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Roflumilast ameliorates cognitive deficits in a mouse model of 
amyloidogenesis and tauopathy: Involvement of nitric oxide status, Aβ 
extrusion transporter ABCB1, and reversal by PKA inhibitor H89 
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The biological cascade of second messenger–cyclic adenosine monophosphate (cAMP) –as a molecular mecha-
nism implicated in memory and learning regulation has captured the attention of neuroscientists worldwide. 
cAMP triggers its foremost effector, protein kinase A (PKA), resulting in the activation of innumerable down-
stream targets. Roflumilast (ROF), a phosphodiesterase 4 inhibitor, has demonstrated a greater efficiency in 
enhancing cAMP signaling in various neurological disorders. This study was conducted to identify various 
downstream targets of PKA as mechanistic tools through which ROF could hinder the progressive cognitive 
impairment following central streptozotocin (STZ) administration in mice. Animals were injected with STZ (3 
mg/kg/i.c.v) once. Five hours later, mice received ROF (0.4 mg/kg) with or without the PKA inhibitor, H89, for 
21 days. ROF highly preserved the structure of hippocampal neurons. It improved the ability of mice to develop 
short-term memories and retrieve spatial memories in Y-maze and Morris water maze tests, respectively. ROF 
enhanced the gene expression of ABCB1 transporters and pregnane X receptors (PXR), and hampered Aβ accu-
mulation in hippocampus. Simultaneously, it interfered with the processes of tau phosphorylation and nitration. 
This effect was associated with an upsurge in hippocampal arginase activity as well as a decline in glycogen 
synthase kinase-3β activity, nitric oxide synthase (NOS) activity, and inducible NOS expression. Contrariwise, 
ROF’s beneficial effects were utterly abolished by co-administration of H89. In conclusion, boosting PKA, by 
ROF, modulated PXR/ABCB1 expression and arginase/NOS activities to restrict the main post-translational 
modifications of tau, Aβ deposition and, accordingly, cognitive deterioration of sporadic Alzheimer’s disease.   

1. Introduction 

The deposition of beta-amyloid (Aβ) plaques and neurofibrillary 
tangles (NFTs), primarily comprising the aberrant tau protein structure, 
has been recognized as the most crucial contributor in the widespread 
loss of neurons in the hippocampus and, accordingly, the progression of 
sporadic Alzheimer’s disease (SAD) (Elali and Rivest, 2013). Identifying 
the exact pathogenic signaling processes preceding these pathological 
features is indisputably a steadily growing, vital area of investigation for 
developing efficacious therapeutic or prevention strategies. 

Aβ peptide, the major component of neuritic plaques in AD, is a 
protein fragment that is snipped from proteolytic cleavages of the am-
yloid precursor protein (APP) by the β-site APP-cleaving enzyme 1 and 
γ-secretase complex (Chen et al., 2012). The release or transport of Aβ 
from the brain into blood circulation plays a major role in maintaining 

Aβ homeostasis (Elali and Rivest, 2013). Aβ binds to the ABCB1 trans-
porters, which are extremely expressed in the brain’s endothelium 
(Hermann and ElAli, 2012), to directly mediate its active efflux outside 
the brain (Cirrito et al., 2005). Thus, any impairment of this regulatory 
mechanism promotes Aβ accumulation, which induces neuronal 
dysfunction. 

The precise precipitating abnormalities in tau, which result in its 
abnormal self-assembly and neuronal demise, remain enigmatic; how-
ever, phosphorylation has been assumed to be a vigorous contributor of 
the same (Dolan and Johnson, 2010). The phosphorylation of tau by 
various kinases such as glycogen synthase kinase (GSK-3β), whose ac-
tivity is tightly regulated by Tyr216 (stimulatory) and S9 (inhibitory) 
phosphorylation, reduces the microtubule affinity of tau (Shi et al., 
2004). Consequently, tau dissociates rapidly from microtubules and 
aggregates, leading to the disruption of microtubules’ integrity (Iqbal 
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et al., 2009) and NTF-associated neurotoxicity (Gendron, 2009). Besides 
phosphorylation, tau undergoes other post-translational modifications 
such as nitration (Reyes et al., 2008). Nitrated tau is detected in cyto-
plasmic filamentous tau inclusions in AD and various tauopathies 
(Horiguchi et al., 2003). Tau nitration impairs tau’s ability to endorse 
the tubulin assembly (Reynolds et al., 2006). Furthermore, nitration 
with other post-translational modifications reduces the susceptibility of 
phosphorylated tau to the ubiquitin–proteasome degradation system 
and promotes the fibril assembly (Riederer et al., 2009). Nitric oxide 
synthases (NOS) isoenzymes, including inducible NOS (iNOS), neuronal 
NOS, and endothelial NOS, metabolize L-arginine to produce NO, which 
drives tau nitration and enhances plaque formation. Conversely, argi-
nase enzymes utilize L-arginine to produce polyamines. The critical 
balance between arginase-1 and NOS has been reported to regulate the 
mitigation vs the acceleration of both Aβ’s deposition and NFTs’ for-
mation (Colton et al., 2006). 

The central administration of streptozotocin (STZ) causes a pro-
longed impairment of cerebral glucose uptake and energy metabolism 
(Labak et al., 2010). This process is accompanied by the deposition of Aβ 
and tau proteins in the hippocampus, thereby leading to memory and 
learning impairment as well as the recapitulation of neuropathological 
and behavioral changes in SAD (Salkovic-Petrisic et al., 2009). 

Molecular mechanisms implicated in memory and learning regula-
tions have captured the attention of neuroscientists worldwide. Among 
these, the biological cascading of the second messenger–cyclic adeno-
sine monophosphate (cAMP) –has been actively involved in the synaptic 
strength and, consequently, memory formation (Kandel, 2012). cAMP 
triggers its foremost effector, protein kinase A (PKA), resulting in the 
activation of innumerable downstream targets (Dworkin and Man-
tamadiotis, 2010). Several animal models of AD exhibited a marked PKA 
dysfunction (Chen et al., 2012; Du et al., 2014). In addition, the 
enhancement of the PKA pathway has been claimed to mediate cAMP- 
promoted memory formation (Ricciarelli et al., 2014). Phosphodies-
terase inhibitors (PDE–Is) have proven their efficacy as cognitive en-
hancers due to their cAMP boosting effects in numerous preclinical 
studies (Ali et al., 2019; Sierksma et al., 2014). Their use in managing 
the central nervous system diseases, however, is limited because of their 
severe emetic properties. Especially, the PDE4 subfamily is of interest 
due to its high expression in the hippocampus, which is the key structure 
for memory formation (Heckman et al., 2015). Based upon this fact, we 
might assume less side effects in a therapeutic dose. 

Roflumilast (ROF), a selective PDE4-I, is used in the treatment of 
chronic obstructive pulmonary disease in patients with severe and 
chronic bronchitis (Chong et al., 2017). ROF exhibited a memory- 
enhancing effect at a non-emetic dose in a previous in vivo study (Van-
mierlo et al., 2016). It has been reported to protect hippocampal neurons 
against sevoflurane-induced neurotoxicity (Peng et al., 2018). ROF also 
reduced neuroinflammation following experimentally induced sub-
arachnoid hemorrhage (Wu et al., 2017). 

Therefore, the objective of this study is to identify various down-
stream targets of PKA as mechanistic tools through which ROF could 
induce Aβ clearance and reduce phosphorylated as well as nitrated tau 
formation to hinder the progression of SAD following intra-
cerebroventricular (ICV)–STZ injection in mice. We monitored the 
resulting behavioral changes in mice. Next, we measured the nitric oxide 
system, including iNOS expression, NOS activity, and arginase activity. 
Furthermore, we also determined and measured the Aβ clearance 
transporter (ABCB1), pregnane X receptor (PXR), and GSK-3β. Finally, 
we used H89 (PKA inhibitor) to examine the ROF-induced PKA 
involvement. 

2. Material and methods 

2.1. Animals 

Adult male Swiss albino mice weighing 25–30 g, aged 3–4 months, 

were used in this study. These animals were purchased from the animal 
colony of the National Institute of Research (Giza, Egypt) and then 
allowed to acclimatize for at least one week before starting the experi-
ment. They were housed into groups under standard experimental 
conditions and kept in a temperature-controlled room with reversed 12- 
h light and dark cycles (lights on at 9:00p.m.) and a free access to chow 
diet and water. Experimental procedures and laboratory care were 
performed after receiving the approval of the Ethics Committee for 
Animal Experimentation (Faculty of Pharmacy, Cairo University; PT 
2572). 

2.2. Materials 

ROF was obtained from the Western Pharmaceutical Company, 
Cairo, Egypt, whereas PKA inhibitor (H89) “dihydrochloride hydrate” 
and STZ were purchased from Sigma–Aldrich, MO, USA. ROF was dis-
solved in the vehicle (1% dimethyl sulfoxide [DMSO], 0.5% methyl-
cellulose) to obtain the working solution and, then, preserved at 4 ◦C 
(Feng et al., 2019). Then, STZ and H89 were dissolved in 0.9% saline and 
1% DMSO, respectively (Seyedi et al., 2014). 

2.3. Induction of sporadic Alzheimer’s disease (SAD) 

The modified ICV technique was applied for this study’s investiga-
tion to avoid the risk of penetration of cerebral vein. Mice were 
administered with light anesthesia (thiopental sodium [20 mg/kg]) for 
ICV administration. By applying downward pressure above the ears, the 
mouse’s head was stabilized and the lateral ventricle was targeted by 
envisioning a regular triangle between the skull’s center and the eyes for 
detecting the bregma, which was taken as a reference point. A needle 
was inserted approximately 1 mm into the midline point perpendicu-
larly to an equal distance between the ears and eyes: 1.0mm adjacent to 
the sagittal suture, 0.8mm posterior to the bregma, and 3.0mm un-
derneath the brain surface (Fronza et al., 2019). 

2.4. Experimental design 

Animals were randomly divided into four groups, with each con-
taining 15 mice. Group 1 received 0.9% saline and served as the normal 
group (Normal), whereas mice in Group 2 were injected with STZ (3 mg/ 
kg, ICV) once (Fronza et al., 2019) and represented the positive STZ 
model group (ICV/STZ). Both Groups 1 and 2 were administered with 
the vehicle of ROF orally for 21 days. Group 3, the treatment group 
(ICV/STZ + ROF), was injected with STZ (3 mg/kg, ICV) once. Then, 
after 5 h, the group received daily intragastric doses of ROF (0.4 mg/kg) 
(Feng et al., 2019) for 21 days. The same protocol was applied to Group 
4 (ICV/STZ + ROF + H89), where mice was injected with STZ (3 mg/kg, 
ICV) once. Then, they received H89 (0.05 mg/kg/i.p.) (Seyedi et al., 
2014) just one hour before ROF administration, daily for 21 days. After 

Fig. 1. Experimental design.  

N.H. Ashour et al.                                                                                                                                                                                                                              



Progress in Neuropsychopharmacology & Biological Psychiatry 111 (2021) 110366

3

three weeks, the mice were subjected to neurobehavioral tests within 24 
h from the last dose. All tests were performed during the active dark 
period under red lighting between 10 a.m. and 8 p.m. with a 30 min gap 
between tasks in the following order: open field test, Y-maze test, and 
Morris water maze (MWM) test. Fig. 1 shows the experimental timeline 
including dosing and behavioral evaluation schedules. 

2.5. Behavioral tests 

2.5.1. Open field test 
This experimental test examines the exploratory behavior and loco-

motor activity (Tsujimura et al., 2008). This test was conducted to 
ensure that any deviation in the aforementioned behavioral tests is not 
related to the changes in the mice’s locomotor activity. 

A special square-shaped wooden box having a white floor and red 
sides, where each side is 80 × 80 cm and 40 cm in height, was used for 
tests. The floor field was divided by black lines into 16 equal squares. 
Thereafter, animals were placed individually into the central point of the 
open field. 

The main variables recorded during a 3 min period are:  

1. Latency: it is the interval or time (in seconds) taken to leave the 
starting square.  

2. Ambulation frequency: it is the number of squares crossed by the 
animal with all 4 legs.  

3. Grooming frequency: it is the number of times forepaws are licked 
and the hind leg, face, tail, and genitals are rubbed.  

4. Rearing frequency: it is the number of times the animal stretched 
itself on the hind limbs. 

2.5.2. Y-maze test 
This test records the short-term memory (Luszczki et al., 2005). The 

device used in this investigation involves a metallic Y-maze comprising 
three identical arms, forming the Y shape. Each arm was 35 cm long, 25 
cm high, and 10 cm wide, and was positioned at 120◦ from each other 
extending from a central platform. Normal animals typically tend to 
explore a new arm of the maze rather than returning to the one that was 
previously visited depending on their natural curiosity for exploration. 
On the test day, the total number of arm entries and the sequence of 
entries are recorded during the 8-min session. The Y-maze was cleaned 
with 70% ethanol and dried before placing the next mouse to remove 
any olfactory cues that may cause any errors into observations. An 
actual alternation is defined as successive entries into three arms 
(overlapping triplet sets). Possible alternations were defined as the total 
number of arms entries–2. The ratio of actual alternations to possible 
alternations multiplied by 100 was calculated to represent the per-
centage of spontaneous alternation behavior (Yamada et al., 1999). In 
addition, the total number of arm entries was considered as an index of 
the spontaneous locomotor activity (Harquin Simplice et al., 2014). The 
mice who exhibited 8 arm or more entries were only used for analyzing 
the spontaneous alternation behavior. 

2.5.3. Morris water maze (MWM) test 
The MWM test estimates the learning capacity and visuospatial 

memory of animals (D’Hooge and De Deyn, 2001). The apparatus used 
in this experimental investigation is made up of a large circular stainless- 
steel pool (150 cm in diameter and 60 cm in height). The pool was half 
filled with tap water (26 ◦C) and divided arbitrarily into four equal 
quadrants (NE, SE, NW, and SW) of equal size, with the help of two 
threads placed perpendicularly to each other as in south (S), west (W), 
north (N), and east (E) directions. Inside the target quadrant of this pool, 
just 2 cm below the water surface, a submerged platform (10 cm width, 
28 cm in height), painted in black, was placed. The platform position 
was left constant during the test (SE). Importantly, the platform was 
rendered invisible as the water was made opaque by adding a purple- 
colored non-toxic dye. Normal animals learn quickly to swim and 

search for the platform, thus reaching it in a shorter time. The procedure 
was conducted on five successive days starting from 18th day of the 
experiment (Gupta and Gupta, 2012). Mice was gently located in the 
pool facing its wall at well-defined starting positions (NE, N, W, and 
SW), which were carefully chosen based on their nearly comparable 
distances from the platform. Each mouse was subjected to two consec-
utive trials on the first 4 days, with an interval of at least 15 min between 
the trials. On each trial, a different starting position was selected and the 
order of starting positions was changed during training days. The time 
taken to reach the platform was recorded in each trial. The maximum 
time permitted for each trial was 120 s. If the mouse reached the hidden 
platform within 120 s, then it was allowed to stay there for additional 
20s and removed afterward. If the animal did not reach the platform 
during the assigned time, then it was gently guided to the platform and 
allowed to stay there for additional 20s. The mean escape latency time 
(MEL) was calculated for each day as an index of acquisition. On the 5th 

day, the mice were subjected to a probe trial session in which the plat-
form was removed from the pool and each mouse was permitted to 
explore the pool for 60s. The time spent by each mouse in the target 
quadrant in which the hidden platform was previously positioned was 
recorded as an index of memory retrieval (Blokland et al., 2004). 

2.6. Tissue preparation 

After performing all behavioral tests, the mice were sacrificed by 
cervical dislocation and their brains were removed. Brains of 3 mice 
from each group were kept in 10% formalin for histological examina-
tions. The whole hippocampi were isolated by microdissection. Bilateral 
hippocampal tissues of six animals per group were homogenized in cold 
phosphate buffer saline. The hippocampi of the remaining mice were 
kept at − 80 ◦C for further western blot and quantitative real-time PCR 
analyses. 

2.7. Biochemical measurements in hippocampal tissues 

2.7.1. Determination of the hippocampal PKA activity 
PKA activity in the hippocampal tissue was determined by a specific 

ELISA kit (Enzo Life Sciences, NY, USA). The assay was based on a solid- 
phase ELISA that utilizes a specific synthetic peptide as a substrate for 
PKA and a polyclonal antibody that recognizes the phosphorylated form 
of the substrate. The results were expressed as an active PKA value (ng/ 
mg protein). 

2.7.2. Determination of the hippocampal arginase activity 
BioVision’s assay kit (BioVision, Life Science, CA, USA) was used to 

estimate the arginase activity. In this assay, arginase reacts with arginine 
and undergoes a series of reactions to form an intermediate that reacts 
stoichiometrically with OxiRed™ Probe to generate a colored product 
that could be measured at optical density of 570 nm immediately in a 
kinetic mode for 10–30 min (Lowry et al., 1951). 

2.7.3. Determination of hippocampal nitric oxide’ synthase activity 
Hippocampal NOS activity was assayed according to the described 

procedure using a specific kit (BioVision, Life Science, CA, USA). In this 
assay, NO generated by NOS undergoes a series of reactions and reacts 
with various reagents to produce a colored product measured at strong 
absorbance at 540 nm, thus indicating the NOS activity. 

2.7.4. Determination of hippocampal iNOS, cAMP, and Aβ contents 
Hippocampal homogenate was used to measure cAMP and Aβ using 

specific Elisa kits obtained from MyBioSource, Inc. San Diego, CA, USA. 
Likewise, mouse iNOS ELISA kit (BioVision, Life Science, CA, USA) was 
used for the quantitative determination of iNOS in the hippocampal 
homogenate. 
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2.7.5. Western blot analyses 
Hippocampal tissues were homogenized in the lysis buffer, and 

bicinchoninic acid protein kit (Thermo Fisher Scientific, Waltham, MA, 
USA) was used to determine the protein levels. An equal amount of 
protein (20 μg) protein of each sample was separated by polyacrylamide 
gel and then relocated into polyvinylidene difluoride membranes 
(Thermo Fischer Scientific, MA, USA). Non-specific binding sites on 
membranes were blocked by 5% of non-fat dry milk. Then, the mem-
brane was incubated with anti-total GSK-3β, anti-p (Tyr216) GSK-3β, 
anti-p(S9) GSK-3β, anti-phosphorylated tau (Thermo Fisher Scientific, 
Waltham, MA, USA), or anti-nitrated tau (tau-n tyr 29) antibodies 
(BioLegend Way, San Diego, CA, USA) overnight at 4 ◦C and subse-
quently with appropriate horseradish peroxidase–conjugated secondary 
antibodies (Dianova, Hamburg, Germany). To determine p (Tyr216) 
GSK-3β and p (S9) GSK-3β level as a ratio of total GSK-3β, blots were first 
explored p (Tyr216) GSK-3β and p (S9) GSK-3β, then stripped by the 
western blot stripping buffer, rinsed with tween-20 tris-buffered and re- 
explored for total GSK-3β. The blots were developed with enhanced 
chemiluminescence reagent (Amersham Biosciences, IL, USA) and their 
density were estimated by the Chemi Doc™ imaging system by Image 
Lab™ software version 5.1 (Bio-Rad Laboratories Inc., Hercules, CA, 
USA). Results of total GSK-3β, phosphorylated tau, and anti-nitrated tau 
were normalized for the loading control, namely, beta-actin (β-actin), 
whereas, those of p (Tyr216) GSK-3β or p (S9) GSK-3β were normalized 
to the total GSK-3β. Finally, all results are expressed as the fold change of 
the normal group. 

2.7.6. Detection of the gene expression of ABCB1 and pregnane X receptor 
by q-RT-PCR 

Following the homogenization of the samples, RNA was o 
btained using Qiagen tissue extraction kit (Qiagen, Germantown, MD, USA). 
RNA (2 μg) was then used for cDNA synthesis using the RT First 
Strand Synthesis Kit (Fermentas, Waltham, MA, USA).By taking 
cDNA as a template and with the help of SYBR green (iTaq 
Universal SYBR Green Supermix, Bio-Rad, Hercules, CA, USA), qRT-PCR 
was performed with an ABI PRISM 7500 fast detection system 
(Applied Biosystems, Carlsbad, CA. USA). The primer sequences used are as 
follows: PXR (F:5′-CAGTTGCTGCGCATCCAAP-3) ,R:(5′-TGCTGCT 
AAATAA CTCTTGCATGAG-3′), ABCB1 (F:5′TCGAGATATGGTCCGG 
ATTGC-3′, R:5′-5-GT CCAGTCCGTAATGG3TTCTGT3′) and β-actin 
(F: 5′TATCCTGGCCTCACTGTCCA-3′, R:5′-AACG CAGCTCAGTAACAGT 
− 3′). The repeated thermal cycles were performed as the following 
sequence: 95 ◦C for 10 min, then, at 95 ◦C. Thereafter, 40 cycles were 
repeated followed by maintaining the temperature at 60 ◦C for 
1 min. Calculations were done by applying the 2 − ΔΔCt formula. 
Data calculated from real-time assays were performed with the Applied 
Biosystems Software (CA, USA), followed by the comparative threshold 
cycle method (Ct) to calculate the relative expression of the studied gene. 
results were then normalized to the β-actin gene. 

2.8. Histopathological preparation 

The brains of 3 mice in each group were excised and fixed in formalin 
(10%) for 24 h. Then, each brain was processed separately for 

Fig. 2. Effects of ROF either alone or in combination with H-89 on (a) total number of arm entries and (b) Percentage of spontaneous alteration behavior in Y-maze 
test as well as (c) MEL and (d) the time spent in the target quadrant in Morris water maze test in ICV/STZ-injected mice. Results are described as mean ± S.D. Values 
were statistically analyzed by One-way ANOVA and then, Tukey-Kramer test was used for multiple comparisons. Results of MEL were evaluated by Two-way ANOVA 
followed by Tukey-Kramer test. *Significantly different from normal group at p < 0.01, **Significantly different from normal group at p < 0.001, *** Significantly 
different from normal group at p < 0.0001 @@@ Significantly different from ICV/STZ group at p < 0.0001, ### Significantly different from ROF group at p < 0.0001. 
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histopathological examination. Briefly, the brains were cleared in xylene 
and embedded in paraffin at 56 ◦C in a hot air oven for 24 h. Then, 
paraffin sections were taken at 4 μm of thickness, processed in an 
alcohol/xylene series and specimens stained with alum hematoxylin and 
eosin. An experienced investigator blinded to the sample identity has 
performed all histopathological assessments to avoid any bias. 

2.9. Statistical analysis 

All obtained data were expressed as mean ± SD. Statistical analysis 
and graphical representation of results were performed using GraphPad 
Prism© software (version 6.01; Graph Pad Software, CA, USA). Statis-
tical analyses were performed using one-way analysis of variance 
(ANOVA) followed by Tukey–Kramer post hoc test, except for MEL, 
where results were analyzed by two-way AVOVA followed by 
Tukey–Kramer test. For all the statistical tests, p-value <0.05 was 
considered statistically significant. 

3. Results 

3.1. Effects of ROF either alone or in combination with H-89 on different 
behavioral tests 

3.1.1. Locomotor activity in the open field test in ICV/STZ-injected mice 
The spontaneous locomotor activity and grooming frequency did not 

differ significantly among all the groups on the 21st day of treatment 
(Data not shown). 

3.1.2. Effects of ROF either alone or in combination with H-89 on the 
spontaneous locomotor activity and spontaneous alteration behavior in the 
Y-maze test in ICV/STZ–injected mice 

No significant differences have been reported in the total number of 
arm entries among all the tested groups, thereby indicating no change in 
the spontaneous locomotor activity (Fig. 2a). 

The percentage of spontaneous alteration behavior has shown sig-
nificant differences among the tested groups [F (3,56) = 49.38]. ICV/ 
STZ–administered mice exhibited a significantly lower percentage of 

spontaneous alteration behavior, as compared to normal animals (p <
0.0001). Meanwhile, the percentage of spontaneous alteration behavior 
was normalized with ROF treatment (p = 0.0831). In contrast, mice 
received H-89 before ROF showed similar results to those in the ICV/STZ 
group (p = 0.12) (Fig. 2b). 

3.1.3. Effects of ROF either alone or in combination with H-89 on the MEL 
and time spent in the target quadrant in the MWM task in ICV/STZ–injected 
mice 

MEL has shown significant differences among the tested groups in 
each training day, and between each group during the training days [F 
(3,144) = 452 and 625.2], respectively, and resulted in an interaction [F 
(9,144) = 46.68]. 

Normal mice exhibited a significant decrease in MEL on second, 
third, and fourth days of the sessions as compared to the first day (p <
0.0001), indicating a normal acquisition. Significantly increased MEL 
was recorded in the ICV/STZ group on second, third, and fourth days of 
sessions as compared to the normal group (p < 0.0001). ROF showed a 
significant decrease in MEL on all the training days as compared to the 
ICV/STZ group (p < 0.0001), which were comparable to the normal 
group on the fourth day of training (p = 0.119), thereby indicating the 
prevention of STZ-induced impairment of acquisition. In contrast, the 
co-administration of H89 abolished the effect of ROF on MEL on all 
investigating days (Fig. 2c). 

On the probe day, the time spent in the target quadrant has shown 
significant differences among the tested groups [F (3,56) = 90.01]. The 
ICV/STZ group revealed a significant decrease in the time spent in the 
target quadrant, as compared to normal mice (p < 0.0001). ROF suc-
ceeded in increasing this time to an extent that is comparable to the time 
spend by normal mice (p = 0.073), hence recording an increase by 
56.7% as compared to the ICV/STZ group (p < 0.0001). On the contrary, 
there was no significant difference between the results of ICV/STZ group 
and the group receiving both ROF and H-89 (p = 0.69) (Fig. 2d). 

Fig. 3. Effects of ROF either alone or in combination with H-89 on hippocampal (a) cAMP content and (b) PKA activity in ICV/STZ-injected mice. Results are 
described as mean ± S.D. Values were statistically analyzed by One-way ANOVA and then, Tukey-Kramer test was used for multiple comparisons. **Significantly 
different from normal group at p < 0.001, *** Significantly different from normal group at p < 0.0001, @@@ Significantly different from ICV/STZ group at p <
0.0001, ### Significantly different from ROF group at p < 0.0001. 
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3.2. Effects of ROF either alone or in combination with H-89 on the 
hippocampal cAMP content and PKA activities in ICV/STZ–injected mice 

Hippocampal cAMP content and PKA activity have shown significant 
differences between the tested groups [F (3,20) = 219.6 and 86.79], 
respectively. The ICV/STZ group showed a prominent decrease in the 
hippocampal cAMP and PKA activity by 49.1% and 63%, respectively, as 
compared to the normal group (p < 0.0001). ROF successfully increased 
hippocampal cAMP to reach 1.8-fold of the ICV/STZ group (p < 0.0001); 
yet, it did not reach the normal level (p < 0.001). In parallel, ROF was 
effective in restoring the PKA activity while showing no significant 
difference to the normal group (p = 0.249) and reaching 2.4-fold of the 
ICV/STZ group (p < 0.0001). The boosting effects of ROF on PKA ac-
tivity was completely abolished by the co-administration with H-89 
showing similar levels to those in the ICV/STZ group (p = 0.7), whereas 
H-89 failed to reduce the effect of ROF on the cAMP level (p = 0.73) 
(Fig. 3). 

3.3. Effects of ROF either alone or in combination with H-89 on 
hippocampal PXR and ABCB1 transporters in ICV/STZ-injected mice 

The hippocampal gene expression of both PXR and ABCB1 have 
shown significant differences between the tested groups [F (3,20) =

255.9, 300], respectively. As shown in Fig. 4 a and b, the gene expres-
sions of PXR and ABCB1 were noticeably decreased in the ICV/STZ 
group (p < 0.0001). ROF was effective in enhancing their mRNA 
expression to reach 2.3- and 2.8-fold of the ICV/STZ group, respectively 
(p < 0.0001); yet, they did not reach the normal levels (p < 0.0001 and p 
< 0.001, respectively). Conversely, H-89 utterly abolished the boosting 
effects of ROF, where mice injected with H-89 before ROF showed no 
significant increase in both PXR and ABCB1 as compared to the ICV/STZ 
group (p = 0.269 and 0.834, respectively). 

3.4. Effects of ROF either alone or in combination with H-89 on 
hippocampal Aβ in the ICV/STZ–injected mice 

Hippocampal Aβ has shown a significant difference between the 
tested groups [F (3,20) = 320]. The Aβ level in hippocampi was mark-
edly increased in the ICV/STZ group to reach 3.8-fold of the normal 
group (p < 0.0001). ROF treatment caused a significant decline in Aβ by 
62% as compared to ICV/STZ (p < 0.0001); yet, it did not reach the 
normal level (p < 0.01). In contrast, H-89 administration resulted in a 
significant increase in Aβ while abolishing the effect of ROF showing 
similar levels to those in the ICV/STZ group (p = 0.763) (Fig. 4c). 

Fig. 4. Effects of ROF either alone or in combination with H-89 on hippocampal (a) PXR, (b) ABCB1 gene expression and (c) Aβ in ICV/STZ-injected mice. Results are 
described as mean ± S.D. Values were statistically analyzed by One-way ANOVA and then, Tukey-Kramer test was used for multiple comparisons. *Significantly 
different from normal group at p < 0.01, ** Significantly different from normal group at p < 0.001, *** Significantly different from normal group at p < 0.0001, @@@ 

Significantly different from ICV/STZ group at p < 0.0001, ### Significantly different from ROF group at p < 0.0001. 
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3.5. Effects of ROF either alone or in combination with H-89 on 
hippocampal arginase, NOS activities as well as iNOS and nitrated tau 
levels in ICV/STZ–injected mice 

Hippocampal arginase, NOS activities as well as iNOS [F (3,20) =
74.56, 445.7, 121], respectively, and nitrated tau level [F (3,8) = 73] 
has shown significant differences among the tested groups. ICV/STZ 
injection was associated with a notable decline in the hippocampal 
arginase activity along with a prominent elevation in the NOS activity 
reaching 4.6-fold of the normal group (p < 0.0001). In addition, hip-
pocampal iNOS and nitrated tau were significantly increased in the ICV/ 
STZ group to reach 2.9- and 3.8-fold of the normal group (p < 0.0001). 
ROF significantly suppressed the NOS activity by 44.2% as compared to 
the ICV/STZ group (p < 0.0001) and retorted arginase to show the 
normal activity levels (p = 0.0501), reaching 1.9-fold value of the ICV/ 
STZ group (p < 0.0001). ROF was able to blunt iNOS expression and 
nitrated tau production to almost baseline levels (p = 0.063 and 0.58, 
respectively), recording a decrease by 53.7% and 65.4%, respectively, as 
compared to the ICV/STZ group (p < 0.0001). Contrariwise, H-89 
obliterated ROF effects on hippocampal arginase, NOS activity, iNOS, 
and nitrated tau levels to exhibit the same results as those in ICV/STZ 
mice (p = 0.819, 0.069, 0.39, and 0.99, respectively) (Fig. 5). 

3.6. Effects of ROF either alone or in combination with H-89 on the 
hippocampal p (Tyr216) GSK-3β, p (S9) GSK-3β, and phosphorylated tau 
in ICV/STZ–injected mice 

Hippocampal p (Tyr216) GSK-3β, p (S9) GSK-3β, and phosphorylated 
tau levels have shown significant differences among the tested groups [F 
(3,8) =57.82, 191.1, and 59.16], respectively. The diminution of hip-
pocampal PKA as well as arginase activities in the ICV/STZ group was 
accompanied with an obvious decrease in p (S9) GSK-3β along with an 
upsurge in p (Tyr216) GSK-3β and phosphorylated tau as compared to 
the normal group (p < 0.0001). Mice treated with ROF showed a 
noticeable increase in p (S9) GSK-3β by 93% with a profound reduction 
in p (Tyr216) GSK-3β by 47.6% as compared to ICV/STZ mice (p <
0.0001 and 0.001, respectively); yet, they did not reach the normal 
levels (p < 0.001 and p < 0.01, respectively). ROF succeeded to signif-
icantly reduce the levels of phosphorylated tau in mice hippocampi by 
64.1% as compared to ICV/STZ–injected mice (p < 0.0001). In contrast, 
the administration of H-89 with ROF diminished its effects on both p 
(Tyr216) GSK-3β and p (S9) GSK-3β as well as phosphorylated tau 
showing similar levels to those in the ICV/STZ group (p = 0.31, 0.57, 
and 0.19, respectively) (Fig. 6). 

3.7. Effect of ROF on either alone or in combination with H-89 on STZ- 
induced histopathological changes in mice hippocampi 

As shown in Fig. 7, normal mice showed normal histological features 
of different hippocampal layers including apparent intact pyramidal 

Fig. 5. Effects of ROF either alone or in combination with H-89 on hippocampal (a) arginase and (b) NOS activity as well as (c) iNOS and (d) n-tau expression in ICV/ 
STZ-injected mice. Results are described as mean ± S.D. Values were statistically analyzed by One-way ANOVA and then, Tukey-Kramer test was used for multiple 
comparisons. *** Significantly different from normal group at p < 0.0001, @@@ Significantly different from ICV/STZ group at p < 0.0001, ### Significantly different 
from ROF group at p < 0.0001. 
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neurons with intact subcellular details and nuclei. The ICV/STZ group 
revealed many figures of pyramidal neuronal damage with many 
shrunken, pyknotic hyperesenophilic necrotic neurons accompanied 
with mild perineuronal edema. ROF gradually improved their photo-
micrographs. It showed a significant reduction of neuronal damage 
figures with more organized apparent and intact pyramidal neurons. 
Contrariwise, H-89 samples showed almost the same records as model 
samples, and even slightly higher neuronal damage could be observed. 

4. Discussion 

This investigation depicts the efficiency of ROF in interfering with 
the processes of tauopathy and amyloidosis induced by ICV/STZ injec-
tion in mice. As a result, it largely guarded against hippocampal 
neurotoxicity associated with the aggregation of NFTs and Aβ plaques. 
This effect was evident by the highly preserved structure of neurons 
observed in ROF-treated mice. Accordingly, ROF prevented the pro-
gression of cognitive deficits. It improved the ability of mice to form 
short-term memories and to retrieve spatial memories in Y-maze and 
MWM tests, respectively. In addition, ROF attenuated the STZ-induced 
impairment of acquisition in MWM test. 

The noticeable reduction in Aβ detected after ROF treatment was 
accompanied with a prominent increase in the gene expression of both 
PXR and ABCB1. ABCB1 transporters play a crucial role in the clearance 
of amyloid fibrils via encouraging their transport outside the brain 
across the blood–brain barrier (Cirrito et al., 2005; Vogelgesang et al., 
2012). STZ-induced diabetes exhibited a marked reduction in the ABCB1 

expression in endothelial cells of the brain’s microvessels (Liu et al., 
2006) and the abrogation of ABCB1 prompted Aβ accumulation in a 
murine model of AD (Cirrito et al., 2005). In the same context, autopsy 
from patients with AD displayed low ABCB1 levels in hippocampal 
microvessels adjacent to Aβ plaques (Vitolo et al., 2002; Vogelgesang 
et al., 2012). Likewise, the induction of ABCB1 expression in patients 
with AD effectively decreased the decline in their cognitive behavior 
(Loeb et al., 2004). 

ABCB1 is considered as a chief target of PXR in brain endothelium 
(Bauer et al., 2006). By acting as a transcription factor, PXR activation 
upregulated ABCB1 expression in vitro (Geick et al., 2001), and reduced 
Aβ accumulation and consequently cognitive impairment in the trans-
genic animal model of AD (Hartz et al., 2010) and following ICV/STZ 
administration (Singh et al., 2020). Another study has demonstrated a 
profound memory dysfunction in the PXR knockout mice (Boussadia 
et al., 2018). 

Despite the data supporting the implications of impaired PXR/ 
ABCB1 cue in Aβ accumulation, little is known about the mechanisms 
that could initiate these derangements. The activation of PKA signaling 
has been reported to promote PXR-mediated target genes expression in 
cultured hepatocytes (Ding and Staudinger, 2005). PKA could modulate 
the phosphorylation status of PXR (Ding and Staudinger, 2005) and 
potentiate the interaction of PXR–coactivators (Pondugula et al., 2009). 
Such findings of PKA–PXR relationship in hepatocytes would explain the 
current results of the ability of ROF to induce PXR and, consequently, 
ABCB1 expression. This was further confirmed when the 
PKA–PXR–ABCB1 axis stimulation by ROF was completely abolished by 

Fig. 6. Effects of ROF either alone or in combination with H-89 on hippocampal (a) Total GSK-3β, (b) p (Tyr 216) GSK-3β, (c) p (S9) GSK-3β and (b) p-tau expression 
in ICV/STZ-injected mice. Results are described as mean ± S.D. Values were statistically analyzed by One-way ANOVA and then, Tukey-Kramer test was used for 
multiple comparisons. *Significantly different from normal group at p < 0.01, **Significantly different from normal group at p < 0.001, *** Significantly different 
from normal group at p < 0.0001, @@ Significantly different from ICV/STZ group at p < 0.001, @@@ Significantly different from ICV/STZ group at p < 0.0001, 
#Significantly different from ROF group at p < 0.01, ### Significantly different from ROF group at p < 0.0001. 
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the concomitant administration of H89, the PKA inhibitor. These ob-
servations advocate the pivotal contribution of PKA in Aβ clearance by 
ABCB1 following ROF treatment. In harmony with the current results, 
Zhang et al. (2020) correlated the activity of PKA with hippocampal Aβ 
levels in an animal model of AD. The activation of cAMP/PKA pathway 
by photobiomodulation therapy reduced hippocampal Aβ and improved 
cognitive and memory in APP/PS1 transgenic mice (Zhang et al., 2020). 
In the same context, the exposure of a culture of hippocampal neurons to 
Aβ variously inactivated PKA (Vitolo et al., 2002), providing a reason-
able explanation of the diminished PKA activity observed herein. 
Similarly, this effect has been completely reverted using a PDE4 inhib-
itor (Vitolo et al., 2002). 

In contrast to STZ-treated mice, the low levels of phosphorylated tau 
and nitrated tau observed in ROF-treated mice were associated with an 
upsurge in the hippocampal arginase activity. Arginase is highly 
expressed by immune cells to control the ensued inflammation in 
various diseases (Weisser et al., 2014), including AD (Hunt et al., 2015). 
It also could be expressed by neurons but in lower levels (Kan et al., 
2015). The dyshomeostasis of polyamines levels and arginine meta-
bolism secondary to arginase insufficiency have been reported in the 
brains of patients diagnosed with AD and variously contribute to tau-
opathy (Liu et al., 2014). Several mechanisms have been suggested to 
mediate the curtailing effect of persistent arginase expression on NFT 
formation. Hunt et al. (2015) demonstrated that the hippocampal 
overexpression of arginase-1 in tau transgenic mice obviously decreased 
phosphorylated tau and tangle formation by its negatively regulating 

role on various tau-associated kinases activity as GSK-3β by reducing its 
phosphorylation at Tyr216. The boosted PKA and arginase activities 
achieved by ROF in this study was associated with a marked reduction in 
p (Tyr216) GSK-3β. In parallel, a profound increase in the GSK-3β 
inhibitory form (p S9-GSK-3β) was recorded, where PKA was reported 
previously to be one of the kinases involving in GSK-3β inactivation by 
promoting its serine phosphorylation (Fang et al., 2000). Consequently, 
ROF efficiently interfered with GSK-3β–mediated tau phosphorylation in 
this study. Consistent with these results, a previous in vitro study re-
ported that the elevation of cAMP-induced phosphorylation of GSK-3β 
on serine 9 in rat cerebellar granule neurons, which was an effect that 
was abolished when the neurons were preincubated with a selective PKA 
inhibitor (Li et al., 2000). In addition, the depletion of endogenous L- 
arginine by highly expressed arginase participates in its lowering effect 
on the tau protein. Intriguingly, L-arginine accumulation was shown to 
promote the total tau level in the hippocampus probably by interfering 
with autophagy or suppressing its degradation (Hunt et al., 2015). In 
parallel, the overactivity of arginase counter-NOS activity to reduce NO 
(Gogoi et al., 2016), especially the high output generated by the iNOS of 
activated microglia (Garthwaite and Boulton, 1995) during the process 
of tauopathy (Saez et al., 2004). Accordingly, the reaction between NO 
with free radicals generated by the central STZ administration (Szku-
delski, 2001) to form peroxynitrite, the main nitrating agent in vivo, is 
largely subsided (Beckman and Koppenol, 1996). Furthermore, hippo-
campal neurons cocultured with microglial cells exhibited a marked 
hyperphosphorylation of tau in response to Aβ, which is an effect that is 

Fig. 7. Effects of ROF on either alone or in combination with H-89 on STZ-induced histopathological changes in hippocampal CA1 subregions. (H&E × 400 
magnification). (a)Normal control samples demonstrated normal histological features of different hippocampal layers including apparent intact pyramidal neurons 
with intact subcellular details and nuclei (arrow). (b) ICV/STZ-mice showed many figures of pyramidal neuronal damage with many shrunken, pyknotic hyper-
esenophilic necrotic neurons (red arrow) accompanied with mild perineuronal edema alternated with apparent intact neurons (black arrow). (c) ROF-group showed 
significant reduction of neuronal damage figures (red arrow) with more organized apparent intact pyramidal neurons were demonstrated (black arrow) (d). ROF+ H- 
89 showed almost the same records as model samples, even slightly higher neuronal damage could be observed. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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markedly reduced by iNOS inhibitors (Saez et al., 2004). This observa-
tion underpins the role of glial-derived NO not only in tau nitration but 
also in tau phosphorylation probably by affecting some kinase systems 
(Saez et al., 2004). Coherent with the abovementioned findings, the 
ability of ROF to reduce both nitrated and phosphorylated tau could be 
largely ascribed to its enhancing effect on the arginase activity and, 
subsequently, suppressing the NOS activity. Similarly, El-Ashmawy et al. 
(2018) attributed the anti-inflammatory effect of ROF in a rat model of 
ulcerative colitis to iNOS downregulation. Moreover, polyamines, the 
end products of overactivated arginase achieved by ROF, could endorse 
neurons’ integrity as demonstrated by histopathological examination in 
this study. They bind to tubulin to improve the microtubule assembly 
(Savarin et al., 2010), which are largely destabilized by the detachment 
of phosphorylated tau (Hunt et al., 2015). 

Ample pathways have been described to regulate the arginase tran-
scription and/or activity; however, PKA activation is established to be 
imperative for arginase induction (Chang et al., 2000). NO down-
regulation through arginase induction in activated macrophages was 
completely abolished by a PKA inhibitor (Chang et al., 2000). In addi-
tion, arginase expression was also abolished by using PKA blocker as 
cAMP/PKA pathway activates the CRE-binding protein, which is a 
transcription factor for arginase enzyme (Chang et al., 2000). Consistent 
with these studies, the ability of ROF to stimulate arginase and, conse-
quently, to suppress the NOS activity in this study was totally obliterated 
by the coadministration of H89. These results fortify the crucial impli-
cation of PKA in interfering with post-translational modifications of tau 
following ROF treatment. 

Coherent with our results, other members of the cAMP-dependent 
PDE-Is, such as PDE7-Is, have documented to reduce tau phosphoryla-
tion and Aβ deposits and rescue memory deficits in the mouse models of 
AD (Bartolome et al., 2018; Perez-Gonzalez et al., 2013). Similarly, 
PDE8-Is have been considered as valuable candidates for several 
neurological disorders, including AD (Tsai et al., 2012). The develop-
ment of PDE7-Is and PDE8-Is has captured the attention to be used in 
combination with PDE4 inhibitors to provide a higher therapeutic index 
and, thus, display a lower tendency to emesis accompanied with tar-
geting PDE4 only (Martinez and Gil, 2014). 

Concisely, this study provides an insight into the role of ROF in 
mitigating Aβ as well as phosphorylated and nitrated tau accumulation 
and, accordingly, cognitive dysfunction following ICV/STZ injection in 
mice. This neuroprotective effect could be largely mediated through the 
modulation of PXR/ABCB1 expression and arginase/NOS activities via 
the activation of PKA. 
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