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Table 3. Classification of Highly (>3-Fold) Expressed Genes in ASC According to Gene Ontology Terms
) i oy i
Category ¥ catogory | fistineategory P Value
0007067: Mitosis 1.3 11.4 4.43x10-24
0000279: M phase 1.8 12.4 6.87x10-22
0000278: Mitotic cell cycle 22 12.7 2.53x10-18
0007049: Cell cycle 7.0 211 3.23x107"8
0007059: Chromosome segregation 0.31 4.14 6.51x10-12
0006260: DNA replication 1.3 7.32 9.94x10-12
0007088: Regulation of mitosis 0.34 3.82 3.10x10-10
0000070: Mitotic sister chromatid segregation 0.15 2.86 3.11x10-10
0051301: Cell division 0.79 5.41 3.30x10-10
0006955: Immune response 57 14.9 1.15x10-°
0007017: Microtubule-based process 1.6 7.32 1.60x10-°
0007093: Mitotic checkpoint 0.13 2.54 2.01x10-8
0000074: Regulation of progression through cell cycle 4.5 12.7 2.77x10°°
0006259: DNA metabolism 4.8 131 5.12x10-°
0006952: Defense response 6.2 15.2 7.63x10-¢
0009613: Response to pest, pathogen or parasite 3.5 10.8 8.31x10°°
0000075: Cell cycle checkpoint 0.44 3.82 9.71x10-°
0009607: Response to biotic stimulus 6.6 15.6 1.32x10-8
0043207: Response to external biotic stimulus 37 10.8 1.73x10-8
0006950: Response to stress 9.2 19.1 3.41x10-8
0031577: Spindle checkpoint 0.084 1.91 7.56x10-8
0007018: Microtubule-based movement 0.87 4.77 8.72x10-8
0006954: Inflammatory response 1.6 6.05 9.52x1077
0009605: Response to external stimulus 5.9 12.7 4.21x10-8
0050896: Response to stimulus 16 25.8 4.24x10-6
0031649: Heat generation 0.046 1.27 4.68x10-°
0007052: Mitotic spindle organization and biogenesis 0.153 1.91 5.28x10-%
0000226: Microtubule cytoskeleton organization and biogenesis 0.649 3.51 5.55%10-8
0007010: Cytoskeleton organization and biogenesis 4.39 10.1 8.14x10-6
0000067: DNA replication and chromosome cycle 0.0993 1.59 8.43x10°8
0007051: Spindle organization and biogenesis 0.168 1.91 9.76x10-6

ASC, adipose tissue-derived mesenchymal stem cells.

ing VEGF, HGF and SDF-1a.*3!" To compare the proteins
secreted by cultured ASC and BM-MSC, we used ELISA to
investigate the production of several angiogenic and growth
factors from ASC and BM-MSC cultures (Figure 4). As com-
pared with BM-MSC, ASC secreted significantly larger
amounts of not only HGF and VEGF, which are growth and
angiogenic factors, but also PAI-1 and IL-6, which are adipo-
kines. On the other hand, BM-MSC secreted significantly larger
amounts of SDF-1¢, which is a cell migration-related chemo-
kine, than ASC. There was no significant difference between
ASC and BM-MSC for several secreted adipokines, such as
adiponectin and TNF-a.

Discussion

In this study, we examined the differences between ASC and
BM-MSC in proliferation, differentiation, gene expression and
secreted proteins. We showed that (1) ASC are more prolifera-
tive than BM-MSC, although there is no difference in differen-
tiation into adipocytes or osteocytes; (2) genes associated with
mitosis, inflammation and stress response are highly expressed
in ASC; (3) genes associated with regulation of organ develop-
ment, morphogenesis and cell migration are highly expressed
in BM-MSC; and (4) ASC secrete significantly larger amounts

of growth factors and inflammatory cytokines than BM-MSC,
although BM-MSC secrete significantly larger amounts of
chemokine than ASC.

In terms of differentiation, both ASC and BM-MSC differ-
entiated into adipocytes and osteocytes, and there was no dif-
ference between them in adipogenesis in our quantitative anal-
ysis. A previous report demonstrated that BM-MSC had distinct
osteogenic differentiation capability in comparison with ASC,!®
although we did not evaluate difference in osteogenesis between
ASC and BM-MSC. Indeed, osteomodulin, which is an osteo-
genesis-related gene, was upregulated in BM-MSC in compari-
son with ASC (Table 2). Therefore, BM-MSC might have more
osteogenic potential than ASC. These findings suggest that ASC
and BM-MSC have multilineage potential and an equivalent
potential to differentiate into unfavorable cells. Under these
conditions, we found that ASC proliferated more rapidly than
BM-MSC, and expanded 4-fold as much BM-MSC in approxi-
mately 2 weeks. Lee et al compared the proliferation and gene
expression profile of human ASC and BM-MSC," and also
demonstrated that ASC differ from BM-MSC in terms of pro-
liferation according to culture medium. A large number of MSC
are needed for cell transplantation, so rapid proliferation of
ASC ex vivo is thought to be a favorable source of transplanted
cells in the acute clinical setting, although there remain prob-
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Category

0048513: Organ development

0008283: Cell proliferation

0040007: Growth

0009653: Morphogenesis

0007275: Development

0016049: Cell growth

0016477: Cell migration

0001558: Regulation of cell growth
0007155: Cell adhesion

0001501: Skeletal development

0000902: Cellular morphogenesis
0040008: Regulation of growth

0009887: Organ morphogenesis

0050678: Regulation of epithelial cell proliferation
0051674: Localization of cell

0007626: Locomotory behavior

0050673: Epithelial cell proliferation
0006952: Defense response

0009607: Response to biotic stimulus
0045785: Positive regulation of cell adhesion
0042127: Regulation of cell proliferation
0050874: Organismal physiological process

Table 4. Classification of Highly (>3-Fold) Expressed Genes in BM-MSC According to Gene Ontology Terms

o, i 0 H
¥ Category | listin category P value
8.86 21.9 5.02x10-12
5.07 15.4 1.77x10-1
2.18 9.62 4.23x10-"
8.46 20.6 5.90x10-""
211 37.1 1.64x10-10
1.53 7.56 6.82x10-10
1.88 8.24 1.29x10-°
1.31 6.52 8.83x10-°
5.82 14.7 1.47x10-8
1.73 7.21 3.42x10-8
4.19 11.3 1.92x10~7
1.64 6.52 3.21x107
3.96 10.6 5.31x107
0.0687 1.71 6.13x10~7
2.87 8.58 1.10x10-8
3.16 8.93 1.92x10-6
0.084 1.71 2.17x10¢
6.27 13.7 2.26x10-¢
6.59 14.1 3.12x10-¢
0.045 1.37 3.46x10-¢
3.32 8.93 4.56x10
16.7 271 4.75x10-6

BM-MSC, bone marrow-derived mesenchymal stem cells.

lems concerning tumorigenesis and instability.

In this study, we carried out a comprehensive analysis in rat
ASC and BM-MSC using microarrays. Interestingly, there was
a considerable difference between the gene profile of our data
and that of Lee et al,'* who demonstrated that highly expressed
genes in ASC accounted for less than 1% of all genes, and
keratin 18, thrombospondin 1 and heat shock protein were
included in the list of genes upregulated in ASC as compared
with BM-MSC. Their human study was of 16-84-year-old
patients undergoing arthroplasty and abdominoplasty, whereas
we used 6-week-old rats. It is possible that differences in spe-
cies and culture conditions, as well as age, contributed to these
differences in gene expression.

We demonstrated that many of the genes that were highly
expressed in ASC could be classified into categories such as
mitosis, cell cycle and inflammatory cytokines, suggesting
that ASC are more proliferative than BM-MSC. Thus, ASC
transplant may not be superior to BM-MSC in terms of
improvement of cardiac function in acute myocardial infarc-
tion, although it might be expected that ASC would contribute
more to cell proliferation because of their secretion of VEGF
and HGF. Also, ASC might initiate a stronger inflammatory
response, because of the significantly increased upregulation
of genes associated with inflammation as compared with BM-
MSC. On the other hand, many of the genes that were highly
expressed in BM-MSC were classified into categories such as
organ development and morphogenesis. BM-MSC upregu-
lated the expression of genes associated with cardiogenesis
and angiogenesis, such as Wisp2, jaggedl and insulin-like
growth factor binding protein 4 (IGFBP4). In particular, jag-
gedl and IGFBP4 have been reported to induce cardiogenesis
and angiogenesis, respectively, via activation of notch signals
and inhibition of Wnt signals.?**! Indeed, a previous report
demonstrated that BM-MSC transplantation into the infarcted

heart induces cardiogenesis and angiogenesis.?>* On the
other hand, ASC are also reported to be able to differentiate
into cardiomyocytes.”® Therefore, ASC and BM-MSC both
might improve cardiac function by supplementing cardiomyo-
cytes, as well as in a paracrine manner, although we did not
investigate differences in differentiation into cardiomyocytes
between them.

BM-derived mononuclear cells and MSC have been used
for therapeutic angiogenesis in ischemic disease.26*” MSC are
thought to be more effective than mononuclear cells as a
source of transplanted cells because MSC secrete larger
amounts of growth factors. Recent studies suggest that MSC
exert tissue regeneration not only by differentiation into spe-
cific cell types, but also through paracrine actions, secreting
various kinds of angiogenic and cytoprotective factors,*!" as
shown in the present study. A recent report has shown that
the combination of VEGF and MSC can enhance angiogene-
sis after acute myocardial infarction in rats.” Additionally, a
previous study demonstrated that BM-MSC activate cardiac
progenitor cells, which have the ability to differentiate into
cardiomyocytes, in a paracrine manner in vitro and in vivo. 23
HGF and SDF-1¢ improve cardiac function via the activation
of cardiac progenitor cells.?! In our study, both ASC and BM-
MSC secreted various cytokines and chemokines that are
related to angiogenesis and cardiogenesis.

Although ASC are used as an adequate transplanted cell
type for the treatment of ischemic limb disease,’* ASC secrete
larger amounts of not only inflammatory cytokines, such as
IL-6, but also PAI-1 which promotes coagulation. In our gene
analysis, several genes associated with other inflammatory
cytokines and chemokines were upregulated in ASC. Not only
the gene analysis but also the ELISA results suggested that
ASC evoke more inflammation and thrombogenesis than BM-
MSC. Therefore, ASC transplantation might be a more useful
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Figure 4. Secretory proteins from adipose tissue-derived mesenchymal stem cells (ASC: red) and bone marrow-derived mesen-
chymal stem cells (BM-MSC: blue). Conditioned media from ASC and BM-MSC were collected after incubation for 24h in com-
plete medium. Hepatocyte growth factor (HGF, A), vascular endothelial growth factor (VEGF, B), adrenomedullin (AM, C), stem
cell-derived factor-1a (SDF-1a, D), interleukin-6 (IL-6, E), tumor necrosis factor-a (TNF-a, F), plasminogen activator inhibitor-1
(PAI-1, G), and leptin (H) in conditioned media were measured by enzyme-linked immunosorbent assay. Values are meantstandard
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treatment for chronic ischemia without severe inflammation.

In this study, we investigated ASC and BM-MSC obtained
from young, 6-week-old rats, and we did not examine differ-
ences among various generations of rats. A previous report
showed that MSC are subject to molecular genetic changes,
such as alterations in p53, HGF and VEGF, during aging.*
Our results might reflect the character of MSC obtained from
young rats, contributing to difference from results in humans.'®
We need to further investigate differences between ASC and
BM-MSC not only derived from rats but also derived from
humans of various ages.

Conclusion

We have demonstrated difference in proliferation and gene
expression between ASC and B-MSC, and accordingly, we
suggest the importance of selecting the appropriate cell type
for transplantation according to the therapeutic indication.
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Background: Cachexia, namely body wasting, is a common complication in cases of congestive heart failure
(CHF). Although, neurohumoral and immune abnormalities are associated with the condition, precisely how
the imbalance of catabolism and anabolism is responsible for the wasting process is not known.

Methods: We analyzed markers of cachexia in Dahli salt-sensitive rats which show marked hypertension with
preserved systolic function at- 11 weeks and CHF at 17-19 weeks of age. We also analyzed the change in
hepatic metabolism associated with CHF since liver plays a central role in the systemic regulation of

K ds: s X
Hmofrailure catabolism and anabolism.
Cachexia Results: In CHE rats, a failure to grow was observed and blood hepatic protein levels were decreased associated

Liver with increased blood proinflammatory cytokine levels, indicating that Dahl rats serve as a model of cardiac
Lipogenesis cachexia. Food intake was reduced, and blood sugar and insulin levels were decreased. Despite the apparent
Inflammation fasting condition, blood fatty acid levels were decreased and triglycerides levels were increased. In CHF rats,
liver incorporated more glucose, the gene expression related to gluconeogenesis was decreased, the gene
expression related to lipogenesis was increased, and the triglyceride content of the liver was increased. The
paradoxical production of triglycerides synthesis in fasting rats was associated with a proinflammatory
response in liver.
Conclusions: The Dahl salt-sensitive rat can be used as a model of cardiac cachexia. The cachexia was
associated with abnormal hepatic metabolism that might work as a maladaptive response during the
progression of CHF.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction metabolic profile of the heart and that the metabolicremodeling of heart

might be a therapeutic target [2].

Congestive heart failure (CHF) is becoming a serious health care
problem. CHF is associated with a significant change in energy
metabolism of the heart, and the altered energetics is hypothesized to
play an important role in the progression of CHF [1]. Using a Dahl rat
model which shows a distinct transition from compensated left
ventricular hypertrophy to CHF, we recently found that left ventricular
hypertrophy or CHF was associated with a distinct change in the
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CHF is also associated with abnormal energy metabolism in extra-
cardiac tissues. Cachexia, namely body wasting, is a common compli-
cation among CHF patients [3,4]. Cardiac cachexia is associated with a
poor prognosis and disability. Several lines of evidence suggest that
neurohumoral and immune abnormalities play a critical role, and a
complex imbalance of catabolism and anabolism is likely to be
responsible for the development of the wasting process [4].

Although cardiac cachexia is an important complication and a
potential target of therapeutic intervention in cases of CHF, its
pathophysiology is poorly understood. One reason for this is the
limited number of animal models of cardiac cachexia available. There
is a report that the skeletal muscle atrophy caused by reduced activity
is significantly different from the muscle atrophy observed in CHF rats
[5]. However, the mechanism by which the imbalance between
catabolism and anabolism is induced is not clear. In this study, we
have shown that the Dahl salt-sensitive rat fed a high-salt diet is an
animal model of cardiac cachexia. To gain insight into the mechanism
of cardiac cachexia, we have analyzed the change of hepatic
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Table 1

Primer sequences used in real time quantitative RT-PCR.

Gene Forward Reverse Ref. GenBank entry
18SrRNA AGTCCCTGCCCTTTGTACACA CGATCCGAGGGCCTCACTA [26] M11188
Pyruvate carboxylase CCGTTCTAAGGTGCTAAAGGA GACGAGTATTCAGGCTATCCA BC085680.1
Phosphoenolpyruvate carboxykinase ( PEPCK) ATGTCAGAAGAGGACTTCGAGA CTCAATACCAATCTTGGCCAGA BC085680.1
ATP Citrate lyase GGCAAGATCCTCATCATTGGA CAACTTCTCCCATCACTCGTA BC100618.1
Acetyl-CoA carboxylase (ACC) o ATGATTGCTGGGGAATCCTCA GAGGTGTATACTTCCCGACCA NM_022193.1
Fatty acid synthase CAAGTTATTCGACCACCCAGA TCACCCAGTTGTCTTTCCAGA NM_017332.1
Sterol regulatory element-binding protein (SREBP) 1c TCACTGAAAGACCTGGTGTCA GCTTTCACCTGGTTATCCTCA AF286470.2
Sterol regulatory element-binding protein (SREBP) 2 CAAGTACCTGCAGCAGGICA AGTCAATGGAATAGGGGGAGA NM_001033694
Tumor necrosis factor (TNF)a. ATGGTCCTCITTCAGTCG GAG TGTC TACTGAACTTCGGGGTG [27] NM_0126753
Interleukin (IL) 1B CITCCCCAGGACATGCTAGG CAAAGGCTTCCCCTGGAGAC [28] NM_031512.2
C-reactive protein (CRP) ACATTGTGGGGACAAATGCA ACATTGGGGCTGAATACCCTA NM_017096.3
Transthyretin GGCTCACCACAGATGAGAAGTTC ACAAATGGGAGCTACTGCTITGGC [29] NM_012681.1
Retinol-binding protein (RBP) 4 AGAAGGGTCATATGAGCGCTA GTATCGATGATCCAGTGGTCA NM_013162.1
Hepatocyte nuclear factor (HNF) 4 AAATGTGCAGGTGTTGACCA CACGCTCCTCCTGAAGAATC [29] EF193392

metabolism since the liver plays a central role in the systemic
regulation of catabolism and anabolism.

2. Materials and methods
2.1. Animals

Inbred male Dahl salt-sensitive (DS) rats (Japan SLC, Hamamatsu, Shizuoka, Japan)
were fed a 0.3% NaCl (low salt; LS) diet until the age of 6 weeks, then an 8% NaCl (high
salt; HS) diet [2]. DS rats fed only the low-salt diet were used as controls. Animal care
and the experiments were approved by the Institutional Animal Care and Use
Committee of Kyoto University and conducted by the Guide for the Care and Use of
Laboratory Animals published by the United States National Institutes of Health.

2.2. Protocols

Serial measurements of body weight, food intake, and cardiac function by
echocardiography were performed from 11 weeks of age. Blood samples were obtained
at age 18 weeks without fasting. The measurement of mRNAs, proteins, and
metabolites was performed at the age of 11 and 18 weeks without fasting. The hepatic
uptake of "®F-deoxyglucose (FDG) and '#%1-15-(p-iodophenyl)-9-R S-methylpentadecanoic
acid (9MPA) was measured at age 11 and 18 weeks after an overnight fast.

2.3, Cardiac echocardiography

Echocardiography was performed based on a previously reported protocol [2].
Briefly, rats were anesthetized with inhaled diethyl ether (Wako Pure Chemical
Industries, Osaka, Japan), and transthoracic echocardiography was performed using a
Sonos-5500 echocardiograph (Agilent Technologies, Santa Clara, CA) with a 15-MHz
linear transducer. M-mode echocardiograms were obtained at the papillary muscle
level. At least two independent M-mode measurements for each animal were carried
out.

2.4, Blood analysis

Blood samples were collected without fasting via the right ventricle, and the
samples were centrifuged at 3000 rpm for 15 min and analyzed as described [2]. Plasma
concentration of insulin was analyzed using a commercial kit (Shibayagi Co.,
Shibukawa, Gunma, Japan).

2.5. Sampling of hepatic tissue

To obtain liver tissues for biochemical analyses, 11-week-old LS (n= 6), 11-week-old
HS (n=8), and 17-week-old HS (n=6) rats were sacrificed by decapitation without
fasting. A piece of the liver was obtained from the right lobe, rapidly divided, snap frozenin
liquid nitrogen, and stored at —80°C. The liver tissues were also used for the
measurement of mRNA, glycogen, and triglyceride (TG).

2.6. Metabolome analysis (CE-TOFMS)

A targeted metabolomic approach was performed using capillary electrophoresis
time-of-flight mass spectrometry (CE-TOFMS) [6]. Hepatic tissue from 11-week-old LS
(n=6), 11-week-old HS (n=6), and 17-week-old HS (n = 6) rats were analyzed. The
conditions used were described in Supplementary materials.

2.7. Levels of glycogen and triglycerides

Glycogen and TGs were extracted from liver tissue of 11-week-old LS, 11-week-old
HS, and 17-week-old HS rats (n=6-8 in each group) using previously described

methods [7,8], and analyzed with commercial kits (BioAssay Systems, Hayward, CA,
and Cayman Chemical, Ann Arbor, M, respectively).

2.8. Quantitative reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from the liver tissue (n=6-8 in each group) by the acid
guanidinium thiocyanate-phenol-chloroform method. Quantitative RT-PCR was
carried out as described previously [2]. The sequences of primers used are listed in
Table 1. The mRNA level of each gene was standardized with the corresponding 18S
ribosomal RNA as an internal control. The Genbank accession numbers are also
included in Table 1.

2.9. Western blotting

Liver lysate was obtained by homogenization in ice-cold buffer [10% glycerol,
137 mM NaCl, 20 mM Tris-HCl pH 7.4, 4 g/ml aprotinin, 4 g/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 4 g/ml pepstatin, 20 mM NaF, 1 mM sodium
pyrophosphate, and 1 mM orthovanadate] [9]. The lysate was kept on ice for 15 min
and cleared by centrifugation at 15,000 g for 20 min at 4 °C. Protein concentrations
were determined by the Bradford method (BioRad, Hercules, CA). 200 pg of liver tissue
lysate was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and the proteins were transferred onto polyvinylidene difluoride
membranes. The primary antibodies used for western blotting were for sterol regulatory
element-binding protein (SREBP) 1 (2A4, 1:500, Santa Cruz, Santa Cruz, CA), SREBP2
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Fig. 1. Food intake and body weight of Dahl rats fed a high-salt diet. (A) Serial
measurements of food intake. Rats with congestive heart failure (CHF) ate less than
control rats. (B) Serial measurements of body weight. CHF rats showed a failure to
grow. n=4 for each group. *p<0.05 versus control rats, namely Dahl rats fed a low-salt
diet.
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nitrogen and radioisotopic activity was measured using a scintillation counter (Packard

A B

a (mgrdl) » (pgimi) «w (pgimi) Cobra2 ™ Auto-gamma, GMI, Ramsey, Minnesota) [2]. To measure '®FDG uptake,

w 04 L 25 :‘ 250 " radioisotopic activity was measured just after sacrifice because the half decay time of

“ [ = 8FDG is 110 min. To measure '?51-9MPA uptake, another radioisotopic measurement

< 2 20+ g 200 was made 48 h after the first. The amount of radioisotope incorporated was presented

= ] 2 as a percentage of the administered dose corrected by liver weight in grams. Using this

s 0z E 151 g 1501 method, cross-talk between the two tracers was negligible [2].
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£ £ § 2.11. Plasma and tissue concentrations of inflammatory cytokines
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g g 51 g 501 The levels of tumor necrosis factor (TNF)-o and interleukin (IL)1-B in tissue

8 ol _g; 0. 3 ] i homogenate and plasma were measured using sandwich enzyme-linked immunosor-

o LS HS HS o LSHS HS o LS HS HS bent assay {ELISA) kits (Shibayagi Co. and R&D Systems; Minneapolis, MN), according
MW 17TW 1MW 17W MW 17W to the manufacturers’ instructions. The tissue homogenate for the protein analysis was

Fig. 2. Markers of cachexia in Dahl rats. (A) The concentration of retinol-binding protein
(RBP) in plasma was decreased in CHF rats (HS 17W). (B) The plasma concentration of tumor
necrosis factor (TNF)-o¢ and interleukin (IL)1-R was increased in CHF rats, n=6-8 in each
group. LS; low salt, HS; high salt. *p<0.05 versus control LS rats.

(1:500, (Cayman Chemical), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
1:1000, Chemicon, Temecula, CA).

2.10. Hepatic uptake of "*FDG and '**1-9MPA

The hepatic uptake of glucose and fatty acids was estimated by measuring the
incorporation of an analog of glucose (deoxyglucose) and a fatty acid (9MPA) as
described [2]. The 11-week-old LS (n="7), 11-week-old HS (n=10), and 17-week-old
HS rats (n=12) were injected with 1mCi of "®FDG and 20 uCi of '*51-9MPA. The
animals were fasted overnight before the injection since variation in the uptake of the
isotope-labeled molecule was found when fed animals were used. The rats were
sacrificed by decapitation 45 min after the injection, and the livers were removed and
washed in cold saline. Specimens of the left lobe were collected and frozen in liquid

used in this assay.

2.12. Statistical analysis

Values are expressed as means 4 SEMs. Differences among experimental groups
were tested by ANOVA with post hoc comparisons using the Bonferroni test. In all tests,
a value of p<0.05 was considered significant.

3. Results

3.1. Dahl rats fed a high-salt diet develop hypertension, heart failure, and
cachexia

As we reported previously, DS rats fed a high-salt (HS) diet
developed hypertension (HT) at 11 weeks of age (systolic blood
pressure; 211 + 12 mm Hg, diastolic blood pressure; 160 4+ 6 mm Hg)
[2]. On echocardiographic examination, fractional shortening (FS) was
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Fig. 3. Blood analysis of Dahl rats. Blood sugar and insulin levels were decreased, and triglyceride and cholesterol levels were increased in CHF rats. n=5-6 in each group. *p<0.05

versus control rats.
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Fig. 4. Liver weight and the uptake of glucose and fatty acids. (A) Liver weight and liver weight corrected by body weight at 11 and 17 weeks of age. Liver weight corrected by body
weight was increased in CHF rats (HS 17W) compared with control rats. n= 6-12 in each group. LS; low salt, HS; high salt. *p<0.05 versus control rats. (B) The uptake of '8FDG, a
glucose analog, was increased in CHF rats (HS 17W) compared to control rats. The uptake of 1251 9MPA, a fatty acid analog, in the liver was not changed. n=7-12 in each group.
*p<0.05 versus control rats.
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Fig. 5. Glycogen and triglyceride content in liver. (A) The amount of glycogen in liver
was decreased in CHF rats. (B) The amount of triglycerides in liver was increased in CHF
rats. n=6-8 in each group. LS; low salt, HS; high salt. *p<0.05 versus control rats.

found to be preserved (62.440.9%). At around 17 weeks of age, the
rats showed signs of CHF, such as tachypnea and immobilization, and
decreased FS (39.7 +1.5%). DS rats fed a low-salt (LS) diet did not
develop hypertension or CHF, and were used as controls.

Serial measurements of food intake and body weight showed that
CHF rats ate less than controls (Fig. 1A) and had a lower body weight
(Fig. 1B). The failure to grow in the CHF rats led us hypothesize that the
animals may serve as a model of cardiac cachexia. Blood levels of hepatic
proteins, such as albumin, transthyretin, and transferrin, can serve as
markers of a nutritional index to screen for malnutrition and monitor
the metabolic response to dietary intervention [10,11]. Blood hepatic
proteins are synthesized mainly in liver and have short half lives in
blood. We measured the concentration of retinol-binding protein (RBP),
a blood hepatic protein, in plasma and found that it was decreased in
CHF rats (Fig. 2A). Cachexia is also known to be associated with
neurohumoral and immune abnormalities [4]. Indeed, plasma concen-
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Fig. 6. The amounts of metabolites in liver determined by metabolome analysis.
(A) Concentrations of metabolites of glycolysis. (B) Concentrations of metabolites in the
Krebs cycle. (C) Malonyl CoA concentration. n=6 in each group. LS; low salt, HS; high
salt. *p<0.05 versus control rats.

trations of two representative proinflammatory cytokines, TNF-ot and
IL-1B, were elevated in CHF rats (Fig. 2B).

3.2. Blood analysis of CHF rats

To investigate the systemic metabolic profile of Dahl rats, we
examined blood chemistry. Both glucose and insulin levels were lower
in CHF rats than control rats in the fed condition (Fig. 3), as reported
[2]. Plasma levels of cholesterol and TG were increased, and free fatty
acids (FFAs) were decreased in DS rats with CHF, as reported [2].
Concentrations of representative liver enzymes, such as aspartate
amino transferase and alanine transaminase, did not differ among the
groups. Lower food intake, associated with lower glucose and insulin
levels, suggested that the animals were starved. However, the plasma
level of FFAs was decreased and that of TG increased, which is not
consistent with a starved condition. Based on these observations, we
sought to examine the hepatic metabolism in this model since the
liver plays a key role in the homeostasis of systemic catabolism and
anabolism.

3.3. Analysis of energy metabolic pathways in the liver

Liver weight corrected by body weight was increased in CHF rats
compared with control rats (Fig. 4A). The increase in liver weight is
likely to be due to congestion since venous dilation in liver tissue is
reported in this model [12]. It is of interest that increased right atrial
pressure is reported to indicate malnutrition in CHF patients [13].
Despite lower blood sugar levels, the uptake of '®FDG increased in CHF
rats (Fig. 4B). The uptake of '?5[-9MPA, a fatty acid analog, was not
changed (Fig. 4B). The amount of glycogen in liver was decreased, and
that of TG was increased in the CHF rats (Fig. 5A, B). The metabolome
analysis (Supplementary table) revealed that levels of some metabolites
of glycolysis increased (Fig. 6A) and some metabolites in the Krebs cycle,
such as acetyl-CoA and citrate, were decreased (Fig. 6B). Overall, these
results may suggest hepatic lipogenesis to be increased and acetyl-CoA
to be used for the synthesis of TG and cholesterol.

Next, we examined the gene expression related to lipogenesis and
gluconeogenesis. The gene expression of enzymes related to lipogen-
esis, such as ATP citrate lyase, acetyl-CoA carboxylase, and fatty acid
synthase, was up-regulated in CHF rats (Fig. 7A). In contrast, the
expression of rate-limiting enzymes in gluconeogenesis, such as
pyruvate carboxylase and phosphoenolpyruvate carboxykinase
(PEPCK), was down-regulated. Next, we examine the expression of
sterol regulatory element-binding protein (SREBP1)1-c and SREBP2,
which increase lipogenesis and suppress gluconeogenesis [14,15]. The
gene expression of SREBP1-c and SREBP2 was increased in CHF rats.
The amount of SERBP proteins was also increased (Fig. 7B and C).

3.4. Expression of rapid turnover protein in liver

Since RBP, a blood hepatic protein, was decreased in the blood of
CHF rats, we examined the gene expression of serum hepatic proteins.
mRNA levels of transthyretin and retinol-binding protein (RBP) 4
were decreased in CHF rats (Fig. 8A). To examine the mechanism
responsible for the decrease of rapid turnover proteins, we measured
the expression of hepatocyte nuclear factor (HNF) 4. HNF4 is known
to regulate transthyretin gene expression [16,17]. HNF4 mRNA levels
started to decrease in rats with HT, and decreased significantly in rats
with CHF (Fig. 8B).

3.5. Expression of proinflammatory genes

Inflammatory responses are reported to enhance lipogenesis [18]
and induce cachexia [19]. It is well established that CHF is associated
with the inflammation of cardiac and extra-cardiac tissue [20]. Thus,
local inflammatory responses might be a mechanism causing
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The gene expression related to gluconeogenesis was decreased. The gene expression of sterol regulatory element-binding protein (SREBP)1c and SREBP2 was increased. n=6-8 in
each group. *p<0.05 versus control rats. (B) Representative images of the Western blotting of SREBP1 and SREBP2. (C) The protein levels of SREBP1 and SREBP2 in liver tissue were

increased. n=3 in each group. LS; low salt, HS; high salt. *p<0.05 versus control rats.

increased lipogenesis and the decreased synthesis of blood hepatic
proteins. Therefore, we examined the expression of genes related to
proinflammatory responses. The gene expression of TNF-a, IL1-, and
C-reactive protein, started to increase in liver of rats with HT but not
with CHF, and significantly increased in CHF (Fig. 9A). The protein
levels of TNF-« and interleukin1-p in liver also started to increase in
HT rats, and remained increased in CHF rats (Fig. 9B).
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Fig. 8. Analysis of gene expression of hepatic proteins. (A) The gene expression of
hepatic proteins, transthyretin and RBP4, was decreased in CHF rats (HS 17W).
(B) Hepatocyte nuclear factor (HNF) 4 mRNA was decreased in CHF rats. n=6~8 in
each group. LS; low salt, HS; high salt. “p<0.05 versus control rats.

4. Discussion

In this study, we have shown that Dahl rat fed a high-salt diet
developed CHF associated with a failure to grow, decreased blood
hepatic protein, and increased blood proinflammatory cytokines.
These results indicate the Dahl rat with CHF to be a model of cardiac
cachexia.

4.1. Abnormal lipid metabolism in liver of CHF rats

During fasting, liver metabolism changes from anabolism to
catabolism. Glucose is produced from glycogen breakdown and
gluconeogenesis, and lipid accumulated as TG is used to produce
FFAs. The glucose and FFAs are released into the circulation and
delivered to the brain, skeletal muscle, the heart etc. However, despite
decreased food intake and lower blood sugar and insulin levels,
lipogenesis was increased in the liver of CHF rats (Fig. 10). The
mechanism by which lipogenesis is increased on fasting in these rats
is unknown. However, Fon Tacer et al. reported that giving TNF-a to
fasted mice changed the metabolic profile of the liver from lipid usage
to synthesis [18]. In that report, SREBP levels were are decreased in
fasted mice, but increased on addition of TNF-ot, associated with
increased lipogenesis. Another report also showed abnormal lipid
metabolism to be associated with inflammatory responses in liver
[21]. Indeed, SREBPs increased in association with the amount of
TNF-o mRNA and protein in this study. The TNF-ot concentration in

—163—



6 T. Kato et al. / International Journal of Cardiology xxx (2011) xxx—-xxx

A (Units) (Units)
3 2
* *
2 s | s
x x 1.5
r F ©
£ g 11 =
‘E @ a 0.5
z M x
= =
“I5HS HS U LS HS HS "“SHs Hs
MW 17W NW 17W MW 17W
B
(ngig protein) (ng/g protein)

15 200
3 =% *
5 5 :
= * | = 1501
5 10 5
= <
£ £ 1001
o o
© g <
(2 <
= S50+
g 8
@ D
T , x |

"LSHS HS "LSHS HS
MW 17W MW 17W

Fig. 9. Expression of proinflammatory cytokines in liver. (A) The gene expression of
proinflammatory cytokines, TNF-oy, IL1-B, and C-reactive protein (CRP), was increased
in HT (HS 11W) and CHF rats (HS 17W). n=6-8 in each group. (B) The amounts of
TNF-a and IL1-B started to increase in the liver in HT rats, and remained increased in
the liver in CHF rats assessed by ELISA. n= 6 in each group. LS; low salt, HS; high salt.
*p<0.05 versus control rats.

liver was reported to be increased in an animal model of pacing-induced
heartfailure [22]. Thus, CHF-associated proinflammatory responses may
be a mechanism of abnormal lipid metabolism in CHF rats.
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4.2. Abnormal blood hepatic protein synthesis in CHF

Blood levels of hepatic proteins are used to evaluate nutritional status,
but they are also influenced by many factors other factors. Particularly, the
presence of inflammation is known to inversely correlate with circulating
levels of hepatic proteins. Indeed, the gene expression of hepatic proteins
was decreased associated with local increases in proinflammatory
molecules of the liver in this study. However, the mechanism by which
inflammation affects hepatic protein is not known [10]. HNF4 regulates
the gene expression of transthyretin [16,17]. Although the mechanism by
which proinflammatory molecules act on HNF4 expression is unclear,
increased levels of SREBPs are known to repress HNF4 gene expression
[23].

4.3. Measurement of metabolites using metabolome analysis

The measurement of metabolites in glycolysis and the Krebs cycle
provides a snap shot of metabolism. However, based on the findings
that '®FDG uptake was increased, the amount of metabolites in
glycolysis was increased, the amount of metabolites in the Krebs cycle
was decreased, and the TG content was increased, we speculate that
acetyl-CoA might be used for de novo lipogenesis. Further analysis, in
which isotope-labeled glucose or fatty acid is injected and isotope-
labeled metabolites are measured, is needed to know how glucose or
fatty acids are used to test if the speculation is correct [24,25].

4.4. Potential role of abnormal liver metabolism in cardiac cachexia

Food intake was reduced and blood sugar levels were decreased in
this model. During fasting, the liver is expected to deliver energy
substrates, such as glucose and FFAs, to peripheral tissues. However,
paradoxically, liver incorporated more glucose, the expression of
genes related to gluconeogenesis was decreased, the expression of
genes related to lipogenesis was increased, and TG content was
increased. The response appears to be maladaptive, when the body is
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Fig. 10. Summary of the metabolic prolife in liver of CHF rats. Liver incorporated more glucose, gene expression related to gluconeogenesis was decreased, gene expression related to
lipogenesis was increased, and TG content was increased in CHF rat liver,
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losing weight and peripheral tissues need more substrates to maintain
tissue homeostasis. Although this study is an observational one, the
findings indicate the abnormal liver metabolism to be a maladaptive
process and worsen the CHF. Further study of whether the modulation
of liver metabolism ameliorates CHF is needed.
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Transition From Asymptomatic Diastolic Dysfunction to
Heart Failure With Preserved Ejection Fraction

— Roles of Systolic Function and Ventricular Distensibility —
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Issei Komuro, MD; Kazuhiro Yamamoto, MD, PhD

Background: Systolic abnormality, as well as diastolic dysfunction, is observed in patients with heart failure with
preserved ejection fraction (HFPEF). However, the role of these 2 conditions in the transition from asymptomatic
diastolic dysfunction to symptomatic heart failure remains unclear. We recently demonstrated that diastolic wall
strain (DWS) inversely correlates to the myocardial stiffness constant.

Methods and Results: This study consisted of 127 subjects: 52 consecutive HFPEF patients (HFPEF group),
50 asymptomatic hypertensive patients with ejection fraction 250% whose age, gender and left ventricular (LV)
mass index matched those of the HFPEF group (HT group) and 25 normal volunteers (Normal group). The tissue
Doppler-derived peak systolic and early diastolic velocities of the mitral annulus were significantly decreased in
groups HFPEF and HT than in group Normal, but were not significantly different between groups HFPEF and HT.
DWS was significantly lower in group HFPEF than in group HT.

Conclusions: The transition from asymptomatic diastolic dysfunction stage to HFPEF stage is not attributed to
progression of systolic abnormality, and exacerbation of LV distensibility rather than relaxation plays a crucial role
in the development of HFPEF.

Key Words: Diastole; Heart failure; Systole

preserved ejection fraction (HFPEF) has increased, and

its prognosis is poor.»? Left ventricular (LV) diastolic
dysfunction proven by invasive assessment is present in most
patients with HFPEF,** and has been implicated as a major
factor responsible for the clinical syndromes of this pheno-
type of HF.

Several clinical studies have shown that there is systolic as
well as diastolic dysfunction in patients with HFPEF 5% and
there has been a suspicion that the systolic dysfunction is
responsible for the symptoms of HFPEF patients. However,
the previous studies compared HFPEF patients to normal
subjects. There are many asymptomatic patients with dia-
stolic dysfunction,” and a comparison between patients with
asymptomatic diastolic dysfunction and those with HFPEF is
desirable to address the issue of the contribution of systolic
dysfunction to the symptoms of HFPEF.

I n the past 2 decades, the prevalence of heart failure with

LV relaxation and compliance/distensibility are principal
components of diastolic function." Our previous experimen-
tal study demonstrated that the transition from the compensa-
tory LV hypertrophic stage to HFPEF in the hypertensive
heart was associated with an increase in the myocardial stiff-
ness constant and a lack of the further change in the time con-
stant of LV relaxation.!! To clinically clarify the contribution
of diastolic dysfunction to the incidence of HFPEF, LV relax-
ation and compliance/distensibility should be assessed respec-
tively. Tissue Doppler imaging (TDI) of the mitral annulus
level is widely used for noninvasive detection of diastolic dys-
function, but principally reflects LV relaxation.!? Another
noninvasive index of LV diastolic dysfunction is elevation of
the LV filling pressure secondary to diastolic dysfunction.!*
Recently, we reported that LV distensibility can be evaluated
noninvasively by echocardiography.'?

The aim of this study was to investigate the contribution of
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 Table 1. Definition of Heart Failure

Major
Paroxysmal nocturnal dyspnea Edema
Orthopnea Night cough
Abnormal jugular venous distention Dyspnea on exertion
Pulmonary rales Hepatomegaly

Cardiomegaly Pleural effusion
Pulmonary edema
Presence of a third heart sound Weight loss24.5kg in 5 days

Central venous pressure>16cmHz0
for heart failure)

Hepatojugular reflux

Tachycardia (>120beats/min)

Minor

(Considered a major criterion if it occurs during therapeutic interventions

A patient is considered to have heart failure if 2 major criteria are present or if 1 major and 2 minor criteria are present

concurrently.

Age (years)
Men (%)
Height (m)
Weight (kg)
Body mass index (kg/m2)
Comorbidity
HT (%)
Diabetes mellitus (%)
Dyslipidemia (%)
Medication
Diuretic (%)
Calcium-channel blocker (%)
B-blocker (%)
Angiotensin-converting enzyme inhibitor (%)
Angiotensin receptor blocker (%)
Mineralocorticoid receptor blocker (%)
Statin (%)
Heart rate (beats/min)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Group Nornial Group HT Group HFPEF
25 50 52
43x17 64:x£11* 68+12*
56 58 . 50
1.65+0.10 1.59+0.10* 1.59+0.09*
6111 60+12 60+16
22+3.3 23x3.1 24x4.9
100 65"
20 26
30 33
28 55t
54 53
26 41
16 20
68 55
8 24t
28 25
66+10 63+8 64+11
118x11 136+19* 135422
69x9 72+9 69+14

Values are mean +SD. *P<0.05 vs. Normal group, tP<0.05 vs. HT group.
HT, hypertension; HFPEF, heart failure with preserved ejection fraction.

LV systolic and diastolic dysfunction to the transition from
asymptomatic stage to HFPEF.

Methods

Study Subjects

This study consisted of 127 subjects in 3 groups. Of consecu-
tive subjects who underwent echocardiography in Osaka Uni-
versity Hospital between July 2006 and December 2008, 52
outpatients with HFPEF who met the following criteria were
selected (HFPEF group): (1) echocardiographic confirmation
of EF250%, (2) without known coronary artery disease, seg-
mental wall motion abnormalities, congenital heart disease,
severe valve disease, atrial fibrillation, pulmonary disease,
active collagen disease or renal failure (serum creatinine con-
ceniration >2.5mg/dl), (3) meeting modified Framingham
criteria,"* as previously described® (Table 1) and (4) clini-

cally stable. Medical records were reviewed by cardiologists
to assess each patient’s characteristics.

Of consecutive subjects who underwent echocardiography
in Osaka University Hospital between December 2007 and
August 2008, we selected 50 asymptomatic outpatients with
hypertension and EF>50% whose age, gender and LV mass
index matched with those of HFPEF group (HT group).
Patients with known coronary artery disease, segmental wall
motion abnormalities, congenital heart disease, severe valve
disease, atrial fibrillation, pulmonary disease, active collagen
disease or renal failure were excluded. We also included 25
consecutive normal volunteers without cardiac disease, hyper-
tension, dyslipidemia or diabetes mellitus (Normal group).

This retrospective study was approved by the Osaka Uni-
versity Hospital Ethics Committee. The original data for the
patients in the HFPEF and HT groups were obtained from
clinical practice and were retrospectively analyzed. Thus, in
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Table 3. Echocardiographic Data

LV ejection fraction (%)

Left atrial dimension (mm)

LV end-diastolic dimension (mm)

LV end-systolic dimension (mm)

Interventricular septal thickness at end-diastole (mm)
Interventricular septal thickness at end-systole (mm)
LV posterior wall thickness at end-diastole (mm)

LV posterior wall thickness at end-systole (mm)

LV mass index (g/m?)

LV relative wall thickness

Tricuspid regurgitation peak gradient (mmHg)

Mitral E (cm/s)

Mitral A (cm/s)

Mitral E/A ratio

Deceleration time of E wave (ms)

Isovolumic relaxation time (ms)

E’ (cm/s)

A’ (cm/s)

E/E’ ratio

Group Normal Group HT Group HFPEF
667 67+6 64+8
335 39+6* 4375t
48+5 4846 486
30+3 30+4 31+6

7+1 10£2* 11+3*
10+1 13+2* 13+3*
71 9+1 9x2
1342 15+2* 1443t
70+16 102+26* 105+42*
0.32+0.05 0.39+0.07* 0.39+0.09*
15+3 21+5* 26x14*t
70+19 63+15 6621
52+16 75+14* 77x27*
1.5+0.5 0.9+0.2* 1.0+0.6*
182432 205+40 221+65*
67+14 7217 77+25
9.6+2.6 5.9+1.5% 5.5+1.7%
8.7+1.7 9.1x1.7 8.3x2.11
6.6+1.4 9.022.4* 11.924.5%1

Values are mean +SD, *P<0.05 vs. Normal group, TP<0.05 vs. HT group.

LV, left ventricular; E/A, ratio of peak mitral E wave velocity to peak mitral A wave velocity; A’, peak late diastolic
myocardial velocity at septal position recorded by tissue Doppler imaging; E/E’, ratio of peak mitral E wave velocity to
peak early diastolic myocardial velocity at septal position recorded by tissue Doppler imaging. Other abbreviations

see in Table 2.

compliance with the guiding principles of the Ministry of
Health, Labour and Welfare, Japan, with regard to epidemio-
logical study, the Ethics Committee approved data collection
without the written informed consent of each patient. The
normal volunteers gave written informed consent.

Data Collection
Echocardiographic recordings were obtained in all patients
using commercially available machines and EF, relative
wall thickness and LV mass were calculated as previously
described.!3!'6:17 EF was calculated by a modification of the
method of Quinones et al.’® The L'V mass index was calcu-
lated as a ratio of L'V mass to body surface area.!>!¢ The right
ventricular to right atrial pressure gradient during systole (tri-
cuspid regurgitation peak gradient) was approximated by the
modified Bernoulli equation as 4v2, where v is the velocity of
the tricuspid regurgitation jet in m/s. Transmitral flow veloc-
ity curves were recorded to measure peak early diastolic (E)
and late diastolic (A) velocities.'® TDI of the mitral annulus
level was obtained at the septal position in order to measure
the early diastolic (E’), late diastolic (A’) and systolic (S’)
myocardial velocities as previously described.!®!” Systolic
function was assessed with S°,'%-*! and LV relaxation was
assessed with E’.'* From our recent study, we reported that
diastolic wall strain (DWS defined as follows) theoretically
reflects LV distensibility according to linear elastic theory
and was significantly and inversely correlated with myocar-
dial stiffness constant in an animal HFPEF model.** Thus, we
used DWS as an index of LV distensibility.

DWS=(LV posterior wall thickness at end-systole-~LV
posterior wall thickness at end-diastole)/LV posterior wall
thickness at end-systole.

Statistical Analysis

Results are expressed as mean+SD. All statistical analyses
were performed using commercially available statistical soft-
ware (STATVIEW version 5.0, SAS Institute Inc, Cary, NC,
USA). Differences between 2 groups were assessed using
Student’s t-test. Comparisons of nonparametric data were
performed by chi-square test. Differences among 3 groups
were assessed using 1-way analysis of variance followed by
Fisher’s protected least significant difference test. Correla-
tions of 2 indices were assessed using linear regression anal-
ysis with the least-square method. P<0.05 was considered
statistically significant.

Results

The characteristics of the study subjects are summarized in
Table 2. Age and systolic blood pressure were higher in the
HT and HFPEF groups than in the Normal group, and did not
differ between the 2 groups. The prevalence of hypertension
was less in the HFPEF group than in the HT group, but that
of diabetes mellitus or dyslipidemia was not different
between the 2 groups. Diuretic and mineralocorticoid recep-
tor blocker were prescribed in more patients of the HFPEF
group than of the HT group. ‘

Echocardiographic data are summarized in Table 3. There
was no difference in LV end-diastolic dimension or EF among
the 3 groups. The E/A ratio and E’ were lower, and the LV
mass index and relative wall thickness were higher in the HT
and HFPEF groups than in the Normal group. These indices
did not differ between the HT and HFPEF groups. Left atrial
dimension, tricuspid regurgitation peak gradient and E/E’
ratio were the highest in the HFPEF group and the lowest in
the Normal group.

S’ was significantly lower in the HFPEF and HT groups
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{em/s) S’
10 1
9
2]
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6
Figure 1. Comparison of S'among
5 the Normal, HT and HFPEF groups.
*P<0.05 vs. Normal group. S', peak
-systolic myocardial velocity at sep-
tal position recorded by tissue Do-
4 ppler imaging. HFPEF, heart fail-
ure with preserved ejection fraction;
Normal HT HFPEF HT, hypertension.
DWS
08
Q55
05
045
04
035
03

Normal HT HFPEF

Figure 2. Comparison of diastolic wall strain (DWS) among the Normal, HT and HFPEF groups. *P<0.05 vs. Normal group.
tP<0.05 vs. HT group. HFPEF, heart failure with preserved ejection fraction; HT, hypertension.
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pertension; S’, peak systolic myo-
cardial velocity at septal position re-
corded by tissue Doppler imaging.

than in the Normal group, and was not significantly different
between the HT and HEPEF groups (Figure 1). DWS was
lowest in the HFPEF group and highest in the Normal group
(Figure 2). There was no significant correlation between S’
and DWS in the patients of the HFPEF and HT groups
(Figure 3A). In contrast, S’ significantly correlated with E’
(Figure 3B).

The same analysis was conducted only in patients without
elevated LV filling pressures (ie, patients with E/E’ ratio
<15).* DWS was significantly lower in the HFPEF group
(n=43) than in the HT group (n=48) (0.33+0.09 vs. 0.3940.07,
P<0.05). S’ did not differ between the 2 groups.

Discussion

The results of the current study showed that LV longitudinal
systolic function and L'V relaxation were impaired to the same
degree in the HT and HFPEF groups, but that LV distensibil-
ity, as assessed by DWS, was further exacerbated in the

HFPEF group compared to the HT group.

Our animal experimental study showed that the impair-
ment of LV compliance/distensibility progresses, but LV
relaxation abnormality does not, in the transition from
asymptomatic LV diastolic dysfunction to the HFPEF stage
in a hypertensive HFPEF model.!! The currently available
noninvasive indices for L'V diastolic function represent LV
relaxation (E’ or flow propagation velocity of early diastolic
flow)!?23 or LV filling pressure (E/E’),22 and it has been dif-
ficult to noninvasively assess L.V compliance or distensibil-
ity. We recently demonstrated that DWS inversely correlates
with the myocardial stiffness constant and is not affected by
preload alteration.!® The current study showed that DWS was
lower in HFPEF patients than in asymptomatic hypertensive
patients, despite similar decreases in S’ and E’. The same
results were obtained even when excluding patients with ele-
vated LV filling pressure. Thus, the significant difference in
DWS between the HFPEF and HT groups cannot be
explained by the high prevalence of patients with an elevated
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LV filling pressure in the HFPEF group compared to the HT
group, and progressive exacerbation of LV distensibility may
play a crucial role in the development of HFPEF. Melenovsky
et al reported that LV hypertrophy and left atrial dilatation,
not low S’, were cardiovascular features that discriminated
patients with HFPEF from those with asymptomatic LV
hypertrophy.>* In this study, the left atrial dimension was
greater in the HFPEF group than in the HT group, but the LV
mass index was not different between the 2 groups. Left atrial
enlargement indicates LV diastolic dysfunction,?® but also
reflects abnormality of both LV relaxation and distensibility.
Vinereanu et al showed a significant correlation of S’ with
the indices of LV relaxation and filling pressure, and con-
cluded that diastolic function was impaired in parallel with
systolic function.?® The significant correlation between the
indices for systolic function and relaxation was also observed
in our study, as indicated by the correlation between S’ and
E’ (Figure 3B). Vinereanu et al did not assess L'V distensi-
bility, and we demonstrated a lack of correlation between S’
and DWS (Figure 3A). The results of the present study sug-
gest that the development of HFPEF from the asymptomatic
stage is associated with progressive LV diastolic dysfunc-
tion, which is primarily due to exacerbation of LV distensi-
bility. In addition, we demonstrated that diastolic function is
not impaired in parallel with systolic function if LV distensi-
bility is evaluated in the assessment of diastolic function.
Our recent preliminary study demonstrated that HFPEF
patients with low DWS have a poor prognosis.”” Thus, LV
distensibility is likely to play a crucial role in the pathogene-
sis of this type of HF.

Several previous studies have reported that S’, the most
sensitive marker of systolic function,'>*! was reduced in
patients with HFPEF,>* and have argued that HFPEF is
caused by systolic dysfunction. However, those previous
studies compared HFPEF patients to normal subjects. Redfield
et al showed that there are many asymptomatic patients with
diastolic dysfunction,® indicating that there is a stage of
asymptomatic diastolic dysfunction between the normal and
HFPEF stages. We found that the S’ of HFPEF patients was
decreased as compared to normal subjects, which is compati-
ble with the findings of previous studies;** however, we also
demonstrated that S’ did not differ between asymptomatic
hypertensive patients and HFPEF patients. These observa-
tions are partly supported by the data from other studies.?2
Thus, the progression of systolic dysfunction may not be the
principal cause for the transition from asymptomatic diastolic
dysfunction to HFPEF. Yu et al reported that S* was lower in
patients with HFPEF than in those with asymptomatic dia-
stolic dysfunction, and suggested the contribution of progres-
sive systolic dysfunction to HFPEF.?® However, E’ was also
significantly lower in patients with HFPEF than in those with
asymptomatic diastolic dysfunction, and LV distensibility

was not assessed in their study. In our study, E’ was similarly -

decreased in the HFPEF and HT groups (Table 2). Thus, the
diastolic function of patients with asymptomatic diastolic
dysfunction may have been impaired to a lesser degree in
Yu’s study than in our study, which would explain the differ-
ent conclusions.

Study Limitations

First, this hospital-based study provided cross-sectional
observations only and cannot adequately prove causality.
Second, it was a retrospective study, and medications were
not withheld for echocardiographic examination of patients
of the HT and HFPEF groups. Third, the number of study

subjects was not large. Fourth, brain natriuretic peptide lev-
els were not measured, and it is unclear how many patients
met the criteria of HFPEF proposed by the European Society
of Cardiology.? Fifth, all the study subjects were Japanese.
A number of demographic parameters may affect the cardio-
vascular abnormalities and comorbidities in HFPEF patients,
and the current results may not be able to be simply extrapo-
lated to other races. Sixth, the Normal group was not matched
by age with the HT and HFPEF groups. The difference in
some parameters between the Normal and HT groups may
be partly explained by aging rather than hypertension. How-
ever, there was no difference in age between the HT and
HFPEF groups, and our conclusion about the factors that are
related to the transition from the asymptomatic stage with
diastolic dysfunction to the HFPEF stage may not be affected
by the difference in age between the Normal group and the
HT or HFPEF group.

Conclusions

The current study results suggest that the transition from the
asymptomatic stage with diastolic dysfunction to the HFPEF
stage can not be attributed to progression of systolic abnor-
mality, and that exacerbation of LV distensibility plays a
crucial role in the development of HFPEF.
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