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 Abstract 
  Aims:  To examine the effects of 2 weeks of high-NaCl diet on left ventricular (LV) morphol-
ogy and serum levels of cardiac troponin T (cTnT) in rats with adenine-induced chronic renal 
failure (ACRF).  Methods:  Male Sprague-Dawley rats either received chow containing adenine 
or were pair-fed an identical diet without adenine [controls (C)]. Approximately 10 weeks after 
the beginning of the study, the rats were randomized to either remain on a normal NaCl diet 
(NNa; 0.6%) or to be switched to high-NaCl chow (HNa; 4%) for 2 weeks, after which acute 
experiments were performed.  Results:  Rats with ACRF showed statistically significant increas-
es (p < 0.001) in arterial pressure (AP), LV weight and fibrosis, and serum cTnT levels compared 
to controls. Two weeks of high-NaCl intake augmented the increases in AP, LV weight and fi-
brosis, and serum cTnT concentrations only in ACRF rats (p < 0.05 for group × NaCl intake 
interaction). Compared to group C-NNa, cTnT levels were elevated approximately 6-fold in 
group ACRF-NNa and 24-fold in group ACRF-HNa. Focal LV injury with cardiomyocyte necro-
sis, scarring, and fibrinoid necrosis of small arteries were only detected in group ACRF-HNa. 
There was a strong correlation between the degree of LV fibrosis and serum cTnT levels in 
ACRF rats (r = 0.81, p < 0.01).  Conclusion:  Two weeks of high-NaCl diet in rats with ACRF pro-
duces LV injury and aggravates increases in serum cTnT levels, presumably by causing hyper-
tension-induced small artery lesions leading to myocardial ischemia. This model may be suit-
able for studying pathophysiological mechanisms in chronic renicardiac syndromes. 
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 Introduction 

 Chronic kidney disease (CKD) is a major global health problem due to its high prevalence 
and poor prognosis  [1, 2] . In patients with a glomerular filtration rate (GFR) less than 45 ml/
min/1.73 m 2 , cardiovascular (CV) disease is the major cause of death  [3] , and in end-stage 
renal disease (ESRD), sudden cardiac death (SCD) accounts for approximately 25% of 
mortality  [4, 5] . Interestingly, SCD in ESRD patients does not seem to be caused by ischemia 
and coronary artery disease to the same extent as in the general population  [4] . The patho-
physiological mechanisms causing SCD in these patients are not clear, although a number of 
predisposing factors have been suggested, e.g. left ventricular (LV) hypertrophy (LVH) and 
remodeling, autonomic dysfunction, and electrolyte abnormalities  [4, 5] .

  Increased serum levels of cardiac troponins are frequently observed in CKD patients 
even in the absence of acute coronary syndrome  [6–8] . In addition, cardiac troponin T (cTnT) 
is a powerful prognostic marker in patients with ESRD, and elevated levels are associated 
with increased risk of CV events and mortality  [9–11] . The mechanism underlying elevated 
serum levels of cTnT in asymptomatic ESRD patients is not fully understood  [3] .

  In patients with ESRD, comorbidity is high, making it difficult to identify the mechanisms 
that cause myocardial injury. Hence, we have established a rat model of adenine-induced 
chronic renal failure (ACRF) which bears close resemblance to the uremic syndrome in 
patients  [12–14] . In this well-characterized model, rats develop severe renal failure and GFR 
values are approximately 10% of those in controls  [12–14] .

  The aim of the present study was to investigate LV histology and serum levels of cTnT in 
rats with established ACRF and to examine the effects of 2 weeks of high-NaCl diet. We hypoth-
esized that high-NaCl diet, by inflicting a hemodynamic challenge on the left ventricle, might 
aggravate myocardial injury and increase serum concentrations of cTnT.

  Methods 

 General Procedures and Protocols 
 All experiments were approved by the regional ethics committee in Gothenburg, Sweden. Chemicals 

were purchased from Sigma (St. Louis, Mo., USA) if not stated otherwise.

  Protocol A 
 Thirty-nine male Sprague-Dawley rats (Harlan, Horst, The Netherlands), approximately 10 weeks old 

and weighing  ∼ 300 g, were used. Chronic renal failure was induced by feeding the animals with chow 
containing adenine as previously described  [12–14] . At the beginning of the study, the animals were provided 
with standard pelleted rat chow containing adenine (group ACRF, n = 20) or identical chow without adenine 
[pair-fed controls (C), n = 19]. The chow (R34, Lantmännen, Kimstad, Sweden) contained 0.63% phosphorus, 
0.74% calcium, 0.53% potassium, and 0.6% sodium chloride. The concentration of adenine in the chow was 
0.5% for the first 3 weeks, followed by 0.3% for 2 weeks and 0.15% thereafter until acute experiments were 
performed and the study was terminated after 10–12 weeks.

  Two weeks prior to the acute experiments, the rats were randomized to either continue with the same 
chow with a normal NaCl content (NNa; 0.6% NaCl) or switch to an identical chow with a high NaCl content 
(HNa; 4.0% NaCl). Hence, acute experiments were carried out on four groups of animals: (1) C-NNa (n = 9); 
(2) C-HNa (n = 10); (3) ACRF-NNa (n = 10), and (4) ACRF-HNa (n = 10). An overview of the feeding procedure 
for protocols A and B is presented in  figure 1 . Chow intake was measured throughout the study, and as a 
consequence of our pair-feeding protocol there were no differences between groups in chow intake. Data on 
kidney function and renal hemodynamics from acute experiments have previously been published  [14] .

  Protocol B (Plasma Brain Natriuretic Peptide-32 Concentrations) 
 Sixty-two male Sprague-Dawley rats (Harlan) weighing  ∼ 300 g were used. These rats were subjected 

to a feeding protocol identical to that for the rats in study A, resulting in four groups: (1) C-NNa (n = 16); (2) 
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C-HNa (n = 16); (3) ACRF-NNa (n = 15), and (4) ACRF-HNa (n = 15). The rats were killed by decapitation 10 
weeks after the beginning of the study, and free-flowing trunk blood was collected and tissues were harvested. 
Heparin plasma was obtained following centrifugation (5,000 rpm for 10 min) and was stored at 80   °   C until 
analyzed. From these rats, only data on plasma concentrations of brain natriuretic peptide-32 (BNP-32), the 
biologically active 32-amino acid polypeptide, are presented.

  Plasma BNP-32 concentrations were measured by a commercially available ELISA kit (Abcam, 
Cambridge, UK) according to the manufacturer’s instructions. Samples were analyzed in duplicate and the 
results were averaged.

  Acute Renal Clearance Experiment and Arterial Pressure Measurements (Protocol A) 
 In brief, the rats were anesthetized with isoflurane (Pharmacia & Upjohn, Stockholm, Sweden) and 

prepared for renal clearance experiments as described  [14] . Isoflurane mixed with air was administered by 
spontaneous breathing using an isoflurane vaporizer (Univentor-1200; AgnTho’s, Lidingö, Sweden). For 
induction and maintenance of anesthesia, isoflurane concentrations of 5 and 1.5% (vol/vol), respectively, 
were used. Arterial pressure (AP) and heart rate were recorded continuously via a polyethylene catheter in 
the femoral artery using the data acquisition program Biopac MP 150 (Biopac Systems, Santa Barbara, Calif., 
USA). Systolic AP (SAP), diastolic AP (DAP), mean AP (MAP), and pulse pressure (PP) were derived from the 
data acquisition program. Immediately after catheterization, an arterial blood sample (0.25 ml) was collected 
for analysis of cTnT and an equivalent volume of 4% bovine serum albumin in isotonic saline was adminis-
tered. The left kidney was exposed by a flank incision and immobilized in a plastic cup, and the ureter was 
catheterized (polyethylene-25) for urine collection. The GFR of the left kidney was determined by measuring 
renal  51 Cr-EDTA ( 51 Cr-ethylenediamine tetraacetic acid; Amersham Laboratories, Amersham, UK) clearance. 
The rats were infused with a total volume of 10 ml/kg/h of isotonic saline throughout.

  After a 45-min equilibration period, 2 consecutive 20-min renal clearance periods were performed for 
analyses of kidney function. The rats were killed by an overdose of pentobarbital sodium after the second 
clearance period, and the heart and kidneys were immediately excised and weighed. AP decreased signifi-
cantly in both groups during the equilibration period, most likely due to the AP-lowering effects of isoflurane 
 [15] . Hence, the presented AP data are average values of the initial 5 min of the equilibration period, as these 
data more accurately reflected AP in the awake state.

  LV Histology (Protocol A) 
 The left ventricle was cut transversally into base, middle, and apical parts. The tissue was immediately 

immersion fixed in 4% neutrally buffered formaldehyde (Histolab Products AB, Gothenburg, Sweden) for 24 
h, after which it was stored in 70% ethanol at 4   °   C until further processing. Using routine techniques, 3-μm-
thick transverse sections were prepared and stained with hematoxylin and eosin, Picrosirius red (analysis 
of fibrosis), von Kossa (assessment of calcifications), or Miller’s elastin. LV calcification was scored semi-

Control (C, pair-fed)

ACRF-HNa 4%

ACRF

Week 0 53

Adenine 0.5% 0.3% 0.15%

Week 0
Start

8–10
NaCl
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  Fig. 1.  Schematic presentation of 
the feeding protocol and study 
groups. Rats with ACRF ate chow 
supplemented with adenine (0.5–
0.15%, upper panel) throughout 
the study period, and controls 
were pair-fed a normal diet with-
out adenine. The chow had a nor-
mal NaCl content (0.6%) from the 
beginning of the study until 2 
weeks prior to the acute experi-
ments, when the rats were ran-
domized to either remain on nor-
mal NaCl chow (NNa; 0.6% NaCl) 
or be switched to high-NaCl chow 
(HNa; 4% NaCl). 
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quantitatively as either present or absent. All assessments were made by an investigator blinded to treatment 
group.

  Morphometric Analyses of LV Fibrosis (Protocol A) 
 Images of sections stained with Picrosirius red were derived using an Olympus BX60 microscope 

(camera Olympus DP72) and the imaging software cellSens (Olympus). The imaging software BioPix iQ 2.0 
(BioPix, Gothenburg, Sweden) was used to objectively measure general and perivascular fibrosis.

  For the analysis of general fibrosis, one section (×10 magnification) from each of the three levels which 
included the whole LV circumference was used. Ten visual fields per section were randomly selected, and the 
area percentage of fibrosis was determined. Perivascular areas were excluded from measurements.

  For the analysis of perivascular fibrosis, two sections (×10 magnification) from each of the three levels 
which included the whole LV circumference was used. All arteries that had been cut transversally and had a 
circular shape were analyzed (an average of 38 ± 13 arteries per rat). The artery area (wall area + lumen area) 
and fibrotic area immediately surrounding the artery were determined. Assuming a circular shape, the artery 
outer diameter was calculated from the vessel area. To correct for vessel size, perivascular fibrosis is expressed 
as fibrotic area per artery outer diameter  [16] . The average diameter of the examined arteries was 95 ± 13 μm.

  Immunohistochemistry (Protocol A) 
 The tissue sections were incubated with normal goat serum (Vector Laboratories Inc., Burlingame, 

Calif., USA) for 20 min before being incubated overnight at 4   °   C with primary antibody (monoclonal CD68 
mouse anti-rat antibody, 1:   200; LifeSpan Biosciences Inc., Seattle, Wash., USA). Subsequently, the sections 
were washed with PBS and treated with biotinylated goat anti-mouse (Vector Laboratories) for 30 min 
followed by an avidin-biotin peroxidase complex for another hour (Vectastain Elite ABC Kit; Vector Labora-
tories). Localization of the peroxidase conjugates was achieved using 3,3 ′ -diaminobenzidine tetrahydro-
chloride as a chromogen.

  Analysis of cTnT (Protocol A) 
 cTnT was measured in serum samples diluted 3.5 times with water using the Elecsys hs-cTnT immuno-

assay on a fully automated cobas 8000 analyzer (Roche, Germany) with a limit of the blank as determined by 
the manufacturer of 3 ng/l and a limit of quantitation of 5 ng/l. This assay uses two monoclonal antibodies 
directed against a cardiac-specific amino acid sequence in the tropomyosin-binding domain of cTnT and does 
not detect skeletal muscle isoforms of troponin T  [17] . The locally determined within-run coefficient of vari-
ation using pooled human serum samples and controls with human cTnT was 4.9% at 4.6 ng/l, 2.3% at 9.5 
ng/l, and 1.1% at 27.9 ng/l.

  Statistical Analysis 
 Values are means ± SD. Analyses were performed using two-factorial ANOVA. The degree of correlation 

between variables was analyzed by determining the Pearson correlation coefficient (r). A p value <0.05 was 
considered statistically significant. The statistical software SPSS 20.0 (SPSS Inc., Chicago, Ill., USA) was used.

  Results 

 AP and Kidney Function 
 Early during the equilibration period, 2 animals in group ACRF-HNa developed severe 

hypotension and died, and they were excluded from analysis. The rats with ACRF showed 
statistically significant increases in SAP, DAP, PP, and MAP versus controls, whereas their 
heart rate was not significantly altered ( table 1 ). There was a statistically significant between-
factor interaction in SAP, DAP, and MAP that was caused by high NaCl intake producing 
increases in pressure only in ACRF rats. On average, the MAP was elevated by 21 ± 13 mm Hg 
in ACRF-HNa versus ACRF-NNa rats. High NaCl intake decreased the heart rate in both ACRF 
and control rats ( table 1 ).

  The GFR was markedly reduced (p < 0.001) in ACRF rats (0.04 ± 0.03 and 0.04 ± 0.01 ml/
min/100 g body weight in groups ACRF-NNa and ACRF-HNa, respectively) versus controls 
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(0.24 ± 0.06 and 0.31 ± 0.03 ml/min/100 g body weight in groups C-NNa and C-HNa, respec-
tively). Complete data on renal hemodynamics, kidney function, and plasma electrolytes have 
previously been published  [14] .

  Cardiac Weights, Serum cTnT, and LV Fibrosis 
 Macroscopically, left ventricles from ACRF rats showed a striking wall thickening. LV and 

right ventricular weights were significantly elevated in ACRF rats versus controls. There was 
a statistically significant between-factor interaction in LV weight that was explained by high 
NaCl intake causing an increase in LV weight specifically in ACRF rats.

  Serum concentrations of cTnT were markedly elevated in ACRF rats versus controls 
( table 2 ;  fig. 2 ). In addition, high NaCl intake produced a marked increase in cTnT levels 
specifically in ACRF rats. Compared to group C-NNa, serum levels of cTnT were elevated 
approximately 6-fold in group ACRF-NNa and 24-fold in group ACRF-HNa.

Table 1.  AP and HR in anesthetized rats

C-NNa
(n = 9)

C-HNa
(n = 10)

ACRF-NNa
(n = 10)

ACRF-HNa
(n = 8)

 ANOVA effects, p value
ade nine NaCl intake interaction

SAP, mm Hg 138±18 134±11 181±23 206±16 <0.001 n.s. <0.05
DAP, mm Hg 91±12 91±8 114±8 129±11 <0.001 <0.05 <0.05
PP, mm Hg 48±7 43±5 68±18 77±7 <0.001 n.s. n.s.
MAP, mm Hg 110±14 108±9 138±12 159±13 <0.001 <0.05 <0.01
HR, beats/min 304±22 286±26 300±21 285±23 n.s. <0.05 n.s.

 Data are derived from clearance experiments on isoflurane-anesthetized animals performed approximately 10–12 weeks 
after the beginning of the study (see Methods). All animals received chow with a normal (0.6%) NaCl content from the beginning 
of the study until 2 weeks prior to the clearance experiments, when the animals were randomized to either remain on the same 
diet (NNa) or be switched to high-NaCl (4%) chow (HNa). Values are means ± SD. Main effects and between-factor interaction 
from two-factorial ANOVA are presented. HR = Heart rate; n.s. = not significant.

 Table 2. Cardiac weights, LV fibrosis, and serum levels of cTnT

C-NNa
(n = 9)

C-HNa
(n = 10)

ACRF-NNa
(n = 10)

ACRF-HNa
(n = 8)

ANOVA effects, p value

adenine NaCl intake interaction

Body weight, g 369 ± 31 343 ± 23 387 ± 27 346 ± 32 n.s. <0.01 n.s.
LVW, g/kg BW 2.33 ± 0.24 2.25 ± 0.12 3.24 ± 0.35 3.54 ± 0.40 <0.001 n.s. <0.05
RVW, g/kg BW 0.54 ± 0.09 0.56 ± 0.09 0.66 ± 0.08 0.71 ± 0.13 <0.001 n.s. n.s.
LV fibrosis, % 2.9 ± 0.9 2.5 ± 0.6 3.4 ± 1.4 10.7 ± 5.1 <0.001 <0.001 <0.001
LV PV fibrosis, μm2/μm 76 ± 15 50 ± 7 83 ± 12 90 ± 11 <0.001 <0.05 <0.001
Serum cTnT, ng/l 30 ± 17 16 ± 12 172 ± 184 740 ± 342 <0.001 <0.001 <0.001

Data are derived from acute experiments performed approximately 10 – 12 weeks after the beginning of the study (see 
Methods). All animals received chow with a normal (0.6%) NaCl content from the beginning of the study until 2 weeks prior to 
the acute experiments, when the animals were randomized to either remain on the same diet (NNa) or be switched to high-NaCl 
(4%) chow (HNa). Values are means ± SD. Main effects and between-factor interaction from two-factorial ANOVA are presented. 
LVW = LV weight; RVW = right ventricular weight; BW = body weight; PV = perivascular; n.s. = not significant.
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  Both general and perivascular LV fibrosis were significantly elevated in ACRF rats versus 
controls ( table 2 ). There were statistically significant between-factor interactions as a conse-
quence of high NaCl intake producing increases in fibrosis only in ACRF rats.

  There was a positive correlation between LV general fibrosis and cTnT levels in ACRF 
rats (r = 0.81, p < 0.01;  fig. 3 ). In addition, there were significant correlations between SAP
(r = 0.69, p < 0.01), DAP (r = 0.65, p < 0.01), and PP (r = 0.57, p < 0.05) and cTnT concentra-
tions. There were no statistically significant correlations between perivascular fibrosis, or LV 
weight, and cTnT levels in ACRF rats (data not shown). The correlation between GFR and 
cTnT levels in ACRF rats was negative but did not reach statistical significance (r = –0.41, p = 
0.09).

  Plasma BNP-32 
 The plasma concentrations of BNP-32 were 545 ± 116, 1,061 ± 117, 1,034 ± 160, and 

1,314 ± 121 pg/ml in groups C-NNa, C-HNa, ACRF-NNa, and ACRF-HNa, respectively. Two-
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  Fig. 2.  Serum levels of cTnT (S-
cTnT) measured in isoflurane-
anesthetized rats 10–12 weeks af-
ter the beginning of the study (see 
Methods). Rats received chow 
with a normal (0.6%) NaCl con-
tent from the beginning of the 
study until 2 weeks prior to the 
acute experiments, when the ani-
mals were randomized to either 
remain on the same diet (NNa) or 
be switched to high-NaCl (4%) 
chow (HNa). Numeric data and re-
sults of the statistical analyses are 
presented in  table 2 . 

  Fig. 3.  Scatterplot illustrating the 
correlation between LV fibrosis 
and serum levels of cTnT (S-cTnT) 
in rats with ACRF analyzed 10–12 
weeks after the beginning of the 
study (see Methods). Rats re-
ceived chow with a normal (0.6%) 
NaCl content from the beginning 
of the study until 2 weeks prior to 
the acute experiments, when the 
animals were randomized to ei-
ther remain on the same diet 
(NNa) or be switched to high-
NaCl (4%) chow (HNa). There was
a significant correlation between 
LV fibrosis and cTnT levels (r = 
0.81, p < 0.01). 
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factorial ANOVA revealed statistically significant effects of adenine (p < 0.01) and high-NaCl 
diet (p < 0.001) on plasma BNP-32 concentrations, but no statistically significant between-
factor interactions.

  LV Histology 
 In groups C-HNa and ACRF-NNa, general LV histology did not appear different from the 

one in C-NNa rats. However, all rats in group ACRF-HNa showed focal areas with pronounced 
interstitial inflammatory cell infiltration, fibrosis, necrotic cardiomyocytes, and perivascular 
erythrocytes, indicating microvascular injury ( fig. 4 ). A large proportion of the cells within 
the inflammatory infiltrate were positive for CD68, indicating that these cells were macro-
phages/monocytes ( fig. 5 ).

  In ACRF rats, arteries within areas of a preserved myocardial architecture showed only 
modest medial thickening ( fig. 6 b). However, in group ACRF-HNa small arteries and arte-
rioles within focal areas with scarring and inflammation showed fibrinoid necrosis and severe 
luminal obstruction ( fig. 6 c). There were no arterial abnormalities observed in controls with 
normal renal function ( fig. 6 a). No myocardial calcifications could be detected on von Kossa-
stained sections in any of the groups.

×10

×10

×10

×20

C-NNa ACRF-HNa

ACRF-HNaACRF-NNa

  Fig. 4.  LV histology appeared normal in pair-fed controls (C-NNa) and in rats with ACRF on normal (0.6%) 
NaCl diets (ACRF-NNa). In ACRF rats that had received 2 weeks of high-NaCl (4%) chow (ACRF-HNa), the left 
ventricle showed focal areas with inflammatory cell infiltration, fibrosis, necrotic cardiomyocytes, and peri-
vascular erythrocytes, indicating hemorrhages. Sections were stained with hematoxylin and eosin. 
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  Discussion 

 The main finding in the present study was that 2 weeks of high-NaCl diet in rats with 
ACRF caused LV injury and augmented increases in serum cTnT levels. Myocardial arteries in 
ACRF-HNa rats showed fibrinoid necrosis with luminal narrowing, suggesting that LV injury 
was at least partially caused by severe hypertension and tissue ischemia.

  Serum concentrations of cTnT were clearly elevated also in ACRF rats on a normal NaCl 
diet, although these animals did not demonstrate any obvious histopathological injuries to 
the left ventricle by light microscopy. This observation resembles findings on CKD patients 
with a reduced GFR, in whom serum levels of cTnT are frequently elevated in the absence of 
symptoms  [2, 7] . Theoretically, this increase in cTnT levels could be caused by either an 
enhanced release of cTnT from the myocardium or a decreased plasma clearance. However, 
still little is known about the mechanisms of plasma clearance of cTnT and the role of the 
kidneys. It is feasible to hypothesize that the observed increase in serum cTnT in ACRF rats 
was mainly caused by an elevated release from the myocardium secondary to cardiomyocyte 
injury. First, the rats in group ACRF-NNa were hypertensive and had LVH, and both of these 
factors have been shown to predict plasma levels of cTnT in patients with CKD independently 
of GFR  [7, 18] . Secondly, cTnT is a relatively large molecule (molecular weight 37 kDa), indi-
cating a low rate of filtration in glomeruli. For comparison, the glomerular sieving coefficient 

C-NNa ACRF-HNa

ACRF-NNa

ACRF-HNa

ACRF-HNa, neg. control

  Fig. 5.  Immunohistochemistry identifying CD68-positive cells (monocytes and macrophages) in the left ven-
tricle of pair-fed controls (C) and rats with ACRF on a normal (0.6%; NNa) or high-NaCl (4%; HNa) diet. A 
large proportion of the cells within injured areas in the left ventricle of ACRF-HNa rats showed CD68 positiv-
ity. In the lower right panel, a negative control, in which no primary antibody was applied, has been included. 
×20. 
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for α 1 -microglobulin, a somewhat smaller protein (31 kDa), is estimated to be only 0.092 in 
humans  [19] . It has been speculated that smaller cTnT fragments might accumulate in CKD 
patients with reduced GFRs and cause, or contribute to, increased cTnT immunoreactivity 
 [20] . In support of this notion, Cardinaels et al.  [21] , by using the original Roche antibodies 
that were applied also in the present study, were able to detect cTnT fragments of 29 and 
14–18 kDa in sera from patients with acute myocardial infarction. In contrast, Fahie-Wilson 
et al.  [22]  did not detect any low-molecular-mass cTnT fragments in ESRD patients and found 
that free, intact cTnT was the predominant form in plasma.

  In group ACRF-HNa, cTnT levels were elevated 4.3-fold versus ACRF-NNa rats, although 
there was no significant difference between the groups in GFR, clearly indicating that 2 weeks 
of high-NaCl diet aggravated myocardial injury and cTnT release in rats with chronic renal 
failure independently of the GFR. Indeed, LV lesions with necrotic cardiomyocytes and scarring 
were only detected in ACRF-HNa rats. In addition, there was a strong correlation between the 
degree of LV general fibrosis and serum levels of cTnT in ACRF rats. In accord with a previous 
study on this model  [12] , in which AP was measured continuously by radiotelemetry, ACRF 
rats developed a marked increase in AP in response to a high-NaCl diet. It is likely that the 
increase in AP was caused by sodium retention and an expansion of the extracellular fluid 
volume considering that the GFR values in ACRF rats were only about 15% of those in controls. 

ACRF-HNaC-NNa

ACRF-HNa

a b

c

  Fig. 6.  LV arteries from pair-fed controls on normal (0.6%) NaCl diet (C-NNa;  a ) and rats with ACRF sub-
jected to 2 weeks of high-NaCl (4%) diet (ACRF-HNa;  b ,  c ). In ACRF-HNa rats, arteries from noninjured areas 
of the myocardium showed modest alterations characterized by thickening of the medial layer ( b ). In myo-
cardial areas with severe focal tissue injury, arteries (arrow) demonstrated fibrinoid necrosis with destruc-
tion of the internal elastic lamina and pronounced occlusion of the vessel lumen ( c ). Sections were stained 
with Miller’s elastin. ×60. 
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In support of this notion, plasma concentrations of BNP-32 were elevated in ACRF rats versus 
controls in the present study, and the highest concentration was observed in group ACRF-HNa. 
Although LV function was not examined in the present study, we have previously shown that 
ACRF rats with a normal dietary NaCl intake have increased LV end-diastolic pressure 
compared to controls  [12] . It is feasible to hypothesize that the high-NaCl diet, by increasing 
the plasma volume, elevated LV end-diastolic pressure even further in group ACRF-HNa in the 
present study. The small artery lesions in areas of myocardial injury in ACRF-HNa rats were 
characterized by medial thickening, fibrinoid necrosis, and marked luminal narrowing, abnor-
malities that are typically seen in malignant hypertension. Hence, we hypothesize that hyper-
tension-induced arterial lesions caused myocardial ischemia and hypoxic injury. In support of 
this notion, the myocardial injury in ACRF-HNa rats mimics the one described in salt-loaded, 
malignant hypertensive, double transgenic rats harboring human renin and angiotensinogen 
genes  [23] . However, in contrast to double transgenic rats, hypertension in ACRF animals is 
characterized by low plasma renin levels and is not angiotensin II dependent  [12] . In addition, 
the marked hypertension in ACRF-HNa animals and increase in LV afterload are expected to 
enhance tissue oxygen demand, thereby aggravating myocardial hypoxia.

  The cardiac structural changes in ACRF rats showed similarities to those previously 
reported for other rodent CKD models  [24] . Interestingly, Amann and coworkers  [25]  found 
that subtotally nephrectomized rats developed LVH, intramyocardial arteriolar wall thick-
ening, capillary rarefaction, and expansion of the myocardial interstitium that could not be 
explained by hypertension. Thus, nonhemodynamic pathophysiological mechanisms may 
also be involved in the cardiac injury developing in CKD. For instance, we have previously 
demonstrated elevated plasma levels of aldosterone, a well-known promoter of myocardial 
fibrosis and remodeling, in ACRF rats with a normal NaCl intake  [13] .

  In conclusion, rats with ACRF developed LVH and elevated serum levels of cTnT. Two 
weeks of high-NaCl diet aggravated the increases in serum cTnT concentrations and produced 
LV injury presumably by causing hypertension-induced small artery lesions and myocardial 
ischemia. We consider this model suitable for investigating pathophysiological mechanisms 
leading to myocardial injury and elevated serum cTnT levels in chronic renicardiac syndromes. 
In addition, our results support the notion that a high dietary intake of NaCl may have delete-
rious effects on LV integrity in patients with ESRD.
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