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Abstract
Calcification and chronic inflammation of the vascular wall is a high-risk factor for cardiovascular mortality, especially in 
patients with chronic uremia. For the reduction or prevention of rapid disease progression, no specific treatment options are 
currently available. This study aimed to evaluate an adenine-based uremic mouse model for studying medial vessel calcifi-
cation and senescence-associated secretory phenotype (SASP) changes of aortic tissue to unravel molecular pathogenesis 
and provide a model for therapy testing. The dietary adenine administration induced a stable and similar degree of chronic 
uremia in DBA2/N mice with an increase of uremia blood markers such as blood urea nitrogen, calcium, creatinine, alkaline 
phosphatase, and parathyroid hormone. Also, renal fibrosis and crystal deposits were detected upon adenine feeding. The 
uremic condition is related to a moderate to severe medial vessel calcification and subsequent elastin disorganization. In 
addition, expression of osteogenic markers as Bmp-2 and its transcription factor Sox-9 as well as p21 as senescence marker 
were increased in uremic mice compared to controls. Pro-inflammatory uremic proteins such as serum amyloid A, interleukin 
(Il)-1β, and Il-6 increased. This novel model of chronic uremia provides a simple method for investigation of signaling path-
ways in vascular inflammation and calcification and therefore offers an experimental basis for the development of potential 
therapeutic intervention studies.

Keywords  Calcification · Cardiovascular · Chronic inflammation · Chronic renal insufficiency · Inflammation · Vascular 
calcification

Introduction

Vascular disease is a major cause of morbidity and mor-
tality, especially in patients of higher age or with chronic 
kidney disease (CKD) [1–3]. Medial arterial calcification 
(MAC) of the vessel wall is a prominent pathology in 
CKD patients with rapid progression in later renal disease 
stages and with a significant association between CKD 
and cardiovascular mortality [1, 3]. MAC is associated 
with progressive deposits of hydroxyapatite crystals in the 

Key message 
• Elderly patients and patients with chronic kidney disease suffer 

from medial vascular calcification (MAC).
• No specific treatment options exist for treatment of MAC.
• Research models are needed to test pharmacological treatment 

options.
• The presented model highlights the association of senescence-

associated secretory phenotype with aortic calcification in a 
mice model that is comparable in several points to the human 
situation.

• The model can be used for pharmacological intervention 
studies aiming to reduce or prevent the progression of vessel 
calcification.
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medial layer of the vessel wall. This results in rheological 
and hemodynamic changes with an increase in pulse wave 
velocity, left ventricular hypertrophy, and heart failure [3]. 
Until now, no specific treatment options exist for reduction 
or prevention of disease progression [1, 3].

Various factors are associated with the formation of 
MAC and are also increased under CKD condition includ-
ing levels of serum inorganic phosphate (Pi), calcium (Ca), 
alkaline phosphatase (Alp), and parathyroid hormone (Pth) 
[3]. In addition, a transformation of vascular smooth mus-
cle cell (VSMC) reminiscent of osteogenesis is closely 
associated with the pathogenesis of MAC [2]. This is fol-
lowed by upregulation of ossification markers, e.g., bone 
morphogenetic protein 2 (Bmp-2) and SRY box transcrip-
tion factor 9 (Sox-9) [3]. Although the initial drivers of 
MAC pathogenesis are not fully elucidated [3], recent 
studies verified that besides osteogenic transformation, 
molecular pathways of cellular senescence and inflam-
mation are involved [3, 4]. Accumulating evidence indi-
cates a causal link of cellular senescence and subsequent 
senescence-associated secretory phenotype (SASP) switch 
of VSMC in the vessel wall [5]. This leads to chronic dis-
ease with tissue dysfunction and chronic inflammation [5]. 
Various cellular stressors may induce senescence [5], e.g., 
inhibition of the cell cycle by p21 [6]. Pro-inflammatory 
cytokines such as interleukin (Il)-1β, Il-6, and serum amy-
loid A (Saa) are known to be part of the cellular SASP and 
secreted by vascular cells, e.g., VSMC [7]. For Il-1β, it is 
already known that it can promote osteogenic differentia-
tion and induction of VSMC calcification [8, 9].

To study signaling pathways for MAC, various models 
have been developed to investigate MAC: in vitro cell cul-
ture models, ex vivo settings on aortic rings, and in vivo 
rodent CKD models [10, 11]. For studying the complex 
pathogenesis of MAC, in vivo rodent CKD models are 
typically necessary. Surgical and non-surgical rodent 
models exist for CKD induction that also differ in admin-
istered diet components [11]. Both the severity of CKD 
and associated mortality as well as the severity of MAC 
vary between the protocols [11]. The non-surgical CKD 
induction by adenine diet becomes a suitable alternative 
to achieve a reproducible and stable CKD in rats and mice 
with good tolerability [11–13]. As adenine has a low solu-
bility, it precipitates in renal tubules leading to tubular 
dilation, renal necrosis, and fibrosis [11]. Several studies 
have already investigated CKD induction in mice using 
adenine-enriched diet with protocol differences in diet 
ingredient concentration, time of induction, and primary 
read-out of the study [13–20].

Our study aims to develop an adenine-based model of 
uremia induction in female DBA2/N mice for studying 

MAC and SASP shift in the vessel wall reproducing the 
human clinical course of CKD-associated MAC. This model 
intended to contribute to unravel disease pathogenesis and 
test novel therapeutic options for lowing the high cardiovas-
cular morbidity and mortality of CKD patients.

Materials and methods

Animal study design

Female DBA2/N mice (n = 52) were purchased from Charles 
River at the age of 5–6 weeks. The mice were kept on a 
12-h light/dark cycle and a room temperature of around 
22 °C with chow and water ad libitum. Normal and experi-
mental chow was purchased from Ssniff (Soest). Mice were 
divided randomly into 3 cohorts (diet duration: 6, 9, and 
12 weeks) with 2 groups per cohort. One group was fed 
an adenine-enriched diet containing 0.2% adenine, 6% pro-
teins, 1% calcium, and 1% phosphate, whereas the mice of 
the other group were fed a comparable diet without adenine 
(Figure S1). A detailed list of diet ingredients and their 
proximate contents is given in the Supplementary Material 
(Tables S1 and S2).

Health status of the animals was checked daily; the body 
weight was monitored once per week for the first 2 weeks, 
and from week 3 on two to three times per week during 
the trial period. At the end of each trial period, animals 
were sacrificed by intraperitoneal injection of pentobarbital 
(400 mg/kg body weight). Blood was taken from each ani-
mal in heparinized tubes. Plasma samples were collected via 
centrifugation. Plasma samples were aliquoted and stored 
at − 80 °C until measurement. Organ specimens were pre-
pared for cryo- and formalin-fixation.

Plasma chemistry

Blood urea nitrogen (Bun), Ca, Pi, Alp, and creatinine 
(Crea) were analyzed using the blood dry chemistry ana-
lyzer (Fuji). Pth1-84 (TECO Medical Group) and Saa (ICL) 
were quantified via enzyme-linked immunosorbent assay 
(ELISA) according to the manufacturer’s recommendations. 
The cytokine plasma concentration was quantified using the 
Bio-Plex system (BioRad, software version 6.1) with the 
Milliplex™ Cytokine Kit (Millipore) according to the manu-
facturer’s recommendations.

Calcium content

Extracellular Ca content of different vascular beds was per-
formed as previously published [21, 22].
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Histological staining

Paraffin-embedded tissue of the kidney and aorta was 
cut in 4-µm serial sections. Deparaffinized sections were 
subsequently stained using hematoxylin/eosin (H&E) 
protocol modified according to Mayer, Alizarin Red 
(pH 4) staining, Perjodate Acid Schiff (PAS), elastic 
tissue fibers Verhoeff’s van Gieson (EVG), Masson’s 
trichrome stain, and von Kossa staining using standard 
protocols. Images were acquired using a Zeiss AxioVert 
200 light microscope with ZEN 2 software (Zeiss, blue 
edition) or a BX60 upright microscope equipped with a 
CX30 camera and cellSense software (all from Olympus 
Germany GmbH). Representative images were taken at 
100–400 × magnification.

mRNA gene expression

Cryo-conserved aortic tissue was homogenized using the 
Tissue Ruptor with disposable probes (Qiagen). Ribonucleic 
acid (RNA) was isolated using Trizol® (Fisher Scientific) 
according to the manufacturer’s instructions. The RNA was 
reverse transcribed using the High-Capacity Complemen-
tary Deoxyribonucleic Acid (cDNA) Reverse Transcription 
Kit™ (Applied Biosystems). For the quantitative determi-
nation of messenger ribonucleic acid (mRNA) expression, 
the iQ™ SYBR Green supermix with the CFX384 real-time 
polymerase chain reaction (PCR) detection system (Biorad, 
CFX software version 3.1) was used. Each sample was per-
formed as a technical duplicate for real-time PCR. Normali-
zation for each sample was done using ß-actin, ribosomal 
protein 13 a (Rpl13a), and peptidylprolyl isomerase A (Ppia) 
as housekeeper genes. The oligonucleotide sequences are 
given in Table S3.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism 
software (version 8). Data are presented as mean ± standard 
error of mean (SEM). To compare means of relevant groups, 

Mann–Whitney U test was used, with p < 0.05 considered 
statistically significant.

Results

Animal health status

The diet was well tolerated from all mice with an overall 
mortality of 0% during the study period. As expected, the 
control mice gained weight over the trial period. The ade-
nine diet caused an overall progressive weight loss over the 
observation period of 12 weeks. During the first 2 weeks, the 
adenine-treated mice lost weight, while afterwards barely 
gained weight over the trial period. The initial and final body 
weights per group are given in Table 1. The time-dependent 
weight differences for all groups are given in Figure S2.

Clinical parameters of renal failure

As expected from previous studies, the adenine diet induces 
time-dependent renal failure in mice, detectable via change 
in laboratory chemistry parameters and histological changes 
in renal structures [13, 15, 16].

The adenine diet induced a time-dependent onset in 
renal disease in mice with accompanying changes in blood 
parameters (Table 2). Compared to controls, Bun and Ca 
were significantly increased after 6 and 12 weeks and Crea, 
Pth (1–84), and Alp after 6, 9, and 12 weeks. Interestingly, 
the plasma concentration of Pi did not differ significantly 
between the groups (Table 2).

Also, adenine-fed mice showed macroscopic and histo-
logical changes in the kidneys compared to controls. The 
kidney weight (normalized to the body weight) significantly 
decreased after 9 and 12 weeks (Fig. 1). In line, renal damage 
in adenine-treated animals as characterized by dilated and 
atrophic tubules, tubulointerstitial infiltration with inflamma-
tory cells, and protein casts within the tubular lumen. In addi-
tion, a time-dependent increase in renal fibrosis was found in 
the adenine group compared to respective controls (Fig. 2).

Table 1   Initial and final body 
weight per group

The weight process is given in Figure S2. Mean ± SEM. *p < 0.05 adenine vs. respective control

Experimental group Animal number Initial body weight (g) Final body weight (g)

Control (6 weeks) 6 19.07 ± 0.57 20.48 ± 0.53
Adenine (6 weeks) 9 18.68 ± 0.26 16.37 ± 0.50*
Control (9 weeks) 6 19.28 ± 0.30 22.22 ± 0.62
Adenine (9 weeks) 11 19.65 ± 0.38 17.53 ± 0.56*
Control (12 weeks) 6 19.78 ± 0.48 22.82 ± 0.45
Adenine (12 weeks) 14 19.41 ± 0.32 15.94 ± 0.37*
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Vessel calcification in uremic mice

To test the effect of uremia induction on vessel calcification 
in mice, the amount of calcium phosphate in the thoracic 
vessel wall was determined by photometric quantification 
and visualized by histological staining. A significant and 
progressive calcification of the thoracic aorta, the abdominal 
aorta, and the renal artery appeared from the ninth week of 
treatment, which, as expected, was most pronounced in the 
thoracic aorta (Table 3). Histological staining with Alizarin 
Red and von Kossa confirmed the calcification of the ves-
sel wall. In addition, there is an increase of elastin fibers’ 
disorganization in the adenine-fed group from week 6 to 
12 (Fig. 3).

To evaluate the induction of transcriptional changes, 
the mRNA gene expression of established SASP param-
eters as well as of osteogenic, senescent, and pro-inflam-
matory markers was investigated [4]. Compared to the 
controls, the thoracic aorta of the CKD mice showed an 
increased expression of Bmp-2 and its transcription factor 

Sox-9 (Fig. 4A, B) as well as p21 (Fig. 4C). Previously, 
we identified Saa as a prominent pro-inflammatory ure-
mic toxin (UT) in humans [23]. Il-1β and Il-6 are further 
UT modulating osteoblastic differentiation under uremic 
condition [9]. Therefore, the gene expression of these 
inflammatory SASP factors was examined and found to be 
significantly increased in CKD mice compared to control 
animals (Fig. 4D–F).

Systemic SASP response

Because it is already known from human studies that inflam-
mation and SASP are critically involved in initiation and 
progression of MAC [4, 5], the SASP profile under uremic 
condition in mice was quantified by the analysis of the sys-
temic plasma concentration of 34 pro-inflammatory mark-
ers. Out of those, three increased under uremic conditions 
in adenine-fed mice: Saa, monocyte chemoattractant pro-
tein-1 (Mcp-1), and Il-6 (Fig. 5A–C). Further 18 investigated 
cytokines showed no significant regulation or only for one 
time point (Table S4) and 13 of the assessed cytokines were 
under detection limit (Table S5).

Discussion

In the current study, we present a DBA2/N mice model for 
induction of renal failure via adenine-enriched diet. This 
model is suitable for studying uremic vascular calcifica-
tion and arterial “inflamm-aging” as characterized by the 
induction of cellular senescence, pro-inflammatory SASP, 
and osteogenic differentiation. Although several studies  
have already investigated parts of this context [13–20], our 
experimental setting differs in several parameter to pre-
viously published protocols and therefore combines the 
advantages of non-surgical disease induction by likewise 
minimizing the disadvantages that were so far associated 
with feeding of an adenine-enriched diet: (1) no surgical 
intervention to induce CKD in mice; (2) the modified diet 

Table 2   Plasma biochemistry

Mean ± SEM. *p < 0.05 adenine vs. respective control
Bun blood urea nitrogen, Crea creatinine, Pth parathyroid hormone, Ca calcium, Pi inorganic phosphate, Alp alkaline phosphatase

Experimental group Bun (mmol/L) Crea (mmol/L) Pth (pg/mL) Ca (mmol/L) Pi (mmol/L) Alp (U/L)

Control (6 weeks) 2.45 ± 0.30 0.13 ± 0.02 345.1 ± 137.0 2.23 ± 0.07 2.95 ± 0.24 171.3 ± 16.73
Adenine (6 weeks) 5.08 ± 0.58* 0.39 ± 0.06* 997.3 ± 125.9* 2.71 ± 0.07* 3.40 ± 0.27 228.9 ± 8.45*
Control (9 weeks) 9.30 ± 2.23 0.24 ± 0.07 653.4 ± 164.6 2.37 ± 0.16 2.54 ± 0.40 150.2 ± 9.87
Adenine (9 weeks) 14.40 ± 2.36 0.41 ± 0.06* 2,430 ± 389.9* 2.45 ± 0.12 3.27 ± 0.36 257.2 ± 24.14*
Control (12 weeks) 8.54 ± 1.44 0.17 ± 0.02 608.5 ± 185.1 2.13 ± 0.07 3.96 ± 0.33 124.0 ± 5.75
Adenine (12 weeks) 41.11 ± 6.19* 0.54 ± 0.03* 4,380 ± 522.0* 2.61 ± 0.10* 4.80 ± 0.46 241.6 ± 19.94*

Fig. 1   Kidney organ weight. Kidney organ weight (wet) normalized 
to the animal body weight of adenine-fed mice and control diet-fed 
mice. *p < 0.05 adenine vs. control
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with 0.2% adenine, 1% phosphate, and 6% protein content 
is well tolerated by the mice and the weight loss is not asso-
ciated with premature dead; and (3) to our knowledge, this 

is the first study demonstrating the adenine-induced time-
dependent uremia progression with associated MAC and 
SASP in DBA2/N mice.

Fig. 2   Histological renal 
changes. Hematoxylin and eosin 
(H&E), Perjodate Acid Schiff 
(PAS), and Masson’s trichrome 
staining of the kidney of control 
and adenine-fed mice over 6, 
9, and 12 weeks (representa-
tive images). Arrows indicate 
dilated and atrophic tubules 
(white), tubulointerstitial infil-
tration with inflammatory cells 
(grey), and protein casts within 
the tubular lumen (black). 
Cyan-colored areas in Mas-
son’s trichrome-stained images 
represent areas of renal fibrosis. 
Measuring bar represents 
100 µm (except first row H&E: 
1 mm)

PAS Masson´s TrichromeH&EH&E
6

9

12

Table 3   Vessel mineralization in different vascular beds [mg calcium/µg tissue dry weight]

If animal number is lower, not enough material could be selected: a7 of 9, b5 of 6, c13 of 14, d5 of 6. Mean ± SEM
* p < 0.05 adenine vs. respective control

Vessel Control (6 weeks) Adenine (6 weeks) Control (9 weeks) Adenine (9 weeks) Control (12 weeks) Adenine (12 weeks)

Aorta thoracalis 65.5 ± 6.8 103.7 ± 14.3 49.0 ± 7.0 110.7 ± 17.9* 35.6 ± 6.1 75.1 ± 10.9*
Aorta abdominalis 41.2 ± 8.6 59.4 ± 14.8 64.8 ± 8.2 281.7. ± 53.2* 53.7 ± 10.5 233.7 ± 33.9*
Arteria renalis 62.1 ± 21.1 97.0 ± 16.7a 47.2 ± 10.1 158.8. ± 27.2* 39.3 ± 16.9b 106.5 ± 24.2c*
Arteria femoralis 37.5 ± 9.5d 43.0 ± 6.3 44.5 ± 15.7 87.1. ± 23.2 22.3 ± 2.5 79.4 ± 13.1*
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As it is already known for DBA2 mice that they suffer 
from an age-dependent soft tissue calcification and are more 
prone to develop MAC after CKD induction than other mice 
strains [11], this mice strain was used for the presented ade-
nine-based CKD model. As female mice are more prone to 
calcification compared to male littermates [18], only female 
mice were selected for this study.

CKD induction in rodents can be induced either by sur-
gical reduction of renal mass or by nephrotoxic adenine 
diet [11]. Nephrectomy-based CKD models are established 
for rats and mice, but the spread of renal function loss 
and associated MAC extent is high [11]. Induction by 
adenine leads to a reproducible CKD condition in rodents 
with moderate to severe MAC progression [11]. Draw-
backs of the initial protocols using 0.75% adenine are the 
pronounced weight loss associated with high mortality 
rate and biological variability in the CKD degree [11]. A 
reduced mortality rate and reduced body weight loss could 
be achieved by reduction of the adenine content (0.25% in 
rats, 0.2% in mice) [11]. The adenine dose of the current 

study with 0.2% was sufficient to induce a stable uremic 
condition in all mice from 6 to 12 weeks without any 
impact on animal survival.

By variations of the diet components, the biological vari-
ations and weight loss can be also reduced. Some studies 
used vitamin D-enriched diet that on the one hand increases 
vessel calcification, but on the other hand further promotes 
weight loss [11]. A study by Price et al. showed in rats that 
reduction of the protein content in the adenine diet to 2.5% 
leads to exacerbated aortic calcification compared to higher 
protein content of 25% [24]. However, reduction of protein 
content leads also to reduction in food intake [25]. To coun-
teract the expected weight loss associated with using the 
adenine-based protocol for renal insufficiency induction 
in mice, we chose a protein content of 6%. Although the 
protein content is reduced compared to the standard diet, 
we expected less reduction in food intake [12, 25]. In our 
study, the diet was tolerated by the animals and the weight 
loss was controllable so that no premature death occurred. 
The body weight loss upon adenine feeding was also seen in 

Fig. 3   Calcification as shown 
by Alizarin Red staining and 
von Kossa staining as well as 
elastic tissue fibers Verhoeff’s 
van Gieson staining in aorta 
thoracalis at indicated time 
points (representative images). 
Measuring bar represents 
100 µm for Alizarin Red and 
von Kossa images, 200 µm or 
50 µm, respectively, for elastic 
tissue fibers Verhoeff´s van 
Gieson (EVG)

Alizarin Red

enineda

6 Von Kossa Verhoeff´s van Gieson

lortnoc
enineda

9
lortnoc

enineda

12

lortnoc
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other studies with mice receiving a diet with similar adenine 
content [13].

The CKD induction is reflected by histological altera-
tions of glomerular and tubular structures corresponded 
with an increase of blood parameters as Bun, Crea, and 
Pth. These results are in line with those of previous CKD 
studies in C57BL/6 mice [13], ldr knockout mice [26], 
and rats [12]. The laboratory chemistry reference areas 
were found to be different in various mice strains and var-
ies also during the stages of animal growth [27]. A direct 

comparison of the blood parameters between different 
studies is also hampered by variations in ingredients of 
the experimental diet used; these ingredients do not only 
vary in concentration [11], but also in their source, which 
is relevant as, e.g., the intestinal resorption of phospho-
rus varies depending on the source. In our study, we used 
a diet containing 1% phosphate which did not result in 
elevated phosphate plasma concentration, while other pro-
tocols often used hyperphosphatemia inducing phosphate 
concentration (up to 2% phosphate) [14, 15, 28]. Tani et al. 

Fig. 4   Aortic mRNA gene expression. Quantification of mRNA gene 
expression of the osteogenic markers: a bone morphogenetic pro-
tein-2 (Bmp-2) and b SRY box transcription factor 9 (Sox-9), the 
senescence marker c p21, as well as the pro-inflammatory markers d 

serum amyloid A (Saa), interleukin (Il) e Il-6 and f Il-1β in tissue of 
the A. thoracalis tissue in mice. Mean ± SEM, *p < 0.05 adenine vs. 
control

Fig. 5   Systemic senescence associated secretory phenotype (SASP) 
response. Quantification of plasma cytokine levels as a serum amy-
loid A (Saa) by ELISA and b, c monocyte chemoattractant pro-

tein-1 (Mcp-1) and interleukin-6 (Il-6) by Luminex™ technique. 
Mean ± SEM, *p < 0.05 adenine vs. control
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recently compared 0.8% phosphate vs. high phosphate 
concentration (1.8%) in C57/BL6 mice. After 12 weeks 
of treatment, they found higher phosphate plasma concen-
trations in both groups and detected a stable CKD and sub-
sequent MAC [28]. In contrast, several studies in DBA2 
mice showed no hyperphosphatemia with diet phosphate 
concentrations of 0.5% and 0.9%, respectively [18–20]. 
These findings are in line with our results.

Previously published results by Shanahan´s group showed 
the importance of premature vascular aging for MAC in chil-
dren with advanced CKD in vivo [4]. Compared to controls, 
human vessels and VSMC showed properties of premature 
vascular aging and increased mineralization, which was 
partly due to activation of the pro-inflammatory SASP [4]. 
The SASP is established in different cell types in response 
to DNA damage and includes potent osteo-inductive and 
pro-inflammatory mediators like Bmp-2, Il-1β, and Il-6 [4, 
29–32]. These data suggest that the paracrine secretion of 
pro-inflammatory and/or osteo-inductive factors by senescent 
VSMC may be an important driver of human uremic MAC. 
However, animal models with a comparable pathophysiol-
ogy are required to investigate signal transduction pathways 
and treatment options. As already shown by Santana et al., 
adenine-induced CKD is associated with chronic inflam-
mation in C57/BL6 mice [13]. However, the causal link to 
MAC remains unclear, as this study aimed to investigate the 
inflammatory-based renal insufficiency [13]. The investigated 
model presented here might bridge this gap. Thoracic aortas 
from uremic DBA2/N mice show properties of premature 
aging, osteogenic differentiation, and enhanced mineraliza-
tion. Comparable to the situation in CKD children, the mouse 
aortas have enhanced expression of p21, Bmp-2, Sox-9, Saa1, 
Il-6, and Il-1β. In CKD children, the Il-6 plasma concentra-
tion was significantly elevated and showed a high correla-
tion to the extent of coronary artery calcification [4]. There-
fore, we investigated a pro-inflammatory multiplex panel in 
our mouse model. Interestingly, out of the 34 investigated 
cytokines, only the plasma concentration of Saa, Il-6, and 
Mcp-1 were increased. Possibly, a vicious cycle of inflamma-
tion during uremia leads to the predictive effect of cytokine 
release and cardiovascular death as shown for Saa and Il-6 
[33–35]. In addition, studies have shown that the pathways 
of Il-1β and Il-6 are interconnected [36]. Recently, we could 
show that Il-6 is induced during calcification progression, 
but not directly induces mineralization, while Il-1β induces 
an osteogenic driven auto-loop in smooth muscle cells [37]. 
Il-1β and Il-6 are known middle-sized uremic toxins influenc-
ing osteogenic differentiation [9].

Limitations of the current protocol are (a) only 
female DBA2/N mice were investigated so that a trans-
fer to other sex and strains is pending, (b) no blood and 
pulse pressure data were obtained, and (c) this study was 
designed as proof-of-experimental protocol study so that 

an interventional approach in the current model is also 
pending.

As some studies already exists for C57/BL6 mouse 
strains and CKD induction upon adenine diet [15, 16, 
28], the current protocol should be transferable to other 
strains. A correlation between blood and pulse pressure 
changes with the extent of MAC was successfully shown 
in an adenine rat model [12]. Some animal treatment stud-
ies with therapeutic treatment are already available. The 
protective effect of tissue non-specific Alp inhibition in 
an adenine-based CKD mouse model was recently shown 
[28]. A further study has shown the potential of a treat-
ment strategy by induction of an endogenous regulator 
against MAC, peroxisome proliferator-activated receptor-
gamma coactivator-1 alpha in a CKD rat model [38]. Also, 
a magnesium-based phosphate binder as therapeutic option 
was tested in an adenine-based CKD rat model [39].

As up to now, specific treatment options in the clinical situ-
ation for reduction or prevention of disease progression are still 
missing, and of current research interest [1, 3], the described 
study protocol here might be beneficial in further studies.

We used an adenine-based diet to induce CKD in DBA2/N 
mice with subsequent chronic uremia resulting in MAC and 
associated SASP situation in the vessel wall of the mice. The 
described situation is comparable to the human CKD situa-
tion recently published [4] in several points: (1) premature 
aortic aging (e.g., p21), (2) osteogenic trans-differentiation 
(e.g., Bmp-2), and (3) and vessel mineralization.

Because CVD is a strong prognostic factor in CKD, 
understanding its pathogenesis as well as evaluating and 
testing of novel therapeutic drugs are urgently needed to 
provide new therapeutic concepts that help to reduce the 
high cardiovascular mortality of these patients, and there-
fore, suitable animal models are necessary.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00109-​022-​02234-y.

Acknowledgements  We thank Katharina Kuschfeldt, Nadine Neitzel, 
and Brigitte Egbers for excellent technical assistance; Raissa Stayszyk 
for support in animal handling and care, as well as all student assistants 
for their support during the animal experiments.

Author contribution  All authors significantly contributed to the study. 
Material preparation, data collection, and analysis were performed by 
MT, CH, JH, CD, MB, MX, AMS, KA, MvdG, and MS. MT, MS, 
and MvdG designed the study and drafted the manuscript. All authors 
commented on previous versions of the manuscript and approved the 
final manuscript.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The financial support for this project was from the Ernst und 
Berta Grimmke Stiftung (M.S.), the Berlin Institute of Health (M.S.), 
the Sonnenfeld Stiftung (M.S., M.T., J.H.), a grant by the DynAge 
Focus Area (M.T., M.S.), and a research scholarship of the Nanchong 

1328 Journal of Molecular Medicine (2022) 100:1321–1330

https://doi.org/10.1007/s00109-022-02234-y


1 3

school science and technology strategic cooperation project (M.X., 
grant number 20SXQT0117).

Availability of data and materials  The datasets generated during the 
current study are not publicly available but are available from the cor-
responding author on reasonable request.

Declarations 

Ethics approval  The study includes animal experiments that were 
approved by the Landesamt für Gesundheit und Soziales Berlin, Ger-
many, and the Charité-Universitätsmedizin Berlin, Germany. The 
study was in accordance with the EU Directive 2010/63/EU for animal 
experiments.

Consent for publication  Not applicable.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Tolle M, Reshetnik A, Schuchardt M, Hohne M, van der Giet M 
(2015) Arteriosclerosis and vascular calcification: causes, clinical 
assessment and therapy. Eur J Clin Invest 45:976–985. https://​doi.​
org/​10.​1111/​eci.​12493

	 2.	 Leopold JA (2015) Vascular calcification: mechanisms of vascular 
smooth muscle cell calcification. Trends Cardiovasc Med 25:267–
274. https://​doi.​org/​10.​1016/j.​tcm.​2014.​10.​021

	 3.	 Lanzer P, Hannan FM, Lanzer JD, Janzen J, Raggi P, Furniss D, 
Schuchardt M, Thakker R, Fok PW, Saez-Rodriguez J et al (2021) 
Medial arterial calcification: JACC state-of-the-art review. J Am Coll 
Cardiol 78:1145–1165. https://​doi.​org/​10.​1016/j.​jacc.​2021.​06.​049

	 4.	 Sanchis P, Ho CY, Liu Y, Beltran LE, Ahmad S, Jacob AP, Furmanik 
M, Laycock J, Long DA, Shroff R et al (2019) Arterial “inflammag-
ing” drives vascular calcification in children on dialysis. Kidney Int 
95:958–972. https://​doi.​org/​10.​1016/j.​kint.​2018.​12.​014

	 5.	 Dai L, Qureshi AR, Witasp A, Lindholm B, Stenvinkel P (2019) 
Early vascular ageing and cellular senescence in chronic kidney 
disease. Comput Struct Biotechnol J 17:721–729. https://​doi.​org/​
10.​1016/j.​csbj.​2019.​06.​015

	 6.	 Sperka T, Wang J, Rudolph KL (2012) DNA damage checkpoints 
in stem cells, ageing and cancer. Nat Rev 13:579–590. https://​doi.​
org/​10.​1038/​nrm34​20

	 7.	 Orjalo AV, Bhaumik D, Gengler BK, Scott GK, Campisi J (2009) 
Cell surface-bound IL-1alpha is an upstream regulator of the 
senescence-associated IL-6/IL-8 cytokine network. Proc Natl 
Acad Sci U S A 106:17031–17036. https://​doi.​org/​10.​1073/​pnas.​
09052​99106

	 8.	 Wen C, Yang X, Yan Z, Zhao M, Yue X, Cheng X, Zheng Z, Guan 
K, Dou J, Xu T et al (2013) Nalp3 inflammasome is activated 
and required for vascular smooth muscle cell calcification. Int J 
Cardiol 168:2242–2247. https://​doi.​org/​10.​1016/j.​ijcard.​2013.​01.​
211

	 9.	 Hegner B, Schaub T, Janke D, Zickler D, Lange C, Girndt M, 
Jankowski J, Schindler R, Dragun D (2018) Targeting proinflam-
matory cytokines ameliorates calcifying phenotype conversion 
of vascular progenitors under uremic conditions in vitro. Sci Rep 
8:12087. https://​doi.​org/​10.​1038/​s41598-​018-​30626-z

	10.	 Herrmann J, Gummi MR, Xia M, van der Giet M, Tolle M, 
Schuchardt M (2021) Vascular calcification in rodent models-
keeping track with an extented method assortment. Biology 
(Basel). https://​doi.​org/​10.​3390/​biolo​gy100​60459

	11.	 Herrmann J, Babic M, Tolle M, van der Giet M, Schuchardt M 
(2020) Research models for studying vascular calcification. Int 
J Mol Sci 21:2204. https://​doi.​org/​10.​3390/​ijms2​10622​04

	12.	 Shobeiri N, Pang J, Adams MA, Holden RM (2013) Cardiovas-
cular disease in an adenine-induced model of chronic kidney 
disease: the temporal link between vascular calcification and 
haemodynamic consequences. J Hypertens 31:160–168. https://​
doi.​org/​10.​1097/​HJH.​0b013​e3283​5b15bb

	13.	 Santana AC, Degaspari S, Catanozi S, Delle H, de Sa LL, 
Silva C, Blanco P, Solez K, Scavone C, Noronha IL (2013) 
Thalidomide suppresses inflammation in adenine-induced CKD 
with uraemia in mice. Nephrol Dial Transplant 28:1140–1149. 
https://​doi.​org/​10.​1093/​ndt/​gfs569

	14.	 Yoshida T, Yamashita M, Horimai C, Hayashi M (2017) Smooth 
muscle-selective nuclear factor-kappaB inhibition reduces 
phosphate-induced arterial medial calcification in mice with 
chronic kidney disease. J Am Heart Assoc. https://​doi.​org/​10.​
1161/​JAHA.​117.​007248

	15.	 Oe Y, Mitsui S, Sato E, Shibata N, Kisu K, Sekimoto A, 
Miyazaki M, Sato H, Ito S, Takahashi N (2021) Lack of 
endothelial nitric oxide synthase accelerates ectopic calcifica-
tion in uremic mice fed an adenine and high phosphorus diet. 
Am J Pathol 191:283–293. https://​doi.​org/​10.​1016/j.​ajpath.​
2020.​10.​012

	16.	 Nguyen-Yamamoto L, Tanaka KI, St-Arnaud R, Goltzman D 
(2019) Vitamin D-regulated osteocytic sclerostin and BMP2 
modulate uremic extraskeletal calcification. JCI Insight. https://​
doi.​org/​10.​1172/​jci.​insig​ht.​126467

	17.	 Tani T, Orimo H, Shimizu A, Tsuruoka S (2017) Development of a 
novel chronic kidney disease mouse model to evaluate the progres-
sion of hyperphosphatemia and associated mineral bone disease. 
Sci Rep 7:2233. https://​doi.​org/​10.​1038/​s41598-​017-​02351-6

	18.	 El-Abbadi MM, Pai AS, Leaf EM, Yang HY, Bartley BA, Quan 
KK, Ingalls CM, Liao HW, Giachelli CM (2009) Phosphate feed-
ing induces arterial medial calcification in uremic mice: role of 
serum phosphorus, fibroblast growth factor-23, and osteopontin. 
Kidney Int 75:1297–1307. https://​doi.​org/​10.​1038/​ki.​2009.​83

	19.	 Pai A, Leaf EM, El-Abbadi M, Giachelli CM (2011) Elastin degra-
dation and vascular smooth muscle cell phenotype change precede 
cell loss and arterial medial calcification in a uremic mouse model 
of chronic kidney disease. Am J Pathol 178:764–773. https://​doi.​
org/​10.​1016/j.​ajpath.​2010.​10.​006

	20.	 Lau WL, Linnes M, Chu EY, Foster BL, Bartley BA, Somerman 
MJ, Giachelli CM (2013) High phosphate feeding promotes min-
eral and bone abnormalities in mice with chronic kidney disease. 
Nephrol Dial Transplant 28:62–69. https://​doi.​org/​10.​1093/​ndt/​
gfs333

	21.	 Schuchardt M, Tolle M, Prufer J, Prufer N, Huang T, Jankowski V, 
Jankowski J, Zidek W, van der Giet M (2012) Uridine adenosine 
tetraphosphate activation of the purinergic receptor P2Y enhances 
in vitro vascular calcification. Kidney Int 81:256–265. https://​doi.​
org/​10.​1038/​ki.​2011.​326

1329Journal of Molecular Medicine (2022) 100:1321–1330

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/eci.12493
https://doi.org/10.1111/eci.12493
https://doi.org/10.1016/j.tcm.2014.10.021
https://doi.org/10.1016/j.jacc.2021.06.049
https://doi.org/10.1016/j.kint.2018.12.014
https://doi.org/10.1016/j.csbj.2019.06.015
https://doi.org/10.1016/j.csbj.2019.06.015
https://doi.org/10.1038/nrm3420
https://doi.org/10.1038/nrm3420
https://doi.org/10.1073/pnas.0905299106
https://doi.org/10.1073/pnas.0905299106
https://doi.org/10.1016/j.ijcard.2013.01.211
https://doi.org/10.1016/j.ijcard.2013.01.211
https://doi.org/10.1038/s41598-018-30626-z
https://doi.org/10.3390/biology10060459
https://doi.org/10.3390/ijms21062204
https://doi.org/10.1097/HJH.0b013e32835b15bb
https://doi.org/10.1097/HJH.0b013e32835b15bb
https://doi.org/10.1093/ndt/gfs569
https://doi.org/10.1161/JAHA.117.007248
https://doi.org/10.1161/JAHA.117.007248
https://doi.org/10.1016/j.ajpath.2020.10.012
https://doi.org/10.1016/j.ajpath.2020.10.012
https://doi.org/10.1172/jci.insight.126467
https://doi.org/10.1172/jci.insight.126467
https://doi.org/10.1038/s41598-017-02351-6
https://doi.org/10.1038/ki.2009.83
https://doi.org/10.1016/j.ajpath.2010.10.006
https://doi.org/10.1016/j.ajpath.2010.10.006
https://doi.org/10.1093/ndt/gfs333
https://doi.org/10.1093/ndt/gfs333
https://doi.org/10.1038/ki.2011.326
https://doi.org/10.1038/ki.2011.326


1 3

	22.	 Prufer J, Schuchardt M, Tolle M, Prufer N, Hohne M, Zidek W, 
van der Giet M (2014) Harmful effects of the azathioprine metab-
olite 6-mercaptopurine in vascular cells: induction of mineraliza-
tion. PLoS ONE 9:e101709. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01017​09

	23.	 Tolle M, Huang T, Schuchardt M, Jankowski V, Prufer N, 
Jankowski J, Tietge UJ, Zidek W, van der Giet M (2012) High-
density lipoprotein loses its anti-inflammatory capacity by accu-
mulation of pro-inflammatory-serum amyloid A. Cardiovasc Res 
94:154–162. https://​doi.​org/​10.​1093/​cvr/​cvs089

	24.	 Price PA, Roublick AM, Williamson MK (2006) Artery calcifica-
tion in uremic rats is increased by a low protein diet and prevented 
by treatment with ibandronate. Kidney Int 70:1577–1583. https://​
doi.​org/​10.​1038/​sj.​ki.​50018​41

	25.	 Du F, Higginbotham DA, White BD (2000) Food intake, energy 
balance and serum leptin concentrations in rats fed low-protein 
diets. J Nutr 130:514–521

	26.	 Fang Y, Ginsberg C, Sugatani T, Monier-Faugere MC, Malluche 
H, Hruska KA (2014) Early chronic kidney disease-mineral bone 
disorder stimulates vascular calcification. Kidney Int 85:142–150. 
https://​doi.​org/​10.​1038/​ki.​2013.​271

	27.	 Mazzaccara C, Labruna G, Cito G, Scarfo M, De Felice M, Pastore 
L, Sacchetti L (2008) Age-related reference intervals of the main 
biochemical and hematological parameters in C57BL/6J, 129SV/
EV and C3H/HeJ mouse strains. PLoS ONE 3:e3772. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00037​72

	28.	 Tani T, Fujiwara M, Orimo H, Shimizu A, Narisawa S, Pinkerton 
AB, Millan JL, Tsuruoka S (2020) Inhibition of tissue-nonspecific 
alkaline phosphatase protects against medial arterial calcifica-
tion and improves survival probability in the CKD-MBD mouse 
model. J Pathol 250:30–41. https://​doi.​org/​10.​1002/​path.​5346

	29.	 Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, Raza 
SR, Freund A, Campeau E, Davalos AR, Campisi J (2009) Per-
sistent DNA damage signalling triggers senescence-associated 
inflammatory cytokine secretion. Nat Cell Biol 11:973–979. 
https://​doi.​org/​10.​1038/​ncb19​09

	30.	 Freund A, Orjalo AV, Desprez PY, Campisi J (2010) Inflammatory 
networks during cellular senescence: causes and consequences. Trends 
Mol Med 16:238–246. https://​doi.​org/​10.​1016/j.​molmed.​2010.​03.​003

	31.	 Nakano-Kurimoto R, Ikeda K, Uraoka M, Nakagawa Y, Yutaka 
K, Koide M, Takahashi T, Matoba S, Yamada H, Okigaki M et al 
(2009) Replicative senescence of vascular smooth muscle cells 
enhances the calcification through initiating the osteoblastic tran-
sition. Am J Physiol Heart Circ Physiol 297:H1673-1684. https://​
doi.​org/​10.​1152/​ajphe​art.​00455.​2009

	32.	 Burton DG, Giles PJ, Sheerin AN, Smith SK, Lawton JJ, Ostler 
EL, Rhys-Williams W, Kipling D, Faragher RG (2009) Microarray 

analysis of senescent vascular smooth muscle cells: a link to ath-
erosclerosis and vascular calcification. Exp Gerontol 44:659–665. 
https://​doi.​org/​10.​1016/j.​exger.​2009.​07.​004

	33.	 Lee CT, Chua S, Hsu CY, Tsai YC, Ng HY, Kuo CC, Wu CH, 
Chen TC, Chiu TT, Lee YT (2013) Biomarkers associated 
with vascular and valvular calcification in chronic hemodialy-
sis patients. Dis Markers 34:229–235. https://​doi.​org/​10.​3233/​
DMA-​130965

	34.	 Simic-Ogrizovic S, Dopsaj V, Bogavac-Stanojevic N, Obradovic 
I, Stosovic M, Radovic M (2009) Serum amyloid-A rather than 
C-reactive protein is a better predictor of mortality in hemodialy-
sis patients. Tohoku J Exp Med 219:121–127. https://​doi.​org/​10.​
1620/​tjem.​219.​121

	35.	 Barreto DV, Barreto FC, Liabeuf S, Temmar M, Lemke HD, 
Tribouilloy C, Choukroun G, Vanholder R, Massy ZA, Work 
EUT, G, (2010) Plasma interleukin-6 is independently associated 
with mortality in both hemodialysis and pre-dialysis patients with 
chronic kidney disease. Kidney Int 77:550–556. https://​doi.​org/​
10.​1038/​ki.​2009.​503

	36.	 Ridker PM (2016) From C-reactive protein to interleukin-6 to 
interleukin-1: moving upstream to identify novel targets for 
atheroprotection. Circ Res 118:145–156. https://​doi.​org/​10.​1161/​
CIRCR​ESAHA.​115.​306656

	37.	 Herrmann J, Xia M, Gummi MR, Greco A, Schacke A, van der 
Giet M, Tolle M, Schuchardt M (2021) Stressor-Induced “inflam-
maging” of vascular smooth muscle cells via Nlrp3-mediated 
pro-inflammatory auto-loop. Frontiers in cardiovascular medicine 
8:752305. https://​doi.​org/​10.​3389/​fcvm.​2021.​752305

	38.	 Feng H, Wang JY, Yu B, Cong X, Zhang WG, Li L, Liu LM, 
Zhou Y, Zhang CL, Gu PL et al (2019) Peroxisome proliferator-
activated receptor-gamma coactivator-1alpha inhibits vascular cal-
cification through sirtuin 3-mediated reduction of mitochondrial 
oxidative stress. Antioxid Redox Signal 31:75–91. https://​doi.​org/​
10.​1089/​ars.​2018.​7620

	39.	 De Schutter TM, Behets GJ, Geryl H, Peter ME, Steppan S, 
Gundlach K, Passlick-Deetjen J, D’Haese PC, Neven E (2013) 
Effect of a magnesium-based phosphate binder on medial cal-
cification in a rat model of uremia. Kidney Int 83:1109–1117. 
https://​doi.​org/​10.​1038/​ki.​2013.​34

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1330 Journal of Molecular Medicine (2022) 100:1321–1330

https://doi.org/10.1371/journal.pone.0101709
https://doi.org/10.1371/journal.pone.0101709
https://doi.org/10.1093/cvr/cvs089
https://doi.org/10.1038/sj.ki.5001841
https://doi.org/10.1038/sj.ki.5001841
https://doi.org/10.1038/ki.2013.271
https://doi.org/10.1371/journal.pone.0003772
https://doi.org/10.1371/journal.pone.0003772
https://doi.org/10.1002/path.5346
https://doi.org/10.1038/ncb1909
https://doi.org/10.1016/j.molmed.2010.03.003
https://doi.org/10.1152/ajpheart.00455.2009
https://doi.org/10.1152/ajpheart.00455.2009
https://doi.org/10.1016/j.exger.2009.07.004
https://doi.org/10.3233/DMA-130965
https://doi.org/10.3233/DMA-130965
https://doi.org/10.1620/tjem.219.121
https://doi.org/10.1620/tjem.219.121
https://doi.org/10.1038/ki.2009.503
https://doi.org/10.1038/ki.2009.503
https://doi.org/10.1161/CIRCRESAHA.115.306656
https://doi.org/10.1161/CIRCRESAHA.115.306656
https://doi.org/10.3389/fcvm.2021.752305
https://doi.org/10.1089/ars.2018.7620
https://doi.org/10.1089/ars.2018.7620
https://doi.org/10.1038/ki.2013.34

	Uremic mouse model to study vascular calcification and “inflamm-aging”
	Abstract
	Introduction
	Materials and methods
	Animal study design
	Plasma chemistry
	Calcium content
	Histological staining
	mRNA gene expression
	Statistical analysis

	Results
	Animal health status
	Clinical parameters of renal failure
	Vessel calcification in uremic mice
	Systemic SASP response

	Discussion
	Acknowledgements 
	References


