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The clinical association between hyperlipidemia and
renal disease is well established, yet hyperlipidemia
as a cause for renal disease is rare. Apolipoprotein
E–deficient (ApoE�/�) mice develop hyperlipidemia
and are a model for atherosclerosis. Introducing de-
ficiency of inhibitor of differentiation 3 (Id3) in
ApoE�/� mice further exacerbates atherosclerosis.
ID3 is a transcription regulator expressed in multiple
cell types. Id3�/� mice develop antibodies to self-
antigens and salivary gland autoimmunity. This study
was undertaken to investigate a link between hyper-
lipidemia, autoimmunity, and renal disease. ApoE�/�,
Id3�/�, and ApoE�/�Id3�/� double-knockout (DKO)
mice were studied at different ages for renal patho-
logical features and function. Serum samples were
analyzed for the presence of autoantibodies. At 16
weeks, DKO mice developed mesangioproliferative
glomerulonephritis (GN), leading to severe protein-
uria. GN was associated with glomerular deposition of
lipids and immune complexes and with macrophage
infiltration. DKO mice had high levels of circulating
autoantibodies. Although ApoE�/� mice had glomer-
ular lipid deposits and Id3�/� mice had circulating
autoantibodies, neither group of age-matched single-
knockout mice developed GN. These data provide sup-

port for the hypothesis that induction of renal disease
in hyperlipidemia is dictated by additional factors.
Our study shows that some of these factors are regu-
lated by ID3. Thus, ID3 is a novel risk factor linking
cardiovascular and renal disease. (Am J Pathol 2011,

179:651–660; DOI: 10.1016/j.ajpath.2011.04.029)

Hyperlipidemia is an established risk factor for athero-
sclerosis and cardiovascular disease. Despite a strong
association between cardiovascular and renal diseases,
the role of hyperlipidemia in the induction of renal disease
is less understood. Patients with chronic kidney disease
show increased rates of disease progression in the pres-
ence of lipoprotein abnormalities.1,2 In a prospective
study,3 healthy male subjects (n � 4483) were monitored
for cholesterol (total, high-density lipoprotein, and non–
high-density lipoprotein) levels and renal function over 14
years. Subjects with serum creatinine levels �1.5 mg/dL
(3%) and a glomerular filtration rate �55 mL/minute
(5.4%) were identified as developing renal insufficiency.
Statistical analyses showed a significant association be-
tween an elevated cholesterol level and the risk of devel-
oping renal insufficiency. The relative risk of an elevated
creatinine level was 1.77 for total cholesterol �240 mg/dL
and 2.34 for non–high-density lipoprotein cholesterol
�40 mg/dL after adjustment for other factors, such as
age, smoking, alcohol consumption, diabetes mellitus,
and hypertension. These studies suggest a role for hy-
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perlipidemia in the induction and progression of renal
disease, although the pathological mechanisms remain
unclear. The use of cholesterol-lowering drugs, such as
HMG CoA reductase inhibitors or statins, to reduce the
severity of renal disease has produced variable re-
sults.4,5 The issue is further confounded by the significant
anti-inflammatory effects of statins.6 Whether improve-
ment in renal function by statins is through their choles-
terol-lowering action or through their anti-inflammatory
effects has been difficult to ascertain. Thus, the benefits
of lowering serum cholesterol for improvement of renal
function in patients with chronic kidney disease are not
universally accepted.7

In this study, we describe a mouse model that sup-
ports the hypothesis that in hyperlipidemia, additional
factors are critical for the development of renal disease.8

Mice deficient in apolipoprotein E (ApoE) become hyper-
lipidemic (characterized by elevated low-density lipopro-
tein and triglyceride levels) and spontaneously develop
atherosclerosis.9 ApoE is a component of chylomicron
remnants and is critical for lipoprotein transport and me-
tabolism. The introduction of a deficiency in the transcrip-
tional regulator, inhibitor of differentiation 3 (Id3�/�), in
the ApoE�/� mice led to a significant exacerbation of
atherosclerosis.10 ID3 is expressed in many cells and
influences the expression of multiple genes.11 It acts by
forming heterodimers with transcription factors of the ba-
sic helix-loop-helix family and by inhibiting DNA binding
and transcription. Specifically, ID3 has modulated im-
mune cell development and vascular smooth muscle cell
function.11,12 Yet, ID3-deficient mice have a mild pheno-
type; they develop autoantibodies and Sjögren’s-like dis-
ease of salivary and lacrimal glands late in life, from the
age of 12 to 16 months.13 Recently, it was reported that
Id3�/� mice developed �� T-cell lymphomas from the
age of 33 to 92 weeks.14

Because the ApoE�/�Id3�/� double-knockout (DKO)
mice developed severe cardiovascular disease, we in-
vestigated the hypothesis that ID3 represents a factor
that can act synergistically with hyperlipidemia and ApoE
deficiency to induce renal disease. Thus, the goal of the
present study was to characterize the renal histopatho-
logical and immune features associated with loss of ID3
and ApoE. Our data show that DKO mice maintained on
mouse chow spontaneously develop proliferative glomer-
ulonephritis (GN) that leads to renal dysfunction. This is a
new mouse model linking cardiovascular and renal dis-
ease that will be valuable in understanding the mecha-
nisms connecting these disorders.

Materials and Methods

Mice and Tissues

All mice used in this study are on a C57BL/6 genetic
background and were bred in a specific pathogen-free
facility at the Department of Comparative Medicine, Uni-
versity of Virginia, Charlottesville. All experiments were
approved by the Institutional Animal Care and Use Com-

mittee. Mice were given water ad libitum and maintained
on a standard chow diet (Harlan Teklad 7012; Harlan
Laboratories, Inc., Indianapolis, IN). C57BL/6 mice and
ApoE�/� mice were obtained from Jackson Laboratories,
Bar Harbor, ME. Id3�/� mice were a gift from Dr. Yuan
Zhuang (Duke University, Durham, NC). DKO mice were
generated by backcrossing Id3�/� mice with ApoE�/�

mice, as previously reported.10 Mice were sacrificed at
different ages, and blood and kidneys were harvested.
Serum samples were separated and frozen until use for
autoantibody analysis. Kidneys were preserved in 10%
phosphate-buffered formalin for histopathological exam-
ination and in periodate lysine paraformaldehyde fixative
for immunostaining, snap frozen in liquid nitrogen for
detection of immune complex and C3 deposits, and
placed in 2.5% glutaraldehyde with 4% paraformalde-
hyde in PBS for electron microscopy.

Renal Pathological Features by Light and
Electron Microscopy

Formalin-fixed kidneys were embedded in paraffin, and
sections were stained with H&E and PAS and evaluated
for pathological changes, as previously described.15 All
slides were evaluated by one of the authors (H.B.),
blinded to sex, genotype, and age of the sample. GN was
scored on a scale of 0 to 5: 0, no disease; 1, mild focal
mesangial involvement; 2 and 3, diffuse glomerular en-
largement of intermediate severity; 4, severe mesangial
and/or peripheral capillary involvement; and 5, global
glomerulosclerosis. Tubular involvement (ie, protein
casts, dilation, and atrophy) and interstitial inflammation
were also evaluated. Glutaraldehyde and paraformalde-
hyde fixed tissue was processed for electron micros-
copy, as previously described.16

Detection of Immune Complex and C3
Complement Deposits

IgG and C3 deposits were detected in snap-frozen
kidney sections stained with fluorescein-labeled goat
anti-mouse IgG, IgG1, IgG2a, IgG2b, or IgG3 (South-
ern Biotech Inc., Birmingham, AL) and C3 (ICN/Cappel
Laboratories, Aurora, OH), as previously described.15

Immunofluorescence Staining for Immune-
Infiltrating Cells and Fibronectin

Kidneys were fixed in periodate lysine paraformalde-
hyde, followed by 30% sucrose in PBS, and embedded in
OCT compound for cryostat sectioning. Serial sections
were stained with biotinylated antibodies to macro-
phages F4/80 (clone BM8) and CD68 (MCA-1957), den-
dritic cells (CD11c, clone HL3), T cells (anti-CD4, clone
GK1.5), and B cells (B220, clone RA3-6B2). The tyra-
mide-biotin system (Perkin Elmer Laboratories, Shelton,
CT) was used for detection, according to the manufac-
turer’s directions. Colocalization of major histocompatibil-
ity complex class II with macrophage markers was
performed as previously described.15 Images were cap-

tured on a Zeiss Apotome fluorescence microscope
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(Carl Zeiss MicroImaging, Inc., New York, NY). All glom-
eruli in a transverse section of the kidney were studied,
and the number of glomeruli with more than three CD68�

cells was considered positive for glomerular macrophage
infiltration. Data are represented as percentage of glom-
eruli with CD68� cell infiltration.

For fibronectin staining, sections (5-�m thick) of perio-
date lysine paraformaldehyde fixed kidney tissue were
treated with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis,
MO) in PBS for 15 minutes; nonspecific binding was
blocked with normal goat serum in 3% bovine serum
albumin in PBS. The sections were incubated with rabbit
anti-fibronectin antibody (Millipore Corporation, Sunny-
vale, CA), 1:400 dilution, followed by biotinylated goat
anti-rabbit IgG (Southern Biotech). Bound antibody was
detected by incubation with Neutravidin Texas Red (Mo-
lecular Devices, Sunnyvale) and mounted with Prolong
Gold mountant containing DAPI (Invitrogen, Grand Is-
land, NY) for nuclear staining.

Immunohistochemical Staining for Ki-67 Cells

Ki-67� cells were detected in formalin-fixed paraffin-
embedded kidney sections using standard methods.17

Sections were deparaffinized, rehydrated, and boiled
in antigen unmasking solution (Vector Laboratories,
Burlingame, CA). Endogenous peroxidase activity was
quenched with H2O2 in methanol, and nonspecific in-
teraction was blocked with normal goat serum and
avidin-biotin blocking solutions (Vector Laboratories).
The slides were incubated with antibody to Ki-67 (clone
SP6 at 1:100 dilution) at 4°C overnight in a humid
chamber. Purified rabbit polyclonal IgG samples at
equal concentrations were used as negative controls.
The sections were then incubated with biotinylated
goat anti-rabbit IgG (Southern Biotech) for 30 minutes
at room temperature. Bound antibody was detected
using the ABC system (Vector Laboratories) and di-
aminobenzidine substrate. The slides were counter-
stained with hematoxylin and mounted in Cytoseal 60
(Richard Allan Scientific, Kalamazoo, MI).

Detection of Lipid Deposits in Kidney

Snap-frozen kidney sections were fixed in cold 10% buff-
ered formalin for 10 minutes and washed with water. The
slides were air dried, placed in absolute propylene glycol
for 5 minutes, and transferred into an oil red O solution
(Electron Microscopy Science, Hatfield, PA) at 60°C for
30 minutes. The slides were differentiated in 85% propyl-
ene glycol solution for 2 minutes, followed by washing in
water and counterstaining with hematoxylin.

Western Blot for Serum Autoantibodies

Reactivity to different cellular proteins was determined by
using Western blot analysis, with mouse WEHI 7.1 cell

extract as the substrate, as previously described.18
Estimation of Urinary Albumin and Creatinine

Mice were housed individually in metabolic cages for 24
hours, and urine was collected. Microalbuminuria was
estimated using a competitive enzyme-linked immu-
nosorbent assay (ELISA) (Albuwell; Exocell, Philadelphia,
PA) using the manufacturer’s instructions. The assay was
run in duplicate. Briefly, albumin-coated wells were incu-
bated with urine (1:13 dilution) and rabbit anti-murine
albumin antibody. This was followed by incubation with
horseradish peroxidase–conjugated anti-rabbit antibody.
The ELISA was developed with tetramethylbenzidine
substrate (Thermo Scientific, Rockford, IL), and the reac-
tion was discontinued with 2N sulfuric acid. A standard
curve was generated using different concentrations of
albumin (10 to 0.156 �g/mL), and the amount of albumin
in the urine samples was estimated. Urine creatinine lev-
els were estimated using the Jaffe method, as previously
described,19 and albumin/creatinine ratios were calcu-
lated.

Statistical Analyses

Graph Pad Prism software (GraphPad Software, Inc.,
La Jolla, CA) was used for statistical analyses. The Stu-
dent’s t-test was used to obtain P values. A normality test
was performed on each data set. Data sets failing the
normality test were analyzed using a Mann-Whitney U-
test.

Results

ApoE�/�Id3�/� DKO Mice Spontaneously
Develop GN

Female mice genetically deficient in ApoE (ApoE�/�), Id3
(Id3�/�), and both ApoE and Id3 (DKO) on a C57BL/6
genetic background were studied for renal pathological
features (Figure 1). Age-matched C57BL/6 wild-type
(WT) mice were used as controls. An evaluation of renal
pathological features showed enlarged hypercellular
glomeruli in DKO female mice (Figure 1D). At 24 weeks,
most (80% to 100%) of the glomeruli were affected.
Glomeruli showed PAS-positive material in the mesan-
gium (Figure 1H), with some involvement of the periph-
eral capillary loops. Two of five mice also showed foci of
periglomerular inflammation. The tubulointerstitial regions
appeared normal and free of inflammatory infiltrates. No
significant renal pathological feature was seen in age-
matched WT and single-knockout strains (Figure 1, A–C
and E–G). The kinetics of glomerular pathological fea-
tures were studied in cohorts at 16 and 24 weeks (Figure
2). The severity of glomerular pathological features was
scored based on percentage glomeruli affected, extent
of mesangial expansion, and glomerular hypercellularity.
Significant glomerular disease was detected by 16 weeks
in DKO mice (P � 0.022); this further worsened at the age
of 24 weeks (P � 0.0001) compared with WT controls.
The progression of GN was evaluated by measuring pro-

teinuria in an additional cohort of mice. Female DKO mice



nal corte

654 Bagavant et al
AJP August 2011, Vol. 179, No. 2
(aged 38 to 42 weeks) and ApoE�/� mice (aged 43
weeks) were housed in metabolic cages for 24 hours. An
analysis of the 24-hour urine sample showed elevated
albumin/creatinine ratios (P � 0.0005) in DKO mice
(mean � SEM, 113.3 � 17.4 mg/g; n � 6) compared with
ApoE�/� mice (mean � SEM, 36.19 � 8.5 mg/g; n � 10)
(Figure 3).

Glomerular hypercellularity at 24 weeks may be at-
tributed to increased glomerular cell division and/or
infiltrating immune cells. To investigate cell division,
kidney sections were stained with antibody to Ki-67, a
nuclear antigen expressed in dividing cells. The in-
creased number of Ki-67� cells in DKO mice indicates
that glomerular cell proliferation contributed to the hy-
percellularity (Figure 1L). Some dividing cells were

Figure 1. Renal pathological features in B6 WT, Id3�/�, ApoE�/�, and DK
histological features showing PAS-stained kidney at low (A–D) and high (E–H
Arrows show areas of PAS-positive material. Immunohistochemical staining
Detection of fibronectin (M–P) by indirect immunofluorescence, showing re
were stained with DAPI. Scale bar � 20 �m (A–L).
also seen in ApoE�/� mice (Figure 1K) but rarely in WT
or Id3�/� mice (Figure 1, I and J). For a quantitative
analysis of these data, four different fields (using a �20
objective) from a transverse section of each mouse
kidney were captured; the numbers of Ki-67� cells per
glomerulus were counted in 17 to 30 glomeruli per
mouse. As shown in Figure 4A, dividing cells were
seen in most (mean � SEM, 93.3% � 2.7%) glomeruli
from DKO mice, significantly higher than in WT and
Id3�/� mice (P � 0.0001) and ApoE�/� mice (P �
0.028). In addition, the numbers of Ki-67 cells per
glomerulus were also significantly higher in DKO mice
(mean � SEM, 4.0 � 1.4 cells per glomerulus) com-
pared with WT mice (P � 0.002), Id3�/� mice (P �
0.02), and ApoE�/� mice (P � 0.009) (Figure 4B).
Although ApoE�/� mice had some Ki-67� glomerular

le mice at the age of 24 weeks. Representative photomicrographs of renal
ification. There were enlarged and hypercellular glomeruli in DKO mice (H).
67 antigen (I–L) in glomeruli. Arrows (L) show positive staining in nuclei.
x with glomeruli (g). Arrowheads show glomerular fibronectin (P). Nuclei
O fema
) magn
for Ki-
cells, the frequencies and numbers did not reach sta-
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tistical significance compared with WT mice (P � 0.10
and P � 0.11, respectively).

To evaluate extracellular matrix production, kidneys
were stained for fibronectin deposits. As shown in Fig-
ure 1, M–P, fibronectin was detected in the cortex of
all of the strains. However, glomerular fibronectin
deposits were greatly increased in DKO mice (Figure
1P), confirming expansion of mesangial matrix com-
pared with WT and single-knockout strains (Figure 1,
M–O).

The glomerular pathological features were further con-
firmed by electron microscopy (Figure 5). DKO mice
showed a significantly expanded mesangium (Figure
5B). Podocytes and endothelial cells appeared normal,
and no abnormalities were evident in the tubules. Elec-
tron micrographs at a lower magnification (Figure 5C)
showed that glomerular hypercellularity with mesangial

Figure 2. Severity of GN in WT, Id3�/�, ApoE�/�, and DKO female mice at
the ages of 16 weeks (A) and 24 weeks (B). H&E-stained kidney sections
were evaluated for renal pathological features, as described in Materials and
Methods. Each data point represents one mouse. *P � 0.022; ***P � 0.0001
compared with WT. nd, not determined.

Figure 3. DKO female mice (n � 10) develop significant proteinuria at the
age of 38 to 42 weeks, compared with ApoE�/� females (n � 6) at the age
of 43 weeks. Mice were housed individually in metabolic cages, and a

24-hour urine sample was assayed for albumin/creatinine ratio. Data are
given as the mean � SEM of urinary albumin/creatinine ratios.
expansion is present throughout the glomerulus in DKO
mice. Pathological changes were not seen in control
strains. A representative electron micrograph from an
ApoE�/� mouse is shown (Figure 5A). Foamy macro-
phages have been reported in glomerular capillaries of
ApoE�/� mice fed a high-fat Western diet.20 These cells
were not seen by H&E in our mice maintained on regular
chow. The data suggest that at the age of 24 weeks, the
disease in DKO mice is predominantly glomerular and
affects mesangial cells.

CD68� Macrophages Are the Dominant
Glomerular Infiltrating Inflammatory Cells

To investigate the contribution of immune cells in GN,
kidneys were stained for T-cell, B-cell, dendritic cell, and
macrophage infiltration using immunofluorescence tech-
niques. T and B cells were rarely seen in the renal cortex.
CD11c� dendritic cells were found in periglomerular in-
filtrates (data not shown). However, macrophages con-
stituted the major infiltrating cells in the DKO renal cortex.
The markers F4/80 and CD68 identified two populations
of macrophages: CD68� cells were seen infiltrating the
glomeruli, whereas F4/80� cells (Figure 5) were predom-
inantly restricted to the periglomerular regions and the
cortical interstitium. The frequency of glomeruli with
CD68� cells (more than three cells per glomerulus) in
one cross section of the kidney (with 27 to 47 glomeruli
per section) was evaluated. As shown in Table 1, the fre-
quency of CD68� macrophage infiltration in glomeruli of
DKO mice was higher than in each of the control strains

Figure 4. Quantitation of Ki-67� cells in B6 WT, Id3�/�, ApoE�/�, and
DKO female mice at the age of 24 weeks. Glomeruli in one cross section of
each kidney were evaluated for frequency of glomeruli with Ki-67� cells (A)
and number of Ki-67� cells per glomerulus (B). Data are represented as the
mean � SEM in each group (n � 4 per group, except for Id3�/� mice, for
which n � 2). ***P � 0.0001, **P � 0.002 compared with WT.
(P � 0.0001). The macrophages in the renal cortex (F4/80�)
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and intraglomerular area (CD68�) were activated as shown
by the increased expression of major histocompatibility
complex class II (Figure 6). Interestingly, relevant to this
model, CD68 or macrosialin may be a receptor for uptake of
oxidized low-density lipoproteins that are recognized medi-
ators of inflammation.21 In the kidney, CD11c� dendritic
cells also express F4/80 and may contribute to some of the
inflammatory infiltrates in the renal cortex.22 Regardless,
these cells were rarely seen infiltrating into the glomeruli in
DKO mice.

Glomerular Deposition of Lipids in ApoE�/� and
DKO Mice

Monocytes and macrophages play an important role in
atherosclerosis and GN. Hyperlipidemic ApoE�/� mice
have increased numbers of these cells in circula-
tion.23,24 As described in atherosclerosis, lipid depo-
sition may initiate macrophage infiltration into the tis-
sues. For the detection of renal lipid deposition,
kidneys from chow-fed 24-week-old females from all
strains were stained with oil red O. Neutral lipid depo-
sition by oil red O staining was not detected in kidneys
from WT and Id3�/� mice (Figure 7, A and B). However,
both hyperlipidemic strains, ApoE�/� and DKO, have
glomerular lipid deposits (Figure 7, C and D). Lipid
deposits were restricted to the glomeruli and were not de-
tected in tubules or interstitium. These data from ApoE�/�

mice indicate that glomerular lipid deposits alone were in-
sufficient to induce renal pathological features.

Figure 5. Representative electron micrographs of glomeruli from ApoE�/� and
capillary (c) with normal fenestrated endothelium, podocyte foot processes (p), a
bar � 5 �m. C: Another example of a DKO glomerulus at a lower power, sho

Table 1. CD68� Macrophage Infiltration in Glomeruli

Strain n
Glomeruli per cross

section
CD68� glomeruli

(%)

WT 3 29 � 2 11.3 � 2.9
Id3�/� 2 31 � 2 21.5 � 9.5
ApoE�/� 3 33 � 4 30.3 � 1.7
DKO 3 41 � 3 99.0 � 1.0*
Data are given as the mean � SEM.
*P � 0.001 versus the WT, Id3�/�, and ApoE�/� strains.
Glomerular Immune Complex Deposits in DKO Mice

ApoE deficiency renders the mice hyperlipidemic, and
ID3 deficiency is associated with autoimmunity.9,13

Therefore, the renal disease in DKO mice may be an
outcome of synergistic effect of both characteristics and
a consequence of exaggerated autoimmune responses
due to hyperlipidemia. To investigate this hypothesis, we
stained for immune complex deposits in the kidney at 24
weeks by direct immunofluorescence (Figure 7, E–L).
Glomerular deposition of IgG and C3 complement was
seen in all of the DKO mice (see Supplemental Figure S1
at http://ajp.amjpathol.org). The immune deposits were of
IgG1, IgG2a, and IgG2b isotypes (data not shown). The
deposits are predominantly mesangial and rarely extend
into the peripheral capillary loops. Fluorescent staining
was also seen in Id3�/� and some ApoE�/� mice, al-
though at much lower intensities (Figure 7, F and J). B6
mice at 24 weeks did not show glomerular IgG or C3.

Serum Autoantibody Reactivity to Cellular
Antigens

To evaluate the systemic autoimmune response, blood
was collected from mice at the ages of 16 and 24 weeks
and analyzed using Western blot analyses for antibodies
to autoantigens using WEHI 7.1 cell lysates as sub-
strates. Figure 8 shows a representative blot of five mice
per group, studied at 1:100 dilution of serum at 24 weeks.
Intense reactivity to multiple cellular proteins was seen in
serum samples of Id3�/� (four of five) mice and DKO (five
of five) mice. ApoE�/� serum samples (two of five mice)
also showed strong reactivity to multiple bands. Of the
five B6 mice, only one showed reactivity to a single band.
Thus, autoantibodies are generated to different levels in
all of the experimental mice. A similar trend of reactivity
was seen in another cohort of mice studied at 16 weeks,
with Id3�/� and DKO mice showing serum autoantibod-
ies to multiple proteins and significantly less antibody in
the ApoE�/� mice (data not shown). These results sug-

ale mice at the age of 24 weeks. ApoE�/� glomerulus (A) showing a glomerular
ngium (m). B: A DKO glomerulus shows significant mesangial expansion. Scale

tensive mesangial involvement. Scale bar � 10 �m.
DKO fem
gest that, in DKO mice, hyperlipidemia in conjunction

http://ajp.amjpathol.org
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with autoimmunity, which is exacerbated by ID3 defi-
ciency, contributes to the glomerular injury.

Discussion

This investigation describes an experimental mouse
model linking cardiovascular and renal diseases. DKO
mice that are ApoE�/� mice and null for Id3 have in-
creased atherosclerosis compared with Id3-sufficient
ApoE�/� mice.10 In this study, we demonstrate that the
DKO mice spontaneously develop GN, characterized by
enlarged hypercellular glomeruli associated with cell pro-
liferation, mesangial expansion, and increased extracel-
lular matrix deposition. Kidneys of DKO mice show glo-
merular immune complex, C3, and lipid deposition and
macrophage infiltration. The progression of these patho-
logical changes was associated with the development of
proteinuria.

Although data presented are from female mice, the
renal pathological features described herein were also
seen in DKO male mice (see Supplemental Figure S2 at
http://ajp.amjpathol.org). However, the disease in male
mice was less severe and delayed in onset, first seen at
the age of 24 weeks.25 Glomeruli were enlarged and
hypercellular and were associated with increased fi-
bronectin deposition. DKO males also showed glomeru-
lar IgG and C3 deposition. Glomerular infiltration by
CD68 macrophages in DKO males was also a character-
istic feature.

Cholesterol levels were elevated in both male10 and
female ApoE�/� and DKO mice (see Supplemental Table
S1 at http://ajp.amjpathol.org). These levels are compara-
ble between the two strains; thus, Id3 does not influence
systemic lipid profiles. Both systemic hyperlipidemia and

Figure 6. Localization of CD68� (A–D) and F4/80� (E–H) macrophages in
weeks. Glomeruli (g) showing CD68� and F4/80� cells labeled with red fluor
(arrowheads) are seen in DKO mice (D). Colocalization of major histocomp
of macrophage activation. Nuclei are stained with DAPI. Scale bar � 20 �m
tissue macrophage infiltrates, seen herein, are also com-
mon features of atherosclerotic plaques, suggesting the
possibility of shared underlying pathological mecha-
nisms.

The role of hyperlipidemia in exacerbating renal dis-
ease has been investigated in experimental mouse
model systems involving either ApoE or low-density lipo-
protein receptor deficiency.6,26 ApoE�/� mice are well-
established models of hyperlipidemia and atherosclero-
sis.9 In addition to affecting lipid levels, ApoE also
directly affects mesangial cell growth and survival and,
thereby, might influence renal disease in ApoE�/� mouse
models.20 Yet, ApoE�/� mice develop renal pathological
features only late in life, at approximately the age of 36
weeks; and the pathological features are characterized
by mild mesangial proliferation and accumulation of
foamy macrophages within the glomerular capillaries.27

These renal pathological features are significantly aggra-
vated by feeding the mice a high-fat diet. This suggests
a role for excessive lipid levels in worsening of renal
disease.20,28 The introduction of ApoE deficiency into
murine models of spontaneous lupus nephritis exacer-
bated renal pathological features in the mice with lu-
pus.26 Similarly, low-density lipoprotein receptor–defi-
cient mice, also used as models for hyperlipidemia, show
evidence for accelerated nephritis, when bred with mice
susceptible for the development of lupus.6 The latter two
models show that hyperlipidemia can influence renal dis-
ease in the presence of other factors, such as spontane-
ous lupus nephritis. Our study suggests that deficiency of
ID3 is an additional susceptibility factor in hyperlipid-
emia-induced renal pathological features.

ID3 belongs to the class V helix-loop-helix transcription
factors that regulate the function of class I and II basic
helix-loop-helix transcription factors.11 Specifically, the

al cortex of WT, Id3�/�, ApoE�/�, and DKO female mice at the age of 24
in the cortical interstitium (arrows). CD68� cells infiltrating glomerular cells
complex (MHC) II staining (green) with CD68 or F4/80 markers is indicative
the ren
escence
ID proteins regulate the function of CDK inhibitors that
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regulate the formation of CDK-cyclin complexes promot-
ing entry into the cell cycle.29 Id3 is up-regulated after
stimulation of mitogen-activated protein kinase, suggest-
ing a role for ID3 in promoting cell proliferation.30 Indeed,
ID3 facilitates entry into the cell cycle and induces cell
growth. In contrast, our data indicating that loss of ID3
significantly enhances Ki-67 immunoreactivity in the
glomeruli of ApoE�/� mice suggest that ID3’s effects on
cellular proliferation may be cell type dependent. In the
thymus, ID3 antagonizes E2A, a transcription factor that
plays a role in T-cell selection.31 Thus, ID3 acts in a wide
range of cell types affecting multiple pathways. ID3 has

Figure 7. Glomerular deposits of neutral lipids (A–D) by Oil-red O stainin
Id3�/�, ApoE�/�, and DKO female mice at the age of 24 weeks. Arrows i
previously been implicated in vascular smooth muscle
function and is a focus of investigation in cardiovascular
disease. Recently, a study10 in a diabetes heart patient
cohort showed that a single-nucleotide polymorphism vari-
ant (rs11574) of Id3 was associated with susceptibility to
atherosclerosis. The present study is the first to demon-
strate a role for ID3 in hyperlipidemia-associated kidney
disease, and our findings should provide an impetus to
closely investigate the association of ID3 in human disease.

The precise mechanisms of how renal disease is initi-
ated in DKO mice are not known, but our results provide
some clues. The data show that renal disease occurs

E–H), and C3 complement (I–L) by direct immunofluorescence in B6 WT,
lipid deposits (C and D).

Figure 8. Western blot analysis showing reac-
tivity of serum samples from WT, Id3�/�,
ApoE�/�, and DKO female mice at the age of 24
weeks. WEHI 7.1 cell lysates were separated on
a 12.5% SDS-PAGE under reducing conditions,
transferred to nitrocellulose, and probed with
serum samples at 1:100 dilution, followed by
goat anti-mouse IgG horseradish peroxidase
conjugate. Bound antibody was detected with
chemiluminescence, as previously described.
Each lane represents serum from one mouse (m).
�, negative control (not incubated with serum);
�, pooled serum samples from MRL/lpr mice
with lupus at 1:1000 dilution.
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only in hyperlipidemic mice in the absence of ID3. Thus,
in the ID3-intact ApoE�/� mice, ID3 might exert protective
effects by influencing the overall autoimmune and inflam-
matory responses. This is supported by data showing
amplified autoantibody responses in both Id3�/� and
DKO mice. The development of renal pathological fea-
tures in DKO mice might then be influenced by glomer-
ular immune complex and lipid deposition. Although the
Id3�/� mice show some evidence for some glomerular
immune complex deposition, lipid deposits were not de-
tected. In contrast, in ApoE�/� mice, lipid accumulation
was readily detected in the kidneys but not immune com-
plexes. Both immune complex and lipid deposits were
seen only in the kidneys of DKO mice. Thus, the syner-
gistic effects of inflammatory pathways activated by
the deposition of autoantibodies and lipids in the kid-
neys of DKO mice may be responsible for initiating the
renal disease in these mice. Another possibility is that
in the DKO mice, hyperlipidemia influences the spec-
ificity of autoantibodies, some of which might be reac-
tive with lipid deposits in the kidney. This dictates
glomerular immune complex formation and subse-
quent glomerular inflammation. This hypothesis is indi-
rectly supported by findings of diabetic nephropathy in
patients (ie, glomerular deposition of IgG and IgM an-
tibodies to oxidized low-density lipoprotein is associ-
ated with worse prognosis).32,33

Our study has significant clinical implications. In
DKO mice, glomerular immune complex deposition
and glomerular pathological features significantly pre-
cede any clinical loss of renal function. This study
suggests that individuals who are genetically suscep-
tible to autoimmune diseases may manifest renal dis-
ease in the presence of hyperlipidemia. Therefore, the
detection of circulating autoantibodies can become an
important biomarker to predict the risk of renal disease
in individuals with hyperlipidemia. In turn, monitoring
autoantibody-positive hyperlipidemic individuals for
the development of renal dysfunction can prove valu-
able for early detection and therapy. Thus, the DKO
mouse model can be used to investigate the interaction
of autoimmunity and hyperlipidemia in renal disease.
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