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ARTICLEINFO ABSTRACT

Article type:

Objective(s): In this study, the impact of thiamine (Thi), N-acetyl cysteine (NAC), and dexamethasone
Original

(DEX) were investigated in axotomized rats, as a model for neural injury.

Materials and Methods: Sixty-five axotomized rats were divided into two different experimental
approaches, the first experiments included five study groups (n=5): intrathecal Thi (Thi.it),
intraperitoneal (Thi), NAC, DEX, and control. Cell survival was assessed in L5DRG in the 4™ week by
histological assessment. In the second study, 40 animals were engaged to assess Bcl-2, Bax, /-6, and
TNF-a expression in L4-L5DRG in the 1%t and 2" weeks after sural nerve axotomy under treatment of
these agents (n=10).

Results: Ghost cells were observed in morphological assessment of L5DRG sections, and following
stereological analysis, the volume and neuronal cell counts significantly were improved in the
NAC and Thi.it groups in the 4™ week (P<0.05). Although Bcl-2 expression did not show significant
differences, Bax was reduced in the Thi group (P=0.01); and the Bcl-2/Bax ratio increased in the
NAC group (1% week, P<0.01). Furthermore, the /-6 and TNF-a expression decreased in the Thi
and NAC groups, on the 1¢ week of treatment (P<0.05 and P<0.01). However, in the 2" week, the
IL-6 expression in both Thi and NAC groups (P<0.01), and the TNF-a expression in the DEX group
(P=0.05) were significantly decreased.

Conclusion: The findings may classify Thi in the category of peripheral neuroprotective agents, in
combination with routine medications. Furthermore, it had strong cell survival effects as it could
interfere with the destructive effects of TNF-a by increasing Bax.
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Introduction

Neurodegenerative and also neural death in accidents
are major cost-consuming concerns for public health
authorities, families, and the affected subjects. However,
despite very strong attempts in modern medicine, the main
changes are yet to be introduced to reduce the destructive
effects of such diseases.

The response to the nerve injury is followed by a series
of degenerative cellular and molecular events, both in the
proximal stump referred to as retrograde degeneration (1),
and in the distal stump, which is called Wallerian degeneration
(2). Retrograde degeneration induces cell death in the dorsal
root ganglia (DRG) and anterior horn of the spinal cord,
which are implicated in the decrement of sensory and motor
functions of peripheral nerves (3,4). Inflammatory reactions,
as a danger signal, are very complex from damage to healing
processes, which may have beneficial or harmful effects (5).
Schwann cells, macrophages, and lymphocytes produce pro-
inflammatory cytokines such as TNF-«, IL1-, and IL-6 via
NF-kB signaling pathway activation (6). Therefore, targeting
inflammation to potentiate the healing process and reduce
the destructive effects are very important for therapeutic
purposes.

After nerve injury, growth factors derived from the
target tissues cannot reach the cell body, and instead, new
retrograde signals are transferred from the lesion site back
to the neuron cell body, causing changes in gene expression
and increasing the production of growth and survival factors
(7); however, many conditions result in inflammation and
cell apoptosis (8, 9). In the intrinsic pathway of apoptosis,
the ratio of the two intermediate molecules Bcl-2 and Bax at
the mitochondrial level, as anti- and pro-apoptotic factors,
determines the death or survival of the damaged neurons
(10). Also, a group of retrograde signals that are transmitted
from the lesion site to the cell body are inflammatory signals
that can induce neuronal death by external pathways (11).

Thiamine or vitamin Bl has therapeutic applications
for its beneficial effects as a cofactor for some enzymes,
mainly with mitochondrial localization, which is very
important for preventing apoptosis (12). Thiamin is in the
cationic form (T+) at physiological pH and hence affects the
membrane potential, transmission, and conduction of nerve
messages in neurons (13). It is phosphorylated to thiamine
monophosphate (TMP), thiamine pyrophosphate (TPP),
and thiamine triphosphate (TTP) (14). Unlike TTP and
TPP, which are involved in energy metabolism reactions,
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the main and central role of T+ is the anti-oxidant role, in
which, thiamine is oxidized to a form of thiamine disulfide
and thiochrome compounds, acting as anti-oxidants, which
can modulate inflammatory reactions and apoptosis events
(15).

Taken together, in the present study considering the
potential properties of thiamine, the anti-inflammatory,
anti-cell death, and morphological improvements were
evaluated in the DRG, following sural nerve transection,
compared with N-acetyl cysteine (NAC) and dexamethasone
(DEX), to determine the potential benefits in the treatment
of neurodegenerative and neural death in accidents.

Materials and Methods
Experimental groups and surgical procedure

All of Seventy-five male Wistar rats (220-280 g) aged
8 to 10 weeks were enrolled in the experiments. Animals
were housed on a 12 hr light/dark cycle and cared for at
22-24 °C in an animal room at the Faculty of Science of
Ferdowsi University of Mashhad, Mashhad, Iran. Also, the
food and water were available ad libitum. All experimental
procedures were performed in accordance with protocols
according to ARRIVE (16).

For the histological study, 30 rats were included (n=5) and
organized into groups 1 to 6, in which the rats in groups 2 to
5 were anesthetized with intraperitoneal injections, using a
mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Firstly, each animal was shaved and an incision was made on
the skin and muscles of the right hind limb. The sural nerve
was exposed and dissected. To prevent spontaneous healing,
a 3 mm segment from the distal portion of the nerve was
removed; then, the muscles and skin were sutured. Rats
were randomly divided into the following groups: gl.intact
g2.control (Cont, normal saline) g3.N-acetylcysteine (NAC,
150 mg/kg) (17) g4.dexamethasone (DEX, 0.2 mg/kg) (18),
and g5.thiamin (Thi, 50 mg/kg) (19). Drug injections were
introduced daily for up to 4 weeks, then rats were sacrificed
and lumbar 5 dorsal root ganglion (L5DRG) was removed
and fixed in 10% formalin.

In group 6, the intrathecal (Thi.it) group, each animal was
first catheterized by a PE-10 tube (AM system, America),
according to Storkson’s method (20). Then, six days after
catheterization, 20 pl of 2% lidocaine was injected through
the catheter to examine the proper catheter status. On day 7,
the animals were subjected to nerve axotomy. Rats received
daily intrathecal thiamine (1.7 mg/kg) for up to 4 weeks.
Since the rat’s blood volume is 30 times of cerebrospinal
fluid (21), we considered the intrathecal concentration of 1.7
mg/kg as systemic 50 mg/kg. At the end of the experiment,
the animals were anesthetized, and then 50 pl of toluidine
blue dye was injected through the catheter. The LSDRG was
pulled out about half an hour later; the bluish color of the
L5DRG was considered as correct catheterization, and the
ganglion was fixed in a 10% formalin solution.

In the molecular experimental approach, forty rats were
randomly divided into four experimental groups (n=10):
Cont, NAC, DEX, and Thi. Briefly, following anesthesia,
the sural nerve of the right leg was cut. The drug injection
was intraperitoneal and daily, until sampling on days 7 and
14, when five animals in each group were sacrificed. Then,
the L4-L5DRG was removed and transferred into RNA
later solution (Roche, Germany) and stored at -70 °C, till
assessment of the expression of the target genes. Also, five
rats were engaged as an intact group.
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Histological study

The anonymous but coded fixed L5SDRG was embedded
into paraffin after tissue processing and 6 pm serial sections
were prepared, using a Leitz microtome (Germany) and
then, stained with cresyl violet dye. Finally, stereological
techniques were used to evaluate the volume and the
number of cells of the L5DRG sections (22).

RNA extraction and cDNA synthesis

Tissue specimens were crushed in a sterile mortar and
homogenized. The tissue RNA was extracted, using the
RNA extraction Mini Kit (Roche, Germany) and reverse-
transcribed to complementary DNA (cDNA), using the
Revert Aid™ First Strand cDNA Synthesis Kit (Fermentas,
Germany), according to the manufacturer’s instructions.

Gene expression assays

Primers were designed by Beacon Designer software
(PREMIER Biosoft International, Palo Alto, CA, USA,
version 7). The sequences of the primers and probes are
shown in Table 1. Beta-actin was used as rat housekeeping
or reference gene in Bcl-2, Bax (TagMan Method), and
IL-6 and TNF-a (SYBR Green) expression assessment. The
relative two standard curve methods were used for target
and reference gene quantification by a Rotorgen Q-6000
real-time PCR machine (Qiagen, GmbH, Germany). Briefly,
after cDNA synthesis, 10-time serial dilutions of standards (5
for each gene) were generated, and the relative copy number
for each ¢cDNA sample was calculated, accordingly. The
Rotor-Gene software was used to analyze the standards and
the unknown mRNA copy numbers. The relative quantity
of each mRNA was normalized to the relative quantity of
the reference gene, f-actin mRNA. Then, the relative Bcl-2,
Bax, TNF-a, and IL-6 expression levels for each sample were
calculated by the following equation:

Normalized Index = Copy number of the gene of interest
/copy number of reference gene (B-actin) (23).

Statistical analysis

Statistical analysis was performed, using SPSS version
11.5 (SPSS, Chicago, IL, USA). The distribution of
each variable in study groups was analyzed, using the
Kolmogorov-Smirnov test. The distribution of variables in
histology analyses was normal, thus parametric tests were
used. In the gene expression experiments, the distribution
of variables was not normal thus, non-parametric tests
were used for statistical analyses. Inferential statistical
methods, including one-way ANOVA and Tukey post-test

Table 1. Primers designed for semi-quantitative real-time polymerase
chain reaction of Bcl-2, Bax, TNF-a, IL-6, and f-actin

Gene Primers sequences

Bcl-2 Forward: 5'- AGG ATA ACG GAG GCT GGG ATG-3'
Reverse: 5'- CTC ACT TGT GGC CCA GGT ATG-3'

Bax Forward: 5'- CAT CAG GGT TTC ATC CAG GAT C-3'
Reverse: 5'- CCA CAT CAG CAA TCA TCC TCT G-3'

TNF-« Forward: 5-GAG TCA TTG CTC TGT GAG-3'
Reverse: 5-CTC TGA GGA GTA GAC GAT A-3'

-6 Forward: 5-GCC CTT CAG GAA CAG CTA TGA-3'
Reverse: 5-TGT CAA CAA CAT CAG TCC CAA AGA-3'

Forward: 5-CCC GCG AGT ACA ACC TTC T-3'
Reverse: 5'- CCA TCA CAC CCT GGT GCC TA-3'

B -actin
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as parametric, and Mann-Whitney and Kruskal-Wallis as a
non-parametric test, were used to compare the differences
between study groups. The correlations between different
variables were evaluated, using Spearman’s test. Results were
considered statistically significant if the P-value<0.05.

Results
Morphological assessment
Afterfourweeksofnervetransection, thehistopathological
study showed that in all of the experimental groups, some
spongy form areas were observed. This phenomenon
should be due to cell apoptosis and consequently, became
vacuolation as ghost cells. However, in intact samples, as it
was expected, such-pattern did not exist. Figure 1 shows the
longitudinal sections of LSDRG stained with cresyl violet in
the 4™ week, after nerve axotomy.

Morphometrical assessments
L5DRG volume

The comparison of results of the L5SDRG volume between
intact and control groups showed a significant decrease
(P=0.01) in the 4™ week, after axotomy. The mean volume
of L5DRG in different experimental groups showed that
L5DRG volume is more sustainable in the NAC and Thi.it
groups, compared with the control, in which the volume
was decreased (P=0.044 and P=0.039, respectively);
however, there were no significant differences in the other
experimental groups (Figure 2).

L5DRG cell counts

The comparison of results of the L5DRG cell counts
between intact and control groups showed a significant
decrease (P=0.023) in the fourth week, following nerve
transection. The results of cell count showed significant

Figure 1. A comparison of L5DRG sections of studied animals at the end
of the fourth week, after nerve transection. A) intact, B) Cont, C) NAC, D)
DEX, E) Thi, and F) Thi.it. In these sections, vacuole-like structures should
be apoptotic cells, which are marked with white asterisks. Magnification:
200X
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Figure 2. Mean of the L5DRG volume in different experimental groups
(Control, Dexamethasone, N-acetylcysteine, Thiamin, Intraceal group), at
the end of the fourth week, after nerve transection of the wistar rats. Data
are presented as mean+SEM. *P<0.05 when compared with control group
and #P<0.05; ##P<0.01when compared with intact (n=>5)
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Figure 3. Mean of L5DRG cell number present in different experimental
groups of (Control, Dexamethasone, N-acetylcysteine, Thiamin, Intraceal
group). four weeks after nerve axotomy of the wistar rats. Data are presented
as mean+SEM. *P<0.05 when compared with control group; #P<0.05 when
compared with intact (n=5)

cell survival in the number of L5DRG cells in the NAC and
Thi.it groups, compared with the control group (P=0.043
and P=0.037, respectively), while there were no significant
differences in the other experimental groups (Figure 3).

Gene expression assessments
Bcl-2 expression in L4-L5DRG

The findings showed that even the mean Bcl-2 expression
in L4-L5DRG between intact and control groups in the 1%
and 2™ weeks did not meet the 95% confidence interval (CI),
and it was meaningful at 91% CI (P=0.09) in the 2" week.
However, the results showed that there were no significant
differences between the experimental and control groups at
the end of the first and second weeks, after the sural nerve
axotomy (Figure 4).
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Figure 4. Mean expression of Bcl- 2 in L4-L5DRG in different experimental
groups of (Intact, Control, Dexamethasone, N-acetylcysteine, Thiamin,
Intraceal group)at the end of the first and the second weeks, after sural
nerve transection of the wistar rats. Data are presented as mean+SEM.
#P<0.05 when compared with intact (n=>5)
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Figure 5. A comparison of mean expression of the Bax gene in L4-L5DRG in
different experimental groups of Control, Dexamethasone, N-acetylcysteine,
Thiamin, Intraceal group at the end of the first and the second weeks, after
sural nerve transection. Data are presented as mean+SEM at the end of
the first and second weeks, after nerve axotomy of the wistar rats. Data are
presented as mean+SEM. **P<0.01 when compared with control group and
#P<0.05 when compared with intact (n=5)
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Figure 6. Mean expression ratio o f Bcl-2/Bax in L4-L5DRG in different
experimental groups of Control, Dexamethasone, N-acetylcysteine, Thiamin
at the end of the first and the second weeks, after sural nerve axotomy of the
wistar rats. Data are presented as mean+SEM. **P<0.01 when compared with
control group and ##P<0.01 when compared with intact

Bax expression in L4-L5DRG

The Bax expression in L4-L5DRG in comparison
between intact and control groups decreased significantly
(P=0.05), in the 2™ week after axotomy. Also, a statistical
comparison of the results showed that Bax expression was
significantly decreased at the end of the first week in the Thi
group (P=0.01), whereas, in the other experimental groups
the difference was not significant in comparison with the
control group (Figure 5).

Ratio of Bcl-2/Bax expression in L4-L5DRG

The findings showed that the ratio of Bcl-2/Bax expression
in 14-L5DRG in comparison between intact and control
groups in the 1 and 2™ weeks was not meaningful. In the
NAC group, a significant increase in the Bcl-2/Bax ratio was
seen at the end of the first week (P=0.007), compared with the
control group, but there were no significant differences in the
other experimental groups. The findings in the second week of
treatment did not have any significant differences (Figure 6).

TNF-« expression in L4-L5DRG

TNF-a mainly has two different forms, soluble and
transmembrane (tmTNF). In this study, the expression of
both forms was evaluated at the site of injury. The TNF-«
expression in L4-L5DRG in comparison between intact
and control groups increased significantly (P=0.007), in
the 1** week after axotomy. Thiamine and NAC significantly
suppressed the TNF-«a expressions in the acute phase of
inflammation in the axotomized site, in the 1* week of
treatment (P=0.01 and P=0.009, respectively). While in the
second week, only DEX could significantly decrease the
TNF-a expression (P=0.05) (Figure 7).
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Figure 7. Mean expression of TNF-a in L4-L5DRG in different experimental
groups of Control, Dexamethasone, N-acetylcysteine, Thiamin at the end
of the first and second weeks, after sural nerve transection of the wistar
rats. Data are presented as mean+SEM. *P<0.05; ** P<0.01 when compared
with control group and ##P<0.01 when compared with intact (n=5)

140 4

120 A

<

<

£ 100

= M intact
2

2 80 - #H © Cont
]

& B NAC

2 60 -

5 HDEX

en

< 40 - & Thi

20 A

0

day 7

Figure 8. The mean expression of IL-6 in L4-L5DRG in different
experimental groups of Control, Dexamethasone, N-acetylcysteine,
Thiamin at the end of the first and second weeks, after sural nerve
transection of the wistar rats. Data are presented as mean + SEM. *P<0.05;
**P<0.01 when compared with control group and #P<0.05; ##P<0.01;
###P<0.001 when compared with intact (n=5)

IL-6 expression in L4-L5DRG

Comparison of mean results of the IL-6 expression in
the L4-L5DRG control group and intact group showed a
significant increase on days 7 and 14 after axotomy (P=0.001
and P=0.007). These results revealed a significant decrease
in the IL-6 expression at the end of the first week in the Thi
and NAC groups (P=0.05 and P=0.007, respectively) and at
the end of the second week in the same groups (P=0.007),
compared with the control group. However, the results in
the DEX group showed no significant difference (Figure 8).

Discussion

Peripheral nerve injuries result in complex cellular and
molecular events that can determine the fate of healing
or damage. In such a situation, several factors affect
neuronal survival and death in DRG, following nerve
transection, mainly necrosis and apoptosis (24). In the
present study, Figure 1 shows some apoptotic areas (ghost
cells), compared with the intact group, and it means that
none of our treatments could prevent the complications of
axotomy. However, with more precise assessment, using
stereological techniques, the volume and the cell counts
of the DRGs were improved in the systemic injection of
NAC and intrathecal thiamine, and these treatments could
prevent more apoptotic events (Figures 2 and 3). Of note,
systemic thiamine administration could not overcome
apoptosis but intrathecal administration could.

Even though thiamine has anti-reactive oxygen species
(ROS) activities, the systemic administration of thiamine
is phosphorylated very quickly (14), and therefore, in
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the present study, only Thi.it could induce anti-oxidant
activities. NAC, as a neuro-protective agent also can inhibit
cell apoptosis by glutathione reduction and decrease of
ROS activity (25).

Our biomarker assessment of apoptosis demonstrated
that Bax expression was decreased in the Thi treatment.
However, the Bcl-2/Bax ratio, which is the index of cell
survival, was reasonably improved by NAC treatment in the
first week of assessments. It is well-known that cell death
is progressive and widespread in DRG neurons, and the
intrinsic apoptotic pathway is the main mechanism of cell
death (26, 27). In this study, at least, thiamine treatment
significantly reduced the Bax expression in the first week
after injury. These findings showed that thiamine at 50 mg/
kg had an anti-apoptotic effect on neurons in axotomized
DRG, in a dose and time-dependent manner. Moreover,
NAC treatment also can produce such effects. Furthermore,
when the Bcl-2/Bax ratio was taken into account, this ratio
was elevated in the NAC group, in the first week after
axotomy, which was in favor of cell survival (Figures 4, 5,
and 6).

In a study on sural axotomized DRG neurons, the Bcl-
2 expression was decreased (but not significantly) and
the Bax expression was increased (28), while in peroneal
axotomized DRG neurons, Bax expression was significantly
increased and Bcl-2 expression was unchanged (28). These
findings suggest that the peroneal DRG neurons are affected
by an upstream protective response that results in down-
regulation of Bax, whereas this effect was absent in the
sural axotomized DRG neurons (28). However, in a study
by Gillardon et al. (10), measuring L4-L6 DRG mRNA, it
was found that after sciatic nerve axotomy, Bcl-2 expression
was decreased by about 30%, whereas the change in the Bax
expression levels was not significant. Such various results in
gene expression studies may be due to the differences in the
methodology or targeting of cell subpopulations (28).

Many studies suggested that benfotiamine, a thiamine
derivative, improves post-myocardial infarction and
increases the Bcl-2 protein levels (29). It also prevents
lipopolysaccharide (LPS)-induced apoptosis and increases
the Bcl-2 expression in a murine macrophage cell line
(30). Of note, following stress induction in pericyte cells
and decrement in the Bcl-2/Bax ratio, administration of
thiamine completely reverses the deleterious effects of the
injuries (31). Moreover, thiamine deficiency increases cell
death and decreases Bcl-2 expression in hybridoma cell
culture (32, 33).

According to the results of the present study, although
thiamine was effective in decreasing the Bax expression in
the first week, its effect on the Bcl-2/Bax ratio was not so
remarkable. It seems that increasing the dose of thiamine
could result in better improvements; therefore, more studies
are necessary for a better understanding of its impact on
neural damage (Figures 4, 5, and 6).

In this context, it has been reported that NAC decreases
neural death in L4-L5DRG after sciatic nerve axotomy
(33) and can significantly increase the Bcl-2/Bax ratio by
increasing Bcl-2 and decreasing Bax expression (28), with
strong anti-oxidant properties (34). In the present study
after the NAC treatments, a significant increase in the
Bcl2/ Bax ratio on day 7 was observed, of course without
a significant effect on Bcl2 and Bax, and surprisingly the
ratio was in favor of cell survival. The absence of such an
increase in the second week is probably partly due to the
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method of sampling; because DRGs contain a mixture of
cells, including neurons, glial cells, Schwann cells, and
macrophages, and the whole population of the cells in tissue
should be considered for analysis (Figures 4, 5, and 6), but
the sural neurons make up less than half the population of
DRG cells (10). Of note in the other studies, these damaged
cells in NAC treatment had a stronger response in the first
week, compared with the second week (28).

In our study, DEX was used as an anti-inflammatory
control treatment, which also can affect apoptosis events.
Different studies have reported different effects of DEX on
the expression of Bax and Bcl-2 and other molecules in the
Bcl family (35-38). This anti-inflammatory factor is known
as an anti-apoptotic factor and at high doses, as a pro-
apoptotic agent (39).

Neurons, satellite glial cells (SGCs), Schwann cells, and
immune cells in the DRG are implicated in inflammatory
responses, following peripheral nerve injuries. Furthermore,
in the inflammatory reactions, many cytokines and
signaling pathways are involved such as TNF-a, ILI-f,
and IL-6 as pro-inflammatory cytokines, and NF-xB and
inflammasome pathways, as signaling events (6). One of
the other sides of neurodegenerations is inflammatory
cytokines, such as TNF-a and IL-6 which are specifically
assessed here. Thiamine and NAC significantly suppressed
the TNF-a expressions in the acute phase of inflammation
in the axotomized site on the 1* week of treatment. While
in the second week, only DEX significantly decreased the
TNF-o expression (Figure 7).

TNF-a plays a critical role in inflammatory
neurodegenerative diseases. The studies on
neurodegenerative diseases demonstrated that in the acute
phase of inflammation, TNF-« has been complicated in the
demyelinating events. While during the late phase of the
crisis, it has immunosuppressive activity. Therefore, it seems
that both thiamine and NAC had improving activities on
the acute phase of the axotomized site (Figure 7).

TNF-a has two biologically different receptors TNFR-
1 and 2, which differ in structure, ligand affinity, cell
expression, and signaling pathways. Systemic secretion
or the local soluble form of TNF-a has a higher affinity
for TNF-R1, promoting inflammatory reactions, and
resulting in necrosis, apoptosis, vascular leak, and therefore,
leading to thrombosis (40). On the other hand, tm-TNF-«
binds mainly to TNFR2 and induces immunosuppressive
activities, consequently overcoming inflammation, and
resulting in cell survival (40). In transgenic mice, tm-TNF-«
inhibits the development and progression of experimental
autoimmune encephalitis (EAE) (41). Additionally, Ohtori
et al., showed that following sciatic nerve lesions in mice,
TNF-« in SGCs, and TNF-a receptors in both SGCs and
DRG neurons were increased (42). Other studies have also
suggested that following chronic constriction injury (CCI)
in mice, TNF-&« mRNA expression in DRG increased by
about 2.5-fold in the first to third days after the lesion, and
then, decreased in the 7% and 14" days (43, 44). Similarly,
sciatic nerve transection increased TNF-«a in L4-L5DRG
neurons, and SGCs on the 7* and 14" days, and the day 7
results were more severe than those of day 14 (45).

IL-6 also like TNF-a has pro-inflammatory and anti-
inflammatory properties in tissue injury. The results of the
present study demonstrated that thiamine significantly
decreased the expression of both potent pro-inflammatory
cytokines, TNF-« and IL-6, after sural nerve transection.
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Therefore, it can be concluded that the anti-inflammatory
effects of thiamine are more potent than its anti-oxidant
effects, and thus can reduce extrinsically and maybe cell
death pathways in L4-L5DRG cells (Figures 7 and 8).

The findings of different treatments on L4-L5DRG of this
study showed that administration of thiamine and NAC had
a significant effect on decreasing the IL-6 expression in both
time intervals after axotomy (Figure 8). IL-6 is involved in
both inflammatory and anti-inflammatory reactions and
is expressed at very low levels in normal DRGs (46). It is
assumed that IL-6 up-regulation in neurons is associated
with the increased expression of neural growth factors,
consequently, with axonal growth (47), in the late phase
of inflammation. Additionally, some published reports
demonstrated that IL-6 levels in rat DRG increased in the
second and fourth days (46) or the seventh day after sciatic
nerve transection (48). Also, it has been shown that IL-6
mRNA and protein levels in L4-L5DRG are increased on
days 3 and 14, after sciatic nerve lesion (49).

Benfotiamine, a derivative of thiamine, has potent
properties, reducing inflammation at the site of injury;
for example, it has been shown that it inhibits the pro-
inflammatory impacts of IL-6 and TNF-a in microglial
cells, following stimulation with LPS, which is mediated by
a decrease in NF-xB (50). Furthermore, thiamine deficiency
highly increases inflammatory cytokines such as IL-1, IL-6,
and TNF-« (51).

The results of our study showed that NAC also reduced
the TNF-« and IL-6 expression, after axotomy. Therefore,
NAC has strong anti-oxidant and anti-inflammatory
properties that can affect both the intrinsic and extrinsic
pathways of apoptosis, thereby, reducing the death of L4-
L5DRG neurons (Figures 7 and 8).

Similarly, studies have shown that LPS administration in
mice is associated with increased ROS and inflammatory
factors, and administration of NAC inhibits NF-kB
translocation to the nucleus and reduces levels of ROS and
TNF-« in macrophages and lymphocytes (52, 53).

DEX has potent anti-inflammatory properties and
decreases the activity of immune cells and reduces the
production of inflammatory mediators (54, 55). Although
the results of the present study showed that DEX partially
reduced TNF-a, not IL-6 expression, compared with the
control group (Figures 7 and 8), which probably was due
to an insufficient dose of DEX. It has been suggested that
glucocorticoids such as DEX, which are used widely in
neural damage because of their potent anti-inflammatory
effects (56), have been less effective in our study, compared
with NAC and thiamine. In our study, the systemic
administration of DEX did not prevent the reduction
of ganglion volume, the number of L5DRG neurons, or
apoptosis (Figures 2—6). However, it should be noted that
due to the severe catabolic effects, higher doses of DEX
are not feasible in the rat model because of its toxic effect
and animal death. Since this study is a pilot, we had some
limitations. The main limitation of this study is the lack
of nerve function tests to support our hypothesis, and the
authors highly recommend applying tests that can clarify
the nervous function besides other works.

Conclusion
Thiamine can also, like NAC, have anti-oxidant properties
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and increase catalase and glutathione levels; therefore,
it might have anti-inflammatory and anti-apoptotic
activities. The histological analysis in our study showed
that systemic thiamine infusion is not able to overcome
apoptosis, despite decreasing Bax pro-apoptotic factor in
DRG cells; however, the intrathecal administration had an
anti-apoptotic effect like NAC and could affect the volume
and the cell counts in the DRG. Therefore, thiamine in a
dose and time-dependent manner had anti-inflammatory
and anti-apoptotic effects, particularly if it can be injected
intrathecally. The low efficiency of neuroprotective activities
of thiamine in systemic administration can be attributed to
the inadequate dose and its quick phosphorylation in the
body fluids. Therefore, more efforts for chemical changes
of thiamine are necessary to upraise its long time effects
in systemic administration, without changes in functional
activities to be used in neurodegenerative diseases, since it
has fewer side effects, compared with the other drugs.

Acknowledgment

The authors extend their thanks to their colleagues in the
Physiology Research Lab (UM) and Immunology Research
center, Inflammation and Inﬂammatory Diseases Division
(MUMS), particularly Ms Narges Valizadeh (MSc) for their
kind support. This study was the subject of a PhD thesis,
supported by the Vice Chancellors for research at Ferdowsi
University of Mashhad and Mashhad University of Medical
Sciences, Mashhad, Iran.

Authors’ Contributions

M MM handled practical works and prepared the draft;
M BR planned and supervised the physiological works;
N V performed molecular techniques; N MS performed
histological analysis; SA R planed the molecular techniques,
supervised, and compiled the manuscript.

Ethical Approval

This work does not contain any studies with human
participants. It was approved by the biomedical ethics
committee of Ferdowsi University of Mashhad, Iran (approval
ID: IR.UM.REC.1397.063).

Consent for Oublication

The authors give their consent for the publication of
identifiable details within the text to be published in the
above journal and article.

Availability of Data and Material

The data that support the findings of this study are
included in the manuscript and are available from the
corresponding author upon reasonable request.

Funding

This study was financially supported by the Vice-Chancellor
for Research and Technology, Mashhad University of Medical
Sciences, Mashhad, Iran, (under grant mums. 940156) and
Vice-Chancellor for Research and Technology of Ferdowsi
University of Mashhad (IR.UM.REC.1397.063).

Conflicts of Interest
There are no competing interests in this study.

Iran ] Basic Med Sci, 2023, Vol. 26, No. 8



Thiamine as a peripheral neuro-protective agent

References

1. Maripuu A, Bjorkman A, Bjorkman-Burtscher IM, Mannfolk
P, Andersson G, Dahlin LB. Reconstruction of sciatic nerve after
traumatic injury in humans-factors influencing outcome as related
to neurobiological knowledge from animal research. ] Brachial
Plex Peripher Nerve Inj 2012;7:1-13.

2. Gaudet AD, Popovich PG, Ramer MS. Wallerian degeneration:
Gaining perspective on inflammatory events after peripheral nerve
injury. ] Neuroinflammation 2011;8:1-3.

3. Welin D, Novikova LN, Wiberg M, Kellerth J-O, Novikov LN.
Survival and regeneration of cutaneous and muscular afferent
neurons after peripheral nerve injury in adult rats. Ex Brain Res
2008;186:315-323.

4. Hart AM, Brannstrom T, Wiberg M, Terenghi G. Primary
sensory neurons and satellite cells after peripheral axotomy in the
adult rat. Ex Brain Res 2002;142: 308-318.

5. Rock KL. Pathobiology of inflammation to cell death. Biology of
blood and marrow transplantation: Biol Blood Marrow Transplant
2008;15(1 Suppl):137.

6. Martin SL, Reid AJ, Verkhratsky A, Magnaghi V, Faroni
A. Gene expression changes in dorsal root ganglia following
peripheral nerve injury: Roles in inflammation, cell death and
nociception. Neural Regen Res 2019;14:939.

7. Abe N, Cavalli V. Nerve injury signaling. Cur Opin Neurobiol
2008;18:276-283.

8. Li S, Xue C, Yuan Y, Zhang R, Wang Y, Wang Y, et al. The
transcriptional landscape of dorsal root ganglia after sciatic nerve
transection. Sci Rep 2015:16888.

9. Chandran V, Coppola G, Nawabi H, Omura T, Versano R,
Huebner EA, et al. A systems-level analysis of the peripheral nerve
intrinsic axonal growth program. Neuron. 2016;89:956-970.

10. Gillardon F, Klimaschewski L, Wickert H, Krajewski S, Reed
J, Zimmermann M. Expression pattern of candidate cell death
effector proteins Bax, Bcl-2, Bcl-X, and c-Jun in sensory and motor
neurons following sciatic nerve transection in the rat. Brain Res
1996;739:244-250.

11. Dubovy P. Wallerian degeneration and peripheral nerve
conditions for both axonal regeneration and neuropathic pain
induction. Ann Anat 2011;193:267-275.

12. Dhir S, Tarasenko M, Napoli E, Giulivi C. Neurological,
psychiatric, and biochemical aspects of thiamine deficiency in
children and adults. Front Psychiatry 2019:-15.

13. Tallaksen C, Taubell E. Excitatory effect of thiamin on CAl
pyramidal neurones in rat hippocampal slices in vitro. Eur Neurol
2000;7:693-698.

14. Manzetti S, Zhang J, van der Spoel D. Thiamin function,
metabolism, uptake, and transport. Biochem. 2014;53:821- 35.

15. Gibson GE, Zhang H. Interactions of oxidative stress with
thiamine homeostasis promote neurodegeneration. Neurochem
Int 2002;40:493-504.

16. McGrath ], Drummond G, McLachlan E, Kilkenny C,
Wainwright C. Guidelines for reporting experiments involving
animals: The ARRIVE guidelines. Br ] Pharmacol 2010;160:1573-
1576.

17. Terenghi G, Hart A, Wiberg M. The nerve injury and the dying
neurons: Diagnosis and prevention. ] Hand Surg Eur 2011;36:730-4.
18.Earp]C,PyszczynskiNA, MolanoDS, JuskoW]. Pharmacokinetics
of dexamethasone in a rat model of rheumatoid arthritis.
Biopharm. Drug Dispos 2008;29:366-372.

19. Balk L, Hiagerroth P-A, Akerman G, Hanson M, Tjarnlund
U, Hansson T, et al. Wild birds of declining European species are
dying from a thiamine deficiency syndrome. Proc Natl Acad Sci
2009;106:12001-12006.

20. Sterkson RV, Kjersvik A, Tjelsen A, Hole K. Lumbar
catheterization of the spinal subarachnoid space in the rat.
J Neurosci Methods 1996;65:167-172.

21. Rosenling ATI. Proteomic screening of cerebrospinal fluid:

Iran J Basic Med Sci, 2023, Vol. 26, No. 8

NEMS

Mousavinezhad-Moghaddam et al.

Candidate proteomic biomarkers for sample stability and
experimental autoimmune encephalomyelitis: University of
Groningen; 2010.

22. Tandrup T. Unbiased estimates of number and size of rat
dorsal root ganglion cells in studies of structure and cell survival.
J Neurophysio 2004;33:173-192.

23. Tarokhian H, Rahimi H, Mosavat A, Shirdel A, Rafatpanah H,
Akbarin MM, et al. HTLV-1-host interactions on the development
of adult T cell leukemia/lymphoma: Virus and host gene
expressions. BMC Cancer 2018;18:1-12.

24. Terenghi G. Peripheral nerve regeneration and neurotrophic
factors. ] Anat 1999;194:1-14.

25. Hart A, Terenghi G, Kellerth J-O, Wiberg M. Sensory
neuroprotection, mitochondrial preservation, and therapeutic
potential of N-acetyl-cysteine after nerve injury. Neuroscience
2004;125:91-101.

26. Yuan J, Yankner BA. Apoptosis in the nervous system. Nature
2000;407:802-809.

27. Chang L, Putcha G, Deshmukh M, Johnson Jr E. Mitochondrial
involvement in the point of no return in neuronal apoptosis.
Biochimie 2002;84:223-231.

28. Lundborg G. A 25-year perspective of peripheral nerve surgery:
Evolving neuroscientific concepts and clinical significance. ] Hand
Surg. 2000;25:391-414.

29. Katare R, Caporali A, Emanueli C, Madeddu P. Benfotiamine
improves functional recovery of the infarcted heart via activation
of pro-survival G6PD/Akt signaling pathway and modulation of
neurohormonal response. ] Mol Cell Cardiol 2010;49:625-638.

30. Yadav UC, Kalariya NM, Srivastava SK, Ramana KV.
Protective role of benfotiamine, a fat-soluble vitamin B1 analogue,
in lipopolysaccharide-induced cytotoxic signals in murine
macrophages. Free Radic Biol Med 2010;48:1423-1434.

31. Beltramo E, Berrone E, Tarallo S, Porta M. Different apoptotic
responses of human and bovine pericytes to fluctuating glucose
levels and protective role of thiamine. Diabetes Metab Res Rev
2009;25:566-576.

32. Ishaque A, Al-Rubeai M. Role of vitamins in determining
apoptosis and extent of suppression by bcl-2 during hybridoma
cell culture. Apoptosis. 2002;7:231-239.

33. West CA, Hart AM, Terenghi G, Wiberg M. Analysis of the
dose-response of N-acetylcysteine in the prevention of sensory
neuronal loss after peripheral nerve injury. How to Improve the
Results of Peripheral Nerve Surgery: Springer; 2007. 29-31.

34. Hart AM, Terenghi G, Wiberg M. Neuronal death after
peripheral nerve injury and experimental strategies for
neuroprotection. Neurol Res 2008;30: 999-1011.

35. Chang T-C, Hung M-W), Jiang S-Y, Chu J-T, Chu L-L, Tsai L-C.
Dexamethasone suppresses apoptosis in a human gastric cancer
cell line through modulation of bcl-x gene expression. FEBS lett
1997;415:11-15.

36. Lotem J, Sachs L. Regulation of bcl-2, bcl-X~ L and bax
in the control of apoptosis by hematopoietic cytokines and
dexamethasone. Cell Growth Differ 1995;6:647-654.

37. Laane E, Panaretakis T, Pokrovskaja K, Buentke E, Corcoran
M, Soderhill S, et al. Dexamethasone-induced apoptosis in acute
lymphoblastic leukemia involves differential regulation of Bcl-2
family members. Hematol 2007;92:1460-1469.

38. Zaman F, Chrysis D, Huntjens K, Chagin A, Takigawa M,
Fadeel B, et al. Dexamethasone differentially regulates Bcl-2
family proteins in human proliferative chondrocytes: Role of pro-
apoptotic Bid. Toxicol Lett 2014;224:196-200.

39. Abdoul-Azize S, Dubus I, Vannier J-P. Improvement of
dexamethasone sensitivity by chelation of intracellular Ca2+
in pediatric acute lymphoblastic leukemia cells through the
prosurvival kinase ERK1/2 deactivation. Oncotarget. 2017;8:27339.
40. Bradley J. The role of nuclear organization in cancer. ] Pathol
2008;214:149-160.

41. Madsen PM, Motti D, Karmally S, Szymkowski DE, Lambertsen

925



Mousavinezhad-Moghaddam et al.

KL, Bethea JR, et al. Oligodendroglial TNFR2 mediates
membrane TNF-dependent repair in experimental autoimmune
encephalomyelitis by promoting oligodendrocyte differentiation
and remyelination. ] Neurosci 2016;36:5128-5143.

42. Ohtori S, Takahashi K, Moriya H, Myers RR. TNF-a and
TNF-a receptor type 1 upregulation in glia and neurons after
peripheral nerve injury: Studies in murine DRG and spinal cord.
Spine 2004;29:1082-1088.

43. Sacerdote P, Franchi S, Trovato AE, Valsecchi AE, Panerai AE,
Colleoni M. Transient early expression of TNF-a in sciatic nerve
and dorsal root ganglia in a mouse model of painful peripheral
neuropathy. Neurosci Lett 2008;436:210-213.

44. Ugeyler N, Tscharke A, Sommer C. Early cytokine expression
in mouse sciatic nerve after chronic constriction nerve injury
depends on calpain. Brain Behav Immun 2007;21:553-650.

45. Dubovy P, Janddlek R, Klusakova I, Svizenska I, Pejchalova K.
Intra-and extraneuronal changes of immunofluorescence staining
for TNF-and TNFR1 in the dorsal root ganglia of rat peripheral
neuropathic pain models. Cell Mol Neurobiol 2006;26:1203-1215.
46. Murphy P, Grondin ], Altares M, Richardson P. Induction
of interleukin-6 in axotomized sensory neurons. ] Neurosci
1995;15:5130-5138.

47. Yang P, Wen H, Ou S, Cui ], Fan D. IL-6 promotes regeneration
and functional recovery after cortical spinal tract injury by
reactivating intrinsic growth program of neurons and enhancing
synapse formation. Exp Neurol 2012;236:19-27.

48. Vega-Avelaira D, Géranton SM, Fitzgerald M. Differential
regulation of immune responses and macrophage/neuron
interactions in the dorsal root ganglion in young and adult rats
following nerve injury. Mol Pain 2009;5:1-17.

49. Dubovy P, Klusakové I, Svizenska I, Brazda V. Satellite glial
cells express IL-6 and corresponding signal-transducing receptors

926

N=MS

Thiamine as a peripheral neuro-protective agent

in the dorsal root ganglia of rat neuropathic pain model. Neuron
Glia Biol 2010;6:73-83.

50. Bozic I, Savic D, Laketa D, Bjelobaba I, Milenkovic I, Pekovic
S, et al. Benfotiamine attenuates inflammatory response in LPS
stimulated BV-2 microglia. PLoS One 2015;10:e0118372

51. Spinas E, Saggini A, Kritas S, Cerulli G, Caraffa A, Antinolfi
P, et al. Crosstalk between vitamin B and immunity. J Biol Regul
Homeost Agents 2015;29:283-288.

52. Victor VM, Rocha M, De La Fuente M. N-acetylcysteine
protects mice from lethal endotoxemia by regulating the redox
state of immune cells. Free Radic Res 2003;37:919-929.

53. dela Fuente M, Victor VM. Ascorbic acid and N-acetylcysteine
improve in vitro the function of lymphocytes from mice with
endotoxin-induced oxidative stress. Free Radic Res 2001;35:73-84.
54. Aghai ZH, Kumar S, Farhath S, Kumar MA, Saslow J, Nakhla
T, et al. Dexamethasone suppresses expression of Nuclear Factor-
kappaB in the cells of tracheobronchial lavage fluid in premature
neonates with respiratory distress. Pediatr Res 2006;59:811-815.
55. Chang CK, Llanes S, Schumer W. Effect of dexamethasone on
NF-kB activation, tumor necrosis factor formation, and glucose
dyshomeostasis in septic rats. ] Surg Res 1997;72:141-145.

56. Ramesh G, Didier PJ, England JD, Santana-Gould L, Doyle-
Meyers LA, Martin DS, et al. Inflammation in the pathogenesisof
Lyme neuroborreliosis. Am J Clin Pathol 2015;185:1344-1360.

57. Uysal HB, Dagli B, Yilmaz M, Kahyaoglu F, Gok¢imen A,
Omiirlii 1K, et al. Biochemical and histological effects of thiamine
pyrophosphate against acetaminophen-induced hepatotoxicity.
Basic Clin Pharmacol Toxicol 2016;118:70-76.

58. Kisaoglu A, Ozogul B, Turan MI, Yilmaz I, Demiryilmaz I,
Atamanalp SS, et al. Damage induced by paracetamol compared
with N-acetylcysteine. ] Chin Med Assoc 2014;77:463-468.

Iran ] Basic Med Sci, 2023, Vol. 26, No. 8



