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Abstract

Recent evidence indicates that inflammation may significantly contribute to the pathogenesis of 

Alzheimer’s disease (AD). Since the apo A-I mimetic peptide D-4F has been shown to inhibit 

atherosclerotic lesion formation and regress already existing lesions (in the presence of 

pravastatin) and the peptide also decreases brain arteriole inflammation, we undertook a study to 

evaluate the efficacy of oral D-4F co-administered with pravastatin on cognitive function and 

amyloid β (Aβ) burden in the hippocampus of APPSwe-PS1ΔE9 mice. Three groups of male mice 

were administered D-4F and pravastatin, Scrambled D-4F (ScD-4F, a control peptide) and 

pravastatin in drinking water, while drinking water alone served as control. The escape latency in 

the Morris Water Maze test was significantly shorter for the D-4F+statin administered animals 

compared to the other two groups. While the hippocampal region of the brain was covered with 

4.2±0.5 and 3.8±0.6% of Aβ load in the control and ScD-4F+statin administered groups, in the 

D-4F+statin administered group Aβ load was only 1.6±0.1%. Furthermore, there was a significant 

decrease in the number of activated microglia (p<0.05 vs the other two groups) and activated 

astrocytes (p<0.05 vs control) upon oral D-4F+statin treatment. Inflammatory markers TNFα and 

IL-1β levels were decreased significantly in the D-4F+statin group compared to the other two 

groups (for IL-1β p<0.01 vs the other two groups and for TNF-α p<0.001 vs control) and the 

expression of MCP-1 were also less in D-4F+statin administered group compared to the other two 

groups. These results suggest that the apo A-I mimetic peptide inhibits amyloid β deposition and 

improves cognitive function via exerting anti-inflammatory properties in the brain.
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Alzheimer’s disease (AD) is the world’s leading cause of dementia and affects 12 million 

people worldwide. AD is a neurodegenerative disorder and is characterized by progressive 

cognitive impairment (Hebert et al., 2003). Epidemiological and clinical studies suggest that 

inflammation and oxidative stress are implicated in AD (Akiyama et al., 2000; McGeer and 

McGeer, 2003; Christen, 2000; Pratico and Delanty, 2000). However, the role of 

inflammation in the pathogenesis of AD is not clearly understood. Activated microglia 

release a variety of pro-inflammatory molecules which result in the exacerbation of the 

disease process and contribute to neuronal death (Yates et al, 2000). On the other hand, 

activated microglia can possibly take up and degrade amyloid β (Aβ) (Boche and Nicoll, 

2008). Mouse models of AD also suggest that AD may have an inflammatory component 

contributing to the pathogenesis of this disease (Heneka et al., 2005; Kunjathoor et al., 

2004). Anti-inflammatory agents have been used as a therapy for AD (In t’ Veld et al., 2001; 

Zandi et al., 2002).

Hypercholesterolemia is also an important risk factor in the development of AD. Emerging 

evidence suggests that high dietary cholesterol increases Aβ accumulation and accelerates 

AD-related pathology (Li et al., 2003; Refolo et al., 2000). High density lipoproteins (HDL) 

and apolipoprotein A-I (apo A-I), the major protein component of HDL, possess several 

important protective functions including facilitating reverse cholesterol transport (Barter and 

Rye, 2006) and thereby is inversely correlated to the development of atherosclerosis. Apo A-

I has also been shown to possess anti-oxidant and anti-inflammatory properties (Navab et al., 

2005a; Barter and Rye, 2006). Apo A-I mimetic peptides were developed based on the 

presence of lipid-associating amphipathic α-helical domains in apo A-I (Segrest et al., 1992, 

Anantharamaiah et al., 2007). It has been shown that oral administration of D-4F, an apo A-I 

mimetic peptide synthesized from D-amino acids, remains intact in the circulation, 

significantly enhances HDL protective capacity, decreases LDL-induced monocyte 

chemotactic activity, and inhibits the formation of atherosclerotic plaques in young apo E 

null mice (Navab et al., 2002). In addition, it has been shown that D-4F decreases brain 

arteriole inflammation and improves cognitive performance in low density lipoprotein 

(LDL) receptor-null mice on Western diet (Buga et al, 2006). More interestingly, D-4F in the 

presence of pravastatin regressed already existing atherosclerotic lesions in older apo E null 

mice (Navab et al., 2005b). The mechanism of action of this peptide has been shown to be 

through modulation of inflammatory properties of circulating lipoproteins, particularly 

HDL.

Therefore, in the present study, we tested the hypothesis that oral administration of D-4F co-

administered with pravastatin (at a dose at which this statin alone does not inhibit Aβ 
deposition (Chauhan et al., 2004)), would decrease Aβ deposition in the brain and improve 

cognitive performance in a mouse model of AD. We show that in the APPswe-PS1ΔE9 

transgenic mouse model, the peptide D-4F, but not the control scrambled peptide ScD-4F, in 

the presence of pravastatin significantly inhibits Aβ deposition and improves cognitive 
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performance. This is associated with decreased numbers of activated microglia and reactive 

astrocytes in the hippocampal region and a concomitant decrease in pro-inflammatory 

cytokine levels in the brain.

Materials and methods

Materials

D-4F (Ac-DWFKAFYDKVAEKFKEAF-NH2, synthesized using D-amino acids) and 

ScD-4F (Ac-DWFAKDYFKKAFVEEFAK-NH2), a control peptide with the same D-amino 

acids but arranged in a sequence that does not promote the formation of class A amphipathic 

helix, (thus rendering the peptide inactive) were synthesized as previously described (Datta 

et al., 2004).

Mice

Male APPswe-PS1ΔE9 mice (Jankowsky et al., 2004) were purchased from Jackson 

Laboratories, Bar Harbor, ME- Strain name B6C3-Tg(APPswe,PSEN1ΔE9)85Dbo/J; stock 

number 004462). A breeding colony was established by breeding male APPswe-PS1ΔE9-

mice with female B6C3F1/J (Jackson Laboratories, Bar Harbor, ME). The animals were 

genotyped for the presence of transgene by PCR amplification of genomic DNA extracted 

from 1cm tail clippings. Three groups of 4–5 month old male APPswe-PS1ΔE9 were used 

for the study. The first group received water and served as control. The second group was 

treated with ScD-4F (200 μg/ml) and pravastatin (10 μg/ml) in their drinking water. The 

third group received the peptide D-4F (200 μg/ml) and pravastatin (10 μg/ml) in their 

drinking water. The water intake was monitored. The treatment period was for 3 months. 

Mice were housed under standard conditions in conventional cages and given standard 

rodent diet and water ad libitum. All animal procedures used for this study were approved by 

the Institutional Animal Care and Use Committee of the University of Alabama at 

Birmingham.

Morris Water Maze (MWM)

Spatial memory was evaluated by the MWM test as described earlier (Li et al., 2003). 

Briefly, the mice were tested in a water maze consisting of a round pool (diameter, 112 cm) 

filled with water (22 °C) to a height of 31 cm. An escape platform (8×8 cm) was submerged 

1 cm below the water surface in the NorthEast (NE) quadrant. The acquisition of the spatial 

task consisted of placing the mouse in the water next to and facing the wall successively in 

north (N), east (E), south (S), and west (W) positions. In each trial, the mouse was allowed 

to swim until it found the hidden platform or until 60 s had elapsed, at which point the 

mouse was guided to the platform. The time required to find the hidden platform is referred 

to as escape latency. Shorter escape latency values represent improved cognitive function. 

The escape latency was recorded by the SMART system (SD instruments, San Diego, CA) 

for four trials daily for 5 days. The day after completion of the acquisition phase, a “probe 

trial” was also conducted by removing the platform and placing the mouse facing N side. 

The number of times the mouse crossed over the area where the platform was previously 

hidden and the amount of time spent in the target quadrant was counted in a single 1 min 

Handattu et al. Page 3

Neurobiol Dis. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trial. The probe trial was followed by four visible platform trials, escape latencies were 

measured in an identical manner to the place learning task for four trials.

Brain tissue preparation

Mice were anesthetized with ketamine/xylazine, and blood was collected by cardiac 

puncture. After whole-body perfusion with 0.9% saline, brains were harvested. The brains 

were cut sagittally into left and right hemispheres. The right hemisphere was fixed in 

buffered formaldehyde for histological analysis. The hippocampal region was dissected out 

of the left hemisphere and was snap frozen in liquid nitrogen and stored at −80 °C until 

biochemical analysis.

Plasma total cholesterol levels were determined colorimetrically using commercial reagents 

(Infinity cholesterol reagent, Sigma, St. Louis, MO).

Enzyme-linked immunosorbent assay

Two or three hippocampi from each group were pooled. The hippocampi were homogenized 

with 15 volumes of ice-cold tris-buffered saline (TBS; pH 7.4) with protease inhibitors 

(Sigmafast protease inhibitor tablets, Sigma). The sample was centrifuged at 20,000 g for 20 

min. at 4 °C. Supernatant (TBS extract) was transferred to a new tube and stored at −80 °C 

until analyzed. The pellet was washed with 50 μl of cold TBS. 400 μl of 5 M guanidine 

hydrochloride (GuHCl) containing complete protease inhibitor was added to the pellet. The 

sample was vortexed and incubated at room temperature for 4 h. Homogenate was spun at 

20,000 rpm for 20 min. at 4 °C. The supernatant (guanidine extract) was transferred to new 

tubes and stored at −80 °C until analyzed. Total protein level in soluble and insoluble 

fractions was assayed using the BCA (bicinchoninic acid) protein assay reagent method 

(Pierce). The levels of Aβ40 and Aβ42 in the TBS soluble and guanidine soluble fractions 

were determined with Aβ40 and Aβ42 specific enzyme-linked immunosorbent assay kits 

(BioSource International, Camarillo, CA) using the manufacturer’s protocol. Interleukin -1β 
(IL-1β) and Tumor necrosis factor-α (TNF-α) in the TBS soluble fractions were measured 

using commercially available ELISA kits (R&D systems, Minneapolis, MN) according to 

manufacturer’s protocol. The values were expressed as amount per total protein.

Western blot analysis

50 μg of protein was separated on 4–20% SDS polyacrylamide gel under reducing 

conditions. Proteins were transferred to a nitrocellulose (Whatman) membrane. The 

membrane was blocked with 5% dry milk in 0.1% Tween 20/PBS for 1 h. and then 

incubated with rabbit polyclonal antibody CT695 against the C terminus of APP (1:1000; 

Invitrogen) overnight at 4 °C. After washing, blot was incubated with corresponding HRP-

labeled secondary antibody (1:1000). Blot was stripped and labeled with mouse anti-tubulin 

monoclonal antibody (1:2000, Sigma) following the same procedure as above.

Immunohistochemistry

Formaldehyde-fixed and paraffin embedded tissues were sectioned at 5 μm and the sections 

were used for immunohistochemical analysis. The primary antibody used for assessing 

amyloid load was 6E10 (a monoclonal antibody raised against peptides 1–16 of Aβ, 
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Covance, Dedham, MA) and visualized using Vectastain ABC kit (Vector laboratories, 

Burlingame, CA). Activated microglia were detected with rabbit polyclonal antibody to 

ionized calcium binding adaptor molecule-1 (IBA-1; Wako, 1:250). In brief, endogenous 

peroxidase was quenched using 0.3% H2O2 in absolute methanol for 10 min. Antigen 

retrieval was accomplished by steaming the sections for 30 min. Sections were allowed to 

cool to room temperature before they were washed with PBS. Blocking was done using 5% 

goat serum. Activated astrocytes were detected using rabbit polyclonal antibody to glial 

fibrillary acidic protein (GFAP; Sigma, 1:100). The sections were quenched using 3% H2O2 

in double distilled water for 10 min. Antigen retrieval was performed by immersing the 

sections in citrate buffer (pH6.0) and keeping in a boiling water bath for 5 min. After the 

sections were cooled to room temperature, they were blocked using commercially available 

Ultra V blocker (Labvision corp., CA) as per the manufacturer’s instructions. Microglia and 

astrocytes were visualized using Vectastain rabbit IgG kit (Vector laboratories, Burlingame, 

CA) and Extra avidin Peroxidase kit (Sigma, St. Louis, MO) respectively. Monocyte 

chemoattractant protein-1 (MCP-1) was detected using goat polyclonal antibody to MCP-1 

(M-18) (Santa Cruz; 1:100). After endogenous peroxidase quenching, antigen retrieval was 

done by dipping the sections in formic acid for 1 min. MCP-1 was visualized using 

Vectastain ABC kit (Vector Laboratories, Burlingame, CA).

Microscopic image analysis

Image analysis was performed on two coronal sections per brain containing the caudal 

hippocampus. The hippocampal area was digitalized using Nikon Eclipse E600 microscope 

with camera, and the images were converted to grayscale using the Paint Shop Pro 7 

program. To analyze amyloid depositions, activated microglial and astrocyte burden, the area 

in the hippocampus covered by Aβ (i.e. amyloid burden), IBA-1 positive area (i.e. activated 

microglia) and GFAP positive area (i.e. reactive astrocytes) were measured through the 

hippocampus using ScionImage (NIH) program. Burden was defined as the percentage of 

stained surface of total hippocampal area. For MCP-1 positive plaques, the plaque number is 

reported as the total number of plaques counted in the hippocampal sections.

Statistical analysis

Data were expressed as mean±SEM. Comparison of treatment groups were performed by 

Student’s t-test, and analysis of variance (ANOVA) with repeated measures. SigmaStat 

software (SPSS Science, Chicago, IL) was used for all statistical analysis. P<0.05 was 

considered statistically significant.

Results

Administration of peptides with statin did not show any changes in total plasma 
cholesterol levels

Male mice were used for these studies because they are shown to have lower Aβ plaque 

numbers compared to female mice of the same age (Burgess et al., 2006). Thus, to avoid 

potential confounding gender effects and see the effect of the drug clearly, we selected only 

young male mice. There was no difference in water intake and body weight among the three 

groups. Total plasma cholesterol levels were similar in the three groups (control: 97.9±6.6 
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mg/dl, ScD-4F+statin: 108.9±6.1 mg/dl, and D-4F+statin: 106.8±7.6 mg/dl). Thus, the small 

dose of pravastatin used did not exert any effect on plasma cholesterol levels.

D-4F+statin but not ScD-4F+statin improves cognitive function

Three months after the initiation of treatment the three groups of mice were subjected to 

behavioral testing. Two parameters were measured: 1) spatial memory was analyzed by 

determining escape latency in the MWM test. 2) Improvement in memory retention was 

determined during the probe trial by counting time spent in the target quadrant by mice and 

the number of times mice crossed over the platform where it was previously placed. In all of 

these parameters tested mice that received D-4F+statin showed significant improvement 

(Figs. 1A and B). ScD-4F+statin group mice behaved similarly to the control mice that 

received water only. These results demonstrate that despite the presence of statin, the control 

peptide had no effect in that this group of mice behaved similarly to the water-control group. 

These results indicate that D-4F was responsible for improvement in cognitive function. 

Since it is known that pravastatin can act peripherally as an anti-inflammatory agent, we 

administered mice with pravastatin alone (10 μg/ml) in their drinking water. When we 

performed MWM test, mice treated with pravastatin alone were not better than control mice 

either in finding the platform or during probe trial (data not shown). Hence, we excluded this 

group from further studies.

Oral D-4F+statin significantly reduced amyloid β load in the hippocampal region of the 
brain

Sections of the brain were subjected to immunohistochemistry for Aβ deposition. As shown 

in Fig. 2, while Aβ deposition was found in the hippocampus to an equal extent in the 

control and ScD-4F+ statin group, the D-4F+statin group demonstrated significantly less Aβ 
deposition (p<0.001 vs control group and p<0.01 vs ScD-4F+statin group), in agreement 

with the observation that this group of mice also exhibited improved cognitive function. Two 

to three hippocampi from each group were pooled and homogenized. TBS (soluble) and 

GuHCl (insoluble) extracts were subjected to ELISA for Aβ40 and Aβ42 levels. Results 

showed that while there was no difference in soluble Aβ levels between the three groups, 

administration of D-4F+statin reduced insoluble total Aβ levels significantly compared to 

the control group (Table 1).

D-4F+statin inhibits activated microglia in hippocampus

Microglia, the mononuclear phagocytes of the brain, accumulate in and near senile plaques 

in AD patients and in animal models of AD (McGeer et al., 1987, Dickson, 1999). Aβ can 

activate microglia to produce cytokines and neurotoxins, hence promoting 

neurodegeneration (Coraci et al., 2002). Microglial activation was analyzed by measuring 

the percent of IBA-1 stained area in the hippocampal sections from all three groups (Fig. 

3A). Numbers of activated microglia were reduced to approximately 50% in the D-4F+statin 

group compared to the other two groups (Fig. 3B; p<0.05 vs control and ScD-4F groups). 

ScD-4F+statin administration had no effect on the levels of activated microglia compared to 

the control group.
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Treatment of mice with oral D-4F+statin reduces activated astrocyte levels in the 
hippocampal region

To determine if the anti-inflammatory peptide D-4F would have any effect on the level of 

activation of astrocytes, the sections were stained with GFAP, an astrocyte marker that is 

elevated in inflammatory conditions and is increased in amyloid-forming APP transgenic 

mice (Irizarry et al., 1997). While ScD-4F+statin showed levels of astrocytes similar to that 

found in the hippocampal region of control mice (Fig. 4), oral D-4F+statin significantly 

reduced the number of activated astrocytes (p<0.05 vs control).

D-4F+statin but not ScD-4F+statin inhibit pro-inflammatory markers in the hippocampal 
region of AD mouse model

Since activated microglias are involved in the release of pro-inflammatory cytokines, we 

measured levels of TNF-α and IL-1β in the hippocampi. Furthermore, age-related elevations 

of IL-1β in rodents have been implicated in age-related memory loss and defective long term 

potentiation (LTP) (Murray and Lynch, 1998). Two to three hippocampi from each group 

were pooled and homogenized, and TBS soluble extracts were assayed for TNF-α and IL-1β 
using ELISA. There was no significant difference in the levels of TNF-α and IL-1β between 

the control and control peptide administered group (n=5 pooled samples in each group). 

However, as shown in Fig. 5A, administration of D-4F with statin (n=7 pooled samples) 

caused a significant decrease in TNF-α (p<0.01 vs control) and IL-1β (p<0.01 vs control 

and ScD-4F+statin groups) levels.

D4F+statin significantly reduce plaque-associated MCP-1 expression

MCP-1 is shown to be present in senile plaques and reactive microglia (Ishizuka et al., 1997) 

in AD brains. Astrocytes have been reported to be the major source of MCP-1 (Ransohoff et 

al., 1993). Thus, we determined MCP-1 levels in treated and untreated mice. As shown in 

Figs. 5B and C, oral D-4F+statin significantly reduced the levels of MCP-1 compared to the 

other two groups (p<0.01 vs control, and p<0.05 vs ScD-4F+statin).

Oral administration of D-4F+statin had no effect on APP processing

Aβ is produced from APP (Vassar et al., 1999) and readily aggregates to form insoluble, 

high-molecular-mass amyloid structure (Shankar et al., 2008). APP is cleaved by BACE1 

enzyme at the N-terminal region, producing membrane-bound C-terminal fragments (CTFs). 

To determine whether the decrease in Aβ load observed in D-4F+statin-treated mice was due 

to its influence on Aβ generation from APP, we determined levels of FL-APP (full-length 

APP) and CTFs by Western blotting. Quantitation of the bands showed that there was no 

difference in APP processing between the three groups (Fig. 6). Thus suggesting that 

decrease in Aβ load in D-4F+statin treatment was not due to its effect on APP processing.

Discussion

These data demonstrate for the first time that oral treatment of APPswe-PS1ΔE9 mice with 

an apo A-I mimetic peptide improves cognitive function and significantly reduces Aβ 
deposition in the hippocampal region. Furthermore, this is accompanied by decreased 

numbers of activated microglia and astrocytes, which are responsible for producing 
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cytokines, oxidized lipids, and other pro-inflammatory molecules. In agreement with earlier 

observations (Navab et al., 2005b), our results also show that neither oral administration of 

D-4F nor pravastatin at the dose used showed any changes in plasma cholesterol levels.

While it is possible that D-4F alone would inhibit Aβ deposition in this mouse model 

(experiments are underway), to enhance the effectiveness of the peptide (as demonstrated by 

Navab et al., 2005b) we used it in combination with pravastatin. To analyze the effect of 

small amount of pravastatin used with the peptide D-4F, we fed a scrambled control peptide 

to mice in presence of the same amount of pravastatin. The ScD-4F+statin treatment had no 

effect on cognition, Aβ deposition, and inflammatory markers, therefore it appears that the 

improved cognition and decreased Aβ load and glial activation in mice administered with 

D-4F+statin group were due to the action of peptide D-4F.

It has been shown in humans with coronary heart disease (CHD) that oral administration of 

D-4F produces low plasma levels of D-4F (Bloedon et al., 2008). However, this is highly 

effective in converting pro-inflammatory HDL into an anti-inflammatory form (Bloedon et 

al., 2008). IL-1β and TNF-α are two major pro-inflammatory cytokines produced by 

microglia during CNS inflammation (Kim and Joh, 2006). These cytokines have been shown 

to be involved in the development of central nervous system (CNS) inflammation through 

the disruption of the blood brain barrier (BBB) and the induction of adhesion molecules and 

chemokines from astrocytes and endothelial cells, which facilitate the infiltration of 

leukocytes into the CNS (Sedgwick et al., 2000). Hickman et al. (2008) have used the same 

mouse model as we have used in this study and shown that, as these mice age, there is 

increased expression of IL-1β and TNF-α, showing that microglia in aged AD mice retain 

their pro-inflammatory response in the presence of continued Aβ deposition. Furthermore 

TNF-α and, to a lesser extent IL-1β, down regulate the expression of microglia scavenger 

receptors SRA and CD36, and reduce the uptake of Aβ in murine microglia. Oral D-4F 

reduced the number of activated microglia (Fig. 3) and this may be responsible for the 

reduction of inflammatory cytokines and decreased Aβ load.

Treatment with D-4F+statin lowered insoluble Aβ levels by about 25% compared to control 

animals. Although the level of soluble Aβ was not significantly different between the three 

groups, it should be noted that D-4F+statin-treated mice had lower levels compared to the 

other two groups. It has been shown that in the same mouse model as we have used that 

sucrose feeding led to worsening of cognitive deficits, increased amyloid load, increased 

insoluble Aβ levels without any change in the soluble Aβ levels (Cao et al., 2007). However, 

we observed a significant reduction in Aβ plaque burden. Although these results support the 

hypothesis that these reductions were caused by inhibition of the inflammatory process by 

the anti-inflammatory peptide, the other possibility could be that the peptide may have some 

direct effect on APP metabolism. However, our results showed that oral administration of 

D-4F+statin had no effect on the expression level of the APP transgene. Also, the levels of 

α- and β-CTF of APP, determined by secretase activities, were not altered. These results 

suggest that the production of Aβ from APP was not affected significantly by treatment with 

D-4F+statin.
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D-4F has been shown to be highly effective in decreasing brain arteriole inflammation and 

improving cognitive functions in LDL receptor-null mice on Western diet (Buga et al., 

2006). Results from previous studies also indicate that the peptide D-4F exerts potent anti-

inflammatory and anti-oxidative effects in a number of inflammatory situations even when 

present in small quantities in vivo (Navab et al., 2005b). Decreased levels of superoxide 

anion that result from the administration of 4F or D-4F have been shown to result in 

improved vasodilatations and reduced oxidative stress, myocardial inflammation, and 

angiogenic potential in a mouse model of scleroderma (Weihrauch et al., 2007). D-4F has 

been shown to bind to oxidized lipids with high affinity (Van Lenten et al., 2008). In 

addition, D-4F has been shown to inhibit LPS-mediated inflammation and superoxide 

production (Gupta et al., 2005). It has been suggested and supported by experiments that 

D-4F, even when present in nanomolar quantities, avidly binds oxidized lipids and inhibits 

cytokine formation. While we have shown that levels of cytokines are significantly 

decreased upon oral D-4F treatment, presently we do not know if this peptide enters brain 

and interacts locally with markers of oxidative stress caused by Aβ deposition, or if it 

modulates lipoproteins to inhibit LDL oxidation and/or improve HDL function.

MCP-1 is a member of the CC chemokine family and promotes infiltration of macrophages 

into tumors. It plays an important role in the regulation of repair processes and cellular 

interactions in the central nervous system and is expressed by many cell types including 

astrocytes, microglia and axotomized neurons (Ubogu et al., 2006). Levels of IL-6, IL-8 and 

MCP-1 are shown to be higher in AD cases compared to controls, and MCP-1 was identified 

as a reliable predictor of disease, suggesting a major role for this cytokine in detrimental 

neuroinflammatory processes (Sokolova et al., 2008). In our studies, we found that 

administration of D-4F+statin significantly inhibited levels of MCP-1 in the hippocampus 

providing further evidence for the anti-inflammatory effect of this peptide in this AD mouse 

model.

In summary, we have shown that D-4F in the presence of a small amount of pravastatin 

improves cognitive function and reduces Aβ deposition. This occurs with a concomitant 

decrease in cytokines and activated microglia and astrocytes. These results, along with a 

large number of previous investigations, support the idea that anti-inflammatory apo A-I 

mimetics may also be a potential drug for Alzheimer’s disease.
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Fig. 1. 
Water maze and probe trial performance. (A) Escape latency in seconds. Each point 

represents the average of 4 daily trials. D-4F+statin-treated mice (filled triangle, n=21) 

found the hidden platform significantly more quickly compared to control (filled circle, 

n=17) and the control peptide+statin-treated groups (open circle, n=15) from day 3 of trial 

period (*p<0.05 vs control and ScD-4F+statin group; ‡ p<0.001vs ScD-4F+statin; †p<0.01 

vs control and ScD-4F+statin). (B) The graph shows the number of crossings over the 

previously hidden platform area in the probe trial. D-4F+statin-treated group crossed the 
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platform area significantly more often compared to control (†, p <0.01) and control peptide 

+ statin-treated group (‡, p<0.001). (C) The bar graph shows the average of four probe trials 

and represents the percent of probe trial time spent in target quadrant for each group. The 

dashed line indicates the chance level (25%) of performance. D-4F+statin-treated mice spent 

significantly more time in the target quadrant compared to ScD-4F+statin-treated group 

(p<0.05). Error bars indicate SEM.
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Fig. 2. 
Aβ load in the hippocampus. (A) Representative photomicrographs from different treatment 

groups. Amyloid load was analyzed using 6E10 antibody. (B) Quantification of the percent 

amyloid load in the hippocampus, showing significant reduction in D-4F+statin-treated 

group (n=21) compared to either control (n=17), (‡, p<0.001) or ScD-4F+statin-treated 

group (n=15) (†, p<0.01).
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Fig. 3. 
Activated microglias are inhibited by treatment with D-4F+statin. (A) Representative 

photomicrographs of activated microglia using IBA-1 antibody. (B) Quantification of 

percent activated microglial cells in the hippocampus demonstrated significant reduction in 

D-4F+statin-treated group (*p<0.05 vs control and ScD-4F+statin-treated group,). n=16 

(control), 13 (ScD-4F+statin), and 19 (D-4F+statin). Error bars indicate SEM.
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Fig. 4. 
D-4F+statin treatment ameliorated glial activation. (A) Micrographs demonstrated that, 

compared with hippocampus of control treated group, D-4F+statin treatment reduced glial 

fibrillary acidic protein (GFAP) (activated astrocytes). (B) Quantitation of percentage GFAP 

staining in hippocampus demonstrated significant attenuation of activated gliosis by 

treatment with D-4F+statin (*vs control, p<0.05) n=15 (control), 12 (ScD-4F+statin), and 17 

(D-4F+statin). Error bars indicate SEM.
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Fig. 5. 
Oral D-4F+statin treatment inhibits pro-inflammatory markers in the brain. (A) Hippocampi 

from 2–3 mice were pooled in each group for each data point. The TBS soluble fractions 

were analyzed for pro-inflammatory markers, IL-1β and TNF-α using ELISA. Amount of 

IL-1β and TNF-α were normalized to protein content. (n=5 in control and ScD-4F+statin, 

and n=7 in D-4F+statin). There was significant reduction in TNF-α levels in D-4F+statin-

treated group compared to control (‡, p<0.001), and in IL-1β levels compared to both 

control and ScD-4F+statin-treated groups (p<0.01). (B) Micrographs showing 
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immunohistochemistry for monocyte chemoattractant protein-1 (MCP-1) in the 

hippocampus. (C) Bar graph showing number of MCP-1 plaques. Control and ScD-4F

+statin-treated mice had significantly more plaque-associated MCP-1 levels compared to 

D-4F+statin group. (†p<0.01 vs control and *p<0.05 vs ScD-4F+statin) n=10 (control), 8 

(ScD-4F+statin), and 12 (D-4F+statin). Error bars indicate SEM.
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Fig. 6. 
Effect of D-4F+statin on APP processing in APP/PS1dE9 mice: (A) Levels of FL-APP (full-

length APP) and APP C-terminal fragments in hippocampus were visualized by Western 

blotting. (B) Quantitative analysis of FL-APP and APP-CTF’s. Tubulinwas used as a loading 

control. Results are normalized to loading control and values are expressed as change in the 

values from control mice (set to 100%). There was no difference in APP processing between 

control (open bar), ScD-4F+statin (single hatched bar) and D-4F+statin-treated mice (double 

hatched bar). Error bars indicate SEM.
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Table 1

Total Aβ in the hippocampi measured by ELISA.

Control ScD-4F+statin D-4F+statin

Aβ (TBS soluble) 387.6±91.5 384.5±40.3 331.0±50.6

Aβ (GuHCI soluble) 5540.0±619.4 5745.6±757.9 4125.6±286.1*

Two to three hippocampi from each group were pooled for each data point. Aβ40 and Aβ42 levels in the TBS (soluble) and GuHCl (insoluble 
fractions) were analyzed using ELISA. Amount of Aβ40 and Aβ42 in TBS and guanidine soluble fraction was summed, normalized to protein 
content and expressed as pg/mg protein. D-4F+statin-treated group had significantly decreased insoluble Aβ levels compared to control group 
(*p<0.05). Control, n=5, ScD-4F+statin, n=5, and D-4F+statin, n=6. Error bars indicate SEM.
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