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Abstract

Aim Stable gastric pentadecapeptide BPC 157, adminis-
tered before a high-dose magnesium injection in rats, might
be a useful peptide therapy against magnesium toxicity and
the magnesium-induced effect on cell depolarization.
Moreover, this might be an NO-system-related effect.
Previously, BPC 157 counteracts paralysis, arrhythmias
and hyperkalaemia, extreme muscle weakness; parasym-
pathetic and neuromuscular blockade; injured muscle
healing and interacts with the NOS-blocker and NOS-
substrate effects.

Main methods Assessment included magnesium sulfate
(560 mg/kg intraperitoneally)-induced muscle weakness,
muscle and brain lesions, hypermagnesemia, hyper-
kalaemia, increased serum enzyme values assessed in rats
during and at the end of a 30-min period and medication
(given intraperitoneally/kg at 15 min before magnesium)
[BPC 157 (10 pg, 10 ng), .L-NAME (5 mg), L-arginine
(100 mg), alone and/or together]. In HEK293 cells, the
increasing magnesium concentration from 1 to 5 mM could
depolarize the cells at 1.75 &+ 0.44 mV.

Key findings L-NAME + magnesium-rats and L-arginine +
magnesium-rats  exhibited worsened severe muscle
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weakness and lesions, brain lesions, hypermagnesemia and
serum enzymes values, with emerging hyperkalaemia.
However, L-NAME + L-arginine 4+ magnesium-rats exhib-
ited all control values and normokalaemia. BPC 157
abrogated hypermagnesemia and counteracted all of the
magnesium-induced disturbances (including those aggra-
vated by L-NAME or L-arginine). Thus, cell depolarization
due to increasing magnesium concentration was inhibited in
the presence of BPC 157 (1 pM) in vitro.

Significance BPC 157 likely counteracts the initial event
leading to hypermagnesemia and the life-threatening
actions after a magnesium overdose. In contrast, a wors-
ened clinical course, higher hypermagnesemia, and
emerging hyperkalaemia might cause both L-NAME and L-
arginine to affect the same events adversely. These events
were also opposed by BPC 157.

Keywords BPC 157 - L-Arginine - L-NAME -
Magnesium - Rats

Introduction

We hypothesize that the stable gastric pentadecapeptide
BPC 157 (GEPPPGKPADDAGLV, M.W. 1419, PL-10,
PLD-116, PL 14736) (Sikiric et al. 2014) administered
before a high-dose magnesium injection in rats may serve
as a useful peptide therapy against magnesium toxicity and
magnesium-induced effects on cell depolarization, and that
this might be an NO-system-related effect. BPC 157 was
originally an anti-ulcer peptide (used in trials for ulcerative
colitis and now is in trials for the treatment of multiple
sclerosis) that largely interacts with NO-system (Sikiric
et al. 2014); BPC 157 is known to counteract various
induced potassium disturbances (Barisic et al. 2013;
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Stambolija et al. 2016). Moreover, BPC157 is known to
affect several molecular pathways (Cesarec et al. 2013;
Chang et al. 2011, 2014; Huang et al. 2015; Tkalcevic et al.
2007). This might be important considering magnesium
sulfate safety in treating and preventing eclampsia and
concerns regarding the possibility of hypermagnesemia
toxicity in eclampsia treatment (Euser and Cipolla 2009).
Also, hypermagnesemia has been reported in patients who
ingest large amounts of Epsom salts and magnesium-con-
taining cathartics (Nordt et al. 1996). Signs and symptoms
of this condition include extreme muscle weakness, loss of
deep tendon reflexes, a mental status of depression, and
cardiac dysrhythmias (Gerard et al. 1988; Nordt et al.
1996).

Arguments for the use of BPC 157 to counteract
magnesium toxicity, start with virtually no known toxicity
of its own (an LD1 value has not yet been achieved, and
there have been no side effects in clinical trials) (Sikiric
et al. 2014). Also, many arguments have been presented to
support the role of BPC 157 in counteracting magnesium
toxicity. BPC 157 counteracts magnesium sulfate-induced
writhing, non-inflammatory and non-prostaglandin-de-
pendent pain (Sikiric et al. 1993). There is the association
of hypermagnesemia with hyperkalaemia and succinyl-
choline administration (Guay et al. 1998; Sato et al.
2000), parasympathetic and neuromuscular blockade
(Krendel 1990; Rizzo et al. 1993). Consequently, the
effectiveness of BPC 157 in disturbances associated with
hyperkalaemia and/or succinylcholine administration,
neuromuscular and further parasympathetic blockade
(Barisic et al. 2013; Kokot et al. 2016; Stambolija et al.
2016) is likely indicative of its effectiveness against
hypermagnesemia disturbances: BPC 157 has a lifesaving
effect through the treatment of arrhythmias induced by
KCI overdose (>12 mmol/L hyperkalaemia)(Barisic et al.
2013); it reduces potassium-induced depolarization
in vitro under severe hyperkalaemic conditions (Barisic
et al. 2013); it mitigates succinylcholine-induced muscle
disturbances leading to paralysis, arrhythmias and
hyperkalaemia (Stambolija et al. 2016). BPC 157 also
counteracts digitalis-induced arrhythmias and reduces
digitalis-associated fatalities (Balenovic et al. 2009),
extreme muscle weakness induced by KCIl overdose
(Barisic et al. 2013), the effects of cuprizone (neurotoxin
producing multiple sclerosis-like patterns in rats) admin-
istration (Klicek et al. 2013), serotonin syndrome (Boban
Blagaic et al. 2005), and parasympathetic blockade
(Kokot et al. 2016).

Furthermore, BPC 157 counteracts pupil paralysis
induced by atropine (Kokot et al. 2016). In addition, BPC
157 strongly accelerates muscle healing after various
injuries, transection (Staresinic et al. 2006), or crushing
(Novinscak et al. 2008). Many of these disturbances that
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were all consistently counteracted by BPC 157 application
were also shown to be affected by NO-agent application,
either a NOS-blocker, N(G)-nitro-L-arginine methyl ester
(L-NAME) or a NOS-substrate, L-arginine (Balenovic et al.
2009; Barisic et al. 2013; Kokot et al. 2016); these effects
were also counteracted by stable gastric pentadecapeptide
BPC 157 (Balenovic et al. 2009; Barisic et al. 2013; Kokot
et al. 2016).

It is noteworthy that despite the role of magnesium in
counteracting L-NAME effects (Cengiz et al. 2016) in
hypermagnesemia after massive doses of magnesium, the
application of L-NAME and/or L-arginine was not investi-
gated. Previously, arginine was known to induce
hypermagnesemia and hyperkalaemia in nephrectomized
rats (Whang et al. 1988), and finally, the mitochondrial free
Mg "concentration is commonly increased in the presence
of rL-arginine, an NO-donor (S-nitroso-N-acetylpenicil-
lamine), and the NOS-inhibitors L-NAME or N(G)-
monomethyl-L-arginine (L-NMMA) (Manzo-Avalos et al.
2002; Sato et al. 2000).

Thus, in the present study, pentadecapeptide BPC 157,
L-NAME, and vr-arginine were given alone and/or in
combination to rats with a particular focus on muscle dis-
ability and encephalopathy that might appear soon after a
high dose of magnesium sulfate. Particular choice of
magnesium dose attempts to correlate with patients’ con-
ditions (Gerard et al. 1988; Nordt et al. 1996). The effect of
BPC 157 on the depolarization of HEK293 cells when
Mg*" concentration changed was also investigated.

Materials and methods

The experimental procedure, approved by the local Ethics
Committee (UP/I 322-01/07-01/210), included male Wistar
albino rats with 180-250 g body weights, randomly
assigned, 10 rats, at least, per group per each experimental
interval. Intraperitoneal injection of magnesium sulfate
(560 mg/kg, 1 mL/rat) was given immediately before the
assessment procedure. Medication (pentadecapeptide BPC
157 (manufactured by Diagen, Ljubljana, Slovenia) (Barisic
et al. 2013; Kokot et al. 2016; Stambolija et al. 2016),
GEPPPGKPADDAGLV, M.W. 1419, partial sequence of
human gastric juice protein BPC, peptide with 99% (HPLC),
freely soluble in water at pH 7.0 and in saline dissolved in
saline (10 pg, 10 ng/kg b.w.); and .-NAME (5 mg/kg) and
L-arginine (100 mg/kg) alone and/or together were
intraperitoneally injected 15 min before the magnesium
sulfate, whereas the controls simultaneously received an
equivolume of saline (5.0 ml/kg). All rats were killed
30 min after magnesium sulfate administration.

Briefly, 24 h before the experiments, the rats were
exercised by 20 consecutive front and hind paw grips on a
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vertical grid, gently held at the base of their tail as previ-
ously described (Meinen et al. 2012). Immediately after
magnesium sulfate administration, the rats were placed on
an upside-down grid; if the rats fell down, they were
continuously placed again within 1 min until the end of the
30-min period. The amount of time they could hold on to
the grid reflected the grade of fatigue and muscle weak-
ness. The scoring assessment (0-5, healthy rats presented
with scores of 4 and 5) was carried out in 1-min intervals
until the end of the experiment as follows: 0/5: immedi-
ately falling, no contraction, hunched posture with flaccid
paralysis; 1/5: falling (<5 s), muscle flicker, but no
movement, hunched posture upon falling; 2/5: falling
(<10 s), movement possible, but not against gravity, hun-
ched posture upon falling; 3/5: falling (<20 s), movement
possible against gravity, but not against resistance by the
examiner, hunched posture upon falling; 4/5: no obvious
fatigue, movement possible against some resistance by the
examiner, normal posture and activity upon falling
(>150 s); 5/5: no fatigue, movement possible against sig-
nificant resistance by the examiner, normal posture and
activity upon falling (>150 s).

Immediately after the animals were killed (30 min
after magnesium sulfate administration), the muscle was
fixed (immediately after skinning the leg) in buffered
formalin (pH 7.4) for 24 h, dehydrated, and embedded in
paraffin wax. Transverse sections were used for patho-
histological evaluation, stained with haematoxylin and
eosin, and examined in a blinded fashion. A special
program called ISSA (VAMSTEC, Zagreb, Croatia) was
used for morphometric analysis. Five high-power fields
from the quadriceps muscle, which were examined as
semi-serial muscle sections, were randomly selected for
analysis. In selected areas, the smallest diameters of the
smallest muscle fibres were measured as previously
described, and the healthy values of the quadriceps
muscle (31 = 3 um) were considered as normal
(Novinscak et al. 2008; Pevec et al. 2010; Stambolija
et al. 2016; Staresinic et al. 2006). For pathohistological
evaluation, transverse sections of diaphragm muscles
were used. They were measured with the same procedure
used for the upper leg muscles, and the healthy values of
32 + 4 ym were considered normal (Novinscak et al.
2008; Pevec et al. 2010; Stambolija et al. 2016; Star-
esinic et al. 2006).

Immediately after killing, the brain (whole 5 pum brain
slices) was fixed in 10% neutral buffered formalin for
2 days. After fixation, the brain was grossly inspected
and cut by consecutive coronal sections. Brain slabs
were dehydrated in a graded ethanol series and embed-
ded in paraffin. Paraffin blocks were cut into 5 pm thin
sections, deparaffinated in xylene, rehydrated in graded
ethanol and stained with haematoxylin and eosin. As

described previously (Ilic et al. 2009, 2010, 2011a, b;
Klicek et al. 2013), the intensity and distribution of brain
lesions (swollen or damaged, hypoxic neurons), and
brain oedema were described and evaluated semi-quan-
titatively as follows. While O generally indicated no
changes, the lesions were subsequently scored as fol-
lows: 0-3, oedema (1: weak diffuse and/or perifocal; 2:
moderate; 3: strong and generalized); 0—4, balonized or
red neurons (1: <5% red neurons, 2: 5-30% red neurons,
3: 30-50% red neurons, 4: >50% red neurons) (note,
neurons are especially vulnerable to damage from
hypoxia, which causes distinctive histological changes);
hypoxic (ischaemic) neurons show pronounced cyto-
plasmic eosinophilia (red neurons), collapse of
cytoplasm with accentuated pericellular spaces, and
pyknotic nuclei with indistinct nucleoli. Ultrastruc-
turally, ischaemia produced changes in cellular necrosis,
with breaks in nuclear and cell membranes and floccu-
lent densities in mitochondria.

ECG recording

In deeply anaesthetized rats, the ECG was recorded con-
tinuously for all three main leads by positioning stainless
steel electrodes on all four limbs, using an ECG monitor
and 2090 Medtronic programmer (Minneapolis, MN, USA)
connected to a LeCroy WaveRunner LT342 digital oscil-
loscope (Chestnut Ridge, NY, USA), which enabled
precise recordings, measurements and analysis of ECG
parameters as previously described (Barisic et al. 2013)
(note, since all findings were normal, specific data are not
shown).

Plasma electrolyte concentration

As previously described (Barisic et al. 2013), the blood
samples of separate groups of animals were collected from
the rat’s eye with heparinized tubes, and plasma electrolyte
concentrations were measured by an autoanalyser (DRI-
CHEMSO00 V, Fuji-Film, Tokyo, Japan). K*, Na™, CI™
serum values were assessed at 30 min after the adminis-
tration of magnesium sulfate.

Enzyme activity

To determine serum values (IU/1) of aspartate transaminase
(AST) and alanine transaminase (ALT) (Novinscak et al.
2008), blood samples were centrifuged for 15 min at
3000 rpm, immediately after death. All tests were mea-
sured using an Olympus AU2700 analyser with original
test reagents (Olympus Diagnostica, Lismeehan, Ireland) as
previously described (Novinscak et al. 2008).
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Cell culture

HEK?293 cells were grown on glass coverslips in Dul-
becco’s modified Eagle’s medium (DMEM) which
contained 3.7 g/l NaHCOj; in addition to 2 mM L-glu-
tamine, 10 mL/L  penicillin/streptomycin (10,000
E/10,000 mg/mL) and 10% fetal calf serum (FCS). Cells
were kept at 5% CO, at 37 °C. Cells were used from
passages 123-128, 3-6 days after trypsinization (0.25%
trypsin-EDTA solution, Sigma-Aldrich, in Mg®"- and
Ca’"-free HANKS solution).

Patch clamp studies

Coverslips with HEK293 cells were mounted at the bottom
of a perfusion chamber on an inverted microscope (Ax-
iovert 10 Zeiss, Gottingen, Germany). Membrane voltages
(Vi) of HEK293 cells were measured using the slow-
whole-cell patch clamp technique (Barisic et al. 2013) and
a Ringer-type solution containing 145 mM NaCl, 1.6 mM
K,HPO,, 0.4 mM KH,PO,, 5 mM b-glucose, 1 mM
MgCl,, and 1.3 mM calcium gluconate (pH 7.4). For the
high Mg solution, 5 mM NaCl was replaced with 5 mM
MgCl, (140 mM NaCl, 1.6 mM K,HPO,, 0.4 mM KH,.
PO4, 5 mM p-glucose, 6 mM MgCl,, 1.3 mM calcium
gluconate). BPC 157 was dissolved in both the solutions.
All experiments were performed at 37 °C with a bath
perfusion rate of 10 mL/min. Patch clamp pipettes were
filled with 95 mM potassium gluconate, 30 mM KCl,
4.8 mM Na,HPO,, 1.2 mM NaH,PO,, 5 mM b-glucose,
1.3 mM calcium gluconate, 1.03 mM MgCl,, and 1 mM
ATP (pH 7.2). To this solution, 160 utM of nystatin was
added to permeabilize the membrane under the pipette. The
pipette resistance was 5-10 MQ. The Vm was measured
with a patch-clamp amplifier (U. FrobePhysiologische
Institut, Freiburg, Germany) and recorded continuously on
a pen recorder (WeKa graph, Kaltbrunn, Switzerland).

Statistical analysis was performed using the parametric
two-way mixed-model ANOVA (one factor is repeated-
measures) and Student—-Newman—Keuls test to compare the
difference between groups. In addition, non-parametric
Kruskal-Wallis and post hoc Mann—Whitney U tests were
used. Fisher’s exact probability test was used to assess the
frequency differences between groups. P values of 0.05 or
less were considered statistically significant.

Results

In general, a syndrome that was counteracted by
stable gastric pentadecapeptide BPC 157 was abrupt
administration of magnesium overdose (Table 1; Figs. 1, 2,
3, 4, 5, 6). In rats with induced hypermagnesemia [and
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frequently, hyperkalaemia (with both L-NAME and L-
arginine], severe muscle weakness and prostration,
decreased muscle fibres in both quadriceps muscle and
diaphragm, increased serum enzyme values, nerve damage
and oedema in various brain areas were observed. The most
prominent damage was observed in the cerebral cortex
(also extended to cerebellar nuclei with both L-NAME and
L-arginine) (Table 1; Figs. 1, 2, 3, 4, 5). In vitro, BPC 157
counteracted depolarization induced by an increase in
magnesium concentration (Fig. 6).

BPC 157 vs. magnesium intoxication

Specifically, rats treated with BPC 157 continuously main-
tained a normal appearance, undisturbed muscle function
(Table 1; Fig. 1) and normokalaemia and they exhibited less
hypermagnesemia (Fig. 3). In contrast, since 5 min after
magnesium sulfate administration, all saline + magnesium-
rats were severely muscularly disabled and prostrated
(Table 1), along with hypermagnesemia but still normoka-
laemia (Fig. 3). Consistent with this, their muscle fibres
showed a decrease in both the quadriceps muscle and dia-
phragm (Fig. 1). In the brain, they clearly exhibited an
exaggerated and accelerated damage process; nerve damage
and oedema appeared in various brain areas, with the most
prominent damage in the cerebral cortex (Figs. 2, 5). BPC
157 + magnesium-rats had consistently less nerve damage
in all damaged areas, especially in those areas that, other-
wise, were the most affected (Figs. 2, 5).

L-NAME-, L-arginine-, and .-NAME + L-arginine-
rats

Rats that received either L-NAME or L-arginine as indi-
vidual agents and then magnesium became feeble
immediately after magnesium treatment and exhibited
further worsening throughout the experiment. They showed
more muscle weakness and prostration, even worse brain
lesions (i.e., cerebellar nuclei), additionally increased
hypermagnesemia, and newly emerged hyperkalaemia.
Interestingly, when magnesium-rats received L-NAME and
L-arginine together (Table 1; Figs. 1, 2, 3), these were all
counteracted to the control values with normokalemia;
thus, when given together (L-NAME + L-arginine), regu-
larly attenuating or antagonizing each other’s response.

BPC 157 + L-arginine-, BPC 157 + L-NAME-,
and BPC 157 + L-NAME + L-arginine-rats

Notably, while L-NAME-rats and L-arginine-rats presented
the most severe course—muscle weakness and brain lesions,
hypermagnesemia, and hyperkalaemia—a counteraction
consistently appeared (Table 1; Figs. 1, 2, 3) when combined
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Table 1 Muscle weakness score

Time Medication (ip/kg) given at 15 min before MgSO,, min/med/max

(min) Control BPC 157 BPC 157 L- L- L-NAME L-NAME L-arginine L-NAME
after 599, 10 pg 10 ng NAME arginine 5 mg + - 5 mg + BPC 157 100 mg + BPC 5 mg + L-
MgSOs  Nac1 5mg 100 mg arginine 10 pg 157 10 pg arginine
560 mg/ 5 100 mg 100 mg + BPC
kg ip 157 10 pg
1 4/515 4155 4/5/5 4/5/5 4/5/5 4/5/5 4/5/5 4/5/5 4/5/5

2 4/515 4155 4/5/5 3/3/4%  3/3/4*  4/5/5 4/5/5 4/5/5 4/5/5

3 4/515  4/5/5 4/5/5 3/3/3%  3/3/4*  4/5/5 4/5/5 4/5/5 4/5/5

4 4/515  4/5/5 4/5/5 3/3/3%  3/3/3%  4/5/5 4/5/5 4/5/5 4/5/5

5 3/3/13  4/5/5* 4/5/5% /1% 1/2/2% 3/3/3 3/3/3 3/3/3 4/5/5

6 3/3/13  4/5/5% 4/5/5% 1/1/1%  1/2/2%* 3/3/3 3/3/3 3/3/3 3/3/3

7 3/3/3  4/5/5% 4/5/5% 1/1/1%  1/2/2% 3/3/3 3/3/3 3/3/3 3/3/3

8 3/3/13  4/5/5% 4/5/5% /1% 1/2/2% 3/3/3 3/3/3 3/3/3 3/3/3

9 3/3/13  4/5/5% 4/5/5% /1/1*  1/2/2% 3/3/3 3/3/3 3/3/3 3/3/3

10 3/3/3  4/5/5* 4/5/5% IRV VG 3/3/3 3/3/3 3/3/3 3/3/3

11 3/3/13  4/5/5*% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 3/3/3 4/5/5%

12 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 3/3/3 4/5/5%

13 3/3/13  4/5/5% 4/5/5% IV VIV 3/3/3 3/3/3 3/3/3 4/5/15%

14 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 4/5/5% 4/5/5%

15 3/3/3  4/5/5% 4/5/5% /171 1/1/1* 3/3/3 3/3/3 4/5/5%* 4/5/5%

16 3/3/13  4/5/5% 4/5/5% /171 1/1/1* 3/3/3 3/3/3 4/5/5%* 4/5/5%

17 3/3/13  4/5/5% 4/5/5% /11 U11* 3/3/3 3/3/3 4/5/5% 4/5/5%

18 3/3/3  4/5/5* 4/5/5% /1 1U11* 3/3/3 3/3/3 4/5/5%* 4/5/5%

19 3/3/3  4/5/5* 4/5/5% /1 11/1* 3/3/3 3/3/3 4/5/5% 4/5/5%

20 3/3/13  4/5/5* 4/5/5% /1% 1/1/1* 3/3/3 3/3/3 4/5/5% 4/5/5%

21 3/3/13  4/5/5% 4/5/5* /11 1/1/1* 3/3/3 3/3/3 4/5/5* 4/5/5*

22 3/3/3  4/5/5% 4/5/5% /171 1/1/1* 3/3/3 3/3/3 4/5/5%* 4/5/5%

23 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 4/5/5% 4/5/5%

24 3/3/13  4/5/5*% 4/5/5% /1 111* 3/3/3 3/3/3 4/5/5%* 4/5/5%

25 3/3/3  4/5/5* 4/5/5% /1 U11* 3/3/3 3/3/3 4/5/5% 4/5/5%

26 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 4/5/5% 4/5/15%

27 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 4/5/5% 4/5/5%

28 3/3/13  4/5/5% 4/5/5% IV VIV 3/3/3 3/3/3 4/5/5% 4/5/15%

29 3/3/13  4/5/5% 4/5/5% /11 1/1/1* 3/3/3 3/3/3 4/5/5* 4/5/5%

30 3/3/3  4/5/5% 4/5/5% /171 1/1/1* 3/3/3 3/3/3 4/5/5%* 4/5/5%

Medication (ip/kg) (BPC 157 10 pg, 10 ng, L-NAME 5 mg, L-arginine 100 mg, alone and/or together) given at 15 min before magnesium sulfate

560 mg/kg ip
Muscle weakness scored (0-5), Min/Med/Max
* P < (.05, at least vs. control

with BPC 157 (BPC 157 + vr-arginine-, BPC 157 + L-
NAME-, and BPC 157 + L-NAME + L-arginine-rats). BPC
157 interfered with one or the other or both the NOS-blockade
and NOS-substrate administration in all of these rats (i.e., BPC
157 + rL-arginine-, BPC 157 4+ L-NAME-, and BPC
157 + L-NAME + L-arginine-rats) and turned down muscle
weakness and brain lesions as well as elevated magnesium.
This occurred for the control values (BPC 157 + L.-NAME-
rats) or more (BPC 157 + r-arginine- and BPC 157 + L-

NAME + L-arginine-rats); also, accordingly, they generally
recover after muscle disability while hyperkalaemia disap-
peared (Table 1; Figs. 1,2, 3).

Additional biochemical analysis (Fig. 4) revealed that
increased serum values in controls and a further increase in
L-NAME-rats and L-arginine-rats  correspondingly
decreased until the control values (BPC 157 + L-NAME-
rats, L-NAME + L-arginine-rats) or more (BPC 157 + L-
arginine-rats, BPC 157 + L-NAME + L-arginine-rats and
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THE SMALLER DIAMETER OF THE SMALLEST MUSCLE FIBERS, MEANS1SD, pm

50 - OControl
0.9% NaCl
Sml/kgi.p.
45 -
OBPC 157 10pg/kg i.p.
40 -
WBPC157 10ng/kg i.p.
35
30 A WL-NAME Smg/kg i.p.
25 4 %4
Al-arg 100mg/kg i.p.
20
OL-NAME Smg/kg + L-arg
15 4 100mg/kg i.p.
10:1 BL-NAME Smg/kg + BPC
157 10pg/kg i-p-
51 g3L-arg 100mg/kg + BPC
157 10pg/kg i.p.
0 2 : :
QUADRICEPS DIAPHRAGM OL-NAME Smg/kg + L-arg
MUSCLE 100mg/kg + BPC 157
10pg/kgi.p.
Fig. 1 Quadriceps muscle and diaphragm, the smallest diameter of 100 mg, alone and/or together) (ip/kg) given 15 min before magne-
the smallest muscle fibres, Mean &= SD, *P < 0.05, vs. control. sium sulfate (560 mg/kg ip)
Medication (BPC 157 10 pg, 10 ng, L-NAME 5 mg, r-arginine
BRAIN LESIONS SCORED, OEDEMA (0-3), RED NEURONS (0-4), MIN/MED/MAX
* % * % O Control
0.9% NacCl
3 _— Sml/kgi.p.
EBPC 157 10pg/kg i.p.
1 WBPC157 10ng/kg i.p.
%* % % ¥
* %
* % * %
2 W L-NAME 5mg/kg i.p.
* % & L-arg 100mg/kg i.p.
* %
* & O L-NAME 5mg/kg + L-arg
100mg/kg i.p.
1 -
BL-NAME 5mg/kg + BPC
157 10pg/kg i-p-
ElL-arg 100mg/kg + BPC 157
10pg/kgi.p.
0 > k & O L-NAME 5mg/kg + L-arg
EDEMA CEREBRAL CORTEX CEREBELLARNN PURKINJE CELLS 100mg/kg + BPC 157
RED NEURONS RED NEURONS RED NEURONS 10pg/kgi.p-
Fig. 2 Scored were oedema (0-3), cerebral cortex (red neurons), 10 pg, 10 ng, .-NAME 5 mg, r-arginine 100 mg, alone and/or

cerebellar nn (red neurons), Purkinje cells (red neurons) (0-4), Min/ together) (ip/kg) given 15 min before magnesium sulfate (560 mg/
Med/Max *P < 0.05, at least vs. control. Medication (BPC 157 kg ip)
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Fig. 3 Calcium, potassium, magnesium, sodium plasma concentra-
tion, Mean &= SD, mmol/L, *P < 0.05, at least vs. control.
Medication (BPC 157 10 pg, 10 ng, L.-NAME 5 mg, r-arginine
100 mg, alone and/or together) (ip/kg) given 15 min before magne-
sium sulfate (560 mg/kg ip)

BPC 157-rats) (Fig. 4) resulting in normal calcium and
sodium serum values (Fig. 3).

All ECG findings were normal, and data are not
specifically shown.

In vitro, HEK 293 cells

The effects of increased Mg2+ concentration (5 mM) were
calculated by comparing the membrane potential during

Mg2+ (5 mM) effects on the cell and membrane potential
with that observed while overperfusing the cells with
Ringer-type solution alone (Mg®™ 1 mM). The increasing
Mg*" concentration from 1 to 5 mM depolarized the cells
at 1.75 &+ 0.44 mV (n = 4). The depolarization effects
correlated with the starting membrane potential (r = —0.6,
Fig. 6a). When we repeated the experiments in the pres-
ence of BPC 157 (1 pM), the depolarization effect
disappeared (0.38 & 0.24 mV, n = 4) (Fig. 6b).

Discussion

The clinical correlation (Euser and Cipolla 2009; Gerard
et al. 1988; Nordt et al. 1996) includes producing a severe
syndrome in rats immediately after an alike abrupt
administration of magnesium overdose. Magnesium over-
dose caused hypermagnesemia (and frequently,
hyperkalaemia), severe muscle weakness and prostration,
decreased muscle fibres in both the quadriceps muscle and
the diaphragm [as we demonstrated in rats treated with
succinylcholine (Stambolija et al. 2016)], increased serum
enzyme values, nerve damage and oedema in various brain
areas, with the most prominent damage in the cerebral
cortex. In this study, we demonstrated that the stable gas-
tric pentadecapeptide BPC 157, which counteracted
various encephalopathies, even those changes occurring
rapidly (Ilic et al. 2009, 2010, 2011a, b; Lojo et al. 2016;
Sikiric et al. 2016), may serve as a useful peptide therapy
against magnesium toxicity and magnesium-induced
effects on cell depolarization. That might be a particular
NO-system-related effect that would also be particularly
affected by application of the stable pentadecapeptide BPC
157 (Sikiric et al. 2014).

An especial BPC 157/NO-relationship was established
in various experimental models and species, providing that
it might interfere with the effects of either NOS-blockade
or NOS-substrate agent application (Sikiric et al. 2014).
Furthermore, as individual agents, both L.-NAME and L-
arginine rapidly aggravated all syndrome parameters, such
as more severe and protracted muscle weakness and pros-
tration and more hypermagnesemia and hyperkalaemia
providing insight about the NO system — hypermagne-
semia — hyperkalaemia relationships. Moreover, L-
NAME and vL-arginine caused more decreased muscle
fibres in both the quadriceps muscle and the diaphragm;
more increased serum enzyme values; and increased nerve
damage and oedema in various brain areas, particularly
cerebellar nuclei, within 30 min (at the end of the experi-
ment). Thus, like previously with normal pupil and
atropine-induced mydriasis (Kokot et al. 2016), in rats that
underwent magnesium overdose, we revealed parallel L-
NAME/L-arginine activity. This might also be a specific
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0.9% Nadl
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W BPC 157 10ng/kg i.p.
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L-arg 100mg/kg i.p.

O L-NAME 5mg/kg + L-arg
100mg/kg i.p.
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M L-arg 100mg/kg + BPC
157 10pg/kg i.p.

O L-NAME Smg/kg + L-arg
100mg/kg + BPC 157
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Fig. 4 Enzyme serum values, Mean £+ SD, IU/L, *P < 0.05, vs. control. Medication (BPC 157 10 pg, 10 ng, .-NAME 5 mg, r-arginine
100 mg, alone and/or together) (ip/kg) given 15 min before magnesium sulfate (560 mg/kg ip)

Fig. 5 Magnesium sulfate-brain lesions in rats at 30 min after
application. Controls presented moderate oedema with numerous
hypoxic neurons in the cortex, HE, x400 (c), and numerous hypoxic
neurons in the cerebellar nucleus, HE, x200 (c¢). BPC 157-rats
presented weak diffused oedema with sporadic hypoxic neurons in the
cortex, HE, x400 (b) and sporadic hypoxic neurons in cerebellar
nucleus HE, x200) (B)

aspect of the dual role of the NO-system (L-NAME vs. L-
arginine) or (vs. combination) (Kokot et al. 2016; Moncada
et al. 1991; Whittle et al. 1992), where each of these effects
is specific (i.e., NO-related) since given together (L-
NAME + L-arginine) regularly attenuated or antagonized
each other’s response. Likewise, the remaining hyper-
magnesemia in the L-NAME + L-arginine animals means
that the other system(s) such as the BPC 157 system may
function along with the NO system (previously supposed to
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be immobilized by the mutual actions of combined L-
NAME and L-arginine). Previously, a particular L-arginine/
L-arginine parallel connection with the cholinergic system
was also suggested (Kokot et al. 2016). Notably, magne-
sium belongs to a class of substances that reduces the
output of acetylcholine evoked by motor nerve impulses,
and the ability of magnesium salts to interrupt neuromus-
cular transmission was demonstrated a long time ago (for a
review see, e.g., Bowman 1983).

In support, fluctuations in the mitochondrial free Mg*"
concentration exerted by NO-related compounds (i.e.,
NOS-substrate, NOS-inhibitor, NO-donor) modulated NO
synthesis in the heart mitochondria (Manzo-Avalos et al.
2002). However, the addition of the inhibitor L-NAME
produced an even greater increase in the mitochondrial free
Mg*" concentration than L-arginine (Manzo-Avalos et al.
2002). In addition, as before (Kokot et al. 2016), this
parallel activity maintains the mentioned agent’s specificity
because each of these seemingly similar effects would be
affected differently by BPC 157 administration. For
example, in magnesium-rats, once BPC 157 counteracted
L-NAME-worsening or L-arginine-worsening, the rescued
muscle weakness and prostration exhibited particular and
distinctive outcomes. The subsequent presentation in
magnesium rats treated with L-NAME, which received
BPC 157, followed the control course. On the other hand,
magnesium rats treated with L-arginine, which received
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Fig. 6 Depolarization of HEK293 cells caused by increasing Mg*"
concentrations from 1 to 5 mM was inhibited by BPC 157 (1 uM).
a Depolarization caused by increased Mg?" concentration was
negatively correlated with the starting membrane potential; b in the

BPC 157, exhibited a markedly improved course. In
practice, this means that two pharmacologically distinct
mechanisms with opposite effects on the same signalling
pathway produced the same physiological response (Kokot
et al. 2016), turned out with hypermagnesemia to the alike
worsened pathology, and that BPC 157 can also participate
(possibly via NO-and/or cholinergic-mediated mecha-
nisms) and beneficially maintained balance due to its effect
on parasympathetic and neuromuscular blockade [atropine
(Kokot et al. 2016); succinylcholine (Stambolija et al.
2016)]; and L-NAME (Sikiric et al. 2014), L-arginine
(Sikiric et al. 2014) and magnesium overdose, now
administered alone and/or together. Eventually, the
remaining hypermagnesemia in the L-NAME -+ L-arginine
animals was further decreased with BPC 157 addition (L-
NAME + vr-arginine + BPC 157 animals). This more
complex approach (L-NAME vs. L-arginine vs. combina-
tion), providing a complete NO-system presentation, had
not been used regularly (for review, see, e.g., Moncada
et al. 1991; Whittle et al. 1992) because NO studies are
usually limited to the blunted generation of NO only and
are less precise (Sikiric et al. 2014). Moreover, this
approach was not applied in beneficial NO-magnesium
studies (Cengiz et al. 2016).

The beneficial effect of pentadecapeptide BPC 157 (no
muscle weakness, markedly counteracted brain lesions,
lessened hypermagnesemia, maintained normokalaemia) is
common for a pg-ng/kg dose range and is significant,
because the same doses used and beneficial effects were
previously noted (Balenovic et al. 2009; Barisic et al. 2013;
Kokot et al. 2016; Novinscak et al. 2008; Sikiric et al.
2014; Stambolija et al. 2016; Staresinic et al. 2006). Fur-
thermore, combined hyperkalaemia/hypermagnesemia
consistently appeared along with worsening and then dis-
appeared with amelioration, indicating that clearly
attenuated hypermagnesemia/maintained normokalaemia is

(n=4)

*

=

MgCl, (5 mM)
+BPC 157 (1 uM)

MgCl, (5 mM)

presence of BPC 157 (1 pM), increased Mg>* concentration did not
depolarize HEK293 cells. Data are the mean value + SE, the number
of experiments is given in the bracket. *P < 0.05, vs. control

suggestive that BPC 157 might, here, also counteract the
initial event leading to hypermagnesemia. A supportive
analogy is the counteraction of magnesium sulfate-induced
writhing (Sikiric et al. 1993) that also appears rapidly and
is quite specific as it is unaffected by anti-inflammatory
drugs (including serotonin and histamine receptor antago-
nists) and is unaccompanied by prostaglandin release
(Collier et al. 1968; Gyires and Torma 1984). This effect,
along with the illustrative evidence, implies all of the
counteracting effects mentioned before (i.e., on paralysis,
arrhythmias, and hyperkalaemia, and extreme muscle
weakness; parasympathetic and neuromuscular blockade;
injured muscle) (Balenovic et al. 2009; Barisic et al. 2013;
Kokot et al. 2016; Novinscak et al. 2008; Sikiric et al.
2014; Stambolija et al. 2016; Staresinic et al. 2006). In
contrast, with a worsened course, higher hypermagne-
semia, and emerging hyperkalaemia, it is likely that both L-
NAME and r-arginine might adversely affect the same
events (and that these could be again opposed by BPC
157).

Also, the BPC 157 beneficial effects in rats overdosed
with magnesium should be considered with respect to its
possible effect on the evidenced Mg>" homeostasis tightly
controlled by maintaining the equilibrium between
intestinal Mg”" absorption and renal Mg>" excretion/re-
absorption (Xie et al. 2011) and several Mg”" transporters
and channels implicated in Mg absorption and/or re-ab-
sorption (for review see, e.g., Quamme 2010).

Therefore, it is important that BPC 157 can inhibit the
effects of Mg?" on the cell membrane potential directly by
inhibiting Mg>" entry into the cell. For example, depo-
larization of HEK293 cells when the Mg®" concentration
changed from 1 to 5 mM is negatively correlated with the
starting membrane potential. Therefore, we suggest that
depolarizations caused by increased magnesium concen-
tration are due to the influx of Mg” into the cell, which
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could increase with an increase in electrochemical gradient
by more negative starting membrane potentials. When the
starting potential is more negative, more potassium chan-
nels are open, and their inhibition by increased magnesium
concentration leads to higher depolarization of the cells.
Likewise, we ruled out the alternative possibility that the
inhibition of potassium channels is the cause. The pre-
sented results could not be explained by changes in the
sodium concentration (from 145 to 140 mM), which lead to
hyperpolarization and are positively correlated with the
starting membrane potentials of the cells. As shown pre-
viously (Barisic et al. 2013; Zivanovic Posilovic et al.
2016) in the same cells, BPC 157 inhibited potassium
channels and could, therefore, inhibit the effects of
increased magnesium concentration on the membrane
potential.

Thus, cell depolarization due to increased magnesium
concentration was inhibited in the presence of BPC 157,
and the life-threatening actions after a magnesium sul-
fate overdose were accordingly counteracted. This study
raised several issues (i.e., no heart disturbances
appeared), which need to be further elucidated because,
for instance, BPC 157 interacts with several molecular
pathways (Cesarec et al. 2013; Chang et al. 2011, 2014;
Huang et al. 2015; Tkalcevic et al. 2007). However,
considering the previous indicative evidence (Barisic
et al. 2013; Kokot et al. 2016; Sikiric et al. 1993, 2014,
Zivanovic Posilovic et al. 2016) and our findings, now
reported, as well as the very safe profile of the
stable gastric pentadecapeptide BPC 157 in clinical trials
[for review see, i.e. (Sikiric et al. 2014)] (LD1 could be
not achieved) (Sikiric et al. 2014), we suggest the further
use of stable pentadecapeptide BPC 157 as an antidote
against magnesium toxicity.
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