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Abstract
Rationale: Exogenous angiotensin II increases mean arterial

pressure in patients with catecholamine-resistant vasodilatory shock
(CRVS). We hypothesized that renin concentrations may identify
patients most likely to beneﬁt from such therapy.
Objectives: To test the kinetic changes in renin concentrations and

their prognostic value in patients with CRVS.
Methods: We analyzed serum samples from patients enrolled in the
ATHOS-3 (Angiotensin II for the Treatment of High-Output Shock)
trial for renin, angiotensin I, and angiotensin II concentrations before
the start of administration of angiotensin II or placebo and after
3 hours.
Measurements and Main Results: Baseline serum renin
concentration (normal range, 2.13–58.78 pg/ml) was above the upper
limits of normal in 194 of 255 (76%) study patients with a median
renin concentration of 172.7 pg/ml (interquartile range [IQR], 60.7 to
440.6 pg/ml), approximately threefold higher than the upper limit of

normal. Renin concentrations correlated positively with angiotensin
I/II ratios (r = 0.39; P , 0.001). At 3 hours after initiation of
angiotensin II therapy, there was a 54.3% reduction (IQR, 37.9% to
66.5% reduction) in renin concentration compared with a 14.1%
reduction (IQR, 37.6% reduction to 5.1% increase) with placebo
(P , 0.0001). In patients with renin concentrations above the study
population median, angiotensin II signiﬁcantly reduced 28-day
mortality to 28 of 55 (50.9%) patients compared with 51 of 73 patients
(69.9%) treated with placebo (unstratiﬁed hazard ratio, 0.56; 95%
conﬁdence interval, 0.35 to 0.88; P = 0.012) (P = 0.048 for the
interaction).
Conclusions: The serum renin concentration is markedly elevated

in CRVS and may identify patients for whom treatment with
angiotensin II has a beneﬁcial effect on clinical outcomes.
Clinical trial registered with www.clinicaltrials.gov (NCT 02338843).
Keywords: angiotensin I; renin–angiotensin–aldosterone system;
distributive shock; angiotensin-converting enzyme defect
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: The renin–angiotensin–

aldosterone system is a powerful
regulator of blood pressure. Renin
drives the formation of angiotensin I,
which is the precursor of angiotensin
II, a powerful vasoconstrictor.
Angitenin II is generated from
angiotenin I by ACE (angiotensinconverting enzyme). High angiotensin
II levels inhibit renin activity and
generation. In patients with severe
vasodilatory shock, ACE activity is
typically decreased, leading to
angioteninsin I/II ratios and logically
to high renin levels.
What This Study Adds to the Field:

This study shows that renin levels
correlate with angiotensin I/II ratios
and decrease after initiation of
angiotensin II infusion compared with
placebo. In patients with renin levels
.173 pg/ml, angiotensin II infusion
was associated with a marked decrease
in mortality compared with placebo.
Vasodilatory shock requiring vasopressor
therapy is associated with poor outcomes (1,
2). In particular, catecholamine-resistant
vasodilatory shock (CRVS), in which
hypotension persists despite the use of
high-dose vasopressors, carries a 50–80%
mortality risk (3). In these patients, ﬁrstline vasopressor therapy, which includes
norepinephrine followed by epinephrine or
vasopressin, may be inadequate to achieve
target mean arterial pressure (MAP) (4).
Accordingly, and recently, synthetic human
angiotensin II has been approved for the
treatment of CRVS in the United States and
Europe (5, 6).
Angiotensin II is an integral part of the
renin–angiotensin–aldosterone system
(RAAS) (7, 8) (Figure 1). Angiotensin I, the
precursor of angiotensin II, is cleaved from
angiotensinogen by renin, a proteolytic
enzyme released by juxtaglomerular cells in

response to sympathetic nerve activation,
hypotension, or decreased sodium delivery
to the distal tubule. Renin release is
inhibited by high angiotensin II generation
and promoted by low angiotensin II
generation via a biofeedback loop involving
the angiotensin type 1 receptor (9, 10). As
such, renin concentrations are increased
when there is insufﬁcient activation of the
angiotensin II type 1 receptor. This can be
caused by decreased angiotensin II
generation or angiotensin II–receptor
blockade (11, 12). In this regard, the
primary pathway for angiotensin II
generation is via ACE (angiotensinconverting enzyme), an endothelial
membrane–bound enzyme that cleaves
angiotensin I to angiotensin II. Thus, it is
logical to suppose that the endothelial
injury accompanying CRVS should
decrease ACE function, increase
angiotensin I/II ratios, and promote renin
release. If this were true, high renin
concentrations would potentially identify
patients most likely to beneﬁt from
angiotensin II therapy (13–15). In support
of this theory, high ratios of angiotensin I to
angiotensin II correlate with negative
outcomes in such patients (16). Moreover,
in a study of patients with sepsis, reduced
angiotensin II and ACE concentrations
outperformed established illness-severity
scores in predicting outcomes (17).
Unfortunately, assessing ACE activity
is not amenable to simple plasma
measurement, and measurement of the
angiotensin I/II ratio is difﬁcult and not
available in a timely manner. Renin
concentrations, on the other hand, which
are expected to increase in patients with
CRVS with ACE dysfunction and high
angiotensin I to angiotensin II
concentrations, could potentially be used to
identify such high-risk patients. Laboratory
assays that measure renin concentrations
are inexpensive, are U.S. Food and Drug
Administration– and European Medicines
Agency–approved, have demonstrated
established performance, and can be easily
set up by most laboratories; importantly,
measurement of renin concentrations
outperforms that of maximum serum

lactate concentrations as a predictor of
mortality in the ICU (18, 19). Accordingly,
we hypothesized that plasma renin
concentrations would be high in patients
with CRVS, would correlate with
angiotensin I/II ratios, and, when elevated,
would help to identify those patients most
likely to beneﬁt from intravenous
angiotensin II therapy.

Methods
Study Design and Patients

The ATHOS-3 (Angiotensin II for the
Treatment of High-Output Shock 3) study
has been previously described
(clinicaltrials.gov identiﬁer NCT 02338843)
(5, 20). In brief, adults with vasodilatory
shock despite volume resuscitation with
>25 ml/kg and high-dose vasopressors
(deﬁned as a norepinephrine equivalent
dose [NED] .0.2 mg/kg/min) were
randomly assigned 1:1 to receive synthetic
human angiotensin II (La Jolla
Pharmaceutical Co.) or saline placebo plus
standard vasopressors. Randomization was
stratiﬁed according to MAP at screening
and the Acute Physiology and Chronic
Health Evaluation II (APACHE II) score.
Study-drug infusion started at 20
ng/kg/min and was adjusted during the ﬁrst
3 hours to increase the MAP to >75 mm Hg
while keeping other vasopressors constant.
Thereafter, the study drug and other
vasopressors were adjusted at the discretion
of the treating ICU team to maintain a
MAP between 65 and 75 mm Hg. At 48
hours, the infusion was discontinued
according to a protocol-speciﬁed tapering
process. However, continuation was
allowed for up to 7 days at the discretion of
the ICU team.
Ethics Approval and Consent to
Participate

The study, inclusive of the sample collection,
was conducted in accordance with Good
Clinical Practice guidelines, applicable local
regulations, and the ethical principles
described in the Declaration of Helsinki.
The protocol, informed-consent form, and
all other documents were reviewed and
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and M.O. Approved and edited the manuscript: R.B., L.G.F., L.W.B., M.T.M., K.R.H., J.H., T.E.A., and L.S.C. All authors approved the final manuscript.
This article has a related editorial.
This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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Figure 1. Renin–angiotensin–aldosterone system disturbance hypothesis. The green arrows indicate an increase, the red arrows a decrease, and the red
cross marks loss of function. ACE = angiotensin-converting enzyme.

approved by the respective independent
institutional review boards before study
initiation. The current analysis was
conducted on the deidentiﬁed data set from
ATHOS-3.
Serum Renin, Angiotensin I, and
Angiotensin II Measurement

Serum concentrations of renin, angiotensin
I, and angiotensin II were measured after
randomization but before administration of
the study drug and at 3 hours after initiation
of the study drug (see online supplement).

(model B), and statistically signiﬁcant
covariates from models A and B were
included in a multivariate logistic
regression (model C). The dichotomized
baseline covariates that were used for study
stratiﬁcation were MAP , 65 mm Hg and
APACHE II score . 30 (20).
Safety was evaluated by assessment of
treatment-emergent adverse events, serious
adverse events, and adverse event–related
drug discontinuations. Data were analyzed
with the use of SAS software version 9.4
(SAS Institute) and R version 3.5.3
(R Foundation).

Statistical Analysis

We used descriptive statistics with 95%
conﬁdence intervals (CIs) to summarize
data according to treatment group. We
analyzed differences between treatment
groups using the Wilcoxon rank-sum test or
ANOVA for continuous or ordinal variables
and the chi-square or Fisher’s exact test for
discrete variables. We summarized time-toevent data, including survival, using
Kaplan-Meier estimates and compared
them by log-rank test. We estimated hazard
ratios (HRs) from a proportional hazards
model. A two-sided a amount of 0.05 was
used to test for differences in treatment
outcomes without adjustments for
multiplicity. Correlation coefﬁcients were
calculated for renin versus angiotensin I,
and the angiotensin I/II ratio. Correlation
coefﬁcients were also calculated for renin
versus angiotensin I for Hour 0 (baseline)
and Hour 3.
For multivariate analyses, covariates
that were used for study stratiﬁcation
(model A), covariates that were different
between groups as deﬁned by P , 0.10

Results
Of the 321 patients with CRVS studied in
ATHOS-3, 255 (79.4%) had suitable serum
samples available for analysis of renin
concentrations at baseline (Hour 0) (see
Tables E8–E10 in the online supplement).
In these patients, baseline serum renin
concentrations were comparable between
the angiotensin II and placebo arms and
were elevated to concentrations above the
upper limit of normal in 194 (76%)
patients. The median serum renin
concentration of the entire population was
172.7 pg/ml (interquartile range [IQR],
60.7–440.6 pg/ml); this was approximately
three times the upper limit of normal (58.78
pg/ml). Figure E7 and Table E4 further
show baseline renin concentrations in
patient subsets. As expected, baseline serum
renin concentrations were positively
correlated with the baseline angiotensin I/II
ratio (P , 0.001) and with angiotensin I
(P , 0.001) (Figures E3 and E4). In
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addition, renin and angiotensin I were also
positively correlated at 3 hours of treatment
(P , 0.001) (Figure E4).
Table E1 shows patient demographic
and clinical data dichotomized by median
serum renin concentrations, and Table 1
shows these data further dichotomized by
treatment group within each reninconcentration stratum. At baseline, patients
with serum renin concentrations above the
study population median were similar to
those with concentrations below the study
population median, except for baseline
concentrations of angiotensin I, angiotensin
II, angiotensin I/II ratio, and NED, all of
which were signiﬁcantly higher in the
former group.
Figure 2 shows serum concentrations
of angiotensin I and renin in patients
who had samples available at baseline
and at 3 hours. Median baseline renin
concentrations were similar among patients
in the placebo group (193.7 [IQR, 58.1
to 489.8] pg/ml) and patients in the
angiotensin II group (146.1 [IQR, 62.4 to
412.2] pg/ml) (P = 0.4277). Patients treated
with synthetic angiotensin II experienced a
median reduction of 54.3% (IQR, 37.9 to
66.5% reduction) in renin concentration
compared with a median reduction of
14.1% (IQR, 37.6% reduction to 5.1%
increase) in patients treated with placebo
(P , 0.0001) at Hour 3. Median baseline
concentrations of angiotensin I were also
similar between treatment groups, and as
was seen with serum renin concentrations,
treatment with synthetic angiotensin II led
to a signiﬁcantly greater reduction in
angiotensin I concentrations at Hour 3
(39.7% median reduction [IQR, 11.8% to
1255
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Table 1. Demographics and Clinical Characteristics of Study Patients
Study Population below the Median Renin
Study Population above the Median Renin
Treatment with
Treatment with
P
Treatment with
Treatment with
P
Placebo (n = 63)
Angiotensin II (n = 64) Value Placebo (n = 73)
Angiotensin II (n = 55) Value
Age, yr, median (IQR)
Sex, n (%)
F
M
Race, n (%)
White
Nonwhite
Baseline albumin (g/dl),
median (IQR)
Baseline MELD, median
(IQR)
Baseline MAP, mm Hg,
median (IQR)
Baseline APACHE II score,
median (IQR)
ARDS,‡ n (%)
Medical history, sepsis, n (%)
Recent ARB exposure, n (%)
Recent ACEi exposure, n (%)
Severe AKI, n (%)
ESRD, n (%)
Baseline NED, mg/kg/min,
median (IQR)
Angiotensin I, pg/ml,
median (IQR)
Angiotensin II, pg/ml,
median (IQR)
Baseline angiotensin I/II
ratio, median (IQR)

66 (53–75)

61.5 (51–74)

0.51*
0.20†

63 (51–75)

62 (50–72)

26 (35.6)
47 (64.4)

26 (47.3)
29 (52.7)
46 (83.6)
9 (16.4)
2.3 (1.9–2.7)

0.75*

22 (18–26)

0.09*

20 (31.7)
43 (68.3)

28 (43.8)
36 (56.3)

52 (82.5)
11 (17.5)
2.3 (1.8–2.8)

53 (82.8)
11 (17.2)
2.2 (1.6–2.6)

0.21*

54 (74.0)
19 (26.0)
2.3 (1.9–2.7)

22 (15–25)

20 (14–25)

0.26*

23 (20–28)

66.7 (64.0–68.7)

66.0 (63.7–67.9)

29 (20–34)
17
56
2
5
14
2
0.29

27 (22–33)

(27.0)
(88.9)
(3.2)
(7.9)
(22.2)
(3.2)
(0.22–0.49)

17
50
4
2
18
4
0.32

(27.0)
(78.1)
(6.3)
(3.1)
(28.1)
(6.3)
(0.22–0.54)

1.00†

0.40*
0.70*

66.3 (62.3–68.0)
31 (25–36)

1.00
0.15†
0.68†
0.27†
0.54†
0.68†
0.40*

28
57
7
8
41
1
0.40

(38.4)
(78.1)
(9.6)
(11.0)
(56.2)
(1.4)
(0.29–0.69)

66.7 (63.3–69.7)
28 (22–34)
13
42
3
10
21
2
0.36

(23.6)
(76.4)
(5.5)
(18.2)
(38.2)
(3.6)
(0.23–0.50)

0.66*
0.21†
0.20†

0.28*
0.14*
0.088
0.83†
0.51†
0.31†
0.05†
0.58†
0.06*

85.6 (36.70–173.00)

133.0 (44.10–356.00)

0.15*

602 (238–1,110)

655 (304.5–1,375)

0.45*

52.4 (24.60–137.00)

98.2 (24.50–168.00)

0.35*

108 (16.7–523)

151 (41.4–439)

0.46*

1.25 (0.79–2.39)

1.34 (0.91–2.59)

0.70*

3.41 (1.17–10.39)

3.01 (1.17–12.43)

0.96*

Definition of abbreviations: ACEi = angiotensin-converting enzyme inhibitor; AKI = acute kidney injury; APACHE II = Acute Physiology and Chronic Health
Evaluation II; ARB = angiotensin receptor blocker; ARDS = acute respiratory distress syndrome; ESRD = end-stage renal disease; IQR = interquartile range;
MAP = mean arterial pressure; MELD = Model for End-Stage Liver Disease; NED = norepinephrine equivalent dose.
ACEi exposure was determined by the presence of an ACEi in the medical chart within 7 days before study enrollment.
*Wilcoxon rank-sum test.
†
Fisher’s exact test.
‡
ARDS was determined by chest X-ray reading. Patients with ARDS noted on their chest X-ray during screening were denoted as having ARDS.

56.1% reduction]) compared with
treatment with placebo (7.0% reduction
[IQR, 26.7% reduction to 20.0% increase])
(P , 0.0001).
The MAP response at 3 hours was not
affected by baseline renin concentrations.
MAP response in patients with renin
concentrations below the population
median treated with placebo was 30.2%
compared with 78.1% in patients treated
with angiotensin II, whereas in patients with
renin concentrations above the population
median, MAP response in patients treated
with placebo was 20.5% compared with
61.8% in patients treated with angiotensin II
(data not shown). Thus, renin was not
identiﬁed as signiﬁcantly modifying the
effect of study group assignment (treatment
arm by renin interaction odds ratio, 0.76
[95% CI, 0.25–2.32]; P = 0.6266).
1256

Survival by Baseline Serum Renin
Concentrations

For patients with renin concentrations above
the study population median, baseline
characteristics were well balanced between
the placebo and angiotensin II treatment
arms (Table 1). Despite this balance, patients
treated with placebo had a 28-day mortality
rate of 69.9% compared with 51.1% in
patients treated with angiotensin II
(unstratiﬁed HR, 0.556 [95% CI, 0.35–0.88];
P = 0.0115) (Table 2 and Figure 3; see also
Figures E1, E2, and E5). In contrast, there
was no statistically signiﬁcant difference in
28-day mortality for those with serum renin
concentrations below the study population
median (Table 2 and Figure 3).
Multivariate logistic regression within
the placebo-treated arm alone showed that,
after adjusting for age, sex, APACHE II

score, MAP, and NED, elevated serum renin
concentrations were independently
associated with an increased risk of death
(HR, 2.15 [95% CI, 1.35–3.42]; P = 0.0013)
(Table E5). Moreover, in patients with a
renin concentration above the study
population median, multivariable analysis
identiﬁed treatment with angiotensin II as
associated with decreased risk of mortality
(HR, 0.62 [95% CI, 0.39–0.98]; P = 0.0423)
(Table 3). See also Tables E11 and E12 in
the online supplement for sensitivity
analyses of these multivariable analyses.
Figure 4 displays survival by serum renin
concentration as a continuous variable.
Although the P value for the interaction
term including the dichotomized renin
concentration was 0.048 (HR, 0.50 [95% CI,
0.25–0.99]), the P value for the interaction
term including continuous renin (log2) was
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0.28 (95% CI, 0.78–1.08). The difference
reﬂects the apparent nonlinear HR
provided in Figure 4.

A
500

Angiotensin l, pg/mL

Other Outcomes of Interest

Placebo
Angiotensin ll

250

Placebo vs. Angiotensin ll: p <0.0001

0

Baseline

Hour 3
Placebo

Angiotensin II

P Value

Hour 0

238 (75–653)

260 (72–679)

0.66

Hour 3

218 (76–553)

166 (47–383)

0.04

Angiotensin I, pg/mL

Difference

–10.0 (–78.5 to 42.1) –76.7 (–264.5 to –12.6) <0.0001

Difference %

–7.0 (–26.7 to 20.0) –39.7 (–56.9 to –11.8)

<0.0001

B

Renin, pg/mL

500

Placebo
Angiotensin ll

250

Placebo vs. Angiotensin ll: p <0.0001

0

Baseline

Hour 3
Placebo

Angiotensin II

P Value

Hour 0

193.7 (58.1–489.8)

146.1 (62.4–412.2)

0.43

Hour 3

187.9 (62.3–562.2)

85.0 (52.3–189.1)

0.002

Difference

–15.9 (–72 to 13.7) –98.9 (–278.9 to –27.4) <0.0001

Difference %

–14.1 (–37.6 to 5.1) –54.3 (–66.5 to –37.9)

Renin, pg/mL

<0.0001

Figure 2. Serum angiotensin I and renin concentrations. (A) Serum angiotensin I concentrations.
(B) Serum renin concentrations. All values are presented as the median (interquartile range).
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Table 2 shows rates of ventilator and renal
replacement therapy liberation, as well as ICU
discharge according to treatment group in
patients dichotomized by serum renin
concentrations. Whereas there were no
differences in these outcomes between
treatment groups in patients with renin
concentrations below the study population
median, in patients with renin concentrations
above the study population median, the rate
of renal replacement therapy liberation by
Day 7 was signiﬁcantly greater in patients
treated with angiotensin II (43%) compared
with those treated with placebo (12%;
P = 0.01) (Table 2 and Figure E6 and Table
E3), as was the rate of ICU discharge by Day
28 (angiotensin II, 44%; placebo, 22%;
P = 0.02). The rate of ventilator liberation by
Day 7, however, did not differ signiﬁcantly
between treatment groups (angiotensin II,
28%; placebo, 14%; P = 0.07).
Table E7 shows the changes in
cardiovascular and total Sequential Organ
Failure Assessment (SOFA) scores between
baseline and Hour 48 according to renin status
and treatment group. In the total ATHOS-3
population, the change in cardiovascular score
was signiﬁcantly greater in the angiotensin II
compared with the placebo group, whereas the
change in the total SOFA score was not (5). As
shown in Table E7, neither the change in
cardiovascular SOFA nor the total SOFA score
differed signiﬁcantly between treatment groups
in patients with serum renin concentrations
below the study-population median. In
patients with serum renin concentrations
above the study population median, the
mean 6 SD change in cardiovascular SOFA
score at 48 hours was signiﬁcantly greater in
the angiotensin II group (21.56 6 1.793)
compared with the placebo group
(20.78 6 1.387), whereas the change in total
SOFA score was not (angiotensin II,
1.35 6 6.032; placebo, 2.86 6 5.611; P = 0.07).
Adverse Events

In patients with elevated renin
concentrations at baseline, there was no
signiﬁcant difference in adverse events or
serious adverse events between the
angiotensin II and placebo groups (Table 4).
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Table 2. Outcomes and Renin Concentration
Patients below the Study Population
Median Renin [Median (IQR)]
Treatment with
Treatment with
P
Placebo (n = 63) Angiotensin II (n = 64) Value
28-d mortality, %
Ventilator liberation by Day 7
(alive and vent-free), %
RRT liberation by Day 7 (alive
and RRT free), %
ICU discharge by Day 28, %

Patients above the Study Population
Median Renin [Median (IQR)]
Treatment with
Treatment with
P
Placebo (n = 73) Angiotensin II (n = 55) Value

44 (33–58)
38 (27–52)

45 (34–58)
27 (18–40)

0.70
0.20

70 (59–80)
14 (8–25)

51 (39–65)
28 (18–43)

0.01
0.07

14 (4–46)

28 (13–54)

0.33

12 (5–27)

43 (25–66)

0.01

52 (41–65)

39 (28–52)

0.13

22 (14–33)

44 (32–58)

0.02

Definition of abbreviations: IQR = interquartile range; RRT = renal replacement therapy.

Discussion
In this post hoc analysis of patients enrolled
in the ATHOS-3 study, we tested the
hypothesis that there is a disturbance in the

RAAS, likely resulting from insufﬁcient
ACE activity in CRVS. We reasoned that
such ACE insufﬁciency could be identiﬁed
through the analysis of serum renin
concentrations and that increased serum

A
1.0
0.9

HR 1.11 CI (0.66 - 1.86) p = 0.70

Survival Probability

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

(N = 63) Placebo
(N = 64) Angiotensin II

0.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Time from Randomization (days)

B
1.0
0.9

HR 0.56 CI (0.35 - 0.88) p = 0.01

Survival Probability

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

(N = 73) Placebo
(N = 55) Angiotensin II
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 2728
Time from Randomization (days)

Figure 3. Kaplan-Meier survival plot according to renin concentrations and treatment with
angiotensin II or placebo. (A) Day 28 survival: renin concentration below population median. (B) Day
28 survival: renin concentration above population median. CI = confidence interval; HR = hazard ratio.
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renin concentrations would predict worse
outcomes. We found that serum renin
concentrations were signiﬁcantly elevated
in most patients with CRVS and that they
were positively and signiﬁcantly associated
with angiotensin I concentrations and
angiotensin I/II ratios. This ratio, a
surrogate for ACE activity, has previously
been reported to be associated with
increased mortality risk in CRVS (16). As
with those patients having elevated
angiotensin I/II ratios, patients with serum
renin concentrations above the study
population median had a signiﬁcantly
increased risk of mortality. However,
treatment with synthetic angiotensin II was
associated with a signiﬁcant reduction in
this risk. These data suggest that renin has
the potential to be used to identify patients
with CRVS at high risk for poor outcomes
and who may beneﬁt from treatment with
synthetic angiotensin II.
Our observations are consistent with
those of previous studies demonstrating that
patients with septic shock can develop
decreased ACE concentrations, which can
lead to impaired ability to convert
angiotensin I to angiotensin II (7, 17). This
may reﬂect endothelial injury or ACE-gene
SNPs, both of which are factors that
correlate with increased 28-day mortality
(21, 22). Our ﬁndings also conﬁrm previous
reports that elevated renin is associated
with worse outcomes in patients with septic
shock and other critical illness (23–25).
Speciﬁcally, previous reports in this disease
population show that plasma renin activity
is elevated while aldosterone concentrations
are inappropriately low, suggesting a defect
in the RAAS pathway (Figure 1) (23, 24).
Finally, our ﬁndings in the CRVS
population are consistent with observations
in patients treated with ACE inhibitors.
Speciﬁcally, patients receiving ACE
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Table 3. Multivariable Analysis for the Prediction of Mortality: Patients with Baseline
Renin Above Study Median Only

Model A
Treatment arm, angiotensin II
Baseline APACHE II score . 30
Baseline MAP , 65 mm Hg
Model B
Treatment arm, angiotensin II
Baseline NED > 0.5 mg/kg/min
Baseline MELD > 30
Model C
Treatment arm, angiotensin II
Baseline APACHE II score . 30
Baseline MAP , 65 mm Hg
Baseline NED > 0.5 mg/kg/min

Hazard Ratio (95% CI)

P Value

0.58 (0.36–0.93)
2.02 (1.29–3.18)
1.76 (1.12–2.77)

0.02
0.002*
0.01

0.62 (0.38–0.99)
1.88 (1.19–2.98)
1.43 (0.81–2.50)

0.04
0.007*
0.21

0.62
2.03
1.66
1.78

0.04
0.002*
0.03
0.01

(0.39–0.98)
(1.29–3.19)
(1.06–2.62)
(1.13–2.83)

Definition of abbreviations: APACHE II = Acute Physiology and Chronic Health Evaluation II;
CI = confidence interval; MAP = mean arterial pressure; MELD = Model for End-Stage Liver Disease;
NED = norepinephrine equivalent dose.
Model A includes treatment assignment and stratification variables. Model B includes covariates that
were imbalanced by P , 0.10 in the population clinical characteristics. Model C includes the
statistically significant variables from model A and model B.
*P , 0.01.

inhibitors have substantial increases in
both serum angiotensin I and renin
concentrations, both of which were
effectively suppressed after the
administration of exogenous angiotensin II
(11, 26, 27).
The mechanistic implications of ACE
dysfunction for patients with CRVS are
potentially important. ACE inhibition
induced by drugs (e.g., captopril or
enalapril) increases the concentrations of
not only angiotensin I but of vasodilatory
angiotensin I metabolites, such as
angiotensin 1–7 (27). As the absolute
concentrations of angiotensin II do not
decrease signiﬁcantly during ACE-inhibitor
therapy, and may actually increase, the
1.0

hypotensive effects of ACE inhibitors may
occur as a consequence of the activity of
these vasodilatory angiotensin metabolites
(27). The similar impact of shock on
angiotensin I and II concentrations in the
present analysis suggests that ACE
dysfunction resulting from endothelial
damage may be a signiﬁcant contributor to
the pathophysiology in some patients with
CRVS.
We believe that renin concentrations
may modify the effect of treatment group on
outcomes independent of blood pressure
because renin has other important clinical
effects related to its neurohormonal activity.
Renin binds the (pro)renin receptor, which
has been described on many cell and tissue

Placebo
LJPC501

Day-28 Mortality

0.8
0.6
0.4
0.2
0.0
1

10

100
Baseline Renin

1,000

10,000

Figure 4. Cubic splines of mortality and baseline serum renin. Baseline renin is shown with log scale.
LJPC501 = angiotensin II.
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types, including leukocytes. One study
showed that incubation of leukocytes with
renin activated the (pro)renin receptor and
elicited the production of proinﬂammatory
cytokines independently of downstream
angiotensin II effects (28). Preclinical
studies of sepsis demonstrate that (pro)
renin receptor blockade improves survival
and is associated with lower concentrations
of proinﬂammatory cytokines (29). Thus,
our ﬁnding that synthetic angiotensin II
rapidly reduces renin concentrations
compared with standard-of-care
vasopressors suggests that synthetic
angiotensin II potentially modulates the
inﬂammatory response caused by excess
renin and that this mechanism may explain
our ﬁndings of enhanced survival. In
addition, normalization of serum renin
concentrations with angiotensin II may also
indicate adequate angiotensin II type 1
receptor activation in end organs such as
the kidney. Activation of this receptor by
synthetic angiotensin II can increase the
glomerular ﬁltration rate and urine output
in sepsis (30). This notion is supported by
previous ﬁndings that patients with severe
acute kidney injury and shock treated with
synthetic angiotensin II experienced
enhanced renal recovery and improved
survival (31).
Prospective validation of these data is
warranted, and if conﬁrmed, these ﬁndings
may inﬂuence patient care, as renin assays
are widely available and inexpensive. Thus,
use of this biomarker for vasopressortargeted therapy is logistically feasible. In
this regard, our ﬁndings imply that using
angiotensin II as a vasopressor, which also
lowers renin concentrations, may offer a
combined biological and clinical target
during angiotensin II administration.
Finally, the ﬁndings that both renin and
angiotensin I are suppressible by exogenous
angiotensin II suggests that patients with
elevated renin may have insufﬁcient
activation of their angiotensin type I
receptor.
This study has several strengths. First,
the theory that decreased ACE activity may
be a key mechanism in CRVS that is
sensitive to angiotensin II was proposed
before the start of the ATHOS-3 trial, and
this analysis is mechanistically linked to
such a RAAS-disturbance hypothesis
(Figure 1) (7, 20). Second, our ﬁndings are
consistent with the well-described
physiology of the RAAS and the effects of
ACE inhibition (26, 27). The clear
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Table 4. Summary of Adverse Events
Placebo Angiotensin II
Patients with shock and renin above the median
Patients, n
TEAE
Grade 3/4 TEAE
Serious TEAE
Serious related TEAE
Patients with shock and renin below the median
Patients, n
TEAE
Grade 3/4 TEAE
Serious TEAE
Serious related TEAE

Total

69
61
61
5

73
(94.5)
(83.6)
(83.6)
(6.8)

47
39
39
4

55
(85.5)
(70.9)
(70.9)
(7.3)

128
116 (90.6)
100 (78.1)
100 (78.1)
9 (7.0)

56
40
36
1

63
(88.9)
(63.5)
(57.1)
(1.6)

58
40
38
2

64
(90.6)
(62.5)
(59.4)
(3.1)

127
114 (89.8)
80 (63.0)
74 (58.3)
3 (2.4)

Definition of abbreviation: TEAE = treatment-emergent adverse event.
Data are n (%), unless otherwise indicated.

reduction in both renin and angiotensin I
with exogenous angiotensin II
administration compared with minimal
changes in the placebo arm gives credence
to the concept of decreased activity of the
RAAS pathway and relative preservation of
a biofeedback response in CRVS. Third,
ATHOS-3 was an international, prospective
randomized placebo-controlled trial in
which adequate resuscitation per
international consensus guidelines was a
prerequisite for trial entry, thus increasing
the generalizability to our ﬁndings.
We acknowledge several limitations.
The current analysis is post hoc, and we did
not have enough remaining samples to
measure concurrent angiotensin 1–7,
bradykinin, or aldosterone concentrations,
which might have provided more indirect
information on ACE activity and on the
activity of nonclassical angiotensin I and II
metabolism by ACE2. We also did not have
renin samples for all patients in the cohort;
however, the patient characteristics of the

patients with missing samples were not
different from those with samples available.
In addition, we were not able to rigorously
assess for the presence or severity of
preexisting hypertension, renovascular
disease, or chronic kidney disease, all of
which can affect background renin
concentrations. Finally, we conducted many
sensitivity analyses, and the treatment effect
of angiotensin II in the high-renin arm did
not achieve statistical signiﬁcance in all
assessments. Furthermore, the effect
modiﬁcation of renin on treatment group,
present when treating renin as a
dichotomous variable, was not evident when
treating it as a continuous variable and
adjusting for baseline covariates. Therefore,
the observed ﬁndings may represent chance
imbalances between groups in the baseline
severity of illness.
Conclusions

We show that in most people with CRVS,
there is signiﬁcant disturbance in the
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