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Inflammation and skin cholesterol in LDLr_/_,
apoA-1~'~ mice: link between cholesterol homeostasis

and self-tolerance?
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Abstract Diet-fed low density lipoprotein receptor-defi-
cient/apolipoprotein A-I-deficient (LDLr /', apoAll /")
mice accumulate a 10-fold greater mass of cholesterol in
their skin despite a 1.5- to 2-fold lower plasma cholesterol con-
centration compared with diet-fed LDLr /~ mice. The accu-
mulation of cholesterol predominantly in the skin has been
shown to occur in a growing number of other hypercholest-
erolemic double knockout mouse models sharing deficits
in genes regulating cellular cholesterol homeostasis. Explor-
ing the relationship between cholesterol balance and inflam-
mation, we have examined the time course of cholesterol
accumulation in a number of extrahepatic tissues and cor-
related with the onset of inflammation in diet-fed LDLr /",
apoA-1” /" mice. After 4 weeks of diet, LDLr /~, apoA I/~
mice showed a significant increase in skin cholesterol mass
compared with LDLr /'~ mice. In addition, after 4 weeks on
the diet, cholesterol accumulation in the skin was also found to
be associated with macrophage infiltration and accompanied
by increases in tumor necrosis factor-o, cyclooxygenase-2,
and langerin mRNA, which were not seen in the liver. Over-
all, these data suggest that as early as 4 weeks after starting
the diet, the accumulation of skin cholesterol and the onset
of inflammation occur concurrently.fill In summary, the use
of hypercholesterolemic LDLr /", apoA-If/ ~ mice may pro-
vide a useful tool to investigate the role that apoA-I plays in
maintaining cholesterol homeostasis and its relationship to
inflammation.—Zabalawi, M., M. Bharadwaj, H. Horton, M.
Cline, M. Willingham, M. J. Thomas, and M. G. Sorci-Thomas.
Inflammation and skin cholesterol in LDLr /", apoA-If/ -
mice: link between cholesterol homeostasis and self-tolerance?
J- Lipid Res. 2007. 48: 52-65.
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The plasma HDL apolipoprotein A-I (apoA-I) concen-
tration is a powerful inverse correlate of atherosclerosis
risk in humans (1). The most prominent mechanism

Manuscript received 17 August 2006 and in revised form 12 October 2006.

Published, JLR Papers in Press, October 28, 2006.
DOI 10.1194/jlr. M600370-JLR200

52 Journal of Lipid Research Volume 48, 2007

explaining its atheroprotective role is through the
directional movement of peripheral tissue cholesterol to
the liver via a pathway referred to as “reverse cholesterol
transport.” This pathway describes a mechanism of
cholesterol removal and was first proposed by Glomset
and Norum (2). Excess cholesterol is removed from pe-
ripheral tissues and cells organized by apoA-I into phos-
pholipid complexes, then transported to the liver for
excretion. A number of steps have been shown to be crit-
ical in completing the overall pathway (3). In vivo studies
aimed at establishing the role of HDL apoA-I as the main
physiological efflux acceptor of peripheral tissue choles-
terol have shown that the absence of apoA-I has little or
no effect on centripetal cholesterol transport, suggesting
that the movement of peripheral tissue cholesterol via
HDL apoA-I is not a rate-limiting step in net cholesterol
removal (4-7).

In other studies, the role of apoA-I in reverse cholesterol
transport has been tested with specific emphasis on macro-
phage cholesterol and not peripheral tissue cholesterol
efflux. In one report (8), apoA-I was found to inhibit foam
cell formation in apoE knockout mice after monocyte
adherence to endothelium. In another study, mice defi-
cient in both apoE and apoA-I but expressing macro-
phage-derived apoE were found to have 2- to 3-fold lower
plasma cholesterol than mice deficient in only apoE and
expressing macrophage apoE. In spite of the lower plasma
cholesterol, the apoA-I and apoE double knockout mice
had atherosclerotic lesions 60% larger than in the apoE
only knockout mice expressing macrophage apoE (9).
More recently, using a method of monitoring the in vivo
fate of radiolabeled macrophage cholesterol, a study
showed that overexpression of liver-derived apoA-I pro-
motes reverse cholesterol transport from macrophages
to feces more efficiently than in mice with normal levels
of plasma apoA-I (10). Using the same method, liver-
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expressed scavenger receptor class B type I was also shown
to be essential for reverse cholesterol transport (11). Thus,
these studies suggest that although macrophage choles-
terol efflux contributes little to the plasma concentration
of HDL, macrophage cholesterol efflux to apoA-I is highly
important in preventing foam cell formation and in stim-
ulating the transport and excretion of cholesterol from
the body (12, 13).

In addition to apoA-I’s role in cholesterol transport and
removal, increasing evidence supports its function as an
important inhibitor of cellular inflammation. A large body
of evidence suggests that inflammatory mechanisms
mediate the initiation and development of atherosclerosis
(14-16) as well as inhibit the onset of inflammation by
blocking the formation of oxidized LDL and, thus, the stimu-
lation of macrophages into foam cells. The possible mecha-
nisms linking apoA-I's role in cholesterol removal and its
role as an anti-inflammatory mediator have not been fully
elucidated. These questions prompted the current studies
in dietfed low density lipoprotein receptor-deficient/
apolipoprotein A-I-deficient (LDLr /", apoA1~/ ") double
knockout mice, in which whole animal and tissue choles-
terol balance was studied as a function of time and its
relationship to inflammation was also studied.

In our efforts to elucidate the role of apoA-I in pro-
tecting against the development of atherosclerosis, we
used the dietfed LDLr o, apoA—If/ ~ mouse model. Pre-
vious studies from our laboratory (17) and by others (18,
19) have shown that this and similar apoA-I-deficient
mouse models are useful for studying the links between
cholesterol homeostasis and inflammation.

MATERIALS AND METHODS

Mice and experimental diet

LDer/f, apoA—If/f, and LDer/f, apoA—If/f mice were
housed at the Wake Forest University Medical Center, where
procedures were approved by the Animal Care and Use Com-
mittee of the Wake Forest University Health Sciences and in
accordance with Public Health Service guidelines. All genotypes
of mice were fully crossed (more than nine generations) into the
C57BL/6 background, as described previously (17).

At 6 weeks of age, mice were fed a diet as described previously
(17), consisting of 10% of energy as fat, with the fatty acid com-
position as described previously (20, 21) for palm or safflower
oil, and the cholesterol content was set at 0.1%. As controls,
both gender- and aged-matched mice of each genotype were
fed a Purina chow diet for 16 weeks. All mice were maintained
in a temperature-controlled room with a 12 h light/12 h dark
cycle. Both genotypes of mice were observed to consume an equal
amount of diet during the study period; thus, no significant dif-
ferences were found when body weights between different geno-
types of like gender were compared.

Atthe end of the diet period, both chow-and diet-fed mice were
fasted for 2-3 h and then anesthetized, and blood was obtained by
cardiac puncture. Because of the serious skin lesions that
developed in dietfed LDLr/ -, apoA—I_/ ~ double knockout
mice, some animals, particularly female mice, were euthanized
before the 16 week length of the study, usually at ~12 weeks.
In those cases, an equivalent number of dietfed LDLr /™ mice

were also euthanized at that time point. Approximately 1 ml of
blood was collected in a 1.5 ml tube containing 20 ul of 0.5 uM
EDTA, pH8.0,and 1 pM sodium azide and placed immediately on
ice. The blood was centrifuged immediately at 4°C at 10,000 rpm
for 10 min. The plasma was removed and stored at —-80°C. The
animal was opened via midline laparotomy to expose the thoracic
and abdominal cavities, and tissues were immediately removed
and frozen in liquid nitrogen or placed in 10% formalin.

Plasma cholesterol, serum amyloid A, and Monocyte
chemotactic protein-lanalyses

Plasma from both chow- and diet-fed mice was analyzed for
total plasma and free and esterified cholesterol (17). Plasma
serum amyloid A concentration was measured by ELISA using
a kit from Biosource International (Camarillo CA), whereas
plasma MCP-1 protein was measured by ELISA using a kit from
R&D Systems (Minneapolis, MN).

Tissue lipid analyses

For tissue cholesterol determination, all of the major organs
were removed, weighed, and saponified in KOH as described (7),
and the remaining carcass was also saponified (6), after which
total tissue cholesterol was determined by GC analysis (17). For
whole body cholesterol measurements before hydrolysis, any un-
absorbed diet in the digestive tract was removed before sapon-
ifying the entire animal (including blood) in KOH (22). No
significant differences in total organ wet weight between the two
diet-fed genotypes was noted in any of the major organs except
spleen. By 14-16 weeks of the study, diet-fed LDLr~/~, apoA—I*/*
mice showed a 1.5X increase in spleen wet weight compared with
diet-fed LDLr’~ mice. This increase in wet weight was not at-
tributable to an accumulation of cholesterol in the spleen, as
shown below.

To minimize sampling error for the analysis of skin cholesterol
mass, sections of skin from four different anatomically distinct
areas were taken from each animal at the time of necropsy and
frozen. Samples of whole skin, ~~200 mg from each location, were
extracted separately and analyzed. Aliquots of the lipid extraction
were taken and subjected to GC analysis for free and esterified
cholesterol content (17).

The skin phospholipid fatty acid composition was determined
as described previously (23, 24). Further analyses of skin choles-
terol and phospholipid were performed using mass spectrome-
try, as described previously (25). In addition, skin Fe-isoprostane
mass was determined using previously described methods (26).

Cholesterol determination on resident and
thioglycollate-elicited peritoneal macrophages

The free and esterified cholesterol mass was measured from
both resident and thioglycollate-elicited peritoneal macrophages
from 16 week 0.1% cholesterol + 10% palm oil-fed LDLr /",
apoA-I~/~ and LDLr /" mice as described previously (27, 28).
Peritoneal exudate cells were incubated in plastic dishes for 3—4 h,
after which nonadherent cells were discarded. Adherent cells were
then extracted for cellular cholesterol directly from the dishes,
and their mass was determined by gas-liquid chromatography.

Intestinal cholesterol absorption and bile composition

Cholesterol absorption was measured by the fecal dual-isotope
ratio method (29). Chow-fed male mice were dosed intragas-
trically with a mixture of 2 nCi of [5,6—3H]sitostan01 and 1 pCi
of [4-'*C]cholesterol. Mice were housed individually, and their
stools were collected over the following 72 h. Stool samples were
extracted, and the ratio of '*C to ®H for each mouse was
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determined. The percentage cholesterol absorption was calcu-
lated from these data as described previously (29).

Bile was collected from the gallbladder of anesthetized mice
using a 30 gauge needle, and total bile cholesterol mass was mea-
sured by GC (17); total bile acids were measured enzymatically as
described previously (30). Serum bile acid was measured using
established methods (31). Aspartate aminotransferase and ala-
nine aminotransferase measurements were conducted at the Wake
Forest University Comparative Medicine Pathology Laboratory.

RNA isolation and RT-PCR

RNA was isolated from frozen tissue using Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions. The
concentration of purified RNA was determined by the optical
density at 260 nm. For cDNA synthesis, 1 ug of total RNA was used
for reverse transcription using random primers (Promega) and
the OmniScript RT kit (Qiagen). Real-time quantitative PCR was
performed using an Applied Biosystems 7000 sequence detector
and the manufacturer’s suggestions. For negative controls, re-
verse transcriptase was omitted at the time of cDNA synthesis to
determine the extent of genomic DNA contamination. Primers
were created using Primer Express and synthesized by Integrated
DNA Technologies (Coralville, IA). All values are relative to
GAPDH and normalized to an age-matched chow-fed mouse for
the appropriate genotype and tissue using the AACt method
(32). All primer sequences are available upon request.

Histology and immunohistochemistry

Histological sections of liver and skin from chow- and diet-fed
mice were fixed with 10% formalin at the end of the study. After
fixation, tissues were infiltrated with a 20% sucrose solution over-
nightat 4°C. Tissues were embedded in Tissue-Tek OCT (Sakura)
overnight and sectioned at —25°C. Sections were stained using
Oil Red O/Dextrin and counterstained with Mayer’s hematox-
ylin. The slides were examined with a Zeiss Axioplan 2 micro-
scope, and digital images were recorded. Images were then
prepared for publication using Adobe Photoshop 7.0.

Rat IgG anti-F4/80 (Serotec) was used as a macrophage
marker for formalin-fixed paraffin-embedded sections of skin.
Sections were deparaffinized and rehydrated and then treated
with 0.1% trypsin for 30 min at 37°C. Sections were blocked with
1% BSA and incubated overnight at 4°C with anti-F4/80 (1:25)
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followed by incubation with goat anti-rat IgG (1:50) (Jackson
ImmunoResearch) for 30 min at 35°C. Sections were treated with
streptavidin alkaline phosphatase (Biogenex) at 35°C for 30 min
and then the red alkaline phosphatase substrate kit I (Vector),
followed by counterstaining with Mayer’s hematoxylin.

Data analysis

Data are presented as means * SEM or means * SD, as
indicated. Data were analyzed by one-way ANOVA using Prism
4.0, and then individual differences between groups were found
using Fisher’s least significant posthoc test.

RESULTS

Genotype-specific response to dietary fat and cholesterol

LDer/f, apoA—If/f and LDLr ™/~ mice were fed a diet
containing 0.1% cholesterol and 10% palm oil for 16 weeks.
Atvarious times during the study, blood samples were taken
and analyzed for plasma cholesterol concentrations, as
shown in Fig. 1. Figure 1A, B show the total plasma cho-
lesterol concentrations for LDer/f, apoA—If/f and
LDLr /"~ mice, respectively, during the course of the
study. When LDLr 7, apoA—If/f and LDLr /" mice
were fed chow for 16 weeks similar amounts of total plasma
cholesterol, averaging ~220 and ~~300 mg/dl, respectively,
were observed. However, once the mice were challenged
with dietary cholesterol, these two genotypes of mice re-
sponded quite differently (17). Although LDLr /" mice
showed a large 5-fold increase in plasma cholesterol in
response to diet, the LDer/f, apoA—If/f mice showed a
more modest 3-fold increase from chowlevels. In previously
published studies (17), data show that the lipoprotein and
apolipoprotein distribution in both genotypes on the chow
diet are similar except for the absence of apoA-I-contain-
ing HDL-sized particles in the LDLr /", apoA—If/f mice.
However, in reaction to the cholesterol-containing diet, a
genotype-specific response showed that LDLr~/~ mice had
a more profound increase in VLDL and LDL cholesterol
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Fig. 1. Differential plasma cholesterol response to dietary cholesterol in low density lipoprotein receptor-deficient/apolipoprotein A-I-
deficient (LDer/f, ap()A—If/f) and LDLr /™ mice. Total plasma cholesterol levels are shown for LDLr /", apoA—If/f (A) and LDLr /™
(B) mice consuming a 0.1% cholesterol + 10% palm oil diet. The plasma of chow-fed mice was assayed at the 16 week time point only. No
significant differences were seen in plasma cholesterol between male and female mice within a genotype at any time point. All values
represent means * the SD of 8-12 male and female mouse plasma samples measured using an enzymatic assay.
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concentration than did LDLr_/_, apoA—I_/_ mice, whereas
the diet-fed LDLr~ /", apoA-I_/~ mice showed a larger in-
crease in lipoprotein triglycerides and apoE content than
did LDLr~/ ™~ mice (17). In summary, at all time points, the
average total plasma cholesterol was ~2.5-fold lower in the
diet-fed LDLr_/_, apoA—I_/_ mice compared with diet-fed
LDLr ™/~ mice, with no significant differences seen be-
tween male and female mice within a genotype.

Intestinal cholesterol absorption was similar
between genotypes

Given the specific-diet responsiveness in total plasma
cholesterol concentration, we hypothesized that in mice
lacking apoA-I, intestinal cholesterol absorption might
be lower, thus explaining the lower plasma cholesterol
seen in this genotype (Fig. 1A vs. B). To address this, we
measured intestinal cholesterol absorption using the dual-
isotope method; the results are shown in Fig. 2. The per-
cent cholesterol absorption was found to be similar in all
three different genotypes examined, apoA-1™/~, LDLr /",
and LDLr /"~ apoA-If/f, with values ranging from 55% to
60%. These results suggest that the genotype-related dif-
ference in total plasma cholesterol in response to dietary
cholesterol was not related to intestinal cholesterol absorp-
tion in the LDLr /", apoA—If/f mice.

Accumulation of whole body cholesterol in diet-fed
LDLr /", apoA-I /™ mice

The effects of diet consumption on cholesterol homeo-
stasis was next investigated by measuring total body cho-
lesterol mass in LDer/f, apoA—If/f and LDLr /"~ mice
after 8 and 16 weeks on diet; the results are shown in Fig. 3.
In agreement with other investigators, 16 week chow-fed
mice showed ~200 mg/100 g body weight total cholester-
ol, regardless of genotype (22). As expected, when diet was
administered, both genotypes responded by showing an
increase in total cholesterol body mass, which can be ac-
counted for by an increase in plasma and liver cholesterol
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Fig. 2. Intestinal cholesterol absorption in apoA-1~/~, LDLr /",
and LDLr /", apoA—I*/f mice. Cholesterol absorption was
measured using the fecal dual-isotope ratio method, as described
in Materials and Methods. All values represent means * SD of five
male chow-fed mice per genotype.
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Fig. 3. Whole body cholesterol mass in LDLr /", apoA—If/f and
LDLr /" mice. LDLr /", apoA1~/~ and LDLr /™ mice were fed
either chow for 16 weeks or 0.1% cholesterol + 10% palm oil for
8 and 16 weeks. At the indicated times, whole body cholesterol mass
was determined as described in Materials and Methods. All values
represent means * SD of three to four male and three to four
female mice per genotype. Values with different letters indicate
statistically significant differences at P < 0.01. No differences in
body weight (B.Wt) in like genders between genotypes on either
chow or diet were noted. However, significant differences were
found between male and female mice within a genotype and when
male or female mice were compared from chow to diet within a
genotype (P < 0.05). Body weights were 20.4 = 1 (female), 24.8 =
3 (male) and 21.3 = 1.5 (female), 25.9 = 2.3 (male) for 16 week
chow-fed LDLr /", apoA—I*/f and LDLr 7/~ mice, respectively.
Body weights were 22.9 £ 1.3 (female), 26.7 £ 4 (male) and 23.0 =
1.3 (female), 28.7 = 2.7 (male) for 16 week dietfed LDLr /™,
apoA-1~/~ and LDLr /'~ mice, respectively. Based on the data
shown here, the average cholesterol mass per mouse was 46 and
44 mg for 16 week chow-fed LDLr™"~, apoA-I~"~ and LDLr~/~
mice, respectively, and 250 and 117 mg for 16 week diet-fed
LDLr /", apoA-~’~ and LDLr~/~ mice, respectively.

levels (33). However, by 8 weeks of diet, the LDLr_/_,
apoA-I”/~ mice had accumulated a statistically greater
mass of whole body cholesterol than had the LDLr /"~
mice, despite their lower total plasma cholesterol levels
(Fig. 1). After 16 weeks, the LDLr /", apoA—I_/_ mice had
accumulated nearly double the content of whole body cho-
lesterol as LDLr/~ mice fed the same diet. These differ-
ences in whole body cholesterol could not be explained by
dietary intake as both genotypes were observed to consume
equal amounts of diet during the study period; thus, no
significant differences were found when body weights be-
tween different genotypes of like genders were compared.

Distribution of tissue cholesterol in diet-fed LDLr / o,
apoA-1~/~ mice

We next sought to determine which tissue(s) showed an
overall net increase in cholesterol mass as a result of the
accumulation of whole body cholesterol. Again, LDLr/ o,
apoA—If/f and LDLr /™ mice were fed the 0.1% choles-
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terol, 10% palm oil diet for 16 weeks. At the end of the
study, all major peripheral organs were removed and
analyzed for their total cholesterol content. Figure 4A
shows total organ cholesterol levels, expressed as mg
cholesterol/g wet weight, for skin, adrenal, lung, kidney,
testes, ovary, liver, spleen, brain, adipose, muscle, and in-
testine; Fig. 4B shows the same data expressed as mg/organ.
These results strikingly show that the only significant site
of cholesterol accumulation was the skin, whereas choles-
terol mass in the adrenal, liver, and spleen was reduced
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compared with diet-fed LDLr /™ mice. The reduced cho-
lesterol mass in LDLr o, apoA—I_/ " mouse adrenals was
similar to that reported in an earlier study (17) and agrees
with observations in apoA—If/ " mice (34, 35), which show
that deletion of apoA-I severely alters adrenal cholesteryl
ester content. Of particular note, the significantly lower
cholesterol content in LDLr™ /", apoA-I~/~ mouse spleen
was the result of asignificantincrease in spleen wet weightin
all 16 week dietfed LDLr 7, apoA—I_/_ mice. These mice
uniformly showed a 1.5-fold increase in spleen wet weight
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Fig. 4. Peripheral organ cholesterol distribution in LDLr”~, apoA- ™/~ and LDLr /"~ mice. LDLr /",
apoA-1~/~ and LDLr /"~ mice were fed a 0.1% cholesterol + 10% palm oil diet for 16 weeks. At the end of
the study, tissues were removed and their cholesterol contents determined as described in Materials and
Methods. A: Data as mg/g wet weight. B: The same data as mg/organ. All values represent means * SD of
four male and four female mice per genotype. No gender differences in tissue cholesterol mass were noted.
Asterisks indicate statistically significant differences between genotypes for skin, adrenal, liver, and spleen at
P <0.02 in A and for skin, adrenal, and liver at P < 0.01 in B. In rodents, skin accounts for ~11 g per 100 g

of body weight.
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compared with dietfed LDLr /™ mice. Thus, this “ap-
parentreduction” in spleen cholesterol mass per wet weight
(Fig. 4) was not the result of a depletion in cholesterol mass.
Therefore, it should be reemphasized that no other major
organ studied showed detectable changes in wet weight
compared between genotypes (data not shown). This
suggests that the observed decrease in liver cholesterol
content in dietfed LDLr / o, apoA—If/ " mice was in fact a
reflection of a decrease in cholesterol mass and not a re-
sult of changes in liver wet weight between genotypes.
Additionally, as measures of overall liver function, both
aspartate aminotransferase and alanine aminotransfer-
ase levels were measured in 16 week dietfed LDLr /",
apoA—I_/ ~ versus LDLr /™ mice and found not to be dif-
ferent between genotypes.

Both the bile cholesterol and bile acid contents from
16 week diet-fed LDer/f, apoA—If/f and LDLr /™ mice
were also examined. After 16 weeks of diet, the LDLr_/_,
apoA—I_/_ mice showed 6.2 = 0.1 ug/wl cholesterol in the
bile, and LDLr ”/ mice had 9.2 + 0.2 g/ wl, possibly
reflecting the lower liver cholesterol content. Total gall-
bladder bile acids were 124 = 6 wmol/ml in LDer/f,
apoA—I_/_ mice and 110 = 4 pwmol/ml in LDLr_/_mice,
similar to the values reported in other genotypes of diet-
fed mice (36, 37). No significant differences were noted
in serum bile acid content between genotypes (data
not shown).

Liver cholesterol mass decreases with time in diet-fed
LDLr / R apoA-If/ " mice

To more thoroughly investigate the time course of liver
cholesterol depletion in the diet-fed LDLr_/_, apoA—I_/_
mice, additional studies were performed. Figure 5A, C
show Oil Red O-stained liver sections from LDLr /~ mice
fed diet for 2 and 16 weeks, compared with Figure 5B,
D, which show Oil Red O-stained liver sections from
LDLr_/_, apoA—I_/_ mice fed diet for 2 and 16 weeks,
respectively. These data show that the size and frequency
of Oil Red O staining droplets were similar between the
two genotypes after 2 weeks on the diet. However, when
liver sections from 16 week diet-fed mice were evaluated
from each of the two genotypes, the diameters of neutral
lipid droplets in LDLr /" mouse livers were as large as
those seen in 2 week livers, whereas lipid droplets observed
in the 16 week diet-fed LDLr_/_, apoA—I_/_ liver sections
were significantly smaller (Fig. 5C, D). These images agree
well with the mass measurement of liver cholesterol from
LDLr /", apoA—If/f, LDLr /", and apoA—If/f mouse liv-
ers as a function of time on diet, shown in Fig. 5E. Inter-
estingly, all three genotypes showed similar liver cholesterol
content after 16 weeks on chow or after 2 weeks on the diet.
However, after ~4 weeks, the diet-fed LDLr ™/ o, apoA-If/ B
mice showed a statistically significant decrease in liver
cholesterol levels, which was not seen in the other two
genotypes (Fig. HE). Triglyceride mass in the liver was
not different between genotypes. Again, the changes in
LDLr /", apoA-I™/~ mouse liver total cholesterol were
not the result of differences in liver wet weight, as noted
previously. Liver wet weights were compared between

all LDLr_/_, apoA—I_/_ and LDLr /"~ mice at the time
of necropsy, with both genotypes showing total liver
weights of ~1.3-1.4 g, with the expected gender-associated
weight differences.

Cholesterol accumulates primarily in the skin of LDLr /",
apoA-If/ " mice

We next investigated the time course of cholesterol
accumulation in skin and its association with inflamma-
tion. In previous studies, we observed that as early as 10—
12 weeks after starting the diet, LDLr_/_, apoA—I_/_ mice
developed severe skin lesions that we believed to be at-
tributable to massive cholesterol deposits. From our obser-
vations, we noted that once the lesions developed, the
mice showed signs of systemic inflammation and eventu-
ally died (17). Furthermore, female mice were found to
develop lesions earlier than male mice, but with both
genders of mice displaying quantitatively equal accumula-
tions of cholesterol mass in the skin (17).

A major question addressed in these studies was the
time course of skin cholesterol accumulation, providing a
means to more fully investigate the initiating events lead-
ing to the accumulation of cholesterol in the skin. There-
fore, we measured the mass of cholesterol in mouse skin
with time. Figure 6A shows a 12 week diet-fed LDLr /",
apoA-I”/~ mouse, with the typical thick skin folds ac-
companied by hair loss and edema associated with the
massive accumulation of cholesterol in the skin. The hair
loss was associated with an increase in cholesterol mass, as
shown in Fig. 6B (similar data were obtained regardless of
the type of fat fed). From the mass analyses, we found that
diet-fed LDLr o, apoA—I_/ " mice accumulated signifi-
cantly more cholesterol after 4 weeks on the diet than did
diet-fed LDLr~/~ mice. The majority of the cholesterol ac-
cumulating in the skin was in the form of cholesteryl es-
ter Furthermore, the accumulation of skin cholesterol
appeared to be independent of the specific locations from
which the sections were taken.

When skin sections were processed for histological eval-
uation with Oil Red O, neutral lipid deposition was sig-
nificantly increased by 4 weeks of diet in LDLr /",
apoAI~/~ mouse skin (Fig. 6C) and not in LDLr /" skin,
which showed normal dermal-layer thickness (data not
shown). This dramatic thickening of the dermis of diet-
fed LDLr /", apoA—I_/_ mouse skin agrees with the statis-
tically significant increase in skin cholesterol mass. With
time, the accumulation of the neutral staining cholesteryl
ester was accompanied by an increase in dermal thick-
ness, as shown by histological analysis (Fig. 6D) and mass
determinations (Fig. 6B). This increase in the deposition
of cholesteryl ester in the dermis concurs with the ac-
cumulation of cholesterol clefts seen from previously pub-
lished hematoxylin and eosin-stained sections from
16 week chow- and dietfed LDer/f, apoA—If/f and
LDLr /™ mice (17).

The massive cholesterol deposits in the dermis of diet-
fed LDer/f, apoA—If/f mice were also found to be
associated with increased macrophage infiltration and ac-
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Fig. 5. Time course reduction in liver cholesterol mass in LDLr~’~, apoAd™’~ mice. A-D: Oil Red
O-stained liver sections. A, B: Liver sections from 2 week 0.1% cholesterol + 10% palm oil-fed LDLr -,
apoA-1~/~ and LDLr~/ ™ mice, respectively. G, D: Liver sections from 16 week 0.1% cholesterol + 10% palm
oilfed LDLr /", apoAI /" and LDLr /" mice, respectively. Magnification, X10. E: Time-dependent
change in total liver cholesterol mass expressed as pg total cholesterol/mg wet weight (w wt). Liver wet
weights were not different between genotypes at any time point. Note that smaller lipid droplets in LDLr/ o,
apoA-1~/~ compared with LDLr /™ mice at 16 weeks are consistent with the 5-fold lower liver cholesterol
content. These droplets likely represent droplets of cholesteryl ester, because liver triglyceride levels were
similar between genotypes. Asterisks indicate statistically significant differences at P < 0.02 comparing liver
cholesterol content in LDLr ™~/ R apoA—I_/ ~versus LDLr/~ mice. All values represent means * SD for each
genotype for eight male and eight female mice. No statistically significant differences in hepatic cholesterol
content were noted between mice of different genders. The hepatic free cholesterol-to-total cholesterol ratio
was similar for all groups at all times. Similar changes in liver cholesterol were also seen when fed a 0.1%
cholesterol + 10% safflower diet for the same length of time.

cumulation. Skin sections were subjected to immunohis-
tochemical analysis for the presence of the mouse
macrophage-specific antigen F4/80; the results are
shown in Fig. 7. Skin sections from dietfed LDLr /"~
mice, shown in Fig. 7A, had little staining for F4/80
(reddish-brown), whereas sections from LDLr /", apoA-
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1"/~ mice, shown in Fig. 7B, fed 0.1% cholesterol + 10%
palm oil for 16 weeks show extensive infiltration of
macrophages into the skin. Thus, these data suggest that
the dermal thickening in the diet-fed LDLr /", apoA—If/ B
mouse skin was a direct consequence of cholesterol and
macrophage infiltration.
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Fig. 6. Time course increase in skin cholesterol mass in LDLr / o, apoA—If/ ~and LDLr /™ mice. A: Skin
fold thickening associated with cholesterol accumulation in LDLr™/~, apoA- I/~ mice fed a 0.1%
cholesterol + 10% palm oil diet for 12-16 weeks. B: Skin free cholesterol (FC) and ester cholesterol (EC)
mass determined by GC from LDLr /", apoA-I~/~ and LDLr /"~ mice as a function of time on diet. No
regional differences in skin cholesterol content were noted when four distinct regions were assayed inde-
pendently. Asterisks indicate statistically significant differences at P < 0.01 comparing skin total cholesterol
in LDLr /", apoA-I™/~ versus LDLr /™ mice. All values represent means for each genotype of six male
and six female mice. C: Oil Red O-stained sections of skin from LDLr /", apoA-I”/~ mice after 4 weeks
of diet localized mainly in the dermis. D: Oil Red O staining in skin sections from LDLr /", apoA—I_/_
mice after 16 weeks on diet. Arrows indicate dermal regions of dense lipid staining from 4 week diet-fed mouse
skin, which thickens progressively to the dramatic staining seen in skin from 16 week diet-fed LDLr /",

apoA-1~/~ mice. Magnification, X4.

Cholesterol accumulation is associated with cellular
inflammation after 4 weeks of diet

Based on the increase in skin cholesterol after ~4 weeks of
diet (Fig. 6B, C), we examined the relative mRNA levels fora
number of genes controlling cholesterol synthesis, cellular
inflammation, and receptor expression. As shown in Fig. 8A,
the relative mRNA abundance for a number of genes was
statistically different between 4 week dietfed LDLr /",
apoA-1™/~ and LDLr /" mice. In contrast, this was not the
case for liver mRNA expression in the same 4 week diet-fed
LDLr /" ,apoA-I /"~ and LDLr / “mice (Fig. 8B). On exam-
ination of the mRNA levels affected in the skin of 4 week diet-
fed LDLr o, apoA—I_/ ~ mice, both HMG-CoA reductase
and sterol-regulatory element binding protein-lc were re-
duced by ~2-fold relative to LDLr~/~ mice. Protein markers
of inflammation, such as serum amyloid-P component,
tumor necrosis factor-a, langerin (a marker for Langerhans
cells), and cyclooxygenase-2, were all increased significantly
in LDLr/ o, apoA—I_/ " mouse skin. Interestingly, of the
receptors examined, CD-36, LDL receptor-like protein, and
scavenger receptor-A type 1 were all reduced significantly
in LDLr R apoA—If/ " mouse skin, whereas the lectin-like
oxidized low density lipoprotein receptor (LOX-1) mRNA
showed a significant increase in mRNA expression level.

Cholesterol mass in resident and elicited
peritoneal macrophages

A fundamental question regarding the origin of the
massive macrophage infiltration into the skin lead to
an evaluation of the cholesterol content in circulating
monocyte-macrophages derived from 16 week chow- and
dietfed LDLr "/ R apoA—If/ ~and LDLr ” "~ mice. In these
experiments, both resident and elicited peritoneal mac-
rophages were analyzed for their free and esterified
cholesterol content, as shown in Fig. 9A for resident
peritoneal macrophages and Fig. 9B for thioglycollate-
elicited peritoneal macrophages. On the chow diet,
resident peritoneal macrophages from both LDLr o,
apoA—I_/ ~and LDLr /" mice showed similar levels of free
cholesterol, averaging ~15-18 ug/mg cell protein
(Fig. 9A). When mice were challenged with the 0.1%
cholesterol + 10% palm oil diet for 16 weeks, both geno-
types showed an increase in free and esterified cholesterol.
Comparatively, however, the diet-fed LDLr /" mice
showed a 1.5- to 2-fold higher content of free and esteri-
fied cholesterol compared with LDLr /", apoA-I /"
mice. This difference in resident macrophage cholesterol
content between the two diet-fed genotypes was highly
reflective of the ~2-fold difference observed in the total
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Fig. 7. Immunohistochemical detection of macrophage F4/80 in skin of LDLr_/_, apoA—I_/_ mice. Skin
sections from LDLr /"~ (left) and LDLr /", apoA—If/f (right) mice fed a 0.1% cholesterol + 10% palm
oil diet for 16 weeks show major differences in the extent of dermal macrophage foam cell accumulation.
The presence of mouse macrophage F4/80 antigen shows darker red staining in the LDLr™/~, apoA-1 ™/~
section than that seen in LDLr /~ mouse skin. Cholesterol clefts (arrow) can also be seen within the
regions containing massive foam cell accumulation in LDLr™/~, apoA-I"/~. Magnification, X10.

plasma cholesterol when the two diet-fed genotypes were
compared (Fig. 1).

The cholesterol content from elicited peritoneal mac-
rophages (Fig. 9B) shows a very similar trend to that seen
for the resident peritoneal macrophages, with the excep-
tion that the levels of free and esterified cholesterol were
2- to 3-fold higher in all cases than in resident macro-
phages. Again, when both genotypes were fed chow for
16 weeks, their elicited peritoneal macrophage cholesterol
content was similar, reflecting to some degree the simi-
larity in total plasma cholesterol concentrations (Fig. 1),
but yet overall higher in cholesterol content than the
resident peritoneal macrophages.

When mice were fed diet for 16 weeks and their elicited
macrophages isolated, the same genotypic difference in
cholesterol mass was seen between LDLr_/_, apoA—I_/_
and LDLr ™/~ mice as was seen in the resident peritoneal
macrophages, with the exception of the magnitude of cho-
lesterol mass. In the elicited peritoneal macrophages, the
esterified cholesterol content was nearly 50-60% of the
total cholesterol mass for both genotypes, with the LDLr /"~
mice again showing an ~2-fold greater total content of
cholesterol than diet-fed LDer/f, apoA-If/f mice.

Skin cholesterol accumulation leads to
systemic inflammation

To examine other changes in lipid composition asso-
ciated with the increase in skin cholesterol mass, the phos-
pholipid fatty acid composition was evaluated in diet-fed
LDLr_/_, apoA—I_/_ mice. Figure 10 shows the percent-
age of arachidonic acid (20:4) and linoleic acid (18:2) in
skin phospholipid over the course of the 16 week diet
study. After 4 weeks of diet, the LDer/f, apoA—If/f mice
showed a statistically significant increase in the percentage
of 20:4 in phospholipid compared with LDLr /" mice.
The percentage of 20:4 in the skin continued to increase
with time on diet in LDLr /", apoA—If/f mice. This in-
crease in 20:4 was in contrast to that of 18:2, which did not
show any difference between genotypes at any other times
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after the switch from chow to the experimental diet. Be-
cause arachidonic acid is a well-established precursor for
the synthesis of inflammatory lipid mediators, these data
support the idea that inflammation in the skin occurs as
early as 4 weeks after starting the diet and correlates with
the mass influx of cholesterol in this tissue.

Of all the bioactive lipid mediators of inflammation,
among the mosthighly potentare the isoprostanes produced
from the free radical-catalyzed reaction of polyunsaturated
fatty acids. In particular, the Fo-oe isomers are derived from
arachidonic acid. Thus, given the increase in 20:4 in mouse
skin, we next determined the content of skin Fo-isoprostane
after 16 weeks of diet. Here, we found that LDLr ™/ o,
apoA-I~/" mice had ~3-fold greater amounts of isopros-
tanes in skin than LDLr 7~ mice, with values of 9.0 = 0.9
and 3.5 = 0.5 ng/mg protein, respectively (data notshown).

Further lipid analyses by mass spectrometry revealed en-
richment in sphingomylein content in dietfed LDLr ™/ o,
apoA-1™/~ mouse skin. The results shown in Fig. 11 indi-
cate a 6- to 8fold greater mass of sphingomylein in 16 week
dietfed LDLr /", apoA—I_/ " mice (Fig. 11A) than in
LDLr /" mice (Fig. 11B). In each panel, arrows indicate
the mass/charge ions for sphingomyelin, which showed a
large difference between genotypes fed diet for 16 weeks.

Rodent skin has been shown to contain a number of
related sterol derivatives, with cholesterol being the most
abundant (38). To examine the sterol distribution in the
skin of dietfed LDLr ", apoA-I™/~ and LDLr /"~ mice,
mass spectrometric analyses were conducted on skin lipid
extracts. From skin of 16 week diet-fed LDLr 7~ mice,
cholesterol (A5-cholestenol) and lathosterol (A7-choleste-
nol) accounted for >70% of the sterol extracted. In
contrast, from 16 week diet-fed LDer/f, apoA—If/f mice,
>90% of the sterol was in the form of cholesterol. These
data suggest that the accumulation of skin cholesterol was
likely via lipoproteins and ultimately derived from the
cholesterol contained in the diet.

The systemic inflammation associated with the accumu-
lation of cholesterol in the skin of dietfed LDLr / o,
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Fig. 8. Relative mRNA abundance in liver and skin of LDLr /", apoA-If/f and LDLr ™/~ mice fed a 0.1%
cholesterol + 10% palm oil diet for 4 weeks. Sections of liver and skin were used for RNA isolation, cDNA
synthesis, and RT-PCR analyses using panels of primers for the detection of expression levels of genes
involved in cholesterol homeostasis, inflammation, and receptor mRNAs. Relative mRNA fold differences
are shown in A for liver and in B for skin. All values represent means * SD from four to eight individual
mice. Asterisks indicate statistically significant differences at P < 0.05 between mRNA levels for LDLr /",
apoA—I_/ ~ versus LDLr 7~ mice. HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; SREBPlc,
sterol-regulatory element binding protein-lc; LXR, liver X receptor; PPARYy, peroxisome proliferator-
activated receptor y; SR-BI, scavenger receptor class B type I; SAP, Serum amyloid P component; TNF-a,
tumor necrosis factor-o;; IL-18, interleukin-18; COX-2, cyclooxygenase-2; LOX-1, lectin-like oxidized low
density lipoprotein receptor; LRP, LDL receptor-like protein; SRA, scavenger receptor-A type 1.

apoA—I_/ " mice was also marked by an increase in plasma
serum amyloid A levels, a marker of inflammation (Table 1).
Plasma serum amyloid A levels were measured at 2, 4, 8, 12,
and 16 weeks (data shown for 16 weeks only) after initiat-
ing the diet. However, only at 12 and 16 weeks were the
plasma serum amyloid A values statistically different be-
tween dietfed LDLr / o, apoA-If/ ~ and LDLr /" mice.
These results suggest that the massive accumulation of skin
cholesterol and the associated cutaneous xanthomatosis
and pruritus were likely responsible for triggering a sys-
temic inflammatory state in these mice. The consumption of

dietary fat and cholesterol in LDLr /", apoA—I_/ " mice was
also found to induce MCP-1 protein levels (Table 1).

DISCUSSION

LDLr /", apoA—If/f and LDLr /" mice fed 0.1%
cholesterol and 10% palm oil showed an ~2.5-fold lower
total plasma cholesterol concentration than LDLr /"~
mice. Despite the lower plasma VLDL and LDL concen-
trations, dietfed LDLr /", apoA—If/ " mice accumulated
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Fig. 9. Free and esterified cholesterol mass in resident peritoneal 0. 1
macrophages (A) and from thioglycollate-elicited peritoneal chow 2wk 4 wk 8wk 16 wk

macrophages (B). All macrophages were isolated from LDLr /™,
apoA1 ™/~ and LDLr /"~ mice fed a 0.1% cholesterol + 10% palm
oil diet or a chow diet for 16 weeks. Cholesterol mass was measured
in diet-fed mouse peritoneal macrophages as described in
Materials and Methods. All values represent means * SD of three
to five male mice. Significant differences at P < 0.05 are indicated
by unlike letters.

more than double the mass of total body cholesterol than
LDLr /™ mice. Surprisingly, the accumulation of choles-
terol occurred predominantly in the skin of the double
knockout mice and not to any significant extent in any
other major organs studied. A massive accumulation of
cholesterol in the skin of dietfed mice has been reported
previously for a number of mouse genotypes, most notably
the dietfed apoE knockout (39, 40) and ACAT1 /™,
apoE™/" and ACAT1 /", LDLr /" double knockout
mouse models (41, 42). Similar to our studies, reports
from dietfed ABCA1™/~, LDLr /" and ABCAl1 ™/,
apoEf/ " (43-45) double knockout mice have shown mas-
sive cholesterol accumulation in the skin, despite a rela-
tively modest plasma cholesterol level (~500-600 mg/dl).
In these studies, the skin was the predominant site of
cholesterol accumulation, whereas the uterus, stomach,
lymph nodes, kidney, and lung were also found to be
cholesterol-enriched by histological examination. No data
were provided on changes in liver cholesterol content in
dietfed ABCA1~/~, LDLr /" and ABCA1™/~, apoE ™/~
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Fig. 10. Distribution of phospholipid (PL) arachidonic acid
(20:4) and linoleic acid (18:2) in mouse skin. Dietfed LDLr ™/~
apoA-I~/~ and LDLr /" mice were fed 0.1% cholesterol + 10%
palm oil for 2, 4, 8, and 16 weeks or chow for 16 weeks. At the time
of necropsy, matched regions of skin were extracted and the
phospholipid fraction was isolated. The fatty acid content was
determined by GC on four to six individual animals per genotype.
The arachidonic acid phospholipid content was significantly dif-
ferent at P < 0.002 for LDer/f, apoA—If/f versus LDLr™’ ™ mice
at 4, 8, and 16 weeks of diet, as indicated by the unlike letters. All
values represent means * SD.

mice (44). Thus, one common feature that all of these
mouse models share, which also appears to relate to the
massive accumulation of cholesterol in the skin, is that of
deficits in genes regulating cholesterol homeostasis (i.e.,
LDLr, ABCAI, apoE, and apoA-I).

Although it might be reasonable to hypothesize that
because diet-fed LDLr_/_, apoA—I_/_ mice lack plasma
HDL apoA-1, a continual accumulation of skin cholesterol
represents a defect in the reverse cholesterol transport
pathway. Following this reasoning, one might consider
that the reported 2- to 3-fold increase in apoE levels in
LDLr /", apoA-I versus LDLr/~ mice (17, 46) contrib-
utes to an increased uptake by skin LDL-related receptors
and thus assists in the accumulation of cholesterol in the
skin. However, several lines of evidence suggest that the
mechanism of cholesterol accumulation in the skin may be
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Fig. 11. Mass spectrometric analysis of phospholipids extracted from the skin of 16 week diet-fed LDLr /", apoAl /~ and LDLr /"~
mice. Arrows indicate signature mass-to-charge (m/z) ions for sphingomyelin. A: Two m/z ions for sphingomyelin extracted from 16 week

diet-fed LDer/f, apoA—If/f mice. B: Intensity for the same m/z ion

more complex. The first and most difficult fact to
reconcile with a “defective reverse cholesterol transport
mechanism” is that only the skin appears to accumulate
massive amounts of cholesterol in response to the dietary
challenge in LDLr /~, apoA-I "/~ mice, whereas many

TABLE 1. Concentration of plasma proteins associated with
inflammation in 16 week dietfed LDLr /", apoAI /™ and

LDLr~/~ mice
Genotype Serum Amyloid A MCP-1 Protein
ug/mi@pg/ml
LDLr /™ apoAl™/~ (n = 5) 9.8 + 1.0° 175 + 26°
LDLr /" (n = 5) 3.3 + 0.5 83 * 10°

LDLr /"~ apoAI /", low density lipoprotein receptor-deficient/
apolipoprotein A-I-deficient; MCP-1, Monocyte chemotactic protein-1.
Plasma concentrations for serum amyloid A and MCP-1 were de-
termined as described in Materials and Methods. All values represent
means * SD of five mice. No differences in plasma MCP-1 were seen
between genotypes fed chow for 16 weeks (60.3 = 8 and 71.5 * 5.7 pg/
ml for LDLr ™/~ apoA-1~/~ and LDLr~/~ mice, respectively). Likewise,
no differences in plasma serum amyloid A were seen between geno-
types fed chow for 16 weeks (0.29 = 0.06 and 0.19 = 0.09 pg/ml for
LDLr/“apoAd™/~ and LDLr™/~ mice, respectively). Unlike super-
scripts indicate statistically significant differences at P < 0.05.

s from the skin phospholipids of 16 week diet-fed LDLr /" mice.

other tissues in the body express LDL-related receptors. In
addition, the role of apoE in this process does not appear
to be absolute, because a number of reports show similar
accumulations of skin cholesterol in the total absence of
apoE (37-43).

An alternative explanation for the massive accumulation
of skin cholesterol may be related to reports of altered
dendritic cell mobilization in apoEf/ ~and LDLr /™ mice
(47, 48). Dendritic cells are major antigen-presenting cells
that typically reside in the periphery, continuously migrat-
ing to lymph nodes and promoting peripheral tolerance
(49). Immature dendritic cells sense the presence of an
infectious agent and mature, allowing the expression of
cytokines, which activate the immune system and thus
adaptive immune responses (50). The balance in dendritic
cell activation and migration is critical in maintaining self-
tolerance (51). Because the skin is a major target organ
for many autoimmune diseases, dendritic cell function was
studied in C57BL/6 apoE or LDLr knockout mice main-
tained on diet for 10-28 weeks (47, 48). Although in these
studies, mass accumulation of cholesterol in the skin was
not present (as in our diet-fed LDLr /™ mice), it was re-
ported that ~50% fewer skin-specific dendritic cells, also
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called Langerhans cells, were present in skin draining
lymph nodes by 16 weeks and were shown to remain in the
epidermis in an activated form. Thus, abnormal dendritic
cell migration leads to dermal thickening, inflammation,
and suppressed immune priming. Interestingly, dendritic
cell migration was restored by the addition of HDL or
HDL-associated platelet-activating factor acetylhydrolase.

The connection between skin dendritic cell mobiliza-
tion and cholesterol homeostasis appears to be significant.
The massive accumulation of skin cholesterol seen in our
studies using diet-fed LDLr /", apoA-I"/~ mice as well as
in other hypercholesterolemic mouse models may repre-
sent an extreme or enhanced version of the dendritic cell
dysfunction reported in chow- and dietfed apoE and
LDLr knockout mice, as outlined above (45, 46). In sup-
port of this mechanism, we measured langerin mRNA
levels in skin. At 4 weeks after initiating the diet, similar in
time to when mass amounts of cholesterol accumulated in
the skin, langerin mRNA levels were increased significantly
in LDLr /", apoA—If/f compared with LDLr /"~ mice.
Interestingly, both skin HMG-CoA reductase and sterol-
regulatory element binding protein-lc mRNA were down-
regulated in LDLr_/_, apoA—I_/_ mice at 4 weeks. These
results strongly suggest that the combination of hypercho-
lesterolemia, cholesterol imbalance, and dendritic cell
function is the basis for this profound phenotype; thus, a
connection between cholesterol homeostasis and self-
tolerance is suggestive.

Also consistent with this hypothesis is the significant in-
crease in skin tumor necrosis factor-a, Serum amyloid P com-
ponent, and cyclooxygenase-2 mRNA levels in LDLr /",
apoA—I_/ " mice as early as 4 weeks after starting the diet.
Additionally, these markers of local inflammation corre-
late with the increase in phospholipid 20:4 and isopros-
tane levels in the skin of LDLr /", apoA-I"/~ mice. In
studies of dendritic cell function (45, 46), it is interesting
that dendritic cell mobilization was restored when HDL or
platelet-activating factor acetylhydrolase was infused into
the apoE knockout mice, suggesting that the accumula-
tion of oxidized phospholipid or its metabolites contrib-
utes to the dendritic cell dysfunction in the skin.

In addition to the connection between cholesterol bal-
ance, inflammation, and dendritic cell mobility, there is
also growing interest in the link between T-cell cytokine
production, pruritus (itching), and atopic skin inflamma-
tion (e.g., atopic dermatitis) (52). In the current studies,
dietfed LDLr /", apoA-I"/ "~ mice showed severe pruritus
starting as early as 10-12 weeks after starting the diet, cor-
relating with an increase in skin sphingomyelin content. In
humans, “itching” has been linked to the loss of barrier
function in the skin, which is believed to be controlled in
part by the amount of ceramides and sphingomyelin in the
stratum corneum (53, 54). The level of skin ceramides has
also been linked to the control of human dendritic cell
survival (565), which in turn affects the activation and reg-
ulation of the immune response. Together, these con-
cepts suggest that cellular cholesterol balance is an
important consideration when linking immune response
and inflammatory skin disorders.
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In summary, we believe that further study in hypercho-
lesterolemic LDLr /", apoA-I~/~ mice will promote a
broader mechanistic understanding of the interrelation-
ships between cellular cholesterol balance, inflammation,
and immune function.Al
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