking into account the pharmacological activity of

ACE2 (as illustrated in Fig. 1), we expected to observe a

decrease in Ang1-8 and an increase in Ang1-7 and possibly

also in Ang1-5 (depending on the conversion rates of

Ang1-8 to Ang1-7 by ACE2 and Ang1-7 to Ang1-5 by

ACE). As shown in Fig. 3, after administration of a single

dose of 100 lg/kg, the predicted decrease in Ang1-8 and

the corresponding increases in Ang1-7 and Ang1-5 were

clearly visible. The decrease in Ang1-8 was already

detectable 30 min post-rhACE2 infusion, and reached its

maximum at a dose of 400 lg/kg. At rhACE2 doses higher

than 100 lg/kg, the decrease in Ang1-8 was statistically

significant (p \ 0.05 for all comparisons vs placebo) and

lasted for at least 24 h. The Ang1-7 plasma levels increased

after administration of 100 and 200 lg/kg, but remained

unchanged or even decreased at higher rhACE2 doses

(supplementary Figure S2) for 200 and 800 lg/kg doses

(n.s., p [ 0.05). The increase in Ang1-5 was observed for

every rhACE2 dose investigated (100–1,200 lg/kg), but

showed no clear dose dependency in this dose range and

did not reach statistical significance (p = 0.065).

Similar to the findings after a single dose, daily rhACE2

administration (400 lg/kg for 3 or 6 days) was associated

with a clear decrease in Ang1-8 and an increase in Ang1-5

plasma levels (Fig. 4). Forty-eight hours after stopping the

administration of rhACE2, Ang1-8 plasma levels showed

an overshoot. They returned to baseline levels after 24 h in

all subjects, except one in the 3-day group. Ang1-5 levels

returned to baseline levels within 72 h after stopping

rhACE2 administration. The trough levels of Ang1-7 were

lower or similar compared to plasma levels of untreated

control subjects. One of the subjects (3-day group) showed

a sharp increase of Ang1-7 and Ang1-5 above physiological

levels within 30 min after the last administration of rhACE2

and dropped to levels before rhACE2 administration after

8 h. This was not observed in the other subjects.

The administration of rhACE2 was generally well tol-

erated. Blood pressure and heart rate were not significantly

affected by rhACE2 (see supplementary Table 1). Thirty-

three adverse events of mild or moderate severity were

reported, 26 by subjects treated with rhACE2 and 7 by

subjects treated with placebo. None of the reported events

was serious. The most often reported events in subjects

treated with rhACE2 were diarrhea (4 events in cohort 5)

and headache (2 events in cohorts 1 and 7, 1 event in

cohorts 4 and 6). None of the subjects experienced a lab-

oratory-related serious adverse event or was discontinued

due to a laboratory abnormality. No antibodies to rhACE2

were detected 7 days (multiple-dosage cohorts only), 14,

and 28 days after the last dose of rhACE2 using an anti-

rhACE2-specific sandwich ELISA.

4 Discussion

In the current study we investigated the pharmacokinetics

and pharmacodynamics of a soluble recombinant human

ACE2 preparation in healthy subjects. So far, there are no

data in the literature about rhACE2 administration in

humans, whereas multiple studies have been done using

murine model systems [30].

In mice, rhACE2 could be detected in plasma after

subcutaneous or intraperitoneal administration, indicating

that rhACE2 can be absorbed either by lymphatic vessels

Table 1 Pharmacokinetics of rhACE2 after administration of different single doses to healthy subjects

Cohort Dose (lg/kg) Cmax (lg/mL) AUC? (lg�h/mL) t�a (h) t�b (h) Vd (L) Clearance (mL/h)

1 100 2.0 (0.3) 17.8 (5.2) 2.9 (1.0) 10.2 (1.5) 7.4 (2.1) 504 (130)

2 200 2.9 (0.5) 26.9 (4.7) 3.0 (0.6) 9.7 (0.6) 8.0 (1.5) 574 (123)

3 400 6.3 (0.3) 68.0 (6.3) 3.5 (0.9) 16.5 (4.9) 10.0 (3.4) 425 (85)

4 800 13.0 (2.9) 82.4 (12.2) 1.9 (0.9) 7.9 (2.4) 8.6 (4.2) 440 (377)

7 1,200 21.1 (1.9) 144.6 (33.6) 1.8 (0.4) 7.6 (1.6) 6.9 (1.9) 627 (99)

Data are expressed as mean (SD), n = 3 for each cohort

AUC? area under the concentration–time curve from time zero to infinity, Cmax maximum plasma concentration, t�a initial half-life, t�b terminal

elimination half-life, Vd volume of distribution
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or directly across capillary walls [30]. The elimination

half-life of rhACE2 was in the range of 8.5 h, a value very

close to our findings in humans. In mice, the plasma con-

centrations of Ang1-8 decreased by approximately 20 %

during the subcutaneous administration of rhACE2, which

was accompanied by an approximate 20 % increase in

the plasma Ang1-7 levels at the two highest doses (1 and

5 mg/kg). In the same study, Ang1-7 plasma levels

increased only after previous administration of Ang1-8 [30].

Comparable human data have so far not been available.

In our study, we observed a dose-dependent increase of

the exposure to rhACE2, as reflected by the AUC and Cmax,

which reached values of up to 20 lg/ml at the highest dose

(1,200 lg/kg) administered. The terminal half-life

remained constant at approximately 10 h over the entire

dose range. The volume of distribution was also constant at

approximately 8 L or 100 mL/kg. This value is larger than

the plasma volume, suggesting that ACE2 can reach the

extravascular space [31], which is in agreement with the

observations in mice described above. The capillary per-

meability for rhACE2 is limited, however, as expected for

a protein of the size of 89.6 kDa [15].

Remarkably, the peak molar ratio in plasma between

exogenous rhACE2 and its substrate Ang1-8, exceeded

1,000:1 for every rhACE2 dose administered. Given that

under optimized in vitro conditions using an excess amount

of substrate, one rhACE2 molecule cleaves and thereby

inactivates four molecules of Ang1-8 per second [15], a

clear effect on the Ang1-8 plasma concentration could

be expected. Indeed, the Ang1-8 plasma concentration

Fig. 3 Effect of single rhACE2 doses (filled circles, n = 3 per dose

group, results for 200 and 800 lg/kg doses are shown in supplemen-

tary figure S2) on Ang1-8, Ang1-7, and Ang1-5 compared to levels of

placebo-treated subjects (open circles, n = 5). rhACE2 decreased

Ang1-8 plasma levels dose dependently, starting at 100 lg/kg and

reaching its maximum at 400 lg/kg. For doses of 400 lg/kg or

higher, the effect lasted at least for 24 h. The effect of rhACE2 on

Ang1-7 was variable. While 100 lg/kg ACE2 increased Ang1-7,

doses higher than 400 lg/kg either did not affect or decreased Ang1-7

plasma levels. In contrast to Ang1-7, the administration of rhACE2

was associated with an increase in Ang1-5 for all doses investigated.

The effect was not clearly dose dependent and could last up to 48 h

after stopping rhACE2 administration. Data are presented as mean

and SEM, data from subjects receiving placebo in the single-dose

cohorts (n = 5) were pooled. ACE angiotensin-converting enzyme,

Ang Angiotensin, rhACE2 recombinant human angiotensin-convert-

ing enzyme 2, SEM standard error of mean
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decreased dose dependently, reaching the maximal effect

after a single dose of 100–400 lg/kg rhACE2. After single

rhACE2 doses of 200 lg/kg or higher, Ang1-8 plasma

levels remained suppressed for at least 24 h. Accordingly,

during daily administration of 400 lg/kg rhACE2 for 3 or

6 days, the Ang1-8 plasma concentration could be kept

constantly below physiological levels of 8 pg/ml. In com-

parison, the administration of 100 lg/kg rhACE2 led only

to a short-term suppression of Ang1-8 levels. However, at

early time points postadministration, the amplitude of the

suppressive effect on Ang1-8 was similar to the effects on

Ang1-8 observed with higher doses.

Because Ang1-8 is converted to Ang1-7 by the action of

ACE2, an increase in the plasma concentration of Ang1-7

could be expected. Surprisingly, a significant increase was

only seen for the two lowest rhACE2 doses (100 and

200 lg/kg), but not for higher doses. The plasma concen-

tration of Ang1-7 depends on multiple factors, such as the

overall activity of the RAS (as defined by the input into the

RAS via renin) and the relative activities of ACE and

ACE2 (see Fig. 1) [32]. Given that Ang1-7 can be con-

verted to Ang1-5 by ACE, the observed increase in Ang1-5

plasma levels after ACE2 administration indirectly con-

firms the previous formation of Ang1-7 by ACE2. The lack

of a consistent increase of the Ang1-7 plasma levels after

rhACE2 administration may therefore reflect either differ-

ent states of basal activity of the RAS (as reflected by the

basal Ang1-8 levels) and/or individual variations in ACE

activity. Concomitant administration of an ACE inhibitor

with rhACE2 could therefore be associated with an

increase of Ang1-7 plasma levels. A combination of an

ACE inhibitor with rhACE2 may therefore represent a

therapeutic option in conditions with renin-independent

and ACE-independent Ang1-8 formation and low Ang1-7

plasma levels [33, 34].

In an apparent contradiction to the effects of rhACE2 on

the plasma levels of Ang1-8, we observed no effect

on blood pressure and pulse rates. This confirms earlier

findings that basal vascular resistance in healthy, not

A

B

C

Fig. 4 Effect of repetitive rhACE2 doses on Ang1-8 (a), Ang1-7 (b),

and Ang1-5 (c). Three (black arrows) or six daily doses (grey arrows)

of 400 lg/kg rhACE2 were associated with an almost permanent

suppression of Ang1-8 plasma levels to subphysiological values

lasting for 24 h after the last rhACE2 administration (closed symbols:

3-day administration, n = 3 subjects; open symbols: 6-day adminis-

tration, n = 3 subjects). Forty-eight hours after the last rhACE2 dose,

Ang1-8 had reached higher than physiological levels (dotted line) that

remained elevated for the next 24 h in one subject (3-day group),

while it dropped to physiological levels within 24 h in all the other

subjects. Ang1-7 trough values were generally below the physiolog-

ical plasma levels and returned to normal levels within 24–48 h. In

one subject (3-day group), plasma levels of Ang1-7 and Ang1-5

determined shortly after the last rhACE2 administration reached the

supraphysiological range and approached normal levels again within

8 h. This was not observed in the remaining subjects. Ang1-5 trough

concentrations were above physiological levels and further increased

after rhACE2 administration. After stopping rhACE2 administration,

Ang1-5 plasma levels remained elevated for at least 48 h. Ang

Angiotensin, rhACE2 recombinant human angiotensin-converting

enzyme 2

b
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sodium-depleted persons is not dependent on Ang1-8 [35,

36]. Similar results were reported in mice treated with

rhACE2 [30], supporting our findings and interpretations.

The lack of severe adverse reactions associated with

rhACE2 in this study confirms the results obtained in

preclinical pharmacological and toxicological investiga-

tions in rodents [30], piglets [29], and nonhuman primates

(data on file), in which much higher doses of rhACE2 (up

to 40 mg/kg) have been tested without any tolerability

issues. Accordingly, in all of these investigations, the

NOAEL corresponded to the highest dose investigated.

In contrast to pharmacological parameters, which can be

assessed in animal models, immunogenicity of a recom-

binant human protein can only be evaluated properly in

human clinical trials. rhACE2 did not elicit any immune

response following single or repeated dosage in the current

study, but further studies with repetitive and longer

administration schedules are needed to address this issue

properly.

5 Conclusions

The administration of single and multiple doses of rhACE2

was well tolerated by healthy humans and there were no

serious adverse events or dose-limiting toxicities. The

exposure following rhACE2 administration is dose

dependent; the substance has a slightly higher volume of

distribution than plasma and is eliminated with a terminal

half-life of about 10 h. As expected, rhACE2 efficiently

suppresses Ang1-8 plasma levels, whereas Ang1-7 plasma

levels are increased only transiently due to rapid conver-

sion to Ang1-5. The absence of effects on blood pressure

despite the marked reduction in plasma Ang1-8 shows that

the contribution of Ang1-8 to blood pressure regulation is

of minor importance in not sodium-depleted healthy per-

sons, underlining the redundant regulation of cardiovas-

cular function in nonpathologic conditions.
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