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Abstract
Background and purpose: We focused on the, yet undescribed, therapy effect of the 
stable gastric pentadecapeptide BPC 157 in hippocampal ischemia/reperfusion inju-
ries, after bilateral clamping of the common carotid arteries in rats. The background 
is the proven therapy effect of BPC 157 in ischemia/reperfusion injuries in different 
tissues. Furthermore, there is the subsequent oxidative stress counteraction, particu-
larly when given during reperfusion. The recovering effect it has on occluded vessels, 
results with activation of the alternative pathways, bypassing the occlusion in deep 
vein thrombosis. Finally, the BPC 157 therapy benefits with its proposed role as a 
novel mediator of Roberts’ cytoprotection and bidirectional effects in the gut-brain 
axis.
Materials and Methods: Male	Wistar	rats	underwent	bilateral	clamping	of	the	com-
mon carotid arteries for a 20-min period. At 30 s thereafter, we applied medication 
(BPC 157 10 µg/kg; or saline) as a 1 ml bath directly to the operated area, that is, 
trigonum caroticum. We documented, in reperfusion, the resolution of the neuronal 
damages sustained in the brain, resolution of the damages reflected in memory, loco-
motion, and coordination disturbances, with the presentation of the particular genes 
expression in hippocampal tissues.
Results: In the operated rats, at 24 and 72 hr of the reperfusion, the therapy counter-
acted both early and delayed neural hippocampal damage, achieving full functional 
recovery	 (Morris	 water	 maze	 test,	 inclined	 beam-walking	 test,	 lateral	 push	 test).	
mRNA expression studies at 1 and 24 hr, provided strongly elevated (Egr1, Akt1, Kras, 
Src, Foxo, Srf, Vegfr2, Nos3, and Nos1) and decreased (Nos2, Nfkb) gene expression 
(Mapk1 not activated), as a way how BPC 157 may act.
Conclusion: Together, these findings suggest that these beneficial BPC 157 effects 
may provide a novel therapeutic solution for stroke.
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1  | INTRODUCTION

Stroke remains one of the leading causes of death and long-term 
disability, and the urgent quest for an effective therapeutic solu-
tion is evidenced by numerous failed clinical trials (Holloway 
& Gavins, 2016) but also in novel ways of trying to treat the dis-
ease	 (Amani,	Habibey,	et	al.,	2019;	Amani,	Kazerooni,	Hassanpoor,	
Akbarzadeh,	&	Pazoki-Toroudi,	2019).	Although	ischemia	is	the	main	
culprit in stroke-related injuries, another crucial part of the stroke is 
reperfusion, an event taking place after the ischemic area is resup-
plied with blood (Chamorro, Dirnagl, Urra, & Planas, 2016; Jayaraj, 
Azimullah,	Beiram,	Jalal,	&	Rosenberg,	2019).	It	is	vital	to	re-estab-
lish blood flow, but this act also contributes to neuronal injury by 
activating an immunological response and leading to endotoxicity, 
neuroinflammation, and oxidative and nitrosative stress, thereby 
worsening the outcome of ischemia (Chamorro et al., 2016; Jayaraj 
et al., 2019).

Therefore, we focused on the yet undescribed therapeutic effect 
of	the	stable	gastric	pentadecapeptide	BPC	157	(Kang	et	al.,	2018;	
Seiwerth	et	al.,	2014,	2018;	Sikiric	et	al.,	2010,	2011,	2012,	2013,	
2014,	 2016,	 2017,	 2018)	 in	 reperfusion	 of	 ischemia/reperfusion	
stroke injuries after bilateral clamping of the common carotid artery 
in rats. With the BPC 157 therapy administered during reperfusion, 
we would achieve the resolution of damage sustained in the brain, in 
particular in hippocampal regions CA1-4 similar to damage reflected 
in memory, locomotion, and coordination disturbances. Likewise, 
this notion will be further supported by the detection of expression 
of particular genes (Vegfr2, Src, Nos2, Nos1, Nos3, Akt1, Kras, Mapk1, 
Srf, Foxo1, Nfkb1, and Egr1) in hippocampal tissue.

The possible therapeutic effect may be due to the specific 
beneficial effect of BPC 157 in the ischemia/reperfusion inju-
ries and oxidative stress counteraction, particularly when given 
during	 reperfusion	 (Amic	 et	 al.,	 2018;	Drmic	 et	 al.,	 2018;	Duzel	
et	 al.,	 2017;	Sever	et	 al.,	 2019;	Vukojevic	et	 al.,	 2018).	 Likewise,	
there is the recovering effect it has on occluded vessels and by-
passing	the	occlusion	(Amic	et	al.,	2018;	Drmic	et	al.,	2018;	Duzel	
et	al.,	2017;	Sever	et	al.,	2019;	Vukojevic	et	al.,	2018).	As	a	 final	
point, BPC 157 therapy ameliorates deep vein thrombosis, infe-
rior caval vein occlusion, colitis ischemia/reperfusion, duodenal 
venous	 congestion,	 and	 cecum	 perforation	 (Amic	 et	 al.,	 2018;	
Drmic	et	al.,	2018;	Duzel	et	al.,	2017;	Sever	et	al.,	2019;	Vukojevic	
et	al.,	2018).	It	was	recently	reported	that	after	induction	of	liver	
cirrhosis due to both bile duct ligation (Sever et al., 2019) and por-
tal hypertension, pre-existing portal hypertension was prevented 
and reversed to normal values (Sever et al., 2019) due to BPC 157 
therapy. The important point may be that BPC 157 is an original 
anti-ulcer agent that is native and stable in human gastric juice 

(for more than 24 hr) (Sikiric et al., 2010). It was tested in trials 
for ulcerative colitis and now multiple sclerosis, and it has a very 
safe profile (lethal dose (LD1) not achieved). Furthermore, as an 
important conceptual and practical point, BPC 157 is thought to 
be a novel mediator of Robert's cytoprotection, the process that 
accompanies epithelium and endothelium protection, maintains 
gastrointestinal mucosal integrity, and has an organoprotection 
effect in preserving the integrity of other organ systems (Kang 
et	al.,	2018;	Seiwerth	et	al.,	2014,	2018;	Sikiric	et	al.,	2010,	2011,	
2012,	 2013,	 2014,	 2016,	 2017,	 2018).	 Consequently,	 BPC	 157	
plays an important role in the gut-brain and brain-gut axis due to 
its important beneficial effects on various CNS (central nervous 
system)	disorders	(Kang	et	al.,	2018;	Seiwerth	et	al.,	2014,	2018;	
Sikiric	 et	 al.,	 2010,	 2011,	 2012,	 2013,	 2014,	 2016,	 2017,	 2018).	
Illustratively, BPC 157 inhibits amphetamine-induced stereo-
typy and haloperidol-induced catalepsy disturbances (Jelovac 
et	 al.,	 1998,	1999;	 Sikiric	 et	 al.,	 2002)	 and	mainly	 interacts	with	
the NO system (for review see, that is, (Sikiric et al., 2014, 2016)). 
Conceptually, the particular beneficial effect is that BPC 157 af-
fects these disturbances when given peripherally. Namely, BPC 
157 induces the release of serotonin in specific brain nigrostria-
tal regions and influences serotonergic and dopaminergic systems 
(Tohyama, Sikiric, & Diksic, 2004). Consequently, the beneficial 
effects appear against the specifically (over)stimulated or dam-
aged dopaminergic, serotonergic, GABAergic, and opioid systems 
(Sikiric et al., 2016). Additionally, BPC 157 counteracts several 
encephalopathies after overdose of NSAIDs (Drmic et al., 2017; 
Ilic et al., 2009, 2010; Ilic, Drmic, Franjic, et al., 2011; Ilic, Drmic, 
Zarkovic, et al., 2011; Lojo et al., 2016), insulin (Ilic et al., 2009) or 
cuprizone,	which	is	a	neurotoxin	that	induces	multiple	sclerosis-like	
damage in rats (Klicek et al., 2013). Likewise, in brain-trauma stud-
ies, BPC 157 counteracts brain lesions and markedly improves 
consciousness in injured mice (Tudor et al., 2010). Furthermore, 
BPC 157 significantly improves nerve healing and function after 
sciatic nerve transection with and without anastomosis (Gjurasin 
et al., 2010). Very recently, BPC 157 markedly enhanced the sur-
vival of cultured enteric neurons but did not influence the prolif-
eration of cultured enteric glial cells (Wang et al., 2019). BPC 157 
healing is known to function through several molecular pathways 
(Chang, Tsai, Hsu, & Pang, 2014; Chang, Tsai, Lin, Hsu, & Pang, 
2011;	 Hsieh	 et	 al.,	 2017;	 Huang	 et	 al.,	 2015;	 Kang	 et	 al.,	 2018;	
Tkalcevic	et	al.,	2007;	Vukojevic	et	al.,	2018).	 Illustratively,	along	
with	the	counteracted	tumor	cachexia	(Kang	et	al.,	2018),	muscle	
wasting and changes in the expression of Foxo3, Akt1, Mtor, and 
Gsk3b, BPC 157 counteracts increased proinflammatory cytokines 
such as IL-6 and TNF-α	(Kang	et	al.,	2018).	Thereby,	we	tested	BPC	
157 in rats after bilateral clamping of the common carotid arteries.

K E Y W O R D S

BPC 157, cytoprotection, hippocampus, ischemia, ischemia injuries, nitric oxide, peptide, 
reperfusion
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2  | MATERIALS AND METHODS

2.1 | Animals

Study protocols were conducted in male Albino Wistar rats that 
had a body weight 200–250 g, were 12 weeks old and were bred 
in-house at the animal facility of the Department of Pharmacology- 
School	of	Medicine,	Zagreb,	Croatia.	This	 is	 an	animal	 facility	 reg-
istered with the Directorate of Veterinary (Reg. No: HR-POK-007). 
Laboratory rats were acclimated for 5 days and randomly assigned 
to their respective treatment group (at least eight rats for each ex-
perimental group, depending on the method that was evaluated). 
Laboratory animals were housed in PC cages in conventional labora-
tory conditions at a temperature of 20°C–24°C, a relative humidity 
of 40%–70% and noise level of 60 DCB. Each cage was identified 
with the date, the number of the study, group, dose, number, and 
sex of each animal. Fluorescent lighting provided illumination 12 hr 
per day. A standard good laboratory practice diet and fresh water 
were provided ad libitum. Animal care complied with SOPs of the 
Pharmacology Animal Facility and the European Convention for 
the Protection of Vertebrate Animals used for Experimental and 
Other Scientific Purposes (ETS 123). Ethical principles of the study 
ensured compliance with European Directive 010/63/E, the Law 
on	Amendments	to	Animal	Protection	Act	(Official	Gazette	37/13),	
the	 Animal	 Protection	 Act	 (Official	 Gazette	 135/06),	 Ordinance	
on the protection of animals used for scientific purposes (Official 
Gazette	 55/13),	 FELASA	 recommendations	 and	 recommendations	
of	the	Ethics	Committee	School	of	Medicine,	University	of	Zagreb.	
Observers, who were blind to treatment regimens, assessed the ex-
periments and evaluated the neurological tests.

2.2 | Drugs

As	 previously	 described	 (Kang	 et	 al.,	 2018;	 Seiwerth	 et	 al.,	 2014,	
2018;	Sikiric	et	al.,	2010,	2011,	2012,	2013,	2014,	2016,	2017,	2018),	
the medication without carrier or peptidase inhibitor included stable 
gastric pentadecapeptide BPC 157 (a partial sequence of the human 
gastric juice protein BPC, freely soluble in water at pH 7.0 and in sa-
line). It was prepared as a peptide with 99% (HPLC) purity (1-des-Gly 
peptide was the main impurity; manufactured by Diagen, Ljubljana, 
Slovenia,	 GEPPPGKPADDAGLV,	 M.W.	 1419)	 (in	 dose	 and	 appli-
cation	 regimens	 as	 described	 before)	 (Kang	 et	 al.,	 2018;	 Seiwerth	
et	al.,	2014,	2018;	Sikiric	et	al.,	2010,	2011,	2012,	2013,	2014,	2016,	
2017,	2018).

2.3 | Surgery procedure and medication

Rats	 were	 anesthetized	 by	 intraperitoneal	 injection	 of	 thiopental	
(50	 mg/kg)	 and	 diazepam	 (5	 mg/kg).	 After	 anesthesia	 induction,	
each rat was placed in the supine position and fixed on the operating 
table. A midline incision of approximately two centimeters was made 

in the neck, and then both common carotid arteries and common 
jugular veins were exposed carefully by blunt dissection. After the 
vagus nerve was carefully separated from the carotid artery, cer-
ebral ischemia was induced by bilateral clamping of the common ca-
rotid arteries. Bilateral clamping of the common carotid arteries was 
relieved at the end of the 20-min period. Thirty seconds later, we ap-
plied medication (BPC 157 10 µg/kg; or saline as a 1 ml bath directly 
on the surgical area. Five minutes after that, the incision was sutured 
back in layers. The sutured area was cleaned with 70% ethanol and 
sprayed with an antiseptic solution.

2.4 | Neurological assessment

2.4.1 | Morris water maze test

We examined spatial learning and memory of the rats by using a 
spatial	 version	 of	 the	Morris	water	maze	 (MWM)	 test	 (Vorhees	&	
Williams, 2006). The training period was conducted through five 
consecutive days before the animals underwent surgery. There was 
a final assessment 24 hr after surgery. In each training period, the 
rats received four trials (with an intertrial gap of 10 min) in which 
the invisible platform was placed in the same location. The trial was 
complete once the rat found the platform and remained on the plat-
form for 10 s or until 60 s had elapsed. To assess spatial learning, the 
latency time to find the invisible platform was measured for each 
animal. The Day 5 latency time (seconds), which was averaged from 
4	trials,	to	locate	the	hidden	platform	in	the	water	maze	was	taken	
as an index of acquisition or learning and a baseline measure. The 
difference between training latency time and postoperative latency 
time (ΔT) was calculated.

2.4.2 | Inclined beam walk test

Locomotor capabilities were evaluated using the inclined beam-
walking test, as described previously (Gulati & Singh, 2014). Each 
animal was individually placed on a 110 cm long and 1.5 cm wide 
wooden bar that was inclined at an angle of 60° from the ground, 
and the rats were given 60 s to walk the beam. The motor perfor-
mance of each rat was scored (0–4) before global cerebral ischemia 
and 24 hr after global cerebral ischemia/reperfusion, as follows: 0—
completely unable to walk on the beam; 1—able to walk less than ¼ 
of the beam length; 2—able to walk more than ¼ but less than ½ of 
the beam length; 3—able to walk more than ½ but less than ¾ of the 
beam length; and 4—able to more than ¾ of the beam length or to 
walk the whole beam in 60 s.

2.4.3 | Lateral push test

Before stroke inducing surgery and at 24 hr after surgery, the ani-
mal was placed on a rough surface for firm grip and was evaluated 
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for resistance to a lateral push from either side of the shoulder, as 
described previously (Gaur, Aggarwal, & Kumar, 2009). An animal 
with increased or decreased resistance to a lateral push after is-
chemia was assigned a + or – score, respectively (Gaur et al., 2009), 
and the percentage of rats showing resistance to a lateral push was 
recorded.

2.5 | Histopathological analysis of the hippocampus

Whole brains were fixed in 10% neutral buffered formalin for 
48	 hr.	 After	 fixation,	 coronal	 sections	 were	 made	 through	 the	
middle part of the hippocampus. Brain slabs were dehydrated 
in	graded	ethanol	 (70%,	80%,	96%,	and	100%)	and	embedded	 in	
paraffin. Paraffin blocks were cut into 4–5 μm thin sections, de-
paraffinated in xylene, rehydrated in graded ethanol (100%, 96%, 
80%,	and	70%)	and	stained	with	hematoxylin	and	eosin.	Five	im-
ages were taken of the CA1 region of the hippocampus with high 
power (objective ×40). The healthy neurons and "red neurons" 
(pathological neuronal finding indicative of acute ischemic neu-
ronal injury and subsequent apoptosis or necrosis) were manu-
ally counted and presented as an average of five images at 24 and 
72 hr after surgery.

2.6 | RT-qPCR mRNA measurement

After sacrificing the animals 1 and 24 hr after reperfusion, brain tis-
sue,	 that	 is,	 the	hippocampus,	was	 rapidly	dissected	and	 frozen	 in	
liquid nitrogen. The hippocampal tissue was disrupted using a T10 
Ultra-turrax	homogenizer	(IKA	Werke	GmbH)	followed	by	RNA	ex-
traction	with	TRIzol	Reagent	 (Invitrogen,	Thermo	Fisher	Scientific)	
according to the manufacturers’ instructions. After RNA isolation, 
the nucleic acid concentration was measured with a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies). Reverse 
transcription was performed using a High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific) 
with 1,000 ng of RNA following the manufacturer's instructions and 
using a ProFlex PCR System (Applied Biosystems, Thermo Fisher 
Scientific)	 machine.	 For	 gene	 expression	 analysis,	 TaqMan	 Gene	
Expression Assays (Applied Biosystems, Thermo Fisher Scientific, 
Massachusetts,	USA)	were	used	(Table	1,	additional	material).	We	an-
alyzed	three	different	endogenous	controls,	Gadph, Actb, and Rn18s, 
and several genes of interest, Vegfr2, Src, Nos2, Nos1, Nos3, Akt1, 
Kras, Mapk1, Srf, Foxo1, Nfkb1, and Egr1. Reactions were performed 
with a 7500 Real-Time PCR System (Applied Biosystems, Thermo 
Fisher Scientific). The results were expressed as a fold change in 
comparison with control samples (expressed as percentages), and 

TABLE  1 Gene and primer table

Gene symbol Synonyms Gene name TaqMan Assay ID
NCBI Reference 
Sequence

Amplicon 
length (bp)

Actb Actx Actin, beta Rn00667869_m1 NM_031144.3 91

Akt1 PKB, RAC AKT serine/threonine kinase 
1

Rn00583646_m1 NM_033230.2 87

Egr1 NGFI-A, Krox-24, 
Zif268

Early growth response 1 Rn00561138_m1 NM_012551.2 64

Foxo1 Fkhr Forkhead box O1 Rn01494868_m1 NM_001191846.2 99

Gapdh Gapd Glyceraldehyde-3-phosphate 
dehydrogenase

Rn01775763_g1 NM_017008.4 174

Kras Ki-Ras, Kras2 KRAS proto-oncogene, 
GTPase

Rn00580460_m1 NM_031515.3 125

Mapk1 Erk2, ERT1, p42mapk Mitogen	activated	protein	
kinase 1

Rn00671828_m1 NM_053842.1 102

Nfkb1 EBP-1, NF-kB Nuclear factor kappa B 
subunit 1

Rn01399572_m1 NM_001276711.1 67

Nos1 nNOS, bNOS Nitric oxide synthase 1 Rn00583793_m1 NM_052799.1 65

Nos2 iNos, Nos2a Nitric oxide synthase 2 Rn00561646_m1 NM_012611.3 77

Nos3 eNos, cNOS Nitric oxide synthase 3 Rn02132634_s1 NM_021838.2 117

Rn18s - 18S	ribosomal	RNA Rn03928990_g1 NR_046237.1 61

Src c-Src, p60-Src SRC proto-oncogene, non-
receptor tyrosine kinase

Rn00583063_m1 NM_031977.1 75

Srf LOC501099 Serum response factor Rn01757240_m1 NM_001109302.1 65

Vegfa VEGF-A, VPF Vascular endothelial growth 
factor A

Rn01511601_m1 NM_001110333.2 69

Specifications	for	TaqMan	Assays	genes	and	primers	used	in	the	experiment	(Rat	Genome	Database	and	Alliance	of	Genome	Resources	
nomenclature data).
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the range between 70% and 130% was considered biological vari-
ability	(Maul,	2008;	Vukojevic	et	al.,	2018).

2.7 | Statistical analysis

Statistical analysis was performed using the Shapiro–Wilk test for 
distribution assessment. For parametric statistics, we used the 
Mann–Whitney	U test to compare the difference between groups. 
Additionally, for nonparametric statistics, we used Kruskal–Wallis 
test to compare the two groups. All statistical tests were performed 
using RStudio (RStudio Team, 2015). A p-value of .05 or less was 
considered statistically significant.

3  | RESULTS

After bilateral carotid artery occlusion, significant reperfusion-in-
duced hippocampal lesions, as well as memory and motor coordina-
tion failure, regularly appeared in tested animals. These disturbances 
clearly indicate our therapeutic focus.

3.1 | Neurological assessment

Morris	 water	 maze	 test.	 After	 surgery,	 latency	 time	 markedly	 in-
creased in all control rats at 24 hr of reperfusion. BPC 157 com-
pletely counteracted the ischemia/reperfusion-induced damage 

(Figure 1). Namely, rats that received BPC 157 during reperfusion 
maintained their initial latency time from before surgery.

Inclined beam walk test. All control rats at 24 hr of reperfusion 
exhibited the complete lack of fore and hind limb motor coordina-
tion and the inability to walk a short distance (Figure 2). Contrarily, 
this ischemia/reperfusion-induced defect did not appear after the 
BPC 157 administration. Namely, rats that received BPC 157 during 
reperfusion were able to walk the whole distance.

Lateral push test. At 24 hr of reperfusion in stroke rats, BPC 
157-treated rats maintained an unimpaired ability to resist lateral 
pushes (Figure 3), unlike the controls, which all lacked resistance to 
lateral pushes from either side of the shoulder.

3.2 | Effect of BPC 157 on brain pathology

By manually counting all “red neurons,” which are those that are 
pathologically altered due to ischemia and reperfusion injuries, 
as well as healthy neurons at 24 and 72 hr of reperfusion, we re-
vealed that BPC 157-treated animals had far less neuronal damage 
than control animals and consistently had more healthy neurons 
(Figures 4 and 5). Thus, BPC 157 therapy seems to counteract de-
layed neuronal death, which consistently appears in the control of 
ischemia/reperfusion rats.

3.3 | RT-qPCR mRNA measurement

In rats with stroke-reperfusion at 1 and 24 hr, the beneficial effect 
of BPC 157 therapy during reperfusion was associated with strongly 
elevated (Egr-1, Akt-1, Kras, Src, Foxo, Srf, Vegfr2, Nos1, and Nos3) and 

F IGURE  1 Morris	water	maze,	latency	time,	means	±	SD, sec. 
The day five latency time taken as a baseline measure before 
surgery (white bars). The effect of medication during reperfusion 
(gray bars) BPC 157 (b, full bars) or saline (control, c, dashed bars) 
assessed at 24 hr of reperfusion after surgery. The difference 
between training latency time and postoperative latency time as 
ΔT (after-before surgery). *p	˂	.05	at	least	versus	corresponding	
control (c)

F IGURE  2  Inclined	beam	walk	test,	scored	0–4,	Min/Med/Max.	
Presentation before surgery taken as a baseline measure (white 
bars). The effect of medication during reperfusion (gray bars), 
BPC 157 (B, full bars), or saline (control, C, dashed bars) assessed 
at 24 hr of reperfusion after surgery. *p	˂	.05	at	least	versus	
corresponding control (C)
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decreased (Nos2 and Nfkb1) gene expression, while Mapk1 remained 
unchanged throughout both time intervals (Figure 6).

In conclusion, we demonstrated that BPC 157 application during 
reperfusion has a neuroprotective strategy that reduces ischemic 
neuronal damage and attenuates or even completely prevents isch-
emia/reperfusion-induced	behavioral	deficits	in	the	water	maze	test	
and motor coordination failure in the inclined beam walk and lateral 
push test. These results are accompanied by a consistent effect on 
the mRNA expression of several genes (Vegfr2, Src, Nos2, Nos1, Nos3, 
Akt1, Kras, Mapk1, Srf, Foxo1, Nfkb1, and Egr1).

4  | DISCUSSION

With bilateral carotid artery ligation and reversal, this ischemia/rep-
erfusion study reflects the full extent of stroke injuries in rats more 
than previous drugs studies have (Danduga, Reddy, Seshadri, Has, & 
Kumar,	2018;	Sobrado,	Lopez,	Carceller,	Garcia,	&	Roda,	2003;	Yang,	
Pan, Chen, Cheng, & Wang, 2007). Namely, previous studies consist-
ently used significant preconditioning to avoid specific application 
during	reperfusion	(Danduga	et	al.,	2018;	Sobrado	et	al.,	2003;	Yang	
et al., 2007). Unlike previous preconditioning ischemia/reperfusion 
studies	(Danduga	et	al.,	2018;	Sobrado	et	al.,	2003;	Yang	et	al.,	2007)	
(i.e., attenuated ischemia to attenuate reperfusion), the new approach 
of BPC 157 application during reperfusion, as in the ischemic/reper-
fusion	ulcerative	colitis	study	(Duzel	et	al.,	2017),	directly	resolves	
reperfusion, immediately acting specifically on the ongoing reperfu-
sion cascade in the damaged brain. As an advantage of this stroke 
study after ischemia, this further ascertains the stable gastric penta-
decapeptide	BPC	157	effect	(Kang	et	al.,	2018;	Seiwerth	et	al.,	2014,	
2018;	Sikiric	et	al.,	2010,	2011,	2012,	2013,	2014,	2016,	2017,	2018)	
as	reperfusion	therapy.	We	emphasize	 its	combined	effect	on	hip-
pocampal neurons, which are known to be particularly vulnerable 
(Iwasaki et al., 2003), counteracting both early and delayed neural 
damage	and	achieving	full	functional	recovery	(based	on	the	Morris	
water	maze	test,	inclined	beam-walking	test,	and	lateral	push	test).	
After the removal of the bilateral carotid artery ligation, consider-
ing the large extent of the behavioral and learning disturbances in 
these models, we found that functions were generally maintained 
after BPC 157 treatment. Notably, severely impaired locomotion ca-
pabilities including a lack of fore and hind limb motor coordination 
and resistance to lateral pushes from either side of the shoulder, are 
regular	 in	control	stroke	rats	 (Gulati,	Singh,	&	Muthuraman,	2014).	
Likewise,	 the	 Morris	 water	 maze	 test,	 which	 strongly	 correlates	
with	hippocampal	synaptic	plasticity	and	NMDA	receptor	function	
(Vorhees & Williams, 2006), involves the entorhinal and perirhinal 
cortices, the prefrontal cortex, the cingulate cortex, the neostriatum 
and perhaps even the cerebellum in a more limited way (Vorhees & 
Williams, 2006). This is something that has already been described 
for BPC 157 therapy and agrees with the counteraction of various 
encephalopathies (Drmic et al., 2017; Ilic et al., 2009, 2010; Ilic, 
Drmic, Franjic, et al., 2011; Ilic, Drmic, Zarkovic, et al., 2011; Iwasaki 
et al., 2003; Klicek et al., 2013; Lojo et al., 2016), attenuation of con-
cussive brain injury (Tudor et al., 2010), and maintained function, that 
is,	preserved	consciousness	and	fewer	seizures	(Drmic	et	al.,	2017;	
Ilic et al., 2009, 2010; Ilic, Drmic, Franjic, et al., 2011; Ilic, Drmic, 
Zarkovic, et al., 2011; Iwasaki et al., 2003; Klicek et al., 2013; Lojo 
et al., 2016; Tudor et al., 2010) or less severe behavioral disturbances 
(Jelovac	et	al.,	1998,	1999;	Sikiric	et	al.,	2002,	2016).	Additionally,	
this would be similar to its effect on occluded vessels, as it by-
passes	 occlusion	 and	 reestablishes	 blood	 flow	 (Amic	 et	 al.,	 2018;	
Drmic	et	al.,	2018;	Duzel	et	al.,	2017;	Sever	et	al.,	2019;	Vukojevic	
et	al.,	2018).	The	supportive	analogy	agrees	with	the	successful	is-
chemia/reperfusion therapy demonstrated in the rats with the in-
frarenal occlusion of the inferior caval vein, ischemic/reperfusion 

F IGURE  3 Percentage of rats presenting resistance to lateral 
push	from	either	side	of	the	shoulder,	means	±	SD. Presentation 
before surgery taken as a baseline measure (white bars). The effect 
of medication during reperfusion (gray bars), BPC 157 (B, full bars), 
or saline (control, C, dashed bars) assessed at 24 hr of reperfusion 
after surgery. *p	˂	.05	at	least	versus	corresponding	control	(C)

F IGURE  4 Neurons number, ischemic and healthy neurons at 24 
and	72	hr	reperfusion	time,	means	±	SD. The effect of medication 
during reperfusion (gray bars), BPC 157 (B, full bars), or saline 
(control,	C,	dashed	bars)	assessed	at	24	hr	(light	gray)	and	48	hr	
(dark gray) of reperfusion after surgery. *p	˂	.05	at	least	versus	
corresponding control (C)
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colitis, duodenal congestion and cecum perforation injuries (Amic 
et	al.,	2018;	Drmic	et	al.,	2018;	Duzel	et	al.,	2017;	Sever	et	al.,	2019;	
Vukojevic	et	al.,	2018)	and	those	with	bile	duct	induced	liver	cirrho-
sis and portal hypertension (Sever et al., 2019). The vessel recruit-
ment (described as bypassing pathways arising from different vessel 
tributaries to establish blood flow continuity) in these rats (Amic 
et	al.,	2018;	Drmic	et	al.,	2018;	Duzel	et	al.,	2017;	Sever	et	al.,	2019;	
Vukojevic	et	 al.,	2018)	was	due	 to	BPC	157	 therapy.	Further	 con-
sequences of BPC 157 therapy (i.e., the prevention and reversal of 
both caval hypertension and aortal hypotension; the counteraction 

of tachycardia, thrombosis, and thrombocytopenia; and the ame-
lioration of consequently prolonged bleeding) provides ample evi-
dence	that	the	Virchow	triad	was	abolished	(Vukojevic	et	al.,	2018).	
Likewise, there is preserved and rescued intestinal mucosal integrity 
and vein integrity, reversed portal hypertension along with recovery 
of bile duct ligation-induced cirrhosis in rats (Sever et al., 2019), and 
reduced	or	even	normal	MDA	levels	 in	both	ischemic	and	reperfu-
sion conditions in various tissues (i.e., colon, duodenum, cecum, liver, 
and	veins)	and	plasma	(Amic	et	al.,	2018;	Drmic	et	al.,	2018;	Duzel	
et	al.,	2017;	Sever	et	al.,	2019;	Vukojevic	et	al.,	2018).	Furthermore,	

F IGURE  5 Hippocampus (CA1-4 
region) ischemic and healthy neurons 
presentation (HE, ×200). Images were 
taken at 24 hr (upper) and 72 hr (lower) 
of reperfusion after administration of 
medication. BPC 157 (left) or saline 
(control, right) at 24 hr (upper) and 72 hr 
(lower) of reperfusion after surgery

F IGURE  6 RT-qPCR changes in mRNA 
levels in the hippocampus (CA1-4 regions) 
expressed	as	percentages	(mean	±	SD, 
* marks significant value (p	≤	.05),	in	
comparison with control animals. Selected 
genes were tested in two-time intervals, 
1 hr (black bars) and 24 hr (white bars), 
respectively. Values in the range between 
70% and 130% are considered biological 
variability, while those under that range 
are under-regulated and those above that 
range are upregulated
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in rats with an infrarenally occluded inferior caval vein (Vukojevic 
et	 al.,	 2018),	 we	 observed	 a	 particular	 expression	 pattern	 of	 the	
essential factors that modulate many genes and processes such 
as diverse pro-adhesive, proinflammatory, and pro-thrombotic 
genes upon vascular injury (Ansari, Ansari, Andersson, & Andren-
Sandberg, 2015; Hinterseher et al., 2015; Schweighofer, Schultes, 
Pomyje, & Hofer, 2007), Egr1, Nos3, Srf, Vegfr2, Akt1, Plcɣ, and Kras 
(Vukojevic	et	 al.,	 2018).	 It	was	 suggested	 that	 they	 showed	a	par-
ticular venous expression, distinctive between the pathways that 
were occluded (inferior caval vein), appeared as bypassing pathway 
(left ovarian vein), or blinded pathway (right ovarian vein) (Vukojevic 
et	al.,	2018).	Of	note,	similar	to	the	situation	in	rats	with	inferior	caval	
vein	occlusion	(Vukojevic	et	al.,	2018),	RT-qPCR	has	the	limitation	of	
results only reflecting mRNA levels, which may not correlate with 
protein levels. Nevertheless, the mRNA expression analyses provide 
insight into events in the rats after removal of the bilateral carotid 
artery ligation. They are similar to that seen before in the rats with 
the occlusion of the inferior caval vein, which demonstrated the left 
ovarian vein and other veins recruitment to bypass occlusion of the 
inferior	caval	vein	(Vukojevic	et	al.,	2018).

Thus, the events in the rats after removal of the bilateral carotid 
artery ligation may be the follow-up of the observed activation of 
particular pathways with local and systemic relevance in the rats 
with ligation of the inferior caval vein receiving BPC 157 therapy 
(Vukojevic	et	al.,	2018).	These	beneficial	effects	manifested	with	al-
tered gene expression, including genes that increased (Egr, Nos3, Srf, 
and Kras) and genes that decreased (Egr1, Vegfr2, and Plcɣ), while 
Akt1 remained unchanged in the inferior caval vein, the right ovarian 
vein	and	the	left	ovarian	vein	(Vukojevic	et	al.,	2018).	Consequently,	
BPC 157 efficacy in rats after stroke is proof-of-principle that after 
removal of bilateral carotid artery ligation, BPC 157 fulfills an isch-
emia/reperfusion stroke therapeutic effect by impacting specific 
pathways. Therefore, the consistent therapeutic effect of BPC 157 
is accompanied by strongly elevated (Egr1, Akt1, Kras, Src, Foxo, Srf, 
Vegfr2, Nos3, and Nos1) and decreased (Nos2 and Nfkb) gene ex-
pression, while Mapk1 is not activated (similar to Akt1 in ICV-rats). 
This may be a particular way by which the BPC 157 application may 
counteract the progression of reperfusion injury in the rat brain. 
Such pleiotropic effects agree with BPC 157 functioning through 
activation of several receptors (i.e., Vegfr2 (Hsieh et al., 2017), 
growth hormone (Chang et al., 2014)), and interaction with several 
molecular pathways (Chang et al., 2011, 2014; Hsieh et al., 2017; 
Huang	 et	 al.,	 2015;	 Tkalcevic	 et	 al.,	 2007;	Vukojevic	 et	 al.,	 2018).	
Illustratively, BPC 157 counteracted the increase of proinflamma-
tory cytokines such as IL-6 and TNF-α	 (Kang	 et	 al.,	 2018),	 tumor	
cachexia	(Kang	et	al.,	2018),	muscle	wasting	and	changes	in	the	ex-
pression of Foxo3, Akt1, Mtor, and Gsk3b	(Kang	et	al.,	2018).

Thereby, with the beneficial effect in rats with either inferior 
caval	vein	occlusion	 (Vukojevic	et	al.,	2018)	or	bilateral	carotid	ar-
tery occlusion, there is increased Egr1 expression, which is relevant 
for both, but especially so in the ischemia/reperfusion stroke rats. 
This likely accommodates the essential role of Egr1 indirectly con-
trolling the expression of other genes, and thereby, neural activity, 

neural	plasticity,	and	learning	(Knapska	&	Kaczmarek,	2004),	similar	
to the implied role of Egr1 gene in inflammation, myocardial injury 
(Rayner et al., 2013), brain injuries following transient focal ischemia 
(Tureyen,	Brooks,	Bowen,	Svaren,	&	Vemuganti,	2008)	or	permanent	
occlusion of the middle cerebral artery (Beck, Semisch, Culmsee, 
Plesnila,	&	Hatzopoulos,	2008).	As	a	common	resolving	point,	BPC	
157 is known to simultaneously induce the expression of Egr1 and its 
corepressor Nab2 (Tkalcevic et al., 2007). Nab2 expression is known 
to be regulated by some of the stimuli that also induce Egr1 expres-
sion (Svaren et al., 1996). Thus, BPC 157, along with Nab2, could 
serve as a controlling feedback mechanism and guarantee transient 
and controlled Egr1 activity (Tkalcevic et al., 2007) (consequently, 
Egr1 decreases later in the 24 hr period in the inferior caval vein 
while	remaining	 increased	 in	ovarian	veins	 (Vukojevic	et	al.,	2018),	
similar to its presentation in the hippocampus of ischemia/reperfu-
sion rats). This regulatory role of BPC 157 (BPC 157/Egr1) may be 
related to other BPC 157 interactions including BPC 157/Akt1 (ele-
vated Akt1 expression in stroke rats, but unchanged expression in in-
ferior	caval	vein	ligated-rats	(Vukojevic	et	al.,	2018)),	BPC	157/Kras, 
BPC 157/Src, BPC 157/Foxo, BPC 157/Srf, BPC 157/Vegfr2, BPC 
157/Nos3, and BPC 157/Nos1.

Activation of Akt1 is usually cytoprotective, such as its func-
tion	during	endothelial	cell	hypoxia	 (Somanath,	Razorenova,	Chen,	
&	 Byzova,	 2006),	 and	 Akt1 has been extensively studied and is 
considered to be neuroprotective in stroke (Zhao, Sapolsky, & 
Steinberg, 2006), with Akt1 and Akt3 proteins degrading as early as 
1 hr after stroke (Xie et al., 2013). Kras function implies an inter-
vening capillary network, preventing high-pressure arterial blood 
from feeding arteries to shunt directly into the venous outflow 
system	 (Nikolaev	et	 al.,	 2018).	Src appears to be a critical compo-
nent of NGF’s function—neurite growth (Kremer et al., 1991). Src 
interacts	 directly	 with	 the	NMDA	 receptor	 via	 its	 unique	 domain	
(Thomas	&	Brugge,	1997;	Yu	et	 al.,	1996).	FoxO protein activation 
may	be	required	for	neuronal	protection	(Maiese,	2015),	and	a	fine	
balance in FoxO activity may be required to target cognitive loss 
(Maiese,	2015).	The	upregulation	of	Srf directly controls the immedi-
ate early gene response and is an essential regulator of neuronal-ac-
tivity-induced gene expression (Knoll & Nordheim, 2009). Of note, 
most of the direct neuronal effects of VEGF-A—such as neuronal 
survival in cell culture models of stroke involving oxygen and glucose 
deprivation	(Maiese,	2015)	or	excitotoxicity	(Matsuzaki	et	al.,	2001),	
hypoxic preconditioning in vitro (Wick et al., 2002), and protec-
tion	 in	MCA	 occlusion	models	 of	 stroke	 in	 vivo	 (Hayashi,	 Abe,	 &	
Itoyama,	1998)—have	been	ascribed	to	activation	of	Vegfr2 (Farokhi-
Sisakht,	Farhoudi,	Sadigh-Eteghad,	Mahmoudi,	&	Mohaddes,	2019;	
Greenberg	&	 Jin,	 2013;	Moriyama,	 Takagi,	Hashimura,	 Itokawa,	&	
Tanonaka, 2013).

Collectively, they may be responsible for the new balance 
achieved in the ischemia/reperfusion rats after BPC 157 application 
during reperfusion and then sustainably maintained. Illustratively, 
BPC 157 may also increase Vegfr2 expression in the recovery 
of ischemia/reperfusion rats as a particular therapeutic effect. 
Namely, BPC 157 may increase and decrease and thereby control, 
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VEGF expression during wound healing— for example, healing of a 
detached or transected tendon or muscle (Brcic et al., 2009)—and 
BPC 157 may have a prominent angiogenic effect during healing 
(Brcic et al., 2009; Hsieh et al., 2017; Huang et al., 2015; Sikiric 
et al., 1999) while counteracting the tumor-promoting the effect 
of VEGF (Radeljak, Seiwerth, & Sikiric, 2004). This may be import-
ant since BPC 157 itself not only increased Vegfr2 expression in 
vascular endothelial cells but also immediately triggered the in-
ternalization	of	Vegfr2 and subsequent phosphorylation of Vegfr2, 
Akt, and Nos3 signaling pathways without other known ligands or 
shear stress (Hsieh et al., 2017). In addition, the Akt1/Nos3 signal-
ing pathway is thought to be highly beneficial to stroke outcome, 
weather by upregulation of Akt1 or by subsequent activation of 
Nos3 (Zhou et al., 2015).

In support, BPC 157 largely interacts with the NO system in 
different models and species (Sikiric et al., 2014). Indicatively, 
BPC 157 alone may induce the release of NO in vitro in gastric 
mucosa from rat stomach tissue homogenates and counteract the 
opposite	adverse	effect	of	L-NAME	(i.e.,	hypertension;	lack	of	NO	
release in vitro) and L-arginine (i.e., hypotension; NO over-release 
in vitro) (Sikiric et al., 1997). In these terms, we should consider 
the documented triple effect of BPC 157 on NOS in the hippo-
campus of ischemia/reperfusion rats, which includes the in-
creased expression of Nos3, increased expression of Nos1, and 
decreased expression of Nos2. NO released by Nos3 scavenges 
oxygen free radicals, inhibits the expression of adhesion mole-
cules, and promotes platelet aggregation and lymphocyte adhe-
sion	(Hossain,	Qadri,	&	Liu,	2012;	Kuhlencordt	et	al.,	2004;	Moore,	
Sanz-Rosa,	 &	 Emerson,	 2011;	 Nabah	 et	 al.,	 2005).	 Inhibition	 of	
Nos1	 also	 produces	 oxygen	 free	 radicals	 (Gursoy-Ozdemir,	 Can,	
& Dalkara, 2004). In contrast, the production of NO-induced by 
Nos2 leads to brain damage during ischemia/reperfusion (Gursoy-
Ozdemir	et	al.,	2004).	Overexpression	of	Nos2 promotes the se-
cretion of tumor necrosis factor-α (TNF-α) and interleukin-1β 
(IL-1β) and subsequently induces a secondary inflammatory reac-
tion and the generation of oxygen free radicals (Foncea, Carvajal, 
Almarza,	 &	 Leighton,	 2000;	 Trickler,	 Mayhan,	 &	 Miller,	 2005).	
Thereby, the Nos3-Nos1-Nos2 interplay after BPC 157 influences 
Nos3 may enhance Nos3 activity in functions such as regulating 
cerebral microvascular tone, protecting the blood–brain barrier, 
reducing oxidative stress, and alleviating procoagulant stimulation 
(Chen,	Mou,	 Feng,	Wang,	 &	 Chen,	 2017).	 Of	 note,	 both	 the	 re-
duction	of	oxidative	stress	(Amic	et	al.,	2018;	Drmic	et	al.,	2018;	
Duzel	 et	 al.,	 2017;	 Luetic	 et	 al.,	 2017;	 Sever	 et	 al.,	 2019;	 Sikiric	
et	 al.,	 1997;	Vukojevic	 et	 al.,	 2018)	 and	 alleviation	 of	 procoagu-
lant stimulation (Hrelec et al., 2009; Stupnisek et al., 2012, 2015; 
Vukojevic	 et	 al.,	 2018)	 have	 been	 ascribed	 to	 BPC	 157	 therapy.	
In support, we demonstrated that BPC 157 administration consis-
tently decreased expression of Nfkb1, as shown previously (Huang 
et al., 2015), which is considered a main activator of Nos2, and both 
factors contribute to neuronal death (Liu et al., 2015). Otherwise, 
Nfkb1, as the central regulator of neuroinflammation-associated 

disease pathogenesis (Niranjan, 2013), induces reactive oxygen 
species and proinflammatory cytokines (such as IL-1β, interferon-γ, 
and TNF-α) that cause secondary neurotoxicity (Block, Zecca, & 
Hong, 2007; Kaltschmidt, Kaltschmidt, & Baeuerle, 1993) and ex-
acerbate	 inflammation-induced	 neurodegeneration	 (Yakovleva,	
Bazov,	Watanabe,	Hauser,	&	Bakalkin,	2011).	Finally,	the	increased	
(the present ischemia/reperfusion study) or decreased (inferior 
caval	vein	occlusion	study)	 (Vukojevic	et	al.,	2018)	expression	of	
Vegfr2 that coincides with continuously increased Nos3 expres-
sion	may	reflect	particularities	of	the	organization	of	the	response	
in the hippocampus after bilateral carotid artery ligation during 
reperfusion and ischemia in rats with occluded inferior caval veins 
(Vukojevic	 et	 al.,	 2018).	 As	 a	 final	 point,	 a	 notion	 regarding	 the	
novel ways of administering drugs (Amani, Habibey, et al., 2019; 
Amani, Habibey, et al., 2019), is that BPC 157 needs no carrier 
or peptidase inhibitor and shows no immune response or adverse 
reaction when applied.

5  | CONCLUSION

Thus, compensatory pathways must exist in the cell to ensure that 
a critical process such as reversal of ischemia/reperfusion injuries 
occurs when BPC 157 is applied. With respect to the cryoprotec-
tion theory and brain-gut and gut-brain activity protection (Kang 
et	al.,	2018;	Seiwerth	et	al.,	2014,	2018;	Sikiric	et	al.,	2010,	2011,	
2012,	2013,	2014,	2016,	2017,	2018),	 further	studies	should	ex-
plore the relevance of BPC 157, as it increased the survival of cul-
tured enteric neurons and proliferation of cultured EGCs but did 
not influence the proliferation of cultured enteric glial cells (Wang 
et al., 2019), which may improve healing of damaged enteric nerv-
ous and mucosal structures. Finally, with respect to the initial cy-
toprotection theory, which includes epithelium and endothelium 
(cyto)protection and should be further expanded to protection of 
other	organs	(Kang	et	al.,	2018;	Seiwerth	et	al.,	2014,	2018;	Sikiric	
et	al.,	2010,	2011,	2012,	2013,	2014,	2016,	2017,	2018)	including	
the bilateral carotid artery-ligation sequels, there is still conclusive 
evidence that these beneficial BPC 157 effects, including innate 
rapid endothelium protection, that were shown in original studies 
(Kang	et	al.,	2018;	Seiwerth	et	al.,	2014,	2018;	Sikiric	et	al.,	2010,	
2011,	 2012,	 2013,	 2014,	 2016,	 2017,	 2018)	 may	 enable	 stroke	
therapy.

ACKNOWLEDG MENTS
JV,	BV,	DM,	and	MS	performed	the	surgery	and	conducted	the	as-
sessments.	DK,	LB,	and	SS	collected	and	analyzed	the	pathological	
samples.	 JV,	 DD,	 and	MM	 collected	 and	 performed	 PCR	 analysis	
samples.	JV,	MS,	BV,	and	DM	performed	and	scored	the	behavioral	
testing.	JV,	DK,	MS,	and	ABB	did	the	literature	search	and	wrote	the	
initial version of the manuscript. JV, DD, LB, SS, and PS drafted the 
final manuscript version. All authors contributed, revised, and ap-
proved the final version of the manuscript.



10 of 13  |     VUKOJEVIĆ Et al.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Jakša Vukojević  https://orcid.org/0000-0003-4215-6743 

R E FE R E N C E S
Amani, H., Habibey, R., Shokri, F., Hajmiresmail, S. J., Akhavan, O., 

Mashaghi,	 A.,	 &	 Pazoki-Toroudi,	H.	 (2019).	 Selenium	 nanoparticles	
for targeted stroke therapy through modulation of inflammatory 
and metabolic signaling. Scientific Reports, 9(1), 1–15. https://doi.
org/10.1038/s4159	8-019-42633	-9

Amani,	 H.,	 Kazerooni,	 H.,	 Hassanpoor,	 H.,	 Akbarzadeh,	 A.,	 &	 Pazoki-
Toroudi, H. (2019). Tailoring synthetic polymeric biomaterials towards 
nerve tissue engineering: A review. Artificial Cells, Nanomedicine, and 
Biotechnology, 47(1),	 3524–3539.	 https://doi.org/10.1080/21691	
401.2019.1639723

Amic,	F.,	Drmic,	D.,	Bilic,	Z.,	Krezic,	 I.,	Zizek,	H.,	Peklic,	M.,	…	Sikiric,	P.	
(2018).	 Bypassing	major	 venous	 occlusion	 and	 duodenal	 lesions	 in	
rats, and therapy with the stable gastric pentadecapeptide BPC 157, 
L-NAME	 and	 L-arginine.	World Journal of Gastroenterology, 24(47), 
5366–5378.	https://doi.org/10.3748/wjg.v24.i47.5366

Ansari, D., Ansari, D., Andersson, R., & Andren-Sandberg, A. (2015). 
Pancreatic cancer and thromboembolic disease, 150 years after 
Trousseau. Hepatobiliary Surgery and Nutrition, 4(5), 325–335. 
https://doi.org/10.3978/j.issn.2304-3881.2015.06.08

Beck,	H.,	 Semisch,	M.,	 Culmsee,	C.,	 Plesnila,	N.,	&	Hatzopoulos,	A.	K.	
(2008).	 Egr-1	 regulates	 expression	 of	 the	 glial	 scar	 component	
phosphacan in astrocytes after experimental stroke. The American 
Journal of Pathology, 173(1), 77–92. https://doi.org/10.2353/
ajpath.2008.070648

Block,	M.	 L.,	 Zecca,	 L.,	 &	Hong,	 J.-S.	 (2007).	Microglia-mediated	 neu-
rotoxicity: Uncovering the molecular mechanisms. Nature Reviews. 
Neuroscience, 8(1),	57–69.	https://doi.org/10.1038/nrn2038

Brcic,	L.,	Brcic,	I.,	Staresinic,	M.,	Novinscak,	T.,	Sikiric,	P.,	&	Seiwerth,	S.	
(2009).	Modulatory	effect	of	gastric	pentadecapeptide	BPC	157	on	
angiogenesis in muscle and tendon healing. Journal of Physiology and 
Pharmacology: an Official Journal of the Polish Physiological Society, 
60(Suppl 7), 191–196.

Chamorro,	A.,	Dirnagl,	U.,	Urra,	X.,	&	Planas,	A.	M.	(2016).	Neuroprotection	
in acute stroke: Targeting excitotoxicity, oxidative and nitrosative 
stress, and inflammation. The Lancet. Neurology, 15(8),	 869–881.	
https://doi.org/10.1016/S1474 -4422(16)00114 -9

Chang,	 C.-H.,	 Tsai,	 W.-C.,	 Hsu,	 Y.-H.,	 &	 Pang,	 J.-H.-S.	 (2014).	
Pentadecapeptide BPC 157 enhances the growth hormone receptor 
expression in tendon fibroblasts. Molecules (Basel, Switzerland), 19(11), 
19066–19077. https://doi.org/10.3390/molec ules1 91119066

Chang,	C.-H.,	Tsai,	W.-C.,	Lin,	M.-S.,	Hsu,	Y.-H.,	&	Pang,	J.-H.-	S.	(2011).	
The promoting effect of pentadecapeptide BPC 157 on tendon 
healing involves tendon outgrowth, cell survival, and cell migra-
tion. Journal of Applied Physiology, 110(3),	 774–780.	 https://doi.
org/10.1152/jappl physi ol.00945.2010

Chen,	Z.-Q.,	Mou,	R.-T.,	Feng,	D.-X.,	Wang,	Z.,	&	Chen,	G.	(2017).	The	role	
of nitric oxide in stroke. Medical Gas Research, 7(3), 194–203. https://
doi.org/10.4103/2045-9912.215750

Danduga,	R.	C.	S.	R.,	Reddy,	D.	S.,	Seshadri,	S.	M.,	Has,	K.	S.	S.,	&	Kumar,	
K.	 P.	 (2018).	 Effect	 of	 combination	 therapy	with	 pramipexole	 and	
n-acetylcysteine on global cerebral ischemic reperfusion injury in 
rats. Iranian Journal of Basic Medical Sciences, 21(6), 569–576. https://
doi.org/10.22038	/IJBMS.2018.22647.5756

Drmic,	 D.,	 Kolenc,	 D.,	 Ilic,	 S.,	 Bauk,	 L.,	 Sever,	 M.,	 Zenko	 Sever,	 A.,	 …	
Sikiric, P. (2017). Celecoxib-induced gastrointestinal, liver and brain 

lesions in rats, counteraction by BPC 157 or L-arginine, aggravation 
by	L-NAME.	World Journal of Gastroenterology, 23(29), 5304–5312. 
https://doi.org/10.3748/wjg.v23.i29.5304

Drmic,	 D.,	 Samara,	 M.,	 Vidovic,	 T.,	 Malekinusic,	 D.,	 Antunovic,	 M.,	
Vrdoljak,	B.,	…	Sikiric,	P.	(2018).	Counteraction	of	perforated	cecum	
lesions	in	rats:	Effects	of	pentadecapeptide	BPC	157,	L-NAME	and	
L-arginine. World Journal of Gastroenterology, 24(48),	 5462–5476.	
https://doi.org/10.3748/wjg.v24.i48.5462

Duzel,	A.,	Vlainic,	J.,	Antunovic,	M.,	Malekinusic,	D.,	Vrdoljak,	B.,	Samara,	
M.,	…	Sikiric,	P.	(2017).	Stable	gastric	pentadecapeptide	BPC	157	in	
the treatment of colitis and ischemia and reperfusion in rats: New in-
sights. World Journal of Gastroenterology, 23(48),	8465–8488.	https://
doi.org/10.3748/wjg.v23.i48.8465

Farokhi-Sisakht,	 F.,	 Farhoudi,	M.,	 Sadigh-Eteghad,	 S.,	Mahmoudi,	 J.,	 &	
Mohaddes,	 G.	 (2019).	 Cognitive	 rehabilitation	 improves	 ischemic	
stroke-induced cognitive impairment: Role of growth factors. Journal 
of Stroke and Cerebrovascular Diseases: the Official Journal of National 
Stroke Association, 28(10), 104299. https://doi.org/10.1016/j.jstro 
kecer ebrov asdis.2019.07.015

Foncea,	R.,	Carvajal,	C.,	Almarza,	C.,	&	Leighton,	F.	(2000).	Endothelial	cell	
oxidative stress and signal transduction. Biological Research, 33(2), 
89–96.	https://doi.org/10.4067/S0716	-97602	00000	0200008

Gaur, V., Aggarwal, A., & Kumar, A. (2009). Protective effect of nar-
ingin against ischemic reperfusion cerebral injury: Possible neu-
robehavioral, biochemical and cellular alterations in rat brain. 
European Journal of Pharmacology, 616(1–3), 147–154. https://doi.
org/10.1016/j.ejphar.2009.06.056

Gjurasin,	M.,	Miklic,	P.,	Zupancic,	B.,	Perovic,	D.,	Zarkovic,	K.,	Brcic,	L.,	…	
Sikiric, P. (2010). Peptide therapy with pentadecapeptide BPC 157 in 
traumatic nerve injury. Regulatory Peptides, 160(1–3), 33–41. https://
doi.org/10.1016/j.regpep.2009.11.005

Greenberg, D. A., & Jin, K. (2013). Vascular endothelial growth factors 
(VEGFs) and stroke. Cellular and Molecular Life Sciences: CMLS, 70(10), 
1753–1761.	https://doi.org/10.1007/s0001	8-013-1282-8

Gulati, P., & Singh, N. (2014). Evolving possible link between PI3K and NO 
pathways in neuroprotective mechanism of ischemic postcondition-
ing in mice. Molecular and Cellular Biochemistry, 397(1–2), 255–265. 
https://doi.org/10.1007/s1101 0-014-2193-1

Gulati,	 P.,	 Singh,	 N.,	 &	 Muthuraman,	 A.	 (2014).	 Pharmacologic	 evi-
dence for role of endothelial nitric oxide synthase in neuropro-
tective mechanism of ischemic postconditioning in mice. Journal 
of Surgical Research, 188(1), 349–360. https://doi.org/10.1016/j.
jss.2013.12.015

Gursoy-Ozdemir,	Y.,	Can,	A.,	&	Dalkara,	T.	(2004).	Reperfusion-induced	
oxidative/nitrative injury to neurovascular unit after focal cerebral 
ischemia. Stroke, 35(6), 1449–1453. https://doi.org/10.1161/01.
STR.00001	26044.83777.f4

Hayashi,	T.,	Abe,	K.,	&	Itoyama,	Y.	(1998).	Reduction	of	ischemic	damage	
by application of vascular endothelial growth factor in rat brain after 
transient ischemia. Journal of Cerebral Blood Flow and Metabolism: 
Official Journal of the International Society of Cerebral Blood Flow and 
Metabolism, 18(8),	 887–895.	 https://doi.org/10.1097/00004	647-
19980	8000-00009

Hinterseher, I., Schworer, C., Lillvis, J., Stahl, E., Erdman, R., Gatalica, 
Z.,	 …	 Kuivaniemi,	 H.	 (2015).	 Immunohistochemical	 analysis	 of	 the	
natural killer cell cytotoxicity pathway in human abdominal aortic 
aneurysms. International Journal of Molecular Sciences, 16(5), 11196–
11212. https://doi.org/10.3390/ijms1 60511196

Holloway,	P.	M.,	&	Gavins,	F.	N.	E.	 (2016).	Modeling	 ischemic	stroke	 in	
vitro: Status quo and future perspectives. Stroke, 47(2), 561–569. 
https://doi.org/10.1161/STROK EAHA.115.011932

Hossain,	M.,	Qadri,	S.	M.,	&	Liu,	L.	(2012).	Inhibition	of	nitric	oxide	syn-
thesis enhances leukocyte rolling and adhesion in human microvas-
culature. Journal of Inflammation (London, England), 9(1),	28.	https://
doi.org/10.1186/1476-9255-9-28

https://orcid.org/0000-0003-4215-6743
https://orcid.org/0000-0003-4215-6743
https://doi.org/10.1038/s41598-019-42633-9
https://doi.org/10.1038/s41598-019-42633-9
https://doi.org/10.1080/21691401.2019.1639723
https://doi.org/10.1080/21691401.2019.1639723
https://doi.org/10.3748/wjg.v24.i47.5366
https://doi.org/10.3978/j.issn.2304-3881.2015.06.08
https://doi.org/10.2353/ajpath.2008.070648
https://doi.org/10.2353/ajpath.2008.070648
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/S1474-4422(16)00114-9
https://doi.org/10.3390/molecules191119066
https://doi.org/10.1152/japplphysiol.00945.2010
https://doi.org/10.1152/japplphysiol.00945.2010
https://doi.org/10.4103/2045-9912.215750
https://doi.org/10.4103/2045-9912.215750
https://doi.org/10.22038/IJBMS.2018.22647.5756
https://doi.org/10.22038/IJBMS.2018.22647.5756
https://doi.org/10.3748/wjg.v23.i29.5304
https://doi.org/10.3748/wjg.v24.i48.5462
https://doi.org/10.3748/wjg.v23.i48.8465
https://doi.org/10.3748/wjg.v23.i48.8465
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.07.015
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.07.015
https://doi.org/10.4067/S0716-97602000000200008
https://doi.org/10.1016/j.ejphar.2009.06.056
https://doi.org/10.1016/j.ejphar.2009.06.056
https://doi.org/10.1016/j.regpep.2009.11.005
https://doi.org/10.1016/j.regpep.2009.11.005
https://doi.org/10.1007/s00018-013-1282-8
https://doi.org/10.1007/s11010-014-2193-1
https://doi.org/10.1016/j.jss.2013.12.015
https://doi.org/10.1016/j.jss.2013.12.015
https://doi.org/10.1161/01.STR.0000126044.83777.f4
https://doi.org/10.1161/01.STR.0000126044.83777.f4
https://doi.org/10.1097/00004647-199808000-00009
https://doi.org/10.1097/00004647-199808000-00009
https://doi.org/10.3390/ijms160511196
https://doi.org/10.1161/STROKEAHA.115.011932
https://doi.org/10.1186/1476-9255-9-28
https://doi.org/10.1186/1476-9255-9-28


     |  11 of 13VUKOJEVIĆ Et al.

Hrelec,	M.,	Klicek,	R.,	Brcic,	L.,	Brcic,	I.,	Cvjetko,	I.,	Seiwerth,	S.,	&	Sikiric,	
P. (2009). Abdominal aorta anastomosis in rats and stable gas-
tric pentadecapeptide BPC 157, prophylaxis and therapy. Journal 
of Physiology and Pharmacology: an Official Journal of the Polish 
Physiological Society, 60(Suppl 7), 161–165.

Hsieh,	M.-J.,	 Liu,	 H.-T.,	Wang,	 C.-N.,	 Huang,	 H.-Y.,	 Lin,	 Y.,	 Ko,	 Y.-S.,	 …	
Pang, J.-H. (2017). Therapeutic potential of pro-angiogenic BPC157 
is associated with VEGFR2 activation and up-regulation. Journal of 
Molecular Medicine (Berlin, Germany), 95(3), 323–333. https://doi.
org/10.1007/s0010	9-016-1488-y

Huang,	 T.,	 Gu,	 J.,	 Zhang,	 K.,	 Sun,	 L.,	 Xue,	 X.,	 Zhang,	 C.,	 …	 Zhang,	W.	
(2015). Body protective compound-157 enhances alkali-burn wound 
healing in vivo and promotes proliferation, migration, and angiogen-
esis in vitro. Drug Design, Development and Therapy, 9,	 2485–2499.	
https://doi.org/10.2147/DDDT.S82030

Ilic,	S.,	Brcic,	I.,	Mester,	M.,	Filipovic,	M.,	Sever,	M.,	Klicek,	R.,	…	Sikiric,	
P. (2009). Over-dose insulin and stable gastric pentadecapeptide 
BPC	 157.	 Attenuated	 gastric	 ulcers,	 seizures,	 brain	 lesions,	 hep-
atomegaly, fatty liver, breakdown of liver glycogen, profound 
hypoglycemia and calcification in rats. Journal of Physiology and 
Pharmacology: an Official Journal of the Polish Physiological Society, 
60 Suppl, 7, 107–114.

Ilic,	 S.,	 Drmic,	D.,	 Franjic,	 S.,	 Kolenc,	D.,	 Coric,	M.,	 Brcic,	 L.,	 …	 Sikiric,	
P. (2011). Pentadecapeptide BPC 157 and its effects on a NSAID 
toxicity model: Diclofenac-induced gastrointestinal, liver, and en-
cephalopathy lesions. Life Sciences, 88(11–12), 535–542. https://doi.
org/10.1016/j.lfs.2011.01.015

Ilic,	S.,	Drmic,	D.,	Zarkovic,	K.,	Kolenc,	D.,	Brcic,	L.,	Radic,	B.,	…	Sikiric,	P.	
(2011). Ibuprofen hepatic encephalopathy, hepatomegaly, gastric le-
sion and gastric pentadecapeptide BPC 157 in rats. European Journal 
of Pharmacology, 667(1–3), 322–329. https://doi.org/10.1016/j.
ejphar.2011.05.038

Ilic,	S.,	Drmic,	D.,	Zarkovic,	K.,	Kolenc,	D.,	Coric,	M.,	Brcic,	L.,	…	Sikiric,	P.	
(2010).	High	hepatotoxic	dose	of	paracetamol	produces	generalized	
convulsions and brain damage in rats. A counteraction with the stable 
gastric pentadecapeptide BPC 157 (PL 14736). Journal of Physiology 
and Pharmacology: an Official Journal of the Polish Physiological Society, 
61(2), 241–250.

Iwasaki,	K.,	Mishima,	K.,	Egashira,	N.,	Al-khatib,	 I.	H.,	 Ishibashi,	D.,	 Irie,	
K.,	…	Fujiwara,	M.	(2003).	Effect	of	nilvadipine	on	the	cerebral	isch-
emia-induced impairment of spatial memory and hippocampal apop-
tosis in rats. Journal of Pharmacological Sciences, 93(2),	 188–196.	
https://doi.org/10.1254/jphs.93.188

Jayaraj,	R.	 L.,	Azimullah,	 S.,	Beiram,	R.,	 Jalal,	 F.	Y.,	&	Rosenberg,	G.	A.	
(2019). Neuroinflammation: Friend and foe for ischemic stroke. 
Journal of Neuroinflammation, 16(1),	 142.	 https://doi.org/10.1186/
s1297 4-019-1516-2

Jelovac,	N.,	 Sikiric,	 P.,	 Rucman,	R.,	 Petek,	M.,	Marovic,	A.,	 Perovic,	D.,	
…	Prkacin,	 I.	 (1999).	Pentadecapeptide	BPC	157	attenuates	distur-
bances induced by neuroleptics: The effect on catalepsy and gas-
tric ulcers in mice and rats. European Journal of Pharmacology, 379(1), 
19–31.	https://doi.org/10.1016/S0014	-2999(99)00486	-0

Jelovac,	 N.,	 Sikirić,	 P.,	 Ručman,	 R.,	 Petek,	M.,	 Perović,	 D.,	 Konjevoda,	
P.,	 …	 Perić,	 J.	 (1998).	 A	 novel	 pentadecapeptide,	 BPC	 157,	 blocks	
the stereotypy produced acutely by amphetamine and the devel-
opment of haloperidol-induced supersensitivity to amphetamine. 
Biological Psychiatry, 43(7), 511–519. https://doi.org/10.1016/S0006 
-3223(97)00277 -1

Kaltschmidt, C., Kaltschmidt, B., & Baeuerle, P. A. (1993). Brain synapses 
contain inducible forms of the transcription factor NF-kappa B. 
Mechanisms of Development, 43(2–3), 135–147.

Kang,	 E.	 A.,	Han,	 Y.-M.,	 An,	 J.	M.,	 Park,	 Y.	 J.,	 Sikiric,	 P.,	 Kim,	D.	H.,	…	
Hahm,	K.	B.	(2018).	BPC157	as	potential	agent	rescuing	from	cancer	
cachexia. Current Pharmaceutical Design, 24(18),	1947–1956.	https://
doi.org/10.2174/13816	12824	66618	06140	82950

Klicek,	R.,	Kolenc,	D.,	Suran,	J.,	Drmic,	D.,	Brcic,	L.,	Aralica,	G.,	…	Sikiric,	
P. (2013). Stable gastric pentadecapeptide BPC 157 heals cysteam-
ine-colitis and colon-colon-anastomosis and counteracts cupri-
zone	 brain	 injuries	 and	 motor	 disability.	 Journal of Physiology and 
Pharmacology: An Official Journal of the Polish Physiological Society, 
64(5), 597–612.

Knapska,	E.,	&	Kaczmarek,	 L.	 (2004).	A	gene	 for	neuronal	plasticity	 in	
the	 mammalian	 brain:	 Zif268/Egr-1/NGFI-A/Krox-24/TIS8/ZENK?	
Progress in Neurobiology, 74(4),	 183–211.	 https://doi.org/10.1016/j.
pneur obio.2004.05.007

Knoll, B., & Nordheim, A. (2009). Functional versatility of transcrip-
tion factors in the nervous system: The SRF paradigm. Trends 
in Neurosciences, 32(8),	 432–442.	 https://doi.org/10.1016/j.
tins.2009.05.004

Kremer,	N.	E.,	D'Arcangelo,	G.,	Thomas,	S.	M.,	DeMarco,	M.,	Brugge,	J.	
S., & Halegoua, S. (1991). Signal transduction by nerve growth factor 
and fibroblast growth factor in PC12 cells requires a sequence of src 
and ras actions. The Journal of Cell Biology, 115(3),	809–819.	https://
doi.org/10.1083/jcb.115.3.809

Kuhlencordt,	 P.	 J.,	 Rosel,	 E.,	 Gerszten,	 R.	 E.,	 Morales-Ruiz,	 M.,	
Dombkowski,	D.,	Atkinson,	W.	J.,	…	Huang,	P.	L.	(2004).	Role	of	en-
dothelial nitric oxide synthase in endothelial activation: Insights from 
eNOS knockout endothelial cells. American Journal of Physiology-Cell 
Physiology, 286(5), C1195–C1202. https://doi.org/10.1152/ajpce 
ll.00546.2002

Liu,	H.,	Li,	J.,	Zhao,	F.,	Wang,	H.,	Qu,	Y.,	&	Mu,	D.	(2015).	Nitric	oxide	syn-
thase in hypoxic or ischemic brain injury. Reviews in the Neurosciences, 
26(1), 105–117. https://doi.org/10.1515/revne uro-2014-0041

Lojo, N., Rasic, Z., Zenko Sever, A., Kolenc, D., Vukusic, D., Drmic, D., 
…	Sikiric,	 P.	 (2016).	 Effects	 of	 diclofenac,	 L-NAME,	 L-arginine,	 and	
pentadecapeptide BPC 157 on gastrointestinal, liver, and brain le-
sions, failed anastomosis, and intestinal adaptation deterioration in 
24 hour-short-bowel rats. PLoS One, 11(9), e0162590. https://doi.
org/10.1371/journ al.pone.0162590

Luetic,	 K.,	 Sucic,	M.,	 Vlainic,	 J.,	 Halle,	 Z.	 B.,	 Strinic,	 D.,	 Vidovic,	 T.,	 …	
Sikiric, P. (2017). Cyclophosphamide induced stomach and duodenal 
lesions	as	a	NO-system	disturbance	in	rats:	L-NAME,	L-arginine,	sta-
ble gastric pentadecapeptide BPC 157. Inflammopharmacology, 25(2), 
255–264.	https://doi.org/10.1007/s1078	7-017-0330-7

Maiese,	 K.	 (2015).	 FoxO	 proteins	 in	 the	 nervous	 system.	 Analytical 
Cellular Pathology (Amsterdam), 2015, 569392. https://doi.
org/10.1155/2015/569392

Matsuzaki,	H.,	Tamatani,	M.,	Yamaguchi,	A.,	Namikawa,	K.,	Kiyama,	H.,	
Vitek,	M.	P.,	…	Tohyama,	M.	(2001).	Vascular	endothelial	growth	fac-
tor rescues hippocampal neurons from glutamate-induced toxicity: 
Signal transduction cascades. The FASEB Journal, 15(7),	1218–1220.	
https://doi.org/10.1096/fj.00-0495fje

Maul,	T.	M.	(2008).	Mechanobiology of stem cells: Implications for vascular 
tissue engineering. Doctoral dissertation, University of Pittsburgh.

Moore,	C.,	Sanz-Rosa,	D.,	&	Emerson,	M.	(2011).	Distinct	role	and	loca-
tion of the endothelial isoform of nitric oxide synthase in regulating 
platelet aggregation in males and females in vivo. European Journal 
of Pharmacology, 651(1–3),	 152–158.	 https://doi.org/10.1016/j.
ejphar.2010.11.011

Moriyama,	 Y.,	 Takagi,	 N.,	 Hashimura,	 K.,	 Itokawa,	 C.,	 &	 Tanonaka,	 K.	
(2013). Intravenous injection of neural progenitor cells facilitates an-
giogenesis after cerebral ischemia. Brain and Behavior, 3(2), 43–53. 
https://doi.org/10.1002/brb3.113

Nabah,	Y.	N.	A.,	Mateo,	T.,	Cerda-Nicolas,	M.,	Alvarez,	A.,	Martinez,	M.,	
Issekutz,	A.	C.,	&	Sanz,	M.-J.	(2005).	L-NAME	induces	direct	arterio-
lar leukocyte adhesion, which is mainly mediated by angiotensin-II. 
Microcirculation, 12(5),	 443–453.	 https://doi.org/10.1080/10739	
68059	0960962

Nikolaev, S. I., Vetiska, S., Bonilla, X., Boudreau, E., Jauhiainen, S., Jahromi, 
B.	R.,	…	Radovanovic,	I.	(2018).	Somatic	activating	KRAS	mutations	

https://doi.org/10.1007/s00109-016-1488-y
https://doi.org/10.1007/s00109-016-1488-y
https://doi.org/10.2147/DDDT.S82030
https://doi.org/10.1016/j.lfs.2011.01.015
https://doi.org/10.1016/j.lfs.2011.01.015
https://doi.org/10.1016/j.ejphar.2011.05.038
https://doi.org/10.1016/j.ejphar.2011.05.038
https://doi.org/10.1254/jphs.93.188
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1186/s12974-019-1516-2
https://doi.org/10.1016/S0014-2999(99)00486-0
https://doi.org/10.1016/S0006-3223(97)00277-1
https://doi.org/10.1016/S0006-3223(97)00277-1
https://doi.org/10.2174/1381612824666180614082950
https://doi.org/10.2174/1381612824666180614082950
https://doi.org/10.1016/j.pneurobio.2004.05.007
https://doi.org/10.1016/j.pneurobio.2004.05.007
https://doi.org/10.1016/j.tins.2009.05.004
https://doi.org/10.1016/j.tins.2009.05.004
https://doi.org/10.1083/jcb.115.3.809
https://doi.org/10.1083/jcb.115.3.809
https://doi.org/10.1152/ajpcell.00546.2002
https://doi.org/10.1152/ajpcell.00546.2002
https://doi.org/10.1515/revneuro-2014-0041
https://doi.org/10.1371/journal.pone.0162590
https://doi.org/10.1371/journal.pone.0162590
https://doi.org/10.1007/s10787-017-0330-7
https://doi.org/10.1155/2015/569392
https://doi.org/10.1155/2015/569392
https://doi.org/10.1096/fj.00-0495fje
https://doi.org/10.1016/j.ejphar.2010.11.011
https://doi.org/10.1016/j.ejphar.2010.11.011
https://doi.org/10.1002/brb3.113
https://doi.org/10.1080/10739680590960962
https://doi.org/10.1080/10739680590960962


12 of 13  |     VUKOJEVIĆ Et al.

in arteriovenous malformations of the brain. The New England Journal 
of Medicine, 378(3),	 250–261.	 https://doi.org/10.1056/NEJMo	
a1709449

Niranjan,	 R.	 (2013).	 Molecular	 basis	 of	 etiological	 implications	 in	
Alzheimer's	 disease:	 Focus	 on	 neuroinflammation.	 Molecular 
Neurobiology, 48(3),	 412–428.	 https://doi.org/10.1007/s1203	
5-013-8428-4

Radeljak, S., Seiwerth, S., & Sikiric, P. (2004). BPC 157 inhibits cell growth 
and	VEGF	signalling	via	the	MAPK	kinase	pathway	in	the	human	mel-
anoma cell line. Melanoma Research, 14(4), A14–A15. https://doi.
org/10.1097/00008	390-20040	8000-00050

Rayner,	B.	S.,	Figtree,	G.	A.,	Sabaretnam,	T.,	Shang,	P.,	Mazhar,	J.,	Weaver,	
J.	C.,	…	Bhindi,	R.	 (2013).	Selective	 inhibition	of	the	master	regula-
tor transcription factor Egr-1 with catalytic oligonucleotides re-
duces myocardial injury and improves left ventricular systolic func-
tion in a preclinical model of myocardial infarction. Journal of the 
American Heart Association, 2(4), e000023. https://doi.org/10.1161/
JAHA.113.000023

RStudio Team. (2015). RStudio: Integrated Development Environment for R. 
Boston,	MA:	RStudio,	Inc.	Retrieved	from	http://www.rstud	io.com/.

Schweighofer, B., Schultes, J., Pomyje, J., & Hofer, E. (2007). Signals and 
genes induced by angiogenic growth factors in comparison to in-
flammatory cytokines in endothelial cells. Clinical Hemorheology and 
Microcirculation, 37(1–2), 57–62.

Seiwerth,	S.,	Brcic,	L.,	Vuletic,	L.	B.,	Kolenc,	D.,	Aralica,	G.,	Misic,	M.,	…	
Sikiric, P. (2014). BPC 157 and blood vessels. Current Pharmaceutical 
Design, 20(7), 1121–1125.

Seiwerth,	S.,	Rucman,	R.,	Turkovic,	B.,	Sever,	M.,	Klicek,	R.,	Radic,	B.,	…	
Sikiric,	P.	(2018).	BPC	157	and	standard	angiogenic	growth	factors.	
Gastrointestinal tract healing, lessons from tendon, ligament, muscle 
and bone healing. Current Pharmaceutical Design, 24(18),	1972–1989.	
https://doi.org/10.2174/13816	12824	66618	07121	10447

Sever,	 A.	 Z.,	 Sever,	 M.,	 Vidovic,	 T.,	 Lojo,	 N.,	 Kolenc,	 D.,	 Vuletic,	 L.	
B.,	 …	 Sikiric,	 P.	 (2019).	 Stable	 gastric	 pentadecapeptide	 BPC	
157 in the therapy of the rats with bile duct ligation. European 
Journal of Pharmacology, 847, 130–142. https://doi.org/10.1016/j.
ejphar.2019.01.030

Sikiric,	P.,	Jelovac,	N.,	Jelovac-Gjeldum,	A.,	Dodig,	G.,	Staresinic,	M.,	Anic,	
T.,	…	Babic,	S.	(2002).	Pentadecapeptide	BPC	157	attenuates	chronic	
amphetamine-induced behavior disturbances. Acta Pharmacologica 
Sinica, 23(5), 412–422.

Sikiric,	 P.,	 Rucman,	 R.,	 Turkovic,	 B.,	 Sever,	M.,	 Klicek,	 R.,	 Radic,	 B.,	 …	
Seiwerth,	 S.	 (2018).	 Novel	 cytoprotective	 mediator,	 stable	 gastric	
pentadecapeptide BPC 157. Vascular recruitment and gastrointesti-
nal tract healing. Current Pharmaceutical Design, 24(18),	1990–2001.	
https://doi.org/10.2174/13816	12824	66618	06081	01119

Sikiric,	P.,	Seiwerth,	S.,	Brcic,	L.,	Sever,	M.,	Klicek,	R.,	Radic,	B.,	…	Kolenc,	
D. (2010). Revised Robert's cytoprotection and adaptive cytoprotec-
tion and stable gastric pentadecapeptide BPC 157. Possible signif-
icance and implications for novel mediator. Current Pharmaceutical 
Design, 16(10), 1224–1234.

Sikirić,	P.,	Seiwerth,	S.,	Grabarević,	Ž.,	Ručman,	R.,	Petek,	M.,	Jagić,	V.,	
…	Marović,	 A.	 (1997).	 The	 influence	 of	 a	 novel	 pentadecapeptide,	
BPC 157, on N(G)-nitro-L-arginine methylester and L-arginine effects 
on stomach mucosa integrity and blood pressure. European Journal 
of Pharmacology, 332(1), 23–33. https://doi.org/10.1016/S0014 
-2999(97)01033 -9

Sikiric,	 P.,	 Seiwerth,	 S.,	 Rucman,	 R.,	 Drmic,	 D.,	 Stupnisek,	 M.,	 Kokot,	
A.,	…	Bencic,	M.	 L.	 (2017).	 Stress	 in	gastrointestinal	 tract	 and	 sta-
ble gastric pentadecapeptide BPC 157. Finally, do we have a solu-
tion?	Current Pharmaceutical Design, 23(27),	4012–4028.	https://doi.
org/10.2174/13816	12823	66617	02201	63219

Sikiric, P., Seiwerth, S., Rucman, R., Kolenc, D., Batelja Vuletic, L., Drmic, 
D.,	…	Vlainic,	J.	(2016).	Brain-gut	axis	and	pentadecapeptide	BPC	157:	
Theoretical and practical implications. Current Neuropharmacology, 

14(8),	 857–865.	 https://doi.org/10.2174/15701	59X13	66616	05021	
53022

Sikiric, P., Seiwerth, S., Rucman, R., Turkovic, B., Rokotov, D. S., Brcic, 
L.,	…	Sebecic,	B.	 (2011).	Stable	gastric	pentadecapeptide	BPC	157:	
Novel therapy in gastrointestinal tract. Current Pharmaceutical 
Design, 17(16), 1612–1632.

Sikiric, P., Seiwerth, S., Rucman, R., Turkovic, B., Rokotov, D. S., Brcic, L., 
…	Sebecic,	B.	(2012).	Focus	on	ulcerative	colitis:	Stable	gastric	pen-
tadecapeptide BPC 157. Current Medicinal Chemistry, 19(1), 126–132.

Sikiric, P., Seiwerth, S., Rucman, R., Turkovic, B., Rokotov, D. S., Brcic, L., 
…	Sebecic,	B.	 (2013).	Toxicity	by	NSAIDs.	Counteraction	by	 stable	
gastric pentadecapeptide BPC 157. Current Pharmaceutical Design, 
19(1),	76–83.

Sikiric, P., Seiwerth, S., Rucman, R., Turkovic, B., Rokotov, D. S., Brcic, L., 
…	Sebecic,	B.	(2014).	Stable	gastric	pentadecapeptide	BPC	157-NO-
system relation. Current Pharmaceutical Design, 20(7), 1126–1135.

Sikiric,	 P.,	 Šeparovic,	 J.,	 Anic,	 T.,	 Buljat,	 G.,	Mikus,	 D.,	 Seiwerth,	 S.,	 …	
Rotkvic, I. (1999). The effect of pentadecapeptide BPC 157, H2-
blockers,	omeprazole	and	sucralfate	on	new	vessels	and	new	gran-
ulation tissue formation. Journal of Physiology-Paris, 93(6),	479–485.	
https://doi.org/10.1016/S0928	-4257(99)00123	-0

Sobrado,	 M.,	 Lopez,	 M.	 G.,	 Carceller,	 F.,	 Garcia,	 A.	 G.,	 &	 Roda,	 J.	 M.	
(2003).	Combined	nimodipine	and	citicoline	 reduce	 infarct	size,	at-
tenuate apoptosis and increase bcl-2 expression after focal cerebral 
ischemia. Neuroscience, 118(1), 107–113. https://doi.org/10.1016/
S0306 -4522(02)00912 -0

Somanath,	P.	R.,	Razorenova,	O.	V.,	Chen,	J.,	&	Byzova,	T.	V.	(2006).	Akt1	
in endothelial cell and angiogenesis. Cell Cycle, 5(5),	512–518.	https://
doi.org/10.4161/cc.5.5.2538

Stupnisek,	M.,	Franjic,	S.,	Drmic,	D.,	Hrelec,	M.,	Kolenc,	D.,	Radic,	B.,	…	
Sikiric, P. (2012). Pentadecapeptide BPC 157 reduces bleeding time 
and thrombocytopenia after amputation in rats treated with heparin, 
warfarin or aspirin. Thrombosis Research, 129(5), 652–659. https://
doi.org/10.1016/j.throm res.2011.07.035

Stupnisek,	M.,	Kokot,	A.,	Drmic,	D.,	Hrelec	Patrlj,	M.,	Zenko	Sever,	A.,	
Kolenc,	D.,	…	Sikiric,	P.	(2015).	Pentadecapeptide	BPC	157	reduces	
bleeding and thrombocytopenia after amputation in rats treated 
with	 heparin,	 warfarin,	 L-NAME	 and	 L-arginine.	 PLoS One, 10(4), 
e0123454. https://doi.org/10.1371/journ al.pone.0123454

Svaren, J., Sevetson, B. R., Apel, E. D., Zimonjic, D. B., Popescu, N. C., 
&	 Milbrandt,	 J.	 (1996).	 NAB2,	 a	 corepressor	 of	 NGFI-A	 (Egr-1)	
and Krox20, is induced by proliferative and differentiative stim-
uli. Molecular and Cellular Biology, 16(7), 3545–3553. https://doi.
org/10.1128/MCB.16.7.3545

Thomas,	S.	M.,	&	Brugge,	J.	S.	(1997).	Cellular	functions	regulated	by	Src	
family kinases. Annual Review of Cell and Developmental Biology, 13, 
513–609. https://doi.org/10.1146/annur ev.cellb io.13.1.513

Tkalčević,	V.	 I.,	Čužić,	 S.,	Brajša,	K.,	Mildner,	B.,	Bokulić,	A.,	 Šitum,	K.,	
…	Parnham,	M.	J.	(2007).	Enhancement	by	PL	14736	of	granulation	
and	collagen	organization	in	healing	wounds	and	the	potential	role	of	
egr-1 expression. European Journal of Pharmacology, 570(1–3), 212–
221. https://doi.org/10.1016/j.ejphar.2007.05.072

Tohyama,	Y.,	 Sikiric,	 P.,	&	Diksic,	M.	 (2004).	 Effects	 of	 pentadecapep-
tide BPC157 on regional serotonin synthesis in the rat brain: Alpha-
methyl-L-tryptophan autoradiographic measurements. Life Sciences, 
76(3),	345–357.	https://doi.org/10.1016/j.lfs.2004.08.010

Trickler,	W.	J.,	Mayhan,	W.	G.,	&	Miller,	D.	W.	(2005).	Brain	microvessel	
endothelial cell responses to tumor necrosis factor-alpha involve a 
nuclear factor kappa B (NF-kappaB) signal transduction pathway. 
Brain Research, 1048(1–2), 24–31. https://doi.org/10.1016/j.brain 
res.2005.04.028

Tudor,	M.,	Jandric,	I.,	Marovic,	A.,	Gjurasin,	M.,	Perovic,	D.,	Radic,	B.,	…	
Sikiric, P. (2010). Traumatic brain injury in mice and pentadecapep-
tide BPC 157 effect. Regulatory Peptides, 160(1–3), 26–32. https://
doi.org/10.1016/j.regpep.2009.11.012

https://doi.org/10.1056/NEJMoa1709449
https://doi.org/10.1056/NEJMoa1709449
https://doi.org/10.1007/s12035-013-8428-4
https://doi.org/10.1007/s12035-013-8428-4
https://doi.org/10.1097/00008390-200408000-00050
https://doi.org/10.1097/00008390-200408000-00050
https://doi.org/10.1161/JAHA.113.000023
https://doi.org/10.1161/JAHA.113.000023
http://www.rstudio.com/
https://doi.org/10.2174/1381612824666180712110447
https://doi.org/10.1016/j.ejphar.2019.01.030
https://doi.org/10.1016/j.ejphar.2019.01.030
https://doi.org/10.2174/1381612824666180608101119
https://doi.org/10.1016/S0014-2999(97)01033-9
https://doi.org/10.1016/S0014-2999(97)01033-9
https://doi.org/10.2174/1381612823666170220163219
https://doi.org/10.2174/1381612823666170220163219
https://doi.org/10.2174/1570159X13666160502153022
https://doi.org/10.2174/1570159X13666160502153022
https://doi.org/10.1016/S0928-4257(99)00123-0
https://doi.org/10.1016/S0306-4522(02)00912-0
https://doi.org/10.1016/S0306-4522(02)00912-0
https://doi.org/10.4161/cc.5.5.2538
https://doi.org/10.4161/cc.5.5.2538
https://doi.org/10.1016/j.thromres.2011.07.035
https://doi.org/10.1016/j.thromres.2011.07.035
https://doi.org/10.1371/journal.pone.0123454
https://doi.org/10.1128/MCB.16.7.3545
https://doi.org/10.1128/MCB.16.7.3545
https://doi.org/10.1146/annurev.cellbio.13.1.513
https://doi.org/10.1016/j.ejphar.2007.05.072
https://doi.org/10.1016/j.lfs.2004.08.010
https://doi.org/10.1016/j.brainres.2005.04.028
https://doi.org/10.1016/j.brainres.2005.04.028
https://doi.org/10.1016/j.regpep.2009.11.012
https://doi.org/10.1016/j.regpep.2009.11.012


     |  13 of 13VUKOJEVIĆ Et al.

Tureyen,	K.,	Brooks,	N.,	Bowen,	K.,	Svaren,	J.,	&	Vemuganti,	R.	 (2008).	
Transcription factor early growth response-1 induction mediates in-
flammatory gene expression and brain damage following transient 
focal ischemia. Journal of Neurochemistry, 105(4), 1313–1324. https://
doi.org/10.1111/j.1471-4159.2008.05233.x

Vorhees,	C.	V.,	&	Williams,	M.	T.	(2006).	Morris	water	maze:	Procedures	
for assessing spatial and related forms of learning and memory. Nature 
Protocols, 1(2),	848–858.	https://doi.org/10.1038/nprot.2006.116

Vukojević,	 J.,	 Siroglavić,	M.,	Kašnik,	K.,	Kralj,	T.,	 Stanćić,	D.,	Kokot,	A.,	
…	 Sikirić,	 P.	 (2018).	 Rat	 inferior	 caval	 vein	 (ICV)	 ligature	 and	 par-
ticular new insights with the stable gastric pentadecapeptide BPC 
157. Vascular Pharmacology, 106, 54–66. https://doi.org/10.1016/j.
vph.2018.02.010

Wang,	X.-Y.,	Qu,	M.,	Duan,	R.,	Shi,	D.,	Jin,	L.,	Gao,	J.,	…	Wang,	G.-D.	(2019).	
Cytoprotective mechanism of the novel gastric peptide BPC157 in 
gastrointestinal tract and cultured enteric neurons and glial cells. 
Neuroscience Bulletin, 35(1), 167–170. https://doi.org/10.1007/s1226 
4-018-0269-8

Wick,	A.,	Wick,	W.,	Waltenberger,	J.,	Weller,	M.,	Dichgans,	J.,	&	Schulz,	
J. B. (2002). Neuroprotection by hypoxic preconditioning requires 
sequential activation of vascular endothelial growth factor receptor 
and Akt. The Journal of Neuroscience, 22(15), 6401–6407. https://doi.
org/10.1523/JNEUR OSCI.22-15-06401.2002

Xie,	R.,	Cheng,	M.,	Li,	M.,	Xiong,	X.,	Daadi,	M.,	Sapolsky,	R.	M.,	&	Zhao,	
H. (2013). Akt isoforms differentially protect against stroke-in-
duced neuronal injury by regulating mTOR activities. Journal of 
Cerebral Blood Flow and Metabolism, 33(12),	1875–1885.	https://doi.
org/10.1038/jcbfm.2013.132

Yakovleva,	T.,	Bazov,	I.,	Watanabe,	H.,	Hauser,	K.	F.,	&	Bakalkin,	G.	(2011).	
Transcriptional control of maladaptive and protective responses 

in alcoholics: A role of the NF-kappaB system. Brain, Behavior, 
and Immunity, 25(Suppl	 1),	 S29–S38.	 https://doi.org/10.1016/j.
bbi.2010.12.019

Yang,	D.-Y.,	Pan,	H.-C.,	Chen,	C.-J.,	Cheng,	F.-C.,	&	Wang,	Y.-C.	 (2007).	
Effects of tissue plasminogen activator on cerebral microvessels 
of rats during focal cerebral ischemia and reperfusion. Neurological 
Research, 29(3),	 274–282.	 https://doi.org/10.1179/01616	4107X	
159171

Yu,	H.,	Li,	X.,	Marchetto,	G.	S.,	Dy,	R.,	Hunter,	D.,	Calvo,	B.,	…	Earp,	H.	
S. (1996). Activation of a novel calcium-dependent protein-tyrosine 
kinase. Correlation with c-Jun N-terminal kinase but not mitogen-ac-
tivated protein kinase activation. The Journal of Biological Chemistry, 
271(47),	29993–29998.	https://doi.org/10.1074/jbc.271.47.29993

Zhao,	H.,	Sapolsky,	R.	M.,	&	Steinberg,	G.	K.	(2006).	Phosphoinositide-3-
kinase/akt survival signal pathways are implicated in neuronal sur-
vival after stroke. Molecular Neurobiology, 34(3), 249–269. https://doi.
org/10.1385/MN:34:3:249

Zhou,	 J.,	 Du,	 T.,	 Li,	 B.,	 Rong,	 Y.,	 Verkhratsky,	 A.,	 &	 Peng,	 L.	 (2015).	
Crosstalk	 between	 MAPK/ERK	 and	 PI3K/AKT	 signal	 pathways	
during brain ischemia/reperfusion. ASN Neuro, 7(5), https://doi.
org/10.1177/17590 91415 602463

How to cite this article:	Vukojević	J,	Vrdoljak	B,	Malekinušić	
D, et al. The effect of pentadecapeptide BPC 157 on 
hippocampal ischemia/reperfusion injuries in rats. Brain 
Behav. 2020;10:e01726. https://doi.org/10.1002/brb3.1726

https://doi.org/10.1111/j.1471-4159.2008.05233.x
https://doi.org/10.1111/j.1471-4159.2008.05233.x
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1016/j.vph.2018.02.010
https://doi.org/10.1016/j.vph.2018.02.010
https://doi.org/10.1007/s12264-018-0269-8
https://doi.org/10.1007/s12264-018-0269-8
https://doi.org/10.1523/JNEUROSCI.22-15-06401.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06401.2002
https://doi.org/10.1038/jcbfm.2013.132
https://doi.org/10.1038/jcbfm.2013.132
https://doi.org/10.1016/j.bbi.2010.12.019
https://doi.org/10.1016/j.bbi.2010.12.019
https://doi.org/10.1179/016164107X159171
https://doi.org/10.1179/016164107X159171
https://doi.org/10.1074/jbc.271.47.29993
https://doi.org/10.1385/MN:34:3:249
https://doi.org/10.1385/MN:34:3:249
https://doi.org/10.1177/1759091415602463
https://doi.org/10.1177/1759091415602463
https://doi.org/10.1002/brb3.1726

