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Abstract

Astrocytes are a type of glial cell that are activated in the brain tissue of patients with Alzheimer’s 

disease to induce the accumulation of amyloid (Aβ). We previously found that a combination 

of low-dose gemfibrozil (GFB, a drug approved to treat high cholesterol) and retinoic acid 

(RA, a vitamin A derivative) induces lysosomal biogenesis through peroxisome proliferator-

activated receptor α (PPARα)-mediated transcription of the gene encoding transcription factor 

EB (TFEB), a master regulator of lysosomal biogenesis and autophagy. Here, we found that the 

same combination (GFB-RA) enhanced the uptake of Aβ from the extracellular space and its 

subsequent degradation in astrocytes through a PPARα-dependent pathway. GFB-RA stimulated 

the abundance of both low-density lipoprotein receptor (LDLR) and TFEB in astrocytes through 

PPARα. LDLR was critical for Aβ uptake, whereas TFEB was critical for its degradation. GFB-

RA treatment also increased autophagic flux and lysosomal activity in astrocytes. Consistent with 

these effects and in a manner dependent on astroglial PPARα, oral administration of GFB-RA 

switched astroglial activation to a neuroprotective state, lowered Aβ burden in the brain and 

improved spatial learning and memory in the 5XFAD mouse model of Alzheimer’s disease. These 

findings uncover a new function of PPARα in stimulating astroglial uptake and degradation of Aβ 
and suggest possible repurposing of GFB-RA combination therapy for AD.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with classic memory 

impairment and cognitive disorder. Pathological hallmarks of AD are the presence of senile 

plaques (SPs) containing fibrillar β-amyloid (Aβ40/42) and neurofibrillary tangles (NFTs), 

originating from increased phosphorylation of Tau, in the cortex and hippocampus of brain 
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(1, 2). The abnormal accumulation of Aβ and formation NFTs induces neuro-inflammation 

and subsequent neuronal loss, which is the primary cause of AD (3). Aggregate prone 

Aβ40/42 fragments are generated by the sequential activity of β- and γ-secretase on amyloid 

precursor protein (APP), whereas the action of α-secretase produces soluble APPα (sAPPα) 

fragments that are not prone to aggregation (4, 5). The α-secretase is mainly associated 

to the plasma membrane, whereas majority of β-secretase is present in the endosomal-

lysosomal compartments (6, 7). The processing of APP could happen in either secretory 

pathway or endosomal-lysosomal pathway. Newly synthesized APP could be either be 

delivered to plasma membrane where it is processed mainly by α-secretase (secretory 

pathway), or occasionally the APPs are recycled back into endosomes by endocytosis, where 

it could be processed by β- and γ-secretase (endosomal-lysosomal pathway) producing 

Aβ fragments (8). Under normal conditions, further cleavage by other proteases (mainly 

cathepsin B) in the lysosomes degrade the Aβ fragments into even smaller non-toxic 

fragments, which are recycled or expunged from the cell (9). Also both in vitro and in 
vivo conditions, extracellular Aβ could also be endocytosed and degraded in the lysosomes 

(10). Decline in lysosomal function due to ageing or other pathological condition may result 

in abnormal accumulation of Aβ fragments inside the lysosome and increase the lysosomal 

load. This may lead to rupture of lysosomal membrane, which not only releases the toxic Aβ 
into the cytosol but also triggers lysosomal membrane permeability that ultimately induces 

necrotic or apoptotic cell death (11). Therefore, it is imperative that enhanced lysosomal 

function could be a possible therapeutic mechanism of Aβ clearance in AD.

We have demonstrated that gemfibrozil (GFB), an agonist of peroxisome proliferator-

activated receptor α (PPARα), either alone or in conjunction with all-trans-retinoic acid 

(RA), enhances TFEB expression and increases lysosomal biogenesis in mouse brain 

cells (12). Here, we examined whether GFB-RA could stimulate the uptake of Aβ in 

astrocytes and found that activation of PPARα by GFB-RA stimulated astroglial uptake 

of Aβ through low-density lipoprotein receptor (LDLR) and degradation of Aβ through 

TFEB. Our in vivo results also revealed that oral GFB-RA stimulated lysosomal biogenesis, 

reduced plaque load and improved cognitive functions in 5XFAD mouse model of AD 

via astroglial PPARα. These results highlight the importance PPARα-dependent astroglial 

plaque-clearance machinery in reducing one of the AD pathologies.

Results

Gemfibrozil (GFB) and retinoic acid (RA) treatment enhances Aβ uptake in mouse primary 
astrocytes.

As mentioned earlier, lysosomal activity is crucial for the clearance of Aβ in AD brain and 

earlier we have shown that a combination of GFB and RA (GFB-RA) enhances lysosomal 

biogenesis (12). Here, we investigated the effect of GFB-RA on the uptake of extracellular 

Aβ by mouse primary astrocytes. We performed both a quantitative in vitro assay and a 

qualitative microscopic analysis to measure the alterations in the levels of Aβ taken up by 

the cells.

For the former, cells were treated with GFB-RA and further incubated with FAM-Aβ(1–

42) for various time points from 15 min to 8 hours. The signal intensity of Aβ was first 
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normalized to that of Hoechst, to account for the variability in cell number in each well, if 

any. Then the normalized Aβ signals of GFB-RA–treated samples were compared to their 

DMSO-treated counterparts and percentage change in the Aβ signal was calculated for each 

time point. After 2 hours of incubation in Aβ containing media, the amount of Aβ inside the 

GFB-RA–treated cells were ~60% more compared to the DMSO-treated cells. At 4 hours, 

the Aβ signal in treated cells were about ~80% higher than the control (Fig 1A). However, 

additional incubation up to 8 hours did not yield any further increase in the Aβ content in 

treated cells. To confirm these results, we compared Aβ fluorescence from media and cells. 

While we found a peak of Aβ fluorescence in astrocytes at 4 hours of incubation (Fig. 1B), 

Aβ fluorescence gradually decreased in serum reaching the nadir at 4 hours (Fig. 1C). To 

further understand whether Aβ uptake was happening in astrocytes or any contaminating 

microglia, after 4 hours of treatment with FAM-Aβ(1–42), cells were stained for GFAP (a 

marker of astrocytes) and Iba1 (a marker of microglia). These data suggested that the uptake 

of FAM-Aβ(1–42) took place in astrocytes, not microglia (fig. S1, A and B). Therefore, for 

further uptake assays by astrocytes, the 4-hour time point of Aβ incubation was selected.

Fluorescence microscopy was performed by incubating the cells with HF-647-tagged Aβ(1–

42) for 2 and 4 hours followed by incubation with LysoTracker Red. We observed increased 

punctate signal of HF-647-Aβ in both 2 and 4 hours in GFB-RA treated cells compared 

to DMSO control. Furthermore, the Aβ signal co-localized with the LysoTracker signal, 

indicating that the Aβ taken up by the cells were residing in the acidic vesicles inside the 

cell (late endosomes or lysosomes) (Fig. 1, D and E). Because the patterns of Aβ signal 

and LysoTracker signal were expected to be similar, we incubated cells separately with 

LysoTracker and HF-647-Aβ and tested all channels for any bleed through signals. As 

expected, only LysoTracker showed slight signal overlap between CY2 and CY3 channels, 

but there was no significant bleed through signal in any other channel for HF-647-Aβ apart 

from its true signal in the CY5 channel (fig. S2).

Aβ could be taken up through micropinocytosis assisted by heparan sulfate proteoglycans 

(HSPGs) (13). Therefore, to elucidate the mechanism of GFB-RA–mediated enhancement of 

Aβ uptake, we performed Aβ uptake assay in the presence of Heparin (inhibitor of HSPGs) 

first. Cells treated with GFB-RA in the presence of heparin showed ~40% increase in Aβ 
uptake compared to ~80% in those without heparin (Fig. 1F). Although, this reduction in 

the uptake level is statistically significant, but still there was about 40% uptake even in 

the presence of heparin, which indicates that other factors may also be responsible for the 

uptake process. We transfected the cells with Tfeb siRNA and observed slight decrease 

(not statistically significant, P=0.59) in the uptake level of Aβ in Tfeb siRNA-transfected 

cells compared to scrambled siRNA-transfected cells (Fig 1, G and H). These data further 

enforced the idea that neither HSPGs nor TFEB alone is responsible for GFB-RA–mediated 

enhanced uptake of Aβ. Reports suggest that lipoprotein receptors like LDLR and LRP1 

also facilitate the internalization of Aβ in glial cells (14). Interestingly, there are reports 

that hepatic expression of LDLR is induced by fenofibrate (FF) via a PPARα-dependent 

mechanism involving Akt phosphorylation and transcriptional activation of SREBP2 (15, 

16). Therefore, we further transfected cells with Ldlr siRNA and observed that the effect 

of GFB-RA on Aβ uptake was attenuated in the absence of LDLR (Fig. 1, G and I). 

Moreover, treatment with GFB-RA induced the expression of Ldlr in WT, but not in 
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Ppara−/−, astrocytes (Fig. 1J) suggesting that GFB-RA stimulates the expression of Ldlr in 

astrocytes through PPARα. Together, these data indicate that GFB-RA promotes the uptake 

of Aβ in astrocytes via LDLR-mediated endocytosis.

GFB-RA treatment enhances the degradation of Aβ in mouse primary astrocytes.

Because we have seen colocalization of Aβ with the LysoTracker, a lysosomal dye (Fig. 

1D), it is imperative that there will be degradation of Aβ inside the lysosome, provided there 

is proper functioning of the organelle. We wanted to observe, whether induction of TFEB 

(and subsequent induction of lysosomal genes and lysosomal biogenesis) could accelerate 

the process of degradation Aβ in the lysosome. We deployed the same in vitro assay for 

intracellular Aβ content, but this time, after incubation with Aβ for 4 hours, the cells were 

allowed to grow for various time points (from 15 min to 8 hours) in Aβ-free media. The 

normalized Aβ signal (normalized to Hoechst signal) for DMSO-treated cells and (GFB-

RA)-treated cells were compared to their respective counterparts which were not allowed to 

grow in Aβ free media (termed as “0 min wash”). As expected, the basal level of lysosomal 

processing of Aβ caused reduction in signal intensity of intracellular Aβ by ~20% within 

6 to 8 hours compared to 0’ wash cells (Fig. 2A). On the other hand, cells treated with 

GFB-RA showed an accelerated clearance rate, with a reduction of signal by ~40% within 

6 to 8 hours (Fig. 2A). The data showed optimal degradation at 6 hours; hence that time 

point was used for further degradation assays (termed as “6 hour wash”). We also visualized 

reduced puncta of HF-647-Aβ after 6 hours of wash under the microscope (Fig. 2B). To 

determine whether the loss of Aβ signal was due to lysosomal processing, we incubated the 

cells with bafilomycin A1 (BafA1) that inhibits lysosomal acidification, thereby reducing its 

activity. The presence of BafA1 arrested the accelerated loss of Aβ as observed in GFB-RA 

treated cells, and rate of Aβ degradation was almost similar in both DMSO and GFB-RA 

treated cells, in presence of BafA1 (Fig. 2C). Furthermore, transfection of cells with Tfeb 
siRNA also attenuated the GFB-RA mediated accelerated lysosomal degradation of Aβ 
(Fig. 2D). Collectively, these data indicates that, GFB-RA–mediated induction of lysosomal 

biogenesis could accelerate the process of lysosomal Aβ degradation.

Role of PPARα and PPARβ in (GFB-RA)-mediated Aβ uptake and degradation:

Our previous results show that PPARα plays a key role in mediating the transcriptional 

activation of TFEB and subsequent enhancement in lysosomal biogenesis (12). Here, we 

tested whether the absence of PPARα and PPARβ affected the regulation of Aβ uptake and 

degradation in mouse primary astrocytes. Therefore, cells isolated from WT, Ppara−/− and 

Pparb−/− mice were treated with GFB-RA and further incubated with FAM-Aβ(1–42) (for in 

vitro assay) and HF-647-Aβ along with LysoTracker Red (for microscopy). As before, the 

Aβ signals were normalized to Hoechst signal to account for any variability in cell number.

The Aβ uptake assay, after 4 hours of incubation with Aβ, showed prominent increase in 

the Aβ content (measured by FAM-Aβ signal intensity) inside the cell, in both WT and 

Pparb−/−, but not in Ppara−/−, astrocytes (Fig. 3A). The signal intensity for all cells was 

compared to DMSO-treated WT controls. Although there was a slight increase in the levels 

of Aβ in Ppara−/− cells treated with GFB-RA (~20%), it was not significant compared to 

the ~80% and ~70% increase in GFB-RA–treated WT and Pparb−/− astrocytes, respectively 
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(Fig. 3A). To assess the role of PPARs in Aβ degradation, the cells from WT and both 

knockout animals were treated, incubated with Aβ and further allowed to grow in Aβ-free 

media for 6 hours. We observed ~60% reduction in Aβ levels both in WT and Pparb−/− 

astrocytes, but only 30–35% loss in signal in case of Ppara−/− astrocytes (Fig. 3B).

Furthermore, the observations from microscopy, also revealed reduced signal intensity 

of both Aβ and LysoTracker in Ppara−/− astrocytes compared to either Pparb−/− or WT 
astrocytes (Fig. 3, C, D and E). This is in agreement with our previous finding that the 

absence of PPARα abrogates the (GFB-RA)-mediated enhancement of lysosomal biogenesis 

(12) as well as attenuates the expression of Ldlr (Fig. 1J), a key component of Aβ uptake. 

Microscopic analysis also revealed reduced puncta of HF-647-Aβ in WT and Pparb−/− 

astrocytes after the 6-hour wash, but not a significant change in Ppara−/− astrocytes (Fig. 3, 

C, D, and E). Collectively, these data indicate that PPARα has a dual role - by regulating 

the expression of LDLR, it could facilitate the uptake Aβ and by enhancing lysosomal 

biogenesis via TFEB, it induces accelerated degradation of Aβ in the lysosomes.

GFB-RA treatment increases lysosomal activity and autophagic flux.

The enhancement of lysosomal degradation of Aβ led us to investigate the markers for 

lysosomal activity and autophagy. Cathepsin B (CtsB) and cathepsin D (CtsD) are two 

important cathepsins involved in the degradation of Aβ fragments in the lysosomes. Our data 

indicates an increase in the activity both the cathepsins upon treatment with GFB-RA (fig. 

S3, A and B). The protein levels of both cathepsins were also found to increase by about 

2 to 3-fold in astrocytes treated with GFB-RA (fig. S3, C and D). However, silencing of 

TFEB by siRNA abrogated the effect of GFB-RA on cathepsins (fig. S3, A and B). This 

is in accordance with the findings that CtsB and CtsD are direct targets of TFEB (17) and 

enhancement of TFEB activity subsequently induces the levels and activity of cathepsins as 

well.

It has been reported that deficiency in autophagy or blockage of autophagic pathway, 

results in abnormal accumulation of Aβ in autophagic vacuoles inside the cell and that 

this unwanted buildup of Aβ is one of the main causes for Aβ-induced neurotoxicity 

(8). Therefore, we observed the changes in autophagic flux in GFB-RA–treated cells 

by monitoring the levels of LC3 (LC3-I/LC3-II) and p62/SQSTM1. GFB-RA treatment 

increased the levels of LC3-II, the phosphatidylethanolamine conjugated form of LC3-I (fig. 

S3, E and F). The conversion of LC3-I to LC3-II is a hallmark of autophagy induction. 

We further blocked lysosomal activity by using BafA1 and observed further accumulation 

of LC3-II (fig. S3, E and F). In accordance of previous studies, we also observed reduced 

levels of p62 in conditions where there is accumulation of LC3-II, further enforcing the 

enhancement of autophagic flux (fig. S3, E and F).

Oral administration of GFB-RA induces lysosomal biogenesis in vivo in the hippocampus 
of 5XFAD mouse model of AD.

Next, we investigated the status of lysosomal biogenesis and autophagy in the hippocampus 

of 5XFAD mice and examined if oral GFB-RA treatment could normalize and/or upregulate 

these processes in the brain of 5XFAD mice. Western blot analysis of hippocampal 
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homogenates (Fig. 4A) followed by densitometric scanning (Fig. 4, B to G) showed 

significant decrease in TFEB (Fig. 4B), LAMP2 (Fig. 4C) and TPP1 (Fig. 4D) in the 

hippocampus of 5XFAD mice as compared to non-Tg mice. Immunofluorescence analysis 

(Fig. 4H–I) followed by cell counting (Fig. 4, J and K) also indicated decrease in TFEB 

(Fig. 4H & J) and LAMP2 (Fig. 4I & K) in the hippocampus of 5XFAD mice as compared 

to non-Tg mice. In contrast, we noticed significant upregulation of p62 (Fig. 4E), LC3-I 

(Fig. 4F) and LC3-II (Fig. 4G) in the hippocampus of 5XFAD mice in comparison with 

non-Tg mice. Together, these results indicate downregulation of lysosomal biogenesis and 

autophagy in the hippocampus of 5XFAD mice. However, GFB-RA treatment significantly 

increased the protein levels of TFEB (Fig. 4, A and B), LAMP2 (Fig. 4, A and C) and 

TPP1 (Fig. 4, A and D) in the hippocampus of 5XFAD mice. The increase of TFEB (Fig. 

4, H and J) and LAMP2 (Fig. 4, I and K) by GFB-RA treatment in the hippocampus 

of 5XFAD mice was also confirmed by immunofluorescence analysis. It was found that 

GFB-RA treatment increased the level of TFEB and LAMP2 in both astrocytes (Fig. 4, H to 

K) and neurons (fig. S4, A to D) in the hippocampus of 5XFAD mice. On the other hand, 

GFB-RA treatment decreased the levels of p62 (Fig. 4E), LC3-I (Fig. 4F) and LC3-II (Fig. 

4G) in the hippocampus of 5XFAD mice. These results suggest that oral GFB-RA treatment 

is capable of increasing lysosomal biogenesis and autophagy in the hippocampus of 5XFAD 
mice.

Although GFB-RA upregulated both TFEB and LAMP2 in astrocytes, GFB-RA treatment 

remained unable to modulate the number of astrocytes in the hippocampus of 5XFAD mice 

(Fig. 4L). This is important because astroglial activation plays an important role in the 

pathogenesis of different neurodegenerative disorders including AD. The 5XFAD mice also 

exhibit glial inflammation marked by activated glial cells surrounding plaques starting at 2 

months that increases further with age and plaque deposition (18). Therefore, to monitor 

astroglial inflammation, next, we checked the expression of a proinflammatory marker, 

iNOS in the hippocampus by double labeling iNOS and GFAP. As described before (19, 

20), marked increase in iNOS was seen in the hippocampus of 5XFAD mice as compared to 

non-Tg mice (fig. S5, A and B). However, (GFB-RA)-treated 5XFAD mice had decreased 

expression of iNOS in hippocampus relative to the vehicle group (fig. S5, A and B). In 

contrast, GFAP immunoreactivity did not change with GFB-RA treatment (Fig. 4L and fig. 

S5, A and B).

GRB-RA treatment reduces amyloid beta (Aβ) plaque load in the hippocampus of 5XFAD 
mice.

The hippocampus is the most affected region of the brain in 5XFAD mouse model of 

AD. These mice harboring five familial mutations linked to AD in APP and PS1 exhibit 

amyloid deposition starting from two months of age (18). Since astrocytes in the CNS 

are the main cell types to express and secrete insulin-degrading enzyme (IDE), one of the 

major proteases for the degradation of Aβ, we examined the effect of GFB-RA on the 

status of IDE in hippocampal astrocytes of 5XFAD mice. As expected, we observed marked 

loss of IDE in hippocampus of 5XFAD mice as compared to non-Tg mice (fig. S6, A 

and B). However, GFB-RA treatment increased the level of IDE in hippocampal astrocytes 

of 5XFAD mice (Fig. S6A–B). Future studies may be carried out to find out whether 
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cultured astrocytes could release IDE in response to GFB-RA for the degradation of Aβ. 

In addition to increasing IDE, since GFB-RA treatment also increased lysosomal biogenesis 

and autophagy in the hippocampus of 5XFAD mice, we evaluated the cerebral plaque 

status by double labeling hippocampal sections with Aβ-specific monoclonal antibody 6E10 

and thioflavin-S (Thio-S), a classic amyloid-binding dye that detects the β-pleated sheet 

of the amyloid plaques. As expected, we found marked increase in Thio-S positive and 

Aβ-immunoreactive plaques throughout the cortex and hippocampus of 5XFAD mice as 

comparted to non-Tg mice (Fig. 5A). However, oral GFB-RA treatment markedly reduced 

the plaque load in 5XFAD mice (Fig. 5A). Counting of 82e1+ and 82e1+Thio-S+ plaques 

(Fig. 5B) as well as quantification of Thio-S staining (Fig. 5, C to F) also revealed a lower 

number of plaques (Fig. 5B) and Thio-S puncta (Fig. 5C), a decline in plaque size (Fig. 

5D), a decrease in Thio-S positive area (Fig. 5E), and reduction in Thio-S fluorescence along 

the perimeter (Fig. 5F) in the hippocampus of GFB-RA–treated 5XFAD mice relative to the 

vehicle-treated 5XFAD mice. To further confirm, we also performed immunoblot analysis 

with antibodies 82e1 (Fig. 5, G to J) and 6e10 (Fig. 5, K to N) and found remarkable 

increase in the Aβ levels (Fig. 5, G, H, K, and L) in the hippocampal homogenates from 

5XFAD mice compared with non-Tg mice. However, a significant reduction in Aβ levels 

was seen in the hippocampus of (GFB-RA)-treated 5XFAD mice when compared to vehicle 

treated 5XFAD mice (Fig. 5, G, H, K, and L). In contrast, GFB-RA treatment remained 

unable to alter the level of either C-terminal fragments (CTFs) (Fig. 5, I and M) or amyloid 

precursor protein (APP) (Fig. 5, J and N), indicating that GFB-RA does not modulate 

the formation of Aβ plaques in the hippocampus of 5XFAD mice. Together, these results 

demonstrate that oral feeding of GFB-RA decreases Aβ plaque load in the hippocampus of 

5XFAD mice.

GFB-RA treatment improves cognitive deficits in 5XFAD mice.

The final goal of neuroprotection in cognitive disorders like AD is to protect and/or improve 

memory. Since the major functions of the hippocampus are to generate and organize long-

term memory and spatial learning, we examined whether oral GFB-RA protected memory 

and learning in 5XFAD mice. Expectedly, 5XFAD mice took much longer to find the reward 

hole (Fig. 6A) with greater latency (Fig. 6B) and higher errors (Fig. 6C) in the Barnes 

maze in comparison with non-Tg mice. However, oral GFB-RA markedly enhanced the 

performance of 5XFAD mice on Barnes maze (Fig. 6, A to C). Similarly, on the T-maze, 

a context-dependent hippocampal behavior test, 5XFAD mice also had fewer positive turns 

(Fig. 6D) and a higher number of negative turns (Fig. 6E) than non-Tg mice. However, 

upon oral GFB-RA treatment, 5XFAD mice exhibited significant improvement in number of 

successful positive turns with fewer errors (Fig. 6, D and E).

GFB-RA reduces Aβ plaque load in the hippocampus of 5XFAD mice via astrocytic PPARα:

Given that GFB-RA increased the uptake and degradation of Aβ in astrocytes in a manner 

dependent on PPARα, we investigated whether GFB-RA–mediated reduction in plaque 

burden in 5XFAD mice was dependent on PPARα specifically in astrocytes. Therefore, 

using Cre-Lox system, we generated 5XFAD-PparaΔAstro mice, 5XFAD mice lacking 

PPARα in astrocytes (fig. S7A). To validate PPARα knockdown from astrocytes, DG 

sections from non-Tg, 5XFAD and 5XFAD-PparaΔAstro mice were double-labeled for 
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PPARα and GFAP. Although there was significant decrease in the expression of PPARα 
in both astrocyte and non-astrocyte cell populations in the hippocampus of 5XFAD mice 

as compared to non-Tg mice, we observed a complete absence of astrocytic PPARα in 

5XFAD-PparaΔAstro mice (fig. S7, B and C).

Because GFB-RA induced the expression of LDLR in astrocytes via PPARα (Fig. 1J) to 

mediate the uptake of Aβ (Fig. 1G), we examined whether GFB-RA also upregulated LDLR 

in vivo in the hippocampus in a manner dependent on astroglial PPARα. While in non-Tg 

mice, LDLR was expressed by neurons as evident from the widespread presence of LDLR 

in hippocampal track (fig. S8, A to B), in 5XFAD mice, LDLR was mainly expressed by 

astrocytes (fig. S8, A and B). Treatment of 5XFAD mice with GFB-RA led to the restoration 

of LDLR abundance in hippocampal track and a marked increase in LDLR abundance in 

astrocytes (fig. S8, A and B). However, GFB-RA remained unable to upregulate LDLR 

expression in astrocytes in the hippocampus of 5XFAD-PparaΔAstro mice (fig. S8, A and B). 

Given that GFB-RA treatment increased TFEB (Fig. 4J) and LAMP2 (Fig. 4K) in astrocytes 

without modulating the number of astrocytes (Fig. 4L), we examined whether GFB-RA 

was associated with the switching of astrocytic properties in the hippocampus of 5XFAD 
mice. Whereas C3-expressing “A1” reactive astrocytes generate various molecules that are 

destructive to neurons and myelin, S100A10-expressing “A2” astrocytes are protective of 

neurons and reduce tissue damage in the CNS (21). As expected, greater number of A1 

astrocytes (fig. S9, A and C) and very few A2 astrocytes (fig. S9, B and D) were seen in 

the hippocampus of 5XFAD mice as compared to non-Tg mice. However, this trend was 

reversed by oral GFB-RA treatment (fig. S9, A to D). On the other hand, GFB-RA remained 

unable to shift A1 astrocytes to A2 ones in the hippocampus of 5XFAD-PparaΔAstro mice 

(fig. S9, A to D). These results suggest that GFB-RA switches astroglial reactive state from 

A1 to A2 and upregulates astroglial LDLR in the hippocampus of 5XFAD mice in a manner 

dependent on astroglial PPARα.

Next, to examine the role of astrocytic PPARα in lysosomal biogenesis, we monitored 

the levels of LAMP2 and TFEB in hippocampal homogenates of (GFB-RA)-treated and 

untreated 5XFAD and 5XFAD-PparaΔAstro mice. Our results indicate that (GFB-RA)-treated 

5XFAD mice exhibited significantly higher levels of LAMP2 (Fig. 7, A and B) and TFEB 

(Fig. 7, C and D) as compared to vehicle treatment. However, GFB-RA treatment remained 

unable to upregulate the level of LAMP2 (Fig. 7, A and B) and TFEB (Fig. 7, C and D) 

in the hippocampus of 5XFAD-PparaΔAstro mice, indicating an important role of astroglial 

PPARα in (GFB-RA)-mediated lysosomal biogenesis in the hippocampus of 5XFAD mice.

We then assessed plaque load and found that GFB-RA treatment significantly lowered the 

Thio- S+ amyloid plaques in the hippocampus and cortex of 5XFAD mice but was unable 

to do so in 5XFAD-PparaΔAstro (Fig. 7E). Quantification of Thio-S staining (Fig. 7, F to I) 

and counting of 82e1+ and 82e1+Thio-S+ puncta (Fig. 7J) revealed that GFB-RA treatment 

reduced the number (Fig. 7, F and J), size (Fig. 7G), area (Fig. 7H), and perimeter (Fig. 

7I) of plaques in 5XFAD, but not 5XFAD-PparaΔAstro, mice. Immunoblot analyses with 

82e1 antibody also confirmed decrease in Aβ plaques by GFB-RA in 5XFAD, but not 

5XFAD-PparaΔAstro, mice (Fig. 7, K and L). However, GFB-RA treatment did not change 

the level of CTF (Fig. 7M) and APP (Fig. 7N) in either 5XFAD or 5XFAD-PparaΔAstro 

Raha et al. Page 8

Sci Signal. Author manuscript; available in PMC 2022 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice. These results suggest that oral administration of GFB-RA reduces amyloid plaque in 

5XFAD mice in a manner dependent on astroglial PPARα.

GFB-RA improves learning and memory in 5XFAD mice via astrocytic PPARα.

Lastly, we investigated whether the effect of GFB-RA on learning and memory in 5XFAD 
mice was also dependent on astrocytic PPARα. As expected, on Barnes maze (Fig. 

8A), GFB-RA-treated 5XFAD mice displayed increased spatial behaviors, as indicated 

by latency (Fig. 8B) and errors (Fig. 8C) when compared with vehicle-treated 5XFAD 
mice. In contrast, GFB-RA treatment remained unable to improve the performance of 

5XFAD-PparaΔAstro mice on the Barnes maze (Fig. 8, A to C). Similarly, GFB-RA treatment 

increased the number of positive turns (Fig. 8D) and reduced the number of errors 5XFAD, 

but not 5XFAD-PparaΔAstro, mice made on the T maze (Fig. 8E). These results indicate an 

essential role of astrocytic PPARα in GFB-RA–mediated improvement in spatial memory 

and learning in 5XFAD mice. We further tested these mice for novel object recognition, 

which is a commonly used behavioral tool for investigating various aspects of short-term 

memory in mice. Similar to effects seen using the Barnes maze and the T maze, GFB-RA 

treatment also enhanced the short-term memory of 5XFAD mice as evidenced by the 

preferential index (Fig. 8F). However, we did not observe any improvement in preferential 

index of 5XFAD-PPARαΔAstro mice upon GFB-RA treatment. Inability of GFB-RA to 

modulate general locomotor activities such as total distance traveled (fig. S10, A and B) 

and velocity (fig. S10 and C) in either 5XFAD mice or 5XFAD-PparaΔAstro mice suggests 

that GFB-RA–mediated improvement in cognitive performance is due to increased cognitive 

behavior, not any effect on general locomotor activities. Together, our results demonstrate 

that GFB-RA improves cognitive performance of 5XFAD mice via astrocytic PPARα.

Discussion

Effective clearance of Aβ from the brain parenchyma is thought to reduce the development 

and progression of AD. In AD brain, while neurons die, glial cells like astrocytes and 

microglia do not die. Although microglia are known to play an important role in Aβ 
clearance by a variety of phagocytic and digestive mechanisms, very few cells in the brain 

are microglia. On the other hand, astrocytes are the major cell type in the brain. Therefore, 

it makes sense to utilize astrocytes for the clearance of cerebral Aβ load. However, 

drugs for stimulating astroglial plaque clearance are poorly understood. Gemfibrozil is a 

FDA-approved lipid-lowering drug with a nice track record and retinoic acid, a vitamin A 

derivative, regulates the expression of a wide variety of target genes (22, 23). We have seen 

that a combination of gemfibrozil (GFB) and retinoic acid (RA), at low doses, induces TFEB 

and upregulates lysosomal biogenesis in astrocytes (12). Because lysosomes are critically 

involved in the metabolism of Aβ (24, 25), we examined the effect of combination of GFB 

and RA (GFB-RA) on the uptake and degradation of Aβ1–42 and found that it increased 

both in cultured astrocytes. However, at present, we do not know whether this effect is 

specific for Aβ or GFB-RA could stimulate the uptake and degradation of other peptides or 

proteins as well in astrocytes. Many drugs exhibit therapeutic effect in cell culture models, 

however, very few show efficacy in vivo in the brain. We previously reported that after oral 

administration, GFB enters the brain of mice (26). In this current study, oral administration 
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of GFB-RA upregulated lysosomal biogenesis and autophagy in vivo in the hippocampus 

of 5XFAD mice, ultimately leading to reduction of plaque load and protection of memory 

and learning. During the course of the study, we did not observe any drugrelated side 

effects (such as hair loss, weight loss, diarrhea, and infections) in any of the mice used. 

These results suggest that oral GFB-RA may be considered to stimulate autophagy in the 

hippocampus, increase cerebral plaque clearance and protect memory in AD.

Mechanisms for stimulating astroglial plaque clearance are poorly understood. PPARα is a 

transcription factor that regulates fatty acid catabolism in the liver. Although hippocampus 

does not catabolize fat, recently we have demonstrated that PPARα is constitutively 

expressed in hippocampal neurons and astrocytes (27–29). Uptake of Aβ by astrocytes is 

the first step in this clearance process. Interestingly, GFB-RA stimulated the uptake of Aβ 
in astrocytes isolated from WT and Pparb−/−, but not Ppara−/−, mice, indicating an important 

role of PPARα in the uptake of Aβ. Prior to this study, we reported that PPARα is capable 

of regulating Tfeb at the transcriptional level (12). However, siRNA knockdown of TFEB 

did not abrogate GFB-RA–mediated uptake of Aβ in astrocytes, ruling out a role of TFEB 

in this process. On the other hand, knockdown of LDLR in astrocytes attenuated (GFB-RA)-

mediated enhancement of Aβ uptake, indicating the involvement of LDLR in the uptake 

of Aβ. Previous studies showed that overexpression of Ldlr inhibited Aβ deposition and 

enhanced clearance of extracellular Aβ (30). The effect could be mediated with or without 

the involvement of Apolipoprotein E (ApoE), one of the strongest genetic risk factors for 

AD (15, 16, 30). Furthermore, Ldlr overexpression has been also been shown to facilitate the 

rate of brain-to-blood transport of cerebral Aβ, thereby enhancing removal of pathologic Aβ 
from the brain (31). Moreover, when Ldlr was deleted in 5XFAD mice, there was evidence 

of increased amyloid beta deposition (32). Here, we have seen that GFB-RA increased the 

mRNA expression of Ldlr in astrocytes isolated from WT, but not Ppara−/−, mice. Together, 

these results suggest that GFB-RA increases the uptake of Aβ in astrocytes via PPARα – 

LDLR, but not PPARα – TFEB, pathway.

The co-localization of HF-647-Aβ signal and LysoTracker observed under microscope 

showed that internalized Aβ indeed ended up in the lysosomes. Accordingly, similar to 

the uptake of Aβ, we found that GFB-RA stimulated the degradation of Aβ in astrocytes 

isolated from WT and Pparb−/−, but not Ppara−/−, mice, suggesting a role of PPARα in 

the degradation of Aβ as well. Although we did not see an involvement of TFEB in the 

uptake of Aβ, siRNA knockdown of TFEB significantly decreased the degradation of Aβ in 

(GFB-RA)-treated astrocytes, indicating that GFB-RA needs TFEB, a target of PPARα, to 

enhance the degradation of Aβ in astrocytes. Upon activation, TFEB is known to stimulate 

the autophagy machinery including the cathepsins and it has been also shown that increased 

activity of cathepsins results in effective degradation of Aβ and reduction in Aβ plaques 

(33). Consistent to the upregulation of TFEB, GFB-RA increased activity and levels of 

both cathepsin B (CtsB) and cathepsin D (CtsD). Moreover, enhanced autophagy results in 

lysosomal degradation of Aβ (34). Microtubule associated protein 1 (MAP1) light chain 

3 (MAP-LC3 or simply LC3) exists as a free soluble form (LC3-I), which is covalently 

conjugated to phosphatidylethanolamine (LC3-II) by the enzymatic action of Atg4 (35, 

36). Signals leading to the induction of autophagy trigger the conversion. LC3-II remains 

bound to the autophagosome membrane and is essential for the de novo production of 
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autophagic vacuole (37, 38). Monitoring the changes in the levels of LC3-I/II is considered 

to be a simple and effective way to monitor autophagy induction. However, mere increase 

in the levels of LC3-II does not necessarily indicate complete autophagy. LC3-II itself 

is degraded in the later stages of autophagic degradation, which makes the interpretation 

of LC3 immunoblot results more complex. Therefore, monitoring LC3-I/II levels both in 

presence of activators and inhibitors of autophagy has been proposed to be a better way to 

interpret the data (39, 40). Another marker for autophagy, p62, also known as sequestsome1 

(SQSTM1), which delivers LC3-II to the autophagosome and majority of p62, is degraded 

in the early stages of autophagosome formation (39–42). The expected negative correlation 

of p62 and LC3 in astrocytes upon GFB-RA treatment indicates increased autophagic 

flux. Therefore, it appears that GFB-RA increases the degradation of Aβ in astrocytes via 

“PPARα – TFEB – autophagy” pathway.

TFEB overexpression led to induction in lysosomal biogenesis and eventually resulted 

in enhanced uptake and clearance of Aβ from the interstitial fluids by astrocytes and 

enhanced processing of APP by neurons thus reducing Aβ production (24, 25). While these 

studies underscore the importance of astrocytic clearance of Aβ in AD like conditions, 

drug-mediated enhancement of astroglial plaque clearance in vivo has not been described 

so far. Since (GFB-RA)-mediated increased uptake and degradation of Aβ in astrocytes 

depended on PPARα, to delineate the role of astroglial plaque clearance machinery in vivo 
in 5XFAD mice, we prepared 5XFAD mice that lacked PPARα in GFAP-positive astrocytes. 

Whereas oral GFB-RA increased lysosomal biogenesis and autophagy to clear Aβ plaques 

from the hippocampus and improve spatial memory and learning in 5XFAD mice, the 

same treatment remained unable to upregulate lysosomal biogenesis and autophagy, reduce 

Aβ plaques and increase spatial memory and learning in 5XFAD mice lacking PPARα 
in astrocytes. These results highlight an active role of PPARα-dependent plaque clearance 

machinery in reducing cerebral plaque load. Although being in the liver, PPARα controls 

fatty acid metabolism, recent studies have described that PPARα is involved in hippocampal 

plasticity via transcription of cAMP response element-binding protein (CREB) (27, 29) 

and that PPARα is also involved in non-amyloidogenic processing of APP (43). Here, we 

describe another new function of PPARα in stimulating astroglial uptake and degradation of 

Aβ.

In summary, we delineate that GFB-RA stimulates astroglial uptake of Aβ via PPARα - 

LDLR pathway and increases Aβ degradation in astrocytes via PPARα – TFEB pathway, 

thus fueling interest in understanding the crosstalk among the lipid metabolism, lysosomal 

biogenesis and astroglial Aβ processing. Finally, we demonstrate that oral GFB-RA switches 

astroglial activation state from a neurotoxic A1-type to a neuroprotective A2-type state, 

augments astroglial LDLR, stimulates lysosomal biogenesis and autophagy, lowers plaque 

load, and improve spatial memory and learning in 5XFAD mouse model of AD dependent 

upon astrocytic PPARα. While from academic standpoint, these results highlight the role 

of PPARα-dependent astroglial plaque clearance machinery, from a therapeutic angle, these 

results suggest that low-dose GFB-RA might be repurposed as a treatment for reducing 

plaque burden and improving cognition in AD patients.
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Materials and Methods

Reagents:

Cell culture materials (DMEM/F-12, L-glutamine, Hank’s balanced salt solution, 0.05% 

trypsin, and antibiotic-antimycotic) were purchased from Mediatech. Fetal bovine serum 

(FBS) was obtained from Atlas Biologicals. Aspirin and all molecular biology-grade 

chemicals were obtained from Sigma. FAM-tagged Aβ(1–42) and HF-647-tagged Aβ(1–42) 

were obtained from Anaspec. Primary antibodies, their sources and concentrations used 

are listed in the supplement (table S1). Alexa-fluor antibodies used in immunostaining 

were obtained from Jackson ImmunoResearch and IR-dye-labeled reagents used for 

immunoblotting were from Li-Cor Biosciences.

Isolation of Primary Mouse Astroglia:

Astroglia were isolated from mixed glial cultures as described (44, 45) according to the 

procedure of Giulian and Baker (46). Briefly, on day 9, the mixed glial cultures were washed 

three times with Dulbecco’s modified Eagle’s medium/F-12 and subjected to shaking at 240 

rpm for 2 h at 37°C on a rotary shaker to remove microglia. After 2 days, the shaking was 

repeated for 24 h for the removal of oligodendroglia and to ensure the complete removal of 

all non-astroglial cells. In several studies (12, 28, 47, 48), we have seen that the attached 

cells express glial fibrillary acidic protein (GFAP) and that these cells are 96–98% pure 

astrocytes. These cells were seeded onto new plates for further studies.

Quantitative Real-Time PCR:

The mRNA quantification was performed using the ABI-Prism7700 sequence detection 

system using SYBR Select master mix as described earlier (49, 50). The mRNA expression 

of the targeted genes was normalized to the level of Gapdh mRNA and data was processed 

by the ABI Sequence Detection System 1.6 software.

Immunoblotting:

Western blotting was conducted as described earlier (51, 52) with modifications. Briefly, 

cells were scraped in 1X RIPA buffer, protein was measured using Bradford reagent and 

sodium dodecyl sulfate (SDS) buffer was added and electrophoresed on NuPAGE® Novex® 

4–12% Bis-Tris gels (Invitrogen) and proteins transferred onto a nitrocellulose membrane 

(Bio-Rad) using the Thermo-Pierce Fast Semi-Dry Blotter. The membrane was then washed 

for 15 min in TBS plus Tween 20 (TBST) and blocked for 1 hour in TBST containing BSA. 

Next, membranes were incubated overnight at 4°C under shaking conditions with primary 

antibodies listed in Table S1. The next day, membranes were washed in TBST for 1 hour, 

incubated in secondary antibodies (all 1:10,000; Jackson ImmunoResearch) for 1 hour at 

room temperature, washed for one more hour and visualized under the Odyssey® Infrared 

Imaging System (Li-COR, Lincoln, NE).

For hippocampal tissue, the weight of the tissue was measured followed by homogenization 

in RIPA buffer containing protease and phosphatase inhibitors. Homogenates were 

centrifuged at 15,000 rpm for 30 mins followed by measuring protein in supernatants using 

the Bradford method (Bio-Rad). Total protein (30μg) was mixed with 2X SDS sample 
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buffer, boiled for 5 min and electrophoresed on SDS-Polyacrylamide gels using the Tris/

Glycine/SDS PAGE buffer. All primary antibodies are listed in table S1.

Densitometric analysis:

Protein blots were analyzed using ImageJ (NIH, Bethesda, MD) and bands were normalized 

to their respective β-actin loading controls. Immunofluorescence quantification data are 

representative of the average fold change with respect to control for at least 25 different 

images per condition from three independent set of experiments.

Amyloid beta uptake assay:

Mouse primary astrocytes were plated in black 96-well plates. After appropriate treatment, 

the wells were incubated at 37°C with 500nM FAM-tagged Aβ(1–42) for appropriate time-

points. Finally, the Aβ-containing medium was removed and wells were gently washed with 

normal media, followed by quenching of extracellular Aβ with 100 μl 0.2% trypan blue 

in PBS for 2mins. After aspiration the fluorescence was measured Ex./Em. of 485/535 in 

Victor X2 microplate reader (Perkin Elmer). The wells were further incubated with 100 μl of 

50μg/ml Hoechst 33342 dye in PBS for 30 mins and fluorescence was measured Ex./Em. of 

360/465nm (24). The Aβ fluorescence was normalized to Hoechst fluorescence to account 

for cell number variability if any.

Amyloid beta degradation assay:

Mouse primary astrocytes were plated, treated and then incubated for 4 h with FAM-tagged 

Aβ(1–42). After incubation, Aβ containing media was removed and after a single gentle 

wash, the plates were incubated with normal media at 37°C for different time points. The 

measurement of Aβ and Hoechst fluorescence was measure as mentioned above. When we 

assayed for Aβ degradation in WT, Ppara−/− and Pparb−/− astrocytes, we calculated the 

degradation the following way. Because we had three different cell types that responded 

differentially to GFB-RA treatment in terms of Aβ uptake, for proper assessment of 

degradation, levels of Aβ post 6h wash were compared with the fold change in Aβ prior 

to wash (0’ wash), individually, for each type of GFB-RA treated cells.

1st order derivation: Aβ signal normalized to Hoechst signal = Aβnorm (for all conditions). 

2nd order derivation: Aβnorm (Tx, 0’ wash) normalized to Aβnorm (DMSO, 0’ wash) = Aβfold 

(Tx, 0’ wash); and Aβnorm (Tx, 6h wash) normalized to Aβnorm (DMSO, 6h wash) = Aβfold 

(Tx, 6h wash). 3rd order derivation: {Aβfold (Tx, 6h wash) / Aβfold (Tx, 0’ wash)}* 100 = % 

change. This third order derivation of the Aβ signal allowed us to compare between the net 

reduction in Aβ content in the cell compared to the net uptake of Aβ by the same cells prior 

to wash.

Immunocytochemistry for Aβ uptake/degradation:

Mouse primary astrocytes were cultured on square coverslips placed in 6 well plates. After 

treatment cells were incubated with 500nM of HF-647-tagged Aβ(1–42). For degradation 

study, the cells were further allowed to grow in normal media, after removal of Aβ 
containing media. After incubation, cells were further incubated in media containing 75nM 
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LysoTracker Red DND99 for 30mins. The cells were then washed, fixed on glass slides and 

observed under BX41 fluorescence microscope (24).

Cathepsin assay:

Mouse primary astrocytes were cultured, treated and lysed in 100 mM sodium acetate, 

pH 5.5, with 2.5 mM EDTA, 0.01% Triton X-100, and 2.5 mM DTT. For Cathepsin B 

assay, the supernatant was incubated for 30mins at pH 6.0 with 100 μM Z-Arg-Arg-AMC. 

7-amino-4-methylcoumarin, AMC was used as standard. The fluorescence was measured 

at Ex./Em. of 355/460nm in Victor X2 microplate reader. For Cathepsin D assay, the 

supernatant was incubated 10 μM substrate 7-methoxycoumarin-4-acetyl-(Mca)-Gly-Lys-

Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys-2,4 nitrophenyl (Dnp)-D-Arg-NH2 at pH 4.0 for 30 min. 

Mca-Pro-Leu-OH was used as standard. The fluorescence was measured at Ex./Em. of 

320/420 nm. The fluorescence readings of the samples were compared to the respective 

standard to measure the amount of product obtained. Cathepsin activity (in Units) was 

calculated per mg of cell extract, considering 1 unit of enzyme activity released 1 nmole of 

product per hour at 37°C (53, 54).

Animals and oral GFB-RA treatment:

Animal maintenance and experiments were conducted according to NIH guidelines that 

were approved by Rush University Medical Center Institutional Animal Care and Use 

Committee (IACUC). B6SJL-Tg (APPSwFlLon, PSEN1*M146L*L286V) 6799 Vas/J) 

transgenic (5XFAD) mice were obtained from Jackson Laboratories (Bar Harbor, ME). To 

prepare 5XFAD mice lacking PPARα in astrocytes (5XFAD-PparaΔAstro), Gfap-cre mice 

were crossed with Ppara-flox mice to make PparaΔAstro mice. Then PparaΔAstro mice were 

crossed with 5XFAD mice to generate 5XFAD-PparaΔAstro mice. Six-month old male and 

female 5XFAD and 5XFAD-PparaΔAstro mice were orally administered with a combination 

of gemfibrozil (GFB) (8mg/kg bodyweight/day) and retinoic acid (RA) (150 IU) or vehicle 

(0.5% methylcellulose) via oral gavage for 60 days. Non-transgenic mice from the same 

background were used as a control.

Immunohistochemistry:

For immunohistochemistry, hemi brains incubated in 30% sucrose were washed thoroughly 

in PBS cryo-sectioned using a sliding microtome (American opticals 860) as described 

(20, 28, 43). Prior to staining, 40μm free floating hippocampal sections were washed 

thoroughly in PBS. The sections were blocked using 2% BSA in PBSTT (PBS+Triton 

X-100+Tween-20) for 1h. Next, the sections were incubated with primary antibody in 1% 

PBSTT at 4°C overnight. The following day, sections were washed in PBSTT and incubated 

with 488 or 647- conjugated secondary antibody (Jackson ImmunoResearch Laboratories) 

for 3 h at room temperature. Following washes in PBSTT, the sections were mounted 

on glass sides (12, 55). The samples were visualized under Olympus BX41 fluorescence 

microscope.

For thioflavin-S (Thio-S) and 82E1 amyloid colabeling, following primary and secondary 

antibody incubation for 82E1 antibody, sections were incubated in 0.05% Thio-S for 5 min. 

Next, the sections were washed in 50% ethanol and PBS followed by mounting on a glass 
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slide (56). The samples were visualized under Olympus BX41 fluorescence microscope. All 

primary antibodies used are described in table S1.

Counting of Aβ plaques:

Amyloid plaques in hippocampus and cortex were scored blinded to the experimental 

conditions using the touch counting module of the Olympus Microsuite 5™ imaging 

software. Briefly, captured images were opened in the infinity image viewer window and 

the area of the entire image was measured by drawing a rectangular object around the 

image. After that, plaques were counted by touch counting. Both area of the image and 

counted signals were exported to excel and calculated as a unit of number of signals per 

square millimeter area. Plaque area, size and perimeter were calculated using NIH’s ImageJ 

software (56).

Barnes maze and T maze:

Maze experiments were performed as described by us (27, 57, 58). Briefly, for the Barnes 

maze, mice were trained for 2 consecutive days followed by examination on day 3. During 

training, the overnight food-deprived mouse was placed in the middle of the maze in a 

10 cm high cylindrical start chamber. After 10 s, the start chamber was removed to allow 

the mouse to move around the maze to find out the color food chips in the baited tunnel. 

The session was ended when the mouse entered the baited tunnel. The tunnel was always 

located underneath the same hole (stable within the spatial environment). After each training 

session, maze and escape tunnel were thoroughly cleaned with a mild detergent to avoid 

instinctive odor avoidance due to mouse’s odor from the familiar object. On day 3, a video 

camera (Basler Gen I Cam - Basler acA 1300–60) connected to a Noldus computer system 

was placed above the maze and was illuminated with high wattage light that generated 

enough light and heat to motivate animals to enter into the escape tunnel. The performance 

was monitored by the video tracking system (Noldus System). Cognitive parameters were 

analyzed by measuring latency (duration before all four paws were on the floor of the escape 

box) and errors (incorrect responses before all four paws were on the floor of the escape 

box).

For the T-maze, mice were also habituated in the T-maze for two days under food-deprived 

conditions so that animals can eat food rewards at least five times during 10 minutes period 

of training. During each trial, mice were placed in the start point for 30 s and then forced 

to make a right arm turn which was always baited with color food chips. On entering the 

right arm, they were allowed to stay there for 30–45 s, then returned to the start point, held 

for 30 s and then allowed to make right turn again. As described above, after each training 

session, T-maze was thoroughly cleaned with a mild detergent. On day 3, mice were tested 

for making positive turns and negative turns. The reward side is always associated with a 

visual cue. The number of times the animal eats the food reward would be considered as a 

positive turn.

Novel object recognition task:

Novel object recognition task was performed to monitor the short-term memory as described 

by others (59) and us (27). Briefly, during training, mice were placed in the NORT testing 
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apparatus comprised of a wooden floor square arena of 40 cm long and 40 cm wide, with 

walls 30 cm high. Two plastic toys (between 6 and 7 cm) that varied in color, shape, and 

texture were placed in specific locations in the environment 30 cm away from each other. 

The mice were able to explore freely the environment and objects for 15 min and then 

were placed back into their individual home cages. After 30 min, mice were placed back 

into the environment with two objects in the same locations, but now one of the familiar 

objects was replaced with a third novel object. The mice were then again allowed to explore 

freely both objects for 15 min. The objects were thoroughly cleaned with a mild detergent. 

A video camera (Basler Gen I Cam - Basler acA 1300–60) connected to a Noldus computer 
system was placed above the box. Each mouse was placed individually on the center of the 

NORT arena and the performance was monitored by the live video tracking system (Noldus 
System).

Open field test:

The Open field tests were performed as described earlier (60, 61) with slight modifications 

and used to assess spontaneous exploratory activity. Briefly, each mouse was allowed to 

freely explore an open field arena for 5 min. The testing apparatus was a classic open field 

(i.e., a wooden floor square arena, 40 × 40 cm, with walls 30 cm high). A video camera 

(Basler Gen I Cam - Basler acA 1300–60) connected to a Noldus computer system was 

placed above the box. Each mouse was placed individually on the center of the arena and the 

performance was monitored by the live video tracking system (Noldus System). Exploratory 

parameters in OFT that were analyzed include total distance traveled by the mice during 5 

min of free exploration in the open field arena and the velocity with which this distance was 

covered.

Statistics:

Statistical analyses were performed using Graph Pad Prism 9.0.0.121. Data sets were 

analyzed by one-way ANOVA followed by Dunnett’s and Tukey’s multiple comparison tests 

or student’s t-test as described previously (20, 43). Data represented as mean ± SD or mean 

± SEM from three independent experiments. A P level < 0.05 was considered statistically 

significant: * P < 0.05, ** P < 0.01 and *** P < 0.001.

Study ethics approval:

Mice were maintained and experiments conducted in accordance with National Institute of 

Health guidelines and were approved (protocol # 18–045) by the Rush University Medical 

Center Institutional Animal Care and Use Committee.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Combination of gemfibrozil and retinoic acid (GFB-RA) enhances Aβ uptake in mouse 
primary astrocytes.
(A) Aβ uptake assay in mouse primary astrocytes were cultured for 24 hours with GFB-RA 

[GFB (10 μM) + RA (0.2 μM)], followed by 500 nM FAM-tagged Aβ1–42 for a further 15 

min to 8 hours. Data are shown as a percent change compared to DMSO-treated controls. 

(B and C) The fluorescence of FAM-Aβ was monitored over time in the primary astrocytes 

and media described in (A). (D and E) Mouse primary astrocytes treated with GFB-RA 

were incubated with 500nM HF-Aβ1–42 and 75 nM Lysotracker Red and observed under 

microscope. Scale bar = 20 μm. Aβ+Lyso-T+ puncta were counted from 15 astrocytes from 

three independent experiments. (F) Mouse primary astrocytes were treated with DMSO or 

GFB-RA, followed by treatment with diluent of heparin (100 μg/ml) and further incubated 

in 500 nM FAM-Aβ for 4 hours. Aβ uptake assay was performed, and data is shown as 

percentage change with respect to untreated control. (G) Mouse primary astrocytes were 

transfected with scrambled siRNA, Tfeb siRNA or Ldlr siRNA, treated with GFB-RA, 

followed by incubation in 500 nM FAM-Aβ for 4 hours. Data from Aβ uptake assay is 

represented as percentage change with respect to DMSO and scrambled siRNA controls. 
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(H and I) Real-time PCR was performed to measure the efficacy of siRNA silencing of 

Tfeb and Ldlr. (J) Wild-type (WT) and Ppara−/− astrocytes were treated with GFB-RA 

for 4 hours followed by monitoring the mRNA expression of LDLR by real-time PCR. 

All data are mean ± SEM of three independent experiments, each in duplicate. *P<0.05, 

***P<0.001, and NS denotes not significant by one-way ANOVA followed by Dunnett’s 

multiple comparison test.
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Figure 2. GFB-RA treatment enhances Aβ degradation in mouse primary astrocytes.
(A) Mouse primary astrocytes were treated for 24 hours with GFB-RA followed by 

incubation with 500nM FAM-tagged Aβ1–42 for 4 hours and allowed to grow in Aβ-free 

media for different time periods. Aβ degradation assay was performed as described in 

methods section. Data was represented a percentage change compared to unwashed control. 

(B) Mouse primary astrocytes treated with GFB-RA were incubated with 500 nM HF-

Aβ1–42, washed for 4 or 6 hours, further incubated with 75 nM Lysotracker Red, and 

observed under microscope. Scale bar = 20μm. (C) Mouse primary astrocytes were treated 

with GFB and RA for 24 hours, followed by treatment with 100 nM Bafilomycin A1 for 

45 min, followed by incubation with 500 nM FAM-Aβ, washed in Aβ free media for 

6 hours and degradation assay was performed. Data is represented as percentage change 

with respect to unwashed controls. (D) Aβ degradation assay was done in mouse primary 

astrocytes which were either transfected with scrambled siRNA or Tfeb siRNA, prior to 

treatment with DMSO or GFB-RA. Data were compared to DMSO-treated, scrambled 

siRNA transfected controls. All data are mean ± SEM of three independent experiments 

run in duplicate. *P<0.05 and NS denotes not significant by one-way ANOVA followed by 

Dunnett’s multiple comparison test.
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Figure 3. Role of PPARα and PPARβ in Aβ uptake and degradation in mouse primary 
astrocytes.
(A) Mouse primary astrocytes isolated from WT, Ppara−/− and Pparb−/− animals were treated 

with GFB-RA [GFB (10 μM) + RA (0.2 μM)] or DMSO, followed by incubation with 500 

nM FAM-Aβ and subjected to Aβ uptake assay. Data were compared to DMSO-treated WT 

control and represented as percent change. (B) Mouse primary astrocytes isolated from WT, 

Ppara−/− and Pparb−/− animals were, treated with GFB-RA, followed by incubation with 

500 nM FAM-Aβ for 4 hours, washed in Aβ free media for 6 hours, and subjected to an 

Aβ degradation assay. All data are representative of the mean ± SEM of three independent 

experiments run in duplicate. *P<0.05, ***P<0.001, and NS denotes not significant by 

one-way ANOVA followed by Dunnett’s multiple comparison test. (C to E) Mouse primary 

astrocytes isolated from WT (C), Ppara−/− (D) and Pparb−/− (E) animals were isolated, 

treated with DMSO, followed by incubation with 500 nM HF-647-Aβ for 4 hours and 75 

nM Lysotracker for 45 min (first panel), treated with GFB-RA, followed by incubation with 

500 nM HF-647-Aβ for 4 hours and 75 nM Lysotracker for 45 min (second panel), treated 
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with GFB-RA, followed by incubation with 500 nM HF-647-Aβ for 4 hours and washed 

in Aβ-free media for 6 hours and incubated in 75 nM Lysotracker for 45 min (third panel) 

and observed under microscope. Scale bar = 20 μm. Results are representative of three 

independent experiments run in duplicate.
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Figure 4. Oral administration of the combination of gemfibrozil and retinoic acid (GFB-RA) 
activates lysosomal biogenesis in vivo in the hippocampus of 5XFAD mice.
(A to G) Six-month-old 5XFAD mice (n=5/group in two independent experiments) were 

orally administered with GFB-RA [the combination of gemfibrozil (8 mg/Kg/day) and 

retinoic acid (150 IU/day)] for two months. The control group of 5XFAD mice received 

0.5% methylcellulose as vehicle. Label color code: bottom right. Hippocampal protein 

homogenates from these mice were then subjected to Western blotting for protein expression 

of TFEB, LAMP2, TPP1, p62, and LC3 (A). Densitometry analysis of each (B to G) was 

measured with ImageJ, normalized to that of actin, and presented as relative to control. Data 

are mean ± SEM of five mice per group. (H to L) Hippocampal sections of mice described 

in (A) were double-labeled for either TFEB and GFAP (H) or LAMP2 and GFAP (I). Label 
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color code: bottom right; scale bars as marked. TFEB+GFAP+ (J), LAMP2+GFAP+ (K) and 

GFAP+ (L) cells were counted in one section (3 images per section) of each of five mice 

per group. *P<0.05, **P<0.01, ***P<0.001, and NS denotes not significant by one-way 

ANOVA followed by Tukey’s multiple comparison test.
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Figure 5. Oral administration of GFB-RA decreases amyloid beta (Aβ) plaque pathology in 
5XFAD mouse model of AD.
(A to F) Six-month old 5XFAD mice (n=5/group in two independent experiments) were 

orally administered with GFB-RA [the combination of gemfibrozil (8 mg/Kg/day) and 

retinoic acid (150 IU/day)] or vehicle (0.5% methylcellulose) for two months. Label color 

code: bottom right. Hippocampal sections from these mice were immunohistochemically 

assessed for Aβ plaques using 82E1 antibody (red) and counterstained with Thioflavin-S 

(Thio-S; green) followed by counting of 82e+ and 82e+Thio-S+ plaques in one section 

(3 images per section) of each of five mice per group (A and B; scale bars as marked). 

Quantification of Thio-S+ Aβ plaques were further evaluated for (C) Thio-S+ plaque counts, 

(D) average plaque size, (E) total area fraction representing Thio-S+ area as percentage of 

total area of cortex and hippocampus, and (F) perimeter of Thio-S+ plaques. Quantification 
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was done using imageJ. (G to N) Hippocampal homogenates from mice described in (A) 

were immunoblotted with 82e1 (G) and 6e10 (K) 6e10 antibodies. Actin was used as 

loading control. Densitometric quantifications of 82e1-Aβ (H), 82e1-CTF (I), 82e1-APP (J), 

6e10-Aβ (L), 6e10-CTF (M), and 6e10-APP (N) and normalized to actin. Data are mean ± 

SEM of 5 mice per group. *P<0.05, **P<0.01, ***P<0.001, and NS denotes not significant 

by one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 6. Oral administration of GFB-RA increases spatial learning and memory in 5XFAD 
mice.
(A to E) Six-month-old 5XFAD mice (n=5/group in two independent experiments) were 

orally administered with GFB-RA, the combination of gemfibrozil (8mg/Kg/day) and 

retinoic acid (150 IU/day). The control group received 0.5% methylcellulose as vehicle. 

Label color code: bottom right. After 2 months of treatment, spatial learning and memory 

was examined by the Barnes maze [(A), representative heat maps; (B), latency to goal box; 

and (C), number of errors made prior to reaching goal box] and the T maze [(D), positive 

turns; and (E), negative turns]. Data are mean ± SEM of five mice per group. ***P<0.001 by 

one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 7. GFB-RA treatment mitigates Aβ plaque load in 5XFAD mice via astrocytic PPARα.
(A to D) Immunoblotting and analysis of TFEB and LAMP2 protein levels in hippocampal 

homogenates from 6-month-old 5XFAD (n=6/group in two independent experiments) and 

5XFAD-PparaΔAstro mice (n=7/group in two independent experiments) orally administered 

with GFB-RA (8 mg/Kg/day gemfibrozil and 150 IU/day retinoic acid) or vehicle (0.5% 

methylcellulose) for two months. Label color code: bottom right. (E to J) Imaging of Thio-S 

(green) and 82e1 (red) staining on hippocampal sections from all groups described in (A 

to D), analyzed for density (F), size (G), area (as percentage of total area in cortex and 

hippocampus; H) and perimeter (I) of Thio-S-positive plaques, as well as (J) number of 
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82e+ and 82e+Thio-S+ plaques in one section (3 images per section) of each of five mice 

per group. Scale bars as marked. (K to N) Immunoblotting and analysis of Aβ plaques in 

the above-described tissues using 82e1, quantified relative to actin. Data are mean ± SEM 

of five mice per group. *P<0.05, **P<0.01, ***P<0.001, and NS denotes not significant by 

one-way ANOVA followed by Tukey’s multiple comparison test.
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Figure 8. GFB-RA improves memory in 5XFAD mice via astrocytic PPARα.
(A to F) Six-month-old 5XFAD mice (n=6/group in two independent experiments) 

and 5XFAD-PparaΔAstro mice (n=7/group in two independent experiments) were orally 

administered with GFB-RA [the combination of gemfibrozil (8 mg/Kg/day) and retinoic 

acid (150 IU/day)] or vehicle (0.5% methylcellulose). Label color code: bottom right. After 

60 days of treatment, behavioral tests [Barnes maze (A to C), T maze (D and E), and novel 

object recognition (F)] were performed to evaluate memory improvement in 5XFAD mice 

(n=6/group) and 5XFAD-PparaΔAstro mice (n=7/group). Data are mean ± SEM of 6 to 7 
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mice per group. *P<0.05, ***P<0.001, and NS denotes not significant by one-way ANOVA 

followed by Tukey’s multiple comparison test.
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