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ABSTRACT10
11

In the G protein-coupled receptors (GPCRs) relatively short regions of their intracellular loops
and cytoplasmic C-terminal domain are responsible for specific interaction with G-proteins.
GPCR-derived peptides corresponding to these regions are able to influence the activity of
signal pathways involving the cognate receptors. Modified by hydrophobic radicals, these
peptides turn into their cell-penetrating analogs, pepducins, possessing the activity both in
vitro and in vivo. This review is devoted to the analysis of the available data and the prospects
for GPCR-peptides and their lipophilic derivatives to be used in experimental and clinical
medicine in the treatment of vascular diseases, cancers, inflammation, and endocrine
dysfunctions.
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1. INTRODUCTION20
21

The interaction between G protein-coupled receptors (GPCRs), seven times penetrating the plasma22
membrane, and the downstream signal proteins, such as heterotrimeric G-proteins, -arrestins and23
others, is realized via relatively short regions of the intracellular loops (ICLs) and their interfaces24
including the segments of transmembrane domains (TMs) proximal to cytoplasm. In a majority of25
GPCRs the second and third intracellular loops (ICL2 and ICL3) are responsible for their specific26
interaction with G-proteins, and the ICL3 and the cytoplasmic C-terminal domain for interaction with -27
arrestins. Ligand binding is followed by changes in the conformation and localization of intracellular28
regions, which makes these regions accessible for effective and selective interaction with G-proteins,29
-arrestins and other regulators of signal transduction and induces activation of intracellular signaling30
cascades, including the enzymes generating the second messengers and G protein-gated ionic31
channels.32

33
In the early 1990s it was found that synthetic peptides corresponding to functionally important34
intracellular regions of GPCR can affect in vitro the activity of receptors and signaling pathways35
regulated by them [1-4]. The biological activity of GPCR-peptide derived from receptor ICL was shown36
to depend on the integrity of the G-protein-activating site in its primary structure and on the similarity of37
3D-structures of the peptide and homologous region in the cognate receptor. As the G protein-binding38
sites of receptor are located primarily in the membrane-proximal regions of the ICLs, the conformation39
of sites in the full-size receptor is stabilized by an adjacent hydrophobic helix of TM. Due to this, it40
would be natural to expect that the modification of GPCR-peptide by TM segments or hydrophobic41
radicals simulating TM will increase its effectiveness. This supposition is in excellent agreement with42
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the results of investigations of GPCR-peptides modified by TM segments with the length of about 2/3 of43
the entire TM or by fatty acid radicals which are similar in physicochemical properties to these44
segments [5-14].45

46
The lypophilic derivatives of GPCR-peptides were discovered by Athan Kuliopulos et al. in 2002 and47
designated as pepducins [5,6]. The cellular distribution of pepducins showed that they are capable of48
penetrating through the lipid bilayer of the plasma membrane to intracellular target proteins, which49
allows them to be used in vivo [15,16]. The action of pepducins is carried out at lower concentrations50
compared to unmodified GPCR-peptides. This is due to the fact that their lipophilic portion is anchored51
in the membrane, which significantly increases the concentration of pepducins near target protein and52
stabilizes their biologically active conformation, providing effective and selective interaction with it.53

54
The most significant achievement in the study of GPCR-peptides, which in many respects55
predetermined the modern approaches to their development and practical application, is the new56
model based on the specific interaction of GPCR-peptides with the complementary regions of57
homologous receptor, after penetration of peptides into the cell [5,7,15]. Furthermore, one can not58
exclude the interaction of GPCR-peptides with complementary regions located in intracellular domains59
of non-homologous receptor which forms a heterodimeric complex with receptor homologous to the60
peptides [17]. Thus, the action of GPCR-peptides can be implemented only in the presence of a61
homologous receptor and its oligomeric complexes, and, as a result, has the receptor and tissue62
specificity [5,6,8,11,12,14,18-22]. The specificity and selectivity of regulatory action of GPCR-peptides63
derived from receptor ICL on the intracellular signaling cascades and their activity in vivo open new64
ways to create GPCR-based regulators of hormonal signaling systems. Note that the peptides derived65
from receptor TM also demonstrate high biological activity in vitro and in vivo. They are able to be66
embedded into the lipid matrix of the membrane and specifically interact with complementary TM of67
homologous receptor [23-25]. This review describes recent advances in the development of GPCR-68
peptides derived from receptor intracellular domains, and the prospects of their use in clinical practice.69

70
2. GPCR-PEPTIDES AS SELECTIVE REGULATORS OF SIGNAL TRANSDUCTION71

72
Thirty years ago, the data was obtained showing that peptides corresponding to the ICLs of Gs protein-73
coupled adrenergic and dopamine receptors are capable of activating the adenylyl cyclase (AC) and74
affect the signal transduction via a receptor homologous to them [1,2,4]. Later it was shown that75
peptides derived from different intracellular regions of many GPCR, including the receptors of the76
biogenic amines, polypeptide hormones, prostaglandins, fatty acids and cannabinoids also possess77
specific biological activity and regulate and modulate intracellular signaling cascades [15,26-30].78

79
The action of GPCR-peptides was characterized by receptor specificity and G-protein selectivity80
[11,14,17,31-37]. Peptide KHSRKALKASL258–268 and its C-palmitoylated analog corresponding to the81
ICL3 of 5-hydroxytryptamine receptor of the type 6 (5-HT6R), inhibited the stimulatory effect of selective82
5-HT6R-agonist EMD-386088 on AC activity and GTP-binding of Gs proteins, but did not influence83
regulatory effects of agonists of other 5-HTR types [11]. Peptides 306–316 and 300–316 derived from84
HT1BR ICL3 reduced both the inhibitory effect of serotonin and 5-HT1R agonists, especially selective 5-85
HT1BR agonist 5-nonyloxytryptamine, on AC activity and their stimulating effect on the GTP binding of86
Gi proteins, but were ineffective in the case of other receptors [36]. Peptide corresponding to the ICL287
of sphingosine 1-phosphate receptor (S1PR) of the type 3 induced the internalization of the cognate88
receptor, unlike the type 1 S1PR possessing structural and functional similarity to the type 3 S1PR89
[34]. Lipophilic derivatives of peptides corresponding to the intracellular loops of the protease-activated90
receptors (PAR), chemokine receptors, relaxin receptor RXFP1, and the receptors of luteinizing (LH)91
and thyroid-stimulating hormones (TSH) also demonstrated high receptor specificity [5,6,9,12-14].92

93
GPCR-peptides selectively activated G-proteins coupled with the cognate receptor. Peptides 301–31794
and 329–344 corresponding to the ICL3 of CB1-cannabinoid receptor specifically blocked the functional95
interaction of the receptor with Gi1 and Gi2 proteins, but did not change the activity of structurally and96
functionally related Gi3 protein not coupled with CB1-cannabinoid receptor [32]. GPCR-peptides97
corresponding to the ICL3 of Gs-coupled prostacyclin receptor, LH and TSH receptors, relaxin receptor98
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RXFP1 and glucagon-like peptide-1 receptor selectively activated Gs proteins [9,11,12,14,33,34],99
whereas the peptides corresponding to the same loop of Gi-coupled - and -opioid receptors, 5-HT1BR100
and somatostatin receptors selectively stimulated the GTP-binding capacity and GTPase activity of Gi101
proteins [17,31].102

103
The regulatory effects of GPCR-peptides were tissue specific and observed in the tissues where the104
cognate receptors are generally expressed [11,12,14,37]. Peptide NKDTKIAKK-Nle-A562–572-K(Pal)A,105
the derivative of the ICL3 of LH receptor, activated AC primarily in the testes, peptide106
KHSRKALKASL258–268-K(Pal)A derived from 5-HT6R ICL3 in the brain, and peptide107
QYNPRDKDTKIAKR-Nle-A612–627-K(Pal)-A derived from TSH receptor ICL3 preferably stimulated the108
enzyme activity in the thyroid [14,37]. In the tissues where the cognate receptors are expressed109
weakly, if at all, the changes of AC activity were not significant. These observations coincide very well110
with the molecular model of GPCR-peptides action that is based on the complementary interaction111
between the peptide and appropriate regions of cognate receptor.112

113
The fact that the GPCR-peptides were not active in the cell cultures which lack cognate receptor is114
another indication of their tissue specificity. This is illustrated by the data obtained on the peptides115
derived from the intracellular regions of PAR of the type 1 (PAR1). In the cells where the cognate116
receptor was absent or where mutant PAR1 lacking the C-terminal domain was expressed, the peptide117
corresponding to the N-terminal portion of the ICL3 had no effect on the activity of G-proteins and118
phospholipase C (PLC) [6]. Palmitoylated peptide 374–386 corresponding to membrane-proximal119
region of the C-terminal domain of PAR1 stimulated phosphoinositide turnover only in the cell cultures120
with expressed PAR1 [38].121

122
The ability of the GPCR-peptides to regulate the functional activity of hormonal signaling systems in a123
specific manner and to influence the fundamental cellular processes, such as growth, metabolism,124
differentiation, and apoptosis, allows them to be used as functional sensors in the study of structural125
and functional organization of these systems, the molecular mechanisms of signal transduction, and126
the intracellular cascades and transcriptional factors, the targets of hormonal action. Of particular127
interest is the ability of GPCR-peptides to control the physiological and biochemical processes, as this128
opens prospects for creation of GPCR-peptide-based drugs.129

130
The study of GPCR-peptides, derivatives of the intracellular regions, carried out in the last ten years,131
showed that modification of these peptides by hydrophobic radical gives their analogs, pepducins,132
possessing the activity both in vitro and in vivo [5,6,8,15,27-30]. It has been already mentioned that133
such high efficiency of pepducins as regulators of biochemical and physiological processes in vivo is134
due, on the one hand, to their cell-penetrating properties, the ability to attach to the membrane inner135
surface and to the hydrophobic core of the cognate receptor, and on the other to the similarity between136
the 3D-structure of pepducin and that of homologous region in intact receptor. At the same time, there137
are data showing that the unmodified peptides can also possess activity in vivo, for example, in the138
case of a short, 9-amino acid, peptide KRX-725 derived from the ICL2 of the type 3 S1PR, possessing139
pro-angiogenic activity [34]. This peptide mimicked the regulatory effects of sphingosine 1-phosphate,140
induced extensive and dense vascular sprouts in aortic ring assay, an ex vivo model of angiogenesis,141
and initiated neovascularization in a mouse corneal pocket assay in vivo, its pro-angiogenic effects142
being synergistic with those of basic fibroblast growth factor, stem cell factor, and vascular endothelial143
growth factor. These results indicate that KRX-725 can be used to treat peripheral vascular disease,144
myocardial ischemia, and diabetic wound healing [34].145

146
3. PAR-DERIVED PEPDUCINS147
3.1. The influence on platelet aggregation148

149
Thrombin-dependent activation of platelets increases in the case of rupture of atherosclerotic plaques,150
erosion, percutaneous coronary intervention, which leads to arterial thrombosis, one of the main151
causes of myocardial infarction and ischemic stroke. Platelets adhere to damaged blood vessels,152
aggregate and induce thrombin production. Thrombin activates platelets, and its regulatory effect is153
realized via PAR1 and PAR4, both located in the plasma membrane of platelets and functionally154
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coupled with different types of G-proteins, such as Gi/o, Gq/11, and G12/13 [39]. Regulatory effects of155
thrombin are exerted mainly via PARs coupled with Gq/11-proteins and PLC. Thrombin-induced PLC156
stimulation leads to an increase of intracellular calcium concentration and the synthesis of157
diacylglycerol activating protein kinase C. This causes activation and surface recruitment of integrins158
IIb/3, which enhances the platelet aggregation, induces the release of ADP that binds to platelet159
purinergic P2Y12-receptor, and triggers the synthesis of thromboxane A2, an important mediator of160
platelet aggregation and degranulation. The usual practice to prevent platelet aggregation likely to161
occur in acute coronary syndromes and percutaneous coronary intervention is to use aspirin lowering162
the production of thromboxane A2, antagonists of P2Y12-receptor, and inhibitors of the platelet163
glycoprotein complex GPIIb/IIIa involved in platelet adhesion and aggregation. However, these164
approaches are not very effective and prevent less than 17 % of deaths caused by arterial thrombosis165
[40]; this speaks in favor of an urgent task to develop new drugs that will effectively control PAR1- and166
PAR4-dependent signaling pathways.167

168
The data obtained in the study of PAR-derived peptides indicate that the pepducins corresponding to169
the ICLs of PAR1 and PAR4 possess a high specific activity in vitro and function as modulators of170
PAR1/PAR4-mediated signal transduction in vivo.171

172
It was shown that pepducin Pal-ATGAPRLPST (P4pal-i1) corresponding to the ICL1 of PAR4173
selectively inhibited the transduction of thrombin signal via PAR4 [41]. This pepducin blocked the174
PAR4-mediated chemotactic response and prevented platelet aggregation induced by AYPGKF-amide,175
a selective PAR4-agonist, but had no influence on the same processes mediated via PAR1. The176
combined use of P4pal-i1 and selective PAR1-antagonist RWJ-56110 led to the disappearance of177
thrombin effects, which suggests the high efficiency of simultaneous blocking of PAR1 and PAR4 [41].178
The combined use of P4pal-i1 and thrombolytic agent bivalirudin, whose action is based on its specific179
binding to thrombin, led to a significant increase in the efficacy of both agents and completely180
prevented platelet aggregation induced by submaximal concentration (10 nM) of -thrombin [41,42]. In181
the in vivo experiments, using the model of the carotid artery occlusion in guinea pigs, it was shown182
that P4pal-i1 (0.13 mg/kg) prolonged the occlusion time and prevented arterial thrombosis. The183
combined administration of P4pal-i1 and bivalirudin caused a significant protection against acute184
arterial occlusion and gave much better results than bivalirudin alone [41].185

186
Pepducin Pal-SGRRYGHALR (P4pal-10) that corresponds to the ICL-3 of PAR4 was less specific187
compared with P4pal-i1 and was found to be PAR4-antagonist and inverse PAR1-agonist [6,43].188
P4pal-10 completely blocked the stimulating effect of PAR4-agonist AYPGKF-amide on PLC activity,189
and reduced by 36 % the same effect induced by PAR1-agonist SFLLRN-amide. The pepducin190
reduced by 45-70% platelet aggregation induced by AYPGKF-amide, but had a weak effect on191
SFLLRN-amide-induced aggregation and did not affect platelet aggregation that is mediated by192
activation of receptors that do not belong to PAR family [6]. In vivo P4pal-10 prevented thrombosis of193
the mouse carotid artery induced by FeCl3 treatment [8].194

195
Pepducin Pal-RCLSSSAVANRS (P1pal-12) and its truncated analog P1pal-7 corresponding to N-196
terminal portion of PAR1 ICL3 inhibited the stimulation of PLC and the increase of intracellular level of197
Ca2+ induced by PAR1-agonist [5,6,44]. At micromolar concentrations P1pal-12 decreased by 75-95%198
platelet aggregation caused by PAR1-agonist SFLLRN-amide [5]. This pepducin partially inhibited the199
vasorelaxation mediated by PAR1-agonist TFLLR-amide, but not PAR2-agonist SLIGRL-amide, in the200
rat aorta [7]. The drug PZ-128 developed on the basis of P1pal-7 had the secondary structure that was201
similar to that of homologous C-terminal region of ICL3 and significantly inhibited PAR1-mediated202
platelet aggregation and arterial thrombosis in guinea pigs and monkeys [45]. The therapeutic effect of203
the PZ-128 was enhanced in the presence of antiplatelet agent clopidogrel, which inhibits the binding204
of ADP with the platelet receptors and the activation of the glycoprotein complex GPIIb/IIIa and205
prevents platelet aggregation. The treatment with the PZ-128 resulted in full recovery of platelet206
function during the day. It should be noted that the PZ-128 had no side effects. Neither did it cause207
bleeding or coagulation in the blood from primates and from the patients with percutaneous coronary208
intervention. Based on these findings, Zhang et al. concluded that the PZ-128 is a potent inhibitor of209
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PAR1 and can be a good alternative to the low-molecular PAR1-antagonists used to treat arterial210
thrombosis [45].211

212
The elongated pepducin Pal-RCLSSSAVANRSKKSRALF (P1pal-19), unlike P1pal-12 and P1pal-7,213
functioned as intracellular PAR1-agonist. P1pal-19 mimicked ligand-activated receptor and stimulated214
Gq- and Gi/o-proteins and their downstream signal proteins. The regulatory effects of P1pal-19 were215
similar to those of PAR1-agonists, TFLLR-amide and SFLLRN-amide [5-7]. Thus, the modification of216
pepducin not only affected its efficiency and selectivity, but in some cases could, in addition, change217
the mode of this action.218

219
3.2. The influence on angiogenesis, cancer and metastasis220

221
PAR1-mediated intracellular signaling pathways have an important role in the regulation of tumor222
angiogenesis and, thus, are involved in the invasive and metastatic processes of a wide spectrum of223
cancers, such as melanoma, breast cancer, ovary cancer, lung cancer, colon cancer and prostate224
cancer. In the tumor cells the density of PAR1 increases significantly, and the activity of matrix225
metalloprotease-1 (MMP1) that functions as PAR1-agonist is up-regulated [46,47]. PAR1-agonists226
enhance tumorigenesis, invasion, and metastasis, whereas PAR1-antagonists, on the contrary,227
suppress them [46,48].228

229
Quite recently it was found that pepducin P1pal-7 (PZ-128), which, as was mentioned above, is the230
PAR1-antagonist and possesses thrombolytic activity, is also capable of suppressing the tumor growth231
and metastasis, and reduces the cell viability in breast, ovarian and lung carcinoma cells [46,47,49]. It232
should be noted that PAR1 was not expressed in normal breast epithelia but was up-regulated in233
invasive breast carcinomas, which led to blocking apoptosis and increased survival of malignant cells.234
P1pal-7 inhibited Akt-kinase, an important anti-apoptotic protein, and significantly promoted apoptosis235
in breast tumor xenografts expressing PAR1 [49]. P1pal-7, like MMP1 inhibitors, alone and in236
combination with Taxotere, an anti-cancer chemotherapy drug, inhibited growth of breast tumor237
xenografts and their metastasis to the lung.238

239
In vitro P1pal-7 and its elongated analog P1pal-12 almost completely inhibited PAR1-dependent240
migration of ovarian carcinoma cells OVCAR-4 toward ascites fluid obtained from patients with ovarian241
cancer [46]. P1pal-7 and P1pal-12 also significantly decreased migration of other ovarian carcinoma242
cells, IGROV-1 and SKOV-3, to malignant human ascites fluid as well as fibroblast media. The six-243
week treatment of mice having the ovarian carcinoma with P1pal-7 caused 84–96% decrease of blood244
vessel density both in the center and edge of the OVCAR-4 tumors, and 90 % decrease in these245
parameters in the SKOV-3 tumors, as compared with control animals. The use of P1pal-7 enhanced246
the inhibitory effect of Taxotere on the angiogenesis in peritoneal ovarian cancer. The dual therapy247
with P1pal-7 and Taxotere caused a further significant decrease of invasion and metastasis from the248
peritoneal cavity to the thoracic organs, compared to Taxotere alone [46]. These data indicate a potent249
inhibitory influence of P1pal-7 and P1pal-12, antagonists of PAR1, on the ovarian carcinomas and their250
potentiating effect on the specific activity of other drugs used to treat this tumor.251

252
Pepducins derived from the ICLs of PAR1 were effective in the treatment of lung cancer. The253
expression of PAR1, unlike the other types of PAR, is markedly increased in lung cancer cells isolated254
from patient with lung tumors. Pepducins with PAR1-antagonistic activity, corresponding to the ICL1255
and ICL3 of PAR1, significantly reduced PAR-mediated cell migration both in primary and established256
cell lines [19]. Besides, ICL3-derived pepducin P1pal-7 effectively inhibited PAR1-mediated activation257
of extracellular regulated kinase 1/2 and decreased lung tumor growth by 75 %, whose effectiveness is258
comparable with that of monoclonal VEGF-directed antibody drug Bevacizumab, an antitumor agent259
and angiogenesis inhibitor. This peptide suppressed invasion stellate growth of Lewis lung carcinoma260
cells in 3D matrices [47]. Pepducins corresponding to PAR1 ICL1, unlike P1pal-7, had no affect on261
extracellular regulated kinase activity and lung tumor growth.262

263
Pepducin Pal-AVANRSKKSRALF (P1pal-13), a selective PAR1-agonist, had a pronounced pro-264
angiogenic effect in mice with carotid artery ligations [50]. The treatment of animals with P1pal-13 for265
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21 days at a dose of 2.5 mg/kg caused striking hyperplasia in the injured carotid artery, and this effect266
of pepducin required the presence of both PAR1 and PAR2. Therefore, a suggestion can be made that267
PAR1 is likely to form a functionally active heterodimeric complex with PAR2.268

269
3.3. The influence on inflammation270

271
Apart from the regulation of blood coagulation, angiogenesis and tumor growth, PAR1-mediated272
signaling pathways are involved in etiology and pathogenesis of inflammatory diseases, including273
sepsis. Agonist-induced PAR1 activation causes potent anti-inflammatory effect, protects endothelial274
cells against destruction [51]. However, such prolonged and very pronounced activation of PAR1 by275
high concentrations of thrombin in sepsis has the opposite effect; it leads to the dysfunction of the276
endothelial cells, the deterioration of the sepsis and the increase of mortality of patients with this277
disease [52,53].278

279
To study the effect of PAR1-derived pepducins on the development of sepsis, a model of bacterial280
peritonitis in mice initiated by cecal ligation and puncture was used. Pepducins were injected281
subcutaneously either immediately or 4 h after puncture and the mortality rate was evaluated seven282
days after peritonitis induction. Pepducin Pal-RSLSSSAVANRS (P1pal-12S), a full PAR1-antagonist,283
administered at a dose of 2.5 mg/kg parallel to the induction of peritonitis, increased survival of two284
mice lines, CF-1 and C57BL/6, to 50-60 %, compared to untreated animals, which had 90-100 %285
mortality rate, while the injection of P1pal-12S 4 h later had no effect on mortality. At the same time,286
pepducin Pal-AVANRSKKSRALF (P1pal-13) with agonistic activity taken at the same dose was not287
effective when administered immediately after puncture, but increased the survival of CF-1 mice to 80288
% in the case of delayed (4 h) administration, when there was a pronounced sepsis. It follows that in289
Par1−/− mice lacking PAR1 neither of the two pepducins had influence on sepsis, indicating that the290
receptor mediates the effects of PAR1-derived pepducins on inflammation [51].291

292
One of the most severe manifestations of sepsis is septic shock, a complex syndrome characterized by293
profound cardiovascular derangement, including increase in cardiac output, alterations of294
microcirculation, blood flow redistribution between organs, decrease in peripheral resistance and loss295
of intravascular fluid [54,55]. Early treatment of mice with peritoneal sepsis with PAR1-antagonist296
P1pal-12S or late treatment (4 h delay) with PAR1-agonist P1pal-13 gave protection against septic297
shock and prevented lung vascular leakage [51]. The treatment of septic mice with P1pal-12S 8 h after298
puncture increased lung vascular permeability, while the injection of P1pal-13 8 h after puncture was299
as effective as after a 4 h delay. These data indicate that optimization of the use of PAR1-derived300
pepducins with agonistic and antagonistic activity at the early and late stages of sepsis may result in301
pronounced therapeutic effect on this disease.302

303
Like most of the PAR1-mediated effects, the regulation of inflammatory processes through PAR1304
requires PAR2 to form heterodimeric PAR1-PAR2 complex. Crucial evidence for this was obtained with305
pepducins derived from PAR2 ICL3. Pepducin Pal-RSSAMDENSEKKRKSAIK270–287 (P2pal-18S) with306
the replacement of Arg284 by serine at concentration of 0.14-0.2 mM completely blocked the migration307
of human neutrophils towards gradients of trypsin and selective PAR2-agonist SLIGRL-amide and the308
migration of mouse neutrophils toward 30 nM trypsin [50]. In the experiments with neutrophils309
chemotaxis, P2pal-18S had the receptor specificity, which did not affect the closely related PAR1,310
PAR4 and chemokine receptor CXCR1/2. It was shown also that P2pal-18S inhibited the migration of311
primary cholangiocarcinoma cells across a collagen membrane barrier, induced by trypsin and312
selective PAR2-agonist furoyl-LIGRLO-amide [56].313

314
In the in vivo experiments the systemic administration of P2pal-18S caused the decrease of λ-315
carrageenan/kaolin-induced edema by 50 % and of edema induced by PAR2-agonist SLIGRL-amide316
by 85 % [50]. Even small changes in the length of PAR-derived pepducin and the substitutions of317
individual amino acids influenced the efficiency and selectivity of the pepducins, and, in addition,318
determined their activity as agonists or antagonists and influenced the choice of intracellular signaling319
cascades, the targets of pepdicin.320

321
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It was shown that the addition of three amino acid residues to the N-terminus of the pepducin P2pal-322
18S gives the potent PAR2-antagonist [50]. The replacement of the C-terminal lysine by phenylalanine323
gave the inverse PAR2-agonist. P2pal-18S with Lys287Phe replacement did not have antagonistic324
activity and was a weak agonist of PAR2. These data lay the foundation stone in creation of the325
pepducin-based regulators of inflammatory processes, which can increase as well as decrease the326
inflammatory response and the pathological changes induced by inflammation.327

328
3.4. The influence on acute pancreatitis329

330
PAR2 expressed in the pancreas by a variety of cell types, including endothelial cells, nerve cells, cells331
of the immune system, duct cells, and acinar cells, have an important role in acute pancreatitis, a332
complex inflammatory disease of the pancreas. PAR2, as indicated by the following facts, exerts a333
protective effect on secretagogue-induced pancreatitis. The activation of PAR2 by selective agonists334
reduced the severity of secretagogue-induced pancreatitis in rats [57], and the severity of this model of335
pancreatitis was increased in mice with deletion of PAR2 gene [58]. At the same time, PAR2 exerts a336
worsening effect in the bile salt-induced experimental pancreatitis that clinically is more relevant to this337
disease. It was shown that pharmacological activation of PAR2 promoted the pathological effects of338
bile salts on pancreatic acini in vitro, and the deletion of PAR2 gene markedly reduced the severity of339
bile salt-induced pancreatitis [59].340

341
Pepducin P2pal-18S corresponding to PAR2 ICL3, that in acinar cells has the properties of PAR2-342
antagonist, significantly reduced the severity of experimental biliary pancreatitis in mice when343
administered before or 2 h after bile acid infusion. The pepducine was ineffective when administered 5344
h after the induction of disease. In the experiments in vitro P2pal-18S protected acinar cells against345
injury induced by bile acid [60]. It follows that PAR2-derived pepducins with antagonistic activity may346
be successfully used in the clinical management of patients at risk for developing acute biliary347
pancreatitis [60]. Contrary to this, P2pal-18S in vivo increased the severity of secretagogue-induced348
pancreatitis.349

350
4. CHEMOKINE RECEPTOR-DERIVED PEPDUCINS351

352
The activation of PAR1 by MMP1 was followed by secretion of angiogenic chemokines, especially of353
interleukin-8 and chemokine CXCL1/GRO-, from ovarian carcinoma cells. This induced the activation354
of endothelial chemokine receptors CXCR1 and CXCR2 sensitive to these chemokines and resulted in355
proliferation of endothelial cells, tube formation, and migration [10]. CXCR1 and CXCR2 are known to356
be involved in the control of survival, proliferation, and angiogenesis of vascular endothelial cells.357
Pepducin Pal-RTLFKAHMGQKHRAMR (X1/2pal-i3), a selective antagonist of CXCR1/2, that358
corresponds to the ICL3 of these receptors at a concentration of 300 nM inhibited the proliferation of359
endothelial cells induced by interleukin-8 and CXCL1/GRO-, and significantly reduced MMP1-induced360
proliferation of cultured human umbilical vein endothelial cells with expressed PAR1. Peptide361
YSRVGRSVTD (X1/2LCA-i1), the derivative of CXCR1/2 ICL1, modified by lithocholic acid at the N-362
terminus and N-palmitoylated peptide X1/2pal-i3 both inhibited tube formation induced by interleukin-8,363
CXCL1/GRO- and the media from the MMP1-treated OVCAR-4 cells. The inhibitory effect of X1/2pal-364
i3 on blood vessel formation in the mouse models of angiogenesis was comparable with that of anti-365
cancer drug Bevacizumab. Three-week treatment of mice with X1/2pal-i3 induced 5-fold decrease in366
angiogenesis and a significant decrease in tumor progression in ovarian cancer xenografts [10]. The367
injection of the truncated X1/2pal-i3-pepducin analog, Pal-RTLFKAHMGQKHR, at a dose 2.5 mg/kg to368
mice ApcMin/+ reduced spontaneous formation of benign intestinal adenomas [22].369

370
Chemokine receptor CXCR4 is also highly expressed in many tumors, including malignant brain371
neoplasms, ovarian cancer, lymphomas and lymphocytic leukemia. The cells of the tumors and their372
microenvironment produce a large amount of stromal cell-derived factor-1 CXCL12/SDF-1 that binds373
primarily to CXCR4 and is involved in tumor progression, angiogenesis, metastasis, and survival [61].374
Therefore, selective CXCR4-antagonists, CXCR4-derived pepducins in particular, inhibiting the signal375
transduction via CXCR4 are of great interest as anti-cancer drugs [20,62]. It was found that pepducins,376
the derivatives of the ICL1 and ICL3 of CXCR4, completely blocked CXCL12-mediated cell migration of377
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lymphoma and lymphocytic leukemia [13]. Despite the fact that the pro-apoptotic effect of rituximab,378
the monoclonal antibody to B-cell-associated antigen CD20, was completely blocked by the treatment379
with chemokine CXCL12, in the case of the combined treatment of tumor cells with CXCR4-derived380
pepducins and rituximab the inhibitory effect of the chemokine on apopotosis was supressed. CXCR4-381
derived pepducins both in monotherapy and in combination with rituximab effectively suppressed the382
survival and metastasis of disseminated lymphoma xenografts, which can be the basis of a new383
treatment strategy for lymphoid malignancies [13].384

385
Thus, pepducins derived from the intracellular regions of PAR1 and chemokine receptors CXCR1,386
CXCR2 and CXCR4, possess potent antitumor activity. They are comparable to many anti-cancer387
drugs used to treat tumors of the reproductive system and lung, lymphocytic leukemias and other388
malignancies, and in some cases surpass them. The antitumor effect of pepducins comprises the389
increase of apoptosis of malignant cells, the inhibition of platelet aggregation and chemotaxis, and the390
suppression of tumor angiogenesis, which leads to a decrease of tumor survival and growth. Using391
pepducins, the new molecular mechanisms of tumorigenesis and metastasis including PAR1 and some392
chemokine receptors were revealed. They open up new possibilities for the control and treatment of393
cancer.394

395
5. GPCR-PEPTIDES DERIVED FROM TSH RECEPTOR396

397
There are many works on the in vitro activity of GPCR-peptides corresponding to ICL of the receptors398
involved in the regulation of endocrine functions [9,12,14,17,63-68]. But no information is available now399
on the activity of these peptides in vivo. The exception is palmitate-modified peptide400
QYNPRDKDTKIAKR-Nle-A612–627-KA (612–627-K(Pal)A) derived from the ICL3 of TSH receptor401
synthesized and studied by us both the in vitro and in vivo conditions [14,69]. This peptide at402
micromolar concentrations stimulated the basal activity of AC and GTP-binding capacity of Gs-proteins403
and reduced the regulatory effects of TSH in the thyroidal membranes [14]. The effects of pepducin404
612–627-K(Pal)A on AC signaling system were receptor and tissue specific. This is so because this405
pepducin was most active in the thyroid, where TSH receptor is, as a rule, intensively expressed, and406
exerted a very strong influence on the TSH-induced signal transduction.407

408
Intranasal administration of 612–627-K(Pal)A into rats for 5 days at a daily dose of 450 mg/kg resulted409
in a significant and sustained increase of the free T4 level. The subsequent administration of the410
peptide for 10 days (with an interval of five days) led to a decrease of the level of free T4. The level of411
total T3 was increased after 5-day treatment, but returned to normal values in the case of long-term412
treatment. The level of TSH was markedly decreased after 10-day treatment [69]. Unmodified peptide413
612-627-KA was not very active in the experiments in vitro and in vivo. This picture is similar to the414
results obtained using TSH-releasing hormone which in the short-term treatment increased the free T4415
level, while in the long-term treatment reduced it, and influenced, but not significantly, the level of total416
T3 [70]. Thus, pepducin 612-627-K(Pal)A that we synthesized influenced the functional activity of the417
thyroid by acting on the initial steps of transduction of TSH signal and, in the future, it can be used to418
develop the pepducin-based regulators of thyroid functions.419

420
6. CONCLUSION421

422
The data presented above suggest that a significant progress has been achieved in the recent years423
allowing creation of highly selective and highly effective GPCR-peptides corresponding to the424
intracellular regions of receptors. However, the potential and prospects of the use of GPCR-peptides in425
clinical medicine are not fully realized yet. There are a number of problems to be solved for a further426
progress in this area. These are, first, developing new approaches for the modification of GPCR-427
peptides, which would create their biologically active analogs with the desired properties, and second,428
expanding the range of GPCR-peptides under study by increasing the list of receptors. Now, a detailed429
study of GPCR-peptides and their analogs has been carried out for a very limited number of GPCRs,430
i.e. PARs, some types of chemokine receptors, 5-HTRs, and the receptors of glycoprotein hormones.431
Finally, to determine the therapeutic potential of GPCR-peptides, they must be systematically studied432
in vivo, using experimental animal in norm and under pathological conditions.433
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434
Signal transduction from the ligand-activated GPCR to the intracellular targets can be mediated by G-435
protein-dependent pathways involving heterotrimeric G proteins as well as by G-protein-independent436
pathways involving β-arrestins [71,72]. β-Arrestins mediate the effects of β-arrestins-biased agonists437
on the activity of mitogen-activated protein kinases, phosphatidylinositol 3-kinase, non-receptor438
tyrosine kinases and other intracellular effectors. A key role in the interaction of ligand-activated439
receptor with β-arrestins belongs to its ICL3 and C-terminal domain [73]. There are a number of works440
showing the ability of GPCR-peptides to regulate β-arrestin signaling pathways [65,74-76]. However,441
the biological activity of β-arrestin-biased GPCR-peptides in vivo has not been studied, and in the in442
vitro experiments the main focus was on the use of the peptides in searching the molecular443
determinants of receptor involved in its specific binding and interaction with β-arrestins. The study of444
the effect of GPCR-peptides on β-arrestins-regulated pathways is a reliable way to design β-arrestin-445
biased GPCR-peptides selectively regulating the β-arrestin, G protein-independent, signaling446
pathways. Such peptides will be of value in fundamental biology as functional probes to be used in the447
study of the β-arrestin signaling and the molecular mechanisms of receptor–β-arrestin coupling, and in448
medicine as selective β-arrestin-biased intracellular agonists and antagonists.449
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