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Background and Objectives. The exact pathological mechanism of Parkinson’s disease (PD) remains elusive, and the existing
therapies fail to reverse the disease progression. This study intended to explore the epigenetic anti-inflammatory mechanism of
ketogenic diet (KD). Materials and Methods. The neuroprotective effect of ketosis state prior to the onset of PD (preventive KD,
KDp) was compared with that receiving KD after the onset (therapeutic KD, KDt) in the lipopolysaccharide- (LPS-) induced rat
PD model. A total of 100 rats were randomly assigned to the following 4 groups: sham, LPS, LPS + KDp, and LPS + KDt groups.
Results. Significant dopamine deficient behaviors (rotational behavior and contralateral forelimb akinesia), upregulation of
proinflammatory mediators (TNF-a, IL-1f3, and IL-6), loss of dopaminergic neurons, reduction of mGluR5" microglia cells,
increase of TSPO" microglia cells, reduction of H3K9 acetylation in the mGluR5 promoter region and mGluR5 mRNA expression,
and decline in the phosphorylation levels of Akt/GSK-33/CREB pathway were observed after the intervention of LPS (P < 0.01).
TSPO and DAT PET imaging revealed the increased uptake of '*F-DPA-714 in substantia nigra and decreased uptake of '°F-FP-
CIT in substantia nigra and striatum in LPS-treated rats (P < 0.001). These impairments were alleviated by the dietary intervention
of KD, especially with the strategy of KDp (P < 0.05). Conclusions. The anti-inflammatory effect of KD on PD was supposed to be
related to the modulation of Akt/GSK-33/CREB signaling pathway mediated by the histone acetylation of mGIuR5 promotor
region. The KD intervention should be initiated prior to the PD onset in high-risk population to achieve a more
favorable outcome.

1. Introduction

Parkinson’s disease (PD) affects more than 6 million patients
worldwide [1, 2]. This neurodegenerative disease was the
fastest growing neurological disorder in prevalence. The
disability-adjusted life-years and death rates for PD also
showed an increasing trend. Apart from the cardinal motor
symptoms induced by the striatal dopaminergic deficiency,
the impact from various concurrent nonmotor symptoms

has been increasingly recognized [3, 4]. Though the primary
hallmark of PD is definitely the reduction of dopaminergic
neurons in the substantia nigra (SN) located at mesen-
cephalon, reversing its progression or prevention is still a
challenge [5]. This dilemma should be attributed to the poor
understanding of the complex etiopathology related to PD.

A complicated network of crosstalk between neurons,
glia, and immune cells plays a crucial role in the onset and
progression of PD [6]. Reactive microglia have been
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observed in the SN of PD subjects, suggesting the in-
volvement of neuroinflammation [7]. Therefore, apart from
the current treatment strategy by maintaining the dopamine
balance, anti-inflammatory therapy is a promising field to
explore novel neuroprotective strategy for PD. The ex-
pression of Translocator Protein 18 kDa (TSPO), first de-
scribed as the peripheral benzodiazepine receptor, was
considered to be upregulated in the activated microglia [8].
This biomarker for brain neuroinflammation can be
accessed by using TSPO positron emission tomography
(PET) neuroimaging [9]. Compared with the radiotracer of
"'C-PK11195, '®F-DPA-714 showed better imaging per-
formance on affinity, bioavailability, and signal-to-noise
ratio (SNR) [10, 11]. Moreover, the noninvasive neuro-
receptor PET imaging also allowed the in vivo evaluation of
the aberrant nigrostriatal dopamine transporter (DAT)
function, which was one of the most prominent and sensitive
biomarkers in the early stage of PD [12].

Ketogenic diet (KD), characterized by a high-fat, ade-
quate protein, and low-carbohydrate content, has been
employed for the treatment of epilepsy, and even for sup-
pressing the superrefractory status epilepticus [13]. In view
of the feasibility, safety, and efficacy, its application in PD
was also investigated [14]. PD subjects following KD rules
showed significant improvements in both motor and non-
motor symptoms [15-18]. Despite the fact that the precise
mechanism for the neuroprotective actions on PD remains
controversial [19], the KD could exert anti-inflammatory
effects mediated by multiple approaches [20]. In addition to
the direct inhibition of releasing proinflammatory cytokines
induced by NOD-, LRR-, and pyrin domain-containing 3
(NLRP3) inflammasome assembly, the anti-inflammatory
effect of PD can also be partly explained by the epigenetic
mechanisms, for example, histone acetylation [21, 22]. The
determination of corresponding signal pathways mediated
by histone acetylation in microglia under KD state would be
critical for developing novel targeted interventions. Besides,
to the best of our knowledge, the preventive effect of KD on
the PD onset has not been elucidated yet.

The current study intended to explore the epigenetic
anti-inflammatory mechanism of KD for the neuro-
protective actions on PD, via in vivo TSPO and DAT dual-
tracer PET imaging combined with in vitro molecular bi-
ological detection in the rat model of PD. In addition, the
neuroprotective effect of ketosis state prior to the onset of
PD (preventive KD, KDp) was compared with that receiving
KD after the onset (therapeutic KD, KDt).

2. Materials and Methods

Four-week-old male Sprague-Dawley rats were group-
housed under standard conditions on a 12-hour light/dark
cycle. All rats had free access to food and water. A total of 100
rats were randomly assigned to the following 4 groups: sham,
lipopolysaccharide (LPS), LPS + KDp, and LPS + KDt groups.
Stereotactic injection was performed for all rats 4 weeks later.
Behavioral tests, PET imaging, and in vitro experiments were
studied at another 4 weeks after the operation of stereotactic
injection. The sham and LPS groups were fed with control diet
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(CD), containing 15% protein, 65% carbohydrates, and 20%
fat based on energy source. The LPS + KDp group was fed
with KD, containing 15% protein, <1% carbohydrates, and
89% fat. The LPS + KDt group was fed with CD for 4 weeks
initially, but with KD after the LPS injection.

2.1. LPS-Induced PD Model. After being anesthetized with
sodium pentobarbital, animals were placed in a stereotaxic
instrument. For the LPS, LPS + KDp, and LPS + KDt groups,
LPS solution (5 ug/2 ul; L2880, Sigma-Aldrich) was injected
into the substantia nigra (SN) pars compacta with a 28 G
Hamilton syringe. The stereotaxic coordinates were as fol-
lows: anteroposterior, —5.2mm from the bregma; medio-
lateral, —2.0 mm from the midline; and dorsoventral, 7.8 mm
below the dura. At the end of the infusion, the syringe was
left implanted for an additional 5min and slowly retracted.
Rats in sham group were conducted with the same proce-
dure, except the 2yl 0.9% saline rather than LPS solution
that was injected into the SN.

2.2. Behavioral Tests. In hemi-Parkinsonian rats, sensitized
striatum should be more prone to be stimulated by apo-
morphine (APO), resulting involuntary rotation. The APO-
induced rotation test was performed 4 weeks after stereo-
tactic injection (n=5 for each group) [23]. All rats were
injected with 1 mg/kg of APO s.c., and the number of the
turns was recorded for 30 min.

The cylinder test was performed in these rats as well, to
compare the spontaneous use of each single forelimb [24].
The number of touching the cylinder wall with each forelimb
was appraised separately for 5min. Based on the total
touches, the proportion of using contralateral limb was
determined and compared among different groups.

2.3. Small Animal Brain PET Scan and Image Analysis.
The syntheses of '®F-DPA-714 and '®F-FP-CIT were con-
ducted according to methods previously reported [25, 26].
The injected doses of '*F-DPA-714 and '®F-FP-CIT were
38.6+£0.7 MBq and 25.4+ 0.6 MBq, respectively (n=5 for
each group). Static emission scans were obtained for 20 min
by using the Inveon PET/CT scanner (Siemens Medical
Solutions, Germany), 40 min after the injection through the
tail vein [27, 28]. A low-dose CT scan was also performed for
the attenuation correction of PET data.

PET images were reconstructed by a three-dimensional
order-subset expectation maximization algorithm, with voxel
dimensions of 0.78 x 0.78 x 0.80 mm>. Then, all the recon-
structed '"®F-DPA-714 and 'F-FP-CIT PET images were
processed to create radiotracer-specific brain templates
through the Small Animal Molecular Imaging Toolbox
(SAMIT) software package (http://mic-umcg.github.io/samit/
). After spatial normalization to the home-made templates,
PET images were coregistered to the MRI template embedded
in SAMIT. Volumes of interest (VOIs) for the substantia nigra
(SN) and striatum (Str) were automatically segmented via the
corresponding labeled 3D Atlas, and the averaged standard
uptake value (SUV) was calculated.
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2.4. ELISA Experiments. Blood was collected by cutting the
tail tips of rats at 4 weeks after surgery (n =5 for each group).
The serum f-hydroxybutyrate (BHB) levels were determined
using a metabolism assay kit (MAKO041, Sigma-Aldrich).
Then, transcardial perfusion was conducted with a hepa-
rinized-PBS solution. SN of these rats was quickly isolated
and washed using ice-cold PBS. After being dried, weighed,
grinded, homogenized, and centrifuged, the obtained su-
pernatant was analyzed to determine the levels of tumor
necrosis factor-a (TNF-a, RAB0480, Sigma-Aldrich), in-
terleukin-1p (IL-1$, AB1832P, Sigma-Aldrich), and inter-
leukin-6 (IL-6, RABO0311, Sigma-Aldrich) in SN through
ELISA Kits.

2.5. Immunohistochemistry and Immunofluorescence. On
the day following the PET scan, the rats under anesthesia
state were perfused intracardially with cold 4% parafor-
maldehyde. According the routine immunohistochemistry
procedure as previously reported [29], the primary anti-
bodies of anti-TH (1:1000; ab184451, Abcam) and anti-
DAT (1:300; ab184451, Abcam) were used in the current
study. The number of TH/DAT-positive cells in the SN was
counted, and the integrated density of DAT-positive fibers in
Str was assessed with the Imaging J threshold plugin (Image
J, NIH/USA) for each hemisphere.

Immunofluorescent staining was performed with the
primary antibodies against mGluR5 (1:200, ab76316,
Abcam), TSPO (1:100, ab154878, Abcam), ionized cal-
cium-binding adaptor molecule-1 (Iba-1) for microglia cells
(1:100, Ab5076, Abcam), and DAPI for nuclei (1: 5000, sc-
3598, Santa Cruz). The mGluR5 positive or TSPO positive
microglia cell numbers in SN per square millimeter were
counted separately. The ratio of the lesioned (left) to the
intact (right) side was analyzed and utilized for the further
statistical analysis of both the immunohistochemical and
immunofluorescent staining.

2.6. Western Blot Analysis. The brain tissue of SN was
separated after decapitation, as described in the section of
ELISA Experiments (n=5 for each group). Western blot
analyses were conducted with the primary antibodies against
mGluR5 (1:1000, Ab76316, Abcam), p-Akt (1:1000, 9271,
CST), Akt (1:1000, 9272, CST), p-GSK-3f (1:1000, 9336,
CST), GSK-38 (1:1000, Ab227208, Abcam), p-CREB (1:
1000, 9198, CST), CREB (1:1000, 9197, CST), and B-Tubulin
(1:500, Ab6046, Abcam), following the similar procedure
reported previously [23].

2.7. Quantitative Reverse Transcription-PCR (qRT-PCR) for
mGIuR5 mRNA Expression. Total RNA in SN was extracted
using the QTAGEN RNeasy kit (n =5 for each group). After
being purified and treated with DNase, the mRNA was
reverse-transcribed to synthesize the cDNA. The expression
level of mGIuR5 mRNA was estimated by qRT-PCR in
StepOne™ Real-Time PCR System (Applied Biosystems,
USA). The following primers for mGluR5 were used in the
process of PCR: F: 5'-AGCTCAACTCCATGATGTTGT-3'

and R: 5'-ATCTCTGCGAAGGTCGTCAT-3'. The quanti-
fication of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression was employed as the internal control:
F: 5-GAGGCCGGTGCTGAGATTGT-3' and R: 5'-
GGTGGCAGTGATGGCATGGA-3'. The fold change in
mRNA levels over control values was computed through the
delta-delta method [30].

2.8. Chromatin Immunoprecipitation (ChIP) and qRT-PCR
for Histone H3K9 Acetylation. The frozen tissue of SN was
sectioned and cross-linked in formaldehyde (n=5 for each
group). The ChIP procedure was conducted by using the
SimpleChIP® Enzymatic Chromatin IP Kit (9003, CST). The
collected supernatant was immunoprecipitated with the
antibody against H3 acetylation on Lys9 (aceH3K9, 9649,
CST), anti-RNA polymerase II (positive control), and
normal mouse IgG (negative control). Then, the isolated
DNA-histone complex was incubated and treated with
RNase A and proteinase K. The DNA associated with
aceH3K9 was purified and quantified by qRT-PCR. The
aceH3K9 level in the GAPDH promoter region was also
studied to establish the specific changes. The fold changes of
aceH3K9 level in mGIuR5 promoter region over control
were calculated through the delta-delta method [31].

2.9. Statistical Analysis. Values were shown as mean + SEM.
All data were analyzed using the SPSS software (IBM SPSS
Statistics, Version 25.0). Comparisons among multiple
groups were performed by one-way analysis of variance and
followed by post hoc Bonferroni test. P value less than 0.05
(P <0.05) was considered statistically significant.

3. Results

3.1. Dopamine Deficient Behaviors. Figure 1(a) shows the
LPS-induced significant rotational behavior compared with
sham group in APO-induced rotation test (159.4 + 12.2 vs.
4.2+ 1.5, P<0.001). In addition, both KDp (55.6 + 6.5) and
KDt (95.2 + 6.4) significantly reduced the numbers of turns
seen in the LPS group (both P <0.001). However, compared
with KDt group, a significant decrease in the rotation
numbers was found in KDp group (P <0.05).

The results of cylinder test illustrated in Figure 1(b) were
consistent with those of APO-induced rotation test. Sig-
nificant contralateral forelimb akinesia was induced by LPS,
compared with sham group (14.5+1.4 vs. 51.1%1.5,
P<0.001). Both KDp (36.4+2.2, P<0.001) and KDt
(23.2+ 1.7, P<0.05) significantly increased the percentage
of using contralateral forelimb seen in the LPS group.
However, compared with KDt group, a significant increase
in the percentage of using contralateral limb was found in
KDp group (P <0.001).

3.2. Dual-Tracer PET Imaging. Representative '*F-DPA-714
and "®F-FP-CIT PET images were displayed in Figure 2. As
shown in Figure 2(a), significantly increased SUV of '®F-
DPA-714 in SN was found in LPS-treated rats (0.487 + 0.038,
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FiGURe 1: Dopamine deficient behavior test results of all groups. Data were presented as the mean + SEM in APO-induced rotation test (a)
and cylinder test (b). ***P <0.001; **P < 0.01; *P < 0.05; LPS, lipopolysaccharide; KDp, preventive intervention with KD prior to the PD

onset; KDt, therapeutic intervention with KD after the PD onset.

0.324+£0.024 and 0.398 +0.023 for LPS, LPS+KDp and
LPS + KDt groups, respectively) compared with that of sham
rats (0.198 £0.018, all P <0.05). The intervention of KDp
(P <0.01), rather than KDt (P > 0.05), significantly reduced
the degree of '*F-DPA-714 uptake seen in LPS group. No
significant difference was found in '*F-DPA-714 uptake
between KDp and KDt interventions (P > 0.05).

Compared with that of sham group (1.301 £0.047 and
1.973 £ 0.081, respectively; Figures 2(b) and 2(c)), significantly
reduced SUVs of '"*F-FP-CIT in SN and Str were found in LPS
(0.641 + 0.040 and 1.424 + 0.073, respectively; both P < 0.001)
and LPS + KDt (0.798 + 0.039 and 1.659 + 0.060, respectively;
both P < 0.05) groups. The intervention of KDp (1.081 + 0.048
and 1.772+0.075, respectively; both P <0.05), rather than
KDt (P >0.05), significantly increased the degree of SN and
Str '"®F-FP-CIT uptakes seen in LPS group. However, the SN
'®F-FP-CIT uptakes of LPS+KDp group were significantly
lower than those of sham group (P <0.05), but higher than
those of LPS + KDt group (P < 0.01), which was not found in
Str (P> 0.05).

3.3. Serum BHB Level and Proinflammatory Mediators in SN.
Not only the intervention of KDp, but also the KDt sig-
nificantly increased the serum BHB level (1.116 +0.090 and
1.021 £ 0.088 mmol/L, respectively; P <0.001), compared
with those of sham and LPS groups with control diet
(0.151£0.017 and 0.140+£0.016 mmol/L, respectively;
Figure 3(a)). No significant difference in serum BHB level
was found between KDp and KDt groups (P > 0.05).

As shown in Figure 3(b), LPS injection into the SN
remarkably  upregulated the level of TNF-«
(7.236 £ 0.287 pg/mg), IL-1f3 (8.320 + 0.357 pg/mg), and IL-6
(6.706 £ 0.312 pg/mg), compared with sham treatment
(3.016 £0.144, 3.126+0.314, 2.594+0.253 pg/mg, respec-
tively). 'The intervention of KDp (5.176+0.249,
5.588 +0.283, 4.748 + 0.324 pg/mg, respectively; all P < 0.01),
rather than KDt (6.244 +0.247, 7.140 = 0.306,
6.186 + 0.341 pg/mg, respectively; all P> 0.05), significantly
suppressed the production of these proinflammatory

mediators. Besides, the levels of TNF-q, IL-1f and IL-6 after
the intervention of KDp were significantly lower than those
of KDt (all P<0.05).

3.4. Deficient Dopaminergic System in SN and Str. The im-
munohistochemical staining results of TH and DAT were
displayed in Figure 4. The numbers of surviving TH" and
DAT" nerve cells in SN and DAT" fiber intensity in Str were
significantly ~decreased in rats injected with LPS
(0.665 £ 0.035, 0.663 + 0.047 and 0.770 + 0.033, respectively;
all P<0.01), compared with those with sham treatment
(0.996 + 0.050, 1.009 + 0.052 and 1.003 + 0.058, respectively).
The intervention of KDp (0.910 +0.026 and 0.908 +0.033,
respectively; both P <0.01), rather than KDt (0.762 + 0.034
and 0.760+0.035, respectively; P >0.05), significantly
inhibited the decline of TH™ and DAT" nerve cells in SN
seen in the LPS group.

3.5. The mGIuR5 and TSPO Expression of Microglia Cells in
SN. Figure 5 shows the LPS-induced significant reduction of
mGluR5" microglia cells (0.204+0.029 vs. 1.005+0.055;
P <0.001; Figures 5(a) and 5(c)), but there is a significant
increase in the TSPO" microglia cells (4.860+0.213 vs.
1.064 £0.063; P<0.001; Figures 5(b) and 5(d)) in SN,
compared with sham treatment. Both interventions of KDp
and KDt prevented the inhibitory effect of LPS on mGluR5"
microglia cells (0.791 + 0.032 and 0.547 + 0.026, respectively;
P <0.001) and suppressed the excessive TSPO" microglia
cells induced by LPS (2.108 £0.136 and 3.578 +0.148, re-
spectively; P <0.001). Compared with LPS+KDt group,
however, LPS + KDp group had significantly greater number
of mGIuR5" microglia cells and fewer number of TSPO™
microglia cells (P <0.01).

3.6. H3K9 Acetylation in the mGIuR5 Promoter Region and
mGIuR5 mRNA Expression. The levels of aceH3K9 in
mGIuR5 promoter region and mGIuR5 mRNA expression
were further estimated (Figures 5(e) and 5(f)). The LPS led
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to a reduction of H3K9 acetylation in the mGIuR5 promoter
region (0.519+0.047 vs. 1.037+0.061; P<0.001) and
mGIuR5 mRNA expression (0.467 +0.051 vs. 1.010 + 0.041;
P <0.001), compared with sham treatment. The intervention
of KDp (0.833+0.041 and 0.791 +£0.031, respectively; both
P<0.01), but not KDt (0.666+0.046 and 0.619 +0.044,
respectively; P> 0.05), significantly inhibited the decline of
aceH3K9 in mGIuR5 promoter region and mGIuR5 mRNA
expression in SN seen in the LPS group. The LPS+ KDp
group tended to have greater levels of H3K9 acetylation and
mGIuR5 mRNA expression than those of the LPS+ KDt

group, but this difference did not reach statistical signifi-
cance (P> 0.05).

3.7. The Expression of mGIuR5 and Phosphorylation of Akt/
GSK-3B/CREB  Pathway. The expression of mGIuR5
(0.167 £0.022 vs. 0.560 +0.023), p-Akt (0.257 +£0.047 vs.
1.149 £ 0.059), p-GSK-3p (0.772+0.054 vs. 1.137 £0.065)
and p-CREB (0.148 £0.030 vs. 0.580+0.049) in SN was
suppressed by LPS, compared with sham group (all P <0.01,
Figure 6). The intervention of KDp prevented the
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downregulation of mGIuR5 (0.448£0.024), p-Akt
(0.809+0.047), p-GSK-38 (1.544+0.075), and p-CREB
(0.644 £ 0.056) induced by LPS (all P <0.001). However, the
intervention of KDt only prevented the downregulation of
mGluR5 (0.336 +0.028) and p-GSK-3f (1.159 £0.071), but
not that of p-Akt (0.431 + 0.041) and p-CREB (0.261 + 0.046)
induced by LPS. The expression of mGluR5 and phos-
phorylation of p-Akt, p-GSK-3p, and p-CREB in LPS + KDp
group were significantly higher than those in LPS+KDt
group (all P <0.05).

4. Discussion

The findings in the current study revealed that LPS caused
significant dopamine deficient behaviors and dopami-
nergic neurons loss, accompanied with neuro-
inflammation relevant to microglial activation in SN.
Dietary intervention with KD suppressed the inflamma-
tory response and exerted neuroprotective effects on LPS-
induced rat PD model, via modulating the Akt/GSK-3p/
CREB signaling pathway mediated by the histone

acetylation of mGIuR5 gene promotor region. The
prominent finding was that the neuroprotective effect of
KDp should be better than that of KDt.

We suggested that utilizing KD with the prevention
strategy prior to the PD onset might be more effective than
those receiving KD after the onset. It has been noted that
LPS-induced loss of dopaminergic neurons in the SN was
time-dependent [32]. Moreover, the impairment on the
nigrostriatal DA neurons indirectly via microglial acti-
vation was permanent [33]. Currently, the limited ther-
apeutic means are mainly used to relieve symptoms and
delay the disease progression to some extent. Due to the
nonregeneration of neurons loss in neurodegenerative
disease, rare clinical therapeutic options exist for re-
versing its progression [34]. The ketosis induced by KD
might require a couple of days to reach a stable state.
Therefore, it may be too late to introduce neuroprotective
intervention after the onset of irreversible dopaminergic
system damage. Initiating the KD or other anti-inflam-
matory intervention prior to the PD onset in susceptible
population should be a more promising strategy.
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FiGure 5: The changes of mGluR5 and TSPO expression induced by LPS and KD in SN. The numbers of mGluR5" microglia cells (a, c),
TSPO™ microglia cells (b, d), and the levels of aceH3K9 in mGIuR5 promoter region (e) and mGIuR5 mRNA expression (f) were compared
among multiple groups. Data were presented as the mean+ SEM. ***P <0.001; **P <0.01; *P <0.05; LPS, lipopolysaccharide; KDp,
preventive intervention with KD prior to the PD onset; KDt, therapeutic intervention with KD after the PD onset.

mGIuR5 (132 kD) N Ss gen e

£
p-Akt (GOKD) i & 4w w2
[_4
Akt (60 KD) e s g s— q\'L
_ _— [Te)
p-GSK-3B (46KD) W S M
)
GSK—3ﬁ (46kD) . - — —— =
p-CREB (43 kD) —
CREB (43 kD) i sl ssss g
B-Tubulin (55 kD) e <D SN SN
= 19%) o =
5 g g
97} + +
-
o= |
()
*%
%t %
@ 20
@ *%
2 15 ns
O
Q 1.0 %
o
%05
Q
a 0.0
g %2} o 5
£ 3 g g
1%} + +
e &
=] —
(d)

Sham

p-Akt/Akt

1% o ® 1% o ®
a a a § A a a
— N M = = 9 M
n + %) X +
1% 1%
LA LA
AN 4 =
(b) (c)
ns
%% %%
0.8 ns
ES 0.6
~ 0.
9
m 04 ok
E 02 H4%
@] .
A
0.0
E w
£ 5
w

LPS+KDp
LPS+KDt

(e)

F1GURE 6: The effects of LPS and KD on the expression of mGluR5, p-Akt, p-GSK-3f and p-CREB in SN. The expression of mGluRS5 (a, b),
and phosphorylation of Akt (a, ¢), GSK-3f (a, d) and CREB (a, e) were compared among multiple groups. Data were presented as the
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The findings of current study implied that the anti-in-
flammatory effects of KD on rat PD model were associated to
the modulation of Akt/GSK-35/CREB signaling pathway
mediated by mGluR5. Ablation of mGluR5 could stimulate
the microglial activation [35], while activating the mGluR5

via selective agonist would attenuate the microglial-induced
neurotoxicity [36]. The phospholipase C and protein kinase
C signaling pathways were considered to be involved in the
anti-inflammatory action of activated mGIuR5 [37]. Apart
from the degeneration of nigrostriatal dopaminergic
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neurons, aggregated a-synuclein is another prominent PD
pathology. Extracellular «-synuclein could selectively
interacted with mGluR5 in microglia, stimulating the ex-
pression level of proinflammatory cytokines [38]. This
process was alleviated through the specific agonist of
mGluR5 as well. Therefore, targeting mGluR5 is supposed to
be an attractive strategy to regulate neuroinflammation for
neuroprotection.

The phosphorylation of Akt, also called protein kinase B,
is determined by the activation of phosphatidylinositol-3
kinase (PI3K). The activities of multiple substrates in the
downstream of PI3K/Akt signaling pathway regulate several
physiological or pathophysiological state, including multiple
neurodegenerative diseases [39]. Among these substrates,
the GSK-3p is a serine/threonine kinase too and abundantly
expresses in nervous system. Evidence from Alzheimer’s
disease (AD) animal and cell models suggested that in-
creased activation of this pathway was associated with the
improved performance and reduced Af levels as well
[40, 41]. The neuroprotective mechanism for the anti-in-
flammatory effects of activated Akt/GSK-3f on LPS-induced
PD model can be partly attributed to the gene expression
inhibition of proinflammatory mediators [29]. Similar to our
findings, it has been reported that the downregulation of
Akt/GSK-3B/CREB signaling would weaken the anti-in-
flammatory action related to mGluR5 in microglia [42].

Though the exact pathology of PD remains elusive, the
oxygen free radicals, trophic factors loss, altered calcium
homeostasis, and neuroinflammation have been supposed to
be involved [6, 43-45]. However, these pathological pro-
cesses associated with PD might be alleviated by the multiple
neuroprotective mechanism of ketosis induced by KD
[46-49]. The anti-inflammatory properties of KD also have
been verified in other neurological disorders associated to
neuroinflammation, including multiple sclerosis, pain, ep-
ilepsy, AD, and spinal cord injury [50-52]. The possible
mechanisms supporting its anti-inflammatory actions in-
cluded the direct inhibition of NLRP3 inflammasome as-
sembly, epigenetic adaptation linked to caloric restriction,
polyunsaturated fatty acids, ROS reduction, and gut
microbiome [53-58]. Among them, the function of
microglial cells can be modulated via various epigenetic
mechanisms, such as DNA methylation and histones acet-
ylation. [59]. Ketone body serves as not only an energy
substrate, but also a signaling molecule. Moreover, BHB has
been classified as a specific histone deacetylase inhibitor as
well [22, 60]. Our results further suggested that anti-in-
flammatory effects of KD were associated to the upregula-
tion of mGIuR5/Akt/GSK-35/CREB signaling pathway via
increasing the histone acetylation level of mGIuR5 gene
promotor region.

Combined with previous studies, our data provide
further insight that targeting the mGIuR5 with epigenetic
modulation would be an attractive strategy to alleviate the
microglia activation in PD. Beyond the radiotracers for
TSPO and DAT utilized in the current research, the
metabolism of ketone body, the function of mGIuRS5, and the
process of epigenetic modification could also be assessed by
using corresponding positron agents [61-63]. PET imaging

allows the noninvasive detection and monitoring for the
whole process of KD exerting anti-inflammatory effects on
PD via mediating the histone acetylation or DNA methyl-
ation of mGIuR5 gene.

LPS-induced PD model was introduced in our study.
However, this inflammatory-predominant model does not
fully represent the complete pathological process of PD, so it
is uncertain whether our conclusions could be applicable in
other PD models. Besides, the in vivo and in vitro assess-
ments were only conducted at 4 weeks after the LPS injec-
tion. Further, longer follow-up would help determine the
exact difference in neuroprotection between the KDp and
KDt schemes. An alternative to the dietary intervention of
KD is the oral administration of ketone body esters, which
provide a safe and convenient method for raising plasma
ketone body level [64]. However, rather than merely
boosting the ketone body level, the neuroprotective mech-
anisms of KD are diverse, such as caloric restriction or
altered gut microbiome. The difference in anti-inflammation
between rigorous KD and ketone body esters should be
taken into consideration, underlining the necessity for
further comparative investigation [19].

5. Conclusions

The anti-inflammatory effects of KD on LPS-induced rat PD
model were associated to the modulation of Akt/GSK-3f/
CREB signaling pathway mediated by the histone acetylation
of mGIuR5 gene promotor in SN. Dietary intervention with
KDp, rather than KDt, should be employed prior to the PD
onset in susceptible population, to achieve a more favorable
outcome.

Data Availability

The data generated during the current study are available
from the corresponding author upon reasonable request.

Disclosure

The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Tongji Hospital of
Huazhong University of Science and Technology.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Conceptualization was done by G.R. and Y.Z.; methodology
was prepared by G.R.; software was provided by Y.Z,; val-
idation was done by Z.C. and Q.D.; formal analysis was done
by Y.Z. and G.R; investigation was done by Y.Z., Z.C., and
Q.D.; resources were provided by Y.Z. and G.R; data
curation was done by Y.Z., Z.C,, and Q.D.; original draft
preparation was by Y.Z., Z.C., and Q.D.; review and editing
were done by G.R. and Y.Z,; visualization was done by Y.Z.
and Q.D.; supervision was done by G.R; project adminis-
tration was done by G.R. and Y.Z.; funding acquisition was



10

done by G.R, Y.Z, and Z.C. All authors have read and
agreed on the published version of the manuscript.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China (NSFC) (Nos. 81801729, 51907077, and
81901782).

References

[1] E.R. Dorsey, A. Elbaz, E. Nichols et al., “Global, regional, and
national burden of Parkinson’s disease, 1990-2016: a sys-
tematic analysis for the Global Burden of Disease Study 2016,”
The Lancet Neurology, vol. 17, no. 11, pp. 939-953, 2018.

[2] E. R. Dorsey, T. Sherer, M. S. Okun, and B. R. Bloem, “The
emerging evidence of the Parkinson pandemic,” Journal of
Parkinson’s Disease, vol. 8, no. 1, pp. S3-S8, 2018.

[3] T. A. Zesiewicz, “Parkinson disease,” Continuum: Lifelong
Learning in Neurology, vol. 25, no. 4, pp. 896-918, 2019.

[4] D. Aarsland, L. Batzu, G. M. Halliday et al., “Parkinson
disease-associated cognitive impairment,” Nature Reviews
Disease Primers, vol. 7, no. 1, p. 47, 2021.

[5] A. Iarkov, G. E. Barreto, J. A. Grizzell, V. Echeverria, and
V. Echeverria, “Strategies for the treatment of Parkinson’s
disease: beyond dopamine,” Frontiers in Aging Neuroscience,
vol. 12, p. 4, 2020.

[6] V. Zaman, D. C. Shields, R. Shams et al,, “Cellular and

molecular pathophysiology in the progression of Parkinson’s

disease,” Metabolic Brain Disease, vol. 36, no. 5, pp. 815-827,

2021.

G. Gelders, V. Baekelandt, and A. Van der Perren, “Linking

neuroinflammation and neurodegeneration in Parkinson’s

disease,” Journal of immunology research, vol. 2018, Article ID

4784268, 12 pages, 2018.

[8] T. R. Guilarte, “TSPO in diverse CNS pathologies and psy-
chiatric disease: a critical review and a way forward,” Phar-
macology & Therapeutics, vol. 194, pp. 44-58, 2019.

[9] T. R. Guilarte, A. N. Rodichkin, J. L. McGlothan,
A. M. Acanda De La Rocha, and D. J. Azzam, “Imaging
neuroinflammation with TSPO: a new perspective on the
cellular sources and subcellular localization,” Pharmacology &
Therapeutics, vol. 234, Article ID 108048, 2022.

[10] F. Chauveau, N. Van Camp, F. Dollé et al., “Comparative

evaluation of the translocator protein radioligands 11C-DPA-
713, 18F-DPA-714, and 11C-PK11195 in a rat model of acute
neuroinflammation,” Journal of Nuclear Medicine, vol. 50,
no. 3, pp. 468-476, 2009.

[11] J. Doorduin, H. C. Klein, R. A. Dierckx, M. James, M. Kassiou,

and E. F. J. de Vries, “[11C]-DPA-713 and [18F]-DPA-714 as

new PET tracers for TSPO: a comparison with [11C]-(R)-

PK11195 in a rat model of herpes encephalitis,” Molecular

Imaging and Biology, vol. 11, no. 6, pp. 386-398, 2009.

P. Fazio, P. Svenningsson, Z. Cselényi, C. Halldin, L. Farde,

and A. Varrone, “Nigrostriatal dopamine transporter avail-

ability in early Parkinson’s disease,” Movement Disorders,

vol. 33, no. 4, pp. 592-599, 2018.

[13] M. C. Cervenka, S. Hocker, M. Koenig et al., “Phase I/II

multicenter ketogenic diet study for adult superrefractory

status epilepticus,” Neurology, vol. 88, no. 10, pp. 938-943,

2017.

D. Wtlodarek, “Role of ketogenic diets in neurodegenerative

diseases (Alzheimer’s Disease and Parkinson’s Disease),”

Nutrients, vol. 11, no. 1, p. 169, 2019.

—
X

[12

(14

Parkinson’s Disease

[15] C. Veyrat-Durebex, P. Reynier, V. Procaccio et al., “How can a
ketogenic diet improve motor function?” Frontiers in Mo-
lecular Neuroscience, vol. 11, p. 15, 2018.

[16] S. Shaafi, S. Najmi, H. Aliasgharpour et al., “The efficacy of the
ketogenic diet on motor functions in Parkinson’s disease: A
rat model,” Iranian journal of neurology, vol. 15, no. 2,
pp. 63-69, 2016.

[17] M. M. Tidman, D. White, and T. White, “Effects of an low
carbohydrate/healthy fat/ketogenic diet on biomarkers of
health and symptoms, anxiety and depression in Parkinson’s
disease: a pilot study,” Neurodegenerative Disease Manage-
ment, vol. 12, no. 2, pp. 57-66, 2022.

[18] H. Koyuncu, V. Fidan, H. Toktas, O. Binay, and H. Celik,
“Effect of ketogenic diet versus regular diet on voice quality of
patients with Parkinson’s disease,” Acta Neurologica Belgica,
vol. 121, no. 6, pp. 1729-1732, 2021.

[19] K. Z. Kuter, L. Olech, U. Glowacka, and M. Paleczna, “In-
creased beta-hydroxybutyrate level is not sufficient for the
neuroprotective effect of long-term ketogenic diet in an an-
imal model of early parkinson’s disease,” International
Journal of Molecular Sciences, vol. 22, no. 14, p. 7556, 2021.

[20] S. Koh, N. Dupuis, and S. Auvin, “Ketogenic diet and neu-
roinflammation,” Epilepsy Research, vol. 167, Article ID
106454, 2020.

[21] Z. Xie, D. Zhang, D. Chung et al., “Metabolic regulation of

gene expression by histone lysine beta-hydroxybutyrylation,”
Molecular Cell, vol. 62, no. 2, pp. 194-206, 2016.

[22] T. Shimazu, M. D. Hirschey, J. Newman et al., “Suppression of
oxidative stress by beta-hydroxybutyrate, an endogenous
histone deacetylase inhibitor,” Science (New York, N.Y.),
vol. 339, no. 6116, pp. 211-214, 2013.

[23] F. N. Cankara, M. S. Kus, C. Glinaydin et al., “The beneficial
effect of salubrinal on neuroinflammation and neuronal loss
in intranigral LPS-induced hemi-Parkinson disease model in
rats,” Immunopharmacology and Immunotoxicology, vol. 44,
no. 2, pp. 168-177, 2022.

[24] R. J. Su, J. L. Zhen, W. Wang, J. L. Zhang, Y. Zheng, and
X. M. Wang, “Time-course behavioral features are correlated
with Parkinson’s disease-associated pathology in a 6-
hydroxydopamine hemiparkinsonian rat model,” Molecular
Medicine Reports, vol. 17, no. 2, pp. 3356-3363, 2018.

[25] M. L.James, R. R. Fulton, J. Vercoullie et al., “DPA-714, a new

translocator ~ protein-specific ligand: synthesis, radio-

fluorination, and pharmacologic characterization,” Journal of

Nuclear Medicine, vol. 49, no. 5, pp. 814-822, 2008.

X. Han, S. Sun, Y. Sun et al., “Small molecule-driven NLRP3

inflammation inhibition via interplay between ubiquitination

and autophagy: implications for Parkinson disease,” Auto-

phagy, vol. 15, no. 11, pp. 1860-1881, 2019.

[27] S. Sinharay, T. W. Tu, Z. I. Kovacs et al., “In vivo imaging of

sterile microglial activation in rat brain after disrupting the

blood-brain barrier with pulsed focused ultrasound: [18F]

DPA-714 PET study,” Journal of Neuroinflammation, vol. 16,

no. 1, p. 155, 2019.

F. Blandini and M. T. Armentero, “Animal models of Par-

kinson’s disease,” FEBS Journal, vol. 279, no. 7, pp. 1156-1166,

2012.

B. Huang, J. Liu, T. Meng et al., “Polydatin Prevents lipo-

polysaccharide (LPS)-induced parkinson’s disease via regu-

lation of the AKT/GSK3p-Nrf2/NF-«B signaling Axis,”

Frontiers in Immunology, vol. 9, p. 2527, 2018.

[30] M. W. Pfaffl, “A new mathematical model for relative
quantification in real-time RT-PCR,” Nucleic Acids Research,
vol. 29, no. 9, p. e45, 2001.

[26

(28

[29



Parkinson’s Disease

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

Y. Xu, X. Liu, X. Zhang et al., “Histone acetylation of the htr3a
gene in the prefrontal cortex of Wistar rats regulates ethanol-
seeking behavior,” Neural Regen Res, vol. 7, no. 13,
pp. 1021-1028, 2012.

B. Liu, J.-W. Jiang, B. C. Wilson et al., “Systemic infusion of
naloxone reduces degeneration of rat substantia nigral do-
paminergic neurons induced by intranigral injection of li-
popolysaccharide,”  Journal — of  Pharmacology  and
Experimental Therapeutics, vol. 295, no. 1, pp. 125-132, 2000.
A. J. Herrera, A. Castafo, J. L. Venero, J. Cano, and
A. Machado, “The single intranigral injection of Ips as a new
model for studying the selective effects of inflammatory re-
actions on dopaminergic system,” Neurobiology of Disease,
vol. 7, no. 4, pp. 429-447, 2000.

M.J. Armstrong and M. S. Okun, “Diagnosis and treatment of
parkinson disease: a review,” JAMA, vol. 323, no. 6,
pp. 548-560, 2020.

T. G. Carvalho, J. Alves-Silva, J. M. de Souza et al.,
“Metabotropic glutamate receptor 5 ablation accelerates age-
related neurodegeneration and neuroinflammation,” Neuro-
chemistry International, vol. 126, pp. 218-228, 2019.

D. J. Loane, B. A. Stoica, A. Pajoohesh-Ganji, K. R. Byrnes,
and A. I. Faden, “Activation of metabotropic glutamate re-
ceptor 5 modulates microglial reactivity and neurotoxicity by
inhibiting NADPH oxidase,” Journal of Biological Chemistry,
vol. 284, no. 23, pp. 15629-15639, 2009.

K. R. Byrnes, B. Stoica, D. J. Loane, A. Riccio, M. I. Davis, and
A. 1. Faden, “Metabotropic glutamate receptor 5 activation
inhibits microglial associated inflammation and neurotoxic-
ity,” Glia, vol. 57, pp. 550-560, 2009.

Y.-N. Zhang, J.-K. Fan, L. Gu, H.-M. Yang, S.-Q. Zhan, and
H. Zhang, “Metabotropic glutamate receptor 5 inhibits
a-synuclein-induced microglia inflammation to protect from
neurotoxicity in Parkinson’s disease,” Journal of Neuro-
inflammation, vol. 18, no. 1, p. 23, 2021.

S. Song, F. Zhou, and W. R. Chen, “Low-level laser therapy
regulates microglial function through Src-mediated signaling
pathways: implications for neurodegenerative diseases,”
Journal of Neuroinflammation, vol. 9, no. 1, p. 219, 2012.

E. Rockenstein, M. Torrance, A. Adame et al., “Neuro-
protective effects of regulators of the glycogen synthase ki-
nase-3f3 signaling pathway in a transgenic model of
alzheimer’s disease are associated with reduced amyloid
precursor protein phosphorylation,” Journal of Neuroscience,
vol. 27, no. 8, pp. 1981-1991, 2007.

J.-H. Yoon, N. Lee, K. Youn et al., “Dieckol ameliorates A
production via PI3K/Akt/GSK-3f regulated APP processing
in SweAPP N2a Cell,” Marine Drugs, vol. 19, no. 3, p. 152,
2021.

S. A. Bhat, R. J. Henry, A. C. Blanchard, B. A. Stoica,
D. J. Loane, and A. I. Faden, “Enhanced Akt/GSK-3/3/CREB
signaling mediates the anti-inflammatory actions of mGluR5
positive allosteric modulators in microglia and following
traumatic brain injury in male mice,” Journal of Neuro-
chemistry, vol. 156, no. 2, pp. 225-248, 2021.

A. Herrera, P. Muiloz, H. W. M. Steinbusch, and J. Segura-
Aguilar, “Are dopamine oxidation metabolites involved in the
loss of dopaminergic neurons in the nigrostriatal system in
parkinson’s disease?” ACS Chemical Neuroscience, vol. 8,
no. 4, pp. 702-711, 2017.

D. Cieri, M. Brini, and T. Cali, “Emerging (and converging)
pathways in Parkinson’s disease: keeping mitochondrial
wellness,” Biochemical and Biophysical Research Communi-
cations, vol. 483, no. 4, pp. 1020-1030, 2017.

(45]

(46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

11

K. Badanjak, S. Fixemer, S. Smaji¢, A. Skupin, and
A. Griinewald, “The contribution of microglia to neuro-
inflammation in parkinson’s disease,” International Journal of
Molecular Sciences, vol. 22, no. 9, p. 4676, 2021.

K. Sato, Y. Kashiwaya, C. A. Keon et al., “Insulin, ketone
bodies, and mitochondrial energy transduction,” The FASEB
Journal, vol. 9, no. 8, pp. 651-658, 1995.

X. Yang and B. Cheng, “Neuroprotective and anti-inflam-
matory activities of ketogenic diet on MPTP-induced neu-
rotoxicity,” Journal of Molecular Neuroscience, vol. 42, no. 2,
pp. 145-153, 2010.

A. Gyorkos, M. H. Baker, L. N. Miutz, D. A. Lown,
M. A. Jones, and L. D. Houghton-Rahrig, “Carbohydrate-
restricted diet and exercise increase brain-derived neuro-
trophic factor and cognitive function: a randomized crossover
trial,” Cureus, vol. 11, no. 9, Article ID e5604, 2019.

A. Choi, M. Hallett, and D. Ehrlich, “Nutritional ketosis in
parkinson’s disease—a review of remaining questions and
insights,” Neurotherapeutics, vol. 18, no. 3, pp. 1637-1649,
2021.

D. Y. Kim, J. Hao, R. Liu, G. Turner, F.-D. Shi, and J. M. Rho,
“Inflammation-mediated memory dysfunction and effects of a
ketogenic diet in a murine model of multiple sclerosis,” PLoS
One, vol. 7, no. 5, Article ID e35476, 2012.

G. Kong, J. Liu, R. Li et al., “Ketone metabolite -hydrox-
ybutyrate ameliorates inflammation after spinal cord injury by
inhibiting the nlrp3 inflammasome,” Neurochemical Research,
vol. 46, no. 2, pp. 213-229, 2021.

A. Pinto, A. Bonucci, E. Maggi, M. Corsi, and R. Businaro,
“Anti-oxidant and anti-inflammatory activity of ketogenic
diet: new perspectives for neuroprotection in alzheimer’s
disease,” Antioxidants, vol. 7, no. 5, p. 63, 2018.

Y. H. Youm, K. Y. Nguyen, R. W. Grant et al., “The ketone
metabolite beta-hydroxybutyrate blocks NLRP3 inflamma-
some-mediated inflammatory disease,” Nature Medicine,
vol. 21, no. 3, pp- 263-269, 2015.

W. R. Swindell, “Genes and gene expression modules asso-
ciated with caloric restriction and aging in the laboratory
mouse,” BMC Genomics, vol. 10, no. 1, p. 585, 2009.

D. Hernandez-Saavedra, L. Moody, G. B. Xu, H. Chen, and
Y.-X. Pan, “Epigenetic Regulation of Metabolism and In-
flammation by Calorie Restriction,” Advances in Nutrition,
vol. 10, no. 3, pp. 520-536, 2019.

H. Sampath and J. M. Ntambi, “Polyunsaturated fatty acid
regulation of genes of lipid metabolism,” Annual Review of
Nutrition, vol. 25, no. 1, pp. 317-340, 2005.

M. Maalouf, P. G. Sullivan, L. Davis, D. Y. Kim, and J. M. Rho,
“Ketones inhibit mitochondrial production of reactive oxygen
species production following glutamate excitotoxicity by in-
creasing NADH oxidation,” Neuroscience, vol. 145, no. 1,
pp. 256-264, 2007.

C. A. Olson, H. E. Vuong, J. M. Yano, Q. Y. Liang,
D. J. Nusbaum, and E. Y. Hsiao, “The Gut Microbiota Me-
diates the Anti-Seizure Effects of the Ketogenic Diet,” Cell,
vol. 174, no. 2, p. 497, 2018.

S. Petralla, F. De Chirico, A. Miti et al., “Epigenetics and
communication mechanisms in microglia activation with a
view on technological approaches,” Biomolecules, vol. 11,
no. 2, p. 306, 2021.

M. Zhao, X. Huang, X. Cheng et al., “Ketogenic diet improves
the spatial memory impairment caused by exposure to
hypobaric hypoxia through increased acetylation of histones
in rats,” PLoS One, vol. 12, no. 3, Article ID e0174477, 2017.



12

(61]

(62

(63]

[64]

L. Mu, P. August Schubiger, and M. S. Ametamey, “Radio-
ligands for the PET Imaging of Metabotropic Glutamate
Receptor Subtype 5 (mGluR5),” Current Topics in Medicinal
Chemistry, vol. 10, no. 15, pp. 1558-1568, 2010.

T. Tago and J. Toyohara, “Advances in the development of
PET ligands targeting histone deacetylases for the assessment
of neurodegenerative diseases,” Molecules, vol. 23, no. 2,
p- 300, 2018.

M. Roy, S. Nugent, J. Tremblay-Mercier et al., “The ketogenic
diet increases brain glucose and ketone uptake in aged rats: a
dual tracer PET and volumetric MRI study,” Brain Research,
vol. 1488, pp. 14-23, 2012.

S. A. Hashim and T. B. Vanltallie, “Ketone body therapy: from
the ketogenic diet to the oral administration of ketone ester,”
Journal of Lipid Research, vol. 55, no. 9, pp. 1818-1826, 2014.

Parkinson’s Disease



