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ABSTRACT ARTICLE HISTORY
Background: Ectopic calcification (EC) involves multiple organ systems in chronic kidney disease Received 23 March 2023
(CKD). Previous CKD-animal models primarily focused on a certain histological abnormality but did Revised 19 June 2023
not show the correlation with calcified development among various tissues. This study compared ~ Accepted 19 June 2023
calcified deposition in various tissues during CKD progression in mice. KEYWORDS
Methods: Male 8-week-old C57BL/6J mice were randomly allocated to the seven groups: a basic, Chronic kidney disease;
adenine, high-phosphorus, or adenine and high-phosphorus diet for 12-16 weeks (Ctl16, A12, P16, ectopic calcification;

or AP16, respectively); an adenine diet for 4-6weeks; and a high-phosphorus or adenine and aorta; aortic valves;
high-phosphorus diet for 10-12weeks (A6+P10, A4+P12, or A4+AP12, respectively). kidney

Results: Compared to the Ctl16 mice, the P16 mice only displayed a slight abnormality in serum

calcium and phosphorus; the A12 mice had the most serious kidney impairment; the A4+P12 and

A6+P10 mice had similar conditions of CKD, mineral abnormalities, and mild calcification in the

kidney and aortic valves; the A4+AP12 and AP16 groups had severe kidney impairment, mineral

abnormalities and calcification in the kidneys, aortic valves and aortas. Furthermore, calcium-phosphate

particles were deposited not only in the tubulointerstitial compartment but in the glomerular and

tubular basement membrane. The elemental composition of EC in various tissues matched the

calcification of human cardiovascular tissue as determined by energy dispersive spectroscopy.

Conclusions: The severity of CKD was unparalleled with the progression of mineral metabolism

disorder and EC. Calcification was closely related in different tissues and observed in the glomerular

and tubular basement membranes.

NOVELTY & NOTEWORTHY

Previous CKD-animal models primarily focused on a certain histological abnormality but lacked investigations
of the interplay of EC in various tissues. This study compared calcified deposition in several tissues during
CKD progression in mice, which was closely related. The severity of CKD was unparalleled with the
development of ectopic calcification. Glomerular and tubular basement membrane calcification was detected
in CKD mice, which has been considered extremely rare in clinical.

GRAPHICAL ABSTRACT

Vascular, valvular, and kidney calcification manifested in mice models of adenine-
induced chronic kidney disease
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CONCLUSION

This study demonstrated that severity of CKD was unparalleled with the incidence and degree of mineral
metabolism disorder and ectopic calcification, calcification in different tissues was closely related and the
elemental composition of calcium-phosphate particles found in various tissues in mice matched the calcification of
human cardiovascular tissue. Besides, our study observed that calcium-phosphate particles were not only
deposited in the tubulointerstitial compartment, but in the and tubular basement . Therefore,
our models are valuable for exploring CKD-associated calcification.
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Introduction

Chronic kidney disease-mineral bone disease (CKD-MBD)
has been described as abnormalities in biochemical mark-
ers, skeletal abnormalities, and ectopic calcification (EC) [1].
All three manifestation components were gradually observed
with the progression of CKD. Cardiovascular calcification
(CVQ) including cardiac valvular and vascular calcification
(VC) was detected in 47-83% of patients in CKD stage 3-5
[1]. Previous studies have confirmed that CKD-associated
CVC was related to increased cardiovascular morbidity and
mortality [2-5], which was considered the highest cardio-
vascular risk (2A) in the latest clinical practice guideline
update [6]. Current treatment of CKD-associated CVC is
mainly targeted at lowering high serum phosphorus, con-
trolling hyperparathyroidism, and maintaining serum cal-
cium [6]. Nevertheless, these treatments have been proven
to slow the progression of VC to some extent [7-9]. Effective
therapeutic strategies for preventing and reversing CVC for-
mation are lacking.

EC is thought to involve hyperphosphatemia [10], an
imbalance between calcific inducers and inhibitors [11], the
osteogenic transformation of vascular smooth muscle cells
[12], impaired osteoclastic bone reabsorption activity [13],
the release of matrix vesicles and the deposition of
calcium-phosphate crystals in the extracellular matrix [14],
extracellular vesicles [15] and so on. However, the precise
mechanisms remain largely unexplored. Previous animal
models of CKD have focused on a certain histological abnor-
mality such as VC but have lacked investigations of the cor-
relation and interplay of EC progression among the vessels,
valves, and kidney, which is critical to understand the mech-
anisms of similar pathologies in different tissues and evaluate
the efficacy of therapeutic compounds on the evolution of
CKD-associated calcification. Therefore, it is valuable to better
mimic in vivo environments to construct reliable and stable
CKD-associated calcification, preclinical models.

A search of the literature was performed in the PubMed
database using the keywords [adenine] and [vascular calcifi-
cation], yielding 144 articles published between 2005 and
2022. Of those studies, most experimental objects were rats
and fewer than 20 studies involved mouse models. There
were significant differences in those studies with respect to
initial age, induction period, dosage, and combination mea-
sures [16-34]. The characteristics of previous relevant studies
about mouse model methods are summarized in
Supplementary 1. Moreover, many studies did not offer a
specific survival rate and success rate during the construction
period of the CKD-associated VC model.

Therefore, this study aimed to observe and compare cal-
cified deposition in various tissues including the kidney, aor-
tic valve, and aorta during the clinical course of CKD in mice,
which would make it feasible and reliable to determine the
underlying molecular and cellular mechanisms of similar
pathophysiological processes in different tissues and to eval-
uate the efficacy of therapeutic compounds on the evolution
of CKD-associated calcification simultaneously.

Methods
Animals

Male 7-week-old C57BL/6)J mice were obtained from Vital River
Laboratories (Zhejiang, China) and housed in a controlled envi-
ronment (3-5 animals/cage, 12:12-h light/dark cycle, 23+2°C,
humidity 50+10%, purified water). All animal experiments were
performed according to standard guidelines for the care and use
of laboratory animals. All procedures were approved by the
Institutional Animal Care and Use Committee of Southeast
University (No. 20190112009). We present this article in accor-
dance with the ARRIVE reporting checklist (Supplementary 2).

CKD-associated calcification models

After one week of acclimation feeding, male 8-week-old mice
(110 mice in total) were randomized into the following
groups. Mice were fed a basic diet without supplemental
adenine or phosphorus (Xietong Pharmaceutical
Bioengineering Co. Ltd. Nanjing, China) as the control group.
Mice in the different experimental groups were fed an ade-
nine diet (0.2% adenine, A8626, Sigma-Aldrich. Saint Louis,
USA), a high-phosphorus diet (1.8% phosphorus, Xietong
Pharmaceutical Bioengineering Co. Ltd. Nanjing, China) or a
compound diet containing 0.2% adenine and 1.8% phospho-
rus as appropriate. Food intake and body weight were mon-
itored weekly from 8 to 24weeks of age. Animals were
terminated at the twelfth or sixteenth week after induction
for the assessment of growth, kidney impairment, mineral
metabolism, secondary hyperparathyroidism, and EC.

Histology and pathological staining studies

For the generation of paraffin sections, tissues including kid-
neys, thoracic aortas, and hearts were isolated carefully and
fixed with 4% paraformaldehyde (BL539A, Biosharp,
Guangzhou, China) for 24h, embedded in paraffin, and cut at
2-um thickness. Sections were stained with hematoxylin and
eosin (H&E), Masson, and von Kossa (G1005 HE, G1006, and
G1043, Servicebio, Wuhan, China) as appropriate according to
standard protocols. Stained sections were scanned with a 40x
objective using a digital pathology slide scanner (Aperio CS2,
Leica Biosystems, Germany) and qualitative image analysis was
performed using pathology slide viewing software (Aperio
ImageScope, Leica Biosystems, Germany). Semiquantitative
analyses of calcification and fibrosis were performed using
Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).

Serum biochemical analyses

Serum levels of creatinine (Cr), blood urea nitrogen (BUN), cal-
cium (Ca), and phosphorus (P) were determined by spectropho-
tometry (Multiskan GO. Thermo Scientific) using commercial kits
(Cat no: CO11-2-1, CO13-2-1, C004-2-1, and C006-1-1, Nanjing
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Jiancheng Bioengineering, Nanjing, China) according to the man-
ufacturer’s instructions. Quantification of serum parathyroid hor-
mone (PTH) and fibroblast growth factor 23 (FGF23) was
performed using commercial enzyme-linked immunosorbent
assay kits (ELISA Cat no: E-EL-M0709c and E-EL-M2415c,
Elabscience, Wuhan, China) according to the manufacturer’s
instructions.

Calcium measurements

The commercial kit provided the tissue lysis solution (TLS) for
this experiment. Beforehand, the TLS was used to dilute hydro-
chloric acid (HCI) and generate 5mol/lI HCI-TLS. Kidney, abdom-
inal artery, and heart samples were isolated and weighed on
a precision balance. Then, tissues were added to a certain vol-
ume HCI-TLS according to the mass and ground sufficiently.
After standing for 1h at room temperature, the tissue homog-
enate was centrifuged. The calcium content in the supernatant
was measured by spectrophotometry using a commercial kit.
(S1063S, Beyotime, Shanghai, China). The calcium content was
normalized to the weight of the wet tissue.

SEM and EDS analyses

For the generation of samples for scanning electron micros-
copy (SEM) (HITACHI Regulus 8100), fresh tissues from the
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kidneys, abdominal arteries, and partial hearts including aor-
tic valves were fixed with 2.5% glutaraldehyde and 1% osmic
acid, dehydrated through graded ethanol and coated.
Samples were imaged by SEM operating at 10kV, which was
equipped with energy dispersive spectroscopy (EDS)
(AZtecLive Ultim Max 100). The EDS spectra were obtained in
the regions of interest using the spot and region mode,
which focused the beam on the selected region and pro-
vided a spatial resolution of 50 um.

Statistics

Data are presented as the means+SDs. Differences among
multiple groups were tested by one-way ANOVA with
Bonferroni correction for multiple comparisons. All statistical
tests were two-sided, with a value of p<0.05 defined as sig-
nificant. All statistical analyses were performed using
GraphPad Prism software, version 9.4 for Windows 10.

Results
Optimization of the adenine-fed CKD mouse model

Previous studies have shown that a high-phosphorus diet
induced arterial medial calcification in adenine-fed CKD mice on
a C57BL/6J background [16-24,26,28,33] (Supplementary 1).
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Figure 1. Comparison between basic and modified adenine diets and co

mpositions of the optimized diets. Changes of body weight (a), average food

intake (B), and survival rates (C) in mice fed a basic and modified adenine diet. (D) Proportion of nutritional ingredients in each kind of feed. (E) Total
energy and proportion of energetic substance in each kind of feed. Notes: (1) Recipe and nutritional ingredient of feed were shown in the supplementary

1; (2) the total energy (kcal/Kg) = [protein (g)*4+ carbohydrate (g)*4 +fa

t (g)*9]*10.
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Initially, to induce CKD, mice (N=20) were fed a diet containing
0.2% adenine added directly to the basic feed. However, the
food intake and body weight of all the basic-adenine-diet mice
decreased increasingly, and 80% of those animals died after the
fourth week of induction (Figure 1(A-C)). The dead mice were
significantly underweight. Visceral fat was rarely observed when
we dissected the only four remaining mice induced for 4weeks.
Then fat (7%), casein (7%), and sucrose (20%) were added to
the basic feed to increase the energy supply, improve taste and
conceal the taste and smell of adenine, which was then called
the modified basic feed. Adenine (0.2%) and phosphorus (1.8%)
were individually or simultaneously added to the modified basic
feed to form the modified adenine (0.2% adenine),
high-phosphorus  (1.8% phosphorus) or adenine and
high-phosphorus (0.2% adenine and 1.8% phosphorus) feed
(Figure 1(D-E), Supplementary 3). The body weight and food
intake were reduced at a significantly slower rate in the modi-
fied adenine-diet group than in the basic adenine-diet group
(Figure 1(A-B)). As shown in Figure 1(C), the new diet improved
the survival of mice and only one of the 20 mice fed the mod-
ified adenine diet for 6weeks died.

Comparisons of the survival rate, body weight, renal
impairment and mineral abnormalities in different diet
models

In the following experiments, C57BL/6 mice were randomly
divided into 8 groups (N=10/group): mice fed a modified
basic, adenine, high-phosphorus or adenine and
high-phosphorus diet (Ctl, A, P, or AP, respectively); mice fed
a modified adenine diet for 4-6weeks and then a modified
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high-phosphorus or adenine and high-phosphorus diet
(A4+P, A6+ P, A4+ AP, or A6+ AP, respectively). When the ter-
minal time was set at the 16™ week after the induction, the
mice from the Ctl, P, and A4+P groups achieved 100% sur-
vival and there was a survival rate of more than 80% in the
A4+ AP, A6+P, and AP groups (Figure 2(A)). All the mice from
the A and A6+AP groups died. Considering that more than
half of the mice survived at the 12t week after a modified
adenine diet, we fed another group in the modified adenine
diet (N=10) for 12weeks. Finally, there were 6 experimental
groups and one control group in this research as follows:
mice fed a modified (1) basic diet for 16 weeks (Ctl16, N=10);
(2) adenine diet for 12weeks (A12, N=6); (3) high-phosphorus
diet for 16weeks (P16, N=10); (4) adenine and
high-phosphorus diet for 16 weeks (AP16, N=9); (5) adenine
diet for 6 weeks and then a modified high-phosphorus diet
for 10weeks (A6+P10, N=9); (6) adenine diet for 4weeks
and then a modified high-phosphorus diet for 12weeks
(A4+P12, N=10); and (7) adenine diet for 4weeks and then
a modified adenine and high-phosphorus diet for 12weeks
(A4+AP12, N=8)(Figure 2(B)), with 100%, 60%, 100%, 90%,
90%, 100%, and 80% survival rates, respectively. During the
study period, the body weight was reduced in the A12 and
A4+ AP12 mice, continuously increased in the Ctl16 and P16
mice, exhibited a V shape in the A4+P12 and A6+P10 mice,
and approximately maintained in the AP16 mice in compari-
son to the level of 8-week-old mice before induction
(Figure 2(Q)).

When compared to the level of the Ctl16 group, the bilat-
eral renal weight was reduced in all other mouse groups

« C57BL 6J . .
el Infsrvention:
« Male

Weight: 20-23 g in different groups

modified basic diet

modified adenine diet

modified high-phosphorus diet

> Tissue

modified

and high

diet >

A 4 R B
+p
- AP
g - AeP
3 Appp | et
T - AG+AP
3 L
5 50 G
2 0
3 weeks |
Q
9
o
Ctl16
T T T 1 A12
0 4 8 12 16
Weeks
(0]
P16
357 e ctite - A2 & P16 ¥ AP16
-+ A6+P10 @ A4+P12 A4+AP12
- AP16
30 P ? >
P . 4 e L
e 17 7 I b
1

A6+P10

modified adenine diet >

modified high-phosphorus diet

> Harvest

BW(g)

A4+P12

dified adenine di}

modified high-phosphorus diet >

A4+AP12

dified adenine di} modified

p diet >

and high-p

weeks

Figure 2. Protocols for the study design and comparison of different diet modes in survival rate and body weight. (A) Probability of survival in different
diet groups throughout the study duration. (B) Schematic overview of the study design for different models. (C) Body weight in different models through-

out the study duration.


https://doi.org/10.1080/0886022X.2023.2228920

Cr (umol/l)

159
2.0 &
m
. .

15 - *
5 e g
E 1o E
5 ° «
o

0.54

o
S
& <

RENAL FAILURE 5

L

BUN (mmolfl)

*kkk

7000+

6000

5000

4000+
e

g
g
8
FGF23 (pg/ml)

PTH (pg/mi)

2000

1000

©

& ¥ AL

o o 0

R
& &
* K

Figure 3. Comparison of different diet modes in kidney impairment and mineral homeostasis disorder. Bilateral renal weight were shown in (a). serum
levels of (B) creatinine (Cr), (C) blood urea nitrogen (BUN), (D) calcium (Ca), (E) phosphorus (P), (F) parathyroid hormone (PTH) and (G) fibroblast growth
factor 23 (FGF23) were measured at the end of the experimental period. Data are the mean+SEM. ***¥p<0.0001, ***p<0.001, **p<0.01, *p<0.05 vs Ctl16,
determined by ANOVA with Bonferroni multiple comparison test. Samples in each group: Ctl16 (n=10), A12 (n=6), P16 (n=10), AP16 (n=9), A6+P10

(n=9), A4+P12 (n=10), and A4+AP12 (n=9).

except for P16, which was only approximately half the level in
the A12 and A4+AP12 mice (Figure 3(A)). Serum concentra-
tions of Cr and BUN were elevated 5 to 10 times in the A12
and A4+AP12 groups compared with the control values and
were increased significantly in the AP16 and A6+AP10 groups,
but no significant difference was observed in the P16 and
A4+P12 groups (Figure 3(B-C)). Serum concentrations of Ca
decreased in all groups on a special diet regardless of supple-
mental adenine or phosphorus, while elevation in serum con-
centration of P was seen in the P16, AP16, A6+P10, A4+P12
and A4+AP12 groups (Figure 3(D-E)). In addition, PTH has
dramatically increased in the A4+AP12, AP16, A6+P10, and
A4+ AP12 groups in descending order by serum concentration,
while FGF23 was increased significantly in the A4+AP12, A12,
AP16, and A6+P10 groups (Figure 3(F-G)).

Renal histology: Fibrosis, inflammation and calcification

The differences and characteristics in the histology of kidney
tissues among each group are shown in Figure 4. There was
no significant difference between Ctl16 and P16 mice (Figure
4(A1, 3, B1, 3)). Compared to the Ctl16 mice, kidney tissues
of all adenine-diet mice (the A12, AP16, A6+P10, A4+P12
and A4+AP12 groups) exhibited renal atrophy with a con-
tracted size and irregular surface (Figure 4(A2, 4-7, C2, 4-7)).
H&E staining in magnified images showed contracted glo-
merular capillary tuft, invasion of inflammatory cells and
atrophic renal tubules with thickening of the tubular base-
ment membrane, flattened epithelium with complete loss of
the brush border, and deposition of crystalline structures in

tubule lumens (Figure 4(B2, 4-7)). Masson staining indicated
interstitial fibrosis, protein casts and increasing mesangial
matrix that effaces the glomerular capillaries (Figure 4(E, F2,
4-7). All of the aforementioned findings indicated that
chronic nephropathy was successfully induced in the mice
fed an adenine diet. Further semiquantitative histopathologi-
cal analysis of the kidney by multiple comparisons showed
the following results (Figure 4(G,H)). The A12 mice had the
highest rate of glomerulus sclerosis and interstitial fibrosis,
followed by the A4+AP12, AP16, A6+P10, and A4+P12
groups. Mice from the A12 (Figure 4(B2, E2, F2, G, H)), AP16
(Figure 4(B4, E4, F4, G, H) and A4+ AP12 groups (Figure 4(B7,
E7, F7, G, H)) presented more severe renal injury as evi-
denced by the glomerulus sclerosis, tubular impairment,
interstitial inflammation, and interstitial fibrosis.

Von Kossa staining showed calcified deposition in kidney
tissues. There was no calcified deposition observed in the
Ctl16, A12, P16 and A4+P12 mice (Figure 4 C and D(1-3), 6).
Mild calcification appeared in the A6+P10 group (Figure 4:
C5) and moderate calcification in the AP16 group (Figure 4:
C4) with calcified deposition in the tubulointerstitial com-
partment involving tubular lumens (Figure 4(D4-5)) and renal
interstitium (Figure 4(D4)). Furthermore, there was wide-
spread and extensive calcification in the A4+AP12 group
(Figure 4(C7)). By comparing the continuous tissue slices
stained with H&E (Figure 4(B7); Figure 7(A, B)) and von Kossa
(Figure 4(E7); Figure 7(C,D)), calcified deposition was observed
in the glomerular and tubular basement membrane, parietal
layer of the renal capsule and renal small arteries apart from
the tubulointerstitial compartment.
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Figure 4. Representative histopathological images in renal tissues from different groups and semiquantitative analyses of glomerulus sclerosis and inter-
stitial fibrosis. Renal tissues were evaluated in each group using hematoxylin and eosin (H&E) (A1-7, B1-7), von Kossa (C1-7, D1-7), and Masson staining
(E1-7, F1-7). Invasion of inflammatory cells (green triangle), tubular luminal expansion (yellow triangle), protein casts (blue triangle and yellow square),
contracted glomerular capillary tuft (black triangle), calcified deposits in the tubulointerstitial compartment including tubular lumen (green arrowhead) and
interstitial (violet arrowhead), calcification in tubular basement membrane (yellow arrowhead), parietal layer of renal capsule (blue arrowhead), and renal
small arteries (black arrowhead), interstitial fibrosis (black square), matrix deposition in glomerular capillary tuft (green square). Semiquantitative analyses
of kidney injury were performed according to the proportion of sclerotic glomeruli based on H&E staining (G) and the percentage of fibrotic area based
on Masson staining (H). the proportion of sclerotic glomeruli were calculated as the number of sclerotic glomeruli divided by the total number of glomeruli
in the same 200x field view. Fibrotic area and the total renal tissue area were measured using Image-Pro plus (version 6.0). Data are the mean+SEM.
***%%p<0.0001, ***p< 0.001, **p<0.01, *p<0.05 vs Ctl16, determined by ANOVA with Bonferroni multiple comparison test. N=>5/each group.

Aortic valvular and thoracic aorta calcification calcified evidence in the aortic valves of the Ctl16, A12 and

P16 mice (Figure 5(A1-C3)). Mild aortic valvular calcification
Thoracic aorta and aortic valve slices stained by H&E and von was detected in the A4+P12, A6+P10 and AP16 mice at dif-
Kossa, are shown in Figures 5 and 6. There was no observable ferent proportions (20%, 33.3% and 66.7%) (Figure 5(A4-C6)).



Moderate or severe calcification was observed in the A4+AP12
mice (87.5%) accompanied by extensive calcification in the
elastic layer of aortic initiation (Figure 5(A7, B7, C7)).

For VC, mild aorta calcification was observed in partial
thoracic aorta slices from the AP16 group (33.3%) (Figure
6(A4, B4, C4, D4)), while it was undetectable in mice fed the
simple adenine or phosphorus diet (A12, P16, A4+P12 and
A6+P10 groups) (Figure 6: A1-D3; A5-D6). Moderate and
severe calcification was observed in the A4+AP12 mice
(100%), and representative images are shown in Figure 6(A7,
B7, C7, D7) and Figure 7(E-H). Notably, the elastin layers in
these calcified areas grossly appeared to be disorganized and
disrupted, when comparing the images stained by H&E
(Figure 6(B4, 7) and Figure 7(F)) with images stained by von
Kossa (Figure 6( D4, 7) and Figure 7(H)).

Quantitative comparisons in the aortic valves, aorta and
kidney

The percentage of the calcified area (the von Kossa-positive
surface) in the kidney, aortic valve, and thoracic aorta is
shown in Figure 8(A-C). Although some ectopic calcified
depositions were also observed in the A6+P10 and A4+ AP12
mice, there was no significant difference in the calcified area
ratios among the Ctl16, A12, P16 A6+P10 and A4+AP12
groups. Renal and aortic valvular calcification was signifi-
cantly increased in both the A4+AP12 and AP16 groups,
while the same trend of VC was observed only in the
A4+ AP12 group.

To further quantitatively evaluate calcification of the aorta,
kidney, and aortic valve, the tissue calcium content of the
heart, abdominal artery, and kidney in different groups was
measured (Figure 8(D-F)). Aortic valves were alternated with
using hearts since it was difficult to separate and measure
aortic valves separately. Among all the groups, the calcium
content of the A4+AP12 mice increased dramatically com-
pared with that of the other groups in the heart, abdominal
arteries, and kidneys. This result was in line with the macro-
scopic observation stained by H&E and von Kossa. In addi-
tion, the calcium content of the kidneys was significantly
elevated in the AP16 and A6+P10 groups and moderately
elevated in the A4+P12 group, while no difference was
observed in the A12 and P16 groups compared to the level
in the Ctl16 group (Figure 8(D)). Although the heart calcium
content was higher in the A12, P16, A4+P12, A6+P10, and
AP16 groups, a significant difference among those groups
was reached only in the AP16 group (Figure 8(E)). Vascular
calcium deposition of the A12 group was comparable with
that of the Ctl16 group; however, the other groups showed
a significant increase as phosphorus and adenine loading
was increased (Figure 8(F)).

Microchanges in the aortic valves, aorta, and kidney

To further clarify the topographical characteristics of the CKD
tissues, we examined samples of kidneys (Figure 9(A)), aortic
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valves (Figure 9(B)), and thoracic aortas (Figure 9(C)) from the
A4+AP12 group with SEM. Calcific lesions revealed dense
structures in three distinct forms—spherical particles, fibers,
and compact material—compared to the non-calcific regions,
which appeared smooth. The major morphology of calcified
deposits showed a mixture of spherical particles and fibers in
the aortic valve and a mixture of spherical particles and com-
pact material in the kidney and thoracic aorta. Three regions
of each tissue showing dense structures were measured by
EDS (Figure 9(D-F): labeled 1-3 in the kidney, 4-6 in the aor-
tic valve, and 7-9 in the thoracic aorta). The elemental anal-
ysis confirmed that these structures contained an abundance
of oxygen, carbon, calcium, and phosphorus, with small
amounts of magnesium and sodium. Therefore, these calcific
lesions were organic calcium-phosphate crystallization.
Similar elemental composition was observed in bone [35]
and cardiovascular tissue calcification [36] of humans.

Discussion

This research provided a group of novel and reliable mouse
models showing the dynamic pathophysiology of CKD from
mineral abnormalities to EC involving multiple organ systems
with high survival and success-modeling rates. Previous stud-
ies added calcitriol, calcium, vitamin D, warfarin and even
surgical hemi-nephrectomy based on adenine-induced CKD
to accelerate the development of VC [17,19,20,25,32].
However, patients with CKD rarely take long-term warfarin
and most commonly manifest with vitamin D deficiency [37-
38]. In addition, abrupt renal failure from surgical
hemi-nephrectomy is not consistent with the chronic patho-
physiological process of CKD. Therefore, these additional
pro-calcification factors may disturb the progression of CKD
itself and conceal its pathophysiological characteristics. In the
present study, our model simulated the cause, inducement,
and histological changes in the human disease condition of
CKD-associated calcification by reducing additional interven-
tion as much as possible to improve operability and stability,
which facilitated the development of subsequent experiments.

The present study was conducted in C57BL/6J mice by
drug induction. Rats have typically been the original experi-
mental objects of CKD models regardless of whether the
method used to establish the model was surgery (5/6
nephrectomy, 5/6Nx) [39] or drug induction [40]. Rats have
advantages in tolerance, sample size, and operability, while
mice are more practicable and manageable considering some
subsequent experiments such as drug treatment, genetic
modification, and gene editing. While renal dysfunction was
comparable for C57BL/6J male mice between the 5/6 Nx
model and the adenine diet model, there was 50% mortality
in the 5/6 Nx model [41]. In addition, the adenine model
avoids the potential confounding impact of surgical differ-
ences on nephrectomy and reduces the requirement of sur-
gery and relevant technical ability, which helps to improve
the feasibility, stability, and reliability of outcomes. Another
advantage of the adenine-diet model is the consistent effect



8 X.YANG ET AL.

Von Kossa

Al12

P16

AP16

A6+P10

A4+P12

A4+AP12

Figure 5. Representative histopathological images in aorta valvular tissues from different groups. Aorta valvular tissues were evaluated in each group using
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on renal impairment. Male mice were used to avoid the
impact of estrogen-inhibiting VC [42-43]. The C57BL/6J strain
was selected because it is the most popular strain, while the
mice are calcification-resistant [44]. We established a C57BL/6
mouse model of calcification involving multiple organ sys-
tems by optimizing the inducing strength and time. Moreover,
we circumvented the potential confounding impact of age or
duration of disease by controlling the variable of induction

time. Therefore, there is appreciable value for our models in
preclinical research.

In our study, the severity of renal impairment was unpar-
alleled with the incidence and degree of mineral metabolism
disorder, hyperparathyroidism, and EC. Among the CKD
groups, the A12 mice had the most severe renal impairment
with the highest levels of Cr, BUN, glomerulosclerosis rate,
and fibrotic rate, but no EC was detected. The A4+P12 and
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A6+ P10 groups had similar conditions related to CKD, hyper-
parathyroidism, and mild calcified deposition in the kidney
and aortic valves. When we offered a consistent impairment
in renal function during the whole study period and added
the phosphorus stimulus, there were dramatic abnormalities
in mineral metabolism and FGF23 and PTH levels. In addi-
tion, calcification was observed in the kidneys, aortic valves,
and aorta in the A4+AP12 and AP16 groups. Therefore, ade-
nine or phosphorus cannot induce hyperparathyroidism or
EC alone, which was inconsistent with the previous report
that 5-week-adenine-diet mice showed CKD-associated

calcification [29]. In addition, with increasing induction
strength and time, calcification was observed in the kidneys,
aortic valves, and aortas in sequence, although more severe
calcification was exhibited in the A4+AP12 mice than in the
AP16 mice during the same induction time. Considering that
more severe kidney impairment and higher mortality
occurred in the A12 mice, there was more renal impairment
induced in the adenine diet all one than in the adenine and
high-phosphorus diet. This may be due to the essential inter-
play between the ingredients of adenine and phosphorus
added to the mouse feed. Therefore, CKD was the basis of
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with Bonferroni multiple comparison test. N=>5/each group.

EC, and phosphorus seemed to be a catalyst for accelerating
the progression of CKD-associated calcification. These results
proved to some extent, the value of clinical practice guide-
lines recommending lowering elevated phosphorus levels
toward the normal range in patients with CKD G3a-G5D
(20Q) [6].

By EDS analysis, calcium-phosphate particles deposited in
various tissues were all verified to have a similar elemental
composition as human cardiovascular tissue calcification
[36], which also indicated that EC in CKD involved multiple
organ systems, not just vessels. Previous studies on animal
models of CKD have paid more attention to the
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valve (B), and thoracic tissues (C) by SEM images. The calcified deposition in three distinct forms were labeled arrowhead with spherical particles (red
arrowhead), fibers (yellow arrowhead) and compact material (green arrowhead). three regions of each tissue showing dense structures in SEM images were
measured by EDS (D-F). the information of EDS spectra and their elementary composition were collected on micrographs of the kidney (a), aortic valve
(B), and thoracic tissues (C) at the numbered sites labeled 1-3 (D), 4-6 (E), 7-9 (F), respectively. These structures contained an abundance of oxygen, carbon,
calcium and phosphorus in descending order by content, with small amounts of magnesium and sodium.

manifestation of VC, while the understanding of the correla-
tion of calcified development among kidneys, vessels, and
valves is far from satisfactory. To date, there has been no
efficacious drug to reverse CVC. Hence, the development of
animal models of calcification involving multiple organ sys-
tems is crucial to facilitate preclinical research on
anti-calcification drugs and the assessment of their effects
on CKD-associated calcification.

It was more likely that calcium-phosphate particles were
deposited in the kidney than in the vessels and valves in our
study. Nephrocalcinosis commonly involves the tubulointer-
stitial compartment, as a manifestation of systemic hypercal-
cemia mainly due to a variety of conditions including
hyperparathyroidism, multiple myeloma, other malignancies,
hypervitaminosis D or sarcoidosis [45]. However, our study
showed that calcium-phosphate particles were deposited not
only in the tubulointerstitial compartment but in the glomer-
ular and tubular basement membrane in CKD mice, which
was first mentioned in Mulligan’s (1947) review and has been
considered extremely rare in clinical [46]. There are rare pub-
lished case reports of EC involving glomeruli [45,47-50]. Of
these, only one study reported glomerular calcification in a

patient with CKD and secondary hyperparathyroidism [45].
Rare cases of glomerular and tubular basement membrane
calcification in CKD-MBD patients were reported, partly due
to the lack of clinical indications for renal biopsy and routine
pathological staining excluding calcium staining. Therefore, it
may be potentially valuable for CKD-MBD clinical and mech-
anistic research to evaluate calcified deposition in the kidney.

This study had several limitations that should be noted.
We did not clarify the specific components of these calcific
lesions because of the device limitations. Further results
involving mechanical and preclinical research cannot be
shown. In addition, the models need a long period, which
makes it difficult to clarify and exclude confounding factors.

Conclusion

This study provided a group of novel and reliable mouse
models recapitulating the progression of CKD from mineral
disorder to CKD-associated calcification. The severity of CKD
was unparalleled with the incidence and degree of mineral
metabolism disorder and EC. Calcification was closely related
in different tissues and was observed in the glomerular and
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tubular basement membrane. In adition, the elemental com-
position of calcium-phosphate particles found in various tis-
sues in mice matched the calcification of human cardiovascular
tissue as determined by EDS. All these findings demonstrated
that our models were valuable for exploring CKD-associated
calcification.
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