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Abstract

Background: The role of vitamin D in obesity and diabetes is debated. Obese and/or diabetic patients have
elevated levels of free fatty acids, increased susceptibility to gastrointestinal symptoms and are suggested to have
altered vitamin D balance. The enteric nervous system is pivotal in regulating gastrointestinal activity and high fat
diet (HFD) has been shown to cause loss of enteric neurons in ileum and colon. This study investigates the effect of
vitamin D on HFD- and palmitic acid-induced enteric neuronal loss in vivo and in vitro.

Methods: Mice were fed either a normal diet (ND) or HFD supplemented with varying levels of vitamin D (from Ox
to 20x normal vitamin D level) for 19 weeks. lleum and colon were analyzed for neuronal numbers and remodeling.
Primary cultures of myenteric neurons from mouse small intestine were treated with palmitic acid (4x10*M) and/or
10,25-hydroxy-vitamin D3 (VD, 107"~ 10"M) with or without modulators of lipid metabolism and VD pathways.
Cultures were analyzed by immunocyto- and histochemical methods.

Results: Vitamin D supplementation had no effect on enteric neuronal survival in the ND group. HFD caused
substantial loss of myenteric neurons in ileum and colon. Vitamin D supplementation between 0-2x normal had no
effect on HFD-induced neuronal loss. Supplementation with 20x normal, prevented the HFD-induced neuronal loss.
In vitro supplementation of VD prevented the palmitic acid-induced neuronal loss. The VD receptor (VDR) was not
identified in enteric neurons. Enteric glia expressed the alternative VD receptor, protein disulphide isomerase family
A member 3 (PDIA3), but PDIA3 was not found to mediate the VD response in vitro. Inhibition of peroxisome
proliferator-activated receptor gamma (PPARy) and immune neutralization of isocitrate lyase prevented the VD
mediated neuroprotection to palmitic acid exposure.

Conclusions: Results show that VD protect enteric neurons against HFD and palmitic acid induced neuronal loss.
The mechanism behind is suggested to be through activation of PPARy leading to improved neuronal peroxisome
function and metabolism of neuronal lipid intermediates.
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Background

The role of vitamin D has expanded beyond its classical
role in calcium homeostasis. Since animal studies have
shown that vitamin D supplementation protects against
high fat diet (HFD) induced metabolic parameters [1-3],
several efforts have been made to elucidate the role of
vitamin D in type-2 diabetes and in obesity, as well as in
their complications [4—6]. Recently animal models have
likewise shown that various dietary vitamin D supplemen-
tations are able to protect against neurodegeneration
found in i.e. models of Alzheimer’s disease [7, 8]. While
the clinical data on vitamin D supplementation are incon-
clusive [9, 10], the need for exploring the metabolic poten-
tial and cellular mechanisms of vitamin D remains.

Whether produced in the skin through UV radiation
or ingested in the diet, vitamin D (25-hydroxy vitamin
D3) is in the body converted to its active form
la,25-hydroxy-vitamin D3 (VD), by the enzyme
la-hydroxylase also known as cytochrome P450. This
enzyme is found mainly in the kidneys but other cells
types including immune cells and neurons have been
shown to express this enzyme [11, 12]. VD mediates the
majority of its effects by binding to, and thereby activat-
ing the nuclear VD receptor (VDR). Upon activation,
VDR dimerizes with the retinoid-X receptor (RXR)
forming a heterodimer, that in turn binds to specific VD
response elements (VDREs). [13, 14] However, it is sug-
gested that initiation of VDR mediated responses cannot
account for the fast responses seen upon VD stimulation
in certain cell types e.g. osteoblasts and intestinal epithe-
lial cells. [15-17] Protein disulphide isomerase family A
member 3 (PDIA3), also known as 1,25MAARS, has
been suggested as an alternative VD receptor, capable of
mediating the fast VD responses and acting as a modula-
tor of cellular function independent of VDR [15, 18]. Be-
sides the receptor mediated VD responses VD, per se,
has been suggested to act as an antioxidant preventing
lipid peroxidation and stabilizing cell membranes [19].
The anti-oxidative potential of VD, independent of ei-
ther VDR or PDIAS3, still needs to be further assessed. In
addition, VD is reported to decrease reactive oxygen spe-
cies (ROS) by increasing levels of the key anti-oxidative
enzymes superoxide dismutase (SOD), catalase and
glutathione (GSH) [20-22].

Peripheral neuropathy is a common complication of
diabetes suggested to be caused by the combination of
abnormal blood glucose and lipid levels, oxidative and
inflammatory stress and accumulation of advanced gly-
cation products (AGE) [23, 24]. VD deficiency is sug-
gested to be involved in the development of diabetic
neuropathy [25]. Further, it is increasingly recognized
that obesity and HFD models also are associated with a
neurotoxic phenotype. In animals HFD induces
anxiety-like behavior and neuronal loss in hippocampus
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[26, 27], as well as loss of neurons in all parts of the
gastrointestinal (GI) tract [28—30]. Clinical data indir-
ectly support these findings as both depression and GI
dysfunction are common comorbidities of obesity and
the metabolic syndrome [31-33]. The enteric nervous
system (ENS), innervates the entire GI tract and is piv-
otal in the regulation of all GI functions, including mo-
tility, secretion and blood flow [34]. The HFD-induced
neuronal loss has been suggested to be mediated mainly
by the saturated fatty acid palmitic acid (PA) and involve
increased oxidative stress and derangement of metabolic
pathways [28]. The aim of this study was to investigate
effects of VD on HFD-induced neuronal loss and to as-
sess possible pathways by which VD mediates it effects
on PA-induced enteric neuronal loss in vitro.

Methods

In vivo experiments

C57BL/6] mice (n=42, Taconic Bioscience) aged 4 weeks
were randomized divided into seven groups (n=6 each
group), animals were housed in groups. Three groups re-
ceived normal diet (ND) with different doses of Vitamin D
(no vitamin D, ND 0x; normal vitamin D 1.3IU/g [35], ND
1x; twenty times vitamin D, ND 20x). Four groups re-
ceived high fat diet (HFD) with different doses of vitamin
D (no vitamin D, HFD Ox; normal vitamin D, HFD 1x;
double vitamin D HFD 2x; twenty times the normal vita-
min D, HFD 20x). All diets were purified diets (Research
Diets Inc., USA) Table 1 gives nutritional overview and
diet details. After 19 weeks mice were sacrificed by cer-
vical dislocation. The GI tract from cardia to rectum was
collected, opened along the mesenteric border and emp-
tied. Segments of ileum and transverse colon were fixed
and processed for cryo-sectioning [36].

Table 1 Nutritional content and vitamin D concentration in the
normal diet (ND) and high fat diet (HFD)

ND/D12450) HFD/D12492

Protein 20 kecal% 20 kcal%
Carbohydrate 70 kcal% 20 kcal%

Sucrose 6.8 kcal% 6.8 kcal%
Fat 10 kcal% 60 kcal%

Saturated 2 kcal% 19 kecal%

Mono unsaturated 3 kcal% 22 kecal%

Poly unsaturated 5 kcal% 19 kcal%
Vitamin D

Ox - -

1x 131U/g 131U/g

2x - 26 1U/g

20x 26 1U/g 26 1U/g
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In vitro experiments

Primary enteric cultures

C57Bl/6] mice (n=46, 20-23g, Janvier Labs, FR) on
standard chow diet (R36 Lactamin, SE) were used for in
vitro experimentations, animals were housed in groups.
Primary cultures of myenteric neurons were prepared
from the small intestine. Isolation was done in the
morning. Neurons were dissociated using a modification
of a previously described method [28, 37]. In brief, anes-
thetized mice (i.p. injection with Ketalar/Rompun) had
their small intestine exposed via midline incisions. The
longitudinal muscle layer with attached myenteric gan-
glia was stripped from approximately 15 cm of the distal
small intestine. Tissues were placed in Ca®>* and Mg**
free Hank’s balanced salt solution (HBSS) containing 1.9
collagen digestion units (CDU)/mL collagenase 1-A (1.5
mg/mL, Merck, SE) and 4.7 pU/mL protease IX (1.5mg/
mlL, Sigma-Aldrich, SE) and enzymatically and mechan-
ically separated. Trypsin (0.4 mg/mL, BioChrom AG)
and EDTA (0.003%; Merck) were added. Trypsin was
inactivated by addition of 50% v/v fetal bovine serum
(FBS, Biowest, FR). Cell suspension was centrifuged at
15.6 g for 10 min. Supernatant was removed and pellet
washed three times in HBSS, centrifuged at 15.6 g for 10
min and diluted to 0.8 mL in Neurobasal A (NBA) cell
culture medium (ThermoFisher Scientific, SE) contain-
ing 10% FBS (Biowest, FR), 0.5 mM L-glutamine (K0282,
BioChrom AG), 50 U/mL penicillin and 50 pg/mL
streptomycin (A2213, BioChrom AG). Cell cultures were
prepared by adding 50 pL of the constantly mixed cell
suspension into 8-well chambers (30108, SPL, Saveen
Werner) prefilled with 450 uL of the NBA cell culture
medium. From each animal two 8-well chambers
(69mm?/well) were prepared. Suspensions from multiple
animals were never pooled. Cultures were incubated 4
days prior to experimental treatments.

Experimental treatment agents

Stock solutions of palmitic acid (PA, P9767, Merck), VD
(D1530, Merck), 7-dihydrocholesterol (7DHC), 16F16
(SML0021 Merck, PDIA3 inhibitor [38]), GW69662
(M6191, Merck, peroxisome proliferator-activated receptor
gamma (PPARY) inhibitor [28]), were prepared, aliquoted
and stored at -20 °C. Isocitrate lyase (ICL) antibody
(AS10713, Agrisera, SE) and pre-immunization sera (AS03
027, Agrisera, SE) were aliquoted and stored at 4 °C.

Experimental set ups

Various sets of experiments were performed. 1. Cultures
were exposed to medium containing either PA(4x10™*M),
VD (10'%-10"M), 7DHC (10-107"M), 16F16
(7x108-2x10°M), GW69662 (10°M), ICL antibody
(1:250) or pre-immunization sera (1:250). 2 Cultures
were exposed to either VD (10-10"M) + PA
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(4x10™*M) or 7DHC (10°-10"M) + PA (4x10™*M). 3.
Cultures were exposed to either VD (107M) + experi-
mental treatment agent, PA(4x107*M) + experimental
treatment agent or VD (107M) + PA (4x10™*M) + experi-
mental treatment agent. Cultures were incubated 4 days
in treatment media with controls run in parallel, fixated in
Stefaninins and processed for immunocytochemistry.

Histology and immunocytochemistry
For details on primary and secondary antibodies see
Table 2. All antibodies were diluted in phosphate buff-
ered saline (PBS) containing 0.25% Triton X-100 and
0.25% BSA (PBS-T-B). For visualization of submucous
and myenteric neurons, cryo-sections from ND and
HFD mice were immunolabeled with HuC/HuD-biotin
and vectastain ABC kit (Vector laboratories Inc., USA),
according to manufacturer’s protocol [28, 39]. Morpho-
metric analyses of intestines were on Toluidine blue
(0.01% in 60% ethanol for 1.5min) stained cryo-sections.
Double immunolabeling of cultures were by overnight
incubation in moist chamber at 4°C with a mixture of
primary antibodies. Secondary antibodies were mixed
and incubated 1h at RT. Hoechst (ThermoFisher Scien-
tific, SE) cell nuclei counter staining was performed ac-
cording to manufacturer’s protocol. Mounting was in
PBS:glycerol 1:1 followed by fluorescence microscopy
(Olympus BX43, LRI, SE) with appropriate filter setting.

Analyses

Mucosa and muscularis propria thicknesses were esti-
mated for each mouse using the mean from ten mea-
surements (Aperio ScanScope CS/GL SS5082 and
ImageScope). The numbers of HuC/HuD-immunoreac-
tive submucous and myenteric neuronal cell bodies were
counted per mm section length. From each mouse,
cryo-sections (10um) cut longitudinally at 3-4 different
depths comprising a total length of 30-50mm, were used.
Analyses were done blinded to treatment.

Neuronal survival was estimated according to previously
described protocol [28, 37]. In brief, neuronal survival
after exposure to the various treatments was calculated by
counting the total number of HuC/HuD-immunoreactive
(IR) neurons in the entire culture well (69 mm?) and
expressed as percentage of the number of total neurons in
the control well run in parallel (% neuronal survival of
control). With a minimum of 6 observations in 3 bio-
logical repeats, in each treatment group.

Data are presented as means + SEM and analyzed by
GraphPad Prism (GraphPad Software Inc, USA). Statis-
tical significance was determined using two-way analysis
of variance followed by Bonferronis post hoc test (in vivo
data), or one-way analysis of variance followed by Dun-
net’s post hoc test towards controls (in vitro data). A con-
fidence interval of 95% was considered significant.
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Table 2 Overview of primary and secondary antibodies used in immunocytochemistry

Raised against Dilution Code Source Host References
Human neuronal protein, (HuC/HuD) 1:600 A21272 ThermoFisher Scientific, SE Mouse [37,73]
Human gene product 9.5, (PGP 9.5), purified human brain 1:1.200 RA95101 Ultraclone, UK Rabbit [73]
PDIA3 1:500 AF8219 R&D systems, USA sheep

VDR 1:400 Sc-13133 Kind gift professor BO Nilsson, Lund Mouse [74]
S100B (5100), purified bovine brain 1:12.000 70311 DAKO, DK Rabbit [75]
Alexa Fluor 488 anti-mouse IgG 1:1.000 115-485-166 Jackson Lab Inc, USA Goat

Dy-light 594 anti-mouse IgG 1:1.000 715-515-151 Jackson Lab Inc, USA Donkey

Alexa Fluor 594 anti- rabbit IgG 1:1.000 711-515-152 Jackson Lab Inc, USA Donkey

Alexa Fluor 488 anti goat IgG 1:1000 705-545-147 Jackson Lab Inc, USA donkey

Texas Red anti goat IgG 1:400 705-075-147 Jackson Lab Inc, USA donkey

Results

In vivo

All animals were included in the study. Morphometric
analyses of muscularis propria and mucosa in ileum (Fig.
1d) and colon (Fig. 1g) revealed no effect of dietary vita-
min D supplementation on intestinal morphology. A
slight thickening (p<0.05) of ileum muscularis propria in
the HFD 0x group was observed compared to the ND 1x
group (Fig. 1d). None of the dietary vitamin D supple-
mentations affected neuronal survival in either ileum
(Fig. le, f) or colon (Fig. 1h, i) in animals fed the ND.
HFD is known to induce loss of myenteric, but not sub-
mucosal, enteric neurons in mice [28, 30, 40]. Vitamin D
supplementation in the 0-2x range did not attenuate the
HFD induced enteric neuronal loss, in ileum (Fig. 1e, f)
or colon (Fig. 1h, i). However, animals receiving 20x the
normal vitamin D concentration were protected against
the HFD-induced neuronal loss in both ileum (Fig. 1e, f)
and colon (Fig. 1h, i).

In vitro, VD effects on primary enteric cultures

Primary cultures isolated from the longitudinal muscle
layer of mouse small intestine contains myenteric gan-
glia, glia and smooth muscle cells, effects of PA exposure
on these has previously been described [28]. Control
wells displayed 2.2+0.1 neurons per mm? Exposure to
VD (10" = 107M) per se did not affect neuronal sur-
vival in cultures (Fig. 2a). VD serum concentration in
mice are suggested to be in the 10'°M range [41]. Pal-
mitic acid exposure alone induced a significant loss of
cultured neurons (p<0.01, Fig. 2b), the loss was similar
in magnitude to the previous described PA induced loss
[28]. The combined exposure of PA (4x10*M) and VD
(10 — 107M) did not affect neuronal survival (Fig. 2b).
Thus, the presence of VD (101! = 107M) abolished the
previous described PA-induced neuronal loss. To test if
the effect was due to the activated form of vitamin D
(1a,25-hydroxy-vitamin D3, VD) cultures were exposed
to the vitamin D precursor 7-dihydrocholesterol
(7DHC). Exposure of 7DHC (10" — 107M) per se

didn’t affect neuronal survival (Fig. 2c). Addition of
7DHC (10 — 107M) was unable to protect enteric neu-
rons against the PA-induced neuronal loss (Fig. 2b).

Localization of VDR and PDIA3 in vivo and in vitro
Immunocytochemistry revealed VDR expression in muco-
sal epithelial cells of both small and large intestine while
no VDR expression was detected in enteric neurons in
vivo regardless of diet. In primary cultures of enteric neu-
rons, no VDR expression was found in neurons. The alter-
native vitamin D receptor PDIA3 has been suggested to
mediate the rapid effects of vitamin D in intestinal epithe-
lial cells [15]. Immunocytochemistry revealed PDIA3 not
to be expressed on enteric neurons (Fig. 3a-f) in vivo or in
vitro, but to be expressed in intestinal glia in close connec-
tion to enteric neurons (Fig. 3g-i). This was evident in en-
teric neuronal cultures as well (Fig. 3j-1).

In vitro inhibition of PDIA3 in primary enteric cultures

To evaluate if the VD effect was acting indirect by way
of PDIA3 activation in enteric glia, primary enteric cul-
tures were exposed to 16F16, known to inhibit PDI’s in-
cluding PDIA3 [38]. The inhibitor (7x10*M - 2x10™°M)
induced neuronal loss at concentrations above 7x107,
with all cells in culture lost at 2x10™° M (Fig. 4a). Sup-
plementation with the PDIA3 inhibitor (10”M) did not
affect PA-induced neuronal loss in vitro nor did supple-
mentation prevent the VD-mediated protection of the
PA-induced neuronal loss. However, supplementation
with the PDIA3 inhibitor (107M) significantly reduced
neuronal survival in VD treated cultures (Fig. 4b).

In vitro inhibition of PPARYy in primary enteric cultures

VDR is, like peroxisome proliferator-activated receptor
(PPAR), a member of the nuclear hormone receptor
family that form heterodimers with RXR. VDR and
PPAR have interacting signaling pathways [42]. Primary
enteric cultures were supplemented with the PPARy in-
hibitor GW9662 (10°M). The effect of GW9662 on cul-
tured enteric neurons and glia, has been assessed in a
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Fig. 1 Effects of dietary vitamin D supplementation on high fat diet induced enteric neuronal loss and intestinal morphometric. Representative
micrographs (a-c), morphometrics (d, g) and numbers of neurons in myenteric (MG) and submucosal (SG) ganglia (e, f, h, i) in ileum and colon
from mice fed either normal diet (ND) or high fat diet (HFD) supplemented with different concentrations of vitamin D (0 to 20x normal
concentration). a-c cryosections from ileum of ND 1x vitamin D concentration (a), HFD 1x vitamin D concentration (b) and HFD 20x vitamin D
concentration (c) immunostained for HuC/HuD-biotin. Myenteric neurons are indicated with arrows and submucosal neurons with arrowheads. d,
g No effect on intestinal morphology is observed in either ileum (d) or colon (g) in ND or HFD regardless of vitamin D concentration. e, f, h, i

Numbers of neurons per mm in longitudinal cut sections of the intestine. Vitamin D supplementation (0-20x normal concentration) have no
effect on neuronal survival in MG (e, h) and SG (f, i) of ileum (e, f) and colon (h, i) in ND fed mice. Vitamin D supplementation (0-2x normal
concentration) had no effect on HFD induced neuronal loss in MG ileum (e) and colon (h) but high vitamin D supplementation (20x normal
concentration) prevented the HFD-induced myenteric neuronal loss in ileum and colon. Bar represent 20um

previous study [28]. Supplementation of the PPARy in-
hibitor did not prevent the PA induced neuronal loss,
but did prevent the VD-mediated protection of the
PA-induced neuronal loss (Fig. 4c).

In vitro ICL antibody neutralization

Bacteria, fungi and plants use the glyoxylate cycle to by-
pass the CO, producing step in the Krebs cycle, utilizing
two enzymes, ICL and malate synthase. Exposing enteric
neuronal cultures to pre-immune serum (1:250) did not
affect neuronal survival per se or VD’s effect on
PA-induced neuronal loss (Fig. 4d). Exposing cultures to

ICL immune sera (1:250) did not affect neuronal survival
per se nor the PA-induced neuronal loss. However, ICL
immune sera supplementation prevented the protective
effect of vitamin D on PA-induced neuronal loss (Fig. 4e).

Discussion

Current study investigated the neuroprotective potential
of vitamin D and VD on HFD- and PA-induced enteric
neuronal loss. Vitamin D supplementation with 1.3 IU/g
to 2.6 IU/g had no effect on either ND or HFD enteric
neuronal survival. However, supplementation of vitamin
D at 26 IU/g (20x) prevented the HFD-induced neuronal
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Fig. 2 Effects of PA, VD and 7DHC in primary cultures of enteric
neurons. a, ¢ Supplementation with 1a,25-hydroxy-vitamin D3 (VD,
10"-107M) or 7-dihydrocholesterol (7DHC 10"-10”M) had no
effect on neuronal survival. b Cultures treated with palmitic acid (PA,
4x10™M) induced enteric neuronal loss, supplementation with VD
but not 7DHC prevented the PA induced loss. Untreated controls
were run in parallel. Data presented as mean + SEM, per treatment
group, control n=6-12 per group, palmitic acid (PA) n=6, VD n=6-12,
7DHC, PA (4x10*M) + VD (107'-10"M) n=6, PA (4x10™*M) +7DHC
(10°-107M) n=6, ** p<0.01

loss, without affecting ND neuronal survival. In vitro
studies showed VD (10'M-107M) to protect against
PA-induced neuronal loss, this effect was due to the
presence of VD as the biological inactive precursor
7HDC was unable to mimic this neuroprotective effect.
Serum concentration of VD were not assessed in current
study. However, it has been demonstrated that supple-
mentation of 10x the normal vitamin D dose in mice
does not lead to elevated serum VD levels (10°M) nor
induce hypercalcemia [41]. It is therefore not believed
that supplementing with 20 times the normal dose
would lead to toxicity. Further it has been shown that
obesity is associated with lower vitamin D serum con-
centration, and patients should increase daily vitamin D
intake [43].

HFD- and PA-induced neurotoxicity

VD is a lipid soluble vitamin and adipocytes function as
an important VD reservoir [44]. With the obesity epi-
demic and subsequent increase in type 2-diabetes [45],
together with data suggesting that VD deficiency is a
global health problem among all age groups [46], it is
not surprising that the ability of VD to interfere with
metabolic pathways have especially been studied in adi-
pocytes and liver. In adipocytes, VD is involved in the
regulation of differentiation, apoptosis, lipogenesis as
well as acting as an anti-inflammatory agent [2, 47]. In
liver, VD has experimentally been shown to be protective
in HFD-induced steatosis. This is suggested to be
through modulation of lipid metabolism, by increasing
expression of enzymes and transcription factors involved
in fatty acid oxidation i.e. carnitine-palmitoyl transferase
la and 1b (CPT1a, b), pyruvate dehydrogenase kinase 4
(PDK4) and PPAR 1la. [1-3, 48] While studies have
shown neurons capable of both mitochondrial and per-
oxisomal fatty acid oxidation [49], they are not believed
to rely on lipids for energy production [50], this is seen
by e.g. their low expression of CPTla and CPT1b in
mitochondrial membranes and their expression of
CPT1c on endoplasmic reticulum (ER) membranes [51,
52]. HFD- and PA-induced enteric neuronal losses have
been investigated previously [28, 29]. Using pharmaco-
logical agents interfering with intracellular lipid handling
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Fig. 3 Localisation of PDIA3 in mouse and primary cultures of myenteric neurons. Representative micrographs of ileum of normal diet 1x vitamin
D animals (a-¢, g-i) and of primary cultures myenteric neurons (d-f, j-I). a-f Immunocytochemical staining of neuronal cell bodies and fibres using
PGP9.5 inileum (a) and culture (d) and PDIA3 positive fibres and cell bodies in ileum (b) and culture (e), merged images showing PDIA3 is not
co-located with enteric neurons in ileum (c) and culture (f). g-i Immunocytochemical staining to enteric glia using S1008 in ileum (g) and culture
(j) and PDIA3 positive fibres and cell bodies in ileum (h) and culture (k), merged images show co-localisation of ST003 and PDIA3, suggesting

pathways it was suggested that PA-induced neuronal loss
in vitro was through the culmination of multiple meta-
bolic disturbances. This Includes excessive palmitoylcar-
nitine formation, exhausted carnitine stores, increased
acetate-coenzyme A (-CoA) levels and energy depletion
as well as increased levels of oxidative stress and mem-
brane destabilization [28]. The ability of VD to interfere
with these metabolic pathways was, in current study,
tested in vitro.

Receptor mediated VD effects

VD classically mediates its responses by binding to the nu-
clear VDR, leading to altered gene transcription, VDRs
have also been found in plasma membranes, co-localized
with caveolin 1, where they are suggested to mediate a fast
response [53]. Upon activation VDR forms homodimers
with RXR and these complexes modulate gene expression
through binding to VDREs [13, 14]. In man more than
2700 genes have been identified to be regulated by VDR
[14]. By immunocytochemistry VDR was not found in en-
teric neurons either in vivo or in vitro. It should, in this re-
gard be noted that muscle cells (cardiac, skeletal and
smooth) display positive VD mediated effects without
clear evidence of the VDR being present [54]. It has been

suggested that the non-genomic rapid effect of VD is
through activation of the alternative VD receptor, PDIA3
[15]. PDIA3 has been ascribed pleiotropic effects, includ-
ing reduction of cellular stress in neurons [55, 56], protec-
tion against autophagy induced apoptosis in beta cells
[57], and protection against free fatty acid induced hepa-
tosteatosis [58]. Immunocytochemistry showed PDIA3 to
be found in enteric glia in vivo and in vitro. Enteric glia
play important roles in the gut including acting as neur-
onal support and protection [59]. Inhibiting PDIA3 in
vitro did not prevent the ability of VD to protect enteric
neurons against PA-induced loss. This suggests that VD
does not mediate its neuroprotective effect through activa-
tion of PDIA3 in enteric glia.

Oxidative stress and membrane destabilization

VD mediates anti-inflammatory effects and has been
shown to reduce HFD-induced increases in tumor ne-
crosis factor o (TNFa) and pro-inflammatory cytokines
such as interleukin (IL) -6 and lipid peroxidation prod-
ucts [60, 61]. Besides anti-inflammatory effects VD has
also been shown to have anti-oxidative effects by expres-
sion of anti-oxidative enzymes such as superoxide dis-
mutase (SOD), glutathione (GSH), and catalase [21, 22].
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However, VD has also been shown, independent of re-
ceptor activation, to act as a membrane antioxidant by
inhibiting lipid peroxidation. In the study, authors found
the precursor 7HDC to be a more potent antioxidant
than VD [19]. While current results showed 7HDC un-
able to prevent PA-induced neuronal loss, a direct

anti-oxidative effect of VD in the protection against
PA-induced loss cannot be entirely excluded.

Energy metabolism
HFD disrupts the energy balance and pushes the system
towards a more inflammatory and reactive oxygen
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species-rich phenotype. VD has been suggested to
modulate energy pathways, including upregulating genes
involved with fatty acid oxidation and anti-oxidation [3].
HFD has been shown to cause a reduced PPARy expres-
sion and classical PPARYy targets including CD36 in neu-
rons [62], as well as in the small intestine [63]. In
neurons PPARy was suggested to act as neuronal lipid
sensor, sensing and signaling to the central nervous sys-
tem clues about the peripheral metabolic status [62]. In
the intestinal epithelial cells, PPARy is suggested to
regulate barrier function and microbiome related inflam-
mation [63]. We show that inhibition of PPARy prevents
the VD induced protection against the PA-induced neur-
onal loss in vitro, suggesting that high VD concentra-
tions induce PPARY activity.

Alternative VD pathway

Plants, bacteria and nematodes have maintained the abil-
ity to synthesize glucose from lipids, using acetate pro-
duced from peroxisomal beta oxidation. This energy
bypass is called the glyoxylate cycle. It is catalyzed by
two enzymes isocitrate lyase (ICL) and malate synthase
(MS) and is active in situations where environmental en-
ergy supply demands it [64]. In peroxisomes isocitrate is
cleaved by ICL to form succinate and glyoxylate. Succin-
ate enter the Krebs cycle and glyoxylate condenses with
-CoA forming malate in a reaction catalyzed by MS.
Malate can be converted into phosphoenolpyruvate by
the enzyme phosphoenolpyruvate carboxykinase
(PEPCK), and enter gluconeogenesis, thereby enabling
lipid-derived carbon to be converted into glucose. The
presence of this pathway in higher eukaryotes has been
debated, including its presence and activity in peroxi-
somes of liver [65, 66], cartilage [67] and brown fat [68]
as well as its absence. [69-71] Those suggesting its pres-
ence have shown that VD activate the glyoxylate or a
glyoxylate-like cycle in liver and cartilage and stimulate
the conversion of PA derived acetyl-CoA into glycogen
[65, 67]. It is tempting to speculate that high VD expos-
ure in enteric neurons is able to stimulate this pathway.
Using immunoneutralization to inhibit ICL activity we
showed that supplementing cultures with ICL anti-
bodies, but not pre-immune sera, prevented the
VD-induced protection against the PA-induced neuronal
loss. Whether the ICL immune serum contains undeter-
mined mediators capable of inhibiting the VD response
has not been investigated in currently study and cannot
be excluded. It is however, interesting to note that
PPARYy is a known inducer of PEPCK, the enzyme enab-
ling malate to enter gluconeogenesis. The induction of a
glyoxylate or glyoxylate-like cycle has been suggested in
hepatic glucose production [70, 72], where lipids in-
crease hepatic gluconeogenesis. A working hypothesis in
this respect could be that VD activates PAPRy and
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glyoxylate cycle-like pathways, causing PA or PA-CoA
shunting towards peroxisome degradation, gluconeogen-
esis and glucose production. In all creating a, for neu-
rons, non-toxic metabolic intermediate that enables
survival in a PA overload situation.

Conclusion

In this study, we showed neuroprotective effects of VD
against HFD- and PA-induced neuronal loss. The sug-
gested pathway involves VD-induced activation of
PPARy which in turn improve neuronal peroxisome
function and shuttling of PA-CoA. Suggesting that sup-
plementation of vitamin D in the diet could protect en-
teric neurons against obesity-induced damage.
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