
Phosphoinositide 3-kinases (PI3Ks) comprise a

family of lipid kinases catalyzing phosphorylation of the

3-position hydroxyl group of the inositol ring of phospho-

inositides, which in turn are considered to act as second

messengers [1, 2]. Activation of PI3K pathways is com-

monly observed in human cancer and is critical for tumor

progression and resistance to chemotherapy [3]. Analyses

of the biochemical and structural properties of PI3K

enzymes have led to the discovery and synthesis of sever-

al compounds that are currently being tested as novel

therapeutics in clinical trials [4]. The application of these

drugs is hampered by side effects, which may depend on

PI3K isoform selectivity.

Classification, subunit composition, and functions

of PI3Ks have been reviewed elsewhere [5]. In general,

based on homology, substrate specificity, and structure,
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Abstract—The intracellular PI3K-AKT-mTOR pathway is involved in regulation of numerous important cell processes

including cell growth, differentiation, and metabolism. The PI3Kα isoform has received particular attention as a novel

molecular target in gene therapy, since this isoform plays critical roles in tumor progression and tumor blood flow and angio-

genesis. However, the role of PI3Kα and other class I isoforms, i.e. PI3Kβ, γ, δ, in the regulation of vascular tone and

regional blood flow are largely unknown. We used novel isoform-specific PI3K inhibitors and mice deficient in both PI3Kγ

and PI3Kδ (Pik3cg–/–/Pik3cd–/–) to define the putative contribution of PI3K isoform(s) to arterial vasoconstriction. Wire

myography was used to measure isometric contractions of isolated murine mesenteric arterial rings. Phenylephrine-depend-

ent contractions were inhibited by the pan PI3K inhibitors wortmannin (100 nM) and LY294002 (10 µM). These vasocon-

strictions were also inhibited by the PI3Kα isoform inhibitors A66 (10 µM) and PI-103 (1 µM), but not by the PI3Kβ iso-

form inhibitor TGX 221 (100 nM). Pik3cg–/–/Pik3cd–/–-arteries showed normal vasoconstriction. We conclude that PI3Kα

is an important downstream element in vasoconstrictor GPCR signaling, which contributes to arterial vasocontraction via

α1-adrenergic receptors. Our results highlight a regulatory role of PI3Kα in the cardiovascular system, which widens the

spectrum of gene therapy approaches targeting PI3Kα in cancer cells and tumor angiogenesis and regional blood flow.
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PI3Ks can be divided into three different classes: PI3K I,

II, and III. The most widely studied class I PI3K subfam-

ily comprises heterodimeric enzymes that are further sub-

divided into PI3K IA catalytic isoforms (i.e. p110α,

p110β, p110δ), which are associated with p85-like regu-

latory/adapter subunits, and one PI3K IB catalytic sub-

unit (i.e. p110γ), which binds to p87 (also termed p84) or

p101 non-catalytic subunits. The members of class I

PI3Ks also differ in their sensitivity towards upstream

regulators involving either receptor tyrosine kinases

(RTK) or/and G-protein coupled receptors (GPRC).

Thus, p110β and p110γ are the only isoforms known to be

directly activated by GPCRs via Gβγ subunits, where

p110β, as well as p110α and δ, are sensitive towards RTKs

via direct interaction via p85 adapter subunits.

Among all members of PI3Ks, PI3Kα (catalytic sub-

unit: p110α) has received particular attention as a novel

molecular target in gene therapy, since PI3Kα is critical-

ly involved in tumor progression, tumor blood flow regu-

lation, and angiogenesis, at least in breast cancer and

glioblastoma [6-8]. In addition to its oncological and vas-

cular implications, PI3Kα seems to play significant roles

in cardiac function, since transgenic mice overexpressing

p110α display cardiac hypertrophy [9], whereas activa-

tion of p110α protects the heart against myocardial

infarction-induced heart failure [10]. Hence, the PI3Kα

isoform appears a promising target for precision therapy

in cardiovascular medicine. However, the role of PI3Kα

and other isoforms in vascular signaling and regulation of

vascular tone is largely unknown. Therefore, we studied

the contribution of PI3K isoforms in the regulation of

arterial contraction via α1-adrenergic receptors (α1-AR)

using pharmacological and genetic tools and approaches.

MATERIALS AND METHODS

Materials. Chemicals obtained from Sigma-Aldrich

(Germany) were of the highest analytical grade. Phenyl-

ephrine (Sigma Aldrich) and serotonin (5-HT) (Research

Biochemical International, USA) were freshly dissolved

on the day of the experiment with distillated water

according to the supplier’s recommendations. Agonists

were ranged: phenylephrine from 0.1 to 100 µM, 5-HT

from 0.1 to 3 µM. PI3K inhibitors were purchased from

Sigma-Aldrich (wortmannin), Calbiochem (LY294002

and TGX 221), Axon Medchem (A66), and Enzo Life

Sciences (PI-103). These compounds were dissolved

using DMSO; the maximal DMSO concentration in the

bath solution did not exceed 0.5%. Stock solutions of

wortmannin (10 mM), LY294002 (10 mM), A66

(10 mM), PI-103 (10 mM), and TGX 221 (1 mM) were

stored at –80°C. All PI3K inhibitors were applied at

effective concentrations as described previously [11-15].

Mouse model. The double deficient mouse strain lack-

ing both p110γ and p110δ (Pik3cg−/−/Pik3cd−/−) was gener-

ated from crossbreeding singly deficient p110γ and p110δ

mice [16]. For breeding, animals were kept in individually

ventilated cages (IVC) under standardized conditions with

an artificial 12-h dark–light cycle with free access to water

and food according to national guidelines for animal care

at the animal facilities of the University of Tübingen or

Charité. Male mice used in this study were between 12-16

weeks old and on a C57BL/6N genetic background

(Charles River). All experimental protocols were approved

by local authorities (Landesamt für Gesundheit und

Soziales Berlin, LAGeSo). We followed American

Physiological Society guidelines for animal care.

Wire myography. Mesenteric arteries were removed

immediately after sacrificing the mice with isoflurane

anesthesia, quickly transferred to cold (4°C), oxygenated

(95% O2/5% CO2) physiological salt solution (PSS) con-

taining (in mM) 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 25

NaHCO3, 1.2 MgSO4, 11.1 glucose, 1.6 CaCl2, and dis-

sected into 2 mm rings, as previously described [17].

Perivascular fat and connective tissue were removed with-

out damaging the adventitia. Each ring was placed

between two stainless steel wires (diameter 0.0394 mm) in

a 5-ml organ bath of a Mulvany Small Vessel Myograph

(DMT 610 M; Danish Myo Technology, Denmark). The

organ bath was filled with PSS. The bath solution was

continuously oxygenated with a gas mixture of 95% O2

and 5% CO2, and kept at 37°C (pH 7.4). The arterial rings

were placed under a tension equivalent to that generated

at 0.9 times the diameter of the vessel at 100 mm Hg by

stepwise distending the vessel using a LabChart DMT

normalization module. This normalization procedure was

performed to obtain the passive diameter of the vessel at

100 mm Hg [17]. The Chart5 software (AD Instruments

Ltd., Germany) was used for data acquisition and display.

After 60 min incubation time, arteries were pre-contract-

ed with isotonic external 60 mM KCl until a stable resting

tension was acquired. The composition of the 60 mM KCl

solution (in mM) was 63.7 NaCl, 60 KCl, 1.2 KH2PO4, 25

NaHCO3, 1.2 MgSO4, 11.1 glucose, and 1.6 CaCl2. Drugs

were added to the bath solution if not indicated otherwise.

Tension is expressed as a percentage of the steady-state

tension (100%) obtained with isotonic external 60 mM

KCl.

Statistics. Data presented are mean ± SEM.

Statistical significance was determined by Student’s t-test,

and p-values were corrected by the Bonferroni procedure.

EC50 values were calculated using the Hill equation: T =

(B0 – Be)/(1 + ([D]/EC50)
n) + Be, where T is the tension

in response to the drug (D); Be is the maximum response

induced by the drug; B0 is a constant; EC50 is the concen-

tration of the drug that elicits the half-maximal response

[18]. Curves were fit using Prism 6 software applying non-

linear regression. The extra sum-of-squares F-test was

performed for comparison of concentration–response

curves; p values < 0.05 were considered statistically signif-

icant; n represents the number of arteries tested.
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RESULTS

Effects of the pan PI3K inhibitors wortmannin and

LY294002. First, we studied the effects of two structural-

ly distinct and mechanistically differently acting pan class

I PI3K inhibitors, namely wortmannin and LY294002, on

agonist-induced vasocontractions of murine mesenteric

arterial rings at maximally effective concentrations [11,

12]. Figures 1a and 2a show recordings and concentra-

tion–response curves, respectively, demonstrating that

Fig. 1. Effects of pan PI3K inhibitors wortmannin and LY294002 on vasocontractions. Original recordings of isometric contractions of isolated

vessels in response to increasing concentrations of phenylephrine (Phe) are shown. Vessels from the control group versus vessels preincubated

either with wortmannin (100 nM, 30 min after 60 mM KCl application) (a) or LY294002 (10 µM, 10 min after 60 mM KCl application (b).

а

b
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wortmannin inhibited phenylephrine-induced vasocon-

tractions (EC50 of control and wortmannin treated rings

were 0.70 ± 0.12 and 1.69 ± 0.08 µM (p < 0.05), respec-

tively). Similar results were obtained with serotonin as

vasoconstrictor (EC50 of control and wortmannin-treated

rings were 0.10 ± 0.06 and 0.16 ± 0.04 µM (p < 0.05),

respectively) (Fig. 2b). LY294002 also inhibited phenyl-

ephrine-induced vasocontractions (EC50 of control and

LY294002 treated rings were 0.80 ± 0.14 and 10.0 ± 1.0 µM

(p < 0.05), respectively) (Figs. 1b and 2c). These results

strongly suggest that class I PI3Ks are involved in GPCR-

induced vasocontractions, at least via α1-AR GPCRs.

PI3Kg and PI3Kd do not regulate vasoconstriction

downstream of a1-adrenergic receptors. Next, we sought to

determine the PI3K isoform involved in α1-AR-depend-

ent vasocontraction. Of the four class I isoforms, PI3Kα

and PI3Kβ are ubiquitously expressed, whereas PI3Kγ

and PI3Kδ exhibit more restricted expression with highest

levels in the hematopoietic system. To check for a role of

the latter PI3K isoforms, we analyzed mesenteric arterial

rings obtained from mice deficient in both p110γ and

p110δ (Pik3cg−/−/Pik3cd−/−). As depicted in Fig. 3a,

phenylephrine induced normal vasoconstrictions regard-

less whether PI3Kγ and PI3Kδ were present or not.

Concentration–response curves revealed similar EC50

(EC50 were 0.98 ± 0.05 and 0.93 ± 0.05 µM in wild type

and Pik3cg−/−/Pik3cd −/− arteries, respectively) (Fig. 3b).

Therefore, we assume that these two isoforms have no

substantial role in the α1-AR pathway.

Selective vasoconstrictive role of PI3Ka. Of the

remaining PI3K isoforms, PI3Kβ is directly coupled to

Gβγ complexes that are under control of GPCRs [19, 20].

We therefore tested the PI3Kβ isoform-specific inhibitor

TGX 221 at maximally effective concentration [13]. The

concentration–response curve of phenylephrine-induced

contraction of mesenteric artery rings displayed a negligi-

ble effect of the PI3Kβ-specific inhibitor (Fig. 4a). This

makes PI3Kβ unlikely to play a major role in the α1-AR

pathway leading to vasoconstriction.

In contrast, the PI3Kα isoform-specific inhibitor

A66 significantly blunted agonist-stimulated vasocon-

striction (Figs. 4, c and d). The EC50 values were 0.41 ±

0.14 and 1.34 ± 0.11 µM in control and A66 treated rings

(p < 0.05), respectively. Results with the structurally dis-

tinct PI3Kα-isoform inhibitor PI-103 [13, 14] confirmed

our findings on phenylephrine-induced vasocontractions

with A66. The EC50 values were 0.41 ± 0.14 and 0.85 ±

0.11 µM in control and PI-103 treated rings (p < 0.05),

respectively.

Taken together, our data suggest that the PI3Kα iso-

form specifically contributes to α1-adrenergic arterial

vasocontraction, whereas we consider PI3Kβ, γ, and δ to

be not involved.

DISCUSSION

The PI3Kα isoform is found to be constitutively acti-

vated following oncogenic mutations in many malignant

tumors (cancers) [6, 21]. This has attracted broad interest

in identifying inhibitors of the PI3K pathway and in par-

ticular those blocking the p110α catalytic subunit of

PI3Kα. In addition, increasing evidence suggests the

involvement of class I PI3-kinases in regulation of the

vascular tone [22, 23]. Therefore, inhibition of PI3K-

activity may have a significant impact on tumor blood

flow regulation. As a consequence, understanding not

only the underlying mechanisms of tumor initiation and

Fig. 2. Effects of pan PI3K inhibitors wortmannin and LY294002

on vasocontractions. a) Inhibition of phenylephrine-dependent

contractions by wortmannin (Wort, 100 nM) (n = 6 control, n =

6 Wort treated arterial rings). b) Inhibition of serotonin-depend-

ent contractions by wortmannin (Wort, 100 nM) (n = 7 control,

n = 6 Wort arterial treated rings). c) Inhibition of phenylephrine-

dependent contractions by LY294002 (10 µM) (n = 5 control, n =

6 LY294002 treated arterial rings); * p < 0.05.
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progression by the oncogenic mutations but also elucidat-

ing the mechanisms regulating tumor blood supply by

PI3K is of particular interest to design a precision thera-

py. Here, we focused on the impact of different PI3K iso-

forms in the regulation of arterial vascular tone following

agonist-stimulated-α1-AR-induced vasocontraction.

Effects of pan class I PI3K inhibitors on vasocontrac-

tions. Therefore, we first performed a set of experiments

using wortmannin and LY294002 to test if class I PI3-

kinases contribute to α1-AR-induced contraction of

murine small resistance-sized mesenteric arteries.

Wortmannin and LY294002 are first generation PI3K

inhibitors exhibiting a broad-spectrum, which greatly

contributed to our understanding of PI3K pathways [24].

In our experiments, we applied both drugs at concentra-

tions assumed to be specific for class I PI3Ks. Under

these conditions, they induced a strong rightward shift of

concentration–response curves of mesenteric artery rings

following stimulation by phenylephrine and serotonin.

The results suggest that at least one class I PI3K con-

tributes to the regulation of arterial tone via α1-AR. Our

data are consistent with previous results obtained by

Sinagra et al., who reported that LY294002 inhibits

phenylephrine-induced contractions in rat femoral arter-

Fig. 3. Normal vasocontractions of Pik3cg−/−/Pik3cd −/− mesenteric arteries. a) Original recordings of isometric contractions of isolated vessels

in response to increasing concentrations of phenylephrine (Phe). b) Phe-dependent contractions of arterial rings isolated from wildtype

(Pik3cg+/+/Pik3cd+/+) (n = 11 arterial rings) and Pik3cg−/−/Pik3cd −/− mice (n = 16 arterial rings).
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Fig. 4. Involvement of PI3Kα isoform in vasocontractions. a) Original recordings of isometric contractions of isolated vessels in response to

increasing concentrations of phenylephrine (Phe). Control vessels versus vessels preincubated with the PI3Kβ inhibitor TGX 221 (100 nM,

30 min after 60 mM KCl application). b) Effects of PI3Kβ inhibitor TGX 221 (100 nM) on phenylephrine-dependent contractions (n = 7 con-

trol, n = 7 TGX 221 treated arterial rings). c) Original recordings of isometric contractions of isolated vessels in response to increasing con-

centrations of phenylephrine (Phe). Control vessels versus vessels preincubated with the PI3Kα inhibitor A66 (10 µM, 30 min after 60 mM

KCl application). d) Effects of A66 (10 µM) on phenylephrine-dependent contractions (n = 7 control rings, n = 7 A66 treated arterial rings).

e) Effects of PI3Kα inhibitor PI-103 (1 µM) on phenylephrine-dependent contractions (n = 7 control, n = 6 PI-103 treated arterial rings);

* p < 0.05.

Control

10 nM
100 nM

300 nM

1 µM

3 µM
10 µM

100 µMPhe

3
 m

N
2 min

a                                                                 b

c                                                               d

*

30 µM

–9 –8 –7 –6 –5 –4

Log[Phenylephrine], M

T
e

n
s

io
n

 (
K

C
l)

, 
%

150

100

50

0

TGX 221 100 nM

Control

–9 –8 –7 –6 –5 –4

Log[Phenylephrine], M

T
e

n
s

io
n

 (
K

C
l)

, 
%

150

100

50

0

A66 10 µM

*

* *

*

Control

–9 –8 –7 –6 –5 –4

Log[Phenylephrine], M

T
e

n
s

io
n

 (
K

C
l)

, 
%

150

100

50

0

PI-103 1 µM

*
*

*

Control

Control TGX 221 100 nM

A66 10 µM

3
 m

N

2 min

**

10 nM
100 nM

300 nM

1 µM

3 µM

10 µM 100 µMPhe

30 µM

e



PI3Kα-MEDIATED VASOCONSTRICTION 697

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  7   2016

ies [25]. Nevertheless, experiments with broad-spectrum

PI3K inhibitors should be interpreted with caution for

several reasons. First, preclinical studies revealed little to

no selectivity of wortmannin and LY294002 for individual

PI3K isoforms [24]. Second, due to their mechanism of

action on the ATP-binding site, they may also be critical

for function of other kinases, including myosin light

change kinase [26]. Third, LY294002 may inhibit Cav1.2

L-type Ca2+ channels (also known as voltage-dependent

Ca2+ channels (VDCC)) in arterial myocytes [27].

Theoretically, the latter affect may explain putative vascu-

lar side effects of certain PI3K inhibitors, such as

decreased systemic blood pressure.

Role of PI3Ka in vascular tone regulation. Next, we

have specifically addressed the involvement of the four

members of class I PI3K isoforms by using either iso-

form-selective pharmacological inhibitors and by study-

ing mesenteric arteries from mice deficient in PI3Kγ and

PI3Kδ (Pik3cg−/−/Pik3cd−/−). Although some studies have

suggested a role of PI3Kγ in angiotensin II-dependent

vasotoxic, hypertensive effects [28] and regulation of

ATP-sensitive K+ channels activated by α1 adrenergic

stimuli [29], we failed to detect any difference in contrac-

tion induced by phenylephrine in arterial rings isolated

from Pik3cg−/−/Pik3cd−/− mice, compared to rings from

wild-type control mice. Interestingly, p110γ and p110δ

are predominantly expressed in leukocytes, where their

genetic deletion lead to impaired immune functions and

target-organ damage [30-33]. Moreover, in our experi-

ments we observed no effect of the specific p110β

inhibitor TGX-221 on phenylephrine-induced contrac-

tions. Therefore, we conclude that the three isoforms β, γ,

and δ are unlikely to be involved in α1-AR-induced vaso-

contraction.

In contrast, our experiments using the selective

PI3Kα isoform inhibitors A66 and PI-103 point to the

PI3Kα isoform transmitting α1-adrenergic-induced arte-

rial vasocontraction. Our conclusion is in line with sever-

al other findings. First, the p110α isoform is ubiquitously

expressed including vascular smooth muscle cells

(VSMCs). Surprisingly, by transcriptome analysis, only

the Pik3r1 gene (phosphoinositide-3-kinase, regulatory

subunit 1, p85α) was shown to be differently expressed in

arteries isolated from obese rats compared to arteries from

normal rats [34]; in contrast, the expression pattern of

other PI3K isoforms did not differ. As the obese rats show

increased blood pressure compared to normal-weight

controls [35], it is intriguing to speculate that blood pres-

sure changes could be due to changes in PI3Kα activity.

One unanswered question is how the PIK3α isoform can

be controlled by GPCRs. In this scenario, it may couple

to Gq/11, which is known to mediate α1-AR contractions.

So far, such a direct activation of PI3K by GPCR has only

been demonstrated for PI3Kβ and -γ isoforms through

interaction with Gβγ and Ras or Rho family members

[19, 36-39]. Instead, PI3Kα is believed to be directly acti-

vated mainly through tyrosine kinase receptor (TKR)

pathways, which apparently contradicts our main find-

ings.

However, recent studies have demonstrated that α1-

AR-induced contraction of rat aorta involves transactiva-

tion of epidermal growth factor receptor (EGFR) medi-

ated via a PI3K- and ERK1/2-dependent pathway [40].

Based on these findings, it is possible that PI3Kα will rep-

resent the PI3K isoform contributing to such transactiva-

tion, i.e. crosstalk between PI3K, RTK, and GPCR sig-

naling in arterial smooth muscle. Moreover, inhibition of

α1-AR by doxazosin is known to interfere with the PI3K-

AKT pathway to inhibit tumor growth and angiogenesis

[41]. These data are in line with recent findings indicating

that angiogenesis selectively requires the p110α isoform

of PI3K to control endothelial cell migration [42]. In the

latter study, p110α was shown to exert this critical

endothelial cell-autonomous function by regulating

endothelial cell migration through the small GTPase

RhoA. Clearly, future studies should shed more light on

intra- and intercellular interactions between p110α sig-

naling pathways in the vasculature contributing to tumor

blood supply.

In conclusion, our findings suggest for the first time

that the PI3Kα isoform is integrated into the α1-AR sig-

naling pathway regulating the contractility of mesenteric

arteries. Our findings make the PI3Kα isoform a promis-

ing target for precision therapy fighting tumors, not only

because of targeting directly cancer cells, but also by its

ability to regulate regional blood flow, which is expected

to contribute to angiogenesis within the tumor. Novel

CRISPR technologies may reveal new information about

molecular components of PI3Kα-pathways involved in

this scenario and even represent innovative therapeutic

approaches to target PI3K.
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