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Abstract: One of the pressing issues in regenerative medicine is the restoration of somatic nerve function
after injury. In this study, extraction methods were used to obtain lipids from nervous tissue, followed
by chromatographic separation, quantitative analysis via densitometry, and qualitative and quantitative
analyses of the fatty acid composition through gas chromatography. The results showed that nerve
cutting results in the accumulation of all forms of phosphoinositides and a decrease in diacylglycerol
(DAG) levels in both the proximal and distal segments of the nerve conductor. This phenomenon is
likely attributable to the inactivation of phosphoinositide-specific phospholipase C and the activation
of lipolytic enzymes, particularly phospholipases A1 and A2, resulting in an increase in the amount
of free fatty acids (FFAs). The intramuscular administration of insulin-like growth factor-1 (IGF-1)
was associated with enhanced phosphoinositide metabolism, increased DAG levels, reduced FFA
levels, and a redistribution of fatty acids within the studied lipid fractions. The registration method of
action potentials demonstrated the restoration of nerve conduction in the proximal segment of somatic
nerves following the introduction of IGF-1. This correlates with our findings regarding alterations in
the lipid fraction composition of damaged nerve conductors in response to the drug’s effects. Most
likely, IGF-1 exerts its effects through activation of the phosphoinositide-specific phospholipase C and
phosphatidylinositol-3 kinase signaling pathways, which are necessary for axonal regeneration and the
restoration of functioning damaged nerve conductors.

Keywords: somatic nerves; nerve regeneration; phosphoinositides; diacylglycerol; free fatty acids;
insulin-like growth factor-1; signaling pathways

1. Introduction

One of the pressing issues in regenerative medicine is the restoration of somatic
nerve function after injury [1]. It generates interest in studying various pathways for
activating axonal regeneration by applying biological stimulators to restore the functional
activity of damaged nerve fibers. The literature increasingly reports the involvement
of growth factors, particularly IGF-1 (insulin-like growth factor-1), in regulating nerve
cell proliferation and differentiation processes [2,3]. One of the key components of the
phospholipid composition of cell membranes is known to be phosphoinositide (PI), which
plays an active role in regulating cellular processes. It acts as a source of secondary
messengers in signal transduction from receptors inside the cell and is involved in the
regulation of Ca2+ ion transport [4]. In addition to the changes in the content of individual
PI classes, the fatty acid composition of these components is also of significant importance,
as pathological processes are accompanied by oxidative stress, resulting in the activation of
lipid peroxidation (LPO) and disrupting normal cell membrane function [5]. The changes in

Sci. Pharm. 2024, 92, 60. https://doi.org/10.3390/scipharm92040060 https://www.mdpi.com/journal/scipharm

https://doi.org/10.3390/scipharm92040060
https://doi.org/10.3390/scipharm92040060
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/scipharm
https://www.mdpi.com
https://orcid.org/0009-0007-0996-5588
https://orcid.org/0009-0002-8997-9587
https://orcid.org/0000-0001-6542-2667
https://doi.org/10.3390/scipharm92040060
https://www.mdpi.com/journal/scipharm
https://www.mdpi.com/article/10.3390/scipharm92040060?type=check_update&version=1


Sci. Pharm. 2024, 92, 60 2 of 12

the levels of FFAs (free fatty acids)—lipid metabolites produced by phospholipase A2—are
also an important indicator of the intensity of LPO processes [6]. It should be noted that
there are currently insufficient data on the fatty acid composition of PI cycle components in
the literature. One significant product of phosphodiester bond hydrolysis is diacylglycerol
(DAG), which activates protein kinase C. This activation enhances the signal from the
activated cell surface receptor to effector proteins and serves as a precursor for arachidonic
acid, which is essential for synthesizing prostaglandins and other physiologically active
compounds [7]. Studying the composition and intensity of the metabolism of PI cycle
components during the transection and regeneration of damaged nerve fibers will elucidate
the role of these components in regulating intracellular mechanisms necessary for restoring
the function of damaged somatic nerves and the targeted effects of physiological substances,
particularly IGF-1, on specific elements of metabolic signaling pathways involved in these
processes.

Therefore, this study aimed to investigate the effect of IGF-1 on the quantitative and
qualitative changes in PI cycle components during the damage and regeneration of somatic
nerves. To achieve this goal, we completed the following tasks: we studied the effect of
IGF-1 on changes in the levels of individual PI fractions, DAG, and FFA in the proximal
and distal segments of the sciatic nerve after transection; investigated the changes in the
fatty acid composition of phosphatidylinositol fractions, DAG, and FFA in the proximal
and distal ends of the rat sciatic nerve after injury and IGF-1 treatment; and determined
the role of PI cycle components in regulating the regeneration processes of damaged nerve
fibers under the influence of IGF-1.

2. Materials and Methods

This study focused on the sciatic nerves of Wistar rats. The rats had an average weight
of 250 ± 50 g. We used 10 rats in each series of experiments. In one experimental group,
the sciatic nerve was transected at the mid-thigh level. The nerve trunk was accessed by
dissecting the skin and subcutaneous fat of the hindlimb using blunt branches. The fascia
was dissected in layers, and the hip region muscles were dissected along the posterior
limb surface. The nerve was transected into proximal and distal sections, each averag-
ing 1.4 cm, in the lower third of the thigh at the site of its bifurcation into the common
fibular and tibia nerves. In the second group, after nerve transection, IGF-1 (recombinant
human insulin-like growth factor type 1) (E. coli) (SIGMA-ALDRICH, Saint Louis, MO,
USA) was administered intramuscularly daily at 50 and 75 ng/kg concentrations. The
proximal and distal ends of the nerves were extracted on days 7, 14, 21, and 28 and placed
in Ringer’s solution, consisting of 136 mM sodium chloride, 2.7 mM potassium chloride,
1.8 mM calcium chloride, 2.4 mM sodium bicarbonate, and 5.55 mM glucose. Intact an-
imals served as controls. Lipid extraction from nerve tissue was performed using the
Bligh–Dyer method [8]. PI was separated using the Prokhorova method [9], employing
two-dimensional chromatography on silica gel with solvent systems n-propanol/4N am-
monia (2:1) and chloroform/methanol/4 N ammonia (9:7:2). To separate DAG and FFAs,
a heptane/diethyl ether/ice-cold acetic acid (60:40:1 by volume) system was used [10].
To visualize individual lipid fractions, a reagent for staining plates was pre-prepared as
follows: 20 g of copper sulfate pentahydrate was dissolved in 200 mL of distilled water,
followed by the addition of 8 mL of sulfuric acid (98%) and 8 mL of orthophosphoric acid
(85%). After separation in a solvent system, the plate was placed in a dye for 15 s and dried
in the air. After that, it was heated on a tile at 140 ◦C for 30 min, and brown staining of
lipid fractions was observed. Individual lipid fractions were identified using Rf (ratio of
fronts) values, specific staining agents, and standards. Quantitative lipids were determined
using densitometry on an automated CAMAG TLC Scanner 4 (Muttenz, Switzerland).
The qualitative and quantitative composition of fatty acids (FA) was determined using
a SHIMADZU GC-2010Plus AF gas chromatograph (Kyoto, Japan), with prior fatty acid
esterification according to the Morrison and Smith method [11]. Bioelectrical activity was
recorded for a proximal nerve segment with extracellular recording under the following
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stimulation parameters: amplitude 1.5 V, duration 0.3 ms, and stimulation frequency 100
impulses/s using a GW Instek GDS-71042 oscilloscope (Taipei, Taiwan) and laboratory elec-
trical stimulator (ESL-2) (Tomsk, Russia) [12]. The perfused rat sciatic nerves were placed
in Ringer’s solution at 37 ◦C with a continuous oxygen flow. The data were statistically
processed using Microsoft Excel 2016. The experimental variants were compared using
ANOVA, with a significance threshold of 5%.

3. Results and Discussion

PIs are universal signaling molecules that are essential for various cellular functions,
specifically the regulation of ionic permeability of the cell membrane through the binding
and release of Ca2+ ions [13]. Additionally, they can form complexes with various proteins,
which leads to the association of numerous proteins on the cell’s outer surface. PIs are found
in high quantities in nerve tissue, which underscores their crucial role in regulating the
physicochemical processes occurring in nerve fibers during their normal functioning [14].
Based on this, in the experiment’s first phase, we investigated the changes in the levels of
specific PI fractions and their breakdown products—DAG and FFA—in the proximal and
distal nerve segments after nerve transection and IGF-1 introduction.

In uninjured rat sciatic nerves, the average concentrations of phosphatidylinositol
(MPI), diphosphoinositide/phosphatidylinositol-4,5-diphosphate (DPI), and triphosphoi-
nositide/phosphatidylinositol-3,4,5-trisphosphate (TPI) were 51.4, 6.14, and 7.02 µg phos-
phorus/mg of total lipids, respectively (Figures 1 and 2). Seven days after sciatic nerve
transection, a sharp increase in all PI fractions relative to the control was observed at
the proximal end of the nerve. In this experimental condition, the MPI, DPI, and TPI
levels were, on average, 84.35, 11.03, and 11.57 µg phosphorus/mg of lipids, respectively
(Figures 1 and 2).
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Figure 1. Dynamics of changes in the phosphatidylinositol (MPI) concentration in the proximal end
of the rat sciatic nerve after its damage and the action of IGF-1 at concentrations of 50 and 75 ng/kg.
D—damage; µg P MPI/mg P total lipids—µg inorganic phosphorus phosphatidylinositol/mg inor-
ganic phosphorus of total lipids (all error bars indicate a standard error of mean (n = 10); *—significant
difference compared with damage, p < 0.05).
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Figure 2. Dynamics of changes in the concentration of diphosphoinositide (DPI) and triphosphoinosi-
tide (TPI) in the proximal end of the rat sciatic nerve after its damage. µg P PI/mg total lipids—µg
inorganic phosphorus of individual PI/mg inorganic phosphorus of total lipids (all error bars indicate
a standard error of mean (n = 10); *—significant difference compared with damage, p < 0.05).

In the nerve distal segment, there was a pronounced increase in all studied PI frac-
tions, which were increased on average more than 2.0 times compared with the control
(Figures 3 and 4). The obtained data suggest that, following the onset of Wallerian degen-
eration up to 7 days into the experiment, disintegration of the axoplasmic cytoskeleton
occurred due to proteolytic degradation triggered by an elevated influx of calcium ions into
the damaged nerve and the activation of signaling pathways related to PI metabolism [13].
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Figure 3. Dynamics of changes in the concentration of diphosphoinositide (DPI) and triphosphoinosi-
tide (TPI) in the distal end of the rat sciatic nerve after its damage (all error bars indicate a standard
error of mean (n = 10); *—significant difference compared with injury, p < 0.05).
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Researchers have been increasingly looking for the most effective methods for stim-
ulating axonal regeneration using biologically derived substances. In particular, the IGF
signaling pathways, including IGF ligands, their receptors, and binding proteins, form a
complex regulatory network of interactions among themselves and other biological mod-
ulators of cell growth and survival [15]. On this basis, the next stage of the experiment
was to study the effect of IGF-1 on the content changes in individual PI fractions in the
proximal and distal segments of the sciatic nerve after its transection. In the proximal nerve
segment, the most pronounced changes in the MPI level were observed on days 14 and 21
of the experiment at a drug concentration of 75 ng/kg, resulting in a reduction of 19.0%
and 11.5%, respectively, compared with the damage (Figure 1). The administration of the
drug at a concentration of 75 ng/kg resulted in a 17.8% reduction in DPI levels by day 7 of
observation relative to the injured nerve. Moreover, as the postoperative period reached
21 and 28 days, a nearly identical trend was observed in the reduction in DPI levels in the
experimental groups receiving IGF-1 administration at 50 and 75 ng/kg concentrations.
The TPI content increases on days 7 and 14 of observation were comparable to the damage
with the drug administered at both concentrations, while, by day 21 of the experiment, a
trend towards a decrease in its level was observed. The most pronounced changes occurred
in the experimental variant with IGF-1 at a concentration of 75 ng/kg, accompanied by a
9.1% reduction in the TPI content relative to transection (Figure 2). The drug’s effect was
less pronounced in the distal nerve segment compared with its proximal section. At an
IGF-1 dose of 75 ng/kg, there was a significant reduction in the DPI level of 15.3% by day
21 of the experiment, along with an increase in the content of TPI fractions of 44.4% and
25.8% by days 7 and 14, respectively, compared with the injured nerve without the drug
(Figure 3). In the other experimental variants, no significant changes were observed.

According to some of the literature reports, DAG is known to be a product of break-
down by phospholipase C and plays an important role in regulating the activity of phos-
pholipase A2, protein kinase C, and Ca2+ transport. Additionally, DAG can activate protein
kinase C, which amplifies the signal from an activated cell surface receptor to effector
proteins and phospholipase A2, serving as a source of arachidonic acid [16]. On this basis,
we studied the content of DAG in the proximal and distal sections of the sciatic nerve after
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its transection and the action of IGF-1. The amount of DAG in intact nerves was found to
average 14 µg DAG/mg total lipids. Nerve transection was accompanied by decreased
DAG levels, with the minimum content observed on day 7. In this experimental condition,
the DAG concentration decreased by 63.8% and 93.5% in the proximal and distal segments
of the damaged nerve, respectively, compared with the control. As the postoperative
period extended to 28 days, the DAG level increased, but it remained, on average, 1.8 times
lower than the control value in both segments of the nerve conductor. The experiment
showed that the most pronounced changes in DAG levels occurred when the substance
was administered at a concentration of 75 ng/kg, with its content increasing on average by
12.4%, 49.3%, and 22.9% on days 14, 21, and 28 after transection, respectively, compared
with the damage (Figure 4).

On day 21 of the experiment, the distal segment of the nerve conductor exhibited a
9.4% increase in DAG levels relative to the damaged nerve without drug intervention. No
significant changes were observed in the other experimental conditions.

According to the literature, FFAs regulate the activity of ion channels and ATPases,
G-proteins, and protein kinases, modulating the PI and sphingomyelin cycles, acting as
secondary messengers, and mediating the effects of many other bioactive molecules [17].
According to our findings, the FFA content in the nerves of the control animals averaged 20
µg FA/mg total lipids. After nerve transection, significant changes were observed in the
FFA levels in the proximal segment of the nerve conductor. The maximum accumulation
occurred on day 7 of the experiment, reaching 51.76 ± 2.44 µg FA/mg total lipids. Subse-
quently, the FFA level displayed a propensity to decrease. Extending the post-injury period
to 28 days decreased FFA levels, although the level remained significantly higher than that
of the control, averaging 1.4 times greater (Figure 5). Similar dynamics were observed in
the distal segment of the nerve conductor, but these changes were more pronounced due to
extensive degenerative processes along its entire length. When IGF-1 was administered at
a concentration of 75 ng/kg in the proximal segment of the nerve, there was a decrease in
FFA levels. The amount of FFA decreased by 15.7% and 35.6% relative to injury on days 14
and 21, respectively, and, following an increase in the post-injury period to 28 days, the
FFA level decreased by a factor of 1.4 compared with the transection series (Figure 5).
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In the distal segment of the nerve conductor, there was a slight decrease in FFA levels
by day 21 of observation under the experimental condition using the drug at its maximum
concentration. In other experimental conditions, no significant changes were observed.

The lipid composition of the nerve conductor is known to be one of the most impor-
tant indicators of its functional state. Fatty acids play a role in forming the hydrophobic
zone of the membrane and determining its phase state. The presence of unsaturated fatty
acids in membrane lipids makes them susceptible to various influences, including lipid
peroxidation. Intensification of lipid peroxidation processes leads to various disruptions at
the level of individual enzyme systems and the entire cell [18]. Therefore, it was interesting
to study the quantitative distribution of fatty acids within the phosphatidylinositol frac-
tion, saturated fatty acids, and diacylglycerides following transection and the action of a
physiologically active substance (IGF-1).

The following fatty acids were found in the fatty acid composition of phosphatidyli-
nositol, FFA, and DAG: C10:0 (decanoic acid); C11:0 (undecanoic acid); C12:0 (lauric acid);
C13:0 (tridecanoic acid); C14:0 (myristic acid); C14:1 (myristoleic acid); C15:0 (pentade-
canoic acid); C15:1 (cis-10-pentadecenoic acid); C16:0 (palmitic acid); C16:1 (palmitoleic
acid); C17:1 (cis-10-heptadecenoic acid); C18:0 (stearic acid); C18:1 (oleic acid); elaidic
acid (18:1n9t); C18:2 (linoleic acid); C20:0 (arachidic acid); C18:3 (alpha-linolenic acid);
C21:0 (heneicosanoic acid); C20:2 (cis-11,14-eicosadienoic acid); C22:0 (behenic acid); C20:3
(cis-8,11,14-eicosatrienoic acid); C20:4 (arachidonic acid); C24:0 (lignoceric acid); and C24:1
(nervonic acid).

Nerve damage was found to cause a redistribution of fatty acids in both segments
of the nerve conductor. Seven days after the transaction, the FA composition of the phos-
phatidylinositol fraction changed. The changes were manifested by an increase in the
content of saturated fatty acids relative to the control by 18.6% at the proximal nerve end,
mainly due to undecanoic, tridecanoic, pentadecanoic, palmitic, and stearic acids. At the
same time, the content of unsaturated fatty acids decreased, and the saturation index (the
ratio of saturated fatty acids to unsaturated ones) increased to 0.5. This trend continued;
although, by day 28 of the experiment, the saturation index still exceeded the control value
by, on average, 2.0 times. Administering IGF-1 to the test animals at a concentration of
75 ng/kg caused noticeable changes in FA redistribution, manifested by a decrease in the
content of saturated fatty acids and an increase in unsaturated fatty acids. By days 21 and
28 of observation, the saturation index decreased by 20% and 28%, respectively, compared
with the condition with nerve damage. In the distal segment of the damaged nerve, the
saturation index increased by, on average, 4.0 times over 14 days of the experiment. With
prolonged damage exposure, the indicator decreased but still exceeded control values by
2.4 times by day 28 of observation. Using the drug at its maximum concentration helped
normalize the saturation index, accompanied by decreases of 36.8% and 28.3% on days 21
and 28, respectively, compared with the damage condition (Figure 6).

This study showed that in the DAG fraction, the content of saturated fatty acids was
67% and that of unsaturated fatty acids was 33%. The saturation coefficient was 2.03.
Seven days after nerve transection, the DAG fraction showed a reduction in the saturation
coefficient by an average of 1.6 times compared with the control. The introduction of
IGF-1 led to an average increase in this indicator by 27% in the proximal end of the nerve
compared with the injury at both drug concentrations. The tendency continued, and by 28
days, the indicator approached control values. In the distal segment of the injured nerve,
the DAG fraction showed the maximum reduction in the saturation coefficient relative
to the control by day 7 of the experiment, reaching 0.77. Administering the drug to the
test animals at a dose of 75 ng/kg resulted in a slight increase in the saturation coefficient
by days 21 and 28 of observation. No significant changes were observed in the other
experimental conditions (Figure 7).



Sci. Pharm. 2024, 92, 60 8 of 12

Sci. Pharm. 2024, 92, x FOR PEER REVIEW 7 of 12 
 

 

zone of the membrane and determining its phase state. The presence of unsaturated faĴy 
acids in membrane lipids makes them susceptible to various influences, including lipid 
peroxidation. Intensification of lipid peroxidation processes leads to various disruptions 
at the level of individual enzyme systems and the entire cell [18]. Therefore, it was inter-
esting to study the quantitative distribution of faĴy acids within the phosphatidylinositol 
fraction, saturated faĴy acids, and diacylglycerides following transection and the action 
of a physiologically active substance (IGF-1). 

The following faĴy acids were found in the faĴy acid composition of phosphatidyl-
inositol, FFA, and DAG: C10:0 (decanoic acid); C11:0 (undecanoic acid); C12:0 (lauric 
acid); C13:0 (tridecanoic acid); C14:0 (myristic acid); C14:1 (myristoleic acid); C15:0 (pen-
tadecanoic acid); C15:1 (cis-10-pentadecenoic acid); C16:0 (palmitic acid); C16:1 (pal-
mitoleic acid); C17:1 (cis-10-heptadecenoic acid); C18:0 (stearic acid); C18:1 (oleic acid); 
elaidic acid (18:1n9t); C18:2 (linoleic acid); C20:0 (arachidic acid); C18:3 (alpha-linolenic 
acid); C21:0 (heneicosanoic acid); C20:2 (cis-11,14-eicosadienoic acid); C22:0 (behenic 
acid); C20:3 (cis-8,11,14-eicosatrienoic acid); C20:4 (arachidonic acid); C24:0 (lignoceric 
acid); and C24:1 (nervonic acid).  

Nerve damage was found to cause a redistribution of faĴy acids in both segments of 
the nerve conductor. Seven days after the transaction, the FA composition of the phospha-
tidylinositol fraction changed. The changes were manifested by an increase in the content 
of saturated faĴy acids relative to the control by 18.6% at the proximal nerve end, mainly 
due to undecanoic, tridecanoic, pentadecanoic, palmitic, and stearic acids. At the same 
time, the content of unsaturated faĴy acids decreased, and the saturation index (the ratio 
of saturated faĴy acids to unsaturated ones) increased to 0.5. This trend continued; alt-
hough, by day 28 of the experiment, the saturation index still exceeded the control value 
by, on average, 2.0 times. Administering IGF-1 to the test animals at a concentration of 75 
ng/kg caused noticeable changes in FA redistribution, manifested by a decrease in the 
content of saturated faĴy acids and an increase in unsaturated faĴy acids. By days 21 and 
28 of observation, the saturation index decreased by 20% and 28%, respectively, compared 
with the condition with nerve damage. In the distal segment of the damaged nerve, the 
saturation index increased by, on average, 4.0 times over 14 days of the experiment. With 
prolonged damage exposure, the indicator decreased but still exceeded control values by 
2.4 times by day 28 of observation. Using the drug at its maximum concentration helped 
normalize the saturation index, accompanied by decreases of 36.8% and 28.3% on days 21 
and 28, respectively, compared with the damage condition (Figure 6). 

  
(Proximal nerve segment) (Distal nerve segment) 

Figure 6. The effect of IGF-1 on the change in the saturation coefficient of phosphatidylinositol (MPI) 
in the rat sciatic nerve after its damage (in % of the reference; all error bars indicate a standard error 
of the mean (n = 10); *—significant difference compared with damage, p < 0.05). 
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of the mean (n = 10); *—significant difference compared with damage, p < 0.05).
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Figure 7. The effect of IGF-1 on the change in the saturation coefficient of DAG in the rat sciatic nerve
after its damage (in % of the reference; all error bars indicate a standard error of the mean (n = 10);
*—significant difference compared with damage, p < 0.05).

In the FFA fraction, the content of saturated fatty acids was 59%, while unsaturated
fatty acids accounted for 41%. Among the detected fatty acids, palmitic and stearic acids
comprised the largest proportions at 46.8% and 27.0%, respectively. Seven days after nerve
transection, there was an increase in the proportion of unsaturated fatty acids, primarily
linolenic and arachidonic acids. At the same time, the saturation index decreased by 2.8
times compared with the control. Extending the post-injury period to 28 days changed
the saturated-to-unsaturated fatty acids’ ratio, which remained 1.7 times lower than the
control’s. The administration of the drug at its maximum concentration altered the fatty
acid composition of the FFA fraction. The saturation index 7 days after injury in the
experimental group receiving IGF-1 at a concentration of 75 ng/kg increased 1.6 times
compared with that in the series of experiments with injury, mainly due to a decrease in the
levels of linoleic, cis-8,11,14-eicosatrienoic, and arachidonic acids. Under these conditions,
with the post-injury period extended to 28 days, the content of unsaturated fatty acids was
65.5% lower compared with the injured nerve without drug treatment. In the distal segment



Sci. Pharm. 2024, 92, 60 9 of 12

of the nerve conductor, there were no significant changes in the fatty acid composition of
the FFA fraction due to IGF-1 treatment (Figure 8).
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Figure 8. The effect of IGF-1 on the change in the saturation coefficient of the FFA fraction in the rat
sciatic nerve after its damage (in % of the reference; all error bars indicate a standard error of the
mean (n = 10); *—significant difference compared to damage, p < 0.05).

According to the literature, calcium ions and the structural changes occurring in the
plasma membrane of the nerve fiber during excitation are known to activate phosphoinositide-
specific phospholipase C, resulting in a DAG content increase [19]. Additionally, the
changes in the quantitative content of FFA and the fatty acid composition of MPI and DAG
interrelate and correlate. Thus, it can be hypothesized that FFA forms due to the metabolism
of PI and from the products of their breakdown—DAG. Our experiments confirmed this,
establishing that a decrease in the number of individual fatty acids in the FFA fraction led
to an increase in their content in the MPI fraction. Thus, our study demonstrated that the
introduction of IGF-1 was accompanied by the breakdown of PI, as evidenced by the DAG
accumulation and the redistribution of fatty acids within the MPI, DAG, and FFA fractions.

It was found that, when the drug affected the damaged nerve conductor, there was an
intensive renewal of the phosphate groups of PI cycle components and the fatty acids within
them. The obtained data indicate that the high turnover rate of PI cycle components, along
with the presence of various fatty acids determining the physical state of the bilayer and its
oxidation capacity, was associated with their active participation in regeneration processes
under the action of IGF-1. The findings correlate with restoring functional activity in damaged
somatic nerves in response to the drug. It was shown that because of the injury, nerve
conductivity was significantly reduced in its proximal segment and completely lost in the
distal segment of the nerve conductor. With an increase in the duration of the damaging effect
up to 28 days, the recovery of action potential (AP) conduction originated from a summation
of action currents occurring in many nerve fibers, with a small amplitude noted only in the
proximal segment of the nerve, which is explained by the preservation of central innervation
and partial restoration of neuromuscular transmission. In the experimental condition with
damage, the amplitude of the AP decreased by an average of 1.4 compared with the control by
day 28 of observation. In contrast, the intramuscular administration of IGF-1 at a concentration
of 75 ng/kg was accompanied by a restoration of conductivity in the proximal nerve segment
to an average of 1.5 times compared with the damage (Figure 9, Table 1).
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Table 1. Parameters of the AP of the rat sciatic nerve (all error bars indicate a standard error of mean
(n = 10).

Parameters Control Nerve
Proximal Nerve
Section 28 Days
After Damage

Proximal Nerve
Section 28 Days
After Damage

and
Administration

of IGF-1 at a
Concentration

of 50 ng/kg

Proximal Nerve
Section 28 Days
After Damage

and
Administration

of IGF-1 at a
Concentration

of 75 ng/kg

Amplitude of
AP, mV 80.00 ± 2.00 56.00 ± 2.00 80.00 ± 3.00 88.00 ± 3.00

Duration of AP,
ms 1.00 ± 0.03 0.80 ± 0.02 0.80 ± 0.02 0.80 ± 0.03

4. Conclusions

This study revealed nerve transection to be accompanied by all forms of PI accu-
mulation and a decrease in the DAG level in both proximal and distal segments of the
nerve conductor. This is most likely explained by the inactivation of phosphoinositide-
specific phospholipase C. Intramuscular administration of IGF-1 was shown to promote
the intensification of PI metabolism, DAG accumulation, and decreased FFA levels. Our
findings are consistent with the literature data indicating that IGF-1 can initiate several
signaling pathways associated with forming lipid metabolites. One of these pathways
is mediated by the activation of phosphoinositide-specific phospholipase C, leading to
a decrease in the quantitative content of phosphatidylinositol-4,5-diphosphate. This sig-
naling pathway regulates physiological functions such as cell growth, proliferation, and
differentiation [20–22]. Additionally, the binding of IGF-1 to IGF receptor type 1 initiates
the phosphatidylinositol-3-kinase signaling pathway, resulting in the phosphorylation of
phosphatidylinositol-4,5-diphosphate to phosphatidylinositol-3,4,5-trisphosphate, which,
in turn, stimulates cytoplasmic factor PDK1 (3-phosphoinositide-dependent protein kinase
1) in this signaling pathway, leading to Akt (protein kinase B) activation and increased
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expression of various transcription factors necessary for axonal regeneration and recovery
of the function of damaged somatic nerves [23]. The obtained data also correlate with the
restoration of the ability of somatic nerves to conduct action potentials under the influence
of IGF-1, indicating effective regeneration processes in the injured nerve conductors. Thus,
IGF-1 promotes the intensification of PI metabolism in damaged somatic nerves through the
activation of the signaling pathways mediated by phosphoinositide-specific phospholipase
C and phosphatidylinositol-3-kinase, leading to the formation of lipid metabolites acting as
active regulatory molecules necessary for the recovery of functional activity in damaged
nerve conductors.

Author Contributions: Conceptualization, M.P. and V.R.; methodology, M.P., V.R. and E.C.; inves-
tigation, E.C., I.M., E.P. and A.Z.; data curation, M.P., E.C., E.R. and A.Z.; writing—original draft
preparation, M.P.; writing—review and editing, V.R. and E.R.; supervision, V.R.; project adminis-
tration, M.P. and V.R.; funding acquisition, V.R. and M.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was financially supported by the Ministry of Science and Higher Education of
the Russian Federation, grant number FZRS-2024-0005.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Ogarev Mordovia State University (Protocol No. 89 dated 12 September 2023) for
studies involving animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are presented within this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gordon, T. Peripheral Nerve Regeneration and Muscle Reinnervation. Int. J. Mol. Sci. 2020, 21, 8652. [CrossRef] [PubMed]
2. González Porto, S.A.; Domenech, N.; Blanco, F.J.; Centeno Cortés, A.; Rivadulla Fernández, C.; Álvarez Jorge, Á.; Sánchez

Ibáñez, J.; Rendal Vázquez, E. Intraneural IFG-1 in Cryopreserved Nerve Isografts Increases Neural Regeneration and Functional
Recovery in the Rat Sciatic Nerve. Neurosurgery 2019, 85, 423–431. [CrossRef] [PubMed]

3. Ma, K.; Xu, H.; Zhang, J.; Zhao, F.; Liang, H.; Sun, H.; Li, P.; Zhang, S.; Wang, R.; Chen, X. Insulin-Like Growth Factor-1 Enhances
Neuroprotective Effects of Neural Stem Cell Exosomes After Spinal Cord Injury via an miR-219a-2-3p/YY1 Mechanism. Aging
2019, 11, 12278–12294. [CrossRef]

4. Roy, D.; Tedeschi, A. The Role of Lipids, Lipid Metabolism and Ectopic Lipid Accumulation in Axon Growth, Regeneration and
Repair After CNS Injury and Disease. Cells 2021, 10, 1078. [CrossRef]

5. Revina, N.V.; Revin, V.V.; Parchaykina, M.V. Influence of Potassium Hyaluronate on the Content of Lysophospholipids and Free
Fatty Acids in Damaged Somatic Nerves of Rat. Biol. Med. 2015, 7, 1–4.

6. Anthonymuthu, T.S.; Kenny, E.M.; Bayir, H. Therapies Targeting Lipid Peroxidation in Traumatic Brain Injury. Brain Res. 2016,
1640, 57–76. [CrossRef]

7. Gao, P.; Yi, J.; Chen, W.; Gu, J.; Miao, S.; Wang, X.; Huang, Y.; Jiang, T.; Li, Q.; Zhou, W.; et al. Pericyte-Derived Exosomal miR-210
Improves Mitochondrial Function and Inhibits Lipid Peroxidation in Vascular Endothelial Cells After Traumatic Spinal Cord
Injury by Activating JAK1/STAT3 Signaling Pathway. J. Nanobiotechnol. 2023, 21, 452. [CrossRef]

8. Bligh, E.; Dyer, W. A Rapid Method of Total Lipid Extraction and Purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef] [PubMed]

9. Prokhorova, M.I.; Romanova, L.S.; Tumanova, S.Y. Biochemistry and Function of the Nervous System; Nauka: Moscow, Russia, 1967;
p. 148.

10. Findlay, J.; Evans, W. Biological Membranes. Methods; Mir: Moscow, Russia, 1990; p. 424.
11. Morrison, W.R.; Smith, L.M. Preparation of Fatty Acid Methyl Esters and Dimethylacetals from Lipids with Boron Fluoride-

Methanol. Lipid Res. 1964, 5, 600–608. [CrossRef]
12. Kuzmenko, T.P.; Parchaykina, M.V.; Revina, E.S.; Gladysheva, M.Y.; Revin, V.V. Influence of Neurotrophic Factors on the

Composition of Proteins During Damage and Regeneration of Somatic Nerves. Biophysics 2023, 68, 334–348. [CrossRef]
13. Revin, V.V.; Pinyaev, S.I.; Revina, N.V.; Morozova, A.A.; Parchaykina, M.V. Influence of Potassium Hyaluronate on the Change of

Phospholipase Activity and State of the Membranes of Damaged Somatic Nerves of Rats. Int. J. Pharma Bio Sci. 2015, 6, 512–520.
14. Raghu, P.; Joseph, A.; Krishnan, H.; Singh, P.; Saha, S. Phosphoinositides: Regulators of Nervous System Function in Health and

Disease. Front. Mol. Neurosci. 2019, 12, 208. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms21228652
https://www.ncbi.nlm.nih.gov/pubmed/33212795
https://doi.org/10.1093/neuros/nyy339
https://www.ncbi.nlm.nih.gov/pubmed/30060164
https://doi.org/10.18632/aging.102568
https://doi.org/10.3390/cells10051078
https://doi.org/10.1016/j.brainres.2016.02.006
https://doi.org/10.1186/s12951-023-02110-y
https://doi.org/10.1139/y59-099
https://www.ncbi.nlm.nih.gov/pubmed/13671378
https://doi.org/10.1016/S0022-2275(20)40190-7
https://doi.org/10.31857/S0006302923020138
https://doi.org/10.3389/fnmol.2019.00208
https://www.ncbi.nlm.nih.gov/pubmed/31507376


Sci. Pharm. 2024, 92, 60 12 of 12

15. Yamahara, K.; Yamamoto, N.; Kuwata, F.; Nakagawa, T. Neuroprotective Role of Insulin-Like Growth Factor 1 in Auditory and
Other Nervous Systems. Histol. Histopathol. 2022, 37, 609–619. [CrossRef] [PubMed]

16. Nelson, T.J.; Sun, M.K.; Hongpaisan, J.; Alkon, D.L. Insulin, PKC Signaling Pathways and Synaptic Remodeling During Memory
Storage and Neuronal Repair. Eur. J. Pharmacol. 2008, 585, 76–87. [CrossRef] [PubMed]

17. Britten-Jones, A.C.; Craig, J.P.; Anderson, A.J.; Downie, L.E. Association Between Systemic Omega-3 Polyunsaturated Fatty Acid
Levels and Corneal Nerve Structure and Function. Eye 2023, 37, 1866–1873. [CrossRef]

18. Yu, H.; Bai, S.; Hao, Y.; Guan, Y. Fatty Acids Role in Multiple Sclerosis as “Metabokines”. J. Neuroinflam. 2022, 19, 157. [CrossRef]
19. Cocco, L.; Follo, M.Y.; Manzoli, L.; Suh, P.G. Phosphoinositide-Specific Phospholipase C in Health and Disease. J. Lipid Res. 2015,

56, 1853–1860. [CrossRef]
20. Bradberry, M.M.; Bao, H.; Lou, X.; Chapman, E.R. Phosphatidylinositol 4,5-bisphosphate Drives Ca2+-Independent Membrane

Penetration by the Tandem C2 Domain Proteins Synaptotagmin-1 and Doc2β. J. Biol. Chem. 2019, 294, 10942–10953. [CrossRef]
21. Rajala, A.; Teel, K.; Bhat, M.A.; Batushansky, A.; Griffin, T.M.; Purcell, L.; Rajala, R.V.S. Insulin-Like Growth Factor 1 Receptor

Mediates Photoreceptor Neuroprotection. Cell Death Dis. 2022, 13, 613. [CrossRef]
22. Figueiredo, C.S.; Raony, Í.; Medina, S.V.; de Mello Silva, E.; Dos Santos, A.A.; Giestal-de-Araujo, E. Insulin-Like Growth Factor-1

Stimulates Retinal Cell Proliferation via Activation of Multiple Signaling Pathways. Curr. Res. Neurobiol. 2022, 4, 100068.
[CrossRef]

23. Nieuwenhuis, B.; Eva, R. Promoting Axon Regeneration in the Central Nervous System by Increasing PI3-kinase Signaling.
Neural Regen. Res. 2022, 17, 1172–1182. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.14670/HH-18-437
https://www.ncbi.nlm.nih.gov/pubmed/35170014
https://doi.org/10.1016/j.ejphar.2008.01.051
https://www.ncbi.nlm.nih.gov/pubmed/18402935
https://doi.org/10.1038/s41433-022-02259-0
https://doi.org/10.1186/s12974-022-02502-1
https://doi.org/10.1194/jlr.R057984
https://doi.org/10.1074/jbc.RA119.007929
https://doi.org/10.1038/s41419-022-05074-3
https://doi.org/10.1016/j.crneur.2022.100068
https://doi.org/10.4103/1673-5374.327324

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

