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disease include accelerated neuronal apoptosis, accumulated 
autofluorescent material in neurons, and increased ceramide 
levels in brain and serum of patients [2,3]. Present treatment 
for this disease is symptomatic, highlighting the importance of 
identifying pathology-modifying drugs. The non-opioid analgesic 
drug, flupirtine, confers neuroprotection to CLN3-deficient 
cell lines [4], and Cln3Δex7/8 knock-in mice [5]. The Cln3Δex7/8 
knock-in mouse harbors the common human 1.02 kb deletion 
that eliminates exons 7/8 of the Cln3 gene, and recapitulates 
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INTRODUCTION

Juvenile Neuronal Ceroid Lipofuscinosis (JNCL), now known 
as CLN3 disease, is a fatal inherited neurodegenerative disorder 
affecting children. It leads to death in the second decade of life. 
CLN3 disease is the most common of a number of disorders 
grouped as the Neuronal Ceroid Lipofuscinoses (NCLs). This 
childhood disorder results in visual failure, seizures, cognitive 
and motor decline [1]. Pathological hallmarks of CLN3 
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ABSTRACT
Gene expression is a powerful tool to understand structure-function relationships in the nervous system. This study 
reports global gene expression changes induced by flupirtine in brain of male and female Cln3Δex7/8 mice, exposing 
potential flupirtine targets at the molecular level. Gene expression analysis of male and female Cln3Δex7/8 mouse brain 
was determined following oral administration of flupirtine for 14 weeks, using Mouse Genome 430 2.0 array Chips 
and an Affymetrix platform. Fifty-six genes in males and 79 in females were differentially expressed in flupirtine-
versus vehicle-treated Cln3Δex7/8 mouse brain. Flupirtine altered several pathways in Cln3Δex7/8 mouse brain: apoptosis, 
the complement cascade, NF-kB, and p38α MAPK signaling pathways. Gene-gene network analysis highlighted 
networks and processes functionally pertinent to flupirtine treatment. These encompassed neurodegeneration, 
neuro-inflammation, and implicated neurological disorders such as Alzheimer and Parkinson disease. Flupirtine 
mediates its action in males and females through distinctive actionable targets in the same pathways. This work 
consolidates the groundwork for considering flupirtine as a treatment option in human CLN3 disease.

Keywords: Neurodegeneration; Neuronal ceroid lipofuscinoses; CLN3 disease; Flupirtine; Gene expression; p38 
MAPK signaling pathway
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pathway. This may in part explain the positive therapeutic effects 
observed in flupirtine-treated Cln3Δex7/8 mice. We uncovered that 
flupirtine mediates its action in males and females via distinctive 
actionable targets in the same pathway, ascertaining gender 
dimorphism response to flupirtine. This data set provides an 
important illustration of flupirtine targets at the molecular level 
that result in rescuing homozygous Cln3Δex7/8 mouse brain from 
neurodegenerative processes due to lack of functional CLN3 
protein. This work solidifies the premise for using flupirtine in 
the treatment of human CLN3 disease in both males and females. 

MATERIALS AND METHODS 
Animal housing

Mouse work was in accordance with American University of 
Beirut (AUB) Institutional Animal Care and Use Committee 
(IACUC) guidelines (IACUC approval number: 18-08-496). 
Mouse testing occurred at the AUB Animal Care Facility. 
C57BL/6J and homozygous Cln3

 mice (Jackson laboratory) were kept in a 12-hour light/dark cycle 
and supplied with ad libitum access to food and water. Room 
temperature was maintained at 19-22ºC, and relative humidity at 
30-50%. Mice are housed three-four/cage. All efforts to minimize 
number of mice and suffering are applied. Mice are bred in-house 
to obtain the number needed (n=24), and monitored for weekly 
weight, basic behavior and general health throughout the study. 
All treated mouse groups were indistinguishable from non-treated 
WT controls with respect to body weight and fur, indicating 
lack of adverse effects. Prior to treatment, at age four weeks 
(weaning), tail tips were used for DNA extraction and genotyping 
by polymerase chain reaction (PCR). Mice are divided into three 
groups: vehicle-treated WT mice, vehicle-treated Cln3Δex7/8 mice, 
and flupirtine-treated Cln3Δex7/8 mice. Each group consists of 
eight mice (four males and four females).

Flupirtine treatment

The drug in this study is flupirtine maleate, hereafter referred to 
as flupirtine. Flupirtine is dissolved in 0.5% di-Methyl Sulfoxide 
(DMSO) and in 10% phosphate-buffered saline (PBS) at a dose 
of 30 mg/kg body weight and given orally for a period of 14 
weeks starting at age four weeks as previously described in the 
literature. Vehicle treatment consisted of 0.5% DMSO in 10% 
of PBS supplied with drinking water. Vehicle and flupirtine 
are administered in drinking water in a volume of ≈ eight ml/
day/mouse ‘per os’. Flupirtine production occurred in Dr. Paul 
Trippier laboratory while he was still at Texas Tech University 
Health Sciences Center, Department of Pharmaceutical Sciences, 
and School of Pharmacy.

RNA extraction from mouse brain tissue

Eighteen week-old vehicle-treated WT (n=4), vehicle-treated 
Cln3Δex7/8 (n=4), and flupirtine-treated Cln3Δex7/8 (n=4) male and 
female mice were deeply anesthetized with a mixture of Xylazine 
and Ketamine (10 mg/kg and 100 mg/kg, respectively) and 
brains rapidly dissected and “snap” frozen in liquid nitrogen, 

neuropathological, behavioral, and biochemical changes seen in 
human CLN3 disease [6]. 

Flupirtine is a centrally acting, non-opioid analgesic drug 
belonging to the triaminopyrimidines [7]. Flupirtine maleate is 
the salt of this drug, hereafter referred to as flupirtine. It is an 
effective analgesic [7,8] additionally providing neuroprotective, 
muscle relaxant, and antiepileptic properties, key pathological 
and clinical features of the NCLs [9]. Flupirtine treatment blocks 
apoptosis in neurons from chronically stressed mice [10]. There 
is evidence that suggests that flupirtine reduces brain injury, 
induces remodeling of brain tissue, and cognitive impairment 
in vivo animal models of ischemic stroke [7]. Knocking down 
CLN3 protein expression enhances apoptosis rates. Flupirtine 
treatment blocks apoptosis in CLN1-, CLN2-, CLN3 and CLN6-
deficient cells post-etoposide treatment [11]. Pretreating hNT 
human neuronal cells with flupirtine successfully prevents 
apoptosis [11]. Flupirtine protects PC12 neuronal precursor 
cells against etoposide induced cell death by rescuing them from 
apoptosis [4,12], and, also imparts neuroprotection to human 
post-mitotic hNT neurons [11]. Flupirtine protects neuronal post-
mitotic hNT cells from death by increasing expression of Bcl-2 
protein, a potent anti-apoptotic agent [11] and is neuroprotective 
in etoposide-treated human SH-SY5Y neuroblastoma cells [12]. 
Its neuroprotective effects are confirmed in human induced 
pluripotent stem cells, iPSC-derived neurons and CLN3-deficient 
lymphoblasts [12]. Flupirtine positively modulates cell growth and 
reduces apoptosis in CLN3-deficient PC12 cells [4]. Flupirtine 
elevates BCL-2 mRNA expression in CLN3-deficient PC12 cells, 
and downregulation of Caspase 3 and 8 levels, all contributing to 
diminished apoptosis [4].

Oral supplementation of homozygous Cln3Δex7/8 mice with 
flupirtine for a period of 14 weeks results in significant 
improvement in the course of CLN3 disease with improvement of 
neurobehavioral parameters, reduced astrogliosis and increased 
neuronal cell counts in specific brain regions in male and female 
Cln3Δex7/8 mice [5]. Identification of altered gene expression 
in response to drugs can provide insight into pathogenic 
mechanisms. Brain transcriptome description provides insight 
into drug-specific molecular mechanisms. We previously 
identified gender-specific genes involved in neuroprotective 
mechanisms of galactosylceramide in CLN3 disease in brains 
of male and female Cln3Δex7/8 mice [13]. Sex differences in 
mitochondrial brain pathology and onset in the Alzheimer 3xTg 
mouse model have been confirmed as earlier and more severe 
in females and addressed as a necessary prerequisite to evaluate 
potential therapies for neurodegenerative diseases [14]. To explore 
changes in gene patterns preceding neuroprotection conferred 
by flupirtine in CLN3 disease, and to compare expression of 
≈ 45,000 transcripts in brain of Cln3Δex7/8 male and female 
mice treated with flupirtine or vehicle, Affymetrix mRNA chips 
were used. Analysis reveals statistically significant differences in 
gene expression and pathways including the MAPK signaling 
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prior to storage at -80°C for later use. Brain tissues were ground 
and 30 mg of ground tissue were used to isolate total RNA using 
RNeasy Plus Mini Kit (Cat No. 74134, Qiagen, USA) according 
to manufacturer protocols.

RNA integrity was assessed using the ExperionTM Automated 
Electrophoresis System (BioRad, CA, USA). RNA concentrations 
were determined by absorption at 260 nm wavelength and RNA 
purity was checked with A260/A280 and A260/A230 ratios 
(Nanodrop-DeNovix DS-11FX Spectrophotometer, DE, USA).

Microarray gene expression profiling

Microarray technology was employed to define unique and 
common gene expression profiles and pathways involved in 
mouse brains. Brain RNA from 23 mice were used for gene 
expression data analysis (Males: 3 vehicle-treated WT, 4 vehicle-
treated Cln3Δex7/8 and 4 flupirtine-treated Cln3Δex7/8; Females: 4 
vehicle-treated WT, 4 vehicle-treated Cln3Δex7/8 and 4 flupirtine-
treated Cln3Δex7/8). Males and females were analyzed separately. 
Analysis was conducted using the GeneChip® Mouse Genome 
430 2.0 array (Affymetrix Inc., CA, USA) which encompasses 
45,000 probe sets. Samples were prepared and microarrays 
processed using the GeneChipTM 3’ IVT PLUS Reagent Kit 
(Thermo Fisher Scientific, MA, USA) according to manufacturer 
instructions. Briefly, 100 ng of total brain RNA were labeled, 
fragmented, then hybridized to arrays. This was followed by 
washing and staining using the GeneChip Fluidics Station 450 
(Thermo Fisher Scientific, MA, USA). Next, arrays were scanned 
using the GeneChip Scanner 3000 7G (Thermo Fisher Scientific, 
MA, USA). Cell Intensity Data (CEL) files were generated using 
the Affymetrix GeneChipTM Command Console (AGCC) 
software version 3.2 (Thermo Fisher Scientific, MA, USA).

Data analysis

Data analysis used Partek® Genomics Suite® software (version 
7.0, Partek, MO, USA). Stringent quality control criteria were 
applied to raw data. Probe set data were summarized and 
background adjusted using the Robust Multi-Array Average 
(RMA) algorithm. Raw data is normalized through non-linear 
transformation termed Quantile Normalization and then filtered 
to remove noise and extreme expression values. False discovery 
rate (FDR) was not applied to the microarray data after statistical 
testing as there were no genes that met a FDR p-value<0.05 for 
flupirtine treatment effect in either gender. To overcome this 
issue, dysregulated genes identified by microarray analysis were 
evaluated by quantitative real-time transcription polymerase 
chain reaction (qRT-PCR). In this case, it is acceptable not to 
apply FDR correction, allowing examination of a larger pool of 
differentially expressed genes.

Two-way variance (ANOVA) analysis to detect differences of 
groups with gender as a variable is used. Treatment and no 
treatment constitute the basis for comparing different groups. All 

further sub-lists were created using genes that passed ANOVA 
p-value and fold-change thresholds (p-value<0.05 considered 
significant; arbitrary threshold of 1.3-fold difference used to 
discern differentially modulated genes). Clustering and gene 
ontology (GO) analyses were performed (Partek Genomics Suite 
and Partek PathwayTM version 7.0, Partek, MO, USA) and 
networks of biologically related genes depicted (Pathway Studio 
version 11.4, Ariadne Genomics, USA). 

Quantitative real-time polymerase chain reaction (qRT-PCR)

Validation of microarray results was achieved by quantitative 
real-time PCR (qRT-PCR). Total RNA mouse brain samples were 
reverse-transcribed to cDNA (QuantiTect Reverse Transcription 
Kit, Cat No. 205311, Qiagen, USA) according to manufacturer 
guidelines. qRT-PCR reactions took place using 384-well plates 
and specific primers at a Tm=60˚C (Macrogen, South Korea). 
Amplification was achieved using the iQTM SYBR® Green 
Supermix (BioRad, CA, USA) and a CFX384TM Real-Time PCR 
machine. To characterize generated amplicons and to control 
contamination by unspecific by-products, melt curve analysis 
was applied. β-actin or Gapdh were used for normalization. All 
reactions were performed in duplicate and results were calculated 
using the ΔΔCt method. For sequences of primers see Table S1.

Statistical analysis

Continuous data depiction is as mean ± standard error of the 
mean (SEM). For two group comparison, Student’s t-test is used 
with quantitative continuous variables. Comparisons between 
groups are statistically tested with one-way analysis of variants 
(ANOVA) followed by Tukey’s post-hoc test for multiple group 
comparisons. Statistical significance is assumed at a p-value level 
of 0.05 (GraphPad Prism 6, CA, USA). Affymetrix expression 
data was analyzed using Partek Genomics Suite and Partek 
Pathway™ version 7.0 (Partek, MO, USA). All tests were two 
sided and a p-value<0.05 was considered statistically significant 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

RESULTS AND DISCUSSION
Transcriptional profiles of flupirtine-treated male and female 
Cln3Δex7/8 brain tissue

Gene expression profiling of brain tissue of Cln3Δex7/8 mice 
treated with flupirtine or vehicle were compared (Affymetrix 
Mouse Genome platform). Differentially expressed genes (DEGs) 
in brain from flupirtine and vehicle-treated Cln3Δex7/8 mice were 
identified. Genes were considered statistically significantly at a 
p-value<0.05 and exceeded an arbitrary fold change of ≥ ± 1.3. In 
a probe-level analysis, using two-way ANOVA, male mice had 56 
DEGs (46 downregulated and 10 upregulated genes) modulated 
in brain tissue from flupirtine-treated mice compared to vehicle-
treated male mice. In female mice, 79 genes are differentially 
modulated in flupirtine treatment versus vehicle treatment 
groups, 36 of which were downregulated and 43 genes up-
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regulated by flupirtine and these differences were statistically 
significant (Figure 1). DEGs for males and females are listed 
in supplementary. Figure 2 shows the hierarchical clustering 
(2D-heatmap) of significantly modulated genes in male (Figure 
2A) and female (Figure 2B) Cln3Δex7/8 mouse brains.

Major pathways modulated by flupirtine in male and female 
Cln3Δex7/8 brain

Figure 1: Flupirtine induces sex-specific alterations of gene 
expression in Cln3Δex7/8 mouse brain. Bar chart indicating numbers 
of significantly and differentially expressed genes impacted by 
flupirtine versus vehicle in Cln3Δex7/8 male and female mice. A 
cut-off p-value < 0.05 and fold-change ≥ ±1.3 were assumed to 
uncover genes significantly modulated by flupirtine compared to 
vehicle.

Figure 2: Differentially expressed genes in brain of flupirtine- 
versus vehicle-treated male and female Cln3Δex7/8 mice. Two-
dimensional heat maps of (A) 56 DEGs in male and (B) 79 
DEGs in female Cln3Δex7/8 mouse brain. Heat maps depict mRNA 
abundance intensities of differentially expressed genes in profiled 
samples. Robust Multi-Array Average (RMA) preprocessed data is 
transformed to z-scores. The legend represents relative over- and 
under-expression in red and green, respectively. Labeling at the 
top represents vehicle versus flupirtine-treated samples. A cut-off 
p-value < 0.05 and fold-change ≥ ±1.3 were assumed to identify 
genes significantly modulated by flupirtine treatment.

To dissect the molecular pathways affected by flupirtine treatment 
further, Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Pathway database in Partek Pathway was used. Relevant candidate 
pathways related to apoptosis and modulated by flupirtine 
treatment are the “MAPK signaling pathway” and “cellular 
senescence”. All significantly enriched canonical pathways in 
Cln3Δex7/8 male mouse brain are represented. An upregulated gene 
involved in these pathways is Dusp1 (Table S2). Downregulated 
genes comprised Tgfβr1, Ppp3r1, C1qb, and Pi3k/Akt (Table 
S3). In female Cln3Δex7/8 mouse brain, functionally important 
pathways included “apoptosis pathway”, “longevity regulating 
pathway”, and “p53 signaling pathway”. All significantly 
enriched canonical pathways in Cln3Δex7/8 female mouse brains. 
Some of the upregulated genes involved in these pathways are 
Ppm1d, Xpa, Xiap, and Ccne2 (Table S4). Downregulated genes 
that are modulated by aforementioned pathways include Pi3k/
Akt, Rapgef4, Map3k14, C1ra, and C1rb (Table S5). Findings 
suggest that flupirtine leads to modulation of gene expression 
in Cln3Δex7/8 mouse brain via regulation of major metabolic and 
signaling pathways in males and females.

DEGs are topologically organized into functional gene-gene 
interaction network maps depicting contribution to different 
diseases in male (Figure 3) and female (Figure 4) Cln3Δex7/8 
mice. In male Cln3Δex7/8 mice, flupirtine treatment implicated 
neurodegeneration, neuroinflammation, Alzheimer disease, 
toxicity and infection (Figure. 3). In brain of female Cln3Δex7/8 
mice, diseases included neurodegeneration, neurodevelopmental 
disorders, Alzheimer and Parkinson disease, toxicity, traumatic 
brain injury, inflammation, cognitive decline, and cerebrovascular 
ischemia (Figure 4).

Figure 3: Gene/disease networks of significant DEGs in 
brain from flupirtine- versus vehicle-treated male Cln3Δex7/8 
mice. Pathway Studio software generated network interactions 
between diseases and most significant DEGs in male Cln3Δex7/8 
mouse brain (p-value < 0.05; stringency ≥ ± 1.3 fold-change in 
gene expression). Depiction of genes is by gene symbols. Genes 
involved in the most relevant pathways are highlighted with a 
yellow halo. Indirect (dotted gray lines), direct regulation (full 
black lines), expression (blue lines) and binding (purple lines).
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Figure 4: Gene/disease networks of significant DEGs in brain 
from flupirtine- versus vehicle-treated female Cln3Δex7/8 mice. 
Pathway Studio software generated network interactions between 
diseases and most significant DEGs in female Cln3Δex7/8 mouse 
brain (p-value < 0.05; stringency ≥ ± 1.3 fold-change in gene 
expression). Depiction of genes is by gene symbols. Genes 

involved in the most relevant pathways are highlighted with a 
yellow halo. Indirect (dotted gray lines), direct regulation (full 
black lines), expression (blue lines) and binding (purple lines).

Validation of mRNA microarray results by qRT-PCR

Six modulated genes were chosen at random underwent analysis. 
qRT-PCR is the gold standard to validate dysregulated gene 
expression results. Flupirtine induces significant downregulation 
in expression of Nostrin (p-value<0.01), Pi3k/Akt (p-value<0.05) 
and a significant upregulation of Dusp1 (p-value<0.05) in male 

 mice compared to vehicle-treated Cln3Δex7/8 mice 
(Figures 5). Findings by qRT-PCR correlated with microarray 
analysis, validating results. In females, key DEGs expression is 
validated by qRT-PCR and follows a similar trend. Flupirtine-
treated female Cln3Δex7/8 mice show significant upregulation 
of Ppm1d (p-value<0.05), Xiap (p-value<0.05) and significant 
downregulation in C1ra (p-value<0.05) expression in comparison 
with vehicle-treated  mice (Figures 6).

Figure 5: Validation of microarray results with qRT-PCR in brain from male Cln3Δex7/8 mice. Relative mRNA expression measured by qRT-PCR. 
The following differentially expressed genes in male Cln3Δex7/8 mouse brains were randomly chosen from statistically significant dysregulated 
genes: (A) Nostrin, (B) Pi3k/Akt, and (C) Dusp1. Values are means of the fold changes normalized to fi-actin or Gapdh mRNA expression with 
standard errors represented by vertical bars. *p-value < 0.05 and ** p-value < 0.01 by Student’s t-test (n=4).

Figure 6: Validation of microarray results with qRT-PCR in brain from  female Cln3Δex7/8 mice. Relative mRNA expression measured 
by qRT-PCR. The following differentially expressed genes in female Cln3Δex7/8 mouse brains were randomly chosen from statistically 
significant dysregulated genes: (D) Ppm1d, (E) Xiap, and (F) C1ra. Values are means of the fold changes normalized to β-actin or Gapdh 
mRNA expression with standard errors represented by vertical bars. *p-value < 0.05 and ** p-value < 0.01 by Student’s t-test (n=4).
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Figure 7: Relative C1qb mRNA expression measured by qRT-PCR in WT vehicle-treated, Cln3Δex7/8 vehicle-treated and Cln3Δex7/8 
flupirtine-treated male mice. (C) Relative C1ra mRNA expression measured by qRT-PCR in WT vehicle-treated, Cln3Δex7/8 vehicle-
treated and Cln3Δex7/8 flupirtine-treated female mice. Data are expressed as mean ± SEM. $p < 0.05 compared to vehicle-treated WT, 
*p <

Figure 8: Relative Nostrin (A) and Xiap (B) mRNA expression measured by qRT-PCR in WT vehicle-treated, Cln3Δex7/8 vehicle-
treated and Cln3Δex7/8 flupirtine-treated male mice. Relative Map3k14 (C) and Xiap (D) mRNA expression measured by qRT-PCR in 
WT vehicle-treated, Cln3Δex7/8 vehicle-treated and Cln3Δex7/8 flupirtine-treated female mice. Data is expressed as mean ± SEM. $p 
< 0.05 compared to vehicle-treated WT, *p < 0.05 compared to vehicle-treated Cln3Δex7/8 (*p < 0.05 and **p < 0.01).

Flupirtine treatment modulates complement cascade in male 
and female  brain

Microarray analysis showed a 1.473-fold increase in expression 
of C1qb in brain of male vehicle-treated Cln3Δex7/8 versus WT 
mice and a 1.344-fold increase in expression of C1ra in female 
vehicle-treated Cln3Δex7/8 versus WT mouse brain (Table 1). 
This upregulation of C1ra expression in female vehicle-treated 

 versus WT female mouse brain was significantly 
validated by qRT-PCR (Figure 7). Flupirtine treatment 
significantly lowered gene expression of C1qb and C1ra by 1.3 
fold in male and female Cln3Δex7/8 mice, respectively (Table 1). The 
results were confirmed by qRT-PCR. Although not statistically 
significant, there was a trend of flupirtine lowering expression of 
C1qb in Cln3Δex7/8 male mouse brain (Figure 7A). In female mice, 
qRT-PCR showed a significant decrease in C1ra expression in 

flupirtine-treated Cln3Δex7/8 versus vehicle-treated Cln3Δex7/8 female 
mice (Figure 7B).

Flupirtine treatment modulates NF-kB signaling pathway in 
male and female Cln3Δex7/8 brain

Microarray results showed that Xiap was upregulated in both 
male and female Cln3Δex7/8 mice treated with flupirtine compared 
to vehicle-treated Cln3Δex7/8 mice (Table 2) (Figures 8D and 8D). 
Upstream modulators of XIAP, however, differed between the 
two sexes. Flupirtine-treated male Cln3

 mice showed significantly lower mRNA levels of Nostrin (1.461-
fold) compared to male vehicle-treated Cln3Δex7/8 mice (Table 
2). Flupirtine-treated female Cln3Δex7/8 mice showed less mRNA 
levels of Map3k14 (1.319-fold) compared to female vehicle-treated 
Cln3Δex7/8 mice (Table 2). Results were validated by qRT-PCR 
(Figures 8A and 8C).
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Table 2: Comparative analysis of DEGs related to the NF-κB signaling pathway in brain from male and female Cln3Δex7/8 mice. Depiction 
of DEGs related to the NF-κB signaling pathway in brain from male and female Cln3Δex7/8 mice based on gene expression in flupirtine- 
versus vehicle-treated Cln3Δex7/8 mice. Criteria for differential expression are a p-value < 0.05 and a stringency ≥ ± 1.3-fold change in 
gene expression. 

Vehicle
Cln3Δex7/8 Flupirtine Cln3Δex7/8 Vehicle

vs. Cln3Δex7/8 Vehicle vs. WT Vehicle

Sex Gene Symbol Gene Title p-value Fold-Change p-value Fold-Change

Males Nostrin nitric oxide synthase trafficker 0.0004 -1.461 0.227 1.25

Females Map3k14 mitogen-activated protein kinase 
kinase kinase 14

0.001 -1.319 0.199 -1.157

Males Xiap X-linked inhibitor of apoptosis 0.396 1.046 0.048 4.015

Females Xiap X-linked inhibitor of apoptosis 0.019 1.335 0.075 3.125

Flupirtine treatment modulates p38α/MAPK signaling pathway 
in male and female  brain

Microarray analysis and qRT-PCR revealed that Dusp1 in males 
and Ppm1d in females were significantly downregulated in 
Cln3Δex7/8 vehicle-treated mouse brain compared to WT (Table 
3) (Figures 9A and 9B). Reduced expression of Dusp1 and 
Ppm1d was significantly reversed with flupirtine in diseased mice 

(Table 3) (Figures 9A and 9B). The schematic representation of 
p38 MAP kinase pathway in Cln3Δex7/8 mouse brain shows p38 
MAPK phosphorylation and thus activation leads to apoptosis 
(Figure 9C). The effect of flupirtine treatment on the p38 MAP 
kinase pathway in Cln3Δex7/8 mouse brain is shown in Figure 9D. 
It is proposed that flupirtine increases expression of Dusp1 in 
males and Ppm1d in females to prevent p38 MAPK activation, 
subsequently preventing apoptosis.

Figure 9: (A) Relative Dusp1 mRNA expression measured by qRT-PCR in WT vehicle-treated, Cln3Δex7/8 vehicle-treated and 
Cln3Δex7/8 flupirtine-treated male mice. (B) Relative Ppm1d mRNA expression measured by qRT-PCR in WT vehicle-treated, 
Cln3Δex7/8 vehicle-treated and Cln3Δex7/8 flupirtine-treated female mice. Data is expressed as mean ± SEM. $p < 0.05 compared to 
vehicle-treated WT, *p < 0.05 compared to vehicle-treated Cln3Δex7/8 (*p < 0.05, **p < 0.01, and ***p < 0.001). Schematic representation 
of (C) p38 MAP kinase pathway in Cln3Δex7/8 mouse brain, and (D) effect of flupirtine treatment on the p38 MAP kinase pathway 
in Cln3Δex7/8 mouse brain.
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DISCUSSION
CLN3 disease is an inherited condition due to mutations in 
the CLN3 gene which cause degeneration of the brain induced 
by accelerated neuronal apoptosis leading to a progressive loss 
of cognitive and motor skills. It causes blindness and seizures 
leading to early death. Currently available treatment regimens 
are largely supportive, not curative, and do not target underlying 
mechanisms of disease. Various medications improve seizure 
control, motor control, sleep difficulties, mood disorders, 
excessive drooling and digestive problems.

Beneficial effects of flupirtine on apoptosis in CLN3-deficient 
cells and in Cln3Δex7/8 mice are documented [4,5] confirming 
flupirtine enhances motor skills, spatial learning and memory 
retention in Cln3Δex7/8 male and female mice. Moreover, flupirtine-
treated Cln3Δex7/8 female mice have a remarkable increase in Bcl-
2 expression. In males, flupirtine upregulates Bcl-xl expression. 
Also, reduced ceramide synthesis in flupirtine-treated male mice 
and increased degradation of ceramide in female flupirtine-
treated mice are confirmed. Flupirtine attenuates astrogliosis in 
the hippocampus of male and female  brain. This 
suggests that flupirtine confers neuroprotection and reduces cell 
death in brains of Cln3Δex7/8 male and female mice [5].

Here, the underlying mechanisms of neuroprotection conferred 
by flupirtine in CLN3 disease is explored by genome array analysis 
to identify differentially expressed genes in Cln3Δex7/8 male and 
female mouse brains. Two complement cascade-related genes 
(C1qb and C1ra), 3 NF-kB-related genes (Nostrin, Map3k14, 
and Xiap), and 2 MAPK-related genes (Dusp1 and Ppm1d) are 
upregulated or downregulated in Cln3Δex7/8 brains, and, effects 
reversed by flupirtine. Validation by qRT-PCR of the expression 
of the 7 genes confirms microarray results of flupirtine-treated 
Cln3Δex7/8 and vehicle-treated Cln3Δex7/8 mice. Most likely, these 
genes are associated with flupirtine-mediated neuroprotection in 
CLN3 disease.

Pathway analysis data uncovered several signaling pathways 
involved in flupirtine-mediated neuroprotection, including 
the complement cascade, NF-kB and p38α/MAPK signaling 
pathways. These signaling pathways are closely associated with 
apoptosis [15-18]. The neuroprotective effect of flupirtine in 

CLN3 disease is mediated via several signaling pathways and 
molecules in a complex signal transmission network, albeit, in a 
gender-specific manner.

The complement cascade is one of the major pathways implicated 
in flupirtine treatment of both male and female  
mice. In mammals and other higher vertebrates, the complement 
system, a complex protein network, consists of ≈ 30 plasma 
proteins involved in lysis, inflammation and clearing opsonized 
microorganisms [19]. Bacterial infection and/or inflammation 
lead to upregulation of complement mRNA expression in the 
central nervous system (CNS) [20]. In fact, neuroinflammation 
induces reactive gliosis and contributes to ultimate total 
neuronal loss leading to activation of the complement system 
in the CNS. Neuroinflammation is described in several central 
neurodegenerative disorders. Upregulation of inflammatory 
signaling pathways is well described in Charcot-Marie-Tooth 
(CMT) neuropathy and amyotrophic lateral sclerosis (ALS) 
[21]. Complement component 1, q subcomponent B (C1qb) 
is well established in the literature as a key biomarker for 
neuroinflammation of a mounted immune response [22]. CMT 
and ALS patients manifest a prominent increase in C1qb gene 
expression and protein levels, which drives activation of microglia 
in disease progression leading to phagocytosis of dying motor 
neurons [21,23]. Similarly, neuronal apoptosis is accompanied by 
reactive microglial astrogliosis and increased C1qb levels in CA3 
hippocampal region corresponding to neuronal degeneration 
[24]. Microarray analysis confirmed a 1.473-fold increase in 
expression of C1qb in brain of male vehicle-treated Cln3Δex7/8 
versus WT mice (Table 1).

A consequence in neurodegenerative disease is retinal 
degeneration and detachment with induction of Müller cell 
gliosis and activation of glial fibrillary acidic protein (GFAP) 
[25]. Retinal degeneration in WT mice involves an increase in 
Complement component 1, r subcomponent A (C1ra) mRNA 
levels, indicative of the activation of the innate immune response 
[25]. Reactive microglia express C1ra as a result of inflammatory 
molecule secretion, hence, neuroinflammation [26]. In this 
study, microarray analysis uncovers that expression of C1ra 
was increased 1.344-fold in female vehicle-treated Cln3Δex7/8 
versus WT female mouse brain (Table 1). Upregulation of C1ra 

Table 3: Comparative analysis of DEGs related to p38 MAP Kinase pathway in brain from male and female Cln3Δex7/8 mice. DEGs 
related to the p38 MAP Kinase pathway in brain from male and female Cln3Δex7/8 mice based on gene expression in flupirtine- 
versus vehicle-treated  mice. Criteria for differential expression are a p-value < 0.05 and a stringency ≥ ± 1.3-fold change 
in gene expression.

Cln3Δex7/8 Flupirtine Cln3Δex7/8 Vehicle

vs. Cln3Δex7/8 Vehicle vs. WT Vehicle

Sex Gene 
Symbol

Gene Title p-value Fold-Change p-value Fold-Change

Males Dusp1 dual specificity phosphatase 1 0.033 1.633 0.148 -1.4

Females Ppm1d protein phosphatase 1D magnesium-
dependent, delta isoform

0.05 1.419 0.297 -1.142
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expression validated by qRT-PCR is also significant (Figure 7B). 
This upregulation in complement system components C1qb (in 
male mice) and C1ra (in female mice) could be a consequence 
of neuronal apoptotic cell death and increased astrogliosis 
documented in the hippocampus of vehicle-treated Cln3Δex7/8 
mice [5]. Flupirtine treatment significantly lowers gene expression 
of C1qb and C1ra by 1.3 fold in male and female Cln3Δex7/8 mice, 
respectively (Table 1). This highlights the potential of flupirtine 
in reducing apoptosis and neuroinflammation in brains of 

 male and female mice at 18 weeks of age.

Another important signaling pathway implicated in flupirtine-
treated Cln3Δex7/8 mice is the NF-kB signaling pathway. The 
transcription factor NF-kB regulates immune functions and plays 
a pivotal role in inflammatory responses and cell survival [27]. 
X-linked inhibitor of apoptosis protein (Xiap) acts as a strong 
stimulator of NF-kB through activation of the mitogen-activated 
protein kinase kinase kinase (MAP3K) signaling pathway [28]. 
XIAP belongs to the inhibitors of apoptosis (IAP) family of 
proteins and is considered as the most potent anti-apoptotic 
protein in vitro. It directly inhibits the caspase cascade [29]. Xiap 
is upregulated in both male and female Cln3Δex7/8 mice treated 
with flupirtine compared to vehicle-treated Cln3Δex7/8 mice (Table 
2) (Figures 8B and 8D). Upstream modulators of XIAP, however, 
differ between the two sexes. Flupirtine-treated male Cln3Δex7/8 
mice show significantly lower mRNA levels of Nostrin (1.461-
fold) compared to male vehicle-treated Cln3Δex7/8 mice. Flupirtine-
treated female 

 mice show less mRNA levels of Map3k14 (1.319-fold) compared 
to female vehicle-treated Cln3Δex7/8 mice (Table 2). Results are 
validated by qRT-PCR (Figures 8A and 8C).

Nostrin binds to endothelial nitric oxide synthase (eNOS) 
causing inhibited nitric oxide (NO) production [30]. NO is 
a gaseous free radical molecule with pleiotropic functions. 
It regulates synapse plasticity, neurotransmitter release and 
hormone production, all involved in neurodegenerative diseases 
[31]. Higher Nostrin expression is present in a pro-inflammatory 
milieu and an environment with increased oxidative stress and 
unbalanced cytokines [32]. Flupirtine-treated male Cln3Δex7/8 
mouse brain expressed significantly lower mRNA levels of 
Nostrin and consequently, higher NO production compared 
to vehicle-treated Cln3Δex7/8 male mouse brain (Table 2) (Figure 
8A). Higher NO production mediates neuronal cell survival and 
differentiation, in addition to attenuating apoptotic cell death 
mechanisms [31], perhaps by lowering ceramide generation 
[33]. This agrees with significantly decreased level of Sptlc3, a 
ceramide synthesis enzyme, previously documented in flupirtine-
treated male Cln3Δex7/8 mouse brain compared to vehicle-treated 
Cln3Δex7/8 mice [5].

In female Cln3Δex7/8 brain, mitogen-activated protein kinase kinase 
kinase 14 (Map3k14) is implicated. MAP3K14 is established 
as a cell death regulator in cancer cells which is detrimental to 
neurogenesis [34]. In neurological disorders, activated Map3k14 

acts on downstream signaling molecules [35]. NF-kB acts at 
the crossroads of several signaling pathways. It is regulated by 
MAPK, requires ubiquitination and proteasomal degradation, 
chemokine secretion and regulates apoptosis [34]. A robust 
activation of MAP3K14 is a major phenomenon observed in 
epilepsy and in experimental models of traumatic brain injury 
[36]. Other studies claim downregulation of Map3k14 gene 
expression is related to lowering of cell death and inflammation 
in vivo [34]. The trend towards lower expression of Map3k14 in 
brains of flupirtine-treated Cln3Δex7/8 female mice compared to 
vehicle-treated Cln3Δex7/8 mice suggests that findings pinpoint to 
an enhanced neuroprotective effect of flupirtine in vivo (Table 2) 
(Figure 8C), hopefully translatable to the clinical setting.

Mitogen-activated protein kinases (MAPKs) constitute a family 
of conserved enzymes, mainly serine/threonine kinases that 
act as signal transduction mediators and are involved in cell 
differentiation, apoptosis, and the cell cycle [37]. The three major 
signaling cascades involve extracellular signal-regulated kinase 
1/2 (ERK1/2), c-Jun N-terminal kinase (JNK), or p38 MAPK [38]. 
Irregularities in p38 MAPK signaling in neuronal cells are linked 
to neuroinflammatory processes and diseases such as Alzheimer, 
Parkinson, amyotrophic lateral sclerosis and Pick disease [39]. 
Four different p38 MAPK are identified each encoded by a 
single gene: p38α (MAPK14), p38β (MAPK11), p38γ (MAPK12) 
and p38δ (MAPK13). The majority of p38 MAPK functions 
are carried out by p38α [40]. The p38 MAPK enzyme activated 
by dual phosphorylation of threonine (Thr) and tyrosine (Tyr) 
by either MAP kinase kinase 3 (MKK3) or MAP kinase kinase 
6 (MKK6), is regarded as a stress-induced kinase and plays a 
critical role in inflammatory responses (Figure 9C). p38 MAPK 
phosphorylates and activates proteins of the B-cell lymphoma 2 
or Bcl-2 family. The latter consists of anti-apoptotic proteins Bcl-2 
and Bcl-xL and pro-apoptotic proteins Bax and Bim [41]. The p38 
MAPK phosphorylates other targets such as transcription factor 
p53 that induces expression of death receptors and activates pro-
apoptotic members of the Bcl-2 family, increasing apoptosis.

MAPKs can be dephosphorylated by tyrosine-specific 
phosphatases, serine-threonine phosphatases or dual-specificity 
(Thr/Tyr) phosphatases (DUSPs). Dual-specificity phosphatase 1 
(Dusp1), also known as Mkp-1 (mitogen-activated protein kinase), 
is one of an 11-member family. It inhibits activity of MAPKs by 
dephosphorylating tyrosine and threonine residues and is an 
inhibitor of the p38 MAPK signaling pathway [42]. Reduced 
Dusp1 expression enhances p38 MAPK phosphorylation. Protein 
Phosphatase 1 D Magnesium-dependent, delta isoform (Ppm1d), 
also known as Wip1 (Wild-type p53-induced phosphatase 
1), is a phosphatase activated in a p53-dependent manner in 
response to DNA damage. Ppm1d activation results in negative 
regulation of p53 function and other tumor suppressor pathways 
by selective inactivation of p38 MAPK [43]. Thus, deficiency of 
Ppm1d results in activation of p38 MAPK-dependent signaling 
pathways. Indeed, Dusp1 in males and Ppm1d in females were 
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significantly downregulated in Cln3Δex7/8 vehicle-treated mouse 
brain compared to WT, leading to activation of the p38 MAPK 
pathway, contributing to neuronal apoptosis observed in CLN3 
disease. Reduced expression of the two p38α MAPK regulators 
is significantly reversed with flupirtine in diseased mice. These 
findings correlate microarray analysis (Table 3) and qRT-PCR 
(Figures 9A and 9B). It is proposed using flupirtine to increase 
expression of Dusp1 in males and Ppm1d in females to prevent 
p38 MAPK activation, subsequently preventing apoptosis by 
upregulating anti-apoptotic proteins, more specifically Bcl-2 in 
female Cln3Δex7/8 mice and Bcl-xL in male Cln3Δex7/8 mice (Figure 
9D) [44,45].

CONCLUSION
In conclusion, the data indicate that neuroprotection conferred 
by flupirtine is mediated via the complement cascade, NF-kB 
signaling, and the p38α MAPK signaling pathways in male and 
female Cln3Δex7/8 mice. C1qb, C1ra, Nostrin, Map3k14, Xiap, 
Dusp1, and Ppm1d genes are involved in this mechanism. It also 
consolidates that they are involved in the basic mechanisms of 
enhanced apoptosis in CLN3 disease. Further functional studies 
are needed to determine the exact mechanism by which these 
genes are implicated in CLN3 disease.

Taken together, the data suggests that same signaling pathways 
are modulated by flupirtine, via different proteins in male versus 
female Cln3Δex7/8 mouse brain. This implies sex-specific drug 
regimens may be warranted for treating neurological diseases, 
in this instance, CLN3 disease in mouse and man. Many of 
the observed changes documented in gene expression correlate 
positively resulting in ameliorated behavior, neuropathology, and 
biochemical changes with short-term flupirtine administration to 
Cln3Δex7/8 male and female mice. The findings uncovered lay the 
foundation for use of neuroprotective flupirtine as a promising 
drug for treatment of human CLN3 disease.
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