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Correlation between a-synuclein and fatty acid composition in
jejunum of rotenone-treated mice is dependent on acyl chain length
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Abstract. Events associated with the progression of Parkinson’s disease (PD) are closely related
to biomembrane dysfunction. The specific role of membrane composition in the conformational
stability of alpha synuclein (aS) has already been well documented. Administration of rotenone
is one of the best strategies to initiate PD phenotype in animal models. In the present study, daily
exposure (14 weeks) of orally administered rotenone (10 mg/kg) was employed in a mouse model.
The mitochondrial complex I inhibition resulted in elevated level of aS in whole tissue homogenate
of mouse jejunum. In addition, we identified a strong intra-individual correlation between aS level
and the specific esterified fatty acids. The observed correlation depends mainly on the acyl chain
length. Based on the obtained results, it is suggested that there is a high potential to manipulate fatty
acid homeostasis in modulating aS based pathogenesis of PD, at least in experimental conditions.
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Introduction aggregates that later give rise to the formation of Lewy bodies

(LBs) (Braak et al. 2003; Fanning et al. 2020). In relation to

Parkinson 's disease (PD) is a highly prevalent neurodegen-
erative disease characterized by the motor symptoms that
worsen with advancing age (Xia and Mao 2012; Wang et al.
2013). The manifestation of PD is mainly associated with
the degeneration of progressive dopaminergic neurons in
substantia nigra pars compacta. Moreover, several other com-
mon signs of the disease can be identified on the subcellular
level. Accordingly, PD is considered to be a classical pro-
teinopathy. High PD prevalence is primarily associated with
incorrect folding of a-synuclein (aS) protein into fibrillar
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intracellular lipid turnover, the dysfunction of membrane
homeostasis, including vesicular transport or mitochondrial
membrane dynamics, has been observed in PD pathology
(Panicker et al. 2021). Moreover, aS that disrupts the integrity
of cell membranes is assumed to play an important role in
these pathological processes (Varkey et al. 2010). Also, aS
overexpression in cells is considered as the platform for Golgi
apparatus fragmentation (Fujita et al. 2006), mitochondrial
degradation (Martin et al. 2006), and the damage of lys-
osomes (Meredith et al. 2002), endoplasmic reticulum, and
nuclear membranes (Stichel et al. 2007). In addition, lipids,
which represent main component of LB, are considered to be
derived from degraded membrane organelles (Gai et al. 2000;
Varkey et al. 2010). So far, the above-described PD-associated
alterations have been considered as the consequences of the
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existing pathology rather than its cause. However, the results
of several recent studies highlight the role of primary lipid
dysfunction in the aS dyshomeostasis, which could result
in the reclassification of PD from exclusive proteinopathy
to lipidopathy (Fanning et al. 2020).

Disorders of aS-membrane interactions are currently
considered as potential triggers of aS toxic oligomerization
(Burré et al. 2015; Galvagnion et al. 2015). Thus, the spe-
cific nature of fatty acids in biomembranes may determine
the initiation of pathological events associated with aS
dyshomeostasis (Sharon et al. 2003a). The contribution of
saturated fatty acids representatives like palmitic acid (PA,
C16:0), stearic acid (SA, C18:0), and arachidic acid (AA,
C20:0) is particularly interesting. Significantly elevated
levels of PA and SA have been reported in plasma samples
in experimental rat model of PD, which, in addition, cor-
related with the tests indicating motor dysfunction (Shah
et al. 2019). In addition, a strong physical interaction of aS
with SA has been observed (Ramakrishnan et al. 2003). In
relation to the impact of PA on aS levels, a diet enriched with
PA was found to increase aS levels in the brain of a mouse
PD model (Schommer et al. 2018). Another study evaluating
aS-membrane interactions revealed that stress in rat primary
neurons caused by aS mutations of familial PD can be allevi-
ated by increasing concentrations of SA, PA, or myristic acid
(MA, C14:0) (Tripathi et al. 2022). Moreover, the treatment of
mesencephalic neurons with saturated fatty acids, such as SA
or AA, resulted in decreased levels of oligomeric aS (Alecu
and Bennett 2019; Sharon et al. 2003a; Liicke et al. 2006).

In the terms of neurotoxicity that leads to high excesses of
aS monomers, the accumulation of oleic acid (OA, C18:1A%)
represents one of the best documented mono-unsaturated
acid. Indeed, aS monomers are pro-aggregation precursors,
which could be easily transformed into oligomers and fibrils
as a basis for later formation of aggregates and LBs. In con-
trast, the reduction of SA conversion into OA simultaneously
increased physiological aS multimerization into tetramers
(Fanning et al. 2019; Imberdis et al. 2019). As demonstrated
in cell and animal models, OA-producing stearoyl-CoA
desaturase (SCD) inhibitors are effective in preventing aS
cytotoxicity and protein inclusion. The precise mechanism
is again defined by the preservation of the tetrameric form
of aS by its binding to saturated lipids (Vincent et al. 2018;
Fanning et al. 2019).

Increased aS oligomerization has also been observed in
the presence of higher concentrations of several polyun-
saturated fatty acids (PUFAs) (Perrin et al. 2001). The treat-
ment of mesencephalic neuronal cells with a-linolenic acid
(C18:3A%1>1%) and eicosapentaenoic acid (C20:5A>8 111417y
has been observed to result in a dramatic increase of
soluble aS oligomers (Sharon et al. 2003a; Liicke et al. 2006;
Alecu and Bennett 2019). Docosahexaenoic acid (DHA,
C22:6A%710:13.16,19y 4 d 10 a lesser extent, arachidonic acid

(ARA, C20:4A>31114) are also able to induce aS oligomeriza-
tion (Yakunin et al. 2012; Alza et al. 2019). In the cytoplasm
of dopaminergic neuronal cells overexpressing aS, an intense
aS oligomers formation was also observed after PUFA expo-
sure. The presence of described oligomers led to the forma-
tion of protein inclusions similar to LBs, which subsequently
initiated the formation of protein inclusions similar to LBs
(Assayag et al. 2007). Regarding protein inclusions, the
formation of oligomeric or fibrillar aS conformations in the
presence of DHA have been found to depend on the protein
to PUFA ratio. An aggregation into fibrils is promoted by mo-
lar ratios higher than 1:10. Besides, DHA seems to stimulate
aS conformational changes in favour of the disappearance
of physiological a-helical structure (Fecchio et al. 2018; Alza
et al. 2019). DHA is also able to modulate the depth of aS
insertion into the membrane, the structure and orientation
of this protein within the membrane as well as membrane
structure (Manna and Murarka 2021). Notably, an increase
in free DHA levels has been observed in the cytosolic brain
fractions of patients with PD and LBs dementia (Sharon et al.
2003b). ARA has a specific position among PUFAs. Despite
the stimulation of the formation of aS oligomers, ARA is
the only of the mentioned fatty acids that also promotes the
maintenance of their a-helical structure, which is resistant
to the formation of longer fibrils. In addition, these oligom-
ers can be easily degraded by 26S proteasomes that prevent
neuronal damage and reduce microglial activation (Iljina et
al. 2016; Xylaki et al. 2020).

The inhibition of mitochondrial electron chain complex I,
which can be achieved using rotenone, represents one of
the platforms for aS overexpression in experimental in vivo
and in vitro PD models (Girdldez-Pérez et al. 2014; Pokusa
etal. 2021). In comparison to genetic or other toxic models
of PD, the rotenone model is widely used especially due to
the capability to recapitulate wide spectrum of pathological
signs of PD (Shimohama et al. 2003). Laboratory in vivo
studies with rotenone have repeatedly shown that it induces
the loss of dopaminergic cells in substantia nigra as well as aS
aggregation in affected cells (Innos and Hickey 2021). Most
mice or rat models use system administration of toxin into
bloodstream as well as straight stereotaxical injection into
specific sites of central nervous system like substantia nigra
pars compacta (Cannon et al. 2009; Xiong et al. 2009; Inden
et al. 2011). Due to the neurodegenerative character of the
disease, most toxic models are focused on the analysis of
changes that occur in the central nervous system. After the
accumulation of data about the presence of non-neuronal
origin of certain proportion of PD cases, new designs of
disease modelling were established continuously. Following
the description of early pathological processes occurring in
gastrointestinal tract (GIT), which were documented sev-
eral years before central pathology establishment, one type
of relatively new and well accepted toxic model based on
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rotenone oral administration have been established. Several
studies show that the toxin administration of 5-10 mg/kg
by gastric tube gives rise to several documented hallmarks
of PD, starting with the accumulation of S in the GIT but
also the spread of aS aggregates in the peripheral and central
nervous system of mice (Pan-Montojo et al. 2010; Tasselli
etal. 2013).

Most of the mentioned studies monitoring the interaction
of aS with lipids use clinical samples or experimental models
based on a different principle than the use of respiratory
chain toxins. However, except the genetic predisposition,
the environmental form of the disease is characterized as
a similarly large group predominantly caused by various
mitochondrial toxins (Fahn and Sulzer 2004). Changes in
fatty acid metabolism are studied in these models mainly
with the relevance to modulated energy metabolism (Worth
etal. 2014). Animal models characterized by oral administra-
tion of rotenone can be defined as one of the most reliable
models, which mimic the environmental cause of PD with
the onset in the digestive system. Therefore, in this work, we
focus on a possible correlation of changes in the composition
of fatty acids with markers reflecting neurodegeneration in
the digestive tract in above-mentioned animal model.

Material and Methods

Cell study

In in vitro experiments, commercial human neuroblastome
SH-SY5Y cell line was used. Cells were maintained and cul-
tured in DMEM-F12 medium with 10% FBS, passaged after
reaching 90% confluence. For the experimental use, cultures
were held up to 80% confluence and up to 8 passage. In
this study, a standard surface treated T75 culture flasks for
adherent cultures was used for the cultivation of cells. Rote-
none solution in DMSO was used in final concentration of
10 nM for 24 h. The stock solution was prepared as 1000x
concentrate to minimize DMSO addition to cell culture.
Three biological replicates were performed in control and
rotenone influence conditions.

Animal study

The use of male C57BL/6] mice (Velaz, Czechia) with
a body weight of 24-26 g was approved by the Slovak Na-
tional Veterinary and Food Authority by decision number
1360/2020-220. Animals were kept in groups of 6 in trans-
parent plastic cages with sawdust used as bedding at 23°C
and 12/12 h dark/light cycles. Food and water were available
ad libitum. Rotenone was administered orally in a dose of
10 mg/kg of bodyweight. Toxin was re-suspended in vehicu-
lum based on deionized water containing 1% chlorophorm

and 1% carboxymethylcelulose. For re-suspending 10 mg
of rotenone, 5 ml of vehicle solution was used. Animals
with a body weight of 30 g were administered 150 pl of
rotenone/vehiculum from Monday to Friday at 9 am. The
control group of animals (n = 6) was held in the experiment
for 12 weeks. The experimental group of animals (n = 6)
was treated with rotenone for 14 weeks. For the purpose
of samples collection, animals were exsanguinated in deep
chloralhydrate anesthesia. The proximal portion of jejunum
was collected as two parallel samples of ca 40-100 mg for the
purpose of protein as well as lipid extraction. Excised tissue
was processed in order to avoid the distortion of results by
surrounding visceral fat and fibrous tissue. Cleaned jejunal
samples were finally washed in PBS solution and stored in
—80°C for the further procedure.

ELISA analysis

The measurement of two biomarkers in the intestinal tis-
sue was performed by commercial ELISA kits for murine
aS (SEB222Mu, Cloud-clone corp., USA) and for glucose
regulated protein 78 (GRP78) (CSB-E17690M-96, Cusabio,
Netherlands) according to the manufacturer’s protocol.
Markers were measured in tissue homogenate in T-PER
buffer (78510, Thermo Fisher, USA) enriched with protease
inhibitors (Protease mini, Thermo Fisher, USA) prepared
by rotary homogenizer on ice. Tissue of 50 mg was homog-
enized in 500 pl of homogenization buffer. After homogeni-
zation, homogenates were spun at 400 x gand 4°C for 5 min.
Supernatant was stored at —20°C until ELISA analysis was
performed. Aliquots of supernatant were used to determine
protein concentration by BCA assay (BCA kit, Thermo
Fisher, USA). In order to use 50 pg of extracted proteins in
ELISA measurements, protein concentration of samples was
adjusted by T-PER.

Western blot analysis

The evaluation of beta III tubulin (BIIIT) in tissue homoge-
nate was performed by semiquantitative immunodetection
of glycine-based PAGE separated samples blotted on PVDF
membrane. Prepared homogenates (as described above)
were boiled at 95°C for 5 min with LDL sample buffer and
2% mercaptoethanol. Then, 20 ug of proteins/each sample
were applied on 4-10% acrylamide/bisacrylamide (29:1) gel
and Tris/glycine PAGE was performed at 300 V for protein
separation. Proteins were blotted on PVDF membrane by
semi-dry transfer at 25 V for 1 h. PVDF membrane was
blocked with 2.5% BSA in TBS Tween-20 solution. Mem-
brane was incubated overnight at 4°C with primary antibod-
ies (mAb4466S, Cell signalling, USA) diluted 1:1000 by 2.5%
BSA in TBS Tween-20. After washing the membrane for
3x10 min in TBS Tween-20, secondary antibodies bounded



526

Hajduchova et al.

with horseradish peroxidase (G-21040, Thermo Fisher, USA)
diluted 1:10000 in TBS Tween-20 was added to membrane
for 1 h at 20°C. The detection of luminescence signal after
washing for 5x5 min was performed after one minute incu-
bation with luminescence substrate (GE healthcare, USA).
Image] software was used for the quantification of the signal.

Lipid extraction and transesterification of fatty acids

Lipid extraction from frozen tissue samples was performed
according to Bligh and Dyer (1959). The initial volume of
methanol was set up according to the weight of sample to sus-
tain the ratio 200 ul of methanol to 100 mg of tissue. Samples
were prepared on ice with the use of a rotary homogenizer.
After lipid extraction, the methylation of esterified fatty acids
was performed as described by Garaiova et al. (2017) with
minor modifications. Aliquots (100 pl) of lipid extract in
chlorophorm/methanol (2:1) were dried under a stream of
nitrogen gas and transmethylated with 333 ul of 5% sodium
methoxide in methanol at 30°C for 30 min. After incubation,
67 Wl of internal standard (methyl heptadecanoate Sigma-
Aldrich, USA, 5 mg/100 ml in hexane) was added into the
sample. To stop the reaction, 500 pl of 0.9% NaCl was added
and fatty acid methylesters (FAME) were extracted with
267 ul of hexane. The mixture was vortexed, centrifuged at
3000 x g for 5 min and the upper hexane phase containing
FAMEs was transferred to a glass vial. The rest of the sample
was re-extracted with 300 pl of hexane, the upper hexane
phase was then combined with the FAMEs in the glass vial,
and samples were stored at —20°C until gas chromatography
(GC) analysis was performed.

For the purpose of lipid extraction from cell culture,
SH-SY5Y cells were cultivated as described above. Cells
were trypsinized and washed two times with ice cold PBS.
An aliquot of 1x107 cells was transferred into a new tube,
centrifuged, and re-suspended in 100 pl of ice-cold deionized
water. Lipids were extracted according to Bligh and Dyer
(1959) protocol with initial 300 ul of methanol added to
the cell suspension. The lipid homogenate was dried under
a stream of nitrogen gas and transmethylated by the protocol
described above to obtain FAMEs. Analysis of FAMEs was
carried out by the injection of 1 pl aliquot to a GC apparatus.

GC analysis

FAMEs were analysed by GC-6890 N (Agilent Technolo-
gies, USA) and separated on a capillary DB-23 column
(50%-cyanopropyl-methylpolysiloxane, a length of 60 m,
a diameter of 0.25 mm, analysis conditions were as fol-
lows: carrier gas — hydrogen, inlet (230°C; hydrogen flow:
37 ml/min; split — 10:1), FID detector (250°C, hydrogen flow:
40 ml/min, air flow: 450 ml/min), gradient (150°C — 0 min;
150-170°C - 5.0°C/min; 170-220°C - 6.0°C/min; 220°C -

6 min; 220-230°C - 6°C/min; 230°C - 1 min; 230-240°C -
30°C/min; 240°C - 6 min). Chromatograms were analysed
with Agilent Open LAB CDS software. Individual FAMEs
were identified by comparison with the authentic standards
of the C4-C24 FAME mixture (Supelco, USA). Quantifica-
tion of individual fatty acid was performed using the methyl
heptadecanoate internal standard.

Statistics

The statistical evaluation was performed using Jamovi
software. Student’s t-test was used for the comparison of
changes in level of markers and fatty acids between control
(n=6) and experimental (n = 6) group of animals as well as
in the case of biological replicates of control and treated cell
culture of SH-SY5Y. A p-value less than 0.05 was considered
to be statistically significant. The strength of significance
was expressed in the graphs by asterisks: p-value ranging
0.05-0.01 corresponded to *, 0.01-0.001 corresponded
to **, and p-value lower than 0.001 was expressed as ***.
The level of association between intra-individually meas-
ured values was assessed by Pearson’s coeflicient (r) in
experimental (n = 6) and control (n = 6) groups of animals
separately. The correlation was evaluated as very low when
0 <r < £0.19, low when +0.2 < r < £0.39, moderate when
+0.4 <r < £0.59, strong +0.6 < r < £0.79, and as very strong
when +0.8 <r < 1.

Results

The purpose of this study was to investigate the association
between fatty acids and markers relevant for neurodegen-
eration in early stages of PD. Our methodological approach
included the inhibition of the mitochondrial complex I by
rotenone as a well-recognized tool for the induction of
neurodegeneration in different experimental model systems.
In the first phase of the study, the data was obtained from
the study on SH-SY5Y. Overall, the rotenone treatment for
24 h led to significant changes of several fatty acids. Specifi-
cally, fatty acids that were upregulated belonged to very long-
chain (C22<) as well as long-chain fatty acids (C14-C20)
group (Table 1). The tendency of increase was observed in
9 fatty acids; however, the statistical analysis revealed the
significant change in stearic acid (C18:0), y-linolenic acid
(C18:3A6’9’12), eicosanoic acid (C20:0), docosanoic acid
(C22:0), and docosadienoic acid (C22:2A'>1%). On the
contrary, rotenone treatment more likely caused a decrease
of fatty acids only in a group of shorter (long-chain) fatty
acids. The tendency of decrease was observed in 5 fatty acids.
Statistical significance was confirmed namely in the case of
palmitic acid (C16:0); oleic acid (C18:1A%), cis-vaccenic acid
(C18:1A), and eicosadienoic acid (C20:2A">1%) (Table 1).
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Figure 1. Graphic illustration of measured markers in control group treated with vehiculum and rotenone-treated group of animals.
A. Relative levels of beta III tubuline (BIIIT) was determined by Western blot analysis. Alpha synuclein (aS, B) and glucose-regulated
protein 78 (GRP78, C) concentrations were determined by ELISA test. Whole tissue homogenate from jejunum was used for all analysis.
Values are represented as means + SEM in each group (n = 6 animals). Statistical significance was evaluated by Student s ¢-test as follows:
as (t=-2.76, df = 10, p = 0.02), BIIIT (t = —0.674, df = 10, p = 0.516) and GRP78 (t = —0.524, df = 10, p = 0.612). Significant change of

rotenone-treated group is marked by the asterisk (* p < 0.05).

In animal experiment, chronic oral treatment by rotenone
was performed in order to establish the initial stages of neu-
rodegeneration localized predominantly in gastrointestinal
tract. For the confirmation of pathology establishment, three
selected markers were evaluated by ELISA measurement in
whole tissue homogenate of jejunum. No significant change
was observed in the case of BIIIT and GRP78 (Fig. 1). In
control samples, we did not observe any detectable level of
aS. In the rotenone-treated group of animals, expression of
aS was confirmed in 4 samples.

Small intestine sample of each animal was processed
for the analysis of esterified fatty acids. Among 17 fatty
acids detected in this type of tissue, we did not reveal any
significant changes between quantity comparing experi-
mental and control group of animals (data not presented).
The variety of data obtained from each individual animal
was suitable for intra-individual comparison. The correla-
tion analysis of fatty acids and selected biomarkers (Fig. 2)
revealed an interesting pattern in rotenone treated group
of animals. According to Pearson’s coeflicient, a strong
correlation could be seen between aS and fatty acids in
rotenone-treated group of animals. Moreover, an interme-
diate correlation between BIIIT and measured fatty acids
has appeared in rotenone-treated group as well. The pattern
of association of both factors (aS and BIIIT) with a specific
type of fatty acid appears to be opposite (Fig. 2). GRP 78
exhibits the lowest association with fatty acid compound
while rotenone treatment has probably no effect on this
pattern. Interesting fact is evident after dividing fatty acids
compilation according to their chain length. Specifically, aS
is almost exclusively negatively associated with fatty acids
ranging from C14 to C18 while its positive correlation
is evident with fatty acids C20 and higher. The opposite
pattern could be found in the case of BIIIT and GRP78 in
which the tendency of positive correlation is observed in
C14-C18 group of identified fatty acids. Detailed insight

into Figure 2 and 3 indicates an importance of stearic acid
(C18:0), which is the only fatty acid reacting in the op-
posite way than C14-C18 long-chain fatty acids. Similar
situation was observed in the group of C20< fatty acids
with gondoic acid (C20:1A!). The deviated behaviour of
these two fatty acids was confirmed also by the correlation

Table 1. Effect of rotenone on fatty acids of cell culture SH-SY5Y

Up/

Fatty acid p-value t-value Significance down-
regulat-

ed
Long-chain
C14:0 0.143 -1.818 No Up
C16:0 0.01  4.593 ** Down
C16:1A7 0392 0.959 No Down
C16:1A° 0.862  0.185 No Down
C18:0 0.031 -3.263 * Up
C18:1A° 0.002  6.966 o Down
C18:1A!! 0.023  3.609 * Down
C18:3A%%12 0011  —4.437 * Up
C20:0 0.024 -3.562 * Up
C20:2A1014 0.022  3.651 * Down
C20:4A>11,14 0.117 -1.994 No Up
Very long-chain
C22:0 0.023 -3.574 * Up
C22:2A1316 0.006 —5271 o Up
C22:6A%710131619 303 118 No Up
C24:0 0.063 —2.556 No Up

Effect of rotenone is evaluated by comparison of cell culture ex-
posed to 10 uM rotenone for 24 h to control cells. Significance of
changes is determined by Student s ¢-test performed on 3 biological
replicates of both control and rotenone treated cells (df =4). * p <
0.05, * p < 0.01.
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Figure 3. Associations among fatty acids identified in jejunum of control (n = 6) and rotenone-treated (n = 6) groups of animals in the
study. Intensity of blue/red colour reflects strength of Pearson’s coefficient. Positive correlation is expressed by blue shade, while red
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analysis among individual values of all measured fatty acid
intra-individually (Fig. 3).

Discussion

The results obtained from experimental work involving two
types of toxic models of neurodegeneration provide a com-
plex insight into changes occurring in esterified fatty acid
composition in early stages of pathological process induced
by rotenone treatment. Both experimental model systems
share specific characteristics that could be considered com-
mon for both types of models. However, some of them are
probably more specific for given experimental model. All
presented changes in fatty acid composition were linked to
parallel changes in aS concentration. Despite that we did
not measure aS in present in vitro experiments, our previ-
ous study identified 10 uM rotenone treatment for 24 h as
an effective in stimulation of aS overexpression in SH-SY5Y
cells. In addition, the fragmentation of microtubules, mainly
composed by BIIIT, was confirmed as a rapid action associ-
ated with rotenone presence in the cell culture (Pokusa et
al. 2021). In the case of mouse model, an increase in the
expression of aS was identified in jejunum of several indi-
viduals after 14 weeks of rotenone treatment while in the
case of control animals aS was under the detection limit of
chosen ELISA test in all individuals (Fig. 1). Particularly,
increased aS expression after rotenone treatment has been
well documented in animal models involved in previous
research works (Pan-Montojo et al. 2010; Giraldez-Perez
et al. 2014). The elevation of aS is regarded as a hallmark
of PD pathogenesis (Braak et al. 2003; Fanning et al. 2020).
In pathological forms (oligomers and fibrils), aS is used for
further propagation of PD-like pathogenesis in several types
of models (Meredith et al. 2002; Fujita el al. 2006; Martin et
al. 2006; Stichel et al. 2007; Varkey et al. 2010).

According to experimental research, aS is well docu-
mented to be closely associated with phospholipid bilayer
in which it is anchored while its main function is probable
to mediate the membrane dynamics (Amos et al. 2021). The
natural form of aS is unfolded while the interaction of aS
with lipid bilayer stabilizes aS in physiological (tetramer)
form (Davidson et al. 1998). According to available data, fatty
acids, which are predominantly considered to be beneficial
for keeping aS in stabilized state are saturated. Among these,
several experimental studies confirmed beneficial effects
of C14:0 (MA), C16:0 (PA), C18:0 (SA), and C20:0 (AA)
on pathological oligomeric aS levels (Sharon et al. 2003a;
Liicke et al. 2006; Alecu and Bennett 2019; Tripathi et al.
2022). Regarding the group of saturated fatty acids detected
in SH-SY5Y cells, our results obtained after 24 h treatment
with 10 uM rotenone confirmed the significant increase of
SA, AA, and docosanoic acid. The tendency of an increase

was identified in MA and C24:0; however without statisti-
cal significance (p = 0.14 and 0.062, respectively) (Table 1).
Regarding saturated fatty acids, down-regulatory effect after
24 h of rotenone treatment was observed only in PA.

From the class of monounsaturated fatty acids, oleic acid
is, according to the available literature, identified as risky in
terms of possible aS accumulation and oligomerization (Fan-
ning et al. 2019; Imberdis et al. 2019). Our experimental data
revealed a decrease of oleic acid together with cis-vaccenic
acid (C18:1A"). Similar effects as in the case of oleic acid
were identified broadly in the class of PUFAs (Perrin et al.
2001). The only exception could be seen in the case of AA,
which indeed led to the accumulation of oligomeric aS; how-
ever, this type of oligomers is easily degraded by proteasomes
(Iljina et al. 2016; Xylaki et al. 2020). Our results obtained
from cell culture experiments indicated the upregulation
in case of eicosadienoic acid (C20:2A!11%), docosadienoic
acid (C22:2A1319) and y-linolenic acid (C18:3A%%12), We
observed a numerical increase in AA levels but without
statistically significance (p = 0.112).

According to these findings, we can summarize that in
our experimental approach, the change in fatty acid com-
position is not associated with the degree of saturation but
rather with the carbon chain length of fatty acids. Among
11 members of long-chain fatty acid group, we can see
statistically significant decrease of 4 and increase of 3 fatty
acids. Moreover, in the group of 4 detected very long-chain
fatty acids, the increase was significantly confirmed in 2 of
them. Importantly, Worth et al. (2014) demonstrated changes
in pool of fatty acids activated by coenzyme A (CoA) in
a study evaluating SH-SY5Y cells treated with rotenone
of lower concentration (100 nM) for 6 hours. The authors
detected a decrease in medium-chain saturated acyl-CoA
species (C4-C14). Despite the neuronal origin of SH-SY5Y
cells, these changes were described as a result of stimulated
B-oxidation of medium-chain fatty acids to maintain the
levels of acetyl-CoA in the cell. However, these results did not
analyse changes in fatty acids esterified to cellular lipids of
treated cells by rotenone. Therefore, our observations on fatty
acid changes in lipids isolated from SH-SY5Y cells treated
with rotenone can be considered as pioneering. We can
conclude that behaviour of SH-SYS5Y cells exposed to higher
dose of rotenone (10 uM) for longer period of time (24 h)
exhibits different features when compared with Worth et al.
(2014). In the future experiments, it would be hypothetically
valuable to focus on the differences of B-oxidation occur-
ring in peroxisomes and mitochondria. While the input for
mitochondrial -oxidative events is presented by long- and
medium-chain fatty acids, the perixosomes are exclusively
aimed for shortening of very long-chain fatty acids with
some minor capacities for long-chain fatty acids (Reddy and
Hashimoto 2001). From this point of view, the mitochondrial
toxin could operate also as a factor for asymmetrisation of
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cellular 3-oxidation processes. Beside the degradation, also
de novo synthesis as well as fatty acid elongation could be
involved in the hypothesis of future experiments aimed to
elucidate the differences based on fatty acid length. While
majority of long-chain fatty acid from C14 to C18 could be
synthetized de novo in mitochondria, the origin of fatty acids
from C20 length is a result of elongation processes mainly in
endoplasmic reticulum (Jump 2009). In order to explain the
specific impact of rotenone on fatty acid profile, it would be
useful to investigate the specific role of other target(s) of ro-
tenone in the cells. Several studies have already demonstrated
a dose-dependent manner in micromolar range of rotenone
effects on microtubule fragmentation as well as elevation of
NADPH oxidase (NOX) activity (Zhou et al. 2012; Passmore
et al. 2017). Both phenomena have been documented to be
closely related to fatty acid metabolism in the cell. The frag-
mentation of microtubules stimulated by colchicine resulted
in a significant decrease in the incorporation of palmitate
and eicosa-8,11,14-trienoate into glycerolipids of Hep G2
human hepatoma cells (Marra and de Alaniz 2009). In ad-
dition, oleic acid treatment of SKOV-3 ovarian cancer cells
significantly facilitated microtubule skeleton transforma-
tion during cell migration during which the microtubules
were orientated towards the migration front (Masner et al.
2021). In the relevance with NOX, the potential regulatory
effect of the enzyme on fatty acid metabolism needs to be
investigated. However, the modulation of NOX activity by
different fatty acids has been described. Oleic acid and other
unsaturated fatty acids have modulatory effects on ROS pro-
duction by NOX as well (Hatanaka et al. 2013). In 3T3-L1
adipocytes, excess of palmitate leads to stimulation of NOX
activity while DHA has an opposite effect (Han et al. 2012).
The release of AA from phospholipids by phospholipase A2
enzyme stimulates NOX activity (Rossary et al. 2007). The
role of aS would represent a perspective aim of investigation
in further research on fatty acid concentration through the
regulation of phospholipases. Its direct inhibitory effect has
been already observed in the case of phospholipase D2,
which cleaves the headgroup of phosphatidylcholine to
release choline and phosphatidic acid (Bendor et al. 2013).
According to previous studies of Pan-Montojo (2010), ro-
tenone (in a dosage of 10 mg/kg) increased aS accumulation
in the duodenum and ileum of mice. The accumulation of
aS is considered as a risk factor and pre-stage of aggregation
initiation in PD pathogenesis. The rotenone dosage in Pan-
Montojo study (2010) was also able to accumulate aS in the
neuronal ganglia after 3 months of daily oral treatment. Our
results confirmed increased presence of aS also in jejunal
part of GIT after equal time exposure to toxin. A significant
increase was observed after 14 weeks of rotenone treatment
in several individual animals while in the control group the
presence of this protein did not reach the limit of detection
using the selected ELISA method. Further investigation

of ER stress marker (GRP78) and neuronal marker BIIIT
exerted no significant change. Before measurement, we had
hypothetically expected a decrease in BIIIT values caused
by degradation of the enteric nervous system as it was al-
ready observed in other cell line models (Ren et al. 2003).
On the other hand, the increase in GRP78 was anticipated
as a physiological reaction of the endoplasmic reticulum to
the elevation of an unfolded protein relevant to the neuro-
degeneration process (Wang et al. 2009). The low statistical
significance of changes between the control and experimental
groups can be explained by a) the low ability of rotenone to
induce relevant pathological changes in the jejunal part of
the small intestine or b) by covering the relevant change by
other non-sensitive cell types that represent the tissue of the
gastrointestinal tract.

Similar as in SH-SY5Y cells, the composition of fatty acids,
esterified to lipids in the tissue extract, was evaluated by GC
chromatography. No significant changes in the concentra-
tion of fatty acids were observed. However, due to the large
number of intra-individually obtained data, we were enabled
to correlate this data with each other. As shown in Figure 2,
the measured aS concentration in rotenone-treated mice
strongly correlated with fatty acids according to its carbon
chain length. While most long-chain fatty acids (C14-C18)
correlated negatively with the level of aS, very long-chain
fatty acids behaved in the opposite way. As an exception
from overall tendency of C14-C18 fatty acids, stearic acid
correlated in opposite manner than the rest of C14-C18
fatty acids. In the group of C20< fatty acids, gondoic acid
(C20:1A'") was the only one detected with positive correla-
tion to aS. Both BIIIT and GRP78 exert a moderate correla-
tion with fatty acids after rotenone treatment. In both cases,
the manner of correlation would be understood as opposite
to that observed in aS. According to these findings, we can
conclude that higher expression of aS is accompanied by
higher representation of C20< fatty acids in cellular lipids.
Whether this phenomenon is the result of increased aS
expression or an adaptation mechanism of altered environ-
ment cannot be answered yet. According to several studies
dealing with the effects of S on lipid metabolism, abnormal
aS metabolism is associated with prevalent accumulation of
fatty acids with very long-chain fatty acids. This phenomenon
is evident in animal models of peroxisomal dysfunction
(Yakunin et al. 2010). The accumulation of very long-chain
glycosphingolipids (GSLs) (=C22) but not short-chain spe-
cies induced aS pathology and neurological dysfunction.
The selective reduction of long-chain GSLs ameliorated aS
pathology through lysosomal cathepsins (Fredriksen et al.
2021). Similarly, as in the case of cell experiments, asymmet-
ric division of correlation pattern of long-chain fatty acids is
again a topic for discussion. However, for the hypothetical
explanation, we can return to the phenomenon of de novo
synthesis and elongation of long-chain fatty acid as well as
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B-oxidation discussed previously. From the view of simi-
larities in the metabolism of origination and degradation
of C20 fatty acids to very long-chain fatty acids, it could be
anticipated that their cellular concentrations could be more
similar to these than to shorter members of long-chain fatty
acids. Due to the lack of other relevant data, our results ob-
tained in a toxic oral model of neurodegeneration could be
evaluated as a pioneering finding in this field of research and
strongly motivating to proceed the research in this direction.
High potential can be seen especially in the possible relief
of the pathological impact of aggregated aS forms, which
could be achieved by modulating the fatty acid composition
of biomembranes. In coherence with the theory about GIT
origin of specific PD cases, an emphasis should be placed on
the prevention of pathological aS conformation established
by experimental approaches that focus on the modification
of diet content, especially relevant fatty acids.
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