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Abstract

Lipofuscin pigment, a terminal oxidation product, accumulates
within cells during the normal aging process and under certain
pathological conditions. Wehave analyzed a genetic cross be-
tween two inbred mouse strains, BALB/cJ and a subline of
C57BL/6J, which differ in lipofuscin deposition. A compari-
son of the segregation pattern of cardiac lipofuscin with the
albino locus (c) on mouse chromosome 7 revealed complete
concordance. Analysis of spontaneous mutants of the tyrosin-
ase gene, encoded by the albino locus, confirmed that the tyro-
sinase gene itself controls lipofuscin formation. Genetic analy-
sis of other strains indicated that one or more additional genes
can contribute to the inheritance of lipofuscin. Wealso present
evidence for an association between cardiac lipofuscin deposi-
tion and aortic fatty streak development in the mouse. (J. Clin.
Invest. 1993. 92:2386-2393.) Key words: atherosclerosis , lipid
oxidation * albino locus * melanin * inflammation

Introduction

Using bright field illumination, lipofuscin pigment appears as
irregular yellow-brown granules within cells in unstained tissue
sections. The pigment consists of terminally oxidized polyun-
saturated lipid and protein complexes, in associations involv-
ing Schiff base formation. Such complexes result in part from
the reaction of malondialdehyde, a product of lipid peroxida-
tion, with phospholipids, nucleic acids, or primary amino
groups of proteins ( 1-3). Oxidative stress appears to play a key
role in lipofuscin formation. For example, increases in oxygen
and iron concentrations act synergistically to induce lipofuscin
deposition in cultured rat myocytes (4, 5). Similarly, high in-
take of polyunsaturated fatty acids (6) or deficiency of antioxi-
dants, such as vitamin E (7, 8 ), increases the rate of lipofuscin
formation in tissues of experimental animals. In human nerve
cells, a positive correlation between the deposition of lipofu-
scin and the activity of certain oxidative enzymes has been ob-
served (9).

Lipofuscin can accumulate in a variety of tissues and cell
types (10), and is associated in some cases with pathological
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conditions ( 1, 11 ). For example, varying amounts of lipofuscin
occur in the myocardium of most adults. In myocardial fibers,
the pigment accumulates around nuclei and is frequently asso-
ciated with mitochondria. It has been suggested that the result-
ing nuclear damage may reduce the capacity for protein synthe-
sis and mitochondrial replacement, thereby contributing to
heart failure during stress ( 1 ). Lipofuscin also occurs in macro-
phages in atherosclerotic lesions; however, the significance of
pigment deposition in fatty streaks and atherosclerotic plaques
is unknown (11).

The tendency to form lipofuscin appears to be determined
in part by genetic factors ( 12). Wehave previously reported
that certain strains of mice develop lipofuscin on the aortic
valve leaflets ( 13). Wenow show that cardiac lipofuscin is
genetically determined among inbred strains of mice. Wedem-
onstrate that pigment formation is controlled by the tyrosinase
gene, as well as one or more additional genes. Finally, we pro-
vide evidence for a link between the development of lipofuscin
and early atherosclerotic lesions (fatty streaks).

Methods

Animals and diets. All strains of mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME) except C57BL/ lOScSnA and C3H/
DiSnA, which were obtained from Dr. Peter Demant (Amsterdam,
The Netherlands). Genetic Fl and F2 crosses between strains BALB/
cJ and B6.C.H-25c were performed in our laboratory using B6.C.H-
25C females and BALB/cJ males as parents. The congenic strain,
B6.C.H-25c, is identical with C57BL/6J except for a small region of
mouse chromosome 1 containing the H-25C gene ( 14). Animals were
fed either an atherogenic (ATH)' diet (TD 90221; Food-Tek, Inc.,
Morris Plains, NJ), containing 15% (wt/wt) fat, 1.25% cholesterol,
and 0.5% cholic acid, or standard rodent chow (Purina 5001; Ralston-
Purina Co., St. Louis, MO). All mice had free access to food and water
and were housed in a temperature-controlled facility with a 12-h light
and dark cycle. At the time of death, mice were in most cases between 4
and 6 mo old.

Histological analysis. Animals were sacrificed by cervical disloca-
tion after anesthesia (Forane; Anaquest, Madison, WI). Mouse hearts,
including the aortic root, were dissected and washed once in phos-
phate-buffered saline to remove blood. The basal portion of the heart
and root of aorta were embedded in OCTcompound (Miles Inc., Elk-
hart, IN) and frozen on dry ice. Serial 10-Mm-thick cryosections of the
heart tissue, covering the area between the appearance of the mitral

1. Abbreviations used in this paper: AORV, aortic valve leaflets, aortic
wall, and ostia of coronary arteries; ATH, atherogenic; ENDO, the
endocardium of the four cardiac chambers, including the connective
tissue associated with the aortic root anulus; MITV, mitral valve leaf-
lets; PULV, pulmonary valve leaflets; RI, recombinant inbred; TRIV,
tricuspid valve leaflets.
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valves to the disappearance of the aortic valves, were prepared. Every
third section was collected on a poly-L-lysine-coated slide.

To assess cardiac lipofuscin accumulation, unstained cross-sections
of hearts and proximal great vessels were examined by light microscopy
for the presence of yellow-brown lipofuscin pigment granules. Wehave
previously reported the identification of these yellow-brown granules
as lipofuscin using a series of histochemical stains ( 13 ). Somesections
were also examined with a melanin-specific stain and an iron-specific
stain to rule out the presence of other pigments. Five structural sites
were examined in each mouse heart for the presence of lipofuscin: the
aortic valve leaflets, aortic wall, and ostia of the coronary arteries
(AORV); mitral valve leaflets (MITV); tricuspid valve leaflets
(TRIV); pulmonary valve leaflets (PULV); and the endocardium of
the four cardiac chambers, including connective tissue associated with
the aortic root anulus (ENDO). The presence of lipofuscin in any one
of these five sites was defined as lipofuscin-positive. The amount of
cardiac lipofuscin within each site was estimated using the following
scoring system: 0 = complete absence of lipofuscin; I = presence of
lipofuscin in one section; 2 = presence of lipofuscin in two to three
sequential sections; 3 = presence of lipofuscin in four or more sequen-
tial sections.

To assess aortic fatty streak lesion development, all sections were
stained with oil red Oand quantitatively examined for lipid deposition
in the wall of the aortic root as previously described ( 15-17).

Statistical analysis. Student's t test, correlation, and chi-square
analyses were performed using software for the Macintosh (Statview II;
Abacus Concepts, Inc., Berkeley, CA). The log of the odds score was
determined using MAPMAKER/QTLsoftware (provided by Drs. S.
Lincoln and E. Lander, Massachusetts Institute of Technology, Cam-
bridge, MA) as previously described ( 18 ).

Results

Histologic characterization and distribution of cardiac lipofus-
cin. The results of a series ofhistochemical stains used to charac-
terize cardiac lipofuscin are listed in Table I. These data are
most consistent with the characteristics of lipofuscin/ceroid
pigment. In unstained sections, the pigment appeared as
brown, irregularly-shaped granules. The pigment stained
slightly positive for the presence of lipid and positive for alde-
hydes. Although the pigment we observed did not exhibit auto-
fluorescence, a typical property of lipofuscin, others have de-
scribed the presence of nonfluorescing lipofuscin in spleen cells
( 19). The absence of this property may be related to the degree
of oxidation or polymerization of lipofuscin components. The
negative results for iron and melanin staining demonstrate that
the pigment is not hemosiderin or melanin.

The distribution of cardiac lipofuscin in mice appears to be
similar to that observed in humans (10). The deposition of
lipofuscin in murine cardiac tissue is shown in Fig. 1. The

Table I. Characteristics of Cardiac Lipofuscin in the Mouse

Method of analysis Result

Color (unstained section) Yellow-brown
Autofluorescence Negative
Oil red 0 staining Faintly positive
Periodic acid-Schiff reaction Positive*
Ziehl-Neelsen staining Positive/negative*
Schmorl's reaction Positive*
Prussian blue iron staining Negative
Melanin staining Negative

predominant site of lipofuscin accumulation is the aortic valve

leaflet (Fig. 1 A). However, the pigment can be observed in the

mitral valve (Fig. 1 F), tricuspid valve (not shown), and pul-
monary valve (Fig. 1 E) leaflets as well. The endocardium of

the four cardiac chambers (Fig. 1, B and D), the ostia of the

coronary arteries (Fig. 1, B and D), and the connective tissue

of the aortic root anulus (not shown) are also commonsites for

lipofuscin accumulation. Less frequently, lipofuscin can be

found in the intimal, medial, and adventitial layers of the aortic

root (Fig. 1 C).

Genetic control of cardiac lipofuscin in mice. To investigate
the role of genetic factors in cardiac lipofuscin formation, we

surveyed several common inbred strains of mice for the pres-
ence of this trait (Table II). The incidence of cardiac lipofuscin
among the strains varied from 0 to 100%. In chow-fed animals,
a high incidence ( 100%) of cardiac lipofuscin was observed for

the C57BL/6J strain and the congenic strain, B6.C.H-25c,
which is identical with C57BL/6J except for a small region of

mouse chromosome 1 (14). Both of the SM/J mice observed

had cardiac lipofuscin, while only one out of four NZB/B1NJ
mice were positive for lipofuscin. None of the chow-fed C3H/
HeJ, BALB/cJ, A/J, or MRL/MPJmice examined were car-

diac lipofuscin positive.
The incidence and distribution of cardiac lipofuscin was

dependent, in part, upon diet. The feeding of a diet high in

cocoa butter, cholesterol, and cholic acid (ATH diet) for 15 wk

increased the overall incidence of lipofuscin in two unrelated

strains, BALB/cJ (13%) and C3H/HeJ (35%), relative to

chow feeding (Table II). The strains that exhibited high inci-

dence of cardiac lipofuscin when fed chow (the C57BL sub-

strains and SM/J strain) also had high incidence after ATH

feeding. However, the A/J and MRLstrains, which had no

incidence of lipofuscin on chow, remained resistant to pigment
deposition on the ATHdiet. In addition to the effect of diet on

total incidence of cardiac lipofuscin, there was a strain-specific
trend toward increased incidence at particular cardiac struc-
tural sites after 15 weeks of ATH feeding (Table III). In the
C57BL/6J strain, which exhibited 100% total incidence of car-

diac lipofuscin whether the mice were fed chow or ATH diet,
all of the mice examined had an abundance (mean score = 3)
of lipofuscin in the aortic, mitral, and tricuspid valve leaflets, as

well as the endocardium ofthe cardiac chambers. In the pulmo-
nary valves, the incidence of lipofuscin was very low (1 / 11

mice) in chow-fed animals, but increased (12/63 mice) in
ATH-fed mice. In the C3H/HeJ strain, feeding of the ATH
diet induced a moderate incidence of lipofuscin in the pulmo-
nary valves (8 / 23 mice) and low incidence in the aortic valves
(2/23 mice); no lipofuscin was observed at any other site.
Among the lipofuscin-positive C3H/HeJ mice, in contrast to
the C57BL/6J mice, 100% incidence of pigment (8/8 mice)
was observed in the pulmonary valves and the deposits were

relatively large (score = 3, data not shown). In ATH-fed
BALB/cJ mice, the pigment distribution (based on only two
mice with lipofuscin) reflected that of the C57BL mice. Thus,
2/2 lipofuscin-positive mice exhibited pigment deposition in
the aortic, mitral, and tricuspid valves as well as the endocar-

dium, but not in the pulmonary valves. Furthermore, the rela-
tive abundance of cardiac pigment in the lipofuscin-positive
BALB/cJ mice (score = 3 at all sites except the pulmonary
valves; data not shown) was similar to that observed in the
C57BL/6J mouse hearts (score = 3 at all sites except the pulmo-

nary valves).
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Figure 1. Lipofuscin deposition in mouse cardiac tissues. Sections were stained with hematoxylin and oil red 0. (A) Lipofuscin on ventricular
(inflow) surfaces of aortic valve leaflets (arrows) (red areas represent atheromatous lesions containing lipid and staining with oil red 0). (B)
Low power view of the ostia of coronary artery (top arrow) and adjacent endocardium of right atrium (bottom arrow) showing lipofuscin depo-
sition. (C) Lipofuscin deposition in the intima of aortic wall; insets show lipofuscin deposition in aortic media (arrowhead) and adventitia
(arrow). (D) Higher magnification of regions shown in B. (E) Lipofuscin deposition in ventricular (inflow) surface of pulmonary valve (arrow).
(F) Lipofuscin deposition on left atrial surface of anterior mitral valve leaflet (arrow) (A, X40; B, x40; C, X 160; D, x 160; E, x80; F, X40).
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Table II. Strain Distribution of Cardiac Lipofuscin AmongInbred
Strains of Mice Fed Either Chow or the ATHDiet for 15 wk

Incidence of cardiac lipofuscin

Strain Chow ATH

C57BL/6J 27/27* (100%) 112/112 (100%)
B6.C.H-25c 7/7 (100%) 9/9 (100%)
C57BL/lOScSnA ND 6/6 (100%)
SM/J 2/2 (100%) 2/3 (66%)
NZB/B1NJ 1/4 (25%) 1/3 (33%)
C3H/DiSnA ND 2/6 (33%)
C3H/HeJ 0/7 (0%) 8/23 (35%)
BALB/cJ 0/4 (0%) 2/15 (13%)
A/J 0/4 (0%) ND
MRL/MPJ-+/+ 0/9 (0%) 0/18 (0%)
MRL/MPJ-lpr/lpr 0/7 (0%) 0/14 (0%)

* Fraction of lipofuscin-positive mice/total number of mice in group.

The relative resistance to cardiac lipofuscin deposition ob-
served in the pulmonary valves of C57BL/6J mice was also
observed in other C57BL substrains (Table IV). Thus, al-
though there was 100% incidence of lipofuscin at all other sites
examined, there was an absence of pigment at the pulmonary
valves of B6.C.H-25c and C57BL/ lOScSnA mice. Similarly, in
a substrain of C3H, C3H/DiSnA, the distribution of pigment
in lipofuscin-positive mice was similar to that in C3H/HeJ
mice. Thus, among the lipofuscin-positive C3H/DiSnA mice,
lipofuscin was observed in the pulmonary ( 100% or 2/2 mice)
and the aortic ( 1/2 mice) valves, but was absent from all other
sites. No cardiac lipofuscin was observed in any of the MRL
mice.

The relative amount and distribution of murine cardiac
lipofuscin did not appear to be related to sex. For example, in
the C57BL/6J strain, both male and female mice had wide-

spread cardiac lipofuscin deposition. Similarly, cardiac lipofus-
cin in humans is not associated with sex (10). It is likely that
age contributes to lipofuscin deposition, but this aspect was not
examined.

Cardiac lipofuscin cosegregates with the albino locus on
mouse chromosome 7. To understand the inheritance of car-
diac lipofuscin in mice, a cross between B6.C. H-25c (high inci-
dence of cardiac lipofuscin) and BALB/cJ (low incidence of
cardiac lipofuscin) was constructed and studied. The incidence
of cardiac lipofuscin in the two parental strains and the Fl and
F2 progeny is shown in Table V. Lipofuscin deposition was
observed in all (9/9) of the Fl hybrid mice and approximately
three fourths (44/60) of the F2 hybrids. These data indicate
that the pattern of inheritance of cardiac lipofuscin is autoso-
mal dominant.

A comparison of the segregation pattern of cardiac lipofus-
cin with the albino locus (c) on mouse chromosome 7 revealed
complete concordance. Thus, all F2 mice that were homozy-
gous (c/c) for the BALB/cJ allele at the albino locus lacked
lipofuscin, whereas all mice that were either heterozygous (+ /
c) or homozygous (+/+) for the C57BL/6J allele contained
lipofuscin (Table IV). The segregation pattern of the albino
locus was determined by coat color as previously described
(20). These results indicate that the genetic determinant of
lipofuscin is tightly linked to, or identical with, the albino locus
(LOD score = 76).

The tyrosinase gene determines cardiac lipofuscin. The al-
bino locus encodes tyrosinase, the rate-limiting enzyme in mel-
anin synthesis. To test whether the tyrosinase gene itself, rather
than a linked gene, was responsible for the control of cardiac
lipofuscin formation, we used a strain of C57BL/6J, desig-
nated C57BL/6J-c2J12J, that had incurred a spontaneous mu-
tation of the tyrosinase gene. Homozygotes for the c2J allele
reflect the classical albino system in which tyrosinase activity is
absent (21, 22) and melanosome size is reduced (23). Both
homozygous (c2J/2J) and heterozygous (c2J/+) animals were
examined for the presence of cardiac lipofuscin (Table VI). All

Table III. Incidence, Distribution, and Quantity of Cardiac Lipofuscin in Female C57BL/6J, C3H/HeJ,
and BALB/cJ Mouse Strains Fed Either Chow or the ATHDiet for 15 wk

Incidence of cardiac lipofuscin

AORV MITV TRIV PULV ENDO
Strain Diet (score) (score) (score) (score) (score)

C57BL/6J Chow 11/11* 11/11 11/11 1/11 11/11
(3.0±0)t (3.0±0) (3.0±0) (0.3±0.3) (3.0±0)

ATH 63/63 63/63 63/63 12/63 63/63
(3.0±0) (3.0±0) (3.0±0) (0.6±0.2) (3.0±0)

C3H/HeJ Chow 0/7 0/7 0/7 0/7 0/7
(0) (0) (0) (0) (0)

ATH 2/23 0/23 0/23 8/23§ 0/23
(0.3±0.1) (0) (0) (1.0±0.3) (0)

BALB/cJ Chow 0/4 0/4 0/4 0/4 0/4
(0) (0) (0) (0) (0)

ATH 2/15 2/15 2/15 0/15 2/15
(0.4±0.3) (0.4±0.3) (0.4±0.3) (0) (0.4±0.3)

* Fraction of lipofuscin-positive mice/total number of mice in group. t Score (group mean±SEM) was determined as described in Methods.
§ Chow vs ATH (PULV): x = 3.15, P < 0.08.
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Table IV. Cardiac Lipofuscin and Aortic Fatty Lesion Development in C57BL, C3H, BALB/cJ,
and MRLFemale Mice Fed an ATHDiet for 15 wk

Cardiac lipofuscin
Mean

AORV MITV TRIV PULV ENDO aortic lesion
Strain (score) (score) (score) (score) (score) area (x I03)

C57BL/6J 63/63* 63/63 63/63 12/63 63/63 13.7+1.9
(3.0±0)t (3.0±0) (3.0±0) (0.6±0.2) (3.0±0)

B6.C.H25C 9/9 9/9 9/9 9/9 9/9 21.8±4.5
(3.0±0) (3.0±0) (3.0±0) (0) (3.0±0)

C57BL/1OScSnA 6/6 6/6 6/6 0/6 6/6 17.8±6.2
(3.0±0) (3.0±0) (3.0±0) (0) (3.0±0)

C3H/HeJ 2/23 0/23 0/23 8/23 0/23 0.7±0.2"
(0.3±0.1) (0) (0) (1.0±0.3) (0)

C3H/DiSnA 1/6 0/6 0/6 2/6 0/6 4.3±1.7'
(0.5±0.5) (0) (0) (1.0±0.6) (0)

BALB/cJ 2/15 2/15 2/15 0/15 2/15 2.4±1.611
(0.4±0.3) (0.4±0.3) (0.4±0.3) (0) (0.4±0.3)

MRL/MPJ-+/+ 0/5 0/5 0/5 0/5 0/5 7.4±2.9
(0) (0) (0) (0) (0)

MRL/MPJ-lpr/lpr 0/7 0/7 0/7 0/7 0/7 2.6± l.01
(0) (0) (0) (0) (0)

* Fraction of lipofuscin-positive mice/total number of mice in group. $ Score (group mean±SEM) was determined as described in Methods.
§ Lesion area (group mean±SEM, gm2/section) was determined as described in Methods. 11 Indicates significant difference compared to
C57BL/6J, P < 0.004. ' Indicates significant difference compared to C57BL/6J, P < 0.04.

mice homozygous for the tyrosinase mutation lacked cardiac
lipofuscin, while all mice heterozygous for the mutation con-
tained cardiac lipofuscin. This experiment demonstrates that
the tyrosinase gene directly affects cardiac lipofuscin deposi-
tion in the mouse.

Evidencefor additional genes controlling cardiac lipofuscin.
The data presented in Tables II-IV suggest that multiple ge-
netic factors are likely to contribute to the incidence of cardiac
lipofuscin among inbred strains. In particular, the strains
C3H/HeJ and C57BL/6J both contain a wild type tyrosinase
allele, but they exhibit very different tissue distribution pat-
terns and frequencies of cardiac lipofuscin development. To
further test whether other genetic factors, in addition to the
tyrosinase gene, influence the deposition of cardiac lipofuscin,
we examined the occurrence of lipofuscin in C57BL/6J (B)
x C3H/HeJ (H) recombinant-inbred (RI) strains (Table
VII). Cardiac lipofuscin was observed in 100% of (BXH) RI
strains 11 and 14. All other (BXH) RI strains exhibited vari-
able penetrance of lipofuscin expression. In addition, the pat-

Table V. Segregation of Cardiac Lipofuscin with the Albino (c)
Locus on Mouse Chromosome 7

Strain c Locus Incidence of cardiac lipofuscin

B6.C.Ht25c(B) +/+ 7/7* (100%)
BALB/cJ (C) c/c 0/4 (0%)
(BXC)F1 c/+ 9/9 (100%)
(BXC)F2 c/c 0/16 (0%)
(BXC)F2 c/+, +/+ 44/44 (100%)

* Fraction of lipofuscin-positive mice/total number of mice in group.

tern of tissue distribution, as well as the relative abundance of
lipofuscin, varied from strain to strain. These data reveal signifi-
cant differences in lipofuscin accumulation among RI strains
derived from two nonalbino parental strains. This conclusively
demonstrates that there are one or more genetic elements in
addition to tyrosinase that regulate the expression of cardiac
lipofuscin among inbred strains of mice.

A previous study with splenic lipofuscin indicated that cer-
tain mutations affecting intracellular organelles, including ly-
sosomes and melanosomes, decreased lipofuscin deposition
(24). Wetested one such recessive mutant strain, beige (bg),
for effects on cardiac lipofuscin (Table VI). In contrast to
splenic lipofuscin, neither homozygous nor heterozygous
C57BL/6J-bg mice exhibited reduced cardiac lipofuscin devel-
opment.

Cardiac lipofuscin and atherosclerosis susceptibility in
mice. In addition to the effect on lipofuscin accumulation, 15-
wk feeding of the ATHdiet results in fatty streak formation in
the proximal aortas of certain strains of mice (15). These le-

Table VI. Incidence of Cardiac Lipofuscin in Mutant C57BL/6J
Mouse Sublines Carrying Either an Albino or Lysosomal Mutation

Strain Incidence of cardiac lipofuscin

C57BL/6J-c9J12J 0/5* (0%)
C57BL/6J-c2J/+ 5/5 (100%)
C57BL/6J-bg/bg 5/5 (100%)
C57BL/6J-bg/+ 5/5 (100%)

* Fraction of lipofuscin-positive mice/total number of mice in group.

2390 J.-H. Qiao, C. L. Welch, P.-Z. Xie, M. C. Fishbein, and A. J. Lusis



sions are characterized by an accumulation of lipoproteins, in-
timal macrophages and foam cells ( 13), and cholesterol crys-
tals (25). As with lipofuscin, the relative susceptibility of differ-
ent strains of mice to lesion development is genetically
determined. For example, C57BL strains are highly suscepti-
ble, while C3H/HeJ and BALB/cJ strains are relatively resis-
tant to lesion formation ( 15 ). To test whether commonpath-
ways may contribute to fatty streak and lipofuscin develop-
ment, several mouse strains were characterized for both traits
after 1 5-wk feeding of the ATH diet. Mean aortic lesion area
was correlated with lipofuscin incidence (r = 0.94) (Table IV).
The C57BL substrains, which had 100% incidence of cardiac
lipofuscin, were the most susceptible strains to fatty streak de-
velopment (mean lesion area = 17.8 X 10i3 m2/ section). In
the C3H/HeJ and C3H/DiSnA strains, which exhibited mod-
erate incidence of cardiac lipofuscin when fed the ATH diet,
the mean lesion areas for each of the strains was significantly
less (P < 0.001 and P < 0.04, respectively) relative to C57BL
strains. The BALB/cJ strain, which had lipofuscin in only
2/ 15 mice, also exhibited significant resistance to lesion forma-
tion (P < 0.004) relative to C57BL mice. The two MRL
strains, which exhibited no lipofuscin, were relatively resistant
to lesion formation.

Based on these observations, as well as data reported by
others suggesting that both lipofuscin ( 1-9) and fatty streak
(26) formation involve lipid oxidation, we hypothesized that
these processes may exhibit coordinate control. To investigate
this hypothesis, we examined the concordance of lipofuscin
and fatty streak formation in ATH-fed BALB/cJ mice, which
exhibit incomplete penetrance of both traits. 2/15 BALB/cJ
mice had cardiac lipofuscin and both of these mice developed
extensive lesions ( 18 X 103, m2/ section); none of the remain-
ing mice had cardiac lipofuscin or fatty streak development
(Fig. 2). This result is highly significant (P < 0.0001) and
suggests strongly that these two traits are influenced by com-
mon processes, quite possibly relating to oxidative stress (see
Discussion). Since the BALB/ cJ mice examined are geneti-
cally identical, the incidence of both lipofuscin and fatty
streaks in a fraction of the animals must result from unknown
developmental differences or environmental influences. A bet-
ter understanding of these functions would be of considerable
interest.

The genetic relationship between cardiac lipofuscin and ath-
erosclerotic lesion development was examined in the (BXH)
set of RI strains. Quantitative assessment of aortic fatty streak
formation in the (BXH) RI strains revealed nonparental phe-
notypes (Table VII), indicating the involvement of multiple
independent genetic factors or a major genetic effect with modi-
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Figure 2. Coincidence
of cardiac lipofuscin
and fatty streak forma-

E 10 tion in BALB/cJ mice.
Mice that were positive
for cardiac lipofuscin

2 (.) developed extensive
Z fatty streaks, whereas

none of the

- to J lipofuscin-negative (o)
00 10 20 mice had evidence of

Mean lesion area (;Lm2/section) x 103 fatty streak formation.

fying genetic factors. The results of our quantitation of mean
aortic lesion area by planimetry are in general agreement with
previous results obtained using a less quantitative method
( 16), although there appear to be significant differences for RI
strains (BXH)-7 and (BXH)-O0. Clearly, some of the genetic
factors contributing to lipofuscin formation and aortic fatty
streak development act independently. For example, RI strains
(BXH)-8 and (BXH)-19 exhibited little or no lipofuscin depo-
sition but were quite susceptible to lesion formation. Further-
more, there was no obvious relationship between fatty streak
formation and lipofuscin deposition at any particular cardiac
site. These results indicate that multiple genetic factors contrib-
ute to both fatty streak development and lipofuscin deposition,
and that among the (BXH) set of RI strains, they are at least
partially independent. Thus, although the genetic studies with
BALB/cJ and C57BL/6J mice clearly indicate that lipofuscin
and fatty streak development are influenced by a commonpro-
cess, our studies with the (BXH) set of RI strains indicate that
additional, independent genetic factors can also contribute to
the two traits.

Discussion

Our results clearly indicate that cardiac lipofuscin deposition is
determined, in part, by genetic factors. A number of inbred
strains of mice were examined and found to differ in both the
levels and distribution of cardiac lipofuscin. For example,
strain C57BL/6J and related strains exhibited 100% incidence,
whereas other strains exhibited lower incidence or complete
absence of cardiac lipofuscin. One ofthe genetic factors respon-
sible for these observed differences is the tyrosinase gene. Thus,
a cross between a substrain of C57BL/6J ( 100% incidence of
lipofuscin) and strain BALB/cJ (0% incidence of lipofuscin
when maintained on a chow diet) showed that cardiac lipofus-
cin is inherited as a dominant Mendelian trait that cosegregates
with the albino (c) locus encoding tyrosinase. A direct role for
the tyrosinase gene, rather than a separate but tightly linked
gene, in determining lipofuscin deposition was demonstrated
by the observation that C57BL/6J-c2'/c2l mice, which carry a
spontaneous tyrosinase gene mutation, lacked cardiac lipofus-
cin. Certain nonalbino strains, such as C3H/HeJ, also exhib-
ited low levels of cardiac lipofuscin, suggesting that additional
genetic factors can also contribute to lipofuscin deposition.
This was demonstrated in a cross between strain C3H/HeJ
(low incidence) and C57BL/6J (100% incidence), in which
progeny mice showed a range of lipofuscin levels. In contrast to
the simple, Mendelian inheritance pattern of lipofuscin in
(BXC) mice, the (BXH) mice revealed a complex inheritance
pattern, indicating the involvement of two or more genes in
lipofuscin deposition.

Previous studies have revealed genetic differences in the
occurrence of splenic lipofuscin in mice, with strain C57BL/6J
being unusually susceptible (19, 27). In contrast to cardiac
lipofuscin, the occurrence of splenic lipofuscin in C57BL/6J
and related strains was only 10-50%, making genetic analysis
difficult. However, analysis of C57BL/ l0ScSn mice, congenic
for the c locus, suggested that the albino locus was associated
with differences in the incidence of splenic lipofuscin ( 12). The
finding of similar patterns of splenic and cardiac lipofuscin
among certain strains, and the involvement of tyrosinase in
lipofuscin deposition in both tissues, suggests that the genetic
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Table VII. Independent Segregation of Cardiac Lipofuscin and Aortic Fatty Lesion Development
in Female C57BL/6J (B) x C3H/HeJ (H) RI Mouse Strains Fed an ATHDiet for 15 wk

Cardiac lipofuscin
Mean

AORV MITV TRIV PULV ENDO aortic lesion
Strain (score) (score) (score) (score) (score) Any site area (x 10)'

C57BL/6J 63/63* 63/63 63/63 12/63 63/63 63/63 13.7±1.9
(B) (3.0±0) (3.0±0) (3.0±0) (0.6±0.2) (3.0±0)
C3H/HeJ 2/23 0/23 0/23 8/23 0/23 8/23 0.7±0.2
(H) (0.3±0.1) (0) (0) (1.0±0.3) (0)

(BXH) RI strains:
(BXH)-3 3/8 2/8 4/8 3/8 3/8 6/8 2.5±0.5

(1.1±0.6) (0.8±0.5) (1.5±0.6) (1.1±0.6) (1.1±0.6)
(BXH)-4 2/8 4/8 6/8 2/8 6/8 7/8 0.4±0.1

(0.8±0.5) (1.5±0.6) (2.0±0.5) (0.8±0.5) (2.3±0.5)
(BXH)-6 0/4 0/4 1/4 0/4 1/4 1/4 0.6±0.2

(0) (0) (0.8±0.8) (0) (0.8±0.8)
(BXH)-7 1/8 3/8 3/8 0/8 7/8 7/8 0.6±0.6

(0.3±0.3) (0.9±0.5) (1.1±0.6) (0) (2.6±0.4)
(BXH)-8 0/3 0/3 0/3 0/3 0/3 0/3 24.4±9.8

(0) (0) (0) (0) (0)
(BXH)-9 0/7 1/7 1/7 1/7 2/7 2/7 0.3±0.1

(0) (0.1±0.1) (0.4±0.4) (0.4±0.4) (0.9±0.6)
(BXH)-10 0/5 0/5 3/5 0/5 4/5 4/5 1.8±1.4

(0) (0) (1.8±0.7) (0) (2.4±0.6)
(BXH)- 1 9/9 9/9 9/9 1/9 9/9 9/9 7.3±1.0

(3.0±0) (3.0±0) (3.0±0) (0.3±0.3) (3.0±0)
(BXH)-14 3/7 5/7 5/7 1/7 5/7 7/7 3.4±1.6

(1.3±0.6) (2.1±0.6) (2.1±0.6) (0.4±0.4) (2.6±0.4)
(BXH)-19 0/6 0/7 1/7 0/7 2/7 2/7 13.1±3.2

(0) (0) (0.3±0.3) (0) (0.9±0.6)

* Fraction of lipofuscin-positive mice/total number of mice in group. t Score (group mean±SEM) was determined as described in Methods.
§ Lesion area (group mean±SEM, ,um'/section) was determined as described in Methods.

factors influencing lipofuscin deposition act systemically. How-
ever, the much higher incidence of cardiac than splenic lipofus-
cin in C57BL/6J-related strains, and the finding that the bg
mutation did not discernibly affect cardiac lipofuscin whereas
it abolished splenic lipofuscin, argue for tissue-specific influ-
ences as well.

Tyrosinase is the rate-limiting enzyme in melanin synthesis
and is unusual in that it can use three different substrates to
catalyze three different oxidation reactions in the melanin bio-
synthetic pathway (28-34). Lipofuscin is not known to be an
intermediate or alternative product of the melanin synthetic
pathway but some evidence suggests that the production of free
radical species during melanin formation (35) maylead to lipo-
fuscin production under certain conditions (36, 37). For exam-
ple, studies of photoreceptors in crayfish indicate that tyrosin-
ase is a mediator in the conversion of degraded membrane into
lipofuscin granules (38). It is noteworthy that the expression of
tyrosinase does not appear to be restricted to melanocytes (34)
and is subject to complex transcriptional and posttranscrip-
tional regulation (39-41 ).

Lipofuscin is frequently associated with atherosclerotic le-
sions ( 11), and it has been proposed that the pigment may
participate in the disease process (42, 43). Our results suggest a
link between lipofuscin deposition and the development of

aortic fatty streaks. Thus, the feeding of an atherogenic diet,
required for fatty streak development in laboratory strains of
mice, enhanced cardiac lipofuscin. Furthermore, a striking
correlation between the occurrence of large fatty streaks and
lipofuscin deposition was observed in BALB/cJ mice fed an
atherogenic diet. Studies of a set of recombinant inbred strains
derived from strains C57BL/6J and C3H/HeJ, however, indi-
cated that at least some of the genetic factors contributing to
fatty streak formation and lipofuscin deposition act indepen-
dently. Accumulating evidence implicates lipid oxidation in
the early stages of atherosclerosis (reviewed in references 26
and 44), and it is likely that the deposition of lipofuscin is also a
reflection of oxidative stress. Thus, macrophages accumulate
lipofuscin-like pigment when incubated with oxidized, low
density lipoproteins or polyunsaturated fatty acids (45, 46).
Under certain conditions, lipofuscin may represent a free radi-
cal trapping mechanism, protecting cells from oxidative dam-
age (42) whereas, under other conditions, the pigment may
exert proinflammatory effects (47). Whether lipofuscin pro-
motes or retards fatty streak development, or is simply a reflec-
tion of oxidative stress, is an important question that remains
to be addressed. The mouse model should be useful in testing
potential pathophysiologic effects of cardiac lipofuscin accu-
mulation.
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