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Abstract
Background Endothelin-1 (ET-1) is apotentvasoconstrictor in thecardiovascular system,aneffectmediatedthrough
the typeA endothelin receptor (ETAR), a G protein-coupled receptor (GPCR). Antagonists of the ETAR have shown
promising results in randomized clinical trials. However, side effects limit widespread use. Biased agonists have
been developed to mitigate the untoward effects of a number of GPCR antagonists. These agents block deleterious
G-coupled pathways while stimulating protective b-arrestin pathways. The goal of this study was to test whether
there was any significant ligand bias between endothelin derivatives, andwhether this could have any physiologic
effects in the cardiovascular system.

Methods Apanel of endothelin derivativeswere tested in assays ofGprotein signaling andb-arrestin 2 recruitment
at the ETAR.We then tested the effects of ET-1 on the vasopressor response in wild-type and b-arrestin 1 and 2 KO
mice.

Results We found the endothelins activated a wide range of G proteins at the ETAR, but none of the endothelin
derivatives demonstrated significant biased agonism. Endothelin derivatives did display structure-activity
relationships with regards to their degrees of agonism. b-arrestin 1 and 2 knockout mice did not display any
differences to wild-typemice in the acute pressor response to ET-1, and b-arrestin 2 knockoutmice did not display
any blood pressure differences to wild-type mice in the chronic responses to ET-1.

Conclusions Our findings are consistent with vasoconstriction being mediated by G proteins with a lack of
significant desensitization by b-arrestins at the ETAR. These findings suggest that G protein– and
b-arrestin–biased ETAR agonists could have distinct physiologic effects from balanced agonists, although the
endothelin peptide scaffold does not appear suitable for designing such ligands.
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Introduction
Endothelins (ET) are 21-residue peptides that bind to
two G protein–coupled receptors (GPCRs), type A
(ETA) and B (ETB) receptors (ETAR and ETBR). ET-1 is
the most potent vasoconstrictor in the human cardio-
vascular system, an effect that is mediated through
the ETAR (1). A number of highly selective peptide
ETAR and ETBR antagonists and agonists have been
developed at these receptors (2), along with small mol-
ecule antagonists that are used in the treatment of

pulmonary arterial hypertension (3). Recently, atrasen-
tan, a selective ETAR antagonist, demonstrated impres-
sive reductions the composite primary outcome of
ESKD, doubling of serum creatinine, and death from
kidney failure in patients with diabetic nephropathy
(4). However, the use of atrasentan is known to cause
fluid retention, andnecessitated the use of a unique trial
design, called an enrichment period, to ensure tolerabil-
ity and select those individuals with albuminuria
reductions, who were randomized in the study. Thus,
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selective ET antagonists with a diminished side effect profile
are needed. GPCRs, such as the ETAR, can signal through
multiple transducers, including heterotrimeric G proteins,
G protein receptor kinases, and b-arrestins. Although all of
these signaling pathwaysdownstreamof aGPCRcan be acti-
vated or blocked by conventional “balanced” agonists or
antagonists, they can also be selectively activated by “biased
agonists” (5).Abiased agonist binding to aGPCRpromotes a
response that can result in preferential signaling through one
of its downstream pathways, such as G proteins (by a G
protein–biased agonist) orb-arrestins (by ab-arrestin–biased
agonist), while blocking signaling through the other
pathways.
At many GPCRs, G protein– and b-arrestin–mediated sig-

naling has been shown to have biochemical and physiologic
actions distinct from one another. For example, at the type 1
angiotensin II receptor (AT1R), b-arrestin–biased agonists
have been shown to promote signaling through mitogen-
activated protein kinases (6), which results in antiapoptotic
effects (7). In physiologic studies, an AT1R b-arrestin–biased
agonist increased cardiac performance and preserved car-
diac stroke volume (8). This was associated with increased
cardiac unloading, likely related to its vasodilatory proper-
ties (9), which is the opposite of what was observed with
the balanced agonist angiotensin II. Much like the AT1R,
the ETAR is a GPCR with a peptide agonist that couples pri-
marily through Gq and Gi and promotes vasoconstriction.
b-arrestin–biased ETAR agonists would be predicted to
decreasevasoconstrictionwhilemaintainingother important
physiologic signaling through the receptor. Conversely, a G
protein–biased ETAR agonist would be predicted to promote
increased vasoconstriction with decreased receptor desensi-
tization. Therefore, ETAR-biased agonists may have interest-
ingphysiologic profiles that could allow them to serve as tool
compounds or novel therapeutics.
The goal of this study was to test for bias between the

endogenous ET peptides and whether any derivatives of
the ET peptides display significant bias between G protein
and b-arrestin signaling. We also tested the effects of selec-
tive b-arrestin 1 or 2 knockout (KO) on the acute and chronic
pressor response in mice.

Materials and Methods
Materials
ET-1, 2, and 3 and ET derivatives were purchased from

Sigma-Aldrich (St. Louis, MO) and BACHEM (Torrance,
CA). D-Luciferin and coelenterazine-h was obtained from
Cayman Chemicals (Ann Arbor, MI). HBSS was obtained
from Sigma-Aldrich (St. Louis, MO).

Mice
All animal experiments were conducted in compliance

with institutional guidelines and were approved by
Duke University and the Durham Veterans Affairs (VA)
Institutional Animal Care and Use Committee (Protocol:
A17516–08). b-arrestin 1 and 2 KO mice were provided by
Dr Robert J. Lefkowitz and have been described previously
(10,11). b-arrestin 1 KO mice were maintained on a C57BL/
6J background and the b-arrestin 2 on a 129/SvEv. All
mice studied were littermate males (KO and wild-type

[WT]) from same parents, aged 12–20 weeks of age. Mice
were housed at the Durham VA Health Care Center animal
research facility (ARF). Animals were housed on substrate
bedding in individually ventilated polycarbonate cages. Ad
libitum water was chlorinated and triple filtered, and pro-
vided via automatic watering with back-up water-bottles as
needed. Ad libitum feed was provided in conventional pellet
form via a feed hopper. Rooms were maintained on a 12:12
light cycle,with temperatures set at 72�F and relative humid-
ity at 50%. Lighting, temperature, and humiditywere contin-
uously monitored using an alarmed TempTrak system. In
addition, each occupied animal room in the ARF was
equipped with a manual thermohygrometer that was moni-
tored daily by ARF staff. Daily maximum and minimum
temperature and humidity ranges were recorded and main-
tained on file in the ARF (Supplemental Methods).

Cell Culture
HEK293T cells were used in G protein and b-arrestin sig-

naling assays. The cells were maintained in MEM (Corning)
containing 1% penicillin/streptomycin and 10% FBS (Corn-
ing). Cells were grown at 37�C in a humidified 5% CO2 incu-
bator in poly-d-lysine–coated tissue culture plates. Media
was changed every 48–72 hours.

Detection of Plasma Endothelin-1 Levels
ET-1 levels were undetectable in WT, b-arrestin 1 KO and

b-arrestin 2 KOmice. Plasma samples from six biologic rep-
licates were tested using the Mouse Endothelin-1 ELISA Kit
(Thermo Fisher Scientific, #EM26RB). ET-1was undetectable
in all samples.

TGF-a Shedding Assay
GPCR Ga activity was assessed by the TGF-a shedding

assay as previously described (12). Briefly, HEK 293 cells
lacking Gq, G11, Gs/olf, and G12/13 (‘DGsix’ HEK 293 cells)
were transiently transfected with receptor, modified TGF-a
containing alkaline phosphatase (AP-TGF-a), and the indi-
cated Ga subunit. Cells were reseeded 24 hours later in
HBSS (Gibco, Gaithersburg, MD) supplemented with 5mM
HEPES in a Costar 96-well plate (Corning Inc., Corning,
NY). Cells were then stimulated with the indicated concen-
tration of ligand for 1 hour. Conditioned media (CM) con-
taining the shed AP-TGF-a was transferred to a new
96-well plate. Both the cell and CM plates were treated
with paranitrophenylphosphate (100 mM) (Sigma-Aldrich,
St. Louis,MO) substrate for 1 hour,which is converted topar-
anitrophenol by AP-TGF-a. This activity was measured at
OD405 in a Synergy Neo2 Hybrid Multi-Mode (BioTek,
Winooski, VT) plate reader immediately after paranitrophe-
nylphosphate addition and after 1 hour incubation. Ga activ-
ity was calculated by first determining paranitrophenol
amounts by absorbance through the following equation:

100�
DOD 405 CM

DOD 405 CM 1DOD 405 cell

� �
,

where DOD 405 5 OD 405 1 hour – OD 405 0 hour and
DOD 405 cell and DOD 405 CM represent the changes in
absorbance after 1 hour in the cell and CM plates, respec-
tively. Data were normalized to a single well that produced
the maximal signal.
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b-arrestin 2 Recruitment by Bioluminescence Resonance
Energy Transfer
A 10 cm dish of HEK293T cells was transfected with 2 lg

each of constructs encoding the ETAR with a C-terminal
Renilla luciferase II andb-arrestin 2,with aC-terminal yellow
fluorescent protein construct by calcium chloride transfec-
tion, as previously described for other receptors (13). Then,
24 hours after transfection, cells were plated onto a 96-well
plate at 50,000–100,000 cells/well. Approximately 44 hours
after transfection, media was changed to MEM (Corning)
supplementedwith 0.1%bovine serumalbumin and 1%pen-
icillin/streptomycin. After approximately 3 to 4 hours of
serum starvation, cells were washed with room temperature
PBS. Next, 80 ll of a coelenterazine-h/HBSS solution (3 lM
coelenterazine-h) was added. Ligands were prepared at 53
concentration, and readbyaMithras LB940 instrument (Bert-
hold) with 485 nm and 530 nm emission filters. The Biolumi-
nescence Resonance Energy Transfer (BRET) ratiowas calcu-
lated using Equation 1.

Net BRET ratio5
YFP emission at 530nm
Rluc emission at 485 nm

� �
2cf (1)

In Equation 1, cf represents BRET ratio in the vehicle control
group. The net BRET ratio was quantified 5 minutes after
ligand addition.

Bias Analysis
All concentration-response data was fit in GraphPad

Prism 8.0 (GraphPad, San Diego, CA) with three-parameter
fits (Baseline, Span, EC50) after baseline correction and nor-
malization. Intrinsic relative activities (Emax/EC50) and bias
factors were calculated as previously described (14). Bias
plots to assess potential bias on the basis of Emax alone was
performed as previously described (15).

Acute Pressor Studies
We examined acute vasoconstrictor responses to ET-1

(reconstituted in sterile saline) in mice anesthetized with
2% isoflurane, as described previously. A catheter (PE-50)
was inserted into the left jugular vein for administration of
basal fluids and vasoconstrictors. A second catheter
(pulled-down PE-50) attached to a pressure transducer
(model MLT844, ADInstruments, Colorado Springs, CO)
was placed in the left carotid artery. Intra-arterial BP was
recorded continuously through the carotid catheter using
the PowerLab data acquisition system and LabChart soft-
ware (ADInstruments). At 5 minute intervals (or until base-
line BP was re-established, average 8 minutes), increasing
doses (1 and 2 nmol/kg) of ET-1were injected intravenously
into the internal jugular vein at a volume of 1 ml/g body wt
(20–25 ml total volume), followed immediately by a 25 ml
bolus of saline. Before injection of vasoactive agents, each
mouse received an equivalent volume (20–25 ml) of saline
(1ml/g bodyWT) as a vehicle control. Intra-arterial pressures
were continuously monitored.

Telemetry Studies
Mice were housed at the Durham VA Health Care Center

ARF. Animals are housed on substrate bedding in individu-
ally ventilated polycarbonate cages. Ad libitum water was
chlorinated and triple filtered and provided via automatic

watering with back-up water-bottles as needed. Ad libitum
feedwas provided in conventional pellet form via a feedhop-
per. Roomsweremaintained on a 12:12 light cycle, with tem-
peratures set at 72�F and relative humidity at 50%. Lighting,
temperature, and humidity were continuously monitored
using an alarmed TempTrak system. In addition, each occu-
pied animal room in the ARF was equipped with a manual
thermohygrometer that is monitored daily by ARF staff.
Daily maximum and minimum temperature and humidity
ranges were recorded and maintained on file in the ARF.
Radiotelemetry (model PA-C10, Data Science International,
St. Paul, MN) was used to measure BP in conscious unre-
strained SMKO and control mice, as described previously
(16). Arterial BP data were collected, stored, and analyzed
using Dataquest ART software (version 4.0, Data Sciences
International). Mice were allowed to recover for 7 days after
placement of the telemetry implant to reestablish normal
circadian rhythms. After recovery, telemetry data were col-
lected continuously,with sampling every 5minutes at 10 sec-
ond intervals. ET-1 (2 pmol kg21, min21; Sigma-Aldrich)
was infused via subcutaneously implanted osmotic mini-
pump (Alzet, Cupertino, CA), and BPmeasurements contin-
ued after minipump implantation.

Results
Endothelins Activate A Wide Range of G Proteins

To compare signaling by ETs at the ETAR across multiple
G proteins, we used a previously described TGF-a shedding
assay that provides a similar readout (AP-TGF-a release
promoted by matrix metalloproteinase cleavage by a
recombinant Ga subunit) (12). We found the ETs could pro-
mote ETAR signaling through a wide range of G proteins
(Figure 1), consistent with a previously published study
(17). Assessing these concentration-response data (Figure 1,
data normalized to ET-1 signaling via Gi1 in Supplemental
Table 1), ET-1 and ET-2 demonstrated similar efficacies and
potencies in allGprotein assays,whereas ET-3demonstrated
significantly lower potency in all of the assays. Notably, in
the b-arrestin 2 recruitment assay by BRET,which has signif-
icantly less amplification than the TGF-a release assay, ET-2
was a log-fold more potent than ET-1, suggesting the poten-
tial for relative G protein bias of ET-1. Although bias factors
calculated from intrinsic relative activities suggested the
potential for bias between these compounds (Supplemental
Table 2 and Supplemental Figure 1), a bias plot of the raw
data did not suggest significant bias between compounds
due to the large difference in amplification between the
b-arrestin and G protein assays (Supplemental Figure 2).
Thus, it is most likely there is not significant G protein or
b-arrestin bias between the ET peptides at ETAR because
an analysis on the basis of bias factors can be prone to errors
when there are large differences in amplification between
assays (15).

Structure-activity Relationships of Endothelin Derivatives
To determine whether any ET derivatives displayed sig-

nificant G protein or b-arrestin bias at the ETAR, we charac-
terized a number of ETAR peptide agonists and antagonists
that were commercially available (Figure 2A). These pepti-
des displayed a range of structures, including modifications
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in the residues of the loop between the disulfide between
Cys3 and Cys11, and more significant changes such as dele-
tionof theN-terminal orC-terminal residues (an imageof the
crystal structure of ET-1with the ETBRwith residues that dif-
fer between ET-1, 2, and 3 is shown in Figure 2B for orienta-
tion). Due to the large difference in amplification in assays,
we focused on an assessment of efficacies at saturating con-
centrations from ligand, followed by a model-independent
assessment of bias (15).Althoughwedidnot observe anyevi-
dence of significant bias between these compounds on the
basis of their Emax across multiple assays (Figure 3 and
Supplemental Table 3), we could make a number of

conclusions regarding structure-activity between these com-
pounds. Removing either the C-terminus of the peptide (in
ET-1[1–15] and ET-1[1–15] amide), which interacts with the
hydrophobic pocket of the receptor, or the disulfides
([Ala1,3,11,15]-ET-1, BQ-3020, IRL-1620, IRL-1038, AC-ET-
1[16–21]) that are critical for the conformation of the peptide
that interact with the extracellular loops, resulted in a loss of
agonism. Of note, sarafotoxin S6c demonstrated a significant
loss of agonism, which is likely due to replacement of a pos-
itively charged residue (Lys9) with a negatively charged res-
idue (Glu9) that is not capable of the same interactions with
extracellular loop 2 (Figure 2B).
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Figure 1. | Concentration response of endothelin-1 (ET-1), ET-2, and ET-3 in assays of G protein signaling and b-arrestin recruitment. The
slight reversal of potencies of ET-1 and ET-2 in the b-arrestin recruitment assay are consistent with mild ligand bias. G protein signaling data are
shown as percent of alkaline phosphatase TGF-a (AP-TGF-a) release as previously described (normalized G protein signaling data is shown in
Supplemental Table 1). b-arrestin recruitment data are displayed as net BRET signal normalized to ET-1.

Figure 2. | ET derivatives tested for activity. (A) Derivatives largely involved modifications of residues between positions 2 and 13. Residues
modified from ET-1 are shown as filled circles; those that are unchanged are open circles. (B) Residues of ET-1 modified in derivatives (shown
in red) in the crystal structure of ET-1 with the type B ET receptor (ETBR).
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b-arrestins Are Not Required for Acute Pressor Response to
ET-1
With the evidence that both G protein and b-arrestin

signaling was relatively balanced across the peptide ligands
tested at the ETAR, we next tested whether G protein–biased
signaling would have any effect on ET-1 signaling in vivo.
First, we assessed the relative expression of the ETAR and
ETBR mRNA in mouse lung, and found that b-arrestin
2 KO mice had increased expression of both receptors com-
pared with WT and b-arrestin 1 KO mice (Supplemental
Figure 3). However, we were unable to detect ET-1 in the
plasma using a commercially available ELISA kit in all gen-
otypes. We tested the effects of ET-1 infusion on the acute
pressor response and chronic exposure with radiotelemetry
in WT and b-arrestin 1 and 2 KO mice (Figure 4, Table 1).
Wedidnotfindany significantdifference in the acutepressor
response to ET-1 inWT or b-arrestin 1 in the B6 background
(Figure 4A) and no effect on b-arrestin 2 KO mice in the 129

background (Figure 4B). The doses of ET-1 used in these
acute studies were at the top end of the dose-response curve
and thereforemay not represent physiologic ETAR and ETBR
activation. As b-arrestin 2 has been shown to play a signifi-
cant role in the pressor response of angiotensin II (8), we
then tested the effects of chronic ET-1 infusion byminipump
inWT and b-arrestin 2 KOmice.Wedid not observe a signif-
icant difference in the blood pressure, heart rate, or diurnal
blood pressure between WT and b-arrestin 2 KO mice in
response to ET-1 infusion (Figure 5). However, it should be
noted that the mice in the chronic ET-1 infusion (2 pmol/
kg per min) via osmotic minipump had minimal elevation
in blood pressure. This could be secondary to rapid metabo-
lism of ET-1 by endothelial ETBRs resulting in diminished
ET-1 interaction with the ETAR, thus tempering the results
of this experiment. This suggests that b-arrestins do not
play a significant role in modifying the acute pressor
responses to ET-1.

100

ET-1

ET-2

ET-3

Sarofotoxin S6a

Sarofotoxin S6b

Sarofotoxin S6c

Sarofotoxin S6d

VIC

[Ala1,3,11,15] Endothelin-1, human

[Lys4] Sarafotoxin S6c

Endothelin-1 (1-15), amide, human

Endothelin-1 (1-15), human

BQ3020

IRL1620

IRL1038

Ac-Endothelin-1 (16-21), human

Gq Gs Go Gz
Golf

Gi1 Gi3
G13G12 G14G16

Arre
st

in

50

0

Figure 3. | Heatmap of efficacies (Emax) of different derivatives compared with ET-1 (100 on the scale). None of the derivatives demon-
strated significant bias, because the differences in efficacies observed could be explained by differences in amplification between different G
proteins (see Supplemental Figure 2).
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Discussion
In this study, we characterized the G protein and

b-arrestin signaling profiles of a number of ET derivatives
at the ETAR. For the ETs (ET-1, ET-2, ET-3), we found
there was no significant bias between G protein and
b-arrestin signaling at the ETAR, although the analysis was
limited by the significant difference in amplification between

the G protein signaling (amplification with AP generation)
and b-arrestin recruitment (no amplification in resonance
energy transfer) assays. None of the ET derivatives demon-
strated significant biased agonism on the basis of a compar-
ison of their maximal efficacies, although they did display
structure-activity relationships with regards to their degrees
of agonism.

Table 1. Baseline hemodynamic parameters in acute blood pressure studies

Parameter Control B6 b-arrestin 1 KO B6 Control 129 b-arrestin 2 KO 129

HR, bpm 488614 47269 429611 427623
SBP, mm Hg 9162 9262 11064 10764
Mean BP, mm Hg 7563 7562 9363 9162
DBP, mm Hg 6763 6762 8162 7962

HR, heart rate; bpm, beats per minute; SBP, systolic BP; DBP, diastolic BP.
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Figure 5. | Chronic pressor effects of ET-1 in WT and b-arrestin 2 KO mice. No difference in chronic pressor response to ET-1 on (A) systolic
BP (SBP), (B) diastolic BP (DBP), (C) mean arterial pressure (MAP), and (D) heart rate betweenWT and b-arrestin 2 KOwith ET-1 (2 pmol/kg per
day) infusion via osmotic minipump. (E) Diurnal variation of systolic blood pressure during ET-1 shows no difference between WT and
b-arrestin 2 KO. (F) Diurnal variation of DBP during ET-1 shows no difference between WT and b-arrestin 2 KO. Statistics for chronic blood
pressure studies were performed with a mixed-effects model, multiple comparisons were made using Sidak’s multiple comparisons test. For
SBP, P50.86 for each week, 1 P51.0, 2 P.1.0, 3 P51.0, 4 P51.0, and 5 P51.0. For DBP, P50.62, for each week 1 P.1.0, 2 P.1.0, 3 P51.0,
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We found that b-arrestin 1 and 2KOdid not have an effect
on the acute pressor response toET-1 andb-arrestin 2KOdid
not have an effect on mitogen-activated proteins with a
chronic infusion of ET-1 compared to controlmice.However,
it should be noted the mice in the chronic ET-1 infusion (2
pmol/kgpermin) viaosmoticminipumphadminimal eleva-
tion in blood pressure. This could be secondary to rapid
metabolism of ET-1 resulting in diminished ET-1 interaction
with the ETAR, thus tempering the results of this experiment.
Nonetheless, the lack of vasoconstrictor effect in the acute
experiments is consistent with the AT1R, where G proteins
and not b-arrestins are responsible for mediating vasocon-
striction (18). We did not observe an increase in the acute
pressor response to ET-1 in b-arrestin KO mice compared
withWTmice, suggesting theb-arrestinsmay not play a cen-
tral role in receptor desensitization in the vasculature. An
alternative explanation is that increased receptor expression
in the b-arrestin 2 KO lung results in relative preservation of
acute and chronic pressor responses. Importantly, ET-1
receptors are also expressed onmultitude of other organ sys-
tems that control blood pressure, such as tubular epithelial
cells of the kidney, neurons of the central nervous system,
and cardiomyocytes among others (1). The results of the
chronic ET-1 administration show that b-arrestin 2 signaling
may not play a role in mediating ET-1 receptor desensitiza-
tion in a variety of these organ systems that control blood
pressure. If the b-arrestins were playing a significant physi-
ologic role in receptor desensitization, we would expect to
have observed that b-arrestin KOmice would have an exag-
gerated blood pressure responses to ET-1. b-arrestins have
been shown to promote signaling through a wide range of
pathways downstream of the ETAR, promoting cell invasion
through b-catenin (19), proliferation through Akt (20), and
regulating transcription through multiple mechanisms
(21,22). These complementary pathways likely contribute
to smooth muscle cell proliferation and the longer-term
effects on ET-1 on the vasculature (1). Alternatively, it is pos-
sible that compensatory b-arrestin signaling is occurring in
b-arrestin 1 or b-arrestin 2 KO mice. However, b-arrestin 1
signaling would occur in b-arrestin 2 KOmice and vice versa.
Our findings suggest the native ET peptide backbone is

likely a poor starting point for the development of biased
ETAR agonists. This is surprising because other peptide
and protein GPCRs, such as the AT1R (23,24), the parathy-
roid hormone receptor (25), and chemokine receptors
(13,26,27), display significant bias between their endogenous
ligands and of derivatives of their endogenous agonists.
Notably at the l opioid receptor, the identification of a dis-
tinct agonist scaffold resulted in compoundswith significant
G protein bias (28). This suggests that alternative scaffolds
that bind to the ETAR, such as sulfamides and their deriva-
tives (29), should be tested to see whether they display any
ligand bias. Such compounds could be useful as tool com-
pounds indelineating the roles ofGprotein– andb-arrestin–-
mediated signaling in the vasculature and potentially as
novel therapies. Identifying biased ligands for the ETAR
could represent a novelway to blockmany of the deleterious
actions of ETs, while potentially alleviating important side
effects. Results from this study suggest that agonist and
antagonists targeting the ETAR to result in biased signaling
should use nonpeptide scaffolds.
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