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Abstract: Background: A high-cholesterol diet (HCD) induces vascular atherosclerosis through
vascular inflammatory and immunological processes via TLRs. The aim of this study is to investigate
the mRNA expression of TLRs and other noxious biomarkers expressing inflammation, fibrosis,
apoptosis, and cardiac dysfunction in the rabbit myocardium during (a) high-cholesterol diet (HCD),
(b) normal diet resumption and (c) fluvastatin or rosuvastatin treatment. Methods: Forty-eight male
rabbits were randomly divided into eight groups (n = 6/group). In the first experiment, three groups
were fed with HCD for 1, 2 and 3 months. In the second experiment, three groups were fed with HCD
for 3 months, followed by normal chow for 1 month and administration of fluvastatin or rosuvastatin
for 1 month. Control groups were fed with normal chow for 90 and 120 days. The whole myocardium
was removed; total RNA was isolated from acquired samples, and polymerase chain reaction, reverse
transcription PCR and quantitative real-time PCR were performed. Results: mRNA of TLRs 2, 3,
4 and 8; interleukin-6; TNF-a; metalloproteinase-2; tissue inhibitor of metalloproteinase-1; tumor
protein 53; cysteinyl aspartate specific proteinase-3; and brain natriuretic peptide (BNP) increased in
HCD. Statins but not resumption of a normal diet decreased levels of these biomarkers and increased
levels of antifibrotic factors. Conclusions: HCD increases the levels of TLRs; inflammatory, fibrotic
and apoptotic factors; and BNP in the rabbit myocardium. Atherogenic diets adversely affect the
myocardium at a molecular level and are reversed by statins.
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1. Introduction

The concept of atherogenesis has shifted from thrombotic to inflammatory and
immunologic processes as possible pathogenetic factors [1]. Toll-like receptors (TLRs)
are components of the innate immune system that respond to exogenous infectious
ligands (pathogen-associated molecular patterns (PAMPs)) and endogenous molecules
that are released during host tissue injury/death (damage-associated molecular patterns
(DAMPs)) [2]. Interaction of TLRs with their ligands leads to activation of downstream
signaling pathways which induce an immune response by producing inflammatory cy-
tokines, type I interferons (IFNs) and other inflammatory mediators in the myocardium [3].
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To date, 10 TLR members have been identified in humans and 12 TLR members have been
identified in mice [4]. They play a determining role in the initiation and development of
cardiovascular diseases.

We have previously shown that an atherogenic diet causes overexpression of TLRs 2,
3, 4 and 8 in rabbit aortas and that statins cause regression of this process [5]. In the current
study, we assessed the effect of the same diet on myocardial TLR expression. We also exam-
ined the effect of this diet on inflammatory, pro- and antifibrotic and apoptotic factors and
the brain natriuretic peptide (BNP) which is overexpressed in increased endomyocardial
tension. Additionally, we evaluated the action of two commonly used statins, fluvastatin
(Flu) and the more potent rosuvastatin (Ros), on these factors.

2. Materials and Methods
2.1. Animal Experimental Protocol

The experimental protocol was approved by the Animal Care and Use Committee of
the Athens Prefecture Veterinarian Service, Greece (K/3319/4-5-2009). All experiments took
place in the animal facilities of the Center of Experimental Surgery, Biomedical Research
Foundation Academy of Athens (BRFAA), according to the guidelines set by the National
Research Council’s Guide for Care and Use of Laboratory Animals.

The protocol of the study has been previously published and the samples referenced
in this study derive from the 42 male (C90, C120, G30, G60, G90, GF120 groups) White New
Zealand rabbits used in the study by Kapelouzou et al. [5] and 6 male (GR120 group) White
New Zealand rabbits used in the study by Tziakas et al. [6], at the Biomedical Research
Foundation of the Academy of Athens animal laboratory.

Following an acclimatization period of 1 week, 48 male White New Zealand rab-
bits (Trompetas Breeding Laboratories; Attiki, Greece) with an average body weight of
2.8 ± 0.2 kg were randomly divided into 8 groups of 6 animals each. High-cholesterol
diet contained 1% cholesterol (2RB19; Mucedola, Milano, Italy). The protocol timeline
of the study is described in Supplementary Figure S1. In the first experiment, 3 groups
were fed with HCD for 1 (G30), 2 (G60) and 3 (G90) months. In the second experiment,
3 groups were fed with HCD for 3 months, followed by (a) normal chow for 1 month
(G120) and (b) administration of fluvastatin (GF120) or rosuvastatin (GR120) for 1 month.
Control groups were fed with normal chow for 90 (C90) and 120 (C120) days. Rosuvastatin
(0.7 mg/kg BW) and fluvastatin (2 mg/kg BW) were administered daily by oral gavage.
Control groups C90 and C120 were fed with normal chow for 90 and 120 days, respectively.

2.2. Tissue Preparation

At the end of the experimental period for each group, animals were euthanized with
an intravenous overdose of sodium pentobarbital (100–120 mg/kg). The whole heart was
removed and rinsed with distilled (DEPC-treated) water and shock-frozen to −140 ◦C for
mRNA analysis.

2.3. mRNA Analysis

Total RNA was isolated from whole myocardium samples using the Tri Reagent
(Sigma, Saint Louis, MO, USA), according to the manufacturer’s protocol [7]. All primers
were synthesized by TIB Molbiol (Syntheselabor GmbH, Berlin, Germany). The sequences
of primer pairs (Table 1) were designed with the Beacon Designer V7.0 software (Premier
Biosoft International, Palo Alto, CA, USA).

Total RNA was extracted from rabbit myocardium of all groups using the Trizol kit
(Invitrogen, Life Technologies, New York, NY, USA). The concentration of RNA was mea-
sured by an ultraviolet spectrophotometer (Biomate 3, Thermo Fisher Scientific, Waltham,
MA, USA). RNA/hexamer mix was performed in a total volume of 13 µL. The total RNA
(1~10 µL) was mixed with DEPC water (3 µL) and denatured at 70 ◦C for 5 min followed
by incubation on ice for 5 min. Reverse transcription was performed in a total volume of
25 µL. The RNase inhibitor (50 U/L) (1 µL), reverse transcriptase (M-MLV 200U) (1 µL),
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dNTP (10 mmol/L, 5 µL) and RT buffer 5× (5 µL) were added to the denatured RNA
samples (13 µL) and incubated at 37 ◦C for 60 min. Polymerase chain reaction (PCR) was
performed in a total volume of 25 µL containing 2 µL of reverse transcription products
(cDNA), 0.5 µL of Taq polymerase (5 U/L), 2.5 µL of Thermo 10× buffer, 1 µL of dNTP
(2.5 mmol/L), 17 µL DEPC water and 1 µL of each forward and reverse primers. The
parameters for the PCR reaction of β-actin were 95 ◦C for 10 min, 95 ◦C for 1 min, 57 ◦C
for 1 min and 72 ◦C for 1 min, followed by 35 cycles of 57 ◦C, 72 ◦C for 5 min and final
extension 10 ◦C. For all biomarkers, the PCR reaction parameters were 95 ◦C for 10 min,
95 ◦C for 1 min, 57 ◦C for 1 min and 72 ◦C for 1 min, followed by 45 cycles of 57 ◦C, 72 ◦C
for 5 min and final extension 10 ◦C. The PCR products were electrophoresed on a 1.5%
agarose gel. The qRT-PCR was performed in a total volume of 20 µL containing 2 µL cDNA,
7 µL DEPC water, 1 µL of each forward and reverse primers and 10 µL of SYBR-Green.
The parameters of qRT-PCR were for all genes 52 ◦C for 5 min, 95 ◦C for 2 min, 95 ◦C
for 15 s and 59 ◦C for 40 s, followed by 50 cycles of 59 ◦C. The qRT-PCR products of the
β-actin gene were used as an internal control, and the relative expression levels of all the
genes were calculated according to the ∆∆CT method [7]. The 2-∆∆CT method analysis
of relative gene expression using qRT-PCR was used to calculate the relative changes in
gene expression. All data were normalized by β-actin levels and expressed as percentages
relative to controls, as previously described [8]. Polymerase chain reaction (PCR), reverse
transcription polymerase chain reaction (RT-PCR) and quantitative real-time polymerase
chain reaction (qRT-PCR) were performed with the automatic thermal cycler Multi Cycler
PTC-200 (MJ Research Inc, South San Francisco, CA, USA). Data for quantitation of gene
expression were collected using a Chromo4 RT-PCR detector and analyzed with the Opti-
con Monitor Continuous Fluorescence Detector 3 software (MJ Research Inc., South San
Francisco, CA, USA).

Table 1. Primers for real-time polymerase chain reaction (PCR) for each biomarker.

Gene Forward Reserve

TLR2 5′-CTCCTGCTGACGCTGCTC-3′ 5′-TTCCTCGGCTTCCTCTTGG-3′

TLR3 5′-ATCTCCTCTCTTTGGGGACTGTTG-3′ 5′-TGTTGGTGGGCAGGTCATCAGG-3′

TLR4 5′-CTCACATCCGAGTTGCCTTCCG-3′ 5′-AAATGCTCCCTGGTACACCTGTTC-3′

TLR8 5′-ATCTTGTTCTTCTTCTCGTTCTC-3′ 5′-CCTGTAACCTCTGACCTTGG-3′

IL6 5′-CTACCGCTTTCCCCACTTCAG-3′ 5′-TCCTCAGCTCCTTGATGGTCTC-3′

TNFa 5′-AGCCCACGTAGTAGCAAACCC-3′ 5′-TTGATGGCAGAGAGGAGGTTGA-3′

MMP2 5′-GAAGGTCAAGTGGTCCGTGT-3′ 5′-CCGTACTTGCCATCCTTCTC-3′

MMP9 5-TGCCA GAGTACCTGTTCCGCTATG-3 5-TGCCACTTGAGGTCACCCTCGAA-3
TIMP1 5′-TTCTCATCGCTGGACAACTG-3′ 5′-AGCGTAGGTCTTGGTGAAGC-3′

p53 5′-ATGCCTACCTCACGGGGTCT-3′ 5′-AGGGTAGGGAACCAGCACCAT-3′

BNP 5′-TGC TCT TCT TGC ACC TGT-3′ 5′-GCA GCT GCT GTA TCT CAG AAA-3′

CASP3 5′-GGTAGCGACAGAGTTCGAGT-3′ 5′-TGAGAGGGAAGCAGAGTAACAG-3′

b-ACTIN 5′-CCATGTACGTGGCCATCCAG-3′ 5′-TCTTCATGAGGTAGTCGGTCAGGTC-3′

TLR: toll-like receptor 2, 3, 4 or 8; IL6: interleukin 6; TNFa: tumor necrosis factor a; MMP: metalloproteinase 2 or 9; TIMP1: tissue
inhibitor of metalloproteinase-1; p53: tumor protein 53; BNP: brain natriuretic polypeptide; CASP3: cysteinyl aspartate specific proteinase-3;
b-ACTIN: β-actin.

2.4. Statistical Analysis

According to the power analysis for independent samples, the required sample size
per group was 6 (power analysis = 0.95, alpha = 0.05, beta = 0.05). Data are presented as
mean ± standard deviation (mean ± SD). One-way ANOVA was used for the statistical
analysis between groups. ANOVA trend analysis was used for the comparison of the rise
of all factors described. Subsequently, we implemented one-way analysis of variables
with test for linear trend between mean and col. number. All statistical calculations were
performed using GraphPad Prism version 4.03 (GraphPad Software, San Diego, CA, USA).
Statistical significance was considered at p < 0.05.
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3. Results
3.1. Toll-Like Receptors

A statistically significant increase was found in the mRNA expression as regards TLRs
2, 4 and 8 between C90, G30, G60 and G90; TLR3 also increased, but the increase started
at a later time interval (G60) (Table 2 and Figure 1). A reduction in mRNA expression of
TLRs 2, 3, 4 and 8 was found after Flu (GF120) and Ros (GR120) therapy compared to G120
during which TLRs continued to increase. Furthermore, we observed that TLR mRNA
levels in GR120 decreased to a greater degree than in GF120.

3.2. Inflammatory Markers

Interleukin 6 (IL6) and tumor necrosis factor a (TNFa) increased in all atherogenic
groups compared to control groups (Table 2 and Figure 1). Flu and Ros treatment decreased
mRNA levels of IL6 and TNFa after the atherogenic diet compared to the G120 group
(Table 2 and Figure 1), again with Ros exerting a stronger effect than Flu.

3.3. MMP2, MMP9, Tissue Inhibitor of Metalloproteinase-1 (TIMP1) and Their Ratio

An elevation in both MMP2 and MMP9 mRNA expression was found in G30. Subse-
quently, a decrease was found in G60 and G90, although they both remained significantly
elevated as compared to C90. They further increased at G120 and with both statins, Ros
showing a higher increase in MMP9 at GR120 (Table 2 and Figure 1) than Flu (GF120).
TIMP-1 increased progressively with HCD and decreased after resumption of a normal diet
(G120); its expression further decreased with statins, to a greater extent with Ros. Besides
these findings, we also observed that the TIMP1/MMP2 and TIMP1/MMP9 ratio increased
significantly with HCD and decreased with statins (Table 2, Figure 1), again with Ros being
more potent.

3.4. Apoptotic Factors

Apoptotic factors tumor protein 53 (p53) and CASP3 increased progressively in all
HCD groups (Table 2 and Figure 1). With resumption of the normal diet (G120) a further
increase in p53 and CASP3 mRNA expression was found (Table 2 and Figure 1). Both
factors’ mRNA levels were lowered with statin treatment, to a greater extent in group
GR120 than GF120 (Table 2 and Figure 1).

3.5. Biomarker of Myocardial Dysfunction

BNP mRNA expression consistently increased in HCD groups (Table 2 and Figure 1),
and then it decreased in GF120 and GR120 compared to G120. No differences were found
between the two statin treatment groups (Table 2 and Figure 1).

3.6. Trend of Biomarkers

Finally, we studied the mRNA expression trend of TLRs and other biomarkers.
Figure 2 presents the mRNA fold expression of each biomarker in every group. We found
that the TLRs have lower expression compared to the other inflammatory, apoptotic, MMP
and dysfunction biomarkers.
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Table 2. Statistical analysis of mRNA expression for each biomarker in all study groups.

Groups C90 G30 G60 G90 C120 G120 GF120 GR120

TLR2 0.211 ± 0.078 1.120 ± 0.135 *, a 2.743 ± 0.422 *, a 3.038 ± 0.544 *, a, b 0.478 ± 0.303 6.605 ± 0.800 *, #, a, b, c 2.768 ± 0.719 *, #, a, d 1.328 ± 0.195 *, b, c, d, e

TLR3 0.15 ± 0.04 0.2 ± 0.067 1.212 ± 0.05 *, a 1.273 ± 0.147 *, a 0.246 ± 0.097 1.252 ± 0.078 *, #, a 0.583 ± 0.161 b, c, d 0.285 ± 0.116 *, a, b, c, d, e

TLR4 0.19 ± 0.07 1.213 ± 0.092 5.017 ± 0.845 *, a 7.705 ± 0.613 *, a, b 0.165 ± 0.036 14.67 ± 2.925 *, #, a, b, c 5.277 ± 0.481 *, #, c, d 2.18 ± 0.886 b, c, d, e

TLR8 0.188 ± 0.041 2.643 ± 0.469 * 6.98 ± 0.769 *, a 14.68 ± 0.876 *, a, b 0.185 ± 0.04 24.47 ± 2.169 *, #, a, b, c 13.38 ± 1.589 *, #, b, d 4.962 ± 0.674 *, #, a, b, c, d, e

IL6 0.16 ± 0.034 2.112 ± 0.759 * 4.687 ± 0.866 *, a 5.768 ± 0.522 *, a 0.198 ± 0.047 6.324 ± 1.027 *, #, a, b 3.957 ± 0.389 *, #, c, d 3.25 ± 0.579 *, #, b, c, d

TNFa 0.141 ± 0.034 13.15 ± 3.073 * 14.64 ± 1.476 * 15.32 ± 2.553 * 0.13 ± 0.028 17.62 ± 2.113 *, #, a 13.89 ± 1.423 *, #, d 11.67 ± 0.834 *, #, c, d

MMP2 0.153 ± 0.023 32.88 ± 1.516 * 21.8 ± 2.492 *, a 12.57 ± 2.514 *, a, b 0.243 ± 0.038 7.195 ± 1.428 *, #, a, b, c 13.43 ± 2.279 *, #, a 14.06 ± 2.187 *, #, a, b, d

MMP9 0.206 ± 0.063 23.16 ± 1.72 * 15.37 ± 2.949 *, a 13.53 ± 1.408 *, a 0.205 ± 0.037 15.18 ± 2.002 *, #, a 18.03 ± 2.124 *, #, a, c 23.59 ± 2.1 *, b, c, d, e

TIMP1 0.235 ± 0.073 29.53 ± 3.81 * 36.84 ± 3.336 *, a 43.06 ± 3.411 *, a, b 0.163 ± 0.059 35.77 ± 2.033 *, #, a, c 22.83 ± 2.341 *, #, a, b, c, d 14.83 ± 3.143 *, #, a, b, c, d, e

p53 0.333 ± 0.121 4.163 ± 1.498 * 7.413 ± 0.962 *, a 7.803 ± 1.304 *, a 0.348 ± 0.09 15.53 ± 1.897 *, #, a, b, c 6.785 ± 1.266 *, #, a, d 4.42 ± 0.841 *, b, c, d, e

CASP3 0.13 ± 0.014 1.937 ± 0.682 * 2.552 ± 0.285 * 3.033 ± 0.665 *, a 0.128 ± 0.024 3.195 ± 0.258 *, #, a 2.65 ± 0.237 *, #, a 2.103 ± 0.316 *, c, d

BNP 0.145 ± 0.018 20.12 ± 2.34 * 23.52 ± 1.424 *, a 26.21 ± 1.328 *, a, b 0.19 ± 0.041 25.44 ± 0.998 *, #, a 20.63 ± 2.049 *, #, b, c, d 20.4 ± 1.259 *, b, c, d

TIMP1/MMP2 1.53 ± 0.53 0.89 ± 0.09 1.7 ± 0.22 3.53 ± 0.67 *, a, b, d, e 0.67 ± 0.24 5.14 ± 1.01 *, #, a, b, c, d, e 1.72 ± 0.19 *, #, c, d 1.06 ± 0.19 c, d

TIMP1/MMP9 1.24 ± 0.6 1.28 ± 0.2 * 2.46 ± 0.49 *, a 3.2 ± 0.37 *, a, b 0.8 ± 0.25 2.4 ± 0.4 *, #, a, b, c 1.29 ± 0.25 *, b, c, d 0.63 ± 0.15 *, b, c, d

TLR: toll-like receptor 2, 3, 4 or 8; IL6: interleukin 6; TNFa: tumor necrosis factor a; MMP: metalloproteinase 2 or 9; TIMP1: tissue inhibitor of metalloproteinase-1; TIMP1/MMP2 ratio; TIMP1/MMP9 ratio; p53:
tumor protein 53; CASP3: cysteinyl aspartate specific proteinase; BNP: brain natriuretic polypeptide 3. Values are expressed as mean ± standard deviation. Significant difference (p < 0.05) versus C90 (*), C120 (#),
G30 (a), G60 (b), G90 (c), G120 (d), GF120 (e).
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icant difference (p < 0.05) versus C90 (*), C120 (#), G30 (a), G60 (b), G90 (c), G120 (d), GF120 (e). 
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4. Discussion

In this study, we diverged from the usual focusing on the atherosclerotic changes
induced by an HCD in the arterial system, including the coronary arteries, and instead
investigated its possible effects on the myocardium. In the great majority of these factors, a
common pattern was seen: with continued HCD, TLRs and other noxious factors increased
steadily, until the 90th day. Interestingly, this increase usually persisted throughout the
30 additional days after resumption of normal feeding (G120) but only started decreasing
after statin treatment, with Ros, as a more potent statin, having a stronger effect than Flu.

4.1. TLR Overexpression

The two more abundant TLRs in the myocardium, TLR2 and TLR4, and the less
prevalent TLR8 showed a similar course of increase with HCD, as already described. TLR3
showed a slightly different course, increasing later (at 60 days), possibly because it is
situated in the endosomal compartment and not the membrane, thus being less promptly
altered with HCD [4]. This was also shown by our group in the rabbit aorta [5]. TLR3
is an essential component of the innate stress response in virus-induced cardiac injury,
with TLR3-/- mice showing less marked inflammatory changes [9]. It has an “unexpected”
protective role in the arterial wall, potentially through a repair mechanism [10]. In the
myocardium, Fattahi et al. [11] have found that it is involved in cardiac dysfunction
developing during polymicrobial sepsis. Gao et al. [12] also found that it contributes to
persistent autophagy and heart failure in mice after an experimental myocardial infarction,
while it does not promote inflammation.

TLR8 is often lumped together with TLR7. In humans, Jurk et al. [13] postulate that it
can activate gene transcription of NFkB. Salagianni et al. [14] have found that TLR7 has a
protective antiatherosclerotic role by decreasing monocyte/macrophage proinflammatory
activity. Triantafillou et al. [15] have shown that in the human myocardium, inflammatory
responses are triggered by Coxsackie B viruses through TLR8 and to a lesser extent through
TLR7. It recognizes viral or bacterial single-stranded RNA and activates innate immune
systems and early inflammatory responses.

It has been well described that TLRs are involved in ischemia-induced inflamma-
tion [3,16]. It is unknown through which exact mechanisms high cholesterol levels can in-
duce inflammation and TLR increase and activation of the cardiac immune response. How-
ever, TLRs are regulated by hypercholesteremia, hyperlipidemia and hyperglycemia [17].
Ruysschaert and Lanez [18] have shown that cholesterol and lipid microdomains influ-
ence TLR activity. Methe et al. [19] have found that statins decrease TLR4 expression and
downstream signaling in human CD14+ monocytes.
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Our finding that chronic HCD induces myocardial TLR overexpression has an im-
portant clinical corollary: since high-fat feeding also has been shown to induce severe
coronary atherosclerosis, a clinical situation can emerge in which a myocardial infarct
due to exacerbated coronary atherosclerosis can be precipitated in a high-TLR-expressing
myocardium. This may have important unfavorable clinical effects: (a) TLRs exacerbate
I/R injury [3–16]. Actually, TLR4 deficiency has been found to reduce myocardial infarc-
tion size [20]. The TLR4 specific antagonist eritoran reduced infarct size [21]. (b) TLRs
contribute to postinfarct remodeling. Shishido et al. [22] found that TLR2-deficient mice
developed less cardiac remodeling after myocardial infarction. Timmers et al. [23] found
the same for TLR4-deficient mice. Frantz et al. [24] also showed that TLR4 is increased in
the total failing myocardium.

As shown in a previous study from our group, statins can diminish TLR mRNA
expression in the aorta [5]. Fluvastatin, simvastatin and atorvastatin have all shown
anti-TLR4 activity [25]. We showed that Ros is more potent than Flu in this aspect. It
also caused a greater reduction in plasma cholesterol [5]; thus, the question of whether
cholesterol levels directly influence TLR expression remains. As regards the interaction
of TLRs and apoptosis, Aliprantis et al. [26] have shown that bacterial lipoprotein (BLP)
stimulates TLR2, which signals for apoptosis through MYD88 via Fas-associated death
domain protein and caspase 8. They also found that BLP activates caspase 1 through
TLR2. Ruckdeschel et al. [27] found that Yersinia infection can initiate apoptosis through
TLR4 signaling.

4.2. Other Harmful Factors

The increase in IL6 in TNFa and HCD groups, indicating inflammation in the my-
ocardium, is in accordance with the results of Ternacle et al. [28], which will be discussed
later. Bartekova et al. [29] remark that circulating IL1b is elevated in dilated cardiomyopa-
thy and associated with an adverse prognosis.

Interestingly, an opposite course with HCD was seen between the MMP2 and MMP9
collagen-degrading proteins and the profibrotic TIMP1, suggestive of increasing myocar-
dial fibrosis. MMP2 and MMP9 increased very early (30 days) with HCD and declined
thereafter, although remaining at much higher levels than control. However, they also
started increasing again after statin treatment, with Ros showing a stronger effect than
the generally weaker Flu. Fujimoto et al. [30] found increased vascular MMP deposition
after a 4-month HCD following balloon de-endothelization of the abdominal aorta; this
regressed after atherogenic diet withdrawal and Flu treatment. Galis et al. [31] found
that MMP2 together with TIMP1 and TIMP2 were expressed by VSMCs in all layers of
atherosclerotic arteries, while MMP1, MMP3 and MMP9 were localized to macrophages,
VSMCs and endothelium in the fibrous cap and shoulder of the lesion. Ikeda et al. [32]
also mention the increased expression of several MMPs, including MMP2 and MMP9, in
the shoulder areas of plaques. In human atherosclerotic lesions, Orbe et al. [33] found an
increase not only in MMPs but also in TIMP1 in calcification areas. Thus, the further in-
crease in both MMPs with statin treatment may represent an adaptive phenomenon: MMPs
may increase as an antagonistic response to TIMP1 increase. In fact, TIMP1 increased
progressively in our HCD group, decreasing with resumption of a normal diet, but to a
greater degree with statins, especially Ros. This factor is associated with the buildup of
the fibrous plaque of coronary lesions with an increase in the TIMP1/MMPs ratio [34].
Actually, in our study, the TIMP1/MMP2 and TIMP1/MMP9 ratios decreased, implying
an antifibrotic action with statin treatment. Both TIMP1 and MMPs are increased in the
myocardium in dilated cardiomyopathy [35]; however, more information is needed. MMP2
structure and function are correlated with increased remodeling after an acute myocardial
infarction [36]. MMP9 is also correlated with remodeling and mortality after an infarct [37].
MMP2 degrades troponin I in IRI ischemia–reperfusion injury [38], while in aortic stenosis,
TIMP1 and TIMP2 are related to fibrosis [39]. TIMP1 also promotes myocardial fibrosis
in pressure overload [40]. In 669 patients in the Framingham Heart Study, MMP9 was
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positively correlated to left ventricular mass and thickness and negatively to fractional
shortening [41]. Moreover, serum MMP9 and TMP1 are also significant risk factors in
population studies [42,43].

As regards apoptosis, the transcriptional factor p53 showed similar behavior to the
already mentioned markers. It stimulates the proapoptotic protein bax [44]. Caspase 3,
a main effector of apoptotic cell death, also showed a significant increase up to 120 days
with HCD. Again resumption of a normal diet was not enough to cause a reversal of this
trend, which was only seen with statin treatment, again with Ros being more potent than
Flu. Dixon et al. [45] underline the role of caspase 1 in nonalcoholic steatohepatitis induced
by a high-fat diet.

We report, for the first time, an increase in BNP in the myocardium with an HCD
together with the other fibrotic, inflammatory and apoptotic factors. BNP is produced in
increased quantities by the ventricular cardiomyocytes when endoventricular pressure is
increased; it is also increased in ischemia, left ventricular hypertrophy and remodeling [46].
BNP is also produced by fibroblasts [47]. Interestingly, it also induces the expression of
MMP2 and TIMP2, according to Tsuruda et al. [48]. It was interesting that all biomarkers
showed a strong correlation in their increase. This is not surprising, since strong interactions
exist among them in their rise and fall.

In accordance with our findings, Ternacle et al. [2] found that 4- and 20-week high-fat
(13.5% fat) diets compromised myocardial function as expressed by radial strain rate, al-
though the LVEF did not change, suggesting that novel, more advanced echocardiographic
indices are needed to detect subtle myocardial function alterations. They also noticed
an increase in myocardial fibrosis, inflammation, tissue oxidation and apoptosis. These
authors ascribed these changes to obesity. Their animals (mice) increased in weight by
around 40%, while ours only increased by 16%. With these numbers, we cannot ascribe our
results to obesity, but rather to a direct action of the HCD.

Carbone et al. [49] fed mice for 4 weeks with a Western diet, i.e., a diet high in saturated
fat and sugar. They found a decrease in LVEF and an impairment of diastolic function.
Switching to standard diet, it was found that inhibition of the proinflammatory IL18 in
mice fed a Western-type diet attenuated cardiac dysfunction despite a body weight gain of
38%. This finding also suggests that weight gain is not the determining factor in cardiac
dysfunction. Resuming a normal diet for 4 weeks partially reversed this dysfunction.
Carbone et al. [50], in another study, and Drosatos and Schulze [51] found that obesity-
related cardiomyopathy and diabetic cardiomyopathy are caused by excess cardiac lipid
accumulation. They describe that lipotoxicity can signal apoptotic pathways, and the
treatment of neonatal rat ventricular myocytes with palmitic acid alters mitochondrial
physiology, leading to apoptosis. It is interesting that both lipotoxicity and the more
commonly studied myocardial glucotoxicity [52] do not only affect the myocardium. In fact,
a lipotoxic model of pancreatic B cell failure has been produced, which involves histone
modifications, linked to epigenetics [53]. Both hyperglycemic [54] and lipotoxic [55] cellular
epigenetic memory can be established. The fact that normal diet resumption alone was
not adequate for reversing molecular changes but statins were additionally needed may
also suggest intensive treatment in hypercholesterolemic patients, especially if they are
hypertensive and hyperglycemic, to avoid not only direct but also epigenetic changes.
Thus, our study offers further evidence that an HCD not only affects the arterial system
but also the myocardium. From the above, it can be seen that apart from our rabbit model,
mice showed the same behavior [28,49].

Importantly, the role of statin administration in heart failure is intensively discussed.
Lee et al. [56] have shown that pravastatin (a relatively weak statin) administration can
cause regression of LV mass in hypercholesterolemic patients.

In a meta-analysis of 4500 patients from six studies, Deo et al. [57] showed that statins
improve long-term survival in nonischemic cardiomyopathy. Gastelurrutia et al. [58], in a
prospective study of 960 patients with both ischemic and nonischemic heart failure etiology,
showed an improvement in mortality regardless of etiology. Two very experienced authors
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have raised the question of whether we need a large-scale outcome trial of statins in chronic
heart failure [59]. Statins can induce important side effects, particularly in skeletal muscle,
especially in aged rats [60]. However, the effects of statins on the cardiomyocytes have not
been specifically reported.

4.3. Study Limitations

We believe that the main limitation of our study is that did not evaluate changes in
cardiac function during HCD by echocardiographic or area–pressure measurements. More-
over, all our measurements were carried out in whole heart samples not differentiating
between atria and ventricles. However, Yu et al. [61] and Nishimura et al. [62] also studied
whole heart mRNA TLR expression. In human whole heart tissues, TLR2 and TLR4 are
reasonably well expressed, but in a weaker concentration than in peripheral blood leuko-
cytes [63]. However, we believe that our findings set the stage for further investigations on
heart function in hypercholesterolemic patients and the effect of drastic lipid-lowering. The
fact that TLRs can now be studied by ELISA in the serum [64] will make these studies easier
and more applicable. Last, but not least, we did not perform histopathological analysis of
the myocardium. However, Ternacle et al. [28] found myocardial inflammation, fibrosis,
oxidation and apoptosis in their experiments in mice.

5. Conclusions

We showed that a high-cholesterol diet robustly increases the mRNA levels of TLRs,
as well as inflammatory, fibrotic and apoptotic processes and BNP expression, in the whole
rabbit heart, suggesting a direct effect of this diet on the myocardium. The changes in
all these factors were not readily reversed by normal diet but were reversed with statin
treatment, with Ros showing a more potent influence than Flu. A very strong correlation of
these changes at all time intervals strengthens the significance of our findings.

Our findings strongly suggest that statin therapy may protect not only the arteries but
also the myocardium, with one of the mechanisms involved being TLRs. This may be a
timely finding in view of the newer trends towards achieving cholesterol levels as low as
possible in patients with coronary artery and atherosclerotic vascular disease, since these
efforts may also exert an additional favorable action on the myocardium.
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