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Abstract: Tay-Sachs disease (TSD) is a progressive heritable neurodegenerative disorder characterized
by the deficiency of the lysosomal β-hexosaminidase enzyme (Hex−/−) and the storage of GM2
ganglioside, as well as other related glycoconjugates. Along with motor difficulties, TSD patients also
manifest a gradual loss of skills and behavioral problems, followed by early death. Unfortunately,
there is no cure for TSD; however, research on treatments and therapeutic approaches is ongoing.
This study underlines the importance of gemfibrozil (GFB), an FDA-approved lipid-lowering drug, in
inhibiting the disease process in a transgenic mouse model of Tay-Sachs. Oral administration of GFB
significantly suppressed glial activation and inflammation, while also reducing the accumulation
of GM2 gangliosides/glycoconjugates in the motor cortex of Tay-Sachs mice. Furthermore, oral
GFB improved behavioral performance and increased the life expectancy of Tay-Sachs mice. While
investigating the mechanism, we found that oral administration of GFB increased the level of
peroxisome proliferator-activated receptor α (PPARα) in the brain of Tay-Sachs mice, and that GFB
remained unable to reduce glycoconjugates and improve behavior and survival in Tay-Sachs mice
lacking PPARα. Our results indicate a beneficial function of GFB that employs a PPARα-dependent
mechanism to halt the progression of TSD and increase longevity in Tay-Sachs mice.

Keywords: Tay-Sachs disease; glial activation; GM2 ganglioside; gemfibrozil; peroxisome proliferator-
activated receptor α

1. Introduction

Tay-Sachs disease (TSD) disease is an autosomal recessive lysosomal storage disorder
of the central nervous system (CNS), characterized by the heritable absence of the enzyme
β-hexosaminidase A (HEXA), which is essential for the degradation of GM2 gangliosides.
Therefore, the progressive accumulation of GM2 and subsequent neurodegeneration are
pathological hallmarks of TSD [1,2]. As a rare disease, the carrier rate for TSD is about 1 in
250–300 people, with an incidence of approximately 1 in 320,000 live births in the US [2–4].
On the other hand, among Ashkenazi Jews, the incidence of TSD is estimated to be around
1 in 3600 [2–4].

GM2 ganglioside is an intermediate molecule of sphingolipids and other glycoconju-
gates. Therefore, mutations in the genes encoding HEXA cause the accumulation of GM2
ganglioside into the lysosome, leading to GM2 gangliosidoses Tay–Sachs (TSD, OMIM
#272800). There are about 14 different axons of HEXA harboring more than 175 known
mutations, including those found in French Canadians, Cajuns, Irish, and Brazilians [5].
Among Ashkenazi Jews, p.Tyr427Ilefs*5 and a donor splice-junction mutation in intron
12, c.1421+1G>C, account for over 90% of TSD cases, leading to severe, infantile-onset
disease. On the other hand, among the non-Jewish population, while the c.1073+1G>A
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mutation results in severe disease, the p.Gly269Ser mutation is associated with adult-onset
disease [2,5]. Sphingolipid metabolism, including gangliosides, is highly regulated for the
differentiation and development of the central nervous system (CNS), and its expression is
essential for the maintenance of the functional integrity of the nervous system [6,7]. The
GM2 ganglioside accumulation leads to several cytotoxic effects that take place mainly in
neurons, causing neuronal death [8].

Glial activation and dysfunction are salient features of neuroinflammatory and neu-
rodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
multiple sclerosis (MS) [9–12]. Recent studies showed that the storage of GM1 and GM2
gangliosides in the CNS led to microgliosis and astrogliosis, and that the degree of in-
flammation correlates with increased levels of ganglioside accumulation [11]. Therefore,
agents capable of inhibiting glial activation and inflammation in Tay-Sachs pathogenesis
might offer neuroprotection in TSD. We previously revealed that gemfibrozil (GFB), a
drug approved by the FDA for lipid lowering, inhibits the expression of inducible nitric
oxide synthase (iNOS) and proinflammatory cytokines in astrocytes and microglia [13–15].
Here, we examined the effect of GFB on inflammation and overall glycoconjugate induced
pathology in a mouse model of TSD, and observed that oral administration of GFB was
capable of reducing glial inflammation and lowering glycoconjugates in the motor cortex
of Tay-Sachs mice. Since GFB is an agonist of peroxisome proliferator-activated receptor α
(PPARα), we investigated its role in GFB-mediated neuroprotection and found that GFB
remained unable to reduce TSD pathology and increase longevity in Tay-Sachs mice lacking
PPARα. Our results suggest that oral GFB may have therapeutic importance for TSD.

2. Materials and Methods
2.1. Reagents

Gemfibrozil (Figure 1) was purchased from Spectrum Chemical (New Brunswick, NJ,
USA). Anti-Iba1 antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-
GFAP antibody (DAKO) was procured from Agilent (Santa Clara, CA USA), whereas
anti-iNOS antibody was bought from BD Bioscience (San Jose, CA, USA). Alexa-fluor
secondary antibodies used for immunofluorescence analyses were obtained from Jackson
ImmunoResearch (West Grove, PA, USA), and IR-Dye-labeled secondary antibodies used
for immunoblotting analyses were from Li-Cor Biosciences (Lincoln, NE, USA).
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Figure 1. Structure of gemfibrozil (GFB).

2.2. Animals

Tay-Sachs (B6;129S-Hexatm1Rlp/J) mice or mice lacking hexosaminidase a or the Hexa
gene were purchased from Jackson Laboratories. Experimental mice were housed under
standard conditions with access to food and water ad libitum. Mice were bred and screened
by genotyping. Tay-Sachs mice were also bred with PPARα knock out mice to generate
bigenic Tay-Sachs∆PPARα mice. National Institutes of Health guidelines were followed for
animal maintenance and experiments. Animal protocols were approved by the Institutional
Animal Care and Use committee of Rush University Medical Center (Chicago, IL, USA).



Cells 2023, 12, 2791 3 of 17

2.3. Gemfibrozil (GFB) Treatment

GFB was solubilized in a 0.1% methyl cellulose solution. Tay-Sachs mice (3 months
old) were treated with GFB at a dose of 8 mg/kg/day via gavage. Each mouse was fed
with 100 µL of GFB solution by oral gavage daily for the next 60 days. Usually, any
animal experiment is justified with a 99% confidence interval that generates p = 0.99 and
(1 − p) = (1 − 0.99) = 0.01; ε is the margin of error = 0.05. Based on these values, the
resultant sample size is: N = 1282 × 0.99 × (1 − 0.99) × 0.052 = 1282 × 0.99 × 0.01 × 0.052
= 0.016 × 0.0025 = 6.48. Therefore, six mice (n = 6) were used in each group.

2.4. Western Blotting

Immunoblotting was carried out as described previously [16]. After protein measure-
ment, equal amounts of proteins were analyzed in 10% or 12% SDS-PAGE followed by
transferring onto a nitrocellulose membrane. The blot was probed with primary antibodies
overnight at 4 ◦C. The following primary antibodies [anti-iNOS (1:1000, BD Biosciences),
anti-Iba1 (1:1000, Abcam), anti-GFAP (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA),
and anti-β-actin (1:5000, Abcam)] were used in this study. After overnight incubation,
primary antibodies were removed, and the blots were washed with phosphate buffer saline
containing 0.1% Tween-20 (PBST) and incubated with corresponding infrared fluorophore-
tagged secondary antibodies (1:10,000, Jackson Immuno-Research) at room temperature.
The blots were then incubated with secondary antibodies for 1 h. Later, blots were scanned
with an Odyssey infrared scanner (Li-COR, Lincoln, NE, USA). ImageJ software (NIH,
Bethesda, MD, USA) was used for quantification of band intensities.

2.5. Immunohistochemistry

Immunohistochemical analysis was carried out as mentioned before [16,17]. Briefly,
mice were perfused transcardially with 4% paraformaldehyde, followed by keeping the
brains in a 30% sucrose solution at 4 ◦C. Coronal sections (30 µm thickness) were cut from
the forebrain containing striatum and motor cortex. Sections were blocked with 3% normal
horse serum and 2% BSA made in PBST containing 0.5% Triton X-100 (Sigma-Aldrich,
St. Louis, MI, USA) for 1 h. Sections were then kept in primary antibodies and incubated
overnight at 4 ◦C temperature under shaking conditions. The next day, the samples
were washed several times with PBST, followed by incubation with Cy2- or Cy5-labeled
secondary antibodies (all 1:500; Jackson Immuno-Research) for 1 h under similar shaking
conditions. Finally, after several washes with PBST, sections were incubated with 4′,6-
diamidino-2-phenylindole (DAPI, 1:10,000; Sigma-Aldrich) for 5 min. Mean fluorescence
intensity (MFI) was measured using Fiji (ImageJ2) [18,19].

2.6. PAS and H&E Staining

Periodic acid-Schiff (PAS) staining was performed with the PAS stain kit from Abcam
(ab150680) as advised by the manufacturer. PAS-stained sections were counterstained with
haematoxylin, dehydrated, cleared with a series of solutions of increasing concentrations of
ethanol and xylene, and mounted in DPX (dibutyl phthalate xylene, British Drug Houses).

2.7. Open Field Test

Locomotor abilities of the animals were monitored by an open field test on a hori-
zontal plane. A camera linked to the Noldus system and EthoVision XT software (The
Netherlands) was employed to capture movement-associated parameters. The instrument
records the overall movement abilities of the animals, such as total distance moved, velocity,
moving time, resting time, center time, and frequencies of movement. Before recording the
movement, all experimental mice were kept inside the open field arena for 10 min daily for
2 consecutive days for training and recording baseline values. After one day of rest, each
mouse was gently placed in the middle of the open field arena, followed by data acquisition
with the help of the software for 5 min [20].
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2.8. Rotarod

It was performed as described before [17]. Briefly, mice were placed on the rotating rod
against the direction of rotation. The machine was set to run at a gradually increasing speed
of 4–40 rpm. The time for spending on the rotating rod was noted, and the experiment was
ended once the animal slipped from the rod to the base of the instrument.

2.9. Gait Analysis

It was monitored as delineated earlier [21,22]. Briefly, mice were acclimatized by
making them walk on a slanting platform for two consecutive days. Each mouse was given
five trials each day to walk on the platform to the ascending direction. Mice were tested
after one day of rest. In order to get the impression of the footprints of each animal, the
gangway was covered with a long white paper, and the limbs of the animals were painted
with non-toxic black ink. Different gait parameters, such as stride length, stride width, foot
length, and toe spread, were recorded based on the footprints. If any animal stopped or
started walking in reverse direction, the experiment for that animal was repeated.

2.10. Survival Assay

Another cohort of mice was sacrificed at the endpoint to assess survival analysis. All
mice were followed daily for 6 months to record survival. Survival time reflects the time
required for the animals to reach parameters of measurable endpoints, such as reduced gait
and motor movements and paralysis of fore and hind limbs. Survival data were plotted
using the Kaplan–Meier method, and different groups were compared using the Log–rank
(Mantel–Cox) test (GraphPad Prism Software v.9.0).

2.11. Statistics

Statistics were performed using GraphPad Prism version 9.0. One-way ANOVA
followed by Tukey’s multiple comparison test was performed for analyzing statistical
significance among multiple samples, whereas unpaired two-tailed t-test was employed
to compare two samples. Values are expressed as mean ± S.E.M., and the criterion for
statistical significance was p < 0.05.

3. Results
3.1. Oral Administration of GFB Prevents Activation of Astrocytes and Microglia in the Motor
Cortex of Tay-Sachs Mice

Neurodegenerative disorders are often characterized by the proliferation and activa-
tion of astrocytes and microglia, which tend to accelerate the disease process [23–25]. We,
therefore, sought to investigate the effect of oral GFB on gliosis and inflammation. Im-
munostaining of astrocyte specific marker, glial fibrillary acidic protein (GFAP), exhibited
that the Tay-Sachs mice had a significantly higher number of astroglia in the motor cortex
region when compared to the non-Tg mice (Figure 2A,C). Moreover, the expression of
the nitrosative stress marker inducible nitric oxide synthase (iNOS) was also found to be
significantly upregulated in GFAP +ve astroglia in the motor cortex region of Tay-Sachs
mice when compared to the non-Tg mice (Figure 2A,B,D). Western blot of GFAP and iNOS
of these brain tissues corroborated these results (Figure 2E–G). Interestingly, the number of
activated astroglia as well as the expression of astroglial iNOS decreased by GFB treatment
in Tay-Sachs mice suggesting that GFB profoundly exerts an anti-inflammatory effect in
TSD mouse model.
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Figure 2. Oral administration of GFB mitigates the activation of astrocytes in the cerebral cortex of
Tay-Sachs mice. Three-month-old Tay-Sachs mice (n = 6/group) were treated with GFB (8 mg/kg/d)
solubilized in 0.5% methylcellulose. Therefore, the control group of Tay-Sachs mice received 0.5%
methylcellulose as a vehicle. After 2 months of daily treatment, mice were sacrificed. Age-matched
non-transgenic mice (n = 6/group) were used as control. Astroglial activation was monitored in
cerebral cortex sections by double-label immunofluorescence for GFAP and iNOS (A) followed by
quantification of iNOS +ve (B) and GFAP +ve cells (C) and iNOS +ve, GFAP +ve cells (D). Results
represent counting of three different sections from three different mice (n = 3) per group with ImageJ
software. Cerebral cortex homogenates (n = 4 per group) were subjected to immunoblot analysis for
GFAP using β-actin as a loading control (E). Densitometric analysis of relative iNOS (iNOS/Actin)
(F) and GFAP (GFAP/Actin) (G) levels with respect to non-transgenic was measured with ImageJ.
All data represent mean ± SEM. Statistical analyses were performed by one-way ANOVA, followed
by Dunnett’s multiple comparison test; *** p < 0.001. Label color code: top right; scale bars are as
marked. GFAP, Glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase.

Next, we monitored microgliosis in the motor cortex region of Tay-Sachs mice and
found increased immunostaining of microglia by its marker ionized calcium binding
adaptor molecule 1 (Iba1) (Figure 3A,B). Furthermore, greater colocalization of iNOS
with microglia was seen in Tay-Sachs mouse brains as compared to the non-Tg mice
(Figure 3A,C). Moreover, immunoblot analysis confirmed a significant increase in the
protein expression of Iba1 in Tay-Sachs mice as compared to the non-Tg group (Figure 3D,E).
Interestingly, we found that consistent to the inhibition of astrogial activation, oral GFB
significantly reduced microglial inflammation.
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Figure 3. Oral administration of GFB inhibits the activation of microglia in vivo in the cerebral cortex
of Tay-Sachs mice. Three-month-old TS mice (n = 6/group) were treated via oral gavage with GFB
(8 mg/kg/d) solubilized in 0.5% methylcellulose. Therefore, control TS mice received 100 µL 0.5%
methylcellulose as a vehicle. After 2 months of daily treatment, mice were sacrificed. Age-matched
non-transgenic mice (n = 6/group) were used as control. Microglial activation was monitored in brain
(cerebral cortex) sections by double-labelled immunofluorescence for Iba1 and iNOS (A) followed by
quantification of Iba1 +ve (B) and iNOS +ve, Iba1 +ve cells (C). Results represent counting of three
different sections from three different mice (n = 3) per group with ImageJ software. Cerebral cortex
homogenates (n = 4 per group) were subjected to immunoblot analysis for Iba1 using β-actin as a
loading control (D). Densitometric analysis of relative Iba1 (Iba1/Actin) (E) levels with respect to
non-transgenic was measured. All data represent mean ± SEM. Statistical analyses were performed
by one-way ANOVA, followed by Dunnett’s multiple comparison test; *** p < 0.001. Iba1, Ionized
calcium binding adapter molecule 1; iNOS, inducible nitric oxide synthase.

3.2. Treatment with GFB Attenuates Neuronal Apoptosis and Reduces Glycoconjugates in
Tay-Sachs Mice

Apoptosis was detected by the in situ terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) method. We surveyed the motor cortex region of the
brain in severely symptomatic Tay-Sachs mouse brain of 3–4 months of age. The number
of apoptotic neurons was significantly higher in Tay-Sachs mice compared to the age-
matched Non-Tg mice. Oral treatment with GFB significantly reduced neuronal apoptosis
(Figure 4A,B).
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Sachs mice. Three-month-old TS mice (n = 6/group) were orally administered with GFB (8 mg/kg/d)
solubilized in 0.5% methylcellulose. Therefore, control TS mice received 0.5% methylcellulose as a
vehicle. After 2 months of treatment, cortical sections were stained for TUNEL (A). TUNEL (+ve) cells
were expressed as a % of total cells per square mm (B). Paraffin-embedded cerebral cortex sections
were subjected to periodic acid-Schiff (PAS) stain for analyzing glycolipids (C). The glycoconjugate
material -stained magenta is shown by the arrow and quantified for PAS +ve cells per mm square (D).
Paraffin-embedded sections were also subjected to H & E staining as characterized by large vacuoles
(thick arrows), pyknotic nuclei, and swollen neuron in TS mice (E). The number of vacuoles was
quantified per mm square (F). Results represent counting three different sections from 3 different mice
(n = 3) per group. All data represented as mean ± SEM. All statistical analyseis were as performed by
one-way ANOVA, followed by Dunnett’s multiple comparison test. *** p < 0.001.

We also used routine hematoxylin and eosin (H&E) stained sections to evaluate
the tissues of the motor cortex region of the brain and then added periodic acid-Schiff
(PAS) and immunohistochemistry (IHC) staining methods to characterize intricate details.
Pathological amounts of GM2 ganglioside and related glycoconjugates, reported elevated
as early as in fetal life, appear to increase linearly over time, and by age 4w are easily
visible by PAS staining [26]. In the present study, we evaluated the motor cortex region of
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3–4 month old Tay-Sachs mice stained with periodic acid-Schiff reagent (PAS) to detect
stored glycoconjugates, a hallmark of GM2 gangliosides.

Immunohistochemistry revealed widely dispersed PAS positive granular staining
in Tay-Sachs mice that was mostly cytoplasmic and restricted to macrophages and mi-
croglia when compared to the Non-Tg wild-type control. Moreover, Tay-Sachs mice also
had markedly increased amounts of larger and paler staining granular material in the
perinuclear cytoplasm of numerous large and medium-sized neurons (Figure 4C,D). Oral
treatment with GFB significantly reduced PAS positive granules and had lower amounts
of stained granular material present in smaller amounts and in far fewer neurons. The
glycoconjugate material-stained magenta is shown by the arrow and quantified for PAS
+ve granules per mm square (Figure 4C,D). Tay-Sachs mice compared to Non-Tg showed
widely dispersed swollen dystrophic axons, neurites, and spheroids in multiple regions of
the tissue. Moreover, there was severe vacuolation in Tay-Sachs mice compared to Non-Tg
mice (Figure 4E,F). In marked contrast, the pathological findings observed in GFB-treated
mice displayed reduced swollen dystrophic axons, neurites, and a significant reduction in
the number of vacuoles (Figure 4E,F). Our finding indicates that oral administration of GFB
activates the expression of β-hexosaminidase that clears the stored material and restores
apparent normal histology.

3.3. Oral Administration of GFB Improves Gait, Alleviates Motor Deficits, and Increases Survival
in Tay-Sachs Mice

The neuroprotective effect of GFB treatment against Tay-Sachs-associated brain pathol-
ogy necessitated the evaluation of the behavioral parameters of the experimental mice. In
the present investigation, our focus was on the motor cortex, the region known to regulate
motor coordination and movement. To investigate motor coordination in more details, we
performed footprint analysis to measure gait. While the stride length of Tay-Sachs mice
was significantly lower than the Non-Tg animals, the toe spread increased (Figure 5A,B)
when affected by disease pathology (Figure 5A,E). This indicates that Tay-Sachs mice, due
to compromised movement capability, take a longer time to cross the gangway. We also
measured stride width (Figure 5A,C) and foot length (Figure 5A,D) of the experimental ani-
mals. There was a significant increase in the stride width and length of the Tay-Sachs mice
compared to the Non-Tg. Interestingly, after GFB treatment, all parameters, including stride
length, toe spread, stride width, and foot length of Tay-Sachs mice, significantly showed
values that are more towards the values of Non-Tg animals, thus showing improvement in
overall motor skills (Figure 5A–E).

Additionally, we analyzed the motor behavior performance of the animals. As ex-
pected, Tay-Sachs mice showed extremely poor performance in the open field test, as shown
by the reduction in the movement parameters such as distance moved (Figure 5F,G) and
velocity (Figure 5F,H) of movement in the arena, which were significantly less when com-
pared to the Non-Tg mice. In addition, the latency time taken by Tay-Sachs mice in rotarod
(Figure 5I) indicates that coordination of feet movement is extremely impaired. In contrast,
Tay-Sachs mice administered with GFB exhibited significantly improved performance in all
the behavioral experiments, evident by higher velocity, larger distance moved, and better
moving abilities in the open field arena and by a higher latency time taken by these animals
in the rotarod test.

Survival curves for each treatment group were estimated using the Kaplan–Meier
method. Oral gavage of gemfibrozil had a marked effect on the life span of Tay-Sachs mice,
increasing the survival time from 110 days in untreated mice to 210 days in the treated
mice, as shown by Kaplan–Meier survival curve analysis (Figure 5J).
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Figure 5. Oral administration of GFB improves gait, alleviates motor deficits, and increases survival
in Tay-Sachs mice. Gait analysis, open field locomotor activities, and rotarod performance were
performed on three-month-old TS mice (n = 6) treated with GFB (8 mg/Kg/day) via oral gavage for
two months. Mice painted with different colors on front (red) and hind paws (black) were allowed
to walk through a clear tunnel. After pre-training sessions, the footprints were measured on a
white paper on the runway floor. Footprints were measured for stride length (A,B), stride width
(A,C), foot length (A,D), and toe spread (A,E). Heatmaps demonstrate the horizontal locomotor
activities of experimental animals in the open field arena as captured by the Noldus software (F).
Parameters related to the movement of animals were obtained from the software and presented as
the total distance moved for all the groups of mice (G), mean velocity (H). Rotarod test exhibiting
the feet movement of animals on the rotating rod and the latency time taken by each mouse to fall
on the base were monitored (I). Kaplan–Meier survival analysis of WT (n = 8), Hex−/− (n = 8), and
Hex−/−/GFB (n = 8) (J). All data represent mean ± SEM. All statistical analyses were performed
by one-way ANOVA, followed by Dunnett’s multiple comparison test; ** p < 0.01; *** p < 0.001.
ns—non-significant. Data are represented as mean ± SEM.

3.4. Oral GFB Induces the Activation of PPARα in Tay-Sachs Mice

Previous reports from our group have shown PPARα to act as a master regulator for
many neurodegenerative diseases. We therefore sought to validate the effect of GFB on basal
levels of PPARα. The motor cortex region of Non-Tg, Tay-Sachs, and GFB-treated Tay-Sachs
were double-labeled for PPARα and NeuN (Figure 6A,B). We found a significant decrease
in neuronal PPARα in Tay-Sachs mice compared to the Non-Tg. There was a significant
increase in neuronal PPARα in mice treated with GFB (Figure 6A,B). This was further
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validated using immunoblotting techniques, which further demonstrated a significant
reduction of PPARα in Tay-Sachs mice compared to Non-Tg (Figure 6C,D). Oral GFB
administration showed a substantial increase in the levels of neuronal PPARα (Figure 6A,B).
Given the observation that GFB can activate PPARα, we explored the hypothesis that
activation of PPARα could be the mechanism by which it exhibits any glycoconjugate-
lowering effects. We wanted to further investigate whether PPARα had a role in reducing
glycoconjugates in the brain of Tay-Sachs mice. Therefore, we generated Tay-SachsDPPARα

(Tay-Sachs mice lacking PPARα) mice by breeding Tay-Sachs mice with PPARα knock-out
mice (Figure 6F). In this regard, we used PAS staining to compare the glycoconjugate
pathology among groups of mice. Our results indicate no difference in the PAS positive
granules of Tay-Sachs and Tay-Sachs∆PPARα mice compared to the Non-Tg (Figure 6G). The
glycoconjugate material-stained magenta was quantified for PAS +ve granules per mm
square in all three groups of mice (Figure 6H).
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Figure 6. Role of PPARα in the accumulation of glycoconjugates in the brain of Tay-Sachs mice.
Representative immunohistochemical images of the motor cortex region of Tay-Sachs, Tay-Sachs +
GFB, and Non-Tg mice compared and co-stained for overall PPARα (red stain) and NeuN (green
stain) expression. PPARα and NeuN were quantified from a total of nine images (20× magnification)
from 3 different mice per group (A–C). PPARα protein expression levels were compared between the
same groups using immunoblot analysis (D), followed by densitometric quantification of the same
(E). TS mice bred with PPARα knockout mice to generate Tay-Sachs∆PPARα lines. Representative
PCR of Tay-Sachs and PPARα in 6-month-old Non-Tg, Tay-Sachs, and Tay-Sachs∆PPARα mice (F).
Representative PAS (Periodic acid stain) to study the expression of glycoconjugate levels in Non-Tg,
Tay-Sachs, and Tay-Sachs∆PPARα (G). The glycoconjugate material stained magenta is quantified for
PAS +ve cells per mm square (H). Results represent counting three different sections from 3 different
mice (n = 3) per group. All data represent mean ± SEM. All statistical analyses were performed by
one-way ANOVA, followed by Dunnett’s multiple comparison test. *** p < 0.001.
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3.5. GFB Attenuates Glycoconjugate Materials in Tay-Sachs Mice via PPARα

Given the observation that GFB can activate PPARα, we explored our hypothesis that
activation of PPARα by GFB could be the underlying mechanism by which it exhibits the
glycoconjugate-lowering effect. We compared the glycoconjugate pathology of the motor
cortex region between all the groups, viz. Non-Tg, Tay-Sachs, Tay-Sachs-treated with GFB,
Tay-Sachs∆PPARα, and Tay-Sachs∆PPARα treated with GFB, using PAS staining followed by
quantification of PAS +ve granules per mm square (Figure 7A,B). Hematoxylin staining
followed by quantification of the number of vacuoles was done in the similar groups
(Figure 7C,D). Histological observation using PAS stain revealed increased glycoconjugate
storage material in both Tay-Sachs and Tay-Sachs∆PPARα when compared to normal Non-Tg
mice (Figure 7A,B).
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Figure 7. Oral administration of GFB reduces glycoconjugate storage in Tay-Sachs mice via PPARα.
Tay-Sachs mice (n = 6/group) of three months age were treated with GFB (8 mg/kg/d) via oral gavage.
After 2 months of daily treatment, paraffin-embedded cerebral cortex sections were subjected to
periodic acid-Schiff (PAS) stain for analyzing glycolipids. The glycoconjugate material stain magenta
is shown by the thin arrows (A). The glycoconjugate material-stained magenta is shown by the arrow
and quantified for PAS +ve cells per mm square (B). Paraffin-embedded sections were also subjected
to H & E staining, as characterized by large vacuoles (thick arrows), pyknotic nuclei, and swollen
neuron in Tay-Sachs mice (C). The number of vacuoles was quantified per mm square (D). Results
represent counting three different sections from 3 different mice (n = 3) per group. All data represent
mean ± SEM. All statistical analyses were performed by one-way ANOVA, followed by Dunnett’s
multiple comparison test. *** p < 0.001.
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Treatment with GFB markedly showed clearance of storage in Tay-Sachs mice, but
there was no alteration in the levels of storage material in GFB-treated Tay-Sachs∆PPARα

mice (Figure 7A,B), thereby suggesting that activation of PPARα by GFB could be the
underlying mechanism behind its glycosphingolipid-attenuating effects. It is noteworthy
to mention that GFB-treated Tay-Sachs∆PPARα mice exhibited similar pathology as the Tay-
Sachs mice, indicating that ablation of PPARα did not aggravate the accumulation of gly-
cosphingolipids in these mice. Similarly, routine H&E analysis of the same groups revealed
a significant increase in neuronal vacuolation in both Tay-Sachs and Tay-Sachs∆PPARα as
compared to normal Non-Tg (Figure 7C,D). Histologic examination revealed neurons to
be balloon-shaped with cytoplasmic vacuoles (Figure 7C,D). GFB-treated Tay-Sachs mice
showed a significant reduction in vacuolation whereas there was no change in GFB-treated
Tay-Sachs∆PPARα mice (Figure 7C,D). Together, these findings suggest that GFB treatment
of Tay-Sachs mice could mitigate glycoconjugate pathology in a PPARα-dependent manner.

3.6. Oral Administration of GFB Improves Motor Deficits and Increases Survival in Tay-Sachs
Mice via PPARα

Finally, we analyzed the effect of GFB on the behavioral performance of Non-Tg,
Tay-Sachs, GFB-treated Tay-Sachs, Tay-Sachs∆PPARα, and GFB-treated Tay-Sachs∆PPARα

mice (Figure 8A–C). We examined the general locomotor activity of these mice in the open
field test (Figure 8A), which showed significant differences in the total distance traveled
(Figure 8B) and velocity (Figure 8C) of different cohorts of mice.

Cells 2023, 12, x FOR PEER REVIEW 13 of 18 
 

 

neurons to be balloon-shaped with cytoplasmic vacuoles (Figure 7C,D). GFB-treated Tay-
Sachs mice showed a significant reduction in vacuolation whereas there was no change in 
GFB-treated Tay-SachsΔPPARα mice (Figure 7C,D). Together, these findings suggest that 
GFB treatment of Tay-Sachs mice could mitigate glycoconjugate pathology in a PPARα-
dependent manner. 

3.6. Oral Administration of GFB Improves Motor Deficits and Increases Survival in Tay-Sachs 
Mice via PPARα 

Finally, we analyzed the effect of GFB on the behavioral performance of Non-Tg, Tay-
Sachs, GFB-treated Tay-Sachs, Tay-SachsΔPPARα, and GFB-treated Tay-SachsΔPPARα mice (Fig-
ure 8A–C). We examined the general locomotor activity of these mice in the open field test 
(Figure 8A), which showed significant differences in the total distance traveled (Figure 8B) 
and velocity (Figure 8C) of different cohorts of mice. 

 
Figure 8. Oral administration of gemfibrozil improves gait, alleviates motor deficits, and increases 
survival in Tay-Sachs mice via PPARα. Open field locomotor activities and the rotarod test were 
performed on three-month-old Tay-Sachs mice (n = 6) and Tay-SachsΔPPARα treated with gemfibrozil 
(8 mg/Kg/day) via oral gavage for two months. Heatmaps demonstrate the horizontal locomotor 
activities of experimental animals in the open field arena as captured by the Noldus software (A). 
Parameters related to movement of animals were obtained from the software and presented as the 
total distance moved for all the groups of mice (B), mean velocity (C). Rotarod test exhibiting the 
feet movement of animals on the rotating rod and the latency time taken by each mouse to fall on 
the base were monitored (D). Kaplan–Meier survival analysis of Non-Tg (n = 8), Tay-Sachs (n = 8), 
Tay-Sachs+GFB (n = 8), Tay-SachsΔPPARα (n = 8), and Tay-SachsΔPPARα + GFB (n = 8) (E). All data repre-
sent mean ± SEM. All statistical analyses were performed by one-way ANOVA, followed by Dun-
nett’s multiple comparison test; *** p < 0.001. ns—nonsignificant. Data are represented as mean ± 
SEM. 

Tay-Sachs mice and Tay-SachsΔPPARα mice demonstrated severe impairment in the 
open field test, as shown by a reduction in movement (Figure 8A). The Tay-Sachs and Tay-
SachsΔPPARα mice also exhibited poor performance in the rotarod test (Figure 8D), affirming 
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SachsΔPPARα mice were significantly reduced. However, GFB treatment reversed the poor 

Figure 8. Oral administration of gemfibrozil improves gait, alleviates motor deficits, and increases
survival in Tay-Sachs mice via PPARα. Open field locomotor activities and the rotarod test were
performed on three-month-old Tay-Sachs mice (n = 6) and Tay-Sachs∆PPARα treated with gemfibrozil
(8 mg/Kg/day) via oral gavage for two months. Heatmaps demonstrate the horizontal locomotor
activities of experimental animals in the open field arena as captured by the Noldus software (A).
Parameters related to movement of animals were obtained from the software and presented as the
total distance moved for all the groups of mice (B), mean velocity (C). Rotarod test exhibiting the
feet movement of animals on the rotating rod and the latency time taken by each mouse to fall on
the base were monitored (D). Kaplan–Meier survival analysis of Non-Tg (n = 8), Tay-Sachs (n = 8),
Tay-Sachs+GFB (n = 8), Tay-Sachs∆PPARα (n = 8), and Tay-Sachs∆PPARα + GFB (n = 8) (E). All data
represent mean ± SEM. All statistical analyses were performed by one-way ANOVA, followed by
Dunnett’s multiple comparison test; *** p < 0.001. ns—nonsignificant. Data are represented as mean
± SEM.
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Tay-Sachs mice and Tay-Sachs∆PPARα mice demonstrated severe impairment in the
open field test, as shown by a reduction in movement (Figure 8A). The Tay-Sachs and
Tay-Sachs∆PPARα mice also exhibited poor performance in the rotarod test (Figure 8D),
affirming compromised motor cortex parameters such as distance covered and mean
velocity. In addition, the coordination and muscle strength experienced by these Tay-Sachs
and Tay-Sachs∆PPARα mice were significantly reduced. However, GFB treatment reversed
the poor motor performance and locomotor activities of the Tay-Sachs animals but not the
Tay-Sachs∆PPARα mice, indicating that oral administration of GFB improves motor deficits
in Tay-Sachs mice via PPARα.

Survival curves for each treatment group, viz. Non-Tg, Tay-Sachs, GFB-treated Tay-
Sachs, Tay-Sachs∆PPARα, and GFB-treated Tay-Sachs∆PPARα mice, were estimated. Inter-
estingly, GFB-treated Tay-Sachs mice survived for more than 6 months, as shown by the
Kaplan–Meier survival curve analysis (Figure 8E). However, GFB-treated Tay-Sachs∆PPARα

mice failed to survive beyond 3 months (Figure 8E), suggesting an essential role of PPARα
in GFB-mediated increased longevity of Tay-Sachs mice.

4. Discussion

Tay-Sachs disease (TSD), a fatal inherited lysosomal storage disorder, leads to neurolog-
ical dysfunction of the brain primarily due to the lack of Hex A, an enzyme characterized
by defective GM2 ganglioside [27]. Infants with TSD appear healthy at birth, but pro-
gressive GM2 accumulation causes loss of motor function and cognition, developmental
regression, hind limb plasticity, muscle weakness, dystonia, blindness, seizures, and death
in childhood [28]. Despite intensive investigations, there is no effective therapy or lines of
treatment available for TSD. Although several therapeutic approaches have been suggested,
like therapeutic enzyme replacement [29], bone marrow transplantation [30], substrate
deprivation therapy [31], hematopoietic [32] or neural stem cell transplantation [33], use
of chemical chaperones and oligonucleotide recombination [34], or a combination of all.
However, until now, none of these therapies has led to a successful treatment option
for TSD.

GFB, known as Lopid in the pharmacy, has been used in humans for the treatment
of hyperlipidemia since its FDA approval in 1982 without any report of adverse inci-
dent [35]. Although continuous treatment of rodents with fibrate drugs like gemfibrozil
for 45–50 weeks leads to the formation of hepatic tumor [36,37], such tumor promotion is
not seen in humans, other primates, and guinea pigs, species that have lost their capacity
to produce ascorbate due to inherent loss of the gulonolactone oxidase gene [36,38]. Sev-
eral lines of indication presented in this manuscript clearly exhibit that GFB is capable of
protecting mice from Tay-Sachs toxicity. Our conclusion is based on the following. First,
similar to TSD, neuroinflammation driven by activated astroglia and microglia is seen
in the brain of Hexa−/− mice (here termed as Tay-Sachs mice). It is being increasingly
recognized that understanding the heterogeneity of microglial activation in the context
of disease may facilitate the design of therapeutics that dampen the detrimental effects
of microglial activation [39,40]. Here, two months of GFB treatment markedly reduced
astrocytic and microglial inflammation in the motor cortex of Tay-Sachs mice. Second, gait
abnormality is a characteristic feature of TSD as well as Tay-Sachs mice. However, oral GFB
significantly inhibited gait and behavioral impairments in Tay-Sachs mice. Third, as seen in
TSD, Tay-Sachs mice also die early. However, a significant increase in life expectancy of
Tay-Sachs mice was seen after GFB treatment. These results suggest that GFB may have
implications in TSD therapy.

Due to the mutation of the Hexa gene, patients with Tay-Sachs disease exhibit the
accumulation of GM2 ganglioside in the CNS, and therefore, successful treatments should
be associated with the reduction of ganglioside deposition. While untreated Tay-Sachs
mice displayed ganglioside inclusion bodies in the motor cortex, GFB treatment markedly
reduced ganglioside deposition. It has been shown that the accumulation of undegraded
gangliosides is directly linked to the activation of microglial cells [41,42]. It is nice to see
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that clearance of storage materials mapped directly to regions where enzymatic activity
was present, as determined by PAS staining, and microglia expansion/activation was
also absent in the same regions. Several studies have also delineated that pathological
accumulation of GM1 or GM2 is capable of triggering apoptosis [8,43,44]. Accordingly,
marked apoptosis was found in the motor cortex of Tay-Sachs mice that was strongly
inhibited by oral GFB. Therefore, by suppressing pathological ganglioside accumulation,
GFB treatment may decrease glial inflammation and protect neurons from apoptosis.

The mechanism by which GFB may reduce ganglioside accumulation from the brain
is also becoming clear. Lysosomal biogenesis and associated autophagy play an important
role in the removal of aggregated biomolecules from the cells. Several studies from our lab
and others have shown that GFB stimulates lysosomal biogenesis and autophagy in neurons
and glial cells [16,45,46]. Transcription factor EB (TFEB) is considered the master regulator
of lysosomal biogenesis, and we have also seen that GFB increases lysosomal biogenesis via
peroxisome proliferator-activated receptor α (PPARα)-mediated transcription of TFEB [45].
Moreover, activation of PPARα is reported to reduce neuroinflammation via upregulation
of anti-inflammatory molecules such as SOCS3 and IL-1Ra [47,48]. Hence, to find out
the core mechanism behind ganglioside reduction, we primarily sought to monitor the
level of PPARα in the brains of Tay-Sachs mice. Therefore, reduced levels of PPARα in the
motor cortex of Tay-Sachs mice might be responsible for the chronic accumulation of GM2
gangliosides. This finding was verified in Tay-Sachs∆PPARα mice in which GFB remained
unable to reduce the accumulation of PAS-stained glycoconjugates and improve longevity.
Therefore, it appears that GFB-mediated activation of PPARα is perhaps the underlying
reason behind the neuroprotective effect of GFB in Tay-Sachs mice.

Although currently, there is no approved therapy or cure for TSD, scientists are propos-
ing several approaches (e.g., enzyme replacement therapy, substrate reduction therapy,
hematopoietic stem cell transplantation, gene therapy, chemical chaperones, antisense
oligonucleotides, etc.) [29–34]. However, GFB has several advantages over these proposed
approaches. For example, GFB can be taken orally, and it is fairly non-toxic [14]. After
oral intake, it is capable of crossing the blood-brain barrier [48]. It increases the lifespan
of Cln2(−/−) mice, an animal model of late-infantile neuronal ceroid lipofuscinosis, via
PPARα [49]. However, at present, we do not know anything about the level of PPARα in
TSD patients. Since GFB needs PPARα to display neuroprotection in Tay-Sachs mice, in the
absence of a basal level of PPARα, GFB may not exhibit optimal therapeutic efficacy in TSD
patients. Therefore, future studies could be directed to address this aspect.

5. Conclusions

In summary, this study demonstrates that the oral administration of gemfibrozil, an
FDA-approved lipid-lowering drug in humans, decreases glial inflammation, reduces
glycoconjugate storage materials, attenuates apoptosis, increases locomotor activities, and
extends the lifespan of Tay-Sachs mice. Mechanistically, GFB exhibits a neuroprotective
effect in Tay-Sachs mice via PPARα. Although the in vivo state of Tay-Sachs mice does not
truly recapitulate the in vivo scenario of TSD patients, and not much is known about the
status of PPARα in TSD, our results suggest that oral GFB may have therapeutic importance
in TSD.

Author Contributions: Conceptualization, K.P.; methodology, S.R., D.D. and R.K.P.; formal analysis,
S.R., D.D. and R.K.P.; resources, K.P.; data curation, S.R., D.D. and R.K.P.; writing—original draft
preparation, S.R. and K.P.; writing—review and editing, K.P.; project administration, K.P.; funding
acquisition, K.P. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants (AT10980 and AG069229) from NIH. Moreover, Pahan
is the recipient of a Research Career Scientist Award (1IK6 BX004982) from the Department of Veterans
Affairs. However, the views expressed in this article are those of the authors and do not necessarily
reflect the position or policy of the Department of Veterans Affairs or the United States government.



Cells 2023, 12, 2791 15 of 17

Institutional Review Board Statement: The animal maintenance and experiments were performed
in accordance with the National Institutes of Health guidelines and were approved by the Institutional
Animal Care and Use committee of the Rush University Medical Center (Chicago, IL, USA) (protocol
code: 18-057; date of approval: 12 December 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study is included in the main text.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cachon-Gonzalez, M.B.; Zaccariotto, E.; Cox, T.M. Genetics and Therapies for GM2 Gangliosidosis. Curr. Gene Ther. 2018, 18,

68–89. [CrossRef] [PubMed]
2. Ferreira, C.R.; Gahl, W.A. Lysosomal storage diseases. Transl. Sci. Rare Dis. 2017, 2, 1–71. [CrossRef] [PubMed]
3. Lew, R.M.; Burnett, L.; Proos, A.L.; Delatycki, M.B. Tay-Sachs disease: Current perspectives from Australia. Appl. Clin. Genet.

2015, 8, 19–25. [CrossRef] [PubMed]
4. Rozenberg, R.; Pereira Lda, V. The frequency of Tay-Sachs disease causing mutations in the Brazilian Jewish population justifies a

carrier screening program. Sao. Paulo Med. J. 2001, 119, 146–149. [CrossRef] [PubMed]
5. Stenson, P.D.; Mort, M.; Ball, E.V.; Shaw, K.; Phillips, A.; Cooper, D.N. The Human Gene Mutation Database: Building a

comprehensive mutation repository for clinical and molecular genetics, diagnostic testing and personalized genomic medicine.
Hum. Genet. 2014, 133, 1–9. [CrossRef] [PubMed]

6. Jana, A.; Hogan, E.L.; Pahan, K. Ceramide and neurodegeneration: Susceptibility of neurons and oligodendrocytes to cell damage
and death. J. Neurol. Sci. 2009, 278, 5–15. [CrossRef] [PubMed]

7. Assi, E.; Cazzato, D.; De Palma, C.; Perrotta, C.; Clementi, E.; Cervia, D. Sphingolipids and brain resident macrophages in
neuroinflammation: An emerging aspect of nervous system pathology. Clin. Dev. Immunol. 2013, 2013, 309302. [CrossRef]
[PubMed]

8. Virgolini, M.J.; Feliziani, C.; Cambiasso, M.J.; Lopez, P.H.; Bollo, M. Neurite atrophy and apoptosis mediated by PERK signaling
after accumulation of GM2-ganglioside. Biochim Biophys. Acta Mol. Cell Res. 2019, 1866, 225–239. [CrossRef]

9. Benner, E.J.; Mosley, R.L.; Destache, C.J.; Lewis, T.B.; Jackson-Lewis, V.; Gorantla, S.; Nemachek, C.; Green, S.R.; Przedborski, S.;
Gendelman, H.E. Therapeutic immunization protects dopaminergic neurons in a mouse model of Parkinson’s disease. Proc. Natl.
Acad. Sci. USA 2004, 101, 9435–9440. [CrossRef]

10. Colonna, M.; Butovsky, O. Microglia Function in the Central Nervous System During Health and Neurodegeneration. Annu. Rev.
Immunol. 2017, 35, 441–468. [CrossRef]

11. Demir, S.A.; Timur, Z.K.; Ates, N.; Martinez, L.A.; Seyrantepe, V. GM2 ganglioside accumulation causes neuroinflammation and
behavioral alterations in a mouse model of early onset Tay-Sachs disease. J. Neuroinflammation 2020, 17, 277. [CrossRef] [PubMed]

12. Ghosh, A.; Roy, A.; Matras, J.; Brahmachari, S.; Gendelman, H.E.; Pahan, K. Simvastatin inhibits the activation of p21ras and
prevents the loss of dopaminergic neurons in a mouse model of Parkinson’s disease. J. Neurosci. 2009, 29, 13543–13556. [CrossRef]
[PubMed]

13. Jana, M.; Pahan, K. Gemfibrozil, a lipid lowering drug, inhibits the activation of primary human microglia via peroxisome
proliferator-activated receptor beta. Neurochem. Res. 2012, 37, 1718–1729. [CrossRef] [PubMed]

14. Pahan, K.; Jana, M.; Liu, X.; Taylor, B.S.; Wood, C.; Fischer, S.M. Gemfibrozil, a lipid-lowering drug, inhibits the induction of
nitric-oxide synthase in human astrocytes. J. Biol. Chem. 2002, 277, 45984–45991. [CrossRef] [PubMed]

15. Xu, J.; Storer, P.D.; Chavis, J.A.; Racke, M.K.; Drew, P.D. Agonists for the peroxisome proliferator-activated receptor-alpha and the
retinoid X receptor inhibit inflammatory responses of microglia. J. Neurosci. Res. 2005, 81, 403–411. [CrossRef] [PubMed]

16. Raha, S.; Ghosh, A.; Dutta, D.; Patel, D.R.; Pahan, K. Activation of PPARalpha enhances astroglial uptake and degradation of
beta-amyloid. Sci. Signal. 2021, 14, eabg4747. [CrossRef] [PubMed]

17. Dutta, D.; Jana, M.; Majumder, M.; Mondal, S.; Roy, A.; Pahan, K. Selective targeting of the TLR2/MyD88/NF-kappaB pathway
reduces alpha-synuclein spreading in vitro and in vivo. Nat. Commun. 2021, 12, 5382. [CrossRef]

18. Dutta, D.; Paidi, R.K.; Raha, S.; Roy, A.; Chandra, S.; Pahan, K. Treadmill exercise reduces alpha-synuclein spreading via
PPARalpha. Cell Rep. 2022, 40, 111058. [CrossRef]

19. Patel, D.; Roy, A.; Kundu, M.; Jana, M.; Luan, C.H.; Gonzalez, F.J.; Pahan, K. Aspirin binds to PPARalpha to stimulate hippocampal
plasticity and protect memory. Proc. Natl. Acad. Sci. USA 2018, 115, E7408–E7417. [CrossRef]

20. Paidi, R.K.; Jana, M.; Mishra, R.K.; Dutta, D.; Pahan, K. Selective Inhibition of the Interaction between SARS-CoV-2 Spike S1 and
ACE2 by SPIDAR Peptide Induces Anti-Inflammatory Therapeutic Responses. J. Immunol. 2021, 207, 2521–2533. [CrossRef]

21. Mondal, S.; Kundu, M.; Jana, M.; Roy, A.; Rangasamy, S.B.; Modi, K.K.; Wallace, J.; Albalawi, Y.A.; Balabanov, R.; Pahan, K. IL-12
p40 monomer is different from other IL-12 family members to selectively inhibit IL-12Rbeta1 internalization and suppress EAE.
Proc. Natl. Acad. Sci. USA 2020, 117, 21557–21567. [CrossRef] [PubMed]

https://doi.org/10.2174/1566523218666180404162622
https://www.ncbi.nlm.nih.gov/pubmed/29618308
https://doi.org/10.3233/TRD-160005
https://www.ncbi.nlm.nih.gov/pubmed/29152458
https://doi.org/10.2147/TACG.S49628
https://www.ncbi.nlm.nih.gov/pubmed/25653550
https://doi.org/10.1590/S1516-31802001000400007
https://www.ncbi.nlm.nih.gov/pubmed/11500789
https://doi.org/10.1007/s00439-013-1358-4
https://www.ncbi.nlm.nih.gov/pubmed/24077912
https://doi.org/10.1016/j.jns.2008.12.010
https://www.ncbi.nlm.nih.gov/pubmed/19147160
https://doi.org/10.1155/2013/309302
https://www.ncbi.nlm.nih.gov/pubmed/24078816
https://doi.org/10.1016/j.bbamcr.2018.10.014
https://doi.org/10.1073/pnas.0400569101
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1186/s12974-020-01947-6
https://www.ncbi.nlm.nih.gov/pubmed/32951593
https://doi.org/10.1523/JNEUROSCI.4144-09.2009
https://www.ncbi.nlm.nih.gov/pubmed/19864567
https://doi.org/10.1007/s11064-012-0781-6
https://www.ncbi.nlm.nih.gov/pubmed/22528839
https://doi.org/10.1074/jbc.M200250200
https://www.ncbi.nlm.nih.gov/pubmed/12244038
https://doi.org/10.1002/jnr.20518
https://www.ncbi.nlm.nih.gov/pubmed/15968640
https://doi.org/10.1126/scisignal.abg4747
https://www.ncbi.nlm.nih.gov/pubmed/34699252
https://doi.org/10.1038/s41467-021-25767-1
https://doi.org/10.1016/j.celrep.2022.111058
https://doi.org/10.1073/pnas.1802021115
https://doi.org/10.4049/jimmunol.2100144
https://doi.org/10.1073/pnas.2000653117
https://www.ncbi.nlm.nih.gov/pubmed/32817415


Cells 2023, 12, 2791 16 of 17

22. Rangasamy, S.B.; Jana, M.; Roy, A.; Corbett, G.T.; Kundu, M.; Chandra, S.; Mondal, S.; Dasarathi, S.; Mufson, E.J.; Mishra, R.K.;
et al. Selective disruption of TLR2-MyD88 interaction inhibits inflammation and attenuates Alzheimer’s pathology. J. Clin.
Investig. 2018, 128, 4297–4312. [CrossRef] [PubMed]

23. Brahmachari, S.; Fung, Y.K.; Pahan, K. Induction of glial fibrillary acidic protein expression in astrocytes by nitric oxide. J.
Neurosci. 2006, 26, 4930–4939. [CrossRef] [PubMed]

24. Kuil, L.E.; Lopez Marti, A.; Carreras Mascaro, A.; van den Bosch, J.C.; van den Berg, P.; van der Linde, H.C.; Schoonderwoerd, K.;
Ruijter, G.J.G.; van Ham, T.J. Hexb enzyme deficiency leads to lysosomal abnormalities in radial glia and microglia in zebrafish
brain development. Glia 2019, 67, 1705–1718. [CrossRef] [PubMed]

25. van der Kant, R.; Goldstein, L.S.B.; Ossenkoppele, R. Amyloid-beta-independent regulators of tau pathology in Alzheimer disease.
Nat. Rev. Neurosci. 2020, 21, 21–35. [CrossRef] [PubMed]

26. Idol, R.A.; Wozniak, D.F.; Fujiwara, H.; Yuede, C.M.; Ory, D.S.; Kornfeld, S.; Vogel, P. Neurologic abnormalities in mouse models
of the lysosomal storage disorders mucolipidosis II and mucolipidosis III gamma. PLoS ONE 2014, 9, e109768. [CrossRef]

27. Flotte, T.R.; Cataltepe, O.; Puri, A.; Batista, A.R.; Moser, R.; McKenna-Yasek, D.; Douthwright, C.; Gernoux, G.; Blackwood, M.;
Mueller, C.; et al. AAV gene therapy for Tay-Sachs disease. Nat. Med. 2022, 28, 251–259. [CrossRef]

28. Yamanaka, S.; Johnson, M.D.; Grinberg, A.; Westphal, H.; Crawley, J.N.; Taniike, M.; Suzuki, K.; Proia, R.L. Targeted disruption of
the Hexa gene results in mice with biochemical and pathologic features of Tay-Sachs disease. Proc. Natl. Acad. Sci. USA 1994, 91,
9975–9979. [CrossRef]

29. Tropak, M.B.; Yonekawa, S.; Karumuthil-Melethil, S.; Thompson, P.; Wakarchuk, W.; Gray, S.J.; Walia, J.S.; Mark, B.L.; Mahuran, D.
Construction of a hybrid beta-hexosaminidase subunit capable of forming stable homodimers that hydrolyze GM2 ganglioside
in vivo. Mol. Methods Clin. Dev. 2016, 3, 15057. [CrossRef]

30. Jacobs, J.F.; Willemsen, M.A.; Groot-Loonen, J.J.; Wevers, R.A.; Hoogerbrugge, P.M. Allogeneic BMT followed by substrate
reduction therapy in a child with subacute Tay-Sachs disease. Bone Marrow Transpl. 2005, 36, 925–926. [CrossRef]

31. Bembi, B.; Marchetti, F.; Guerci, V.I.; Ciana, G.; Addobbati, R.; Grasso, D.; Barone, R.; Cariati, R.; Fernandez-Guillen, L.; Butters, T.;
et al. Substrate reduction therapy in the infantile form of Tay-Sachs disease. Neurology 2006, 66, 278–280. [CrossRef] [PubMed]

32. Stepien, K.M.; Lum, S.H.; Wraith, J.E.; Hendriksz, C.J.; Church, H.J.; Priestman, D.; Platt, F.M.; Jones, S.; Jovanovic, A.; Wynn,
R. Haematopoietic Stem Cell Transplantation Arrests the Progression of Neurodegenerative Disease in Late-Onset Tay-Sachs
Disease. JIMD Rep. 2018, 41, 17–23. [CrossRef]

33. Gonzalez, R.; Hamblin, M.H.; Lee, J.P. Neural Stem Cell Transplantation and CNS Diseases. CNS Neurol Disord Drug Targets 2016,
15, 881–886. [CrossRef] [PubMed]

34. Desnick, R.J.; Kaback, M.M. Future perspectives for Tay-Sachs disease. Adv. Genet. 2001, 44, 349–356. [CrossRef] [PubMed]
35. Pahan, K. Lipid-lowering drugs. Cell Mol. Life Sci 2006, 63, 1165–1178. [CrossRef] [PubMed]
36. Gonzalez, F.J.; Peters, J.M.; Cattley, R.C. Mechanism of action of the nongenotoxic peroxisome proliferators: Role of the peroxisome

proliferator-activator receptor alpha. J. Natl. Cancer Inst. 1998, 90, 1702–1709. [CrossRef] [PubMed]
37. Reddy, J.K.; Mannaerts, G.P. Peroxisomal lipid metabolism. Annu Rev. Nutr. 1994, 14, 343–370. [CrossRef]
38. Braun, L.; Mile, V.; Schaff, Z.; Csala, M.; Kardon, T.; Mandl, J.; Banhegyi, G. Induction and peroxisomal appearance of

gulonolactone oxidase upon clofibrate treatment in mouse liver. FEBS Lett 1999, 458, 359–362. [CrossRef]
39. Li, Q.; Barres, B.A. Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 2018, 18, 225–242. [CrossRef]
40. Solovyeva, V.V.; Shaimardanova, A.A.; Chulpanova, D.S.; Kitaeva, K.V.; Chakrabarti, L.; Rizvanov, A.A. New Approaches to

Tay-Sachs Disease Therapy. Front. Physiol 2018, 9, 1663. [CrossRef]
41. Vitner, E.B.; Platt, F.M.; Futerman, A.H. Common and uncommon pathogenic cascades in lysosomal storage diseases. J. Biol.

Chem. 2010, 285, 20423–20427. [CrossRef] [PubMed]
42. Rasband, M.N. Glial Contributions to Neural Function and Disease. Mol. Cell Proteom. 2016, 15, 355–361. [CrossRef] [PubMed]
43. Pelled, D.; Lloyd-Evans, E.; Riebeling, C.; Jeyakumar, M.; Platt, F.M.; Futerman, A.H. Inhibition of calcium uptake via the

sarco/endoplasmic reticulum Ca2+-ATPase in a mouse model of Sandhoff disease and prevention by treatment with N-
butyldeoxynojirimycin. J. Biol. Chem. 2003, 278, 29496–29501. [CrossRef] [PubMed]

44. Sano, R.; Annunziata, I.; Patterson, A.; Moshiach, S.; Gomero, E.; Opferman, J.; Forte, M.; d’Azzo, A. GM1-ganglioside
accumulation at the mitochondria-associated ER membranes links ER stress to Ca(2+)-dependent mitochondrial apoptosis. Mol.
Cell 2009, 36, 500–511. [CrossRef] [PubMed]

45. Ghosh, A.; Jana, M.; Modi, K.; Gonzalez, F.J.; Sims, K.B.; Berry-Kravis, E.; Pahan, K. Activation of peroxisome proliferator-
activated receptor alpha induces lysosomal biogenesis in brain cells: Implications for lysosomal storage disorders. J. Biol. Chem.
2015, 290, 10309–10324. [CrossRef] [PubMed]

46. Luo, R.; Su, L.Y.; Li, G.; Yang, J.; Liu, Q.; Yang, L.X.; Zhang, D.F.; Zhou, H.; Xu, M.; Fan, Y.; et al. Activation of PPARA-mediated
autophagy reduces Alzheimer disease-like pathology and cognitive decline in a murine model. Autophagy 2020, 16, 52–69.
[CrossRef]

47. Ghosh, A.; Pahan, K. Gemfibrozil, a lipid-lowering drug, induces suppressor of cytokine signaling 3 in glial cells: Implications for
neurodegenerative disorders. J. Biol. Chem. 2012, 287, 27189–27203. [CrossRef]

https://doi.org/10.1172/JCI96209
https://www.ncbi.nlm.nih.gov/pubmed/29990310
https://doi.org/10.1523/JNEUROSCI.5480-05.2006
https://www.ncbi.nlm.nih.gov/pubmed/16672668
https://doi.org/10.1002/glia.23641
https://www.ncbi.nlm.nih.gov/pubmed/31140649
https://doi.org/10.1038/s41583-019-0240-3
https://www.ncbi.nlm.nih.gov/pubmed/31780819
https://doi.org/10.1371/journal.pone.0109768
https://doi.org/10.1038/s41591-021-01664-4
https://doi.org/10.1073/pnas.91.21.9975
https://doi.org/10.1038/mtm.2015.57
https://doi.org/10.1038/sj.bmt.1705155
https://doi.org/10.1212/01.wnl.0000194225.78917.de
https://www.ncbi.nlm.nih.gov/pubmed/16434676
https://doi.org/10.1007/8904_2017_76
https://doi.org/10.2174/1871527315666160815164247
https://www.ncbi.nlm.nih.gov/pubmed/27577573
https://doi.org/10.1016/s0065-2660(01)44091-0
https://www.ncbi.nlm.nih.gov/pubmed/11596996
https://doi.org/10.1007/s00018-005-5406-7
https://www.ncbi.nlm.nih.gov/pubmed/16568248
https://doi.org/10.1093/jnci/90.22.1702
https://www.ncbi.nlm.nih.gov/pubmed/9827524
https://doi.org/10.1146/annurev.nu.14.070194.002015
https://doi.org/10.1016/S0014-5793(99)01184-9
https://doi.org/10.1038/nri.2017.125
https://doi.org/10.3389/fphys.2018.01663
https://doi.org/10.1074/jbc.R110.134452
https://www.ncbi.nlm.nih.gov/pubmed/20430897
https://doi.org/10.1074/mcp.R115.053744
https://www.ncbi.nlm.nih.gov/pubmed/26342039
https://doi.org/10.1074/jbc.M302964200
https://www.ncbi.nlm.nih.gov/pubmed/12756243
https://doi.org/10.1016/j.molcel.2009.10.021
https://www.ncbi.nlm.nih.gov/pubmed/19917257
https://doi.org/10.1074/jbc.M114.610659
https://www.ncbi.nlm.nih.gov/pubmed/25750174
https://doi.org/10.1080/15548627.2019.1596488
https://doi.org/10.1074/jbc.M112.346932


Cells 2023, 12, 2791 17 of 17

48. Corbett, G.T.; Roy, A.; Pahan, K. Gemfibrozil, a lipid-lowering drug, upregulates IL-1 receptor antagonist in mouse cortical
neurons: Implications for neuronal self-defense. J. Immunol. 2012, 189, 1002–1013. [CrossRef]

49. Ghosh, A.; Rangasamy, S.B.; Modi, K.K.; Pahan, K. Gemfibrozil, food and drug administration-approved lipid-lowering drug,
increases longevity in mouse model of late infantile neuronal ceroid lipofuscinosis. J. Neurochem. 2017, 141, 423–435. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4049/jimmunol.1102624
https://doi.org/10.1111/jnc.13987

	Introduction 
	Materials and Methods 
	Reagents 
	Animals 
	Gemfibrozil (GFB) Treatment 
	Western Blotting 
	Immunohistochemistry 
	PAS and H&E Staining 
	Open Field Test 
	Rotarod 
	Gait Analysis 
	Survival Assay 
	Statistics 

	Results 
	Oral Administration of GFB Prevents Activation of Astrocytes and Microglia in the Motor Cortex of Tay-Sachs Mice 
	Treatment with GFB Attenuates Neuronal Apoptosis and Reduces Glycoconjugates in Tay-Sachs Mice 
	Oral Administration of GFB Improves Gait, Alleviates Motor Deficits, and Increases Survival in Tay-Sachs Mice 
	Oral GFB Induces the Activation of PPAR in Tay-Sachs Mice 
	GFB Attenuates Glycoconjugate Materials in Tay-Sachs Mice via PPAR 
	Oral Administration of GFB Improves Motor Deficits and Increases Survival in Tay-Sachs Mice via PPAR 

	Discussion 
	Conclusions 
	References

