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Abstract
A dopamine derivative, 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline, known as salsolinol (SAL), has increasingly 
gained attention since its first detection in the urine of Parkinson’s disease patients treated with levodopa, and has been pro-
posed as a possible neurotoxic contributor to the disease. Yet, so far, the neurobiological role of SAL remains unclear. Thus, 
the main aims of our study were to compare the neurotoxic potential of SAL with  MPP+ (1-methyl-4-phenylpyridinium ion) 
in vitro, and to examine intestinal and metabolic alterations following intraperitoneal SAL administration in vivo. In vitro, 
SH-SY5Y neuroblastoma cell line was monitored following  MPP+ and SAL treatment. In vivo, Wistar rats were subjected 
to SAL administration by either osmotic intraperitoneal mini-pumps or a single intraperitoneal injection, and after two 
weeks, biochemical and morphological parameters were assessed. SH-SY5Y cells treated with  MPP+ (1000 μM) and SAL 
(50 µM) showed increase in cell viability and fluorescence intensity in comparison with the cells treated with  MPP+ alone. 
In vivo, we predominantly observed decreased collagen content in the submucosal layer, decreased neuronal density with 
comparable ganglionic area in the jejunal myenteric plexus, and increased glial S100 expression in both enteric plexuses, 
yet with no obvious signs of inflammation. Besides, glucose and triglycerides levels were lower after single SAL-treatment 
(200 mg/kg), and low- to high-density lipoprotein (LDL/HDL) ratio and aspartate to alanine aminotransferases (AST/ALT) 
ratio levels were higher after continuous SAL-treatment (200 mg/kg in total over 2 weeks). Low doses of SAL were non-toxic 
and exhibited pronounced neuroprotective properties against  MPP+ in SH-SY5Y cell line, which supports the use of SAL as 
a reference compound for in vitro studies. In vivo results give insight into our understanding of gastrointestinal remodeling 
following intraperitoneal SAL administration, and might represent morphological correlates of a microglial-related enteric 
neurodegeneration and dopaminergic dysregulation.
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SAL  Salsolinol, 1-methyl-6,7-dihydroxy-1,2,3,4-
tetrahydroisoquinoline

S100  A calcium-binding protein
TH  Tyrosine hydroxylase
6-OHDA  6-Hydroxydopamine

Introduction

Salsolinol (1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroiso-
quinoline, SAL), since its first detection in the urine of Par-
kinson’s disease (PD) patients treated with L-DOPA (levo-
dopa, L-3,4-dihydroxyphenylalanine), has been proposed as 
a possible neurotoxic contributor to the disease [1]. Further, 
the concept was strengthened by the discovery of the ability 
of SAL to form 1,2-dimethyl-6,7-dihydroxyisoquinolinium 
ions  (DMDHIQ+) considered to be analogous, due to basic 
nitrogen center, to 1-methyl-4-phenylpyridinium ions known 
as  MPP+ [2–6]. Endogenously, SAL can be formed via non-
enzymatic condensation of dopamine (DA) with acetalde-
hyde or pyruvate, and/or enzymatic synthesis from DA via 
(R)–SAL synthase [5]. Although MPTP (1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine) and its metabolite  MPP+ 
are well studied and recognized dopaminergic neurotoxins, 
neurodegenerative properties of exogenous SAL have also 
been numerously emphasized in vitro and in vivo [reviewed 
in 7]. So far, the majority of studies related to SAL have 
been brain-centered, yet the peripheral, and especially gas-
trointestinal (GI) consequences of SAL administration are 
worth further consideration [8] with regard to the gut-brain 
connection in the pathogenesis of PD [9]. So far, we have 
reported morphological alterations in myenteric neurons in 
LMMP (longitudinal muscle myenteric plexus) preparations 
and increased neuronal expression of the pro-apoptotic Bax 
protein after continuous intraperitoneal SAL administration 
(200 mg/kg in total over 2 or 4 weeks). We also observed 
an increased percentage of mean residual solid food in the 
stomach and decreased large intestine transit and water con-
tent of fecal matter as well as a decrease in body weight gain 
and slower adipose tissue accumulation after continuous 
intraperitoneal SAL administration, which may result from 
abnormal GI motility and absorption [10]. Those findings 
remain in agreement with Banach et al., who observed an 
impairment in the myoelectrical activity of intramuscular 
interstitial cells of Cajal in the GI tract of rats after intra-
peritoneal SAL (50 mg/kg/day over 3 weeks) injections 
[11]. What is more, SAL-treatment was also associated with 
increased serum levels of histamine and IL-1β [12]. Interest-
ingly, SAL and its metabolites might possess both neurotoxic 
and neuroprotective properties. Initially, it was also reported 
that exogenous (R)-SAL (40 μM) and DMDHIQ + (200 μM) 
reduced in vivo free radical formation and reduced DA 
catabolism [13]. We also reported that (R,S)-SAL (50 and 

100 μM) rescued neuroblastoma SH-SY5Y cells from death 
induced by 300 μM of  H2O2 and by 50 μM of 6-hydroxydo-
pamine (6-OHDA) [14].

Thus, the aims of the present study were three-fold: to 
compare the neuroprotective/neurotoxic potential of SAL 
with  MPP+ in vitro, and in vivo, to examine morphological 
changes in the intestinal cross-sections as well as to search 
for basic metabolic alterations after single or continuous 
intraperitoneal SAL administration. This knowledge may 
provide a better understanding of the mechanisms related 
to peripheral dopaminergic dysregulation and conceivably 
improve animal modeling of PD.

Methods

In Vitro Experiments

Cell Culture and Reagents

SH-SY5Y (ATCC® CRL-2266TM) cell line was pur-
chased from ATCC (American Type Culture Collection, 
USA). (R,S)-salsolinol (SAL) of purity ≥ 99% was obtained 
from Cayman Chemical (USA).  MPP+ (1-methyl-4-phe-
nylpyridinium iodide) of purity ≥ 98% was purchased from 
Angene (India). The CellTiter 96® AQueous Non-Radi-
oactive Cell Proliferation Assay with a novel tetrazolium 
compound, namely 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(MTS) was purchased from Promega (Madison, USA). Rho-
damine 123 and Hoechst 33,258 were purchased fro Sigma-
Aldrich (Merck LifeScience, Poland) and ThermoFisher 
Scientific (USA), respectively.

MTS Assay

SH-SY5Y CRL-2266™ cells were seeded in 96-well 
transparent plate at a concentration of 0.7 ×  104 cells/well 
in 100 μl culture medium and cultured for 48 h to reach 
70% confluence. The cells were preincubated first for 1 h 
with SAL at the final concentration 50 μM and next  MPP+ 
(1000 μM final concentration) was added. After 48 h of incu-
bation, the MTS labelling mixture was added to each well 
and cells were further incubated under the same conditions 
for 5 h. The absorbance was measured using a microplate 
reader EnSpire (PerkinElmer, USA) at 490 nm. Measure-
ments, obtained from two independent experiments, were 
performed in quadruplicate and were analyzed by one way 
ANOVA followed by Bonferroni’s comparison test (Graph-
Pad Prism™ software (version 8.0, USA). Statistical sig-
nificance was set at p < 0.0001 (***) in comparison with 
the positive control: 1000 μM  MPP+. Results are shown as 
mean ± standard deviation (SD).
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Fluorescent Microscopy

SH-SY5Y cells were seeded and incubated with SAL and 
 MPP+ according to the same procedure as described above. 
After 48 h of incubation the cells were rinsed with PBS 
and the mixture containing 10 µM of rhodamine 123 and 
10 µM of Hoechst 33,258 was added and incubated at 37 °C, 
5%CO2 for 30 min. Representative pictures were taken next 
by a fluorescence microscope Leica DMi8 (20x). For cal-
culation of mitochondrial membrane potential (MMP) the 
fluorescence intensity of cells stained by rhodamine 123 
was measured by fluorescence microscope Leica DMi8. The 
average fluorescence was measured from at least 10 selected 
cells, 3 different wells and 2 independent experiments. Sta-
tistical significance was set at p < 0.001 (∗ ∗ ∗) in comparison 
with the positive control:  MPP+ (1000 μM).

In Vivo Experiments

Animal Modeling

Male Wistar rats (Jagiellonian University Medical College 
Animal Laboratory, Krakow, Poland), with the initial body 
weight 214 g–318 g, were individually housed, in the same 
optimal conditions (temperature maintained at 23 ± 2 °C, 
and on a 12:12 h dark/light cycle), with solid chow (stand-
ard diet, 2.86 kcal/g, Labofeed, Poland) and tap water pro-
vided ad libitum. The Jagiellonian University Bioethical 
Committee approved the experiment (ethical approval num-
ber—67/2009). The study was carried out following ethical, 
regulatory, and scientific principles, and reported according 
to ARRIVE guidelines [15]. All possible means were taken 
to minimize animal suffering.

Rats (n = 22) were randomly subjected to SAL admin-
istration or served as control (0.9% solution of salt admin-
istered via ALZET® osmotic mini-pumps). (RS)-SAL 

(salsolinol hydrochloride, Cayman Chemicals, USA) in the 
total dose of 200 mg/kg was dissolved in 0.9% solution of 
salt and was delivered intraperitoneally (i.p.) by either con-
tinuous ALZET® osmotic mini-pumps (ALZET, Durect, 
USA) – Sp group (n = 8) for two weeks or by a single injec-
tion—Si group (n = 8) at the begining of the experiment. 
Intraperitoneal mini-pumps’ implantation was performed 
under general anesthesia induced with sodium pentobarbi-
tal given i.p. at a dose of 0.25 mg/kg (Vetbutal, Biowet, 
Poland). During the study, daily food intake (g) and body 
weight (g) were measured each morning (Fig. 1). The gen-
eral health status and motor function of the experimental 
animals were also evaluated daily during handling and by 
observing in-cage behavior.

At the end of the experiment, i.e., in the morning after 
14 days, animals were euthanized by decapitation. Jeju-
nal tissue fragments were collected for the morphological 
analysis and blood samples for the biochemical analysis. 
Immediately after euthanasia epididymal fat pads, located 
between the cauda epididymis and the distal extremity of 
the testis, were also dissected from each rat and weighed. 
The epididymal fat pad (EFP) over final body weight ratio 
(‰) was calculated by dividing the fat pad weight by the 
final body weight. Feed efficiency ratio (%) was calculated 
according to the following equation: [body weight gain (g)/
total food intake (g)] × 100.

Biochemical Analysis

Blood samples from the jugular vessels were collected 
immediately after decapitation into plastic tubes and incu-
bated for 30 min at 4 °C for clot formation. After centrifuga-
tion at 1500 g for 20 min at 4 °C (Megafuge 1.0R, Heraeus 
Instruments), serum samples were collected and frozen at 
− 80 °C until further analysis. Serum aliquots were prepared 
from each sample to measure glucose, aspartate (AST) and 

Fig. 1  The general timeline of 
the in vivo experiment
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alanine (ALT) aminotransferases, triglycerides (TG) as well 
as low (LDL) and high-density (HDL) lipoprotein levels. All 
measurements (Chemistry Immuno Analyzer Olympus AU 
600) were performed in duplicate.

Morphological Analysis

Fresh tissue specimens were rinsed thoroughly with PBS 
(phosphate-buffered saline, 0.01 M, pH  7.4), fixed with 9% 
phosphate-buffered paraformaldehyde, routinely processed, 
and embedded in paraffin (formalin-fixed paraffin-embed-
ded, FFPE). Solidified paraffin blocks were cut into 5 μm 
thick sections and placed on slides with increased adhesion 
(Super Frost plus, Thermo Scientific, USA).

Gross Histology and  Histochemical Detection of  Collagen 
Deposition Intestinal full-thickness FFPE sections were 
deparaffinized, rehydrated and processed for the routine 
hematoxylin and eosin (H&E) staining to evaluate the gross 
tissue organization as well as Masson’s Trichrome stain-
ing to demonstrate collagen (blue) and muscle fibers (red). 
All needed reagents were purchased from Sigma-Aldrich 
(Merck LifeSciences, Poland).

Immunohistochemistry and  Immunofluorescence Firstly, 
intestinal full-thickness FFPE sections were deparaffinized 
and rehydrated. Secondly, to obtain satisfactory immu-
nostaining results, tissue antigenicity was retrieved by heat-
induced epitope retrieval method (citrate buffer solution, pH 
6.0 for 20 min at 96 °C). Further, sections were preincubated 
with hydrogen peroxide and/or appropriate non-immune 
normal sera with 0.5% Triton X-100 (room temperature 

for 15 min), and primary antibodies diluted in phosphate-
buffered saline (PBS) overnight at 4 °C. The following day, 
sections were exposed to appropriate biotinylated immu-
noglobulins, peroxidase-labelled streptavidin complex and 
3.3′-diaminobenzidine tetrahydrochloride or fluorophore-
conjugated secondary antibodies diluted in PBS, at room 
temperature for 1  h. All reagents, including primary and 
secondary antibodies, used for immunoenzymatic and 
immunofluorescent assessment are given in Table 1.

Image Analysis and Statistical Analysis

All sections were analyzed qualitatively (H&E, S100-immu-
nostaining, TH-immunostaining) and/or quantitatively (Mas-
son’s Trichrome, PGP 9.5-positive enteric ganglia) by two 
independent investigators (M.K.Ł and V.A., blinded to avoid 
bias) using Axiophot (Zeiss, Germany) light equipped with 
ProgRes C12 plus digital camcorder (Jenoptik, Germany) 
and Multiscan 18.03 software (CSS, Poland) or MN800FL 
epifluorescence microscope (OptaTech, Poland) equipped 
with the Olympus 178 DP74 camera and CellSens software 
(Olympus Corporation). At least 20 consecutive fields of 
vision from two non-consecutive cross-sections from each 
animal were used for the assessment of the staining of the 
intestinal wall. Data obtained from all the examined fields 
for each rat were averaged and reported as mean values ± SD 
for each experimental group. Results were either described 
qualitatively or assessed quantitatively (or semi-quantita-
tively) using a one-way analysis of variance (ANOVA) fol-
lowed by a post hoc Tuckey’s test. Statistical tests were per-
formed using STATISTICA 13.3 software package (TIBCO 
Software Inc., USA; licensed to Jagiellonian University 

Table 1  Regents used for immunoenzymatic and immunofluorescent assessment

Primary antibodies Dilution Reference Vendor

Anti-PGP 9.5 (rabbit polyclonal) 1:100 Z5116 Dako, Denmark
Anti-S100 (rabbit polyclonal) ready to use 760–2523 Ventana Medical Systems, USA
Anti-TH (rabbit polyclonal) 1:150 AB438RA01 Clone Cloud, USA
Secondary antibodies
 Alexa Flour-488 (goat anti-rabbit) 1:800 111–545-144 Jackson Immunoresearch, USA

Reagents
 Citrate buffer IHC Select pH 6.0 1:10 21,545 Merck, Germany
 Phosphate buffer (10x) 1:10 42,595.01 Serva, Germany
 Triton X-100 0.1% X100 Sigma-Aldrich, Merck Life Science, Poland
 Protein Block Serum Free ready to use X0909 Dako, Denmark
 Antibody Diluent with background reducing components S3022
 OptiView DAB IHC Detection Kit 760–700 Ventana Medical Systems, USA
 Fluoroshield with DAPI, mounting medium sc-24941 Santa Cruz, USA
 Fluoroshield, mounting medium sc-516212
 Neutral buffered formaldehyde, ethanol, xylene - ChemPur, Poland
 DPX Mountant 6522 Sigma-Aldrich, Merck Life Science, Poland



1351Neurochemical Research (2023) 48:1347–1359 

1 3

Medical College). Statistical significance was set at p < 0.05. 
All data are expressed as the mean and standard deviation 
(SD).

Results

In Vitro Results

MTS assay showed (Fig.  2A.) statistically significant 
(p < 0.001) increase in viability of SH-SY5Y neuroblastoma 
cells treated with  MPP+ (1000 μM) and SAL (50 µM) in 
comparison with the cells treated with  MPP+ (1000 μM) 
alone (positive control). What is more, mitochondrial mem-
brane potential (MMP) was monitored using rhodamine 123, 
a cell permeable cationic fluorescent dye that preferentially 

partitions into mitochondria based on the highly negative 
MMP. The fluorescence intensity (Fig. 2B.) was significantly 
increased in SH-SY5Y neuroblastoma cells treated with 
 MPP+ (1000 μM) and SAL (50 µM) in comparison with the 
cells treated with  MPP+ (1000 μM) alone (positive control).

Photomicrographs of SH-SY5Y neuroblastoma cells 
treated with  MPP+ alone or with  MPP+ and SAL, and 
stained with Hoechst 22,258 (nuclear stain, emits fluores-
cence when bound to dsDNA) and rhodamine 123 (cationic 

fluorescent dye, easily sequestered by active mitochondria 
without cytotoxic effects) are presented in Fig. 3.

In Vivo Results

Metabolic and Biochemical Analysis

None of the experimental rats died or showed any visible 
disturbances in gross motor function or discomfort to any 
degree. Feed efficiency ratio, which is a description of 
growth as a function of feed intake, was significantly lower 
in both SAL-treated groups in comparison to the control 
group, however, epididymal fat pad weight over final body 
weight was lower only in Si (single i.p. injection of SAL) 
group (p = 0.38). Glucose and triglycerides levels were 
significantly lower in Si group (p = 0.0034 and p = 0.02, 
respectively), while LDL to HDL ratio and aspartate to 
alanine aminotransferase (AST/ALT) ratio levels were 
significantly higher in Sp (continuous i.p. SAL delivery) 
group (p = 0.0003 and p = 0.035, respectively), in com-
parison with the control group. All the above-mentioned 
results are given in Table 2.

Gross Histology

Gross morphology of the jejunal cross-sections did not show 
any significant inflammatory tissue alterations in SAL-
treated rats in comparison to control animals (Fig. 4.), apart 
from: subepithelial spaces and enhanced epithelial secre-
tion at the crypt base, both observed in the Sp (continuous 
i.p. SAL delivery) group. What is more, Masso’s Trichrome 
stain of the jejunal cross-sections revealed considerably 
depleted collagen content throughout the GI wall in the Sp 
group of SAL-treated rats (Fig. 5.). Sections from Si (sin-
gle i.p. injection of SAL) group, though, were inconsistent 
and variable, including either collagen depletion similar to 
Sp group or increased collagen deposition observed in the 
tunica mucosa/submucosa and tunica muscularis.

Immunofluorescence and Immunohistochemistry

Ganglionic area measured as PGP 9.5-immmunoreactivity 
(Fig. 6.) was the lowest in the myenteric plexus in the Sp 
(continuous i.p. SAL delivery) group and remained unaf-
fected in the submucosal plexus. SAL-treatment also sig-
nificantly diminished the number of neurons density in the 
enteric ganglia, especially in the myenteric plexus from the 
Si (single i.p. injection of SAL) group in comparison to con-
trol animals.

Tyrosine hydroxylase (TH)-immunoreactivity was 
detected in all layers of the GI wall (Fig.  7.), and was 
expressed in neuronal and non-neuronal cells. TH is the rate 

Fig. 2  A Results of MTS test showing the neuroprotective effect of 
SAL (50  µM) on SH-SY5Y neuroblastoma cells viability damaged 
by  MPP+ (1000 μM) after 48 h of incubation. Statistical significance 
was set at p < 0.0001 (∗ ∗  ∗ ∗) in comparison with  MPP+ (1000 μM). 
B Protective effects of SAL on loss of mitochondrial membrane 
potential (MMP) in SH-SY5Y neuroblastoma cells. The fluorescence 
intensity was measured by fluorescence microscope Leica DMi8. Sta-
tistical significance was set at p < 0.001 (∗ ∗ ∗) in comparison with 
 MPP+(1000 μM)
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limiting enzyme in DA synthesis and is used as a marker of 
catecholaminergic neurons, including dopaminergic ones. 
An increased epithelial TH-immunoreactivity in the intesti-
nal crypts (especially at the at the crypt base) was observed 
in cross-sections from both SAL-treated groups. What is 
more, cross-sections from the Sp group were characterized 
by an increased TH-immunoreactivity in the longitudinal 
muscle layer and an increased autofluorescence in both mus-
cle layers. TH-immunoreactivity in the enteric ganglionic 
area was infrequent, more pronounced in the submucosal 
than in the myenteric plexus, yet comparable between the 
groups.

It should also be mentioned that unstained jejunal FFPE 
sections from SAL-treated groups of rats were characterized 
by high autofluorescence emission in blue and green spectra, 
increased by half in Si (single i.p. injection of SAL) group 

and two times in Sp (continuous i.p. SAL delivery) group in 
comparison to the control group.

S100 immunoreactivity was observed within the enteric 
ganglia in both plexuses, and SAL-treatment substantially 
increased its expression, especially in the Sp group, in com-
parison with the control animals, in both enteric plexuses in 
the same manner (Fig. 8). S100 is a calcium-binding protein 
and is commonly used as specific marker in order to identify 
enteric glial cells.

Discussion

In the present study, SAL (50 μM) significantly rescued 
neuroblastoma cells from cell death mediated by  MPP+ 
(1000 μM), which supports the neuroprotective potential of 

Fig. 3  SH-SY5Y neuroblas-
toma cells exposed for 48 h to 
50 μM SAL, 1000 μM  MPP+ or 
1000 μM  MPP+ together with 
50 μM SAL. Representative 
pictures were taken by a fluores-
cence microscope Leica DMi8 
(original magnification 200x)

Table 2  Feed efficiency ratio, epididymal fat pad (EFP) weight over final body weight as well as glucose, triglicerydes (TG), LDL/HDL, and 
AST/ALT levels measured in serum

Experimental groups: Si SAL delivery via single i.p. injection, Sp SAL delivery via osmotic mini-pumps, C control group
*vs. control (C) animals

Group Feed efficiency ratio 
(%)

EFP weight/final 
body weight ratio 
(‰)

Glucose (mmol/l) TG (mmol/l) LDL/HDL ratio AST/ALT ratio

Si 17.9* ± 2.9 
(p = 0.018)

9.57 ± 1.47 (p = 0.38) 4.28* ± 0.24 
(p = 0.0034)

0.17* ± 0.09 
(p = 0.02)

0.2124 ± 0.054 3.67 ± 1.14

Sp 17.4* ± 1.8 
(p = 0.006)

10.77 ± 0.52 7.48 ± 0.84 1.35 ± 0.45 1.394* ± 0.465 
(p = 0.0003)

4.27* ± 1.33 
(p = 0.035)

C 21.5 ± 2.4 10.96 ± 0.98 6.32 ± 1.45 2.45 ± 1.71 0.458 ± 0.431 2.93 ± 0.62
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SAL. Previously, we also reported that SAL in the concentra-
tion range of 10–250 μM did not show any significant release 
of lactate dehydrogenase from necrotic SH-SY5Y cells and 
was able in the concentration range of 50–100 μM to rescue 
SH-SY5Y cells from death induced by  H2O2 and 6-OHDA. 
SAL was found to significantly reduce reactive oxygen spe-
cies level in SH-SY5Y cells treated by 500 μM  H2O2 and the 
caspase activity induced by 300 μM of  H2O2 [10]. On the 
other hand, alike the majority of published data [for review 
see 7], Arshad et al. [16] reported that  MPP+, SAL, and 
2[N]-methyl-(R)-SAL (NMSAL)-mediated cell death fol-
lowed apoptotic pathways, and the lethal dose values deter-
mined for  MPP+, SAL, and NMSAL were 500, 1500, and 
1000 mM, respectively [16]. Yet, from the chemical point 
of view, SAL could indeed exhibit neuroprotective proper-
ties due to the presence of catechol (1,2-dihydroxybenzene) 
moiety. The relatively high antioxidant activity of catechol 
can be explained by the high electron-donating effect of one 
hydroxyl group to the other [17, 18]. And it was Maruy-
ama et al. [13] who for the first time reported that (R)-SAL 
and the isoquinolinium  (DMDHIQ+) ion reduced hydroxyl 
radical production from dopamine autoxidation in vitro [13]. 

SAL is a tetrahydroisoquinoline derivative with an asym-
metric center at C-1. In the human brain, SAL is converted 
by N-methyltransferase to produce 1,2-dimethyl-6,7-dihy-
droxy-1,2,3,4-tetrahydroisoquinoline (2[N]-methyl-(R)-
SAL), which is oxidized to produce 1,2-dimethyl-3,4-dihy-
droisoquinoline, and further metabolized by MAO-A/B (or 
amine oxidases sensitive to semicarbazide [7]) to produce 
the charged quaternary form such as  DMDHIQ+ [19]. Thus, 
the neurobiological role of SAL could be dose-dependent 
and possibly stereoisomer-dependant, yet whether SAL 
could undergo similar conversion in the peripheral/enteric 
nervous system remains unknown. Based on our results we 
suggest that commercially available racemic SAL in the 
doses below 100 μM might serve as an excellent reference 
compound for in vitro studies related to neuroprotection/
neurodegeneration [20].

In the present study, we also demonstrated that neuropro-
tective properties of racemic SAL observed in neuroblas-
toma SH-SY5Y cell line may not necessarily and straightfor-
wardly translate in vivo. It is likely that local GI exposition 
to exogenous SAL exceeded the dose applied in  vitro. 
Thus, the dose might indeed determine the neurobiological 

Fig. 4  Gross morphology of jejunal cross-sections. Representative 
pictures of H&E-stained samples of full-thickness, cross-sectioned 
jejunum obtained from control (A) and SAL-treated (B-E) rats, show-
ing the GI architecture across all experimental groups (upper panel) 

together with enhanced epithelial secretion (D) at the crypt base 
and subepithelial spaces (E) observed in the Sp group (marked with 
arrows). Original magnification 200x (objective: 20x, NA 0.45, upper 
panel) or 600x (objective: 60x, NA 0.85, lower panel)
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properties of SAL both centrally [21, 22] and peripher-
ally. Foremostly, our in vivo results showed that SAL given 
intraperitoneally could alter GI homeostasis, yet without any 
obvious signs of inflammation. According to the morpho-
logical assessment, the number of PGP 9.5–positive neu-
rons and the ganglionic area in the myenteric plexus were 
decreased in SAL-treated animals in comparison with the 
control animals. However, in the submucosal plexus only 
the neuronal density was diminished in SAL-treated rats, 
yet insignificantly. So far, studies on age-associated neu-
rodegeneration throughout the GI tract have given variable 
results, which are further prone to inter-study variation due 
to the use of different animal models, strains of animals, and 
analyzed regions of the gut [23]. Interestingly, the density of 
enteric innervation can determine the severity of intestinal 
inflammation [24]. Previously, we reported a decrease in 
the myenteric neuron count, the mean size of the neuron 
body, the area of ganglia and the diameter of nerve strands 
in LMMP preparations from SAL-treated rats. The number 
of myenteric nitrergic neurons was lower in the SAL-treated 
groups, while the number of cholinergic neurons remained 
unchanged [14]. What is more, image analysis of duodenal 
cross-sections revealed decreased c-Kit expression in the 
SAL-injected rats [11]. So far, aging of the enteric nervous 

system (ENS) was characterized by the loss of cholinergic 
enteric neurons and interstitial cells of Cajal, whereas inhibi-
tory neurons appeared to be unaffected [25, 26]. Such imbal-
anced proportion of neuronal subtypes should result in dys-
regulated bowel motility [27]. In PD, the ENS is vulnerable 
to neurodegeneration but it remains unclear if the disease 
targets any specific sites or neuronal subtypes [28, 29]. The 
loss of dopaminergic neurons in the substantia nigra pars 
compacta (SNpc), being the pathological hallmark of PD, 
is not necessarily accompanied by the neurodegeneration of 
enteric dopaminergic neurons. While SNpc dopaminergic 
neurons are protected by the blood–brain barrier, enteric 
dopaminergic neurons lack a blood barrier and are continu-
ously exposed to potentially toxic elements that may trans-
locate across the epithelium from the gut lumen and are in 
close proximity to the gut microbiome [29]. Previously, we 
reported no TH-immunopositive cell bodies together with 
a dense architecture of TH-immunopositive nerve fibers in 
LMMP preparations, and no differences were observed either 
in control or SAL-treated rats [14]. Here, we report limited 
TH-immunoreactivity in the enteric ganglionic area of both 
plexuses, still comparable between all experimental groups. 
According to in vitro, in vivo, and ex vivo studies, SAL 
has the ability to affect dopaminergic neurotransmission via 

C Si Sp

Intensity of collagen 
staining (scale 0-3)

3.0 ± 0.0 2.2 ± 0.8 1.6* ± 0.7 
(p=0.007)

Circumference of 
submucosal layer of 
collagen (%)

100.0 ± 0.0 96.1 ± 6.7 87.9 ± 12.1 

D

A B C

Experimental groups: Si – SAL delivery via single i.p. injection, Sp –

SAL delivery via osmotic mini-pumps, C – control group; 

 * vs. control (C) animals

Fig. 5  Collagen content in the jejunal cross-sections. Representative 
pictures of Masson’s Trichrome-stained samples of full-thickness, 
cross-sectioned jejunum obtained from SAL-treated (A-C) or con-
trol animals (D), showing collagen (blue) depletion (A–Sp group, 
B–Si group) or increased collagen deposition observed in the tunica 

mucosa/submucosa and tunica muscularis (C–Si group). Original 
magnification 200x (objective: 20x, NA 0.45). Table displays the 
assessment of collagen content expressed as the intensity of submu-
cosal collagen staining and the circumference of submucosal layer of 
collagen



1355Neurochemical Research (2023) 48:1347–1359 

1 3

PGP 9.5-immunoreactivity C Si Sp

submucosal plexus

Ganglion area (μm2) 237.5 ± 202.2 259.7 ± 181.8 242.1 ± 194.9

Number of neurons (per 1 μm2 
of a ganglion) x 10-3 

5.9 ± 1.4 5.2 ± 1.2 3.6 ± 2.1

myenteric plexus

Ganglia area (μm2) 661.5 ± 894.9 556.4 ± 727.3 465.3 ± 588.3

Number of neurons (per 1 μm2 
of a ganglion) x 10-3

4.47 ± 1.12 2.58* ± 0.28 (p=0.008) 3.49 ± 0.81

A B C

Experimental groups: Si – SAL delivery via single i.p. injection, Sp – SAL delivery via osmotic mini-

pumps, C – control group

* vs. control (C) animals

Fig. 6  PGP 9.5-imunoreactivity in the jejunal cross-sections. Repre-
sentative pictures of PGP 9.5-stained and DAPI-counterstained sam-
ples of full-thickness, cross-sectioned jejunum obtained from control 
(A) or SAL-treated animals (B–Si group, C–Sp group of rats). Origi-

nal magnification 400x (objective 40x, NA 0.75). Table displays the 
assessment of PGP 9.5 immunoreactivity in the enteric nervous sys-
tem, expressed as ganglionic area and neurons’s density in the gan-
glionic area

Fig. 7  TH-imunoreactivity in the jejunal cross-sections. Representative pictures of TH-stained samples of full-thickness, cross-sectioned jeju-
num obtained from control (A) or SAL-treated animals (B–Si group, C–Sp group of rats). Original magnification 400x (objective 40x, NA 0.75)
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inhibition of tyrosine hydroxylase [30–32]. SAL could also 
bind to peripheral dopamine receptors (unpublished, theo-
retical data based on computer modeling) and thus possibly 
in the GI tract modulate exocrine secretion, fluid absorption, 
motility, blood flow, cytoprotection, and GI immune regu-
lation [8], yet with unknown affinity or type of interaction. 
What is more, the affinity of SAL to GI dopamine receptors, 
alike DA [33], could be dose-dependent. Our gross morpho-
logical evaluation did not reveal any clear signs of jejunal 
inflammation in SAL-treated rats regardless of the mode 
of administration, except for intensified autofluorescence. 
What we did observe was enhanced epithelial secretion at 
the crypt base where Paneth cells reside. Those monoamine-
secreting epithelial cells, apart from their canonical antimi-
crobial function, have also been shown to play an essential 
niche role in supporting GI stem cells [34]. Since Paneth 
cells express TH [35], SAL could alter cryptal homeostasis. 
Foremostly, administration of SAL was associated with an 
increased ganglionic expression of a calcium-binding glial 
protein S100, especially after continuous SAL administra-
tion. Enteric glial cells, based on morphology and protein 
expression, such as glial fibrillary acidic protein, S100, or 

proteolipid-protein-1, can be differentiated into several dis-
tinct glial types [36]. However, it remains uncertain, if an 
increase in the population of enteric glial cells, which are 
active participants in neuroimmune regulation and intesti-
nal barrier maintenance [24], exerts any anti-inflammatory 
action. The reactive gliosis is likely responsible for PD-
related neuroinflammation and all associated pathological 
changes in the ENS [37]. The up-regulation of S100-positive 
sub-epithelial colonic glial cells was also observed in nigros-
triatally 6-OHDA-injected rats, and most probably resulted 
from the impairment of tight-junctions and the prolifera-
tive trend of colonic epithelium. However, that pathological 
remodeling of the colon was further associated with submu-
cosal inflammation together with enhanced fibrotic deposi-
tion [38]. Conversely, we predominantly observed depleted 
submucosal collagen content following SAL-administration. 
Thus, SAL might have either influenced fibroblasts or have 
bound to collagen fibers chemically interfering with the 
Masson’s trichrome stain. Collectively, GI consequences of 
peripheral SAL-administration advocate the need to inves-
tigate this dopaminergic compound as an enteric microglial 
modulator. This need is further stressed by the fact that 

Fig. 8  S100-imunoreactivity in the jejunal cross-sections. Represent-
ative pictures of S100-stained samples of full-thickness, cross-sec-
tioned jejunum obtained from control (A, D) or SAL-treated animals 

(B, E–Si group, C, F–Sp group of rats). Original magnification 100x 
(upper panel, objective 10x, NA 0.30) or 200x (lower panel, objective 
20x, NA 0.05)
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enteric glial cells regulate intestinal epithelial barrier integ-
rity and are able to establish bidirectional interactions with 
the GI microbiota, and thus their role in the pathogenesis and 
progression of PD have been suggested. Clinical data clearly 
support such hypotheses [37].What is more, increased levels 
of enteric glial-related pro-inflammatory markers observed 
in the colon of PD patients, during the earliest stages of the 
disease, decisively imply that the initial glial response is 
characteristic for the early stage disease [39]. Then, such 
early reactive enteric gliosis might promote local neuroin-
flammation that could ascend to the central nervous system 
through glial hemichannels, and possibly via vagal nerve 
fibers, which again supports the fundamental role of the gut-
brain axis in the pathogenesis of PD [37].

Thirdly, all SAL-treated animals also presented 
decreased feed efficiency ratio, which could be a direct 
consequence of imbalanced GI dopaminergic homeostasis 
and impaired nutrients absorption. However, EFP weight 
over final body weight was only significantly decreased in 
Si (single i.p.injection of SAL) group of animals. Other 
metabolic consequences of SAL-administration included 
diminished glucose and TG serum levels in Si group and 
increased LDL/HDL ratio in Sp (continuous i.p. SAL 
delivery) group of animals. Peripheral DA stimulated glu-
cose uptake with its receptors being differentially involved 
in glucose uptake in insulin-sensitive tissues [40], and was 
also produced by rat adipocytes isolated from mesenteric 
adipose tissue [41]. Thus, if DA is able to modulate insu-
lin signaling, glucose uptake, and activation of metabolic 
pathways in the periphery [42], SAL via DA receptors 
could interfere with those pathways and impact on glu-
cose and lipid metabolism. These modulatory effects of 
SAL clearly depend on a dose or treatment duration or a 
mode of administration, and require confirmation by fur-
ther focused studies. At the same time, neurodegenerative 
diseases, including PD, are also characterized by a range 
of metabolic alterations, such as type 2 diabetes mellitus, 
obesity, and non-alcoholic fatty liver disease [43]. Thus, 
the use of SAL in modeling enteric neurodegeneration is 
indeed worthy of more consideration.

Conclusion

According to our study, low doses of SAL exhibited neu-
roprotective properties against  MPP+ in SH-SY5Y cell 
line, which further supports the use of SAL as a reference 
compound for in vitro studies. In vivo results give insight 
into our understanding of gastrointestinal remodeling 
following intraperitoneal SAL administration, pointing 
towards the possible use of this DA derivative to model 

a microglial-related enteric neurodegeneration and dopa-
minergic dysregulation.
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