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Akt/PKB, protein Ser/Thr kinase/protein kinase B
Ang II, angiotensin II
EGFR, epidermal growth factor receptor
ERK, extracellular signal-regulated kinase
FAK, focal adhesion kinase
IGFR, insulin growth factor receptor
IP3, inositol triphosphate
JAK, Janus kinase
JNK, c-Jun N-terminal protein kinase
MAPK, mitogen-activated protein kinase
MEK,  MAPK/ERK kinase
MKP-1, MAPK phosphatase 1

PDGF(R), platelet-derived growth factor (receptor)
PG, prostaglandin
PI3K, phosphatidylinositol 3-kinase
PKC, protein kinase C
PLA, phospholipase A
PLC, phospholipase C
PLD, phospholipase D
RTK, receptor tyrosine kinase
SAPK, stress-activated protein kinases
STAT, signal transducers and activators of transcription
VSMC, vascular smooth muscle cells

*Abbreviations:
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Intracellular signals induced by AT1
receptors
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AT1 signaling through phospholipids
(Figure 1)
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Figure 1. Phospholipid-derived second messengers resulting from Ang II-activated phos-
pholipases. Shown are the major phospholipid-derived products from reactions catalyzed by
phospholipase A (PLA), phospholipase C (PLC) and phospholipase D (PLD). AT1R = angio-
tensin 1 receptor, IP3 = inositol triphosphate, DAG = diacylglycerol, PKC = protein kinase C.
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Non-receptor tyrosine kinase activation
(Figure 2)
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Figure 2. Tyrosine kinase pathways stimulated by angiotensin II (Ang II) in vascular smooth
muscle cells. Ang II activates Src, which regulates phospholipase C-� (PLC-�)- and extracel-
lular signal-regulated kinase (ERK)-dependent signaling pathways. Ang II binding to the
angiotensin 1 receptor (AT1R) induces the physical association and activation of JAK2/TYK2
(Janus kinase/s) as indicated by the dashed line. JAK2/TYK2 phosphorylates STAT proteins
(signal transducers and activators of transcription) that are translocated to the nucleus
where they activate gene transcription. Ang II also activates focal adhesion kinase (FAK)
which possesses sites favored for phosphorylation by Src. FAK associates with paxillin and
talin that associate with actin. The link between AT1 receptor and FAK is unknown, but the
Rho family of GTPases are potential candidates. Pyk2 and CADTK (Ca2+-dependent tyrosine
kinase) are activated by Ang II through Ca2+-dependent pathways. Activated Pyk2 regulates
Src and ERK-dependent signaling cascades. p130Cas is transiently activated by Ang II,
possibly via a Ca2+-dependent pathway. Phosphorylated p130Cas may be important in the
regulation of �-actin expression. PI3K activation by Ang II leads to Akt/protein kinase B
activation, which in turn stimulates cell survival pathways and activation of p70 S6-kinase.
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Mitogen-activated protein kinases
(Figure 3)
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Figure 3. Ang II-stimulated extracellular signal-regulated kinase (ERK)-dependent signaling
pathways in vascular smooth muscle cells. The ERK phosphorylation cascade is initiated by
Ang II binding to angiotensin 1 receptors (AT1R) that induce Shc-Grb2-Sos formation (tyrosine
phosphorylation of Shc) which in turn facilitates guanine nucleotide exchange on the small G
protein Ras-GDP/GTP. Activated Ras-GTP interacts with the Ser/Thr kinase Raf (mitogen-
activated protein kinase (MAPK) kinase kinase (MAPKKK)) which translocates to the cell
membrane. Activation of Raf leads to phosphorylation of two serine residues present in MEK
(MAPK/ERK kinase) which in turn phosphorylates Thr/Tyr and activates MAPK, present as a
44- (ERK-1) and a 42-kDa isoform (ERK-2). Phosphorylated ERK has diverse intracellular
protein targets which it phosphorylates and activates. Dephosphorylation of ERK is accom-
plished by activation of MAPK phosphatase-1 (MKP-1). PLA2 - phospholipase A2.
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Small G proteins (Rho family)
(Figure 4)
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Figure 4. Rho-regulated signaling pathways by angiotensin II (Ang II). Rho is activated
through AT1 receptors. Rho regulates the activity of many signaling pathways that influence
contraction, growth and cytoskeletal organization. MBS, myosin binding subunit of the
myosin light-chain phosphatase; PRK2, protein kinase C-related kinase; SRF, serum re-
sponse factor.
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Figure 5. Generation of reactive oxygen species in the vasculature. Many enzyme systems
stimulate production of superoxide anion (.O2

-) from O2. These include NADH/NADPH
oxidase, xanthine oxidase, lipoxygenase, cyclooxygenase, P450 mono-oxygenase and mito-
chondrial oxidative phosphorylation. NADH/NADPH oxidase is a multisubunit enzyme that is
the major regulated source of reactive oxygen species in endothelial and vascular smooth
muscle cells. Dismutation of .O2

- spontaneously or enzymatically by superoxide dismutase
(SOD) produces hydrogen peroxide (H2O2) that can undergo further reactions to generate
the highly reactive hydroxyl radical (.OH). H2O2 may be metabolized by catalase or peroxi-
dases to H2O and O2. Downstream targets of .O2

- and H2O2 include ERK5, p38, tyrosine
kinases and NF-�B. MAPK = mitogen-activated protein kinase; ERK = extracellular signal-
regulated kinase; Akt/PKB = protein Ser/Thr kinase/protein kinase B.
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