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small intestine and is stimulated by high-fat feeding
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Abstract

In Alzheimer’s disease (AD), h-amyloid (Ah) is deposited in extracellular matrices, initiating an inflammatory response and

compromising cellular integrity. Epidemiological evidence and studies in animal models provide strong evidence that high-saturated-fat and/

or cholesterol-rich diets exacerbate cerebral amyloidosis, although the mechanisms for this are unclear. Ah contains hydrophobic domains

and is normally bound to lipid-associated chaperone proteins. In previous studies, we have put forward the notion that Ah is a regulatory

component of postprandial lipoproteins (i.e., chylomicrons) and that aberrations in kinetics may be a contributing risk factor for AD. To

explore this further, in this study, we utilized an immunohistochemical approach to determine if Ah or its precursor protein is expressed in

epithelial cells of the small intestine — the site of chylomicron biogenesis. Wild-type mice were fed a low-fat or a high-fat dietary regime and

sacrificed, and their small intestines were isolated. We found that, in mice fed low-fat chow, substantial Ah/precursor protein was found

exclusively in absorptive epithelial cells of the small intestine. In contrast, no Ah/precursor protein was found in epithelial cells when mice

were fasted for 65 h. In addition, we found that a high-fat feeding regime strongly stimulates epithelial cell Ah/precursor protein

concentration. Our findings are consistent with the notion that Ah may serve as a regulatory apolipoprotein of postprandial lipoproteins.

D 2007 Published by Elsevier Inc.
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1. Introduction

h-Amyloid (Ah) is the predominant protein component

of senile plaques found in subjects with Alzheimer’s disease

(AD) [1]. Current dogma suggests that deposition occurs

when synthesis by neuronal cells exceeds the availability of

chaperone transporters in the cerebrospinal fluid [2,3].

However, cerebrospinal fluid is an ultrafiltrate of plasma,

raising the possibility that exogenous delivery of Ah could

exacerbate cerebral load [4,5]. Indeed, soluble forms of Ah
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are found in plasma and within the junctions of epithelial

cells that form the blood–brain barrier (BBB) [6], and the

bidirectional movement of Ah through the BBB has been

described [7,8].

Sequestration of Ah by chaperone proteins is pivotal to

its continued solubility and underlies its tendency to

otherwise cluster into complex oligomers [2,3,9]. A number

of Ah transport proteins have been described [10], but

common to many of these is their normal coassociation with

lipids in vivo. It is conceivable, that the physiological

function of Ah is related to the regulation of lipid

metabolism, and consistent with this notion was the finding

that Ah enhanced the uptake of triglyceride-rich lipopro-

teins (TRLs) by fat-rich tissues, including brain tissues [11].

The kinetics of lipoproteins is dependent on apolipopro-

teins (apos) that serve as enzyme cofactors, or as ligands for

receptors and extracellular matrices. Of particular interest is

apoE because the E4 isoform is an established risk factor for
chemistry 18 (2007) 279–284
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AD [12]. ApoE tends to preferentially associate with plasma

TRLs derived from the small intestine (chylomicrons) and

the liver (very-low-density lipoprotein) [13,14]. Several lines

of evidence suggest that Ah is involved in the metabolism of

dietary fats and that aberrations in postprandial lipemia

might be a contributing factor for AD. There is a transient

increase in the plasma concentration of amyloid precursor

protein (APP), a surrogate marker of Ah biosynthesis,

following the ingestion of dietary fats [15]. Moreover,

epidemiological studies have reported a positive association

of fat intake with AD prevalence [16,17]. In animal studies,

high-fat feeding induces cerebral amyloidosis, commensu-

rate with dietary-induced hyperlipidemia and raised chylo-

micron concentration [18–20].

Ah can be synthesized by the proteolytic cleavage of

APP in the plasma membrane [14]. In addition, there is also

significant intracellular abundance of Ah associated with

the rough endoplasmic reticulum (rER) and the Golgi

apparatus [21,22]. The latter observations are consistent

with the possibility that Ah associates with primordial

lipoproteins during biosynthesis. Given that lipoprotein

synthesis is regulated by lipid–substrate availability, it is

conceivable that fat-enriched diets exacerbate cerebral

amyloidosis by also stimulating the synthesis and secre-

tion of intestinal-derived chylomicron-Ah. To explore this

further, in this study, we utilized immunohistochemistry

(IHC) to explore the putative effects of high-fat feeding on

the intestinal expression of Ah/APP in wild-type (WT) mice

fed either a low-fat or a high-fat diet.
2. Animals and methods

2.1. Animals

The protocols used in this study were approved by the

Curtin University Animal Experimentation and Ethics

Committee (reference no. N 55-04). Six-week-old C57BL/

6J mice were divided randomly into a low-fat group or a

high-fat group. Low-fat mice were given cholesterol-free

chow containing 4.0% (wt/wt) total fats (AIM93M; Spe-

cialty Feeds, Glen Forrest). Mice on the high-fat regime

were given chow containing 1.0% (wt/wt) unsaturated fat,

16.0% total fat, 1% cholesterol and 0.5% cholate (SF00-

245; Specialty Feeds). The digestible energy for low-fat and

high-fat feeds was 15.1 and 18.7 MJ/kg, respectively, and

feed was available ad libitum. Fasted mice were deprived of

food for 65 h.

After 6 months of feeding, mice were anesthetized and

exsanguinated. The small intestine was isolated, flushed

with phosphate-buffered saline (PBS) and then fixed in 10%

buffered formal saline. Transverse and longitudinal seg-

ments (2.0 mm thick) were taken at the same length of the

proximal intestine from the duodenum–jejunum location

and embedded in Paraplast. Serial sections (5 Am thick for

histology and IHC) were cut, and all sections were mounted

on silanized slides.
2.2. IHC

Tissue sections were deparaffinized and exposed to 3%

hydrogen peroxide in methanol for 30 min to quench

endogenous peroxidase activity. After washing, slides were

incubated in blocking serum (20% goat serum) prior to

incubation with rabbit antihuman Ah(1–40/42) antiserum

(AB5076; Chemicon, Temecula, CA), diluted to 1:800 with

PBS containing 10% goat serum. After thorough washing

with PBS, the slides were sequentially incubated with

biotinylated goat antirabbit secondary antibody (E 0432;

DAKO, Carpinteria, CA), followed by the addition of

avidin–biotin–peroxidase complex (K 0377; DAKO). Pos-

itive immunostaining was established with liquid diamino-

benzidine plus substrate chromogen kit (K 3467; DAKO).

All slides were counterstained with Harris’ hematoxylin.

The intensity of immunolabeling was quantified as

previously described [23]. Labeling was considered adequate

if it was moderate or intense, with adequately labeled positive

controls and no labeling in negative controls. The total

number of cells with different intensities of Ah/APP staining

was counted in each villus, and the data are expressed as a

percentage of the total cells counted. Detection was deter-

mined every five sequential sections (i.e., at 25 Am). Four

animals per group were investigated, with a minimum of two

tissue blocks prepared for each. Mucosal epithelial cells were

assessed from 25 randomly selected villi per slide, and a

minimum of 100 cells in each villus were required to meet the

granularity inclusion criteria.

Transgenic mice (Tg2576sw) expressing familial human

APP695 [24] containing cerebral plaques were used for

positive controls and to verify IHC procedures. For negative

controls, Ah-antiserum was replaced with either PBS or

irrelevant serum (S20-100 ml; Chemicon). In addition,

we verified that positive staining was abolished by the

preabsorption of antiserum with free Ah peptide (data

not shown).
3. Results

3.1. Body weight and plasma lipids

We found no difference in weight gain during 6 months

of (ad libitum) low-fat or high-fat diets; however, mice on

high-fat diet were hypercholesterolemic (2.0F0.2 and

6.7F2.0 mmol/L, respectively).

3.2. Intestinal expression of Ab/APP in mice fed low-fat and

high-fat diets

In WT mice fed a low-fat and a high-fat diet, a positive

Ah/APP signal was observed throughout the epithelial cells

of the intestinal mucosa. The pattern of Ah/APP immunos-

taining was uniform throughout the villi and the crypts of

Lieberkqhn (Fig. 1B, C, E and F). Weak Ah/APP staining

was also present in the lamina propria; however, the

majority of Ah/APP staining was evident within the luminal



Fig. 1. Immunohistochemical detection of Ah/APP in enterocytes of WT mice fed either a low-fat or a high-fat diet for 6 months. Intestinal sections at

increasing magnifications show the pattern of Ah/APP immunoreactivity (arrows in B, C, E and F) in the mucosal epithelium in mice fed a low-fat diet (LF)

and in mice fed a high-fat diet (HF). Negative controls (irrelevant serum) are demonstrated for mice fed LF and mice fed HF in (A) and (D), respectively.

Abundant Ah/APP staining is observed within enterocytes of the small intestine and is enhanced for mice fed high-fat chow diet. Villi (V) and crypts (C) of

the mucosa are clearly evident. Examples of enterocytes (E) and goblet cells (G) are indicated. Sm=submucosa; Me=muscularis externa. Scale bars=50 Am
(A, B, D and E) and 20 Am (C and F).
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villi. The distribution of Ah/APP throughout the villus also

increased with increasing proximity to the lumen. Cells with

little or no evidence of Ah include goblet cells, enter-

oendocrine cells, Paneth cells and undifferentiated stem

cells. Within the epithelial cell cytoplasm, Ah/APP
Fig. 2. Enterocytic expression of Ah/APP in 6-month-old WT mice (C57BL/6J) f

magnifications of Ah/APP immunostaining in enterocytes of the small intestine of

respectively. Substantial staining for Ah/APP was detected within the perinuclear

increase in the size and density of Ah/APP granules in absorptive cells in mice s

Ah/APP in epithelial cells of WT mice maintained on a high-fat diet but deprive
exhibited granular morphology positioned superior to the

nucleus. Immunolocalization of Ah/APP in the perinu-

clear regions was consistent with the microvesicular regions

of the cell that contain the rER and the Golgi apparatus

(Fig. 1C and F).
ed a low-fat or a high-fat diet for 6 months or in mice fasted for 65 h. High

mice fed a low-fat or a high-fat diet are shown in (A) and (B) (from Fig. 1),

region of the cytoplasm, which was amplified by high-fat feeding. Note the

ubjected to 6 months of high-fat diet (B) compared to low-fat diet (A). (C)

d of food for 65 h prior to sacrifice. Scale bar=5 Am.



Fig. 3. Semiquantitative analyses of cellular Ah/APP expressions in mice

fed a high-fat or a low-fat diet and in mice fasted for 65 h (mice were initially

given high-fat chow). Figure shows the proportion of cell numbers and the

size of Ah/APP expression between mice fed a high-fat diet and mice fed a

low-fat diet, as well as animals fed a high-fat diet, which were deprived of

food for 65 h prior to sacrifice. Each bar indicates the total average number

of cells ( y-axis), with difference intensity of Ah/APP staining counted per

mouse group (x-axis), and the data are presented as a percentage of the total

cell count. Statistical significance in the high-fat group, relative to the low-

fat group and the fasted-mice group, was determined for all group

comparisons ( P b.01). High-fat feeding significantly enhanced Ah/APP
intestinal expression compared to mice fed a low-fat diet. Additionally, 65 h

of fasting significantly attenuated Ah/APP immunostaining ( P b.05).

P values were calculated using Mann–Whitney test. (�) None, no

immunolabeling; (+) weak, one to two granules; (++) moderate, three to

four granules; (+++) high, larger three or more granules.
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3.3. Chronic ingestion of cholesterol and saturated

fats significantly enhances Ab/APP immunostaining in

absorptive columnar cells

In mice fed a high-fat diet, we found a strong positive

expression of Ah/APP in the small intestine that was

qualitatively similar — but substantially enhanced — in

comparison to the low-fat group (Fig. 2). The number of

epithelial cells showing increasing signal intensity was

determined. A greater proportion of cells stained positively

in the high-fat group compared to the low-fat group (Fig. 3).

In addition, a quantitative analysis of the degree of

granularity found a greater proportion of cells in the high-

fat group with moderate or higher signal staining for Ah/
APP compared to the weaker signal in low-fat mice. In

contrast, food deprivation for 65 h in mice fed a high-fat diet

abolished epithelial cell Ah staining (Fig. 2C).
4. Discussion

This study utilized an immunohistochemical technique to

explore if Ah/APP is expressed in the absorptive epithelial

cells of the small intestine. Ah-antiserum was specific for

Ah/APP based on the staining of amyloid-rich cerebral

plaques in positive control tissues, and this was abolished by

competition with exogenous soluble Ah.
In WT mice, Ah/APP immunoreactivity was visible in

columnar absorptive epithelial cells. The significant abun-

dance of Ah/APP within the perinuclear region is consistent

with previous findings in cell cultures demonstrating the

intracellular synthesis of Ah from the rER and the Golgi

apparatus [21,22,25–27]. The cytoplasmic perinuclear dis-

tribution of Ah/APP is consistent with the site of

chylomicron lipid pools within enterocytes [28]. The

qualitative patterns of Ah/APP distribution were similar

for mice fed the high-fat diet and mice fed the low-fat diet.

However, we found a significantly greater intestinal

epithelial expression of Ah/APP in mice given the high-

fat diet (Pb.001). Coupled with recent findings that Ah
binds avidly with chylomicrons [11], our observations

support the concept that chronic high-fat feeding increases

intestinal Ah association with chylomicrons and that Ah
regulates dietary fat metabolism. Staining for Ah/APP was

mostly observed in mature enterocytes, which have the

greatest rates of chylomicron production [29]. Biosynthesis

of chylomicrons occurs in a multistep process that requires

the progressive lipidation of apos [30,31], and Ah is an

amphipathic protein that avidly associates with large

negatively charged hydrophobic lipids [32].

Fat feeding stimulates chylomicron synthesis [30,33],

and it is possible that greater enterocytic staining for Ah/
APP is a reflection of increased rates of chylomicron-Ah
production. Alternatively, Ah/APP may accumulate within

the enterocyte during the postabsorptive state following an

ingestion of fatty foods [30]. Once in the plasma,

chylomicrons are rapidly hydrolyzed by endothelial lipases

to produce a cholesterol-enriched and apoE-enriched rem-

nant lipoprotein, which is normally cleared rapidly by

receptor processes [34]. However, chronic high-fat and

cholesterol feeding results in an accumulation of remnant

lipoproteins because of depressed levels of high-affinity

uptake pathways [35]. Mice that were given chow enriched

with saturated fats and cholesterol were dyslipidemic and,

by extension, may also have had greater circulating levels of

plasma Ah.
We have previously reported that Ah enhances chylomi-

cron tissue uptake by fat-rich tissues, including brain tissues

[11]. Following the ingestion of fats, higher concentrations of

postprandial chylomicron Ah may be present in the plasma,

and these may remain elevated with habitual intake of foods

rich in saturated fats or cholesterol [33]. Increasing plasma

levels of chylomicron-Ah may adversely influence cerebral

Ah homeostasis, resulting in accelerated deposition. Indeed,

apoB100 and apoB48, equivocal markers of hepatic and
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intestinal lipoproteins, respectively, have been reported in

cerebrospinal fluid [11,36–38].

This study demonstrates an enhanced Ah/APP expres-

sion within the enterocytes of the mouse small intestine in

response to saturated fat/cholesterol feeding. We propose

that the intracellular synthesis of Ah is associated with

nascent chylomicron biogenesis via the posttranslation-

al addition of lipids. Further studies are required to de-

termine if Ah biogenesis is coupled to the synthesis and

secretion of chylomicrons and to explore how this phe-

nomenon can be regulated by specific macronutrients and/

or pharmacotherapies.
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