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ABSTRACT

Patients with chronic kidney disease are at an increased risk of developing heart failure, but the underlying mechanisms remain
incompletely understood, at least in part because of the paucity of mouse models of uremic cardiomyopathy. In this study, we used
two different experimental setups of 2,8-dihydroxyadenine-induced nephropathy in different mouse strains to develop a non-
invasive mouse model of uremic cardiomyopathy. Among the different models, only 129/Sv mice fed an adenine-supplemented
diet for 16 weeks showed typical features of uremic cardiomyopathy. Kidney damage was confirmed by histopathologic find-
ings of diffuse fibrosis with collagen deposition, crystal formation, and uremia. The cardiac phenotype showed significantly
increased myocardial fibrosis associated with impaired cardiac contractility under dobutamine-induced stress conditions. This
was associated with a significant activation of the mTOR pathway and downstream endoplasmic reticulum stress, increased
apoptosis, and inflammation. Treatment of 129/Sv mice with an adenine-supplemented diet for 16 weeks represents a model of
uremic cardiomyopathy with increased myocardial fibrosis and impaired cardiac function, as well as a shift from cardioprotec-
tive to detrimental signaling, increased endoplasmic reticulum stress, and inflammation.

1 | Introduction sudden cardiac death, arrhythmias, coronary artery disease,

and heart failure, with an approximately 75% increased risk
Patients with chronic kidney disease (CKD) are at increased in patients with CKD stage 4-5 [1, 2]. The term uremic car-
risk of developing cardiovascular disease (CVD), including diomyopathy (UC) describes a CKD-induced cardiac damage
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leading to cardiac dysfunction with the characteristic features
of left ventricular hypertrophy and myocardial fibrosis [3]. UC
is attributed to CKD-dependent fluid retention, activation of
the renin-angiotensin system, oxidative stress, or uremic toxins
leading to direct cardiac injury with activation of inflammatory
pathways [4].

However, CKD is an independent and additive risk factor be-
yond the classical drivers of CVD, including age, smoking,
diabetes, dyslipidemia, and hypertension. Nevertheless, the
underlying mechanisms of UC remain incompletely under-
stood [5]. This lack of knowledge is at least partly due to the
lack of reproducible, especially non-surgical mouse models
of UC, which have been difficult to develop and have yielded
partially contradictory results. Therefore, we performed a pro-
tocol to induce CKD in different mouse strains and to evaluate
the effect on cardiac changes with the aim of establishing a
mouse model of UC with the typical characteristics of cardiac
hypertrophy and myocardial fibrosis as seen in CKD patients.
We focused on the method of 2,8-dihydroxyadenine (DHA)-
induced CKD model as a more easily applicable alternative to
surgery-induced CKD.

2 | Methods
2.1 | Animal Studies

All experiments were approved by the government of North
Rhine-Westphalia approval number: 81-02.04.2017.A447
(model 1) and 81-02.04.2017.A425 (model 2) (Germany). These
studies were performed in seven-week-old male mice obtained
from Janvier Labs and maintained on a 12-h day/night cycle with
ad libitum food and water at the animal facility of the University
Hospital RWTH Aachen University. Three different strains were
used: C57BL/6J and N (C57BL/6JRj and C57BL/6NRj) and 129/
Sv (129S2/SvPasOrlRj) mice. Animal experiments were started
after a 1 week acclimation period to our facility following the im-
portation of the mice. CKD was induced by feeding the mice an
adenine-supplemented diet (2,8-dihydroxyadenine (DHA) ne-
phropathy) (ssniff Spezialdiditen GmbH, Soest, Germany) in two
different mouse studies as described in detail below. At the end
of the experiment, overnight-fasted mice were anesthetized with
ketamine (100mg/kg) and xylazine (10mg/kg), and Temgesic
(0.1 mg/kg) was administered for analgesia. Hemodynamics
were measured with a Millar catheter (Millar Instruments,
Texas, USA) after the catheter was advanced via the right ca-
rotid artery through the aortic valve into the left ventricle. Basal
measurements were followed by i.p. injection of dobutamine
(5mg/kg body weight) as a cardiac stressor. Signals were con-
tinuously recorded and analyzed using iox (emka Technologies,
Paris, France) [6]. Blood samples were collected, mice were sac-
rificed by cervical dislocation, and before tissue samples were
collected and used immediately or snap frozen in liquid nitrogen
and stored at —80°C until further analysis, the heart and vas-
culature were rinsed with ice-cold PBS. Serum urea was deter-
mined at the animal facility of the University Hospital RWTH
Aachen (Germany).

Experimental design 1: We investigated the consequences
of uremia in different mouse strains. Therefore, CKD was

simultaneously induced in C57BL/6J, C57BL/6N and 129/Sv
by feeding them an adenine-supplemented diet (2,8-DHA ne-
phropathy) for 8weeks according to the following schedule
(Figure 1A): 2weeks with 0.2% of adenine, 2weeks with 0.1%
of adenine, 1week with 0.2% of adenine, 2weeks with 0.1% of
adenine, and finally 1 week with 0.2% of adenine.

Systolic and diastolic blood pressure (BP) measurements were
obtained by the non-invasive tail-cuff method using the CODA
system (Kent Scientific Corporation, USA). Non-anesthetized
mice were placed in animal holders, and the tails were placed
in a specially designed cuff connected to the system. Blood flow
was interrupted by automatic cuff inflation, and flow pulsation
was subsequently detected by a built-in sensor during slow air
expiration. To reduce stress-related errors in the measurements,
the mice were trained at least 2days prior to the experiment to
acclimate them to the experimental procedure [7].

Experimental design 2: 129/Sv mice were fed an adenine-
supplemented or control diet for 16 weeks to induce long-term
CKD (schematic illustration Figure 2A): CKD induction during
the first eight weeks was performed as in experimental design 1
(initiation phase). The concentration was then reduced to 0.1%
of adenine for further 8 weeks (maintenance phase) to achieve a
prolonged period of CKD for a total of 16 weeks.

2.2 | Western Blot Analysis

Heart tissue samples were homogenized in lysis buffer (0.25M
sucrose, 2.2mM Na,-EDTA, 10mM Tris) using a TissueLyser
LT (Qiagen, Hilden, Germany) and supplemented with phos-
phatase inhibitors (PhosSTOP, #4906837001) and protease
inhibitors (cOmplete, #11697498001) (both Roche, Basel,
Switzerland). 40ug of protein lysate was separated on a
4%-15% gradient gel before transfer to a nitrocellulose mem-
brane. All antibodies were purchased from Cell Signaling
(Massachusetts, USA) and used at a 1:1000 dilution unless oth-
erwise noted: ACC (#3676), p-ACC(Ser79) (#11818), AMPKa
(#2603), p-AMPKa(Thr172) (#4188), ATF4 (#11815), CASP3
(#14220), CHOP (#2895), eIF2a (#5324), p-elF2a(Ser51)
(#3398), GLUT4 (#2213), IL-18 (#12703), mTOR (#2983), p-
mTOR(Ser2448) (#5536), p-mTOR(Ser2481) (#2974), p70S6K
(#2708), p-p70S6K(Thr389) (#9206), SirT3 (#5490), CD36
(#NB400; Novus Biologicals), BDH1 (#MAS5-15594; 1:500;
ThermoFisher), SCOT (#ab105320; 1:500; Abcam), and KDEL
(#ADI-SPA-827; 1:1000; Enzo). For Ponceau S staining, nitro-
cellulose membranes were incubated in Ponceau S solution
(0.1% (w/v) Ponceau S (#P3504; Merck, Darmstadt, Germany)
in 5% (v/v) acetic acid) and destained with deionized water.
HRP-conjugated anti-rabbit or anti-mouse IgG antibodies were
used as secondary antibodies. Western blots were detected
using a Chemi Doc MP Imaging System (BioRad, California,
USA) and analyzed using Image Lab 5.0 software (BioRad) [6].

2.3 | Histological Analysis
Heart tissues were fixed in 4% paraformaldehyde overnight and

embedded in paraffin. Hearts were sectioned from the top to
the apex, and 4um sections were taken after the mitral valve.
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FIGURE1 | CKD-induced increase in cardiac fibrosis only in 129/Sv mice. We treated different mouse strains (C57BL/6J, C57BL/6N and 129/Sv

mice) with an adenine-supplemented or control diet for a period of 8 weeks (A) (alternating time periods: 2weeks 0.2%, 2weeks 0.1%, 1 week 0.2%,
2weeks 0.1% and 1week 0.2% adenine). We found uremia increased cardiac fibrosis only in 129/Sv mice (B) (C57BL/6J: ctrl.: n=10 and 2,8-DHA:
n=13; C57BL/6N: ctrl.: n=11 and 2,8-DHA: n=13; 129/Sv: ctrl.: n=11 and 2,8-DHA: n=9). Examining cardiac function, we found no difference
in left ventricular functionality in response to uremic conditions in any of the strains studied (C-E) (C57BL/61J: ctrl.: n=9 and 2,8-DHA: n=13;
C57BL/6N: ctrl.: n=12 and 2,8-DHA: n=15 and 129/Sv: ctrl.: n=11 and 2,8-DHA: n=16). Furthermore, no difference in myocardial mitochondrial
function was observed in any of the strains analyzed (F-K) (F/I: C57BL/6J: ctrl.: n=11 and 2,8-DHA: n=16; G/J: C57BL/6N: ctrl.: n=11 and 2,8-
DHA: n=16 and H/K: 129/Sv: ctrl.: n=4 and 2,8-DHA: n=38). No difference in cardiomyocyte hypertrophy was found in C57BL/6J or 129/Sv mice,
whereas we unexpectedly found that uremic conditions reduced cardiomyocyte size in C57BL/6N mice (L-N) (C57BL/61J: ctrl.: n=4 and 2,8-DHA:
n=7; C57BL/6N: ctrl.: n=3 and 2,8-DHA: n=7 and 129/Sv: ctrl.: n=4 and 2,8-DHA: n=6). Results are expressed as mean+ SD and analyzed by
two-tailed t-test ((parametric data; with Welch's correction in case of non-equal SDs if mentioned) or Mann-Whitney's test (non-parametric data))
(B-E (B: Welch's correction for C57BL/6N and 129/Sv; E: Welch's correction for C57BL/6N) and I-M (I: Mann-Whitney's test for state 1/4; J: Mann-
Whitney's test for state 2 and Welch's correction for state 3/4; K: Welch's correction for state 3 and Mann-Whitney's test for state 4) or two-way re-
peated measures ANOVA with matching values and Sidak's post-test (F-H); *p <0.05, **p <0.01 and ***p <0.001.

Interstitial collagen was visualized by Picro-Sirius Red (PSR)
staining and analyzed using Image-Pro Plus 7.0 software (Media
Cybernetics) [6].

Biosystems). 150-200 cross sections of cardiomyocytes per
mouse were measured and analyzed using ImageJ (NIH) [6].

Kidney tissues were fixed in methyl Carnoy's solution over-
night and embedded in paraffin. For general morphological
assessment, 1 pum sections were stained with periodic acid-
Schiff (PAS) stain. Tubulointerstitial injury (including tubular
cell flattening and dilation, atrophy, vacuolization, inflam-
mation, fibrosis) was scored as follows: 0 =0%-1% of the area
with signs of injury, 1=2%-25%, 2=26%-50%, 3=51%-75%,
and 4=76%-100%. H&E staining was used to quantify kidney

For analysis of cardiomyocyte size and area, tissue sec-
tions were rehydrated and heat-induced antigen retrieval
was performed in citrate buffer. Slides were incubated with
fluorescein-conjugated wheat germ agglutinin ((WGA),
1:100 (Vector Laboratories)) and counterstained with
4’,6-diamidin-2-phenylindol (DAPI). Slides were digi-
tized using an Aperio Versa200 whole slide scanner (Leica
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FIGURE 2 |
adenine-supplemented diet to induce 2,8-dihydroxyadenine (DHA) crystal formation for a total of 16 weeks (A) (alternating time periods: 2weeks
0.2%, 2weeks 0.1%, 1week 0.2%, 2weeks 0.1%, 1week 0.2% and 8 weeks 0.1% adenine; n=12 ctrl. and n=12 2,8-DHA mice). Examining the cardi-
ac phenotype, we found a significant increase in myocardial fibrosis (B/C) (n=11 ctrl. and n=11 2,8-DHA mice) in association with a significant
impairment of left ventricular contractility as an indicator of systolic function under dobutamine stress conditions (D), whereas cardiac relaxation,

CKD-dependent morphological and functional cardiac changes in 129/Sv mice. In this model, we treated 129/Sv mice with an

heart rate and cardiomyocyte hypertrophy were not affected (E-I) (D-F: Baseline: n=12 ctrl. and n=12 2,8-DHA and dobutamine: n=10 ctrl. and
n=92,8-DHA mice and H/I: n=12 ctrl. and n=12 2,8-DHA mice). Results are expressed as mean + SD and analyzed by two-tailed t-test ((paramet-
ric data; with Welch's correction in case of non-equal SDs) (C/H/I) C: Welch's correction)) or mixed effects analysis with matched values and Sidak's

post-test (D-F); *p <0.05, **p <0.01 and ***p <0.001.

2,8-DHA crystals. For this purpose, images of the kidney
cortex were captured with 20x objectives under polarized
light, and the positive bright crystal area was analyzed using
ImageJ (NIH). To quantify kidney fibrosis, immunostaining
for collagen type III was performed using goat anti-type III
collagen (Southern Biotech) as the primary antibody and bi-
otinylated rabbit anti-goat IgG (Vector Laboratories) as the
secondary antibody. Visualization was performed by using
AB complex signal enhancement followed by incubation with
3,3’-diaminobenzidine. Slides were digitized using an Aperio
AT2 whole slide scanner (Leica Biosystems), and the positively
stained area in the cortex and medulla was quantified using
Image Scope (Leica Biosystems) [8].

2.4 | Mitochondrial Analysis

Heart or kidney tissue samples were collected in isolation buffer
(IB) (IB: 225 mM mannitol, 75 mM sucrose, 2mM HEPES, 1 mM
EGTA; pH=7.4). Lysis was performed in IB supplemented with
4mg/mL BSA (#A7030) and 1.6mg/mL proteinase (#P8038)
(both Merck, Darmstadt, Germany) with metal beads at 25Hz in
a TissueLyser LT (Qiagen, Hilden, Germany) for 3 min. This step
was repeated after the addition of the same volume of lysis buffer

for another 3min at 25Hz. The suspensions were centrifuged at
400g for 5min at 4°C to collect the supernatant. After a second
centrifugation of the supernatant at 7700g for 10min at 4°C,
the pellet was resuspended in mitochondrial suspension buffer
(MSB) (MSB: 225mM mannitol, 75mM sucrose, 2mM HEPES,
pH=7.4). After two further washing steps, including centrifu-
gation at 7700 g for 5min each at 4°C, the isolated mitochondria
were stored in MSB and the oxygen consumption rate (OCR)
was determined from 40ug mitochondria in respiratory buffer
(137mM KCl, 2mM KH,PO,, 2.5mM MgCl,, 20mM HEPES,
0.5mM EGTA; pH=7.2) using a Seahorse analyzer (Agilent
Technologies, California, USA). We measured mitochondrial
function using the following protocol: first, mitochondrial OCR
was measured under baseline conditions - only freshly isolated
mitochondria without substrate in respiratory buffer (state 1).
Then, state 2 respiration was induced by substrate supplemen-
tation (pyruvate/malate) (P/M; 5mM), i.e., low ADP level and a
high ATP/ADP ratio. In addition, adenosine diphosphate (ADP;
1mM) (#A2754) was added to detect state 3 respiration, which
implies a high level of (extramitochondrial) ADP and a low
ADP/ATP ratio. Finally, the F,F, ATP synthase inhibitor oligo-
mycin A (1.2uM) (#75351) (both Merck, Darmstadt, Germany)
was added (state 4). Each cycle was measured in three replicates
of 30s mixing and 2min measuring procedure [8].
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2.5 | Blood Sample Analysis

The concentration of interleukin-6 (IL-6) in plasma was deter-
mined by an enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer's protocol (R & D Systems).

2.6 | Statistical Analysis

Data are presented as mean + SD. All statistical data analyses,
including normal distribution tests and graph preparation,
were performed using GraphPad Prism (version 10). Statistics
included two-way repeated measures ANOVA with matched
values and Sidak's post-test and, in the presence of missing
values, mixed-effects analysis with Sidak's post-test for multi-
ple comparisons of matched values (values from one animal at
different time points) with normal distribution; student's t-test
(unpaired, two-tailed) for two-group comparisons with nor-
mal distribution and without time variables, with additional
Welsh's correction of non-equal standard deviations; Mann-
Whitney test for two-group comparisons without normal dis-
tribution, as detailed indicated in the figure legends. Outliers
were excluded using the Grubbs' test in GraphPad. P values
are defined as follows: *p <0.05, **p <0.01, ***p <0.001, and
#HE%D < 0.0001.

3 | Results

3.1 | Cardiac Effects of 2,8-DHA-Induced CKD in
Different Mouse Strains

We treated C57BL/6J, C57BL/6N, and 129/Sv mice with an
adenine-supplemented diet to induce 2,8-DHA crystal formation
or with a control diet for 8weeks (Figure 1A). We observed the
expected induction of uremia (Figure S1A), kidney crystal forma-
tion (Figure S1B/C) with tubulointerstitial injury (Figure S1D/E)
and kidney collagen deposition (Figure S1F-H) in all strains.
Furthermore, kidney mitochondrial function was impaired in all
strains (Figure S1: C57BL/6J (I/L), C57BL/6N (J/M) and 129/Sv
(K/N)), while systolic blood pressure was increased in C57BL/6J
and C57BL/6N but not in 129/Sv mice (Figure S10-Q). With
respect to characteristic features of UC, only 129/Sv mice devel-
oped an increase in cardiac fibrosis after 8 weeks of adenine diet
(Figure 1B). There was no difference in cardiac functionality in
response to uremic conditions in any of the investigated strains
studied (Figure 1C-E). Furthermore, no difference in myocardial
mitochondrial function was observed in any of the strains stud-
ied (Figure 1: C57BL/6J (F/I), C57BL/6N (G/J) and 129/Sv (H/K)).
In addition, no changes in cardiomyocyte hypertrophy were ob-
served in any of the strains (Figure 1L-N).

3.2 | CKD-Dependent Morphological
and Functional Cardiac Changes in 129/Sv Mice

Because of the exclusive induction of cardiac fibrosis by uremic
conditions in 129/Sv mice, we decided to perform further analy-
ses in this mouse strain only. Therefore, we treated 129/Sv mice
with an adenine-supplemented diet for 16 weeks (Figure 2A).
This resulted in the expected kidney damage with collagen

deposition (Figure S2A-C), crystal formation (Figure S2D/E)
and uremia (Figure S2F). In addition, we measured plasma lev-
els of IL-6, a widely used biomarker of inflammation and dis-
ease progression in experimental models. IL-6 levels increased
only slightly throughout the experimental period, with no differ-
ences observed between CKD mice and controls (Figure S2G).

Investigating the cardiac phenotype, we observed a significant
increase in myocardial interstitial fibrosis (Figure 2B/C) associ-
ated with a significant impairment in cardiac contractility as an
indicator of systolic function under dobutamine stress conditions
(Figure 2D). In contrast, cardiac relaxation, heart rate, and cardiac
hypertrophy were not affected (Figure 2E-I). When investigating
the metabolic and inflammatory features underlying this car-
diac phenotype, we observed significant activation of the mTOR
pathway as evidenced by the phosphorylation of its downstream
target p70S6K at Thr389 (Figure 3A/B). In addition, there was no-
table downstream endoplasmic reticulum stress, as indicated by
the phosphorylation of eIF2a at Ser51 and the presence of ATF4
and CHOP. We also detected increased apoptosis (as evidenced
by increased caspase 3 expression) and increased inflammation
as evidenced by increased IL-1 expression (Figure 3C,D/E). The
129/Sv strain showed altered signaling patterns in the heart with
a decrease in protective pathways and an increase in detrimental
pathways as observed by decreased AMPK signaling and Sirt3 ex-
pression (Figure 3F/G) and suppressed expression of the fatty acid
transporter CD36, whereas the expression of the insulin-dependent
glucose transporter GLUT4 was increased (Figure 3H/I). No dif-
ference was observed in the expression of the ketone catabolizing
enzymes BDH-1 and SCOT (Figure 3H/I). Furthermore, we did
not find differences in the expression of lipogenic enzymes (Fasn
and SrebfI; data not shown), the mitochondrial fatty acid trans-
porter CptI (data not shown), mitochondrial transcription factors
(Ppargcla, Tfam and Nrfl; data not shown) or markers of mito-
chondrial fission and fusion (data not shown), nor in mitochon-
drial respiration (data not shown).

In conclusion, this model of 2,8-DHA-induced nephropathy in
129/Sv mice induced clinical features of uremic cardiomyopathy
(reduced cardiac function, cardiac interstitial fibrosis; Table 1)
as well as an unfavorable balance between protective and detri-
mental cardiac signaling.

4 | Discussion

In this study, we established a mouse model of UC by simultane-
ously comparing several mouse strains with different durations
of adenine treatment. Our approach led to the development of a
non-surgical mouse model of UC. In 129/Sv mice fed an adenine-
supplemented diet for 16 weeks, we found increased cardiac fi-
brosis and impaired cardiac function. This was associated with
increased mTOR signaling, downstream endoplasmic reticulum
stress, and induction of inflammatory and pro-fibrotic signaling.

Mouse models of UC have been difficult to establish, with partially
conflicting and strain-dependent results, as summarized in a re-
cent meta-analysis. To complicate matters, these studies have used
different protocols for CKD induction and measures of cardiac
changes, making it difficult to rigorously compare UC in differ-
ent mouse strains [9]. In this study, we used C57BL/6 mice as the
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FIGURE 3 | CKD-dependent mTOR activation in 129/Sv mice. Investigating the metabolic and inflammatory signature underlying this cardiac
phenotype, we found significant activation of the mTOR pathway (as indicated by its downstream target p70S6K-phosphorylation at Thr389) (A/B)
along with downstream endoplasmic reticulum stress (as indicated by eIF2a-phosphorylation at Ser51, ATF4 and CHOP), increased apoptosis (via
caspase 3 expression) and inflammation (via IL-1f expression) (C-E). Furthermore, we observed decreased AMPK signaling and Sirt3 expression
(F/G), and suppression of the fatty acid transporter CD36 expression, while insulin dependent glucose transporter GLUT4 expression was increased
(H/I). No difference was observed in the expression of the ketone catabolizing enzymes BDH-1 and SCOT (H/I) (all A/C/F/H: ctrl.: n=5 and 2,8-
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strain with the greatest availability of genetic mouse models. In our
hands, CKD did not induce UC in either C57BL/6J or C57BL/6N
mice, as indicated by the absence of cardiac fibrosis, in contrast
to some, but not all, of the studies summarized in the afore men-
tioned meta-analysis. In addition, we observed an increase in sys-
tolic blood pressure only in C57BL/6J and C57BL/6N mice, but not
in 129/Sv mice. We are still unable to explain this. The observed
difference with previous reports may be due to the method used to
induce CKD by crystal-induced nephropathy in our study and sub-
total 5/6 nephrectomy in most of the other studies. Furthermore,
the surgical method of CKD induction has not been reproducible
even up to 16weeks of CKD with respect to the development of
cardiac fibrosis or other markers of UC in C57BL/6 mice [7,9]. The
absence of typical features of UC was evident in our study in both
C57BL/6N and C57BL/6J mice, with C57BL/6J previously iden-
tified as less susceptible to mitochondrial reactive oxygen species
production due to the genetic absence of a functional mitochon-
drial nicotinamide nucleotide transhydrogenase (NNT) [10, 11].
In contrast to the C57BL/6 strains, we showed that after 8 weeks
of CKD induction, 129/Sv mice exhibited at least cardiac fibrosis
and altered cardiac signaling, suggesting an unfavorable shift from
protective to detrimental pathways. Thus, by providing a direct
comparison of different mouse strains with identical experimental
protocols of CKD induction performed simultaneously to exclude
potential time-dependent factors, our study indicates that C57BL/6
mice are at least partially protected from UC in direct comparison
to 129/Sv mice after 8 weeks.

Therefore, we prolonged the treatment with adenine supple-
mentation specifically in 129/Sv mice up to 16 weeks. This sig-
nificantly increased cardiac interstitial fibrosis (2.9-fold) and
caused reduced cardiac contractility under dobutamine stress
conditions. These observations are consistent with studies using
subtotal nephrectomy in 129/Sv mice, which also reported
CKD-dependent cardiac fibrosis and hypertrophy. However, to
our knowledge, there is no mouse model of UC available that
is independent of surgery [9, 12]. In comparison, two previous
studies of 2,8-DHA-induced CKD (for 8weeks in C57BL/6) re-
ported only either cardiac fibrosis or reduced cardiac function,
but not both features of UC [13, 14]. A third study examining
the heart after 20weeks of 0.15% adenine diet in C57BL/6 re-
ported reduced ejection fraction and cardiac hypertrophy along
with increased cardiac fibrosis, although the latter remained
<5% elevated compared to controls [15]. Furthermore, neither
in 129/Sv nor in any other mouse strain studied to date has a
2,8-DHA-induced CKD protocol been reported that can simul-
taneously induce myocardial interstitial fibrosis, cardiac inflam-
mation, and impaired cardiac function [9, 12], as observed in our
regimen of adenine treatment in the 129/Sv strain. The relevant
reasons for the strain-specific differences in UC susceptibility are
currently unknown. 129/Sv mice have two renin genes, but we
did not observe a higher basal or CKD-induced blood pressure
increase in this mouse strain compared to the others, making this
an unlikely explanation for the cardiac phenotype. Furthermore,
the 129/Sv strain has been reported to be more susceptible to
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Features of uremic cardiomyopathy.

TABLE 1

Heart

Kidney

Mitochondrial

Cardiac
contractility

Mitochondrial

Time
[weeks]

function

Hypertrophy

Fibrosis

function

Serum urea

Fibrosis

Treatment

Strain

Yes

C57BL/6J Adenine

Model 1

Yes

C57BL/6N

Yes

129/Sv
FVB (N)

Yes

Yes

S129/Sv Adenine 16

Model 2

Abbreviations: /, no change; -, not analyzed.

kidney injury, fibrosis, and inflammation after subtotal nephrec-
tomy [16], but this was not observed in our study during the
parallel induction of 2,8-DHA-induced CKD in terms of serum
urea, tubulointerstitial injury, or kidney fibrosis. We also did
not observe any differences in plasma IL-6 levels, a typical bio-
marker of inflammation and disease progression in experimental
models, in our CKD mouse model. Most likely, a combination
of genetic differences underlies our observed differences in car-
diac presentation upon CKD induction in 129/Sv compared to
the other strains. Genome sequence comparison of inbred mouse
strains revealed that the 129/Sv strain has > 1500 protein-coding
genes and>2400 protein-coding transcripts with at least one
amino acid truncation, expansion, or change with a minimum
defined “severity impact” in terms of predicted effect on protein
function compared to the C57BL/6J strain [17]. Our model now
facilitates the investigation of the underlying mechanisms of
CKD-dependent cardiovascular changes and the testing of new
therapeutic interventions in a preclinical mouse model. To better
understand the molecular cardiac changes, we investigated met-
abolic and pro-fibrotic signaling pathways. CKD reduced cardiac
AMPK and SirT3 signaling both cardioprotective [18, 19] in 129/
Sv mice as a possible mechanism of mTOR activation leading
to downstream endoplasmic reticulum stress. This occurred in
conjunction with increased cardiac expression of the glucose
transporter GLUT4 and suppression of the fatty acid transporter
CD36, suggesting a possible switch in cardiac substrate metabo-
lism to favor glucose over fatty acid use. Since increased fatty acid
oxidation has recently been shown to be cardioprotective against
heart failure [20], such molecular alterations might induce sus-
ceptibility to adverse cardiac changes. Nevertheless, we did not
detect differences in cardiac mitochondrial function or metabolic
intermediates (data not shown), suggesting that metabolic alter-
ations and energy deficit are an unlikely mechanism for cardiac
damage and fibrosis in 129/Sv mice.

As a relevant limitation, the presented results of our study were
not performed in direct comparison with the CKD model in-
duced by 5/6 nephrectomy analyzed only in male mice. Since
the aim of this project was to establish a model of uremic cardio-
myopathy in mice and to comply with the 3R requirements (3R:
Replacement, Reduction and Refinement), initial experiments
(model 1) were performed with a small number of animals and
an evaluation of only eight and 16weeks of CKD induction.
Future research is warranted to evaluate the effect of our 2,8-
DHA CKD model also in females and on other parameters of
cardiac function. In addition, the present results of our study re-
main descriptive and we are not able to identify the main caus-
ative factors for CKD-mediated UC, which demonstrates the
need for further investigation.

Given the high clinical relevance of CKD-associated CVD, the
aim of this study was to investigate the cardiac function and the
pathophysiological features of uremic cardiomyopathy in dif-
ferent mouse strains with CKD. We established a non-surgical
mouse model of uremic cardiomyopathy using 129/Sv mice fed an
adenine-supplemented diet for 16 weeks. We observed increased
cardiac fibrosis and impaired cardiac function, closely mimicking
key pathological features known from human disease.

As mentioned above, additional studies are needed to establish
the causality between the observed pathway changes and the
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cardiac phenotype. Furthermore, we are currently unable to
describe the exact mechanism leading to mTOR activation as a
likely cause of the pro-fibrotic phenotype in our study. However,
the establishment of a mouse model of uremic cardiomyopa-
thy using 2,8-DHA-induced nephropathy in 129/Sv mice now
allows further analysis to gain a better understanding of the
molecular mechanisms leading to the development of cardiac
changes in CKD.
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