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ABSTRACT
Reduced serum levels of the calcification inhibitor fetuin-A associate with increased cardiovascular
mortality in dialysis patients. Fetuin-A– deficient mice display calcification of various tissues but notably
not of the vasculature. This absence of vascular calcification may result from the protection of an intact
endothelium, which becomes severely compromised in the setting of atherosclerosis. To test this
hypothesis, we generated fetuin-A/apolipoprotein E (ApoE)-deficient mice and compared them with
ApoE-deficient and wild-type mice with regard to atheroma formation and extraosseous calcification.
We assigned mice to three treatment groups for 9 wk: (1) Standard diet, (2) high-phosphate diet, or (3)
unilateral nephrectomy (causing chronic kidney disease [CKD]) plus high-phosphate diet. Serum urea,
phosphate, and parathyroid hormone levels were similar in all genotypes after the interventions.
Fetuin-A deficiency did not affect the extent of aortic lipid deposition, neointima formation, and
coronary sclerosis observed with ApoE deficiency, but the combination of fetuin-A deficiency, hyperphosphatemia, and CKD led to a 15-fold increase in vascular calcification in this model of atherosclerosis.
Fetuin-A deficiency almost exclusively promoted intimal rather than medial calcification of atheromatous
lesions. High-phosphate diet and CKD also led to an increase in valvular calcification and aortaassociated apoptosis, with wild-type mice having the least, ApoE-deficient mice intermediate, and
fetuin-A/ApoE-deficient mice the most. In addition, the combination of fetuin-A deficiency, high-phosphate diet, and CKD in ApoE-deficient mice greatly enhanced myocardial calcification, whereas the
absence of fetuin-A did not affect the incidence of renal calcification. In conclusion, fetuin-A inhibits
pathologic calcification in both the soft tissue and vasculature, even in the setting of atherosclerosis.
J Am Soc Nephrol 20: 1264 –1274, 2009. doi: 10.1681/ASN.2008060572

Hemodialysis (HD) patients experience a cardiovascular mortality of up to 20% per year, and
vascular calcification is a strong independent risk
factor of cardiovascular death.1,2 Pathologic calcification is driven both by an elevated serum calcium phosphate product and by differentiation
of vascular or mesenchymal cells into osteoblastlike cells, becoming mineralization competent.
Serum is a metastable solution with respect to calcium phosphate precipitation. Once started, calcification proceeds rapidly in the presence of calcifiable
templates such as collagen, elastin, and cell debris.3–5
Fetuin-A accounts for approximately 50% of the ca1264
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pacity of serum to inhibit the spontaneous apatite formation from solutions supersaturated in
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calcium and phosphate.6 The inhibition is achieved by rapid
formation of soluble colloidal fetuin-A calcium phosphate
complexes, termed calciprotein particles (CPPs).7–9
We previously showed that HD and calciphylaxis patients have
depressed fetuin-A serum levels accompanied by a reduced capacity of their serum to inhibit calcium phosphate precipitation.5 In
cross-sectional studies in HD patients, fetuin-A deficiency was
identified as an inflammation-related predictor of cardiovascular
and all-cause mortality, respectively.10,11 In patients without
chronic kidney disease (CKD), fetuin-A levels correlated inversely
with advanced coronary calcification.12,13 Fetuin-A– deficient
(Ahsg⫺/⫺) mice maintained on the DBA/2 background exhibit a
fully penetrating phenotype with extensive soft tissue calcification, whereas C57BL/6 Ahsg⫺/⫺ mice represent “borderline calcifying” mice whereby rapid calcification can be induced by additional metabolic challenges or induction of CKD.5,14
Calcification of the aorta or larger vessels is conspicuously
absent in Ahsg⫺/⫺ mice; therefore, the role for fetuin-A as an
inhibitor of vascular calcification was uncertain.15,16 Absent
vascular calcification in Ahsg⫺/⫺ mice may be related to the
protective mechanisms by an intact endothelium, which is severely compromised in humans with atherosclerosis and thus
may serve as a nidus for subsequent calcification. To test this
hypothesis, we created Ahsg⫺/⫺/apolipoprotein E double-deficient (ApoE⫺/⫺) mice maintained on the C57BL/6 genetic
background to dissect the contribution of fetuin-A, CKD, and
an elevated calcium-phosphorus product (Ca ⫻ P) to the development of atheroma formation and vascular calcification in
an established murine model of atherosclerosis.
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RESULTS
Calcifying Atherosclerosis in Ahsg/ⴚ/ⴚApoEⴚ/ⴚ Mice
after Induction of CKD

In this study, we used a combination model of genetic fetuin-A
deficiency and induced CKD caused by unilateral nephrectomy
(Nx) plus high-phosphate (HP) diet in 8-mo-old mice. Interventions were performed in wild-type (wt), ApoE⫺/⫺, and
Ahsg⫺/⫺/ApoE⫺/⫺ mice, respectively, resulting in nine different groups. Mice generally recovered well from surgery. Mortality
within the first 7 d after Nx was ⬍10%. HP diet and especially
HP-Nx treatment were associated with increased mortality at later
time points and was most pronounced in ApoE⫺/⫺ and Ahsg⫺/
⫺/ApoE⫺/⫺ mice, reaching 30% (Figure 1). Significant weight
loss (Figure 1) was observed only after HP-Nx treatment and was
comparable in all three genotypes (groups 3, 6, and 9 versus 1; P ⬍
0.001). A total of 143 mice reached the end of the study.
Serum Chemistry

All mice that underwent unilateral Nx and were kept on an HP
diet developed CKD. Disease was associated with roughly 25%
increased blood urea nitrogen (BUN; groups 3, 6, and 9 versus
1; P ⬍ 0.001) and 40% increased creatinine (data not shown).
Genotype or HP diet alone did not affect serum BUN or serum
J Am Soc Nephrol 20: 1264 –1274, 2009
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Figure 1. Serum chemistry, BUN, total calcium, phosphate, intact parathyroid hormone (PTH), total cholesterol, body weight,
and mean arterial pressure (MAP) in various treatment groups of
wt (f), ApoE⫺/⫺ (u), and Ahsg⫺/⫺/ApoE⫺/⫺ (䡺) mice. The
columns represent means ⫾ SD. *P ⬍ 0.05 versus group 1; aP ⬍
0.05 between low phosphorus (LP) and matched HP group (1
versus 2; 4 versus 5; 7 versus 8); bP ⬍ 0.05 between CKD and
matched control group (1 versus 3; 4 versus 6; 7 versus 9).
Numbers of mice reaching the end of the study as well as total
animal numbers (in parentheses) of every group are given.

calcium levels (Figure 1, top two panels). HP diet did, however,
increase serum phosphate. The rise was significant (30 to 50%)
in nonoperated mice and attained frank hyperphosphatemia
(100%) in the HP-Nx groups (groups 3, 6, and 9 versus 1; P ⬍
0.001). Again, the genotype did not affect serum phosphate
levels. HP diet was associated with a roughly five-fold increase
of serum parathyroid hormone that was further increased (20fold) upon HP-Nx treatment (groups 3, 6, and 9 versus 1; P ⬍
0.001). Again, the changes were independent of genotypes. Serum calcium levels were reduced significantly in all mice after
Fetuin-A/ApoE Double-Knockout Calcification
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HP-Nx treatment. This reduction was most pronounced in
Ahsg⫺/⫺/ApoE⫺/⫺ mice on HP-Nx (group 9 versus 1; P ⬍
0.001). Likewise, serum albumin was reduced in Ahsg⫺/⫺/
ApoE⫺/⫺ mice upon HP-Nx treatment (group 9 versus 1; P ⬍
0.001; data not shown). As expected, ApoE deficiency was associated with hypercholesterolemia. Fetuin-A deficiency did
not affect cholesterol levels in Ahsg⫺/⫺/ApoE⫺/⫺ mice (Figure 1). We detected a stepwise increase of serum cholesterol
levels in all three genotypes upon HP treatment (15%) and
upon HP-Nx treatment (40%), attaining statistical significance in ApoE⫺/⫺ mice (group 6 versus 4; P ⬍ 0.05). Fetuin-A
serum levels in wt mice were not affected by HP or HP-Nx
treatment (data not shown).
Blood Pressure

Mean arterial pressure was similar in all genotypes of the same
treatment groups (Figure 1, bottom). We detected a small rise
in mean arterial pressure in HP-Nx–treated mice compared
with control mice, which failed to reach statistical significance.
We detected no statistically significant differences of systolic,
diastolic, or pulse pressure measurements in the various treatment groups (data not shown).
Analysis of Atherosclerotic Lesions

We quantified atherosclerotic lesion development by histomorphometry of Oil Red O–stained en face preparations of
thoracic aortas (Figure 2, A, D, E, and F). We also analyzed
intimal lesion size on serial sections of the aortic root stained
with Masson’s trichrome (Figure 2, B, G, H, and I). Both techniques independently confirmed the observation that fetuin-A
deficiency was not associated with atheroma formation in the
aorta, whereas ApoE deficiency was always associated with atherosclerotic lesions. HP and HP-Nx treatment did not significantly change atheroma size (group 5 or 6 versus 4; group 8 or
9 versus 7). Atheroma plaque formation in ApoE⫺/⫺ mice
starts retrovalvular in the aortic sinus and gradually disperses
toward the coronary arteries.17,18 To quantify late plaque formation, we therefore investigated lesion progression in the
common coronary arteries. We detected no difference in atheroma formation between ApoE⫺/⫺ and Ahsg⫺/⫺/
ApoE⫺/⫺ mice (Figure 2, C, J, K, and L). Both genotypes
showed coronary lesions in 50% of the mice, gradually increasing to 80% in HP-Nx mice (group 6 and 9). Only two of 18 wt
mice exhibited coronary lesions after HP-Nx treatment,
whereas all other wt mice had no coronary atheromas at all.
Vascular Calcification

We quantified vascular calcification using von Kossa–stained
serial sections of the aortic root (Figure 3, A, D, E, and F). Wt
mice exhibited small spotty calcifications that slightly increased in size and number in the HP-Nx treatment group.
Ahsg⫺/⫺/ApoE⫺/⫺ mice on HP diet sustained 10-fold increased aortic calcification compared with wt mice (group 8
versus 2; P ⬍ 0.001). Unilateral Nx in combination with HP
diet was associated with a 15-fold increase in vascular calcifi1266

Journal of the American Society of Nephrology

cation in Ahsg⫺/⫺/ApoE⫺/⫺ mice compared with wt mice
(group 9 versus 3; P ⬍ 0.001). Of note, the same treatment in
ApoE⫺/⫺ mice was associated with a significantly lower level
of aortic calcification (group 9 versus 6; P ⬍ 0.01) than in
Ahsg⫺/⫺/ApoE⫺/⫺;mice, demonstrating that fetuin-A deficiency enhanced vascular calcification in ApoE-deficient mice.
Moreover, ulcerating calcifying plaques staining positive for
AnnexinV indicative of apoptosis (Figure 3K) were more frequent in the aortas of double-deficient mice compared with wt
and ApoE⫺/⫺ mice (group 3: 5%; group 6: 30%; group 9:
65%; Figure 3, C and J). Quantitative histomorphometry of the
common coronary arteries corroborated the enhanced vascular calcification phenotype of Ahsg⫺/⫺/ApoE⫺/⫺ mice (Figure 3, B, G, H, and I): The greatest extent of coronary calcification was detected in the Ahsg⫺/⫺/ApoE⫺/⫺ mice upon HP
and HP-Nx treatment (Figure 3, B and I).
Phenotypic Characterization of Calcifying Aortic Tissue

A detailed analysis of calcification in the media layer of the
aorta versus the intima/plaque area showed that the vast majority of calcification occurred in the intima/plaque area (Figure 4, A and B). The calcified part of the intima/plaque area of
a typical cross-section of an aorta greatly increased with HP,
Nx, and lack of fetuin-A. It attained values in excess of 100,000
m2, or 0.1 mm2, when all three risk factors of calcification
were combined (group 9). In contrast, the calcified part of a
typical cross-section of an aorta was 100-fold lower and ranged
from 800 to 3000 m2 in the media regardless of the treatment.
The differences between treatment groups were statistically insignificant because of high variation and low incidence. Atherosclerotic calcification is associated with apoptosis of vascular or invaded cells that start and perpetuate pathogenesis. To
assess the amount of apoptosis, we performed fluorescence
terminal deoxynucleotidyl transferase–mediated digoxigenindeoxyuridine nick-end labeling histochemistry on aorta sections. We expressed the amount of apoptosis as percentage of
vascular wall area covered by positive signal, as detailed in Figure 3L. The autofluorescent elastic lamina was excluded from
the analysis unless brightly fluorescent spots the size of cell
nuclei were detected. Using histomorphometry, we determined that the area covered by apoptotic nuclei gradually increased from 0 in untreated mice to 1.5% in mice with the
highest incidence of calcification (group 9; Figure 4C). Like the
calcified lesions, apoptotic nuclei almost exclusively mapped
to the intima/plaque area of the aorta sections. Usually, atherosclerotic calcification is associated with both macrophages and
smooth muscle cells; therefore, we assessed calcification in the
context of the cell type directly juxtaposed to it. We analyzed
the differential gene expression of osteopontin (OPN; a marker
for reactive macrophage activity19), matrix GLA protein
(MGP; an aorta-specific inhibitor of media calcification20),
and SM22-␣ (vascular smooth muscle cell marker) by quantitative reverse transcriptase–PCR. Figure 4, D through F, shows
the fold change for each treatment group compared with untreated wt mice. OPN and MGP expression markedly inJ Am Soc Nephrol 20: 1264 –1274, 2009
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Figure 2. Atherosclerotic lesion histomorphometry at different vascular sites in wt (f), ApoE⫺/⫺ (u), and Ahsg⫺/⫺/ApoE⫺/⫺ (䡺)
mice and representative photomicrographs of en face–mounted Oil Red O–stained aortas or stained tissue sections. (A) Atherosclerotic
lesion size estimated from Oil Red O–stained whole-mount aortas as depicted on the right for experimental groups 3, 6, and 9 (D, E,
and F). (B) Intima thickness (int) determined from serial sections cut through the aortic root displaying the aortic sinus and the aortic valve
leaflets (lft) after Masson’s trichrome staining as depicted on the right for experimental groups 3, 6, and 9 (G, H, and I). (C) Incidence of
coronary sclerosis. Representative sections of the experimental groups 3, 6, and 9 (J, K, and L) after Masson’s trichrome staining depict
proximal coronary arteries (circles). All values in groups 4 through 9 differed significantly from the matching values in groups 1 through
3 (P ⬍ 0.05). Numbers of mice reaching the end of the study as well as total animal numbers (in parentheses) of every group are given.

creased after HP-Nx treatment, especially in the Ahsg⫺/⫺/
ApoE⫺/⫺ mice. This finding confirmed and extended our
previous study in fetuin-A single-deficient mice14 in that OPN
expression closely paralleled the steady increase in vascular calcification throughout the nine treatment groups (Figure 3D).
MGP expression preceded calcification in that MGP was already upregulated by HP and HP-Nx in wt mice that barely
showed calcification (groups 2 and 3). Interestingly, the highest increase of MGP expression occurred in HP-Nx–treated
J Am Soc Nephrol 20: 1264 –1274, 2009

mice independent of genotype, suggesting that MGP upregulation may be a protective response in uremia-associated calcification, which is known to affect mostly the tunica media, the layer
that naturally expresses the highest amount of MGP.21 No change
in SM22-␣ marker expression was visible, regardless of treatment.
Heart Calcification

We analyzed myocardial calcification using serial sections
through the aortic root and von Kossa staining (Figure 5A, E, F,
Fetuin-A/ApoE Double-Knockout Calcification
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Figure 3. (A through C) Vascular calcification histomorphometry of von Kossa–stained tissue sections of (A) aorta calcification, (B)
coronary artery calcification, and (C) ulcerating plaque incidence in the various treatment groups of wt (f), ApoE⫺/⫺ (u), and
Ahsg⫺/⫺/ApoE⫺/⫺ (䡺) mice. (D through I) Representative photomicrographs are depicted on the right for the treatment groups 3 (D
and G), 6 (E and H), and 9 (F and I). (J) A type 5b calcified plaque stained with von Kossa. The tissue was not decalcified before
sectioning and thus partially ruptured. (K) A similarly large calcified atherosclerotic lesion stained strongly positive with hematoxylin,
suggesting proteinaceous calcified debris, and also AnnexinV (brown stain), indicating apoptosis close to the calcified border region
of the plaque. (L) Apoptosis in the aorta wall was further analyzed by fluorescence terminal deoxynucleotidyl transferase–mediated
digoxigenin-deoxyuridine nick-end labeling staining. Note that the elastic layer of the tunica media (white arrows) is autofluorescent.
White broken lines encircle strongly positive nuclei of apoptotic cells in an extended atherosclerotic plaque (group 9). The columns in
A through C represent means ⫾ SD. *P ⬍ 0.05 versus group 1; aP ⬍ 0.05 between LP and matched HP group (1 versus 2; 4 versus 5;
7 versus 8); bP ⬍ 0.05 between CKD and matched control group (1 versus 3; 4 versus 6; 7 versus 9); cP ⬍ 0.05 between
Ahsg⫺/⫺/ApoE⫺/⫺ and matched ApoE⫺/⫺ group (4 versus 7; 5 versus 8; 6 versus 9). Numbers of mice reaching the end of the study
as well as total animal numbers (in parentheses) of every group are given.

and G). Wt and ApoE⫺/⫺ mice exhibited no visible calcification, not even on HP diet. Combined HP-Nx treatment induced small-size calcifications in approximately 10% of the wt
mice and in 20% of the ApoE⫺/⫺ mice, respectively. In contrast, myocardial calcification was shown in 25% of Ahsg⫺/⫺/
ApoE⫺/⫺ mice on HP diet, and combined HP-Nx treatment
was associated with overt calcification in ⬎90% of the Ahsg⫺/
⫺/ApoE⫺/⫺ mice (Figure 5, A and G).
1268
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The histologic results were confirmed by the chemical calcium analysis in myocardial tissue (Figure 5B). Wt and
ApoE⫺/⫺ mice showed no significant increase in tissue calcium after HP or HP-Nx treatment. In contrast, Ahsg⫺/⫺/
ApoE⫺/⫺ mice displayed severe tissue calcification on HP-Nx
treatment with a 20-fold increase in tissue calcium (group 9
versus all other groups; P ⬍ 0.001).
Next, we quantified aortic valve calcification by histomorJ Am Soc Nephrol 20: 1264 –1274, 2009
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Figure 4. (A and B) Phenotypic characterization of calcifying aorta tissue. (C) Apoptosis was assessed histochemically and expressed
as percentage of vascular wall area. (D through F) Differential expression of OPN (marker for reactive macrophage activity; D), MGP
(tissue restricted inhibitor of media calcification; E), and SM22-␣ (vascular smooth muscle cell marker; F). mRNA was analyzed by
quantitative reverse transcriptase–PCR as detailed in the Concise Methods section. Shown is the fold change compared with untreated
wt mice. The columns represent means ⫾ SD. *P ⬍ 0.05 versus group 1; aP ⬍ 0.05 between LP and matched HP group (1 versus 2; 4
versus 5; 7 versus 8); bP ⬍ 0.05 between CKD and matched control group (1 versus 3; 4 versus 6; 7 versus 9); cP ⬍ 0.05 between
Ahsg⫺/⫺/ApoE⫺/⫺ and matched ApoE⫺/⫺ group (4 versus 7; 5 versus 8; 6 versus 9). Histologic sections and mRNA expression levels
were scored in 10 mice for each treatment group.

phometry using serial sections through the aortic root and von
Kossa staining. We detected a gradual increase of calcified
valve area, which was positively correlated with the HP and Nx
treatments as well as with ApoE and Ahsg genotypes (Figure
5C). Compared with wt mice, a significant increase in aortic
valve calcification was identified in ApoE⫺/⫺ and Ahsg⫺/⫺/
ApoE⫺/⫺ mice upon HP as well as HP-Nx treatment. Again,
Ahsg⫺/⫺/ApoE⫺/⫺ mice upon HP-Nx treatment exhibited
the highest increase in valvular calcification, reaching a fivefold increase compared with wt control mice (group 9 versus 1;
P ⬍ 0.001).
Kidney Calcification

Renal tissue calcium content was indistinguishable in all control mice (groups 1, 4, and 7) ranging from 2.1 to 3.4 mg/g dry
wt. Likewise, renal calcium content in all three genotypes studied increased on HP diet (12-fold, group 1 versus 2, 5, and 8)
and combined HP-Nx treatment (40-fold, group 1 versus 3, 6,
and 9; P ⬍ 0.001; Figure 5).

DISCUSSION

In this study, we assessed the role of fetuin-A in the development of vascular calcification using various combinations of
fetuin-A deficiency, high dietary phosphate administration,
J Am Soc Nephrol 20: 1264 –1274, 2009

mild renal failure, and murine atherosclerosis. Importantly,
these studies were performed on the relatively calcificationresistant genetic background C57BL/6,22 allowing us to test
interventions further aggravating calcification, which would
not have been possible in mice with the calcification-prone
DBA/2 background. In our study, we first ascertained that fetuin-A deficiency did not alter atherosclerosis formation when
combined with ApoE⫺/⫺ mice, a well-established murine
model of atherosclerosis. In addition, we also found that fetuin-A deficiency added to the ApoE⫺/⫺ genotype did not
affect the calcium-phosphate metabolism and the development of secondary hyperparathyroidism, at least during the
course of the study. The model therefore seems suitable to
investigate the relative contributions of fetuin-A, atherosclerotic vascular damage, hyperphosphatemia, and CKD to extraosseous calcification.
The major finding of this study is that the combination of
atherosclerotic vascular damage, hyperphosphatemia, and
CKD with fetuin-A deficiency leads to a marked increase in
vascular calcification. The data extend our previous work,
which showed that the combination of hyperphosphatemia,
CKD, and fetuin-A deficiency in C57BL/6 mice augmented
extraosseous calcifications, for example, in the myocardium
but spared the vasculature.14 Thus, this model is more in line
with the human situation, whereby depressed fetuin-A levels
are particularly devastating in patients who have CKD with
Fetuin-A/ApoE Double-Knockout Calcification
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Figure 5. Soft tissue calcification quantified by calcium analysis of tissue extracts and illustrated by von Kossa–stained tissue sections
in various treatment groups of wt (f), ApoE⫺/⫺ (u), and Ahsg⫺/⫺/ApoE⫺/⫺ (䡺) mice. (A and B) Myocardial calcification incidence and
extent, respectively. (C) Aortic valve calcification. (D) Kidney calcification. (E through M) Representative photomicrographs are depicted
on the right for the treatment groups 3 (E, H, and K), 6 (F, I, and L) and 9 (G, J, and M). The columns represent means ⫾ SD. *P ⬍ 0.05
versus group 1; aP ⬍ 0.05 between LP and matched HP group (1 versus 2; 4 versus 5; 7 versus 8); bP ⬍ 0.05 between CKD and matched
control group (1 versus 3; 4 versus 6; 7 versus 9); cP ⬍ 0.05 between Ahsg⫺/⫺/ApoE⫺/⫺ and matched ApoE⫺/⫺ group (4 versus 7;
5 versus 8; 6 versus 9). Numbers of mice reaching the end of the study as well as total animal numbers (in parentheses) of every group
are given.

associated increases in calcium and phosphorus load. In this
population, depressed fetuin-A serum levels are associated
with more extensive vascular23 and valvular24 calcification in
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cross-sectional analyses and with increased cardiovascular and
all-cause mortality longitudinally.10,11,25 This experimental
work is also in accordance with recent epidemiologic studies in
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humans demonstrating that reduced fetuin-A serum levels are
associated with higher incidence of valvular calcification in
patients with coronary artery disease, even in the absence of
CKD.13
Our second major finding is that fetuin-A deficiency almost
exclusively enhanced intimal calcification of atheromatous lesions. Calcification strongly correlated with the extent of apoptosis in the calcifying intima lesions and with the amount of
OPN expressed. Assuming that the continued buildup of calcified debris in the absence of fetuin-A may cause apoptosis in
macrophages as it does in smooth muscle cells,26 it is tempting
to speculate that calcification greatly enhances the vicious cycle
of phagocytosis, apoptosis, etc. so well established in atherosclerosis-promoting macrophages laden with oxidized lipids.27
Intimal calcification patterns characterize older patients with
CKD,28 whereas younger patients typically exhibit calcifications of the vascular media.29 Our murine observations suggest
that fetuin-A may help to prevent intima calcification but has
little influence on media calcification and, as an alternative
explanation, that only the intima, not the media, is damaged in
this murine model and that such damage is a prerequisite for
calcification. Furthermore, our observations point to maintained protection of the vascular media even in the combination of double-deficient mice with hyperphosphatemia and
CKD. A prime candidate in this respect is the local calcification
inhibitor MGP, which mainly influences media calcification.21,30 Interestingly, MGP was most strongly upregulated
after HP/Nx treatment, even in wt mice (Figure 4E, groups 3, 6,
and 9) suggesting that MGP upregulation may be an adaptive
response preventing imminent media calcification. Against
this background, studies on the regulation and activation state
of MGP in calcifying Ahsg⫺/⫺/ApoE⫺/⫺ mice will be of interest to gain further insight into a potential collaboration of
calcification inhibitory proteins.
The third major finding was that the combination of fetuin-A deficiency, HP diet, and CKD in ApoE⫺/⫺ mice greatly
enhanced myocardial calcifications, whereas renal calcifications were independent of the fetuin-A genotype. Myocardial
calcifications were exacerbated to an extent, which already had
been shown to induce myocardial stiffness, cardiac fibrosis,
diastolic dysfunction, and catecholamine resistance in fetuinA– deficient mice on the calcification-prone genetic background DBA/2.16 The role of ApoE deficiency seems low in this
context, because we showed previously that one of the key
consequences of combining hyperphosphatemia and CKD in
fetuin-A– deficient C57BL/6 mice was enhanced calcification
of the myocardium.14
Taken together, a clear picture of fetuin-A in the prevention
of soft tissue and vascular calcification emerges, in that fetuin-A exerts a decisive role as an inhibitor of pathologic calcification at multiple stages of disease progression: First, fetuin-A together with further acidic serum proteins acts as a
mineral chaperone stabilizing colloidal calcium phosphate
complexes as CPPs.7,9 Calcium phosphate stabilization in the
form of CPPs is cytoprotective in that it prevents vascular
J Am Soc Nephrol 20: 1264 –1274, 2009
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smooth muscle cell and presumably also macrophage apoptosis triggered by calcium phosphate.26 This slows down atheroma formation, which—like calcification—is much faster in a
dystrophic environment rich in apoptotic and necrotic cells.31
In the absence of fetuin-A as a stabilizer of CPP and enhancer
of apoptotic cell clearing,32 remodeling is inefficient and calcified cellular debris accumulates into calcified lesions. Progressively, the environment of calcified atherosclerotic lesions may
trigger osteogenic differentiation of tissue resident26,33 or circulating mesenchymal precursor cells,34,35 thereby turning calcification into true osteogenesis as in human cardiac valves.36
We did not observe true bone formation in any of the calcified
lesions of our mice despite strong expression of the bone-related protein OPN in fetuin-A– deficient mice.14,19 We suggest
that OPN is mainly produced by reactive macrophages in an
attempt to clear the calcified lipidic debris.3,19 Others have reported true osteogenesis and calcifying chondrogenesis in
ApoE-deficient mice37 and LDL receptor– deficient mice, respectively.38 Unlike here, those mice however, were, fed a
proatherogenic diet. Vascular osteogenesis as observed in humans is a late event in disease progression and may simply take
more time to develop than the lifespan of mice on normal diet.
We conclude that the Ahsg⫺/⫺/ApoE⫺/⫺ mice may be
ideally suited to elucidate the contribution of various risk factors of cardiovascular disease, including the role of circulating
mesenchymal precursors in the pathology of vascular calcification. Furthermore, this in vivo model of vascular and dystrophic tissue calcification may serve as a valuable test ground for
therapeutic strategies.

CONCISE METHODS
Animals and Diets
The local animal welfare committee approved our animal study protocol. We generated Ahsg⫺/⫺/ApoE⫺/⫺ mice by mating Ahsg⫺/⫺
mice (B6-Ahsgtm1wja N15) with ApoE⫺/⫺ mice (B6.129P2ApoEtm1Unc N11), purchased from Taconic (Tornbjerg, Denmark)).
Both strains were maintained on a C57BL/6 genetic background.
Genotyping was performed by PCR of fetuin-A5 or ApoE39 as published. Mice were maintained in a temperature-controlled room on a
12-h day/night cycle. Food and water were given ad libitum. Before
entering the study, all mice received standard phosphate chow (Altromin 1324; Altromin GmbH, Lage, Germany) containing 0.9% calcium, 0.7% Pi, 4% fat, and 19% protein (mainly soy grist). Mice
receiving HP diet (Altromin C1049) containing 0.95% calcium,
1.65% phosphate, 4.5% fat, and 17% protein (mainly casein) were
switched from standard phosphate to HP diet 1 wk after unilateral Nx
or no operation. Mice were killed 9 wk after surgery; 143 mice reached
the end of the study. Altogether, nine treatment groups entered the
analysis. Wt mice on standard diet comprised group 1, on HP diet
group 2, and on HP-Nx treatment group 3. ApoE⫺/⫺ mice treated
accordingly comprised groups 4 through 6, and Ahsg⫺/⫺/ApoE⫺/⫺
mice treated accordingly comprised groups 7 through 9, as detailed in
the figures.
Fetuin-A/ApoE Double-Knockout Calcification

1271

BASIC RESEARCH

www.jasn.org

Surgical Procedures
Mild CKD was achieved by unilateral Nx. Mice 8 mo of age were
anesthetized by intraperitoneal injection with ketamine/xylazine (100
mg of ketamine and 5 mg of xylazine per kg body weight) and subjected to left-sided Nx. The mice generally recovered well from surgery; perioperative mortality was ⬍10%. Mice were fed standard
chow or HP diet for 9 wk. At the end of the experiments, mice were
anesthetized with isoflurane, exsanguinated, and perfused with 10 ml
of PBS; and kidney, heart, and aortic tissues were collected. For histologic analysis and detection of aortic calcification, the heart with the
aortic root was separated from the distal aorta and snap-frozen as
described previously.40 One half of each kidney was separately fixed in
10% buffered formalin. The remaining tissues (heart and kidney)
were processed for chemical analysis.

Systemic Parameters
Systemic BP was determined using an automated tail-cuff system
(BP-2000 Series II Blood Pressure Analysis System; http://www.visitechsystems.com) in conscious mice that were acclimated to the procedure according to the standard protocol of the Jackson Laboratory
(http://pga.jax.org/protocol_005.html). Each measurement was repeated three times for every mouse. The mice were weighed at the
beginning and at the end of the experiment. Blood was drawn by
retro-orbital bleeding. Serum was harvested by centrifugation at
1000 ⫻ g and stored at ⫺80°C until assayed for Ca, Pi, C-reactive
protein, albumin, cholesterol, and BUN as described previously.5
Parathyroid hormone was determined by a commercial ELISA (Immutopics, San Clemente, CA). Fetuin-A serum levels were determined by immunoblotting. Serum was fractionated on 10% polyacrylamide gels, blotted to nitrocellulose, and probed with polyclonal
rabbit anti-mouse fetuin-A antibody at a dilution of 1:5000 in ABC
buffer (PBS with 5% skim milk and 0.1% Tween 20) for 1 h at 37°C.
After washing the blots with PBS including 0.1% Tween 20, secondary
antibody conjugated with horseradish peroxidase (Vector Laboratories, Burlingame, Ca) was added at a dilution of 1:5000 in ABC buffer
for 1 h at 37°C. Bound antibody was detected by chemiluminescence
using luminol and x-ray film. Fluorographs were analyzed using a
flatbed scanner and the Multianalysis software package (Biorad, Munich, Germany).

Quantification of Atherosclerotic Lesions
Cryosections, 8 m thick, were cut from the proximal aorta starting at
the end of the aortic sinus. Cryosections were stained with Oil Red O
and counterstained with hematoxylin (Sigma, Taufkirchen, Germany). Adjacent sections were stained with Masson’s trichrome stain
for fibrosis and with von Kossa stain for calcification as described
previously.14 Quantitative analysis of lesions was performed using
ImageJ histomorphometry software on at least six sections from each
mouse. Morphology of the coronary artery was investigated on the
descending part of the proximal vessels where the vessel diameter was
⬎250 m. The degree of atherosclerosis of the entire aorta was determined using Oil Red O staining of en face–prepared aortas as described previously with minor modifications.40 Briefly, the mice were
perfused with ice-cold PBS, and the thoracic aorta was removed,
pinned out flat on a wax surface, sliced open starting from the aortic
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root, and stained with Oil Red O. The aortas were then photographed,
and the entire lesion areas were measured by histomorphometry using ImageJ software.

Quantification of Apoptosis
Cryosections cut through the aortic root at the level of the aortic
valve were chosen for analysis and stained with the in situ cell death
detection kit according to the instructions (Roche Applied Sciences, Mannheim, Germany). Quantification of positive fluorescence was performed with computer-aided fluorescence microscopy (ImageJ software) and normalized to the total area of the
vessel wall. Autofluorescence of the elastic lamellae in the tunica
media was neglected.

RNA Isolation and Quantitative Reverse Transcription
Real-Time PCR
Messenger RNA was extracted using commercial kits RNAlater and
RNeasy (Qiagen, Hilden, Germany) with proteinase K digestion before RNA extraction to maximize mRNA yield. Integrity and amount
of mRNA were analyzed by capillary electrophoresis (Agilent Bioanalyzer 2100; Agilent Technologies, Böblingen, Germany). Reverse transcription and real-time PCR were performed with the ABI 7700 sequence detection system (PE, Applied Biosystems, Foster City, CA) as
described previously in detail.16 Intron-spanning primers were derived from EnsEmbl for OPN (ENSMUST00000031243; sense GACCATGAGATTGGCAGTGATTT, antisense GATCTGGGTGCAGGCTGTAAAG, probe FAM-ATTGCCTCCTCCCTCCCGGTGTAMRA) to yield an amplicon length of 116 bp; for MGP
(ENSMUST00000032342; sense GCAGAGGTGGCGAGCTAAAG,
antisense AGCGCTCACACAGCTTGTAGTC, probe FAMAGAGTCCAGGAACGCAACAAGCCTGC-TAMRA) to yield an amplicon length of 104 bp, and for SM22-␣ (ENSMUST00000034590;
sense ACGATGGAAACTACCGTGGAGAT, antisense GGCCTTCCCTTTCTAACTGATGA, probe FAM-TGAAGTCCCTCTTATGCTCCTGGGCTTTCT-TAMRA) to yield an amplicon length of 197
bp. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers
were derived from EnsEmbl entry ENSMUST00000086934 (sense
GGCAAATTCAACGGCACAGT,
antisense
AGATGGTGATGGGCTTCCC, probe FAM-AAGGCCGAGAATGGGAAGCTTGTCATC-TAMRA) to yield an amplicon length of 74 bp. Absolute
mRNA quantification of samples was achieved by co-amplification of
known quantities of pGEM-T plasmids (Promega, Madison, WI)
containing the cloned target genes (GAPDH, OPN, MGP, and SM22␣). Expression was normalized to 1 million copies of GAPDH mRNA
determined from the identical mRNA sample in each case. The expression level in untreated wt mice was arbitrarily assigned the value
1.0, and all other expression values were expressed as fold changes
thereof.

Quantification of Soft Tissue Calcification
Calcium was extracted overnight using 0.6 M HCl. After clearing the
tissue extracts by centrifugation (10,000 ⫻ g for 3 min), calcium was
determined using cresolphthalein complexone chemistry and a commercial kit (Randox Laboratories Ltd., Crumlin, England).
J Am Soc Nephrol 20: 1264 –1274, 2009
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Statistical Analysis
ANOVA with Tukey post hoc analysis was performed using GraphPad
Prism software (GraphPad, San Diego, CA) to estimate overall differences in non–size-matched experimental groups. Confidence intervals ⬎95% were regarded as significant.
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Merx MW, Schäfer C, Westenfeld R, Brandenburg V, Hidajat S, Weber
C, Ketteler M, Jahnen-Dechent W: Myocardial stiffness, cardiac remodeling, and diastolic dysfunction in calcification-prone fetuin-Adeficient mice. J Am Soc Nephrol 16: 3357–3364, 2005
Nakashima Y, Plump AS, Raines EW, Breslow JL, Ross R: ApoEdeficient mice develop lesions of all phases of atherosclerosis
throughout the arterial tree. Arterioscler Thromb 14: 133–140, 1994
Hu W, Polinsky P, Sadoun E, Rosenfeld ME, Schwartz SM: Atherosclerotic lesions in the common coronary arteries of ApoE knockout mice.
Cardiovasc Pathol 14: 120 –125, 2005
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