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Abstract: Background. We investigated the occluded essential vessel tributaries, both arterial and
venous, occluded superior mesenteric vein and artery in rats, consequent noxious syndrome, pe-
ripherally and centrally. As therapy, we hypothesized the rapidly activated alternative bypassing
pathways, arterial and venous, and the stable gastric pentadecapeptide BPC 157 since it rapidly
alleviated venous occlusion syndromes. Methods. Assessments were performed for 30 min (gross
recording, venography, ECG, pressure, microscopy, biochemistry, and oxidative stress), including
portal hypertension, caval hypertension, aortal hypotension, and centrally, the superior sagittal sinus
hypertension; systemic arterial and venous thrombosis, ECG disturbances, MDA-tissue increase,
the multiple organs lesions, heart, lung, liver, kidney and gastrointestinal tract, including brain
(swelling, and cortex (cerebral, cerebellar), hypothalamus/thalamus, hippocampus lesions). Rats
received BPC 157 medication (10 µg/kg, 10 ng/kg) intraperitoneally at 1 min ligation-time. Results.
BPC 157 rapidly activated collateral pathways. These collateral loops were the superior mesenteric
vein-inferior anterior pancreaticoduodenal vein-superior anterior pancreaticoduodenal vein-pyloric
vein-portal vein pathway, an alternative pathway toward inferior caval vein via the united middle
colic vein and inferior mesenteric vein through the left colic vein, and the inferior anterior pancreati-
coduodenal artery and inferior mesenteric artery. Consequently, BPC 157 counteracted the superior
sagittal sinus, portal and caval hypertension, aortal hypotension, progressing venous and arterial
thrombosis peripherally and centrally, ECG disturbances attenuated. Markedly, the multiple organs
lesions, heart, lung, liver, kidney, and gastrointestinal tract, in particular, as well as brain lesions, and
oxidative stress in tissues were attenuated. Conclusions. BPC 157 therapy rapidly recovered rats,
which have complete occlusion of the superior mesenteric vein and artery.

Keywords: BPC 157; superior mesenteric vein and artery occlusion; vascular recruitment; rats
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1. Introduction

Simultaneous occlusion of the superior mesenteric artery and vein is a rare but serious
complication and has recently been reported in COVID-19 patients [1]. While the regular
therapy includes fluid resuscitation, analgesia, anticoagulation, broad-spectrum antibiotics,
and emergency surgery [1,2], we investigated a novel approach—rapid activation of the col-
lateral pathways [3,4]—to overcome the occluded superior mesenteric vein and artery and
counteract the consequent syndrome in rats. The stable gastric pentadecapeptide BPC 157
has been shown to alleviate venous occlusion syndromes—inferior caval vein syndrome [5],
Pringle manoeuvre ischemia/reperfusion [6], and Budd Chiari syndrome [7]—rapidly acti-
vating alternative bypassing pathways. These bypassing loops—the left ovarian vein [5],
the inferior mesenteric vein [6], and the azygos vein [7]—are reliant on the corresponding
injurious occlusion [5–7] to re-establish blood flow that compensates for vessel occlusion.
BPC 157 therapy would likely represent a ‘bypassing key’ [5–7], rapidly activating bypass-
ing pathways and abrogating the complex syndrome induced by simultaneous occlusion
of essential arterial and venous tributaries.

Studies have shown that BPC 157 led to activation of the alternative collateral path-
ways to bypass occlusion and re-established alternative blood flow that counteracts the
negative consequences of the perilous syndromes [5–7]. The severe venous occlusion-
induced disturbances [5–7], the high portal and caval hypertension, aortal hypotension,
arterial and venous thrombosis, and lesions of peripheral and central organs (i.e., gastroin-
testinal system, liver, kidney heart, and brain) are all attenuated and/or eliminated [5–7].
Furthermore, these beneficial effects may compete with Virchow’s triad, which could be
present [5–12]. In addition to the mentioned syndromes [5–7], BPC 157 provided beneficial
effects in the duodenal venous congestion lesions [8], perforated cecum [9], damaged
peritoneum [10], ischemia/reperfusion colitis [11], and bile duct ligation-induced liver
cirrhosis and portal hypertension [12].

Importantly for the large superior mesenteric artery and vein tributary, BPC 157 bene-
fitted the entire gastrointestinal tract, has a very safe profile (the lethal dose (LD1) could
not be achieved [13]) and has shown efficacy in ulcerative colitis trials [3,4,14,15]. Overall,
it combines its particular mediating role in Robert’s stomach cytoprotection [3,16–18] as
a unique anti-ulcer peptide that is stable in human gastric juice for more than 24 h [19],
distinctive from the standard angiogenic growth factors that are rapidly degraded in
human gastric juice [13,19]. Conceptually, agents that provide Robert’s cytoprotection
against direct epithelial cell injury due to direct contact of various noxious agents [17]
must protect the endothelium and maintain its function [18]. BPC 157 fulfils these criteria
in the entire gastrointestinal tract [3,4,13–15], maintains stomach endothelium integrity
against noxious agents [20], prevents and reverses thrombosis formation after abdominal
aorta anastomosis [21] or major vein occlusion [5–7], and maintains thrombocyte function
without interfering with coagulation pathways [22–24]. Based on the therapeutic effects of
BPC 157 in venous occlusion studies [5–7], this peptide provides endothelium maintenance
and promotes blood vessel recruitment and activation (‘running’) towards the site of in-
jury, also described as ‘bypassing’ the occlusion via alternative pathways [3,4]. Regarding
arterial occlusion, there is evidence that BPC 157 counteracts stroke when given during
reperfusion, after clamping of the common carotid arteries (i.e., both early and delayed
neural hippocampal damage, achieving full functional recovery) [25]. BPC 157 appears to
play a role in the brain–gut axis and has central effects [26], and BPC 157 administration
can also counteract central disturbances (i.e., brain swelling, intracranial hypertension),
which may likely appear in the rats subjected to permanent, simultaneous occlusion of the
superior mesenteric vein and artery (i.e., increased intra-abdominal pressure and increased
intracranial pressure) [27]. Hence, BPC 157 represents a treatment to drain venous blood
adequately from the brain without raising venous pressures. In this way, this peptide ‘by-
passes’ the occlusion [3,4] to overcome the permanent, simultaneous occlusion (ligation) of
the superior mesenteric vein and artery and counteracts the consequent deadly syndrome.
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The nitric oxide (NO) system also plays a crucial role in the effects of BPC 157 on the
endothelium [28]. BPC 157 regulates vasomotor tone through specific activation of the Src–
caveolin-1–endothelial nitric oxide synthase (eNOS) pathway [29], and it has a modulatory
role [3,4,28] for blood pressure [30] and maintaining thrombocyte function [22–24]. BPC
157 also interacts with several molecular pathways [5,25,29,31–37] and may be a free radical
scavenger to counteract reperfusion-induced oxidative injury [5,6,8–12,36–40]. BPC 157
acts as a membrane stabiliser, counteracting leaky gut syndrome by interacting with several
molecular pathways [37]; thereby, its curative effect involves modulating ischemia-induced
increased capillary permeability [37].

When the end of the superior mesenteric vein is occluded, the superior mesenteric
vein–inferior anterior pancreaticoduodenal vein–superior anterior pancreaticoduodenal
vein–pyloric vein–portal vein pathway may be essential to re-establish the superior mesen-
teric vein and portal vein connection and blood flow. Providing, that in rats, caudally,
the united are tributaries of the superior and inferior mesenteric vein, an alternative path-
way toward the inferior caval vein may be via the united middle colic vein and inferior
mesenteric vein through its left branch. Furthermore, considering superior mesenteric
artery occlusion in rats, the inferior anterior pancreaticoduodenal artery and the inferior
mesenteric artery should be simultaneously prone to provide rapid bypassing and vessel
recruitment. Studies have shown that BPC 157 therapy was effective in rats in which the
superior anterior pancreaticoduodenal vein was occluded [8] as well as in the rats with
simultaneous occlusion of the left colic artery and vein [11]. In those studies, BPC 157
counteracted duodenal lesions [8] and ischemia/reperfusion colitis [11].

Based on the reported benefits of BPC 157, we examined the effect of therapy with
this peptide on the syndrome produced due to simultaneous occlusion of the superior
mesenteric vein and artery. Specifically, we examined portal and inferior caval vein
hypertension; abdominal aorta hypotension; superior sagittal sinus hypertension, and
thereby rapid brain swelling and extensive severe brain lesions, leading to progressing
venous and arterial thrombosis; electrocardiogram (ECG) disturbances; and lesions in the
lungs, liver, kidneys, gastrointestinal tract, and brain. We used the same dose range (µg–ng
BPC 157/kg body weight) that had been tested in animal models of venous occlusion [5–7])
and found the BPC 157 served as a ‘bypassing key’ and promoted beneficial effects to
counteract simultaneous occlusion of the superior mesenteric artery and vein.

2. Materials and Methods
2.1. Animals

This study was conducted with 12-week-old male albino Wistar rats (200 g) randomly
assigned to different groups (6 rats/group/interval). Rats were bred in-house at the
Pharmacology Animal Facility, School of Medicine, Zagreb, Croatia. The animal facility
has been registered by the Directorate of Veterinary (Reg. No: HR-POK-007). Laboratory
rats were acclimated for 5 days and randomly assigned to their respective treatment
groups. Laboratory animals were housed in polycarbonate (PC) cages under conventional
laboratory conditions at 20–24 ◦C, relative humidity of 40–70% and a noise level of 60 dB.
Each cage was identified with dates, the study number, the group number, the dose,
and the number of each animal. Fluorescent lighting provided illumination 12 h per
day. A standard good laboratory practice (GLP) diet and fresh water were provided ad
libitum. Animal care was in compliance with the standard operating procedures (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).

This study was approved by the local Ethics Committee. The study complied with
the European Directive 010/63/E, the Law on Amendments to the Animal Protection Act
(Official Gazette 37/13), the Animal Protection Act (Official Gazette 135/06), the ordinance
on the protection of animals used for scientific purposes (Official Gazette 55/13), the Feder-
ation of European Laboratory Animal Science Associations (FELASA) recommendations,
and the recommendations of the Ethics Committee of the School of Medicine, University of
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Zagreb. The experimental results were assessed by observers blinded to the treatment of
each animal.

2.2. Drugs

The stable gastric pentadecapeptide BPC 157 is a partial sequence of the human
gastric juice protein BPC, which is freely soluble in water at pH 7.0 and in saline. BPC 157
(GEPPPGKPADDAGLV, molecular weight 1419; Diagen, Ljubljana, Slovenia) was prepared
as a peptide with 99% high-performance liquid chromatography (HPLC) purity, with
the 1-des-Gly peptide being the main impurity. The dose and application regimens were
as described previously; it was administered without the use of a carrier or a peptidase
inhibitor [5–12].

2.3. Experimental Protocol

In deeply anesthetised rats—intraperitoneal [ip] injection of 40 mg/kg thiopental
(Rotexmedica, Trittau, Germany) and 10 mg/kg diazepam (Apaurin; Krka, Novo Mesto,
Slovenia)—we simultaneously completely occluded the end of the superior mesenteric vein
(ligation) just below the joining of the lienal vein as well as close to abdominal aorta the
complete occlusion of the superior mesenteric artery. Thereby, permanent occlusion leads
to permanent alteration of arterial and venous blood flow and a progressive disease course.

Treatments were given intraperitoneally (1 mL/rat via an abdominal bath) at 1 min
after ligation: 10 µg/kg BPC 157, 10 ng/kg BPC 157 or 5 mL/kg saline. All rats were
sacrificed 30 min after ligation.

For venography, the treatments (10 µg/kg BPC 157, 10 ng/kg BPC 157 or 5 mL/kg
saline) were applied intraperitoneally, as 1 mL/rat via an abdominal bath, 15 min after
ligation, just before venography.

Brain swelling was recorded in rats 15 min after the complete calvariectomy was
performed. Briefly, six burr holes were drilled in three horizontal lines, all of them medial
to the superior temporal lines and temporalis muscle attachments. The two rostral burr
holes were placed just basal from the posterior interocular line, the two basal burr holes
were placed just rostral to the lambdoid suture (and transverse sinuses) on both sides,
respectively) and the middle two burr holes were placed in the line between the basal and
rostral burr holes.

Rats were laparatomized for the corresponding presentation of the peripheral veins
(superior mesenteric, inferior mesenteric, inferior anterior pancreaticoduodenal, jejunal,
middle colic, left colic, portal and inferior caval) and arteries (superior mesenteric artery,
proximal and distal to occlusion, inferior mesenteric artery, abdominal aorta). The recording
was with a camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho, Dayton,
OH, USA) performed until the end of the experiment, and assessed at 5, 15, and 30 min
after ligation.

2.4. Venography

Venography was performed 15 min after ligation of the superior mesenteric vein and
artery, using a C-VISION PLUS fluoroscopy unit (Shimadzu, Chiyoda, Tokyo, Japan) [18–20].
One millilitre of warmed Omnipaque 350 (iohexol) non-ionic contrast medium (GE Health-
care, Arlington Heights, IL, USA) was injected over 45 s into the superior mesenteric vein
below the occlusion. The contrast medium was visualised in real-time to ensure adequate
filling. A subtraction mode was used to record the images at 14 frames/s. Fifteen minutes
after ligation, venograms were captured and digitised into files on a personal computer
and were analysed using ISSA image software (Vamstec, Zagreb, Croatia). Venography
assessment included rats having a full presentation of collaterals and bypassed occlusion.

2.5. Superior Sagittal Sinus, Portal, Superior Mesenteric and Caval Vein and Abdominal Aorta
Pressure Recording

As described previously [5–7], recordings were made in deeply anesthetised rats with
a cannula (BD Neoflon™ Cannula, Eysins, Switzerland) connected to a pressure transducer
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(78534C MONITOR/ TERMINAL; Hewlett Packard, Houston, TX, USA) inserted into the
portal vein, inferior caval vein, and superior sagittal sinus, and abdominal aorta at the level
of the bifurcation at 30 min post-ligation after 5 min of recording. For superior sagittal
sinus pressure recording, we made a single burr hole in the rostral part of the sagittal
suture, above the superior sagittal sinus and cannulated the anterior part of the superior
sagittal sinus by Braun intravenous cannulas. We then laparatomized rats for portal vein,
inferior vena cava, and abdominal aorta pressure recording.

Notably, normal rats exhibited a superior sagittal sinus pressure of −24 to −27 mmHg
and superior mesenteric pressure and portal pressure of 3–5 mmHg, which is similar to
that of the inferior vena cava, although with values at least 1 mmHg higher in the portal
vein. By contrast, abdominal aorta blood pressure values were 100–120 mmHg at the level
of the bifurcation [5–7].

2.6. ECG Recording

ECGs were recorded continuously in deeply anesthetised rats for all three main leads,
by positioning stainless steel electrodes on all four limbs using an ECG monitor with a 2090
programmer (Medtronic, Minneapolis, MN, USA) connected to a Waverunner LT342 digital
oscilloscope (LeCroy, Chestnut Ridge, NY, USA) after 30 min of ligation. This arrangement
enabled precise recordings, measurements, and analysis of ECG parameters [5–7].

2.7. Thrombus Assessment

After the rats were euthanized, the superior sagittal sinus, portal vein, external jugular
vein, inferior caval vein, superior mesenteric vein, hepatic vein, superior mesenteric artery,
and abdominal aorta were removed from the rats, and the clots were weighed [18–20].

2.8. Brain Volume and Vessel Presentation Proportional to the Change in the Brain or Vessel
Surface Area

The presentation of the brain and peripheral veins (superior mesenteric and inferior
mesenteric, portal, inferior caval, inferior anterior pancreaticoduodenal, jejunal, middle
colic, left colic, and inferior caval) and peripheral arteries (superior mesenteric artery,
inferior mesenteric artery, and abdominal aorta) was recorded in deeply anesthetised rats,
with a camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho, Dayton,
OH, USA). The recordings were performed before the ligation as well as 5, 15, and 30 min
after ligation. The border of the brain or veins in a photograph was marked using ImageJ
software (National Institutes of Health, Bethesda, MD, USA) and then the surface area (in
pixels) of the brain or veins was measured using a measuring function. This procedure was
performed using brain photographs before and at different times after the application of
saline (control) or BPC 157. The area of the brain, veins, or arteries before the application
was marked as 100% and the ratio of each subsequent brain area to the first area was
calculated ( A2

A1
). Starting from the square-cube law Equations (1) and (2), an equation for

the change in brain volume proportional to the change in the brain surface area (6) was
derived. In expressions (1)–(5), l is defined as any arbitrary one-dimensional length of
the brain (e.g., rostro-caudal length of the brain), used only for defining one-dimensional
proportion (l2/l1) between two observed brains and as an inter-factor (and because of that
not measured) to derive the final expression (6). The procedure was as follows:

A2 = A1

(
l2
l1

)2
(square− cube law); (1)

V2 = V1

(
l2
l1

)3
(square− cube law); (2)

A2

A1
=

(
l2
l1

)2
(from (1), after dividing both sides by A1); (3)
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l2
l1

=

√
A2

A1
(from (3), after taking square root of both sides); (4)

V2

V1
=

(
l2
l1

)3
(from (2), after dividing both sides by V1); and (5)

V2

V1
=

(√
A2

A1

)3

(after incorporating (4) into (5)). (6)

2.9. Presentation of Gastrointestinal Lesions and Serosal Disturbances

A camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho, Dayton,
OH, USA) was used for recording. In deeply anesthetised rats, at 30 min post-ligation, we
assessed the gross lesions in the gastrointestinal tract (haemorrhagic congestive areas in
the stomach and duodenum, jejunum, cecum, ascending colon, and rectum, calculated as
the sum of the longest diameters in millimetres) and serosal disturbances (haemorrhage,
vessels ramification, arterial filling, congestion in jejunum, cecum, ascending colon, and
rectum). Serosal disturbances were scored 0–4 for several categories. The first was bleeding
on the intestinal surface: 0—no bleeding; 1—barely indicated bleeding (diameter of the
hematoma on the intestinal surface <1 mm); 2—mild bleeding (diameter of the hematoma
on the intestinal surface >1 mm to 2 mm); 3—moderate bleeding (diameter of the hematoma
on the intestinal surface >2 mm to 4 mm); 4—intense bleeding (diameter of the hematoma
on the intestinal surface >4 mm). Venous congestion included the following categories:
0—venous congestion not present; 1—barely indicated venous congestion (vein thickness
up to 0.5 mm); 2—mild venous congestion (vein thickness >0.5 mm to 1 mm); 3—moderate
venous congestion (vein thickness >1 mm to 2 mm); 4 intense venous congestion (vein
thickness >2 mm to ≥2.5 mm). Arterial filling included the following categories: 0—
arterial filling not noticeable; 1—barely indicated arterial filling (artery thickness up to
0.5 mm); 2—mild arterial filling (artery thickness >0.5 mm to 0.75 mm); 3—moderate
arterial filling (artery thickness >0.75 mm to 2 mm); 4—intensive arterial filling (artery
thickness >2 mm to ≥2.5 mm). Arterial ramification included the following categories: 0—
no noticeable ramification; 1—barely indicated arterial ramification (two branches visible);
2—mild arterial ramification (three branches visible); 3—moderate arterial ramification
(four branches visible); 4—intensive arterial ramification (≥five branches).

2.10. Liver and Spleen Weights

Liver and spleen weights are expressed as a percent of the total body weight (for
normal rats, the liver is 3.2–4.0% of the body weight and the spleen is 0.20–0.26% of the
body weight).

2.11. Bilirubin and Enzyme Activity

To determine the serum levels of aspartate transaminase (AST), alanine transaminase
(ALT, IU/L), and total bilirubin (µmol/L), blood samples were collected from the inferior
caval vein immediately before euthanasia and were centrifuged for 15 min at 3000 rpm.
All tests were performed using an Olympus AU2700 analyser with original test reagents
(Olympus Diagnostics, Ireland) [12]. However, the bilirubin data are not shown because
there was no change in the level.

2.12. Microscopy

The brain, liver, kidney, stomach, duodenum, jejunum, colon, rectum, lungs, and
heart were removed 30 min after ligation of the superior mesenteric vein and artery. The
tissues were fixed in 10% neutral buffered formalin (pH 7.4) at room temperature for 24 h.
Representative tissue specimens were embedded in paraffin, sectioned at 4 µm, stained
with haematoxylin and eosin (H&E), and evaluated by light microscopy.
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The brain was dissected according to NTP-7 Levels 3 and 6 with neuroanatomic
subsites presented in certain brain sections using at least three coronal sections [41]. Fronto-
parietal cortex, hippocampus, thalamus, and hypothalamus were observed and analysed
at NTP-7 Level 3. At NTP-7 Level 6, the cerebellar cortex morphology was analysed using
a semiquantitative neuropathological scoring system from 0 to 8 as described previously
(Table 1) [42], where 0 indicates no histopathologic damage.

Table 1. The neuropathologic scores.

Brain Area Grading Percent Area Affected Morphological Changes

Cerebral and cerebellar cortex,
hypothalamus, thalamus,

hippocampus

1 ≤10 Small, patchy, complete or incomplete infarcts

2 20–30 Partly confluent complete or incomplete infarcts

3 40–60 Large confluent compete infarcts

4 >75
In cortex; total disintegration of the tissue, in

hypothalamus, thalamus, hippocampus; large
complete infarcts

Cerebral and cerebellar cortex,
hypothalamus, thalamus,

hippocampus

1 ≤20 A few karyopyknotic of neuronal cells

2 50 Patchy areas of karyopyknotic areas

3 75 More extensive of karyopyknotic areas

4 100 Complete infarction

2.12.1. Lung Histology

A scoring system was used to grade the degree of lung injury. The considered features
were focal thickening of the alveolar membranes, congestion, pulmonary oedema, intra-
alveolar haemorrhage, interstitial neutrophil infiltration, and intra-alveolar neutrophil
infiltration. Each feature was assigned a score from 0 to 3 based on its absence (0) or
presence to a mild (1), moderate (2), or severe (3) degree, and a final histology score was
determined [43].

2.12.2. Renal, Liver and Heart Histology

The renal injury criteria were based on the degeneration of Bowman’s space and
glomeruli, degeneration of the proximal and distal tubules, vascular congestion, and
interstitial oedema. The liver injury criteria were vacuolisation of hepatocytes and pyknotic
hepatocyte nuclei, activation of Kupffer cells, and enlargement of sinusoids. Each specimen
was scored using a scale from 0 to 3 (0—none; 1—mild; 2—moderate; 3—severe) for each
criterion, and a final histology score was determined [44].

The heart lesion estimation was based on dilatation and congestion of blood vessels
within the myocardium and coronary arteries using a scale from 0 to 3 (0—none; 1—mild;
2—moderate; 3—severe).

2.12.3. Gastrointestinal Histology

Intestinal tissue damage was analysed using a histologic scoring scale adapted from
Chui and co-workers [45] on a scale from 0 to 5 (normal to severe) in three categories
(mucosal injury, inflammation, hyperaemia/haemorrhage) for a total score of 0 to 15 as
described by Lane and co-workers [46]. Morphologic features of mucosal injury were
based on different grades of epithelia lifting, villi denudation, and necrosis; grades of
inflammation were from focal to diffuse according to lamina propria infiltration or suben-
dothelial infiltration; hyperaemia/haemorrhage was graded from focal to diffuse according
to lamina propria or subendothelial localisation.

2.13. Oxidative Stress

Thirty minutes after ligation, oxidative stress in the collected tissue samples (plasma,
ICV) was assessed by quantifying thiobarbituric acid reactive species (TBARS) as malondi-
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aldehyde (MDA) [5,6,38–40]. The tissue samples were homogenised in phosphate-buffered
saline (PBS, pH 7.4) containing 0.1 mM butylated hydroxytoluene (BHT) (TissueRuptor, Qia-
gen, Valencia, CA, USA) and sonicated for 30 s in an ultrasonic ice bath (Branson, MI, USA).
Trichloroacetic acid (TCA, 10%) was added to the homogenate, the mixture was centrifuged
at 3000 rpm for 5 min and the supernatant was collected. Then, 1% TBA was added, and the
samples were boiled (95 ◦C, 60 min). The tubes were then kept on ice for 10 min. Following
centrifugation (14,000 rpm, 10 min), the absorbance of the mixture at 532 nm was determined.

The concentration of MDA was determined from a standard calibration curve plotted using
1,1,3,3′-tetrethoxy propane (TEP). The extent of lipid peroxidation is expressed as MDA using a
molar extinction coefficient for MDA of 1.56 × 105 mol/L/cm. The protein concentration was
determined using a commercial kit. The results are expressed in nmol/g of protein.

2.14. Statistical Analysis

Statistical analysis was performed by parametric one-way analysis of variance (ANOVA),
with the post hoc Newman–Keuls test, or non-parametric Kruskal–Wallis test, followed by
the Mann-Whitney U test to compare groups. Values are presented as the mean ± standard
deviation (SD) or as the minimum, median and maximum. To compare the frequency
difference between groups, the chi-square test or Fischer’s exact test was used. p < 0.05
was considered statistically significant.

3. Results

Simultaneous occlusion of the superior mesenteric vein and artery (failed flow through
the superior mesenteric vein and artery and their tributaries) produced a marked noxious
syndrome (Figures 1–14). Application of BPC 157 in the rats with an occluded superior
mesenteric vein and artery had a considerable therapeutic effect. Unlike controls, in all
BPC 157–treated rats, there was simultaneous activation of venous and arterial collateral
pathways (Figures 5–8; Fisher’s exact test p < 0.05). Angiography and direct recording
demonstrated activation of the superior mesenteric vein–inferior anterior pancreaticoduo-
denal vein–superior anterior pancreaticoduodenal vein–pyloric vein–portal vein pathway,
an alternative pathway towards the inferior caval vein via the united middle colic vein and
inferior mesenteric vein through the left colic vein, and the inferior anterior pancreatico-
duodenal artery and inferior mesenteric artery (Figures 5–8).

BPC 157 treatment counteracted blood pressure disturbances centrally (superior sagit-
tal sinus hypertension) and peripherally (portal and caval hypertension, aortal hypotension).
BPC 157 eliminated portal and caval hypertension and markedly ameliorated aortal hy-
potension and superior sagittal sinus hypertension. It should be noted that considering the
markedly negative pressure values in the superior sagittal sinus in normal rats, BPC 157
induced, in the superior sagittal sinus, the needed reversal of the excessively positive values
to the normal negative values (Figure 1). BPC 157 also counteracted thrombosis centrally
(superior sagittal sinus) and peripherally in veins (portal vein and inferior caval vein, which
had the largest clot formation, superior mesenteric vein, hepatic veins, and external jugular
vein) as well as in arteries (superior mesenteric artery and abdominal aorta) (Figure 1).

BPC 157 had notable effects on the relative volume of the arteries, veins, and brain
(Figure 1). These findings apparently underscore the counteraction of the blood sta-
sis by activation of the collateral pathways to compensate for major vessel occlusion
(Figures 5–8). BPC 157 decreased the relative volume of the superior mesenteric artery
proximal to the ligation and increased the relative volume distal to the occlusion (Figure 1,
as seen with the filled superior mesenteric artery both directly and with camera recording
in Figure 6) as well as by venography (Figure 8). Likewise, BPC 157 increased the relative
volume of the inferior mesenteric artery and abdominal aorta (Figure 1), which appeared
to be empty in rats in which the superior mesenteric vein and artery had been occluded
(as a part of the reorganised blood flow, Figure 8). BPC 157 decreased the relative vol-
ume of the portal, pyloric, inferior caval, and inferior anterior pancreaticoduodenal veins
(Figure 1). These veins appeared congested (Figures 7 and 8), likely due to the trapped
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blood volume; congestion was counteracted by the activation of the collateral bridging
pathway, and a connection between the superior mesenteric vein and portal vein was
re-established (Figure 5). BPC 157 increased the relative volume of the inferior mesenteric
vein, middle colic vein, and left colic vein (Figure 1). These veins, which appeared tiny
(Figure 8), became filled with blood upon BPC 157 administration as a part of the reorgan-
ised blood flow to compensate for the occlusion of the end of the superior mesenteric vein,
from the superior mesenteric vein towards the rectal, left iliac, and inferior caval veins.
Finally, BPC 157 induced a rapid and considerable decrease in brain swelling and reduced
brain volume (Figures 1 and 9).

Figure 1. Blood pressure, mm Hg (in the superior sagittal sinus (SSS), portal vein (PV), abdominal aorta (AA), inferior
caval vein (ICV)), thrombus mass, g (in the superior sagittal sinus (SSS), portal vein (PV), inferior caval vein (ICV), superior
mesenteric vein (SMV), external jugular vein (EJV), hepatic veins (HV), abdominal aorta (AA) and superior mesenteric
artery (SMA)), relative volume of arteries (superior mesenteric artery (SMA), proximal to occlusion and distal to occlusion,
inferior mesenteric artery (IMA), abdominal aorta (AA) and brain) and relative volume of veins (portal vein (PV), pyloric
vein (PyV), inferior caval vein (ICV), inferior anterior pancreaticoduodenal vein (IAPDV), superior mesenteric vein (SMV),
inferior mesenteric vein (IMV), middle colic vein (MDV) and left colic vein (LCV)) presentation in the rats with ligated
superior mesenteric vein and artery at the 30 min ligation-time, following medication (BPC 157 10 µg/kg (light gray bars),
10 ng/kg (dark gray bars); saline 5 mL/kg (white bars) given intraperitoneally. Especially, as described previously [5–7],
pressure recordings were made in deeply anesthetised rats with a cannula (BD Neoflon™ Cannula, Franklin Lakes, NJ,
USA) connected to a pressure transducer (78534C MONITOR/TERMINAL; Hewlett Packard, Houston, TX, USA) inserted
into the portal vein, inferior caval vein and superior sagittal sinus, and abdominal aorta at the level of the bifurcation at
30 min post-ligation after 5 min of recording (see, Section 2.5). Six rats/group/interval. Mean ± SD, * p < 0.05, at least
vs. control.
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Figure 2. ECG changes (heart frequency (beats/min), P-wave amplitude (mV), PQ interval (ms), QTc interval (ms), ST-
elevation (mV)) at 5 min (A), 15 min (B) and 30 min (C) ligation-time, oxidative stress (MDA, nmol/g protein), in the rats
with ligated superior mesenteric vein and artery at 30 min ligation-time following medication (BPC 157 10 µg/kg (light gray
bars), 10 ng/kg (dark gray bars); saline 5 mL/kg (white bars) given intraperitoneally. Six rats/group/interval. Mean ± SD,
* p < 0.05, at least vs. control, # p < 0.05, at least vs. healthy (dashed bar).

Figure 3. Gross gastrointestinal lesions presentation (sum of the longest lesions diameters, mm, mean± SD), gastrointestinal
lesions microscopy (scoring (0–15, Min/Med/Max), organs (lung, liver, kidney, and heart) lesions microscopy (scoring
(0–3, Min/Med/Max), neuropathologic scoring (cerebral cortex, cerebellar cortex, hypothalamus, hippocampus, 0–8),
enzymes serum values (IU/L, mean ± SD), liver and spleen relative weight (% of total body weight, mean ± SD) at 30 min
ligation-time following medication (BPC 157 10 µg/kg (light gray bars), 10 ng/kg (dark gray bars); saline 5 mL/kg (white
bars) given intraperitoneally. Six rats/group/interval. * p < 0.05, at least vs. control.
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Figure 4. Serosal disturbances (hemorrhage, congestion, arterial filling, ramification), scored 0–4, Min/Med/Max, at
5 min, 15 min and 30 min ligation-time in rats with occluded superior mesenteric vein and artery following medication
(BPC 157 10 µg/kg (light gray bars), 10 ng/kg (dark gray bars); saline 5 mL/kg (white bars) given intraperitoneally. Six
rats/group/interval. * p < 0.05, at least vs. control.

Alongside the aforementioned findings, BPC 157 counteracted the ECG disturbances
in the rats with simultaneous occlusion of the superior mesenteric vein and artery, namely
severe tachycardia and peaked P waves, prolonged PQ, and QTc intervals, and ST elevation
(Figure 2). In addition, heart sections presented normal histology, unlike the subendocardial
infarction seen in controls (Figure 12).

BPC 157 also counteracted the ongoing oxidative stress in the cecum; the elevated
MDA level in the rats with simultaneous occlusion of the superior mesenteric vein and
artery was reduced to control levels after BPC 157 administration (Figure 2).

BPC 157 counteracted gastrointestinal lesions that appeared in the untreated rats with si-
multaneous occlusion of the superior mesenteric vein and artery (Figure 3), which presented
increased severity from the upper towards the lower portion of the (Figures 10 and 11).
In control rats with simultaneous occlusion of the superior mesenteric vein and artery,
the tissue damage increased from the stomach to the large bowel, with marked transmu-
ral congestion within the stomach, duodenum, intestine, and rectum (Figure 11). In the
stomach, dilated capillaries in the lamina propria appeared. Within the small and large
bowel mucosa, focal haemorrhage in the lamina propria emerged with moderate mucosal
injury and blunt intestinal villi (Figure 11). Even more severe congestion appeared in the
rectum along with congestion of perirectal vascular plexus (Figure 11) (likely as part of
the increased stasis providing the increased clot formation in the close inferior caval vein).
These findings are consistent with the serosal disturbances (increased congestion and failed
arterial failing and ramification) (Figure 4). On the contrary, most of these changes were
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not present in rats treated with BPC 157 after simultaneous occlusion of the mesenteric
vein and artery (Figures 10 and 11).

Figure 5. Superior mesenteric vein (below ligation) venography, and veins presentation (jejunal branches of superior
mesenteric vein (1), ileal branches of superior mesenteric vein (2), superior mesenteric vein (3), ileocolic/right colic
vein truncus (4), ileocolic vein (5), right colic vein (6), inferior anterior pancreaticoduodenal vein (7), superior anterior
pancreaticoduodenal vein (8), pyloric vein (9), portal vein (10), middle colic vein (11)) in rats with the occlusion of the
superior mesenteric vein and artery immediately following medication (BPC 157 10 µg/kg (upper), or 10 ng/kg (low) (right)
or saline 5 mL/kg (left)) given intraperitoneally at 15 min ligation-time.
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Figure 6. Inferior caval vein venography, and vessels presentation (abdominal aorta (1), common iliac artery (2), renal artery
(3), superior mesenteric artery distal to occlusion (4), jejunal branches of superior mesenteric artery (5), ileal branches of
superior mesenteric artery (6), ileocolic-right colic truncus (7), middle colic artery (8), ileocolic artery (9), caudal epigastric
artery (10), pancreaticoduodenal artery (11), coeliac truncus (12), superior mesenteric artery proximal to occlusion (13),
internal iliac artery (14)) in rats with the occlusion of the superior mesenteric vein and artery immediately following
medication (BPC 157 10 µg/kg (upper), or 10 ng/kg (low) (right) or saline 5 mL/kg (left)) given intraperitoneally at 15 min
ligation-time.

Without BPC 157 therapy, the rats with the occluded superior mesenteric vein and
artery showed considerable lesions in the lungs, liver, kidneys, and heart (Figure 12). In
the renal parenchyma, there was mild degeneration of proximal tubules, severe vascular
congestion, and mild interstitial oedema (Figure 12). The liver parenchyma exhibited
mild activation of Kupffer cells and severe dilatation of sinusoids with liver congestion
(Figure 12). Severe congestion occurred within the myocardium along with the subendo-
cardial infarct (Figure 12). Focal thickening of the alveolar membranes occurred along-
side lung congestion, pulmonary oedema, marked intra-alveolar haemorrhage, and focal
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interstitial neutrophil infiltration (Figure 12). Rats treated with BPC 157 exhibited no
lesions in the kidney, liver, and heart, and showed only discrete lung oedema, conges-
tion, and intra-alveolar haemorrhage with no other changes in the lung parenchyma
(Figures 3 and 12).

Figure 7. Illustrative gross vessel presentation in the rats with the occluded superior mesenteric vein and artery, without
therapy (low, control) and BPC 157 therapy (upper, 10 ng/kg, providing the same presentation with the 10 µg/kg). Left.
Pyloric vein (dashed arrow (black (BPC 157), white (control)) inflow into the portal vein (full arrow (black (BPC 157), white
(control)), proximal to occlusion of the end of the superior mesenteric vein (red arrow). Reestablished blood flow (upper,
BPC 157), congestion, and vascular failure (low, control). Middle. Superior mesenteric artery (full arrow (black (BPC 157),
white (control)) inflow into the portal vein (full arrow (black (BPC 157), white (control)), proximal to occlusion and distal
from occlusion (red arrow). Congested and tortuous vein of the ascending colon (white dashed arrow). Dashed black arrows
indicate collaterals (big dashed arrow (medial colic artery), small dashed arrow (inferior anterior pancreaticoduodenal
artery). Reestablished blood flow to part of superior mesenteric artery distal from occlusion filled with blood (upper, BPC
157), vascular failure, and empty superior mesenteric artery (low, control). Right. Inferior caval vein and abdominal aorta
with presentation close to normal (black arrows (full (inferior caval vein), dashed (abdominal aorta), and congested inferior
caval vein (full white arrow), and tinny empty abdominal aorta (dashed white arrow). Camera attached to a VMS-004
Discovery Deluxe USB microscope (Veho, Dayton, OH, USA).

Without therapy, the rats with simultaneous occlusion of the superior mesenteric vein
and artery exhibited subarachnoid haemorrhage at the base of the brain in the cerebellar
area and more karyopyknotic cells in the cerebral and cerebellar cortex, hippocampus, and
hypothalamus/thalamus (Figures 13 and 14). Neuropathologic changes in cerebral cortical
areas revealed increased oedema and congestion (Figure 13). There were karyopyknosis
and degeneration of Purkinje cells of the cerebellar cortex and pyramidal cells of the
hippocampus (Figures 13 and 14). By contrast, along with other beneficial effects (especially
the reversed superior sagittal sinus hypertension, Figure 1), rats treated with BPC 157
showed only a few karyopyknotic neuronal cells in the analysed neuroanatomic structures,
primarily in the hippocampus, and did not haemorrhage (Figures 13 and 14).
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Figure 8. Illustrative gross vessel presentation in the rats with the occluded superior mesenteric vein and artery, without
therapy (low, control) and BPC 157 therapy (upper, 10 ng/kg, providing the same presentation with the 10 µg/kg). Left.
Inferior anterior pancreaticoduodenal vein (dashed arrow (black (BPC 157), white (control)) with prominent duodenal
congestion (low, control). Reestablished blood flow (upper, BPC 157), congestion, and vascular failure (low, control). Middle.
Superior mesenteric vein (red dashed arrows), inferior mesenteric vein (full red arrows), middle colic vein (yellow arrows),
left colic vein (black (BPC 157), white (control) distal from occlusion. Tinny veins of the transverse colon (low, control),
and exaggerated veins indicating activated collaterals (BPC 157) as a part of the reestablished blood flow to compensate
for occlusion (upper, BPC 157). Right. Inferior mesenteric artery and abdominal aorta with presentation close to normal
(black arrows (BPC 157), or tinny empty inferior mesenteric artery and abdominal aorta (low, control). Tortuous veins
presentation of the rectal veins (control, low). Camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho,
Dayton, OH, USA).

BPC 157 administration led to intriguing findings with venography (1 mL delivered
over 30 s in the superior mesenteric vein or inferior caval vein) after 15 min of ligation
when there was already an advanced noxious course (Figures 5 and 6). Control rats with
the ligated superior mesenteric vein and artery regularly showed a poor presentation
(Figure 5), and they responded with rapid rupture of the superior mesenteric vein or
without a sign of the superior mesenteric artery. The rats treated with BPC 157 presented
activation of the collateral pathways, a re-established superior mesenteric vein–portal vein
connection, and refilled superior mesenteric artery distal to the occlusion. Since these
effects can be rapidly induced even at the advanced stage of the injury course, the ability
of BPC 157 to counteract advanced disturbances should be emphasized.

Serum ALT and AST values increased in control rats with simultaneous occlusion of
the superior mesenteric vein and artery, and BPC 157 administration reduced these values
(Figure 3). Likewise, in the rats with the occluded superior mesenteric vein and artery, we
noted an increase in the liver and spleen relative weight, which was markedly counteracted
after BPC 157 therapy (Figure 3).
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Figure 9. Illustrative brain presentation in the rats with the occluded superior mesenteric vein and artery, in the calvarial
window immediately after vessels occlusion, and subsequent medication saline (5 mL/kg ip) (low, control) or BPC 157
(10 ng/kg ip) (upper)) (left) and after sacrifice (right), at the 30 min ligation-time. Saline (5 mL/kg ip) (low, control) or BPC
157 (10 ng/kg ip) (upper). Prominent brain swelling in control rats (low), completely reversed in BPC 157 rats (upper).
Camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho, Dayton, OH, USA).

Figure 10. At 30 min ligation-time, gross presentation of the mucosa of the stomach (s,S), duodenum (d,D), jejunum (j,J),
cecum (c,C), ascending colon (ac,AC), and rectum (r,R), in the rats with the occluded superior mesenteric vein and artery,
in the rats that received saline medication (5 mL/kg ip) (control, low, small letters) or BPC 157 medication (10 ng/kg ip)
(upper, capitals). Camera attached to a VMS-004 Discovery Deluxe USB microscope (Veho, Dayton, OH, USA).
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Figure 11. At 30 min ligation-time, microscopy presentation of the congestion of the stomach (a,A) and small intestine
mucosa (b,B) and rectum (c,C) and perirectal vascular plexus (d,D) (HE,×100) in the rats with occluded superior mesenteric
vein and artery, controls (small letters) and BPC 157 treated (capitals). Control rats with occluded superior mesenteric vein
and artery exhibited the congestion and dilatation of the small vessels in the stomach (a) and small intestine mucosa (b),
congestion and dilatation of the small vessels of the rectum wall (c) along with congestion of perirectal blood vessels (d).
Contrarily, BPC 157 treated rats showed no changes in the stomach (A) and small intestine mucosa (B) and no changes in
the rectum (C) and perirectal vascular plexus (D).

In summary, BPC 157 therapy in rats with simultaneous occlusion of the superior
mesenteric vein and artery provided marked benefits: there was a reversal of portal and
caval hypertension, aortal hypotension, and superior sagittal sinus hypertension; there
was markedly attenuated arterial and venous thrombosis centrally and peripherally; and
there was the elimination of brain, heart, lung, liver, kidney, and gastrointestinal lesions.
These counteractions were ascribed to the simultaneous activation of particular venous
and arterial collateral pathways located centrally and peripherally.
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Figure 12. At 30 min ligation-time, microscopy presentation of the congestion of the heart (a,A) (HE, ×200), lung (b,B) (HE,
×100), liver (c,C) (HE, ×100), and the renal parenchyma (d,D) (HE, ×100) in the rats with occluded superior mesenteric
vein and artery, controls (small letters) and BPC 157 treated (capitals). Control rats with occluded superior mesenteric
vein and artery exhibited the subendocardial infarct as well as congestion within the myocardium (a) and lung septa
along with intra-alveolar hemorrhage (b), liver congestion and dilatation of sinusoids, portal vein, and central veins (c)
along with congestion of renal parenchyma and glomeruli (d). BPC 157 treated rats showed no heart congestion and heart
infarct (A) along with minimal lung congestion and intra-alveolar hemorrhage (B) and no changes in the liver (C) and renal
parenchyma (D).



Biomedicines 2021, 9, 792 19 of 26

Figure 13. At 30 min ligation-time, microscopy presentation of the neuropathologic changes in the cerebral cortex (a,A (HE,
×200), b,B (HE, ×400)) and cerebellar cortex (c,C (HE, ×100), d,D (HE, ×400)) areas of the rats with occluded superior
mesenteric vein and artery, controls (small letters) and BPC 157 treated (capitals). Cerebral cortex (a,A,b,B). While control
rats with occluded superior mesenteric vein and artery exhibited marked edema and congestion (a), BPC 157 treated rats
presented only mild edema (A). A scant karyopyknosis presented control rats with occluded superior mesenteric vein and
artery in the cerebral cortex (arrows) (b) while no changes appeared in BPC 157 treated rats (B). Cerebellar cortex (c,C,d,D).
Control rats with occluded superior mesenteric vein and artery exhibited subarachnoid hemorrhage at the base of the brain
in the cerebellar area (c) and multiple karyopyknosis of Purkinje cells of the cerebellar cortex (arrows) (d), unlike BPC 157
treated rats which remained without change (C,D).
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Figure 14. At 30 min ligation-time, microscopy presentation of the neuropathologic changes in the hypothalamus (a,A
(HE, ×100), b,B (HE, ×200)) and hippocampus (c,C (HE, ×200)) in the rats with occluded superior mesenteric vein and
artery, controls (small letters) and BPC 157 treated (capitals). Control rats with occluded superior mesenteric vein and
artery exhibited in the hypothalamus and hippocampus edema (a,c) and karyopyknosis of the hypothalamic (arrows)
(b) and hippocampal (arrows) (c) cells; only minimal hypothalamic edema in BPC 157 (A) and no karyopyknosis of the
hypothalamic cells (B), and no changes in the hippocampus (C).

4. Discussion

Simultaneous occlusion of the superior mesenteric artery and vein is a rare, serious
complication that is hardly ever resolved [1,2]. Hence, it requires a novel therapeutic
approach, including BPC 157, which could alleviate venous occlusion syndromes by acti-
vating bypass pathways [5–12]. Since BPC 157 is an effective therapy in rats with peripheral
venous occlusion syndromes [5–7], we tested whether it could also counteract the simultane-
ous occlusion of the end of the superior mesenteric vein and the superior mesenteric artery
close to its aortal origin. That activated ‘bypassing key’ involves the superior mesenteric
vein–inferior anterior pancreaticoduodenal vein–superior anterior pancreaticoduodenal
vein–pyloric vein–portal vein pathway, an alternative pathway towards the inferior caval
vein via the united middle colic vein and inferior mesenteric vein through the left colic vein,
and the inferior anterior pancreaticoduodenal artery and inferior mesenteric artery. Thus,
consistently with the benefits of BPC 157 in venous occlusion syndromes [5–7], we have
revealed the counteraction potential of this peptide when there is simultaneous occlusion
of the superior mesenteric artery and vein. BPC 157 attenuated/eliminated the superior
sagittal sinus, portal and caval hypertension, aortal hypotension, thrombosis, and organ
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lesions that occurred peripherally and centrally, and ECG disturbances. The full abrogation
of the syndrome, as had been shown with venous occlusion syndromes [5–7], may suggest
there was simultaneous activation of the arterial and venous pathways, leading to the rapid
regain of the superior mesenteric vein and portal vein pathway and the superior mesen-
teric artery supply, to compensate the arterial and venous flow despite the permanent
obstruction. The complete and simultaneous obstruction of the mesenteric vein and artery
was instant and thereby provides no time for adequate spontaneous adaptation unless an
essential therapy is active. Taken together, these results suggest that BPC 157 therapy is
effective for rats with permanent occlusion of the superior mesenteric vein and artery.

We argue that we have provided a proof of principle that BPC 157 ameliorates multi-
organ failure syndrome based on the elimination of severe portal and caval hypertension
and aortal hypotension and the increased pressure in the superior sagittal sinus as well as
the rapid collateral vessel recruitment regardless of the precise mechanism [3,4]. Of note, it
remains to be fully specified how ‘endothelium maintenance→ epithelium maintenance’
may go to the advanced ‘endothelium maintenance→ epithelium maintenance = blood
vessel recruitment and activation’ (‘running’) towards the site of injury, also described as
‘bypassing’ the occlusion via alternative pathways and to resolving the simultaneous per-
manent occlusion of a vein and artery. As mentioned previously, endothelium protection
may be immediate, as shown with the maintenance of endothelium function to counteract
stomach mucosal lesions when exposed to absolute alcohol [20,30], combined with a direct
effect on vasomotor tone [29] and ischemia-induced increased capillary permeability [37].
Part of this defensive pathway, which needs to be fully determined, may be the already
mentioned BPC 157 effects: activation of the Src–caveolin-1–eNOS pathway [29], activation
of the VEGFR2–Akt–eNOS signalling pathway without the need of other known ligands
or shear stress [33] and membrane stabilisation [37]. Counteracting leaky gut syndrome,
via increased tight junction protein ZO-1 expression and transepithelial resistance [37],
would avoid a shift of fluid and proteins from the intravascular to the extravascular space
and thus prevent an increase in intra-abdominal pressure [27]. Due to the interaction
among the three body cavities, the increased intra-abdominal pressure leads to increased
intracranial pressure and vice versa [27]. The fact that BPC 157 can inhibit the mRNA
expression of inflammatory mediators (iNOS, IL-6, IFNγ, and TNF-α) as well as increase
protein expression of HSP70, HSP90 and promote the expression of antioxidant proteins,
such as HO-1, NQO-1, glutathione reductase, glutathione peroxidase 2 and GST-pi [37]
indicate that this peptide interacts with several molecular pathways [5,25,29,31–37]. BPC
157 also has a modulatory role on the NO system and NO agents [3,4,28,30], in particular,
on blood pressure [30] and thrombocyte function [22–24]. Indeed, BPC 157 counteracts hy-
pertension and pro-thrombotic effects induced by the NOS blocker L-NAME as well as the
hypotension and anti-thrombotic effects induced by the NOS substrate L-arginine [24,30].
In addition, BPC 157 may induce NO release [30,47]. Likewise, BPC 157 interacts with
the prostaglandin system and may counteract gastrointestinal, liver, brain, and bleeding
disorders that may be induced with NSAIDs and non-specific and specific agents [37,48].

Similar to the previous studies with venous occlusion [5–12], there were signs that BPC
157 attenuated the Virchow triad—thrombosis in all vessels investigated (veins and arteries)
peripherally and centrally—and thereby counteracted stasis. Superior mesenteric vein and
artery obstruction would immediately create a complex multiorgan dysfunction syndrome;
consequently, effective therapy would require coordinated benefits on the affected target
organs. Rats with an occluded superior mesenteric vein and artery may quickly experience
a lack of circulation, as has been seen in rats with inferior caval vein syndrome, Pringle
manoeuvre ischemia/reperfusion, and Budd–Chiari syndrome [5–7]. This may induce
a generalised vessel failure, stasis, and thrombosis peripherally and centrally as well as
heart failure. Thereby, lung congestion, liver and kidney failure (substantial congestion
of central vein as well as branches of portal veins in portal triads, inferior caval vein, and
superior mesenteric vein congestion), prominent portal and caval hypertension, aortal
hypotension, and gastrointestinal haemorrhagic lesion, with an ascending sequence from
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the stomach to the large bowel tissue damage can appear [5–7]. Elevated superior sagittal
sinus pressure and brain lesions result from the inability to drain venous blood adequately
for a given cerebral blood inflow. Such venous and intracranial hypertension or increased
intra-abdominal (and intra-thoracic) pressure are rapidly transmitted through the venous
system and increase intracranial pressure [49–52]. On the other hand, for the circulation
under the barriers of the obstruction points, the activated ‘bypassing key’ may be the
adequate defensive response at any time (note, angiography findings demonstrated BPC
157 therapy effects even after prolonged arterial and venous occlusion).

The central effects induced by BPC 157—reduced gross brain swelling and markedly
counteracted brain lesions and superior sagittal sinus hypertension—also underscore the
benefits of this therapy. Furthermore, BPC 157 has been shown to counteract doxorubicin-
induced chronic heart failure [53], various arrhythmias induced by different agents, and
noxious procedures [54–59], including prolonged QT intervals [56], even those which
are centrally mediated. Likewise, researchers have shown that BPC 157 counteracts the
various severe lesions in the lung [60–62], liver [63–70], and gastrointestinal tract [65–70],
particularly those that were induced rapidly. Moreover, the reduced MDA and preservation
and rescue of intestinal mucosal and vessel integrity may be the result of the free radical
scavenger activity of BPC 157 to counteract reperfusion-induced oxidative injury in the
colon, duodenum, cecum, liver, veins, and plasma [5,6,8–12,36–40]. Thus, we speculate that
BPC 157 may counteract several steps of the syndrome that results from vessel occlusion.
Finally, BPC 157 has been shown to attenuate brain lesions induced by trauma [71], spinal
cord compression [72], or various encephalopathies [65–70]. BPC 157 also counteracted both
early and delayed neural hippocampal damage in a rat stroke model (bilateral occlusion of
the common carotid arteries) when therapy was given during reperfusion, leading to full
functional recovery and restoration of recognition memory deficits [25]. BPC 157 appears
to regulate the expression of several genes: strongly elevated Egr1, Akt1, Kras, Src, Foxo,
Srf, Vegfr2, Nos3, and Nos1 and decreased Nos2 and Nfkb (Mapk1 not activated); these
findings can be followed up to determine the exact mechanism by which BPC 157 exerts its
benefits [25].

In conclusion, our findings provide evidence that the stable gastric pentadecapeptide
BPC 157 may participate, peripherally and centrally, in resolving the consequences of
vascular occlusion and may abrogate the noxious effects throughout the body [3–12].
Our study should overcome the discouraging point that animal studies per se should be
interpreted with caution and the relative paucity of BPC 157 clinical data [3,4]. Namely, BPC
157 has been shown to be efficacious in ulcerative colitis, both in clinical settings [73,74] as
well as in experimental rat models of ischemia/reperfusion vascular ulcerative colitis [11]
and other ulcerative colitis models [37,65–70]. A particular encouraging point is that BPC
157 has a very safe profile (lethal dose could not be achieved) [3,4,13], a point recently
confirmed in a large study [75]. In this context, animal models are indispensable to ensure
the efficacy of BPC 157. Thus, while additional studies need to be done, we could claim that
BPC 157 therapy rapidly overcomes the simultaneous occlusion of the superior mesenteric
artery and vein and consequent noxious syndrome in rats. This finding also emphasises
the noted bypassing principle in arterial and venous occlusion [5–12]. Rapidly activating
alternative bypassing pathways overrides the permanent ligation of the superior mesenteric
artery and vein and, hopefully, may indicate the therapeutic strategies to compensate
simultaneously for occlusion of the artery and vein.

Author Contributions: M.K., A.D., L.P., A.S. (Andrej Situm): Conceptualization, Methodology.
M.S. (Marija Sola), A.S. (Anita Skrtic), A.B.B., S.S. (Sven Seiwerth), P.S.: Writing—Original draft
preparation, Review & Editing. M.S. (Miro Staroveski), T.K. (Tamara, Knezevic), S.G., I.K., H.V.:
Visualization, Investigation. E.L., M.M., S.S. (Suncana Sikiric): Formal analysis. S.S. (Sanja Strbe),
D.D., D.M., T.K. (Toni Kolak), Z.R.: Resources. B.V., H.Z., A.K., A.T.: Validation. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the University of Zagreb, Zagreb, Croatia (Grant BM 099).



Biomedicines 2021, 9, 792 23 of 26

Institutional Review Board Statement: This research was approved by local Ethic Committee (case
number 380-59-10106-17-100/290) and by Directorate of Veterinary (UP/I-322-01/15-01/22).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare there are no conflict of interest.

References
1. Amaravathi, U.; Balamurugan, N.; Muthu Pillai, V.; Ayyan, S.M. Superior mesenteric arterial and venous thrombosis in COVID-19.

J. Emerg. Med. 2021, 60, e103–e107. [CrossRef] [PubMed]
2. Oldenburg, W.A.; Lau, L.L.; Rodenberg, T.J.; Edmonds, H.J.; Burger, C.D. Acute mesenteric ischemia: A clinical review. Arch.

Intern. Med. 2004, 164, 1054–1062. [CrossRef] [PubMed]
3. Sikiric, P.; Rucman, R.; Turkovic, B.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; Stupnisek, M.; Misic, M.; Vuletic, L.B.; et al. Novel

cytoprotective mediator, stable gastric pentadecapeptide BPC 157. Vascular recruitment and gastrointestinal tract healing. Curr.
Pharm. Des. 2018, 24, 1990–2001. [CrossRef]

4. Sikiric, P.; Hahm, K.B.; Blagaic, A.B.; Tvrdeic, A.; Pavlov, K.H.; Petrovic, A.; Kokot, A.; Gojkovic, S.; Krezic, I.; Drmic, D.; et al.
Stable Gastric Pentadecapeptide BPC 157, Robert’s stomach cytoprotection/adaptive cytoprotection/organoprotection, and
Selye’s stress coping response: Progress, achievements, and the future. Gut Liver 2020, 14, 153–167. [CrossRef]

5. Vukojevic, J.; Siroglavic, M.; Kasnik, K.; Kralj, T.; Stancic, D.; Kokot, A.; Kolaric, D.; Drmic, D.; Sever, A.Z.; Barisic, I.; et al. Rat
inferior caval vein (ICV) ligature and particular new insights with the stable gastric pentadecapeptide BPC 157. Vascul. Pharmacol.
2018, 106, 54–66. [CrossRef] [PubMed]

6. Kolovrat, M.; Gojkovic, S.; Krezic, I.; Malekinusic, D.; Vrdoljak, B.; Kasnik, K.K.; Kralj, T.; Drmic, D.; Barisic, I.; Pavlov, K.H.; et al.
Pentadecapeptide BPC 157 resolves Pringle maneuver in rats, both ischemia and reperfusion. World J. Hepatol. 2020, 12, 184–206.
[CrossRef] [PubMed]

7. Gojkovic, S.; Krezic, I.; Vrdoljak, B.; Malekinusic, D.; Barisic, I.; Petrovic, A.; Horvat Pavlov, K.; Kolovrat, M.; Duzel, A.; Knezevic,
M.; et al. Pentadecapeptide BPC 157 resolves suprahepatic occlusion of the inferior caval vein, Budd-Chiari syndrome model in
rats. World J. Gastrointest. Pathophysiol. 2020, 11, 1–19. [CrossRef]

8. Amic, F.; Drmic, D.; Bilic, Z.; Krezic, I.; Zizek, H.; Peklic, M.; Klicek, R.; Pajtak, A.; Amic, E.; Vidovic, T.; et al. Bypassing major
venous occlusion and duodenal lesions in rats, and therapy with the stable gastric pentadecapeptide BPC 157, L-NAME and
L-arginine. World J. Gastroenterol. 2018, 24, 5366–5378. [CrossRef]

9. Drmic, D.; Samara, M.; Vidovic, T.; Malekinusic, D.; Antunovic, M.; Vrdoljak, B.; Ruzman, J.; Milkovic Perisa, M.; Horvat Pavlov,
K.; Jeyakumar, J.; et al. Counteraction of perforated cecum lesions in rats: Effects of pentadecapeptide BPC 157, L-NAME and
L-arginine. World J. Gastroenterol. 2018, 24, 5462–5476. [CrossRef]

10. Cesar, L.B.; Gojkovic, S.; Krezic, I.; Malekinusic, D.; Zizek, H.; Vuletic, L.B.; Petrovic, A.; Pavlov, K.H.; Drmic, D.; Kokot, A.;
et al. Bowel adhesion and therapy with the stable gastric pentadecapeptide BPC 157, L-NAME and L-arginine in rats. World J.
Gastrointest. Pharmacol. Ther. 2020, 11, 93–109. [CrossRef]

11. Duzel, A.; Vlainic, J.; Antunovic, M.; Malekinusic, D.; Vrdoljak, B.; Samara, M.; Gojkovic, S.; Krezic, I.; Vidovic, T.; Bilic, Z.; et al.
Stable gastric pentadecapeptide BPC 157 in the treatment of colitis and ischemia and reperfusion in rats: New insights. World J.
Gastroenterol. 2017, 23, 8465–8488. [CrossRef]

12. Sever, A.Z.; Sever, M.; Vidovic, T.; Lojo, N.; Kolenc, D.; Vuletic, L.B.; Drmic, D.; Kokot, A.; Zoricic, I.; Coric, M.; et al. Stable gastric
pentadecapeptide BPC 157 in the therapy of the rats with bile duct ligation. Eur. J. Pharmacol. 2019, 847, 130–142. [CrossRef]

13. Seiwerth, S.; Rucman, R.; Turkovic, B.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; Stupnisek, M.; Misic, M.; Vuletic, L.B.; et al. BPC
157 and standard angiogenic growth factors. Gastrointestinal tract healing, lessons from tendon, ligament, muscle and bone
healing. Curr. Pharm. Des. 2018, 24, 1972–1989. [CrossRef]

14. Sikiric, P.; Drmic, D.; Sever, M.; Klicek, R.; Blagaic, A.B.; Tvrdeic, A.; Kralj, T.; Kovac, K.K.; Vukojevic, J.; Siroglavic, M.; et al.
Fistulas healing. Stable gastric pentadecapeptide BPC 157 therapy. Curr. Pharm. Des. 2020, 26, 2991–3000. [CrossRef]

15. Sikiric, P.; Seiwerth, S.; Rucman, R.; Turkovic, B.; Brcic, L.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; Ilic, S.; et al. Focus on
ulcerative colitis: Stable gastric pentadecapeptide BPC 157. Curr. Med. Chem. 2012, 19, 126–132. [CrossRef]

16. Sikiric, P.; Seiwerth, S.; Brcic, L.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; Ilic, S.; Kolenc, D. Revised Robert’s cytoprotection and
adaptive cytoprotection and stable gastric pentadecapeptide BPC 157. Possible significance and implications for novel mediator.
Curr. Pharm. Des. 2010, 16, 1224–1234. [CrossRef]

17. Robert, A. Cytoprotection by prostaglandins. Gastroenterology 1979, 77, 761–767. [CrossRef]
18. Szabo, S.; Trier, J.S.; Brown, A.; Schnoor, J. Early vascular injury and increased vascular permeability in gastric mucosal injury

caused by ethanol in the rat. Gastroenterology 1985, 88, 228–236. [CrossRef]
19. Veljaca, M.; Chan, K.; Guglietta, A. Digestion of h-EGF, h-TGF alpha, and BPC-15 in human gastric juice. Pharmacol. Res. 1995,

31, 70. [CrossRef]

http://doi.org/10.1016/j.jemermed.2020.12.016
http://www.ncbi.nlm.nih.gov/pubmed/33581991
http://doi.org/10.1001/archinte.164.10.1054
http://www.ncbi.nlm.nih.gov/pubmed/15159262
http://doi.org/10.2174/1381612824666180608101119
http://doi.org/10.5009/gnl18490
http://doi.org/10.1016/j.vph.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29510201
http://doi.org/10.4254/wjh.v12.i5.184
http://www.ncbi.nlm.nih.gov/pubmed/32547687
http://doi.org/10.4291/wjgp.v11.i1.1
http://doi.org/10.3748/wjg.v24.i47.5366
http://doi.org/10.3748/wjg.v24.i48.5462
http://doi.org/10.4292/wjgpt.v11.i5.93
http://doi.org/10.3748/wjg.v23.i48.8465
http://doi.org/10.1016/j.ejphar.2019.01.030
http://doi.org/10.2174/1381612824666180712110447
http://doi.org/10.2174/1381612826666200424180139
http://doi.org/10.2174/092986712803414015
http://doi.org/10.2174/138161210790945977
http://doi.org/10.1016/0016-5085(79)90235-X
http://doi.org/10.1016/S0016-5085(85)80176-1
http://doi.org/10.1016/1043-6618(95)86539-X


Biomedicines 2021, 9, 792 24 of 26

20. Sikiric, P.; Seiwerth, S.; Grabarevic, Z.; Petek, M.; Rucman, R.; Turkovic, B.; Rotkvic, I.; Jagic, V.; Duvnjak, M.; Mise, S.; et al. The
beneficial effect of BPC 157, a 15 amino acid peptide BPC fragment, on gastric and duodenal lesions induced by restraint stress,
cysteamine and 96% ethanol in rats. A comparative study with H2 receptor antagonists, dopamine promotors and gut peptides.
Life Sci. 1994, 54, 63–68. [CrossRef]

21. Hrelec, M.; Klicek, R.; Brcic, L.; Brcic, I.; Cvjetko, I.; Seiwerth, S.; Sikiric, P. Abdominal aorta anastomosis in rats and stable gastric
pentadecapeptide BPC 157, prophylaxis and therapy. J. Physiol. Pharmacol. 2009, 60, 161–165.

22. Konosic, S.; Petricevic, M.; Ivancan, V.; Konosic, L.; Goluza, E.; Krtalic, B.; Drmic, D.; Stupnisek, M.; Seiwerth, S.; Sikiric, P.
Intragastric application of aspirin, clopidogrel, cilostazol, and BPC 157 in rats: Platelet aggregation and blood clot. Oxid. Med.
Cell Longev. 2019, 2019, 9084643. [CrossRef] [PubMed]

23. Stupnisek, M.; Franjic, S.; Drmic, D.; Hrelec, M.; Kolenc, D.; Radic, B.; Bojic, D.; Vcev, A.; Seiwerth, S.; Sikiric, P. Pentadecapeptide
BPC 157 reduces bleeding time and thrombocytopenia after amputation in rats treated with heparin, warfarin or aspirin. Thromb.
Res. 2012, 129, 652–659. [CrossRef] [PubMed]

24. Stupnisek, M.; Kokot, A.; Drmic, D.; Hrelec Patrlj, M.; Zenko Sever, A.; Kolenc, D.; Radic, B.; Suran, J.; Bojic, D.; Vcev, A.; et al.
Pentadecapeptide BPC 157 reduces bleeding and thrombocytopenia after amputation in rats treated with heparin, warfarin,
L-NAME and L-arginine. PLoS ONE 2015, 10, e0123454. [CrossRef]

25. Vukojevic, J.; Vrdoljak, B.; Malekinusic, D.; Siroglavic, M.; Milavic, M.; Kolenc, D.; Boban Blagaic, A.; Bateljam, L.; Drmic, D.;
Seiwerth, S.; et al. The effect of pentadecapeptide BPC 157 on hippocampal ischemia/reperfusion injuries in rats. Brain Behav.
2020, 10, e01726. [CrossRef]

26. Sikiric, P.; Seiwerth, S.; Rucman, R.; Kolenc, D.; Vuletic, L.B.; Drmic, D.; Grgic, T.; Strbe, S.; Zukanovic, G.; Crvenkovic, D.; et al.
Brain-gut axis and pentadecapeptide BPC 157: Theoretical and practical implications. Curr. Neuropharmacol. 2016, 14, 857–865.
[CrossRef] [PubMed]

27. Elvevoll, B.; Husby, P.; Øvrebø, K.; Haugen, O. Acute elevation of intra-abdominal pressure contributes to extravascular shift of
fluid and proteins in an experimental porcine model. BMC Res. Notes 2014, 7, 738. [CrossRef]

28. Sikiric, P.; Seiwerth, S.; Rucman, R.; Turkovic, B.; Rokotov, D.S.; Brcic, L.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; et al. Stable
gastric pentadecapeptide BPC 157-NO-system relation. Curr. Pharm. Des. 2014, 20, 1126–1135. [CrossRef]

29. Hsieh, M.J.; Lee, C.H.; Chueh, H.Y.; Chang, G.J.; Huang, H.Y.; Lin, Y.; Pang, J.S. Modulatory effects of BPC 157 on vasomotor tone
and the activation of Src-Caveolin-1-endothelial nitric oxide synthase pathway. Sci. Rep. 2020, 10, 17078. [CrossRef]

30. Sikiric, P.; Seiwerth, S.; Grabarevic, Z.; Rucman, R.; Petek, M.; Jagic, V.; Turkovic, B.; Rotkvic, I.; Mise, S.; Zoricic, I.; et al. 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. Eur. J. Pharmacol. 1997, 332, 23–33. [CrossRef]

31. Chang, C.H.; Tsai, W.C.; Lin, M.S.; Hsu, Y.H.; Pang, J.H. The promoting effect of pentadecapeptide BPC 157 on tendon healing
involves tendon outgrowth, cell survival, and cell migration. J. Appl. Physiol. 2011, 110, 774–780. [CrossRef]

32. Chang, C.H.; Tsai, W.C.; Hsu, Y.H.; Pang, J.H. Pentadecapeptide BPC 157 enhances the growth hormone receptor expression in
tendon fibroblasts. Molecules 2014, 19, 19066–19077. [CrossRef]

33. Hsieh, M.J.; Liu, H.T.; Wang, C.N.; Huang, H.Y.; Lin, Y.; Ko, Y.S.; Wang, J.S.; Chang, V.H.; Pang, J.S. Therapeutic potential of
pro-angiogenic BPC157 is associated with VEGFR2 activation and up-regulation. J. Mol. Med. 2017, 95, 323–333. [CrossRef]

34. Huang, T.; Zhang, K.; Sun, L.; Xue, X.; Zhang, C.; Shu, Z.; Mu, N.; Gu, J.; Zhang, W.; Wang, Y.; et al. Body protective compound-157
enhances alkali-burn wound healing in vivo and promotes proliferation, migration, and angiogenesis in vitro. Drug Des. Devel.
Ther. 2015, 9, 2485–2499. [CrossRef] [PubMed]

35. Tkalcevic, V.I.; Cuzic, S.; Brajsa, K.; Mildner, B.; Bokulic, A.; Situm, K.; Perovic, D.; Glojnaric, I.; Parnham, M.J. Enhancement by
PL 14736 of granulation and collagen organization in healing wounds and the potential role of egr-1 expression. Eur. J. Pharmacol.
2007, 570, 212–221. [CrossRef] [PubMed]

36. Kang, E.A.; Han, Y.M.; An, J.M.; Park, Y.J.; Sikiric, P.; Kim, D.H.; Kwon, K.A.; Kim, Y.J.; Yang, D.; Tchah, H.; et al. BPC157 as
potential agent rescuing from cancer cachexia. Curr. Pharm. Des. 2018, 24, 1947–1956. [CrossRef] [PubMed]

37. Park, J.M.; Lee, H.J.; Sikiric, P.; Hahm, K.B. BPC 157 rescued NSAID-cytotoxicity via stabilizing intestinal permeability and
enhancing cytoprotection. Curr. Pharm. Des. 2020, 26, 2971–2981. [CrossRef]

38. Luetic, K.; Sucic, M.; Vlainic, J.; Halle, Z.B.; Strinic, D.; Vidovic, T.; Luetic, F.; Marusic, M.; Gulic, S.; Pavelic, T.T.; et al.
Cyclophosphamide induced stomach and duodenal lesions as a NO-system disturbance in rats: L-NAME, L-arginine, stable
gastric pentadecapeptide BPC 157. Inflammopharmacology 2017, 25, 255–264. [CrossRef]

39. Sucic, M.; Luetic, K.; Jandric, I.; Drmic, D.; Sever, A.Z.; Vuletic, L.B.; Halle, Z.B.; Strinic, D.; Kokot, A.; Seiwerth, R.S.; et al. Therapy
of the rat hemorrhagic cystitis induced by cyclophosphamide. Stable gastric pentadecapeptide BPC 157, L-arginine, L-NAME.
Eur. J. Pharmacol. 2019, 861, 172593. [CrossRef]

40. Belosic Halle, Z.; Vlainic, J.; Drmic, D.; Strinic, D.; Luetic, K.; Sucic, M.; Medvidovic-Grubisic, M.; Pavelic Turudic, T.; Petrovic,
I.; Seiwerth, S.; et al. Class side effects: Decreased pressure in the lower oesophageal and the pyloric sphincters after the
administration of dopamine antagonists, neuroleptics, anti-emetics, L-NAME, pentadecapeptide BPC 157 and L-arginine.
Inflammopharmacology 2017, 25, 511–522. [CrossRef]

41. Eustis, S.; Elwell, M.; MacKenzie, W. (Eds.) Boorman’s Pathology of the Rat, Reference and Atlas, 2nd ed.; Academic Press:
Cambridge, MA, USA, 2017.

http://doi.org/10.1016/0024-3205(94)00796-9
http://doi.org/10.1155/2019/9084643
http://www.ncbi.nlm.nih.gov/pubmed/31976029
http://doi.org/10.1016/j.thromres.2011.07.035
http://www.ncbi.nlm.nih.gov/pubmed/21840572
http://doi.org/10.1371/journal.pone.0123454
http://doi.org/10.1002/brb3.1726
http://doi.org/10.2174/1570159X13666160502153022
http://www.ncbi.nlm.nih.gov/pubmed/27138887
http://doi.org/10.1186/1756-0500-7-738
http://doi.org/10.2174/13816128113190990411
http://doi.org/10.1038/s41598-020-74022-y
http://doi.org/10.1016/S0014-2999(97)01033-9
http://doi.org/10.1152/japplphysiol.00945.2010
http://doi.org/10.3390/molecules191119066
http://doi.org/10.1007/s00109-016-1488-y
http://doi.org/10.2147/DDDT.S82030
http://www.ncbi.nlm.nih.gov/pubmed/25995620
http://doi.org/10.1016/j.ejphar.2007.05.072
http://www.ncbi.nlm.nih.gov/pubmed/17628536
http://doi.org/10.2174/1381612824666180614082950
http://www.ncbi.nlm.nih.gov/pubmed/29898649
http://doi.org/10.2174/1381612826666200523180301
http://doi.org/10.1007/s10787-017-0330-7
http://doi.org/10.1016/j.ejphar.2019.172593
http://doi.org/10.1007/s10787-017-0358-8


Biomedicines 2021, 9, 792 25 of 26

42. Bona, E.; Hagberg, H.; Løberg, E.M.; Bågenholm, R.; Thoresen, M. Protective effects of moderate hypothermia after neonatal
hypoxia-ischemia: Short- and long-term outcome. Pediatr. Res. 1998, 43, 738–745. [CrossRef]

43. Murao, Y.; Loomis, W.; Wolf, P.; Hoyt, D.B.; Junger, W.G. Effect of dose of hypertonic saline on its potential to prevent lung tissue
damage in a mouse model of hemorrhagic shock. Shock 2003, 20, 29–34. [CrossRef]

44. Ibrahim, M.Y.; Abdul, A.B.H.; Ibrahim, T.A.T.; Abdelwahab, S.I.; Elhassan, M.M.; Syam, M.M. Evaluation of acute toxicity and the
effect of single injected doses of zerumbone on the kidney and liver functions in Sprague Dawley rats. Afr. J. Biotechnol. 2010, 9,
442–445.

45. Chui, C.J.; McArdle, A.H.; Brown, R.; Scott, H.; Gurd, F. Intestinal mucosal lesion in low-flow states. Arch. Surg. 1970, 101,
478–483. [CrossRef]

46. Lane, J.S.; Todd, K.E.; Lewis, M.P.; Gloor, B.; Ashley, S.W.; Reber, H.A.; McFadden, D.W.; Chandler, C.F. Interleukin-10 reduces the
systemic inflammatory response in a murine model of intestinal ischemia/reperfusion. Surgery 1997, 122, 288–294. [CrossRef]

47. Turkovic, B.; Sikiric, P.; Seiwerth, S.; Mise, S.; Anic, T.; Petek, M. Stable gastric pentadecapeptide BPC 157 studied for inflammatory
bowel disease (PLD-116, PL14736, Pliva) induces nitric oxide synthesis. Gastroenterology 2004, 126, 287.

48. Sikiric, P.; Seiwerth, S.; Rucman, R.; Turkovic, B.; Rokotov, D.S.; Brcic, L.; Sever, M.; Klicek, R.; Radic, B.; Drmic, D.; et al. Toxicity
by NSAIDs. Counteraction by stable gastric pentadecapeptide BPC 157. Curr. Pharm. Des. 2013, 19, 76–83.

49. Chen, P.; Tang, H.; Zhang, Q.; Xu, L.; Zhou, W.; Hu, X.; Deng, Y.; Zhang, L. Basic fibroblast growth factor (bFGF) protects the
blood-brain barrier by binding of FGFR1 and activating the ERK signaling pathway after intra-abdominal hypertension and
traumatic brain injury. Med. Sci. Monit. 2020, 26, e922009.

50. Youssef, A.M.; Hamidian Jahromi, A.; Vijay, C.G.; Granger, D.N.; Alexander, J.S. Intra-abdominal hypertension causes reversible
blood-brain barrier disruption. J. Trauma Acute Care. Surg. 2012, 72, 183–188. [CrossRef]

51. Scalea, T.M.; Bochicchio, G.V.; Habashi, N.; McCunn, M.; Shih, D.; McQuillan, K.; Aarabi, B. Increased intra-abdominal,
intrathoracic, and intracranial pressure after severe brain injury: Multiple compartment syndrome. J. Trauma 2007, 62, 647–656.
[CrossRef]

52. Malbrain, M.L.; Wilmer, A. The polycompartment syndrome: Towards an understanding of the interactions between different
compartments! Intensive. Care Med. 2007, 33, 1869–1872. [CrossRef] [PubMed]

53. Lovric-Bencic, M.; Sikiric, P.; Hanzevacki, J.S.; Seiwerth, S.; Rogic, D.; Kusec, V.; Aralica, G.; Konjevoda, P.; Batelja, L.; Blagaic, A.B.
Doxorubicine-congestive heart failure-increased big endothelin-1 plasma concentration: Reversal by amlodipine, losartan, and
gastric pentadecapeptide BPC157 in rat and mouse. J. Pharmacol. Sci. 2004, 95, 19–26. [CrossRef] [PubMed]

54. Balenovic, D.; Bencic, M.L.; Udovicic, M.; Simonji, K.; Hanzevacki, J.S.; Barisic, I.; Kranjcevic, S.; Prkacin, I.; Coric, V.; Brcic, L.;
et al. Inhibition of methyldigoxin-induced arrhythmias by pentadecapeptide BPC 157: A relation with NO-system. Regul. Pept.
2009, 156, 83–89. [CrossRef] [PubMed]

55. Barisic, I.; Balenovic, D.; Klicek, R.; Radic, B.; Nikitovic, B.; Drmic, D.; Udovicic, M.; Strinic, D.; Bardak, D.; Berkopic, L.; et al.
Mortal hyperkalemia disturbances in rats are NO-system related. The life saving effect of pentadecapeptide BPC 157. Regul. Pept.
2013, 181, 50–66. [CrossRef] [PubMed]

56. Strinic, D.; Belosic Halle, Z.; Luetic, K.; Nedic, A.; Petrovic, I.; Sucic, M.; Zivanovic Posilovic, G.; Balenovic, D.; Strbe, S.; Udovicic,
M.; et al. BPC 157 counteracts QTc prolongation induced by haloperidol, fluphenazine, clozapine, olanzapine, quetiapine,
sulpiride, and metoclopramide in rats. Life Sci. 2017, 186, 66–79. [CrossRef] [PubMed]

57. Zivanovic-Posilovic, G.; Balenovic, D.; Barisic, I.; Strinic, D.; Stambolija, V.; Udovicic, M.; Uzun, S.; Drmic, D.; Vlainic, J.; Bencic,
M.L.; et al. Stable gastric pentadecapeptide BPC 157 and bupivacaine. Eur. J. Pharmacol. 2016, 793, 56–65. [CrossRef] [PubMed]

58. Stambolija, V.; Stambolija, T.P.; Holjevac, J.K.; Murselovic, T.; Radonic, J.; Duzel, V.; Duplancic, B.; Uzun, S.; Zivanovic-Posilovic,
G.; Kolenc, D.; et al. BPC 157: The counteraction of succinylcholine, hyperkalemia, and arrhythmias. Eur. J. Pharmacol. 2016, 781,
83–91. [CrossRef]

59. Lozic, M.; Stambolija, S.; Krezic, I.; Dugandzic, A.; Zivanovic-Posilovic, G.; Gojkovic, S.; Kovacevic, J.; Vrdoljak, L.; Mirkovic, I.;
Kokot, A.; et al. In relation to NO-System, Stable Pentadecapeptide BPC 157 Counteracts lidocaine-induced adverse effects in rats
and depolarisation in vitro. Emerg. Med. Int. 2020, 2020, 6805354. [CrossRef]

60. Grabarevic, Z.; Tisljar, M.; Artukovic, B.; Bratulic, M.; Dzaja, P.; Seiwerth, S.; Sikiric, P.; Peric, J.; Geres, D.; Kos, J. The influence of
BPC 157 on nitric oxide agonist and antagonist induced lesions in broiler chicks. J. Physiol. 1997, 91, 139–149. [CrossRef]

61. Stancic-Rokotov, D.; Sikiric, P.; Seiwerth, S.; Slobodnjak, Z.; Aralica, J.; Aralica, G.; Perovic, D.; Anic, T.; Zoricic, I.; Buljat, G.; et al.
Ethanol gastric lesion aggravated by lung injury in rat. Therapy effect of antiulcer agents. J. Physiol. 2001, 95, 289–293. [CrossRef]

62. Stancic-Rokotov, D.; Slobodnjak, Z.; Aralica, J.; Aralica, G.; Perovic, D.; Staresinic, M.; Gjurasin, M.; Anic, T.; Zoricic, I.; Buljat, G.;
et al. Lung lesions and anti-ulcer agents beneficial effect: Anti-ulcer agents pentadecapeptide BPC 157, ranitidine, omeprazole
and atropine ameliorate lung lesion in rats. J. Physiol. 2001, 95, 303–308. [CrossRef]

63. Prkacin, I.; Separovic, J.; Aralica, G.; Perovic, D.; Gjurasin, M.; Lovric-Bencic, M.; Stancic-Rokotov, D.; Staresinic, M.; Anic, T.;
Mikus, D.; et al. Portal hypertension and liver lesions in chronically alcohol drinking rats prevented and reversed by stable
gastric pentadecapeptide BPC 157 (PL-10, PLD-116), and propranolol, but not ranitidine. J. Physiol. 2001, 95, 315–324. [CrossRef]

64. Sikiric, P.; Seiwerth, S.; Grabarevic, Z.; Rucman, R.; Petek, M.; Rotkvic, I.; Turkovic, B.; Jagic, V.; Mildner, B.; Duvnjak, M.; et al.
Hepatoprotective effect of BPC 157, A 15-aminoacid peptide, on liver lesions induced by either restraint stress or bile duct and
hepatic artery ligation or CCl4 administration. A comparative study with dopamine agonists and somatostatin. Life Sci. 1993, 53,
291–296. [CrossRef]

http://doi.org/10.1203/00006450-199806000-00005
http://doi.org/10.1097/01.shk.0000071060.78689.f1
http://doi.org/10.1001/archsurg.1970.01340280030009
http://doi.org/10.1016/S0039-6060(97)90020-9
http://doi.org/10.1097/TA.0b013e31822a3254
http://doi.org/10.1097/TA.0b013e31802ee542
http://doi.org/10.1007/s00134-007-0843-4
http://www.ncbi.nlm.nih.gov/pubmed/17786404
http://doi.org/10.1254/jphs.95.19
http://www.ncbi.nlm.nih.gov/pubmed/15153646
http://doi.org/10.1016/j.regpep.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19465062
http://doi.org/10.1016/j.regpep.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23327997
http://doi.org/10.1016/j.lfs.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28797793
http://doi.org/10.1016/j.ejphar.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/27815173
http://doi.org/10.1016/j.ejphar.2016.04.004
http://doi.org/10.1155/2020/6805354
http://doi.org/10.1016/S0928-4257(97)89478-8
http://doi.org/10.1016/S0928-4257(01)00040-7
http://doi.org/10.1016/S0928-4257(01)00042-0
http://doi.org/10.1016/S0928-4257(01)00044-4
http://doi.org/10.1016/0024-3205(93)90589-U


Biomedicines 2021, 9, 792 26 of 26

65. Drmic, D.; Kolenc, D.; Ilic, S.; Bauk, L.; Sever, M.; Zenko Sever, A.; Luetic, K.; Suran, J.; Seiwerth, S.; Sikiric, P. Celecoxib-induced
gastrointestinal, liver and brain lesions in rats, counteraction by BPC 157 or L-arginine, aggravation by L-NAME. World J.
Gastroenterol. 2017, 23, 5304–5312. [CrossRef] [PubMed]

66. Ilic, S.; Brcic, I.; Mester, M.; Filipovic, M.; Sever, M.; Klicek, R.; Barisic, I.; Radic, B.; Zoricic, Z.; Bilic, V.; et al. Over-dose insulin and
stable gastric pentadecapeptide BPC 157. Attenuated gastric ulcers, seizures, brain lesions, hepatomegaly, fatty liver, breakdown
of liver glycogen, profound hypoglycemia and calcification in rats. J. Physiol. Pharmacol. 2009, 60, 107–114. [PubMed]

67. Ilic, S.; Drmic, D.; Franjic, S.; Kolenc, D.; Coric, M.; Brcic, L.; Klicek, R.; Radic, B.; Sever, M.; Djuzel, V.; et al. Pentadecapeptide
BPC 157 and its effects on a NSAID toxicity model: Diclofenac-induced gastrointestinal, liver, and encephalopathy lesions. Life
Sci. 2011, 88, 535–542. [CrossRef] [PubMed]

68. Ilic, S.; Drmic, D.; Zarkovic, K.; Kolenc, D.; Brcic, L.; Radic, B.; Djuzel, V.; Blagaic, A.B.; Romic, Z.; Dzidic, S.; et al. Ibuprofen
hepatic encephalopathy, hepatomegaly, gastric lesion and gastric pentadecapeptide BPC 157 in rats. Eur. J. Pharmacol. 2011, 667,
322–329. [CrossRef]

69. Lojo, N.; Rasic, Z.; Sever, A.Z.; Kolenc, D.; Vukusic, D.; Drmic, D.; Zoricic, I.; Sever, M.; Seiwerth, S.; Sikiric, P. Effects of diclofenac,
L-NAME, L-arginine, and pentadecapeptide BPC157 on gastrointestinal, liver, and brain lesions, failed anastomosis, and intestinal
adaptation deterioration in 24 hour-short-bowel rats. PLoS ONE 2016, 11, 1–18.

70. Ilic, S.; Drmic, D.; Zarkovic, K.; Kolenc, D.; Coric, M.; Brcic, L.; Klicek, R.; Radic, B.; Sever, M.; Djuzel, V.; et al. High hepatotoxic
dose of paracetamol produces generalized convulsions and brain damage in rats. A counteraction with the stable gastric
pentadecapeptide BPC 157 (PL 14736). J. Physiol. Pharmacol. 2010, 61, 241–250.

71. Tudor, M.; Jandric, I.; Marovic, A.; Gjurasin, M.; Perovic, D.; Radic, B.; Blagaic, A.B.; Kolenc, D.; Brcic, L.; Zarkovic, K.; et al.
Traumatic brain injury in mice and pentadecapeptide BPC 157 effect. Regul. Pept. 2010, 160, 26–32. [CrossRef]

72. Perovic, D.; Kolenc, D.; Bilic, V.; Somun, N.; Drmic, D.; Elabjer, E.; Buljat, G.; Seiwerth, S.; Sikiric, P. Stable gastric pentadecapeptide
BPC 157 can improve the healing course of spinal cord injury and lead to functional recovery in rats. J. Orthop. Surg. Res. 2019, 14,
199. [CrossRef]
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