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5/6 nephrectomy induces different 
renal, cardiac and vascular 
consequences in 129/Sv and 
C57BL/6JRj mice
Mouad Hamzaoui1,2, Zoubir Djerada  1,3, Valery Brunel4, Paul Mulder1, Vincent Richard  1, 
Jérémy Bellien1,5 & Dominique Guerrot  1,2*

Experimental models of cardiovascular diseases largely depend on the genetic background. Subtotal 
5/6 nephrectomy (5/6 Nx) is the most frequently used model of chronic kidney disease (CKD) in rodents. 
However, in mice, cardiovascular consequences of 5/6 Nx are rarely reported in details and comparative 
results between strains are scarce. The present study detailed and compared the outcomes of 5/6 Nx in 
the 2 main strains of mice used in cardiovascular and kidney research, 129/Sv and C57BL/6JRj. Twelve 
weeks after 5/6 Nx, CKD was demonstrated by a significant increase in plasma creatinine in both 129/
Sv and C57BL/6JRj male mice. Polyuria and kidney histological lesions were more pronounced in 129/Sv 
than in C57BL/6JRj mice. Increase in albuminuria was significant in 129/Sv but not in C57BL/6JRj mice. 
Both strains exhibited an increase in systolic blood pressure after 8 weeks associated with decreases 
in cardiac systolic and diastolic function. Heart weight increased significantly only in 129/Sv mice. 
Endothelium-dependent mesenteric artery relaxation to acetylcholine was altered after 5/6 Nx in 
C57BL/6JRj mice. Marked reduction of endothelium-dependent vasodilation to increased intraluminal 
flow was demonstrated in both strains after 5/6 Nx. Cardiovascular and kidney consequences of 5/6 Nx 
were more pronounced in 129/Sv than in C57BL/6JRj mice.

Chronic kidney disease (CKD) is a major health problem, with a worldwide prevalence of 13%1. A strong asso-
ciation has been demonstrated between the decrease in glomerular filtration rate (GFR), the risk of developing 
functional and structural disorders of the heart and cardiovascular (CV) events2–4. Accordingly, CV disease rep-
resents the leading cause of mortality in this population. Multiple mechanisms lead to the CV consequences of 
CKD, and endothelial dysfunction is considered as a cornerstone in this setting5,6. Due to limited pathophysio-
logical understanding, a large amount of research is currently dedicated to the deleterious reciprocal interactions 
of heart and kidney diseases, within the 5 types of cardiorenal syndrome7. Different models of CKD have been 
developed in rodents, including kidney mass reduction by 5/6 nephrectomy (5/6 Nx), DOCA salt nephropathy, 
unilateral ureteral obstruction, oxalate-induced CKD, adenine-induced CKD and genetic mutation of Col4A38–12, 
but these models do not fully reproduce the CV consequences of CKD observed in humans, including coronary 
heart disease. 5/6 Nx has been widely used in rats13,14 because of the persistent decrease in GFR, proteinuria, glo-
merular sclerosis and hypertension induced, contributing to the major interest of this model15. To date, several 
factors, including surgical difficulties, have limited the use of 5/6 Nx in mice16. This is of critical importance in 
particular because transgenic mice, most commonly developed on a C57BL/6JRj background, currently repre-
sent a key experimental tool. In the literature reporting results of 5/6 Nx in mice, strain-dependent differences 
appear regarding hypertension, albuminuria, kidney function, and kidney histological lesions17. Irrespective of 
the genetic background, renal, cardiac and vascular consequences of 5/6 Nx in mice are generally the subject of 
focused studies, and their occurrence and severity are therefore poorly characterized together.
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In this context, the aim of this study is to comparatively describe the consequences of 5/6 Nx in the two com-
monly used mouse strains C57BL/6JRj and 129/Sv, with a specific focus on structural and functional disorders of 
the cardiovascular system.

Methods
Animal models. All experiments were carried out in C57BL/6JRj and 129/Sv mice (n = 20 per strain), aged 
8 weeks and weighing between 20 and 26 g (directly bought from Janvier laboratory, Le Genest Ste Isle, France 
without breeding within our facility), in accordance with the standards and ethical rules, and with approval by the 
national animal ethics committee (CENOMEXA C2EA-54). To limit the number of animals used, and variability 
related to hormonal issues which play an important role in CV disorders beyond the scope of strain-dependent 
differences, only male mice were studied. The surgical procedures were performed by a single experienced oper-
ator in order to ensure reproducibility. Briefly, mice were anaesthetized by intraperitoneal injection of ketamine 
(100 mg/kg) (Ketamine® 1000, Virbac France) + Xylazine (10 mg/kg) (Rompun® 2%, Bayer France). After shav-
ing and disinfection with povidone (10% Betadine® dermal, Meda), a left laparotomy was performed to expose 
the left kidney. First, in order to preserve the adrenal gland, it was separated from the left kidney without harming 
its vascularization, followed by dissection of the perihilar adipose tissue. After detecting the bifurcation of the 
kidney artery at the hilum, using a non-absorbable polypropylene 8-0 thread, 6.5-mm needle (Prolene® 8-0, 
Ethicon), the upper limb of the kidney artery was ligated and verified by the subsequent homogeneous discolor-
ation of the upper half of the left kidney. The identification and ligation of the upper branch of the kidney artery 
was easier in C56BL/6JRj than in 129/Sv mice, since the division of the artery was more proximal in C56BL/6JRj 
as shown in Suppl Fig. 1.

Then, using a cauterizer (Thermal Cautery Unit®, Geiger), the lower kidney pole was cauterized with an esti-
mated depth of 1 mm, avoiding the hilum (Fig. 1), and then sutured using a non-absorbable 4-0 polyamide thread 
(Ethilon® 4-0, Ethicon). The entire surgical procedure was performed under a binocular magnifying glass (mag-
nification x2). One week after the left partial nephrectomy, a total right nephrectomy was performed following 
the same steps described above, excepted that the hilum which was fully ligated and the right kidney removed. 
Control groups were subjected to a sham operation, undergoing a simple laparotomy. The animals received 
post-operative analgesia consisting in a subcutaneous injection of buprenorphine (0.05 mg/kg) (Buprecare®, 
Axience). Mice were sacrificed 12 weeks (W12) after total right nephrectomy.

Blood pressure. Non-invasive measurements of systolic blood pressure (SBP) were performed by tail cuff ple-
thysmography (CODA, Kent Scientific Corporation), before (W0), 4 (W4) and 8 (W0) weeks after surgery. These 
measurements were performed in conscious and trained mice, and consisted in 2 series of 10 cycles of measurements.

Urine parameters. Urine was collected over 24 hours in metabolic cages at W0, W4 and W8 for evaluation 
of urine output. In addition, urine albumin was determined at W8 using an ELISA kit (Albuwell M, Exocell). 
Furthermore, urine aldosterone concentration was evaluated at W8 by ELISA (Aldosterone ELISA Kit, Enzo) and 
expressed as pg/g body weight/24 h.

Plasma creatinine. At W12, mice were anesthetized (Xylazine + Ketamine as described previously), blood 
samples were collected and centrifuged. Plasma creatinine concentration was monitored by enzymatic method 
(CREP2, Roche Diagnostics).

Cardiac function and dimensions. Ten weeks after the right nephrectomy mice were anesthetized (iso-
flurane 1 to 2%), LV size and function were assessed with a Vivid 7 ultrasound device (GE medical)18. The heart 
was imaged in 2-D mode (parasternal short-axis view). Ejection fraction (EF) was calculated as EF (%) = ((LVDA 
– LVSA)/LVDA) × 100, where LVDA and LVSA represent LV diastolic and systolic areas, estimated from 
end-diastolic and end-systolic diameter (EDD and ESD). Doppler measurements were also performed at the tip 
of mitral leaflets to determine diastolic filling profiles (apical 4-chamber view), to determine peak early (E) and 
late (A) mitral inflow velocities, and calculate E/A ratio, as an index of LV diastolic function.

Vascular function. Endothelial function was first assessed on small vessel myographs and arteriographs as 
described previously19,20. After blood sampling, the mesentery was first removed and then placed in oxygenated 
Krebs buffer at 4 °C. A 1.5–2.0 mm segment of first order of mesenteric resistance artery segment was mounted 
on a myograph (DMT, Aarhus, Denmark). After normalization, endothelium-dependent relaxation to acetyl-
choline (10−9 to 3.10−5 mol/L) and endothelium-independent relaxation to sodium nitroprusside (SNP) (10−9 
to 3.10−5 mol/L) were performed in segments pre-contracted with Phenylephrine (Phe: 10−5 mol/L). A 2-3 mm 
segment of third mesenteric resistance artery segment was mounted on an arteriograph (DMT, Denmark). 
The dilatory response to stepwise increases in intraluminal flow (from 3 to 100 μL/min) was assessed in vessels 
pre-constricted with Phe (10−5 mol/L). Only vessels which increased their constriction by more than 40% with 
Phe were included in the experiments.

Kidney and cardiac histology. In 5/6 Nx mice, the remnant kidney was removed at sacrifice. Kidneys were 
harvested and decapsulated. Kidney histological lesions were analyzed after Masson’s staining. Briefly, the kidneys 
were fixed for 24 hours in 4% formalin and embedded in paraffin after conventional processing. Three-μm slices 
were thereafter stained with Masson’s trichrome solution. The slides were independently examined on a blinded 
basis, using a 0 to 4 injury scale for the level of interstitial inflammation, interstitial fibrosis and glomerulosclerosis at 
magnification x20 (0: no damage; 1: < 25% of kidney damaged; 2: 25–50% of kidney damaged; 3: 50–75% of kidney 
damaged; 4: 75–100% of kidney damaged). Tubular lesions were analyzed at magnification x10. Vascular thickening 
and vascular fibrosis were analyzed at magnification x40. The upper half of the kidney was not analyzed since it was 
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ischemic in 5/6 Nx mice. The heart was harvested and weighed. A standardized section of the left ventricle (LV) was 
frozen for determination of LV fibrosis, using 8-µm thick histological slices, previously stained with Sirius Red. For 
each heart, 12–15 consecutive images were taken at x10 magnification. Fibrosis area was determined by blinded 
automated morphometric analysis and expressed as a mean percentage of the total area analyzed (Image J software).

Statistical analyses. Statistical analysis was performed with Prism software (GraphPad Prism 5.00.288). 
Data were expressed as mean values ± SEM. The normality of the data and homogeneity of variances were 
respectively assessed by Shapiro-Wilk and Bartlett tests. Differences between groups were analyzed by one-way 
ANOVA test, followed by Bonferroni correction, or Kruskal-Wallis test, followed by a Dunn multiple comparison 
post-test, as appropriate. Differences between groups for quantitative variables measured over time were analyzed 
by two-way ANOVA test with group and time as factors. Bonferroni correction was applied to post-hoc t-tests 
when ANOVA was significant. Survival curves were analyzed using Log-rank (Mantel-Cox) test. All p values were 
two-tailed with statistical significance indicated by a value of p < 0.05.

Results
Body weight and survival. Body weight increased with time in sham-operated mice (Fig. 1A,B) but this 
increase was higher in C57BL/6JRj mice compared to 129/Sv (ΔW0–W12: 7.9 ± 0.9 vs 6.1 ± 1.1 g, p < 0.01). After 
5/6 Nx, body weight gradually increased in C57BL/6JRj mice but not in 129/Sv mice (ΔW0–W12: 4.7 ± 0.9 vs 
−1.9 ± 0.8 g, p < 0.001) (Supplementary Fig. 1). After 12 weeks, survival was not significantly affected by 5/6 Nx 
neither in C57BL/6JRj nor in 129/Sv mice.

Figure 1. Evolution of body weight (A,B) and urine output (C,D) from week 0 (W0; 5/6 Nx) to W12 (sacrifice) 
in sham-operated and 5/6 Nx C57BL/6JRj (A,C) and 129/Sv (B,D) mice (n = 10 per group). *p < 0.05: 
sham vs. 5/6 Nx, **p < 0.01: sham vs. 5/6 Nx, ***p < 0.001: vs. 5/6 Nx. Plasma creatinine at week 12 (E) and 
aldosteronuria (F) in sham-operated and 5/6 Nx C57BL/6JRj and 129/SV mice (n = 8–9 per group). *p < 0.05: 
sham vs 5/6 Nx, ***p < 0.001: sham vs 5/6 Nx.
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Kidney parameters. The onset of CKD was confirmed by the significant increase in plasma creatinine 
12 weeks after 5/6 Nx in both strains. There was no significant interstrain difference regarding the increase in 
C57BL/6JRj vs 129/Sv mice (ΔW0–W12: +14 vs +28 µmol/L) (Fig. 1E). To further describe the kidney conse-
quences of 5/6 Nx, we analyzed urine collections. As opposed to C57BL/6JRJRj mice, 129/Sv mice presented sig-
nificant 2.3 and 2.8-fold increases in urine volume at week 4 and week 8 respectively (Fig. 1C,D). An increase in 
urinary aldosterone was observed in 129/Sv and C57BL/6JRj mice after 5/6 Nx, without difference between strains 
(Fig. 1F). In addition, urinary albumin/creatinine ratio was markedly increased in 129/Sv mice (4588 ± 821 vs 
219 ± 52 mg/g, p < 0.001) but not in C57BL/6JRj mice (121 ± 29 vs 153 ± 14 mg/g, p = NS). Kidney histology 
analyses showed the development of glomerulosclerosis, tubular injury, interstitial fibrosis and inflammation, 
perivascular fibrosis and vascular thickening in 129/Sv and C57BL/6JRj mice after 5/6 Nx (Fig. 2A–F). All these 
lesions were significantly higher in 129/Sv compared to C57BL/6JRj mice.

Blood pressure. Systolic blood pressure was significantly increased in 129/Sv and C57BL/6JRj mice 8 weeks 
after surgery (Fig. 3A,B).

Cardiac parameters. Echocardiographic measurements are presented in Table 1. There was no significant 
difference between sham-operated and 5/6 Nx mice in both C57BL/6JRj and 129/Sv strains regarding heart rate, 
LV end-diastolic diameter and wall thicknesses. However, 5/6 Nx induced a similar decrease in fractional short-
ening and LVEF in both strains, showing a decrease in systolic function. In addition, the E/A ratio similarly 
decreased after 5/6 Nx in C57BL/6JRj and 129/Sv, indicating the development of diastolic dysfunction. At sacri-
fice, no difference in cardiac weight was observed between 5/6 Nx and sham-operated mice in the C57BL/6JRj 
strain, while a slight but significant increase was noticed in 129/Sv 5/6 Nx mice (Fig. 3A). In addition, there was 
an increase in heart fibrosis after 5/6 Nx in 129/Sv mice, but not in C57BL/6JRj (Fig. 3B).

Vascular function. Relative to baseline values, there was a decrease of mesenteric artery relaxation to 
acetylcholine in C57BL/6JRj mice compared to sham-operated mice at week 12, without change in the relax-
ation response to sodium nitroprusside (SNP), demonstrating endothelial dysfunction (Fig. 4A,C). No differ-
ence was shown regarding mesenteric artery relaxation to acetylcholine and SNP in 129/Sv mice compared to 
sham-operated mice (Fig. 4B,D). Importantly, the relaxation to acetylcholine was altered in sham-operated 129/Sv 
mice (Fig. 4B), demonstrating that 129/Sv mice do not present the “normal” response to acetylcholine (acetylcho-
line concentration-dependent relaxation of the artery related to the release of endothelium-derived vasodilators).

Regarding arteriography, basal external diameter of the mesenteric artery increased after 5/6 Nx in 
C57BL/6JRj (Sham-5/6 Nx: 301 ± 10 vs 348 ± 4 µm, p = 0.001) but not in 129/Sv mice (Sham-5/6 Nx: 277 ± 14 

Figure 2. Scoring of kidney lesions 12 weeks after surgery in sham-operated and 5/6 Nx C57BL/6JRj and 
129/Sv mice (n = 6–10 per group). (A) Glomerular sclerosis (GS) lesions, (B) Tubular damage (TD) lesions, 
(C) Interstitial fibrosis (IF) lesions, (D) Interstitial inflammation (II) lesions, (E) Vascular thickening (VT) 
lesions, (F) Vascular fibrosis (VF) lesions. ***p < 0.001: sham vs 5/6 Nx, $p < 0.05: 5/6 Nx (129/Sv) vs. 5/6 Nx 
(C57BL/6JRj), $$$p < 0.001: 5/6 Nx (129/Sv) vs. 5/6 Nx (C57BL/6JRj).
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vs 291 ± 13 µm, p = NS). Wall thickness increased significantly after 5/6 Nx in both C57BL/6JRj (Sham-5/6 Nx: 
21 ± 1 vs 32 ± 2 µm, p < 0.001) and 129/Sv (Sham-5/6 Nx: 22 ± 1 vs 31 ± 1 µm, p < 0.001) strains. In addition, in 
precontracted mesenteric arteries we observed a marked decrease of the endothelium-dependent vasodilation in 
response to a gradual increase in intraluminal flow in both C57BL/6 JRj (Fig. 4E) and 129/Sv (Fig) mice, demon-
strating severe endothelial dysfunction in both strains.

Discussion
The precise cardiovascular consequences of the 5/6 Nx model are poorly defined in mice, because of methodolog-
ical differences between studies (Table 2). The present study demonstrates that 5/6 Nx is a relevant tool to study 
the cardiovascular consequences of CKD in both C57BL/6JRj and 129/Sv mice. Importantly, it highlights striking 
differences in terms of kidney, cardiac and vascular consequences of this model between strains, with important 
implications for the design and interpretation of experimental procedures.

In line with results of the present study, Leelahavanichkul et al. previously reported that C57BL/6JRj mice pre-
sented milder CKD than 129/Sv and CD-1 mice after subtotal nephrectomy17. Accordingly, we found that in the 
remnant kidney of C57BL/6JRj mice tubular damage, interstitial fibrosis and inflammation were less severe com-
pared to 129/Sv mice. C57BL/6JRj did not develop albuminuria while 129/Sv did, which is consistent with previous 
findings by Ma LJ et al.21. This was associated with increased glomerulosclerosis in 129/Sv mice in both studies.

Figure 3. Evolution of systolic blood pressure from week 0 (W0; 5/6 Nx) to W12 (sacrifice) in sham-operated 
and 5/6 Nx C57BL/6JRj (A) and 129/SV (B) mice (n = 10 per group). *p < 0.05: sham vs. 5/6 Nx, ***p < 0.001: 
vs. 5/6 Nx. Heart weight (w) to tibia length ratio (C) and morphometric quantification of left ventricular cardiac 
fibrosis determined 12 weeks after surgery (D) in sham-operated and 5/6 Nx C57BL/6JRj and 129/SV mice 
(B) (n = 7–9 per group). **p < 0.01: sham vs. 5/6 Nx, $$p < 0.01: 5/6 Nx (129/Sv) vs. 5/6 Nx (C57BL/6JRj), 
***p < 0.001: sham vs. 5/6 Nx, $$$p < 0.001: 5/6 Nx (129/Sv) vs. 5/6 Nx (C57BL/6JRj).

Mice C57BL/6JRj Sham vs 5/6 Nx 129/Sv Sham vs 5/6 Nx

Parameters Sham 5/6 Nx p Sham 5/6 Nx p

HR (bpm) 404 ± 15 437 ± 12 NS 434 ± 9 429 ± 8 NS

LVEDD (mm) 4.0 ± 0.1 3.8 ± 0.1 NS 3.6 ± 0.1 3.8 ± 0.2 NS

FS (%) 39 ± 4 27 ± 3 <0.05 44 ± 3 31 ± 3 <0.05

LVEF (%) 75 ± 4 59 ± 5 <0.05 80 ± 3 64 ± 4 <0.05

E/A 1.29 ± 0.04 0.95 ± 0.03 <0.0001 1.35 ± 0.04 0.95 ± 0.03 <0.0001

Table 1. Echocardiographic measurements in sham-operated and 5/6 Nx C57BL/6JRj and 129/Sv mice. 
Values are expressed as mean ±SEM. (n = 8–9 per group). E/A: early to late mitral inflow peak ratio, LVEF: left 
ventricular ejection fraction, FS: fractional shortening, LVEDD: Left ventricular end-diastolic diameter, HR: 
Heart rate, NS: non significant.
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Concerning cardiac consequences of CKD, in our study both strains presented diastolic dysfunction with a 
mild decrease in systolic function. This can be related to cardiac hypertrophy and remodelling, leading to heart 
wall stiffness, impairing relaxation. As opposed to C57BL/6JRj, 129/Sv exhibited hypertrophy, and presented 
increased cardiac fibrosis. Siedlecki et al.22 observed cardiac hypertrophy in 129/Sv mice with modified nephrec-
tomy (induced by cauterization of one kidney and total nephrectomy of the other one). To our knowledge, no 
cardiac hypertrophy after 5/6 Nx has been reported in C57BL/6JRj to date. In C57BL/6JRj, 8 weeks after 5/6 Nx 
Han et al.23 showed diastolic dysfunction and cardiac fibrosis, and 12 weeks after 5/6 Nx Li et al.24 described sys-
tolic and diastolic dysfunction, with increased cardiac fibrosis. In 129/Sv, 16 weeks after 5/6 Nx Winterberg et al.25 
showed cardiac fibrosis, diastolic dysfunction without systolic dysfunction.

The pathophysiology of the cardiac consequences of CKD involves multiple factors, including hypertension, 
uremic toxins, FGF-23, and activation of the renin angiotensin aldosterone system26–28. We found an increase of 
urinary aldosterone excretion after 5/6 Nx, which was similar between strains. Kobayashi et al.29 compared 5/6 
Nx in C57BL/6JRj and 129/Sv mice and found no difference in plasma aldosterone between strains after 5/6 Nx. 
Differential expression of angiotensin II type 1 receptor-associated protein may explain the differential activity 
of the renin angiotensin aldosterone system, independently of plasma and urine aldosterone concentration. As 
is frequently the case in human, cardiac hypertrophy was associated with albuminuria in 129/Sv mice, while no 
albuminuria was observed in C57BL/6JRj2,30,31.

Hypertension is frequently encountered in kidney diseases. As is also the case in experimental models of dia-
betes, strain differences have an impact in murine models of hypertension32. Although the gold standard method 
to measure blood pressure in mice is telemetry, controversy exists and the tail-cuff method, which we report here, 
provides valuable information within normal to high-normal values of blood pressure33,34. Previous studies have 

Figure 4. Relaxing responses of pre-contracted mesenteric arteries in response to acetylcholine (A,B) and 
sodium nitroprusside (C,D) in sham-operated and 5/6 Nx C57BL/6JRj (A,C) and 129/Sv (B,D) mice (n = 7–8 
per group). Dilatory responses of pre-constricted mesenteric arteries in response to stepwise increase in 
intraluminal flow in sham-operated and 5/6 Nx C57BL/6JRj (E) and 129/Sv (F) mice (n = 7–8 per group). 
*p < 0.05: sham vs. 5/6 Nx, **p < 0.01: sham vs. 5/6 Nx, ***p < 0.001: sham vs. 5/6 Nx.
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reported hypertension in 129/Sv after 5/6 Nx, both by plethysmography with tail cuff35 and by telemetry17, con-
trasting with the C57BL/6JRj strain in which blood pressure most frequently does not increase after 5/6 Nx21. The 
increase in SBP we describe in C57BL/6JRj with our model of 5/6 Nx therefore contrasts with existing literature. 
Wei et al. compared two models of 5/6 Nx in C57BL/6JRj mice, one with subtotal surgical removal and the other, 
as in our study, using the ligature of the upper branch of kidney artery, without removing the ischemic kidney 
parenchyma36. Hypertension was described only in the latter model. Wei et al. found that this model upregulates 
kidney and systemic inflammatory response, which likely promotes the development of hypertension.

Impaired endothelial function has been extensively studied in patients with CKD, and is considered as a major 
player in the detrimental interactions between the kidney and the cardiovascular system in CKD37. Endothelial 
dysfunction after 5/6 Nx has previously been shown in rat models of CKD38. In mice models of CKD impaired 
flow-mediated vasodilation in a resistance vessel had not been reported previously, while this is generally consid-
ered as a gold-standard method to demonstrate and study endothelial dysfunction. We demonstrated endothelial 
dysfunction after 5/6 Nx in both strains. Previous studies have shown features of impaired endothelial function in 
CKD models by means of dysregulated biomarkers. D’Apolito et al.39 have shown impaired dilation of the thoracic 
aorta to acetylcholine in C57BL/6JRj mice after 5/6 Nx, with a myograph-based analysis.

129/Sv mice are more prone to CV consequences of CKD than C57BL/6JRj mice. It is therefore important 
to highlight that in 129/Sv mice the ex vivo analysis of resistance arteries can only be performed by arteriograph 
evaluation of flow-mediated dilatation and not myograph evaluation of the response to acetylcholine, since this 
response was incomplete in control 129/Sv mice when compared to other strains. Although data in the literature 
are scarce, Liu et al.40 had already showed incomplete relaxation to acetylcholine in mesenteric artery in 129/Sv 
mice. Ryan et al.41 found similar results on aorta in 129/Sv mice but complete relaxation to acetylcholine when 
testing carotid artery. One of the explanations is a possible decrease of acetylcholine receptor in abdominal arter-
ies, especially since the use of other endothelium-dependent agonists on the aorta induced similar relaxation as 
compared to C57BL/6JRj. No smooth muscle cell dysfunction was found after 5/6 Nx in our study, contrasting 
with increased wall thickness in both strains. The increase in wall thickness is mainly due to media remodeling, 
with hypertrophy and increased fibrogenesis of smooth muscle cells. Results in our study suggest that the remode-
ling in this model is not sufficient not to alter smooth muscle cell reactivity (precontraction and response to SNP).

The genome and the genetic differences between C57BL/6J and 129/Sv mice are available in large databases 
(http://bioit2.irc.ugent.be/prx/mousepost/Home.php), (http://www.informatics.jax.org/home/strain)42. Over 
8800 significant genetic differences (insertions, deletions, mutations, SNPs) with a potential effect on protein 
function exist between the 2 strains compared in our study. The database published by Timmermans et al. iden-
tifies several candidate genes playing a role in vascular physiology (Ren1, Angpt4, Notch1) or inflammation and 
fibrogenesis (Ddr1, Mmp9, Col6A5, Smad7) which may contribute to the differences observed in the present 
study42. Further studies on candidate genes responsible for the variable susceptibility of these 2 strains to 5/6 Nx 
could suggest targets to limit the CV consequences of CKD.

Studies Methods Polyuria Urine albumin
Plasma 
aldosterone HTN

Cardiac 
hypertrophy

Cardiac 
fibrosis

Systolic 
function

Diastolic 
function

Endothelial 
function

C57BL/6JRj

Leelahavanichkul 
A et al. 2010 surgical removal ND − ND − ND − ND ND ND

Ma L-J et al. 2003 surgical removal ND − ND − ND ND ND ND ND

Li Y et al. 2009 surgical removal ND ND ND + + + + + ND

Kobayashi R et al. 
2017 surgical removal + ND − − ND ND ND ND ND

Wei J et al. 2018 surgical removal ND − − − ND ND ND ND ND

Wei J et al. 2018 artery ligation ND + − + ND ND ND ND ND

Gava AL et al. 
2012 surgical removal + +(proteinuria) ND + ND ND ND ND ND

Lehners A et al. 
2014 surgical removal ND + ND − − ND ND ND ND

Jin J et al. 2017 surgical removal ND ND ND − ND ND ND ND +kidney artery

Thomsen MB et 
al. 2018 surgical removal ND ND ND ND + ND ND ND ND

Madsen M et al. 
2017 surgical removal ND ND ND ND ND ND ND ND −aortic ring

129/Sv

Leelahavanichkul 
A et al. 2010 surgical removal ND + ND + ND + ND ND ND

Ma L-J et al. 2003 surgical removal ND + ND + ND ND ND ND ND

Winterberg PD et 
al. 2016 surgical removal ND ND ND + + + − + ND

Kobayashi R et al. 
2017 surgical removal + ND ND + ND ND ND ND ND

Jung O et al. 2010 artery ligation ND + ND + ND ND ND ND ND

Table 2. Studies investigating kidney, cardiac and vascular consequences of 5/6 Nx in C57BL/6JRj and 129/
Sv mice. (−) no significant difference or (+) significant difference between 5/6 Nx and control mice; (ND) not 
determined.

https://doi.org/10.1038/s41598-020-58393-w
http://bioit2.irc.ugent.be/prx/mousepost/Home.php
http://www.informatics.jax.org/home/strain
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In conclusion this study comparatively details kidney and cardiovascular consequences of the 5/6 Nx model 
of CKD in two of the most frequently studied strains: C57BL/6JRj and 129/Sv male mice. 5/6 Nx induced higher 
kidney injury, albuminuria, hypertension, cardiac hypertrophy and fibrosis, diastolic and systolic dysfunction 
and endothelial dysfunction in 129/Sv. In C57BL/6JRj while mild kidney injury was observed, no albuminuria, 
cardiac hypertrophy or fibrosis were present. These results are of importance when comparing conclusions of the 
literature in different strains. They will also be particularly useful for scientists to provide arguments defining 
whether C57BL/6JRj or 129/Sv mice should be used to investigate specific research issues on the CV and kidney 
consequences of CKD.

Received: 19 July 2019; Accepted: 10 January 2020;
Published: xx xx xxxx

References
 1. Hill, N. R. et al. Global Prevalence of Chronic Kidney Disease – A Systematic Review and Meta-Analysis. PLOS ONE 11, e0158765 

(2016).
 2. Gori, M. et al. Association between renal function and cardiovascular structure and function in heart failure with preserved ejection 

fraction. Eur. Heart J. 35, 3442–3451 (2014).
 3. Go, A. S., Chertow, G. M., Fan, D., McCulloch, C. E. & Hsu, C. Chronic kidney disease and the risks of death, cardiovascular events, 

and hospitalization. N. Engl. J. Med. 351, 1296–1305 (2004).
 4. Park, M. et al. Associations between kidney function and subclinical cardiac abnormalities in CKD. J. Am. Soc. Nephrol. JASN 23, 

1725–1734 (2012).
 5. Yilmaz, M. I. et al. Vascular health, systemic inflammation and progressive reduction in kidney function; clinical determinants and 

impact on cardiovascular outcomes. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. - Eur. Ren. Assoc. 26, 3537–3543 
(2011).

 6. Kopel, T. et al. Endothelium-Dependent and -Independent Vascular Function in Advanced Chronic Kidney Disease. Clin. J. Am. 
Soc. Nephrol. CJASN 12, 1588–1594 (2017).

 7. Schefold, J. C., Filippatos, G., Hasenfuss, G., Anker, S. D. & von Haehling, S. Heart failure and kidney dysfunction: epidemiology, 
mechanisms and management. Nat. Rev. Nephrol. 12, 610–623 (2016).

 8. Yoshida, T., Yamashita, M., Horimai, C. & Hayashi, M. Smooth Muscle–Selective Nuclear Factor‐κB Inhibition Reduces Phosphate‐
Induced Arterial Medial Calcification in Mice With Chronic Kidney Disease. J. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 6 
(2017).

 9. Erdely, A., Freshour, G., Tain, Y.-L., Engels, K. & Baylis, C. DOCA/NaCl-induced chronic kidney disease: a comparison of renal 
nitric oxide production in resistant and susceptible rat strains. Am. J. Physiol. Renal Physiol. 292, F192–196 (2007).

 10. Mulay, S. R. et al. Oxalate-induced chronic kidney disease with its uremic and cardiovascular complications in C57BL/6 mice. Am. 
J. Physiol. Renal Physiol. 310, F785–F795 (2016).

 11. Masum, M. A., Ichii, O., Elewa, Y. H. A., Nakamura, T. & Kon, Y. Local CD34-positive capillaries decrease in mouse models of 
kidney disease associating with the severity of glomerular and tubulointerstitial lesions. BMC Nephrol. 18, 280 (2017).

 12. Neuburg, S. et al. Genetic background influences cardiac phenotype in murine chronic kidney disease. Nephrol. Dial. Transplant. 33, 
1129–1137 (2018).

 13. Landau, D., London, L., Bandach, I. & Segev, Y. The hypoxia inducible factor/erythropoietin (EPO)/EPO receptor pathway is 
disturbed in a rat model of chronic kidney disease related anemia. PloS One 13, e0196684 (2018).

 14. Gravesen, E. et al. Exogenous BMP7 in aortae of rats with chronic uremia ameliorates expression of profibrotic genes, but does not 
reverse established vascular calcification. PloS One 13, e0190820 (2018).

 15. Yin, J. et al. Renalase attenuates hypertension, renal injury and cardiac remodelling in rats with subtotal nephrectomy. J. Cell. Mol. 
Med. 20, 1106–1117 (2016).

 16. Yang, H.-C., Zuo, Y. & Fogo, A. B. Models of chronic kidney disease. Drug Discov. Today Dis. Models 7, 13–19 (2010).
 17. Leelahavanichkul, A. et al. Angiotensin II overcomes strain-dependent resistance of rapid CKD progression in a new remnant 

kidney mouse model. Kidney Int. 78, 1136–1153 (2010).
 18. Maupoint, J. et al. Selective Vascular Endothelial Protection Reduces Cardiac Dysfunction in Chronic Heart Failure. Circ. Heart Fail. 

9, e002895 (2016).
 19. Gomez, E. et al. Reduction of heart failure by pharmacological inhibition or gene deletion of protein tyrosine phosphatase 1B. J. Mol. 

Cell. Cardiol. 52, 1257–1264 (2012).
 20. Vercauteren, M. et al. Improvement of peripheral endothelial dysfunction by protein tyrosine phosphatase inhibitors in heart failure. 

Circulation 114, 2498–2507 (2006).
 21. Ma, L.-J. & Fogo, A. B. Model of robust induction of glomerulosclerosis in mice: importance of genetic background. Kidney Int. 64, 

350–355 (2003).
 22. Siedlecki, A. M., Jin, X. & Muslin, A. J. Uremic cardiac hypertrophy is reversed by rapamycin but not by lowering of blood pressure. 

Kidney Int. 75, 800–808 (2009).
 23. Han, H. et al. p-Cresyl sulfate aggravates cardiac dysfunction associated with chronic kidney disease by enhancing apoptosis of 

cardiomyocytes. J. Am. Heart Assoc. 4, e001852 (2015).
 24. Li, Y. et al. Angiotensin (1–7) prevent heart dysfunction and left ventricular remodeling caused by renal dysfunction in 5/6 

nephrectomy mice. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 32, 369–374 (2009).
 25. Winterberg, P. D., Jiang, R., Maxwell, J. T., Wang, B. & Wagner, M. B. Myocardial dysfunction occurs prior to changes in ventricular 

geometry in mice with chronic kidney disease (CKD). Physiol. Rep. 4 (2016).
 26. Wanner, C., Amann, K. & Shoji, T. The heart and vascular system in dialysis. Lancet Lond. Engl. 388, 276–284 (2016).
 27. Sato, B. et al. Relation of plasma indoxyl sulfate levels and estimated glomerular filtration rate to left ventricular diastolic 

dysfunction. Am. J. Cardiol. 111, 712–716 (2013).
 28. Gueret, A. et al. Vascular Smooth Muscle Mineralocorticoid Receptor Contributes to Coronary and Left Ventricular Dysfunction 

After Myocardial Infarction. Hypertens. Dallas Tex 1979 67, 717–723 (2016).
 29. Kobayashi, R. et al. An angiotensin II type 1 receptor binding molecule has a critical role in hypertension in a chronic kidney disease 

model. Kidney Int. 91, 1115–1125 (2017).
 30. Wachtell, K. et al. Urine albumin/creatinine ratio and echocardiographic left ventricular structure and function in hypertensive 

patients with electrocardiographic left ventricular hypertrophy: the LIFE study. Losartan Intervention for Endpoint Reduction. Am. 
Heart J. 143, 319–326 (2002).

 31. Chong, J., Fotheringham, J., Tomson, C. & Ellam, T. Renal albumin excretion in healthy young adults and its association with 
mortality risk in the US population. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. - Eur. Ren. Assoc., https://doi.
org/10.1093/ndt/gfy242 (2018).

https://doi.org/10.1038/s41598-020-58393-w
https://doi.org/10.1093/ndt/gfy242
https://doi.org/10.1093/ndt/gfy242


9Scientific RepoRtS |         (2020) 10:1524  | https://doi.org/10.1038/s41598-020-58393-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

 32. Gurley, S. B. et al. Influence of genetic background on albuminuria and kidney injury in Ins2(+/C96Y) (Akita) mice. Am. J. Physiol. 
Renal Physiol. 298, F788–795 (2010).

 33. Lerman, L. O. et al. Animal Models of Hypertension: A Scientific Statement From the American Heart Association. Hypertens. 
Dallas Tex 1979 73, e87–e120 (2019).

 34. Luther, J. M. & Fogo, A. B. Under pressure-how to assess blood pressure in rodents: tail-cuff? Kidney Int. 96, 34–36 (2019).
 35. Jung, O. et al. Inhibition of the soluble epoxide hydrolase promotes albuminuria in mice with progressive renal disease. PloS One 5, 

e11979 (2010).
 36. Wei, J. et al. A new low-nephron CKD model with hypertension, progressive decline of renal function, and enhanced inflammation 

in C57BL/6 mice. Am. J. Physiol. Renal Physiol. 314, F1008–F1019 (2018).
 37. Stam, F. et al. Endothelial dysfunction contributes to renal function-associated cardiovascular mortality in a population with mild 

renal insufficiency: the Hoorn study. J. Am. Soc. Nephrol. JASN 17, 537–545 (2006).
 38. Li, T., Gua, C., Wu, B. & Chen, Y. Increased circulating trimethylamine N-oxide contributes to endothelial dysfunction in a rat 

model of chronic kidney disease. Biochem. Biophys. Res. Commun. 495, 2071–2077 (2018).
 39. D’Apolito, M. et al. Urea-induced ROS cause endothelial dysfunction in chronic renal failure. Atherosclerosis 239, 393–400 (2015).
 40. Liu, K. L. et al. Vascular function of the mesenteric artery isolated from thyroid hormone receptor-α knockout mice. J. Vasc. Res. 51, 

350–359 (2014).
 41. Ryan, M. J., Didion, S. P., Davis, D. R., Faraci, F. M. & Sigmund, C. D. Endothelial dysfunction and blood pressure variability in 

selected inbred mouse strains. Arterioscler. Thromb. Vasc. Biol. 22, 42–48 (2002).
 42. Timmermans, S., Van Montagu, M. & Libert, C. Complete overview of protein-inactivating sequence variations in 36 sequenced 

mouse inbred strains. Proc. Natl. Acad. Sci. USA 114, 9158–9163 (2017).

Author contributions
M.H., D.G. and J.B. developed the idea, conducted the research and interpreted the finding. Z.D. investigate 
cardiac echography. V.B. conducted biochemical analysis. P.M. and V.R. helped to interpreted the finding. All 
authors have reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58393-w.
Correspondence and requests for materials should be addressed to D.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58393-w
https://doi.org/10.1038/s41598-020-58393-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	5/6 nephrectomy induces different renal, cardiac and vascular consequences in 129/Sv and C57BL/6JRj mice
	Methods
	Animal models. 
	Blood pressure. 
	Urine parameters. 
	Plasma creatinine. 
	Cardiac function and dimensions. 
	Vascular function. 
	Kidney and cardiac histology. 
	Statistical analyses. 

	Results
	Body weight and survival. 
	Kidney parameters. 
	Blood pressure. 
	Cardiac parameters. 
	Vascular function. 

	Discussion
	Figure 1 Evolution of body weight (A,B) and urine output (C,D) from week 0 (W0 5/6 Nx) to W12 (sacrifice) in sham-operated and 5/6 Nx C57BL/6JRj (A,C) and 129/Sv (B,D) mice (n = 10 per group).
	Figure 2 Scoring of kidney lesions 12 weeks after surgery in sham-operated and 5/6 Nx C57BL/6JRj and 129/Sv mice (n = 6–10 per group).
	Figure 3 Evolution of systolic blood pressure from week 0 (W0 5/6 Nx) to W12 (sacrifice) in sham-operated and 5/6 Nx C57BL/6JRj (A) and 129/SV (B) mice (n = 10 per group).
	Figure 4 Relaxing responses of pre-contracted mesenteric arteries in response to acetylcholine (A,B) and sodium nitroprusside (C,D) in sham-operated and 5/6 Nx C57BL/6JRj (A,C) and 129/Sv (B,D) mice (n = 7–8 per group).
	Table 1 Echocardiographic measurements in sham-operated and 5/6 Nx C57BL/6JRj and 129/Sv mice.
	Table 2 Studies investigating kidney, cardiac and vascular consequences of 5/6 Nx in C57BL/6JRj and 129/Sv mice.




