
Ventricular remodeling and diastolic myocardial
dysfunction in rats submitted to protein-calorie malnutrition
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Fioretto, José R., Susana S. Querioz, Carlos R. Pado-
vani, Luiz S. Matsubara, Katashi Okoshi, and Beatriz
B. Matsubara. Ventricular remodeling and diastolic myo-
cardial dysfunction in rats submitted to protein-calorie mal-
nutrition. Am J Physiol Heart Circ Physiol 282: H1327–H1333,
2002. First published November 29, 2001; 10.1152/ajpheart.
00431.2001.—The effects of protein-calorie malnutrition (PCM)
on heart structure and function are not completely under-
stood. We studied heart morphometric, functional, and bio-
chemical characteristics in undernourished young Wistar
rats. They were submitted to PCM from birth (undernour-
ished group, UG). After 10 wk, left ventricle function was
studied using a Langendorff preparation. The results were
compared with age-matched rats fed ad libitum (control
group, CG). The UG rats achieved 47% of the body weight
and 44% of the left ventricular weight (LVW) of the CG.
LVW-to-ventricular volume ratio was smaller and myocar-
dial hydroxyproline concentration was higher in the UG. Left
ventricular systolic function was not affected by the PCM
protocol. The myocardial stiffness constant was greater in
the UG, whereas the end-diastolic pressure-volume relation-
ship was not altered. In conclusion, the heart is not spared
from the adverse effects of PCM. There is a geometric alter-
ation in the left ventricle with preserved ventricular compli-
ance despite the increased passive myocardial stiffness. The
systolic function is preserved.

left ventricular function; Langendorff preparation; isolated
heart

PROTEIN-CALORIE MALNUTRITION (PCM) is recognized as
a major public health problem in the pediatric pop-
ulation, mainly in developing countries (10). Malnu-
trition can also be an important complicating factor
adversely affecting the course of many diseases in
hospitalized patients in any population (31). Al-
though there are a large amount of data concerning
the impact of PCM on many organs and tissues,
controversy still exists about its effects on the heart.
Many authors have demonstrated depression of myo-
cardial contractility in PCM (1, 2, 12, 19, 34, 39, 52).
However, there are several studies performed in rat
isolated papillary muscle (7, 30), whole heart (14, 21,

30, 33), and isolated atria (22, 23), and in dogs (3),
children (5, 24, 37, 40), and adults (18) supporting
the concept of preserved systolic function. Addition-
ally, Savabi and Kirsch (39) observed enhanced and
depressed contractile function with the same prepa-
ration. It has to be pointed out that few reports have
assessed diastolic function in PCM (1, 2, 19, 39) and
its effects on the heart when the aggression is im-
posed from birth.

Because very young animals have rapid body and
organ growth, we hypothesized that PCM induced
from birth would have a greater effect on the heart.
Accordingly, the aims of this study were 1) to study
systolic and diastolic function of the left ventricle
(LV) and 2) to analyze morphometric and biochemi-
cal characteristics contributing to myocardial dys-
function in the heart of young rats submitted to PCM
from birth.

METHODS

All experiments were conducted in accordance with the
university’s Animal Use Committee and the Guide for the
Care and Use of Laboratory Animals (NIH publication 86-23,
Revised 1985). Forty-two 10-wk-old male Wistar rats were
divided into two experimental groups: undernourished (UG,
n � 20) and control (CG, n � 22).

PCM Two-Phase Induction Protocol

Phase 1. From birth to 21 days, the number of animals per
litter was increased to 10 and the rats were restricted to 4 h
of suckling daily, always at the same time of day. Newborn
rats in the control group (CG) were maintained at a maxi-
mum of five animals per litter and were fed uninterruptedly.
Mothers of both groups received chow and water ad libitum.
During the breast-feeding restriction phase, it was possible
that competition caused the rats to achieve different nutri-
tional status. Therefore, only UG animals that achieved a
body weight 2 SD below the mean body weight of the CG rats
were used in the next phase.

Phase 2. From 21 days to 10 wk old, the rats were housed
in individual wire cages with raised wire floors to avoid
coprophagy (4, 7). Dietary restriction was maintained by
limiting the amount of chow (Purina Labina, São Paulo,
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Brazil) provided to the UG rats to 50% of that consumed by
the age-matched control rats.

LV Study-Langendorff Preparation

On the day of the functional study, animals were weighed,
tail cuff systolic blood pressure was recorded, and blood
samples were taken for biochemical analysis.

Nine rats from the CG and 10 from UG were randomly
chosen to study LV function. The hearts were studied
using a modified Langendorff preparation as previously
described (6, 26). Briefly, the animals were anesthetized
with thiopental sodium (50 mg/kg ip) and heparinized
(1,000 IU ip). The chest was entered by median sternotomy
under artificial ventilation. The ascending aorta was iso-
lated and cannulated for retrograde perfusion with fil-
tered, oxygenated Krebs-Henseleit solution maintained at
constant temperature and perfusion pressure (37°C and 75
mmHg, respectively). The Krebs-Henseleit solution,
gassed with 95% oxygen-5% carbon dioxide, 7.3–7.4 pH,
had the following composition (in mM): 115 NaCl, 5.4 KCl,
1.2 MgS04, 1.25 CaCl2, 1.15 NaH2P04, 25 NaHC03, 11
glucose, and 8 mannitol. After cannulation, the entire
heart was quickly removed from the chest and attached to
the perfusion apparatus (model 830; Hugo Sachs Elec-
tronic, Grunstasse, Germany). The pulmonary artery was
cut to vent the right ventricle during systole, and after the
removal of the left atrial appendage, a latex balloon (7-mm
length) was placed into the LV via the mitral valve orifice.
The proximal end of the balloon had been previously at-
tached to a plastic cannula connected to a three-way stop-
cock through which the balloon was filled with saline
solution or emptied; ventricular pressure was measured
using a P23XL transducer and a polygraph (model 40-
9800-20 Windograph; Gould). Once the heart developed
stable isovolumetric contractions, balloon volume was in-
creased in 10-�l increments over an end-diastolic pressure
range of 0–25 mmHg. Pressure and volume within the
balloon were recorded after each incremental increase and
corresponded to the LV pressure and volume, respectively.
The volume at zero end-diastolic pressure reflects un-
stressed ventricular volume (V0), which was used as an
index of chamber size. Typically, 8–10 pressure-volume
points were obtained from each series of measurements;
two or three data sets were recorded to ensure preparation
stability. All hearts were paced from the right atrium at
250 beats/min using an artificial pacer (model 79232; Hugo
Sachs Electronic). Completion of the entire procedure re-
quired no more than 20 min, thereby minimizing the risk
of myocardial edema.

Measured LV volume (LVV) was adjusted to account for
the volume contributed by the balloon material. Balloon
volume was calculated from the weight of the balloon divided
by latex density (0.898 g/ml). Because the weight of the
balloon was 0.0215 g, the volume added to each diastolic
volume was 0.024 ml.

After hemodynamic data were recorded, the heart was
detached, the atria and great vessels were removed, and the
ventricles were separated and weighed.

Diastolic Function Indexes

Myocardial relaxation. The active myocardial relaxation
phase was assessed by the maximum rate of ventricular
pressure fall (�dP/dt; mmHg/s).

Passive myocardial and ventricular stiffness. To assess
myocardial diastolic stiffness for different LV weights and
size hearts, stress (�; g/cm2) and strain (�; %) for the LV

midwall were calculated assuming the LV to be a thick-
walled sphere. The equations were as follows (49)

� � �1.36 � LVP � LVV2/3�/

��LVV � 0.943 � LVW	2/3 � LVV2/3� (1)

� � 
�LVV1/3 � �LVV � 0.943 � LVW	1/3�/

�V0
1/3 � �V0 � 0.943 � LVW	1/3� � 1� � 100 (2)

where LVV is LV volume (ml), V0 is LVV at an end-diastolic
pressure of 0 mmHg, LVW is LV weight (g), and LVP is either
LV end-diastolic or peak isovolumetric pressure (mmHg).

Assuming that passive myocardial stress-strain relations
are exponential in nature (27, 31), the relationship can be
expressed as: � � AeB�, where � and � are stress and strain,
respectively; e is the natural logarithm; A is the y-axis inter-
section and B is the myocardial stiffness constant (KMIO).
With a log transformation, log (�) � A � B�. Thus B (KMIO)
can be determined from the slope of the relationship between
log (�) and �.

Passive LV stiffness was analyzed by the end-diastolic
pressure-volume relationship. Before the two groups were
compared, V0 was subtracted from all subsequent volumes
(V � V0) in each experiment so as to have all pressure-
volume curves passing through the graph’s origin. In this
way, curve deviations to the right or left reflect changes in
the mechanical behavior of the chamber. LV passive stiffness
was calculated using the equation: P � aebV, where P and V
are the end-diastolic pressure and volume, respectively; e is
the natural logarithm; a is y-axis interception and b is the LV
stiffness constant (KVE). With a log transformation, log (P) �
a � bV. Thus b (KVE) can be determined from the slope of the
log-to-volume relationship.

Systolic Function Indexes

Parameters assessed to evaluate systolic function are
those most commonly utilized in this preparation (6, 21, 38,
43, 46): 1) slope of end-systolic pressure-volume normalized
relationship (ESPVNR; mmHg �ml�1 �g�1) [volume was nor-
malized to LVW as suggested by Suga et al. (44) and the
mean ESPVNR curve was obtained; steeper slope indicates
increased myocardial contractility]; 2) maximum rate of ven-
tricular pressure rise (�dP/dt; mmHg/s); and 3) maximum
developed pressure (DPmax; mmHg), corresponding to the
difference between peak systolic pressure and diastolic pres-
sure with the LV balloon filled to develop an end-diastolic
pressure of 25 mmHg.

Biochemical and Morphometric Study

The animals assigned solely for morphometric and bio-
chemical studies (CG, n � 12 and UG, n � 10) were anesthe-
tized, and blood samples were taken for hematocrit and
hemoglobin measurements. The hearts were then removed,
the atria and great vessels were dissected free, and coronal
sections of the left and right ventricles were fixed in 10%
buffered formalin and embedded in paraffin blocks. Four-
micrometer-thick sections were cut from the blocked tissue
and stained with hematoxylin-eosin. Transverse sections
from the middle portion of the LV were used to determine the
myocyte cross-sectional area (MSA, �m2) for a minimum of
100 myocytes in five hearts from both experimental groups,
as previously described (26). The MSA was used as an indi-
cator of cell size.

The V0-to-body weight (�l/g) ratio was used as the param-
eter for normalized ventricular chamber size and LVW/V0

(mg/�l) was used as the marker for modified ventricular
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geometry. Also, LVW and right ventricular weight (RVW)
were normalized to body weight. Myocardial edema was
determined by analysis of the wet-to-dry LVW ratio.

Myocardial hydroxyproline concentration (HOP; �g/mg), a
marker for myocardial collagen, was measured in left and
right ventricle apex tissue from 10 rats per group according
to the methodology of Switzer (45). The tissue was dried for
4 h at 40°C using a SpeedVac concentrator SC 100 attached
to a refrigerated condensation trap (TR 100) and vacuum
pump (model VP 100; Savant Instruments, Farmingdale,
NY). Tissue dry weight was determined, and the samples
were hydrolyzed overnight at 110°C with 6 N HCl (1 ml/10
mg dry tissue). An aliquot of 50 �l of hydrolyzate was trans-
ferred to an Eppendorf tube and dried in the SpeedVac
concentrator. Deionized water (1 ml) was added and the
sample was transferred to a glass tube with a Teflon screw
cap. To maintain constant pH, 1 ml of potassium borate
buffer (pH 8.7) was added and the sample was oxidized with
0.3 ml of chloramine T solution at room temperature for
exactly 20 min. The oxidation process was stopped by adding
1 ml of 3.6 mol/l sodium thiosulfate and thoroughly mixing
for 10 s. The solution was then saturated with 1.5 g of KCl,
and the tubes were capped and heated in boiling water for 20
min. After being cooled to room temperature, the aqueous
layer was extracted with 2.5 ml of toluene. Toluene extract (1
ml) was transferred to a 12 
 75-mm test tube, and 0.4 ml of
Ehrlich’s reagent was added and left for 30 min to allow color
to develop. Absorbencies were read at 565 nm against a
reagent blank. Deionized water and 20 �g/ml HOP were used
as blank and standard, respectively.

Statistical Analysis

Variable distribution was determined for group compari-
sons. If the distribution was normal, Student’s t-test was
used and data were expressed as means � SD. When data
were nonnormally distributed, the Mann-Whitney method
was used, and data were expressed as medians (range) (42).
Differences were considered significant at a P � 0.05.

RESULTS

Undernourished animals demonstrated marked ca-
chexia, judging by complete absence of adipose tissue.
PCM protocol did not cause death or result in detect-
able peripheral edema.

Morphometric, Biochemical, and Tail Cuff Systolic
Blood Pressure Data

Data from the body weight, MSA, and LVW and
RVW (normalized to body weight) are presented in
Table 1. Undernourished rats achieved 47% body
weight, 44% LVW, and 51% RVW of the values ob-
served in control animals. Also, MSA was significantly
smaller in the UG compared with CG. Heart and body

weight decreased proportionally, so that neither LVW-
to-body weight or RVW-to-body weight ratios differed
significantly between UG and CG, indicating that the
heart was not spared in malnutrition.

Myocardial HOP concentration from both ventricles
was higher in the UG, consistent with increased myo-
cardial collagen concentration secondary to PCM (Fig.
1). The UG animals did not develop anemia because
hematocrit (CG, 39.2 � 2.1%; UG, 40.6 � 4.0%; P �
0.05) and hemoglobin (CG, 14.4 � 0.85 g/dl; UG, 15 �
1.3 g/dl; P � 0.05) values were not statistically differ-
ent from CG. Also, no significant difference in tail cuff
systolic blood pressure (CG: 135 � 15 mmHg; UG:
137 � 15 mmHg, P � 0.05) or wet-to-dry LVW ratio
(CC: 4.16 � 0.16; UG: 3.26 � 0.88, P � 0.05) was
observed between the groups.

In Fig. 2A, the LV unstressed volume (V0) was sig-
nificantly less in the UG compared with CG, appar-
ently indicating decreased LV chamber size in malnu-
trition. However, V0 normalized to body weight was
higher in UG, actually showing relative enlargement of
the LV chamber in UG rats (Fig. 2B). Also, a modifi-
cation of LV chamber geometry (eccentric remodeling)
was observed because the LVW-to-V0 ratio was smaller
in the UG, indicating a disproportionate reduction of
LV mass in relationship to volume (Fig. 2C).

LV Function

Systolic function. Table 2 shows the functional sys-
tolic parameters obtained in isolated heart prepara-

Table 1. Morphometric data

Group Body Wt, g MSA, �m2 LVW, mg LVW/Body Wt, mg/g RVW/Body Wt, mg/g

Control 296.8�32.8 139.5�13.4 691�60 2.34�0.28 0.79�0.15
n 22 5 22 22 22

Undernourished 157.2�23.2* 110.3�10.5* 385�40* 2.47�0.21 0.74�0.17
n 20 5 22 20 20

Values are means � SD; n � number of rats per group. MSA, myocyte cross-sectional area; LVW, left ventricular weight; LVW/Body Wt
and RVW/Body Wt, left and right ventricular weights normalized to body weight. *P � 0.01 by Student’s t-test.

Fig. 1. Myocardial hydroxyproline concentration in the left (HOPLV)
and right ventricles (HOPRV). *P � 0.05 compared with control
group (CG) using Student’s t-test.
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tion. Myocardial contractility as measured by ESPVNR
and �dP/dt was not influenced by malnutrition; how-
ever, a significant decrease in the DPmax index was
noted for UG hearts.

Diastolic function. The active myocardial relaxation
phase was not affected by PCM as assessed by �dP/dt
(CG, 1,798 � 209 mmHg/s; UG, 1,887 � 216 mmHg/s;
P � 0.05). Passive myocardial stiffness was signifi-
cantly increased in malnutrition. The full range of the
mean diastolic stress-strain curve of the UG rats was
significantly shifted to the left compared with the con-

trol curve (Fig. 3). However, the weight-normalized
mean end-diastolic pressure-volume relationship (V �
V0) curves from both groups did not show significant
deviation (Fig. 4A); this indicated preserved mechani-
cal LV chamber behavior in malnutrition despite in-
creased myocardial stiffness. The weight-normalized
volume-end-diastolic pressure relationship is graphed
in Fig. 4B.

DISCUSSION

This study differs from previous reports in that PCM
was induced from birth and the animals were studied
while they were young adults. We have demonstrated
that the PCM protocol caused structural alteration
(ventricular eccentric remodeling) and myocardial dia-
stolic dysfunction (increased passive stiffness) with
preserved LV compliance.

Morphometry, Biochemistry, and Hemodynamics

Morphometric data showed that the cardiac muscle
mass growth was impaired to the same extent as body

Fig. 2. Indexes of left ventricular (LV) chamber size and geometry.
A: LV unstressed volume (V0). B: unstressed volume normalized to
body weight (V0/body wt). C: LV weight normalized to unstressed
volume (LVW/V0). Vertical bars represent means � SD. *P � 0.01
compared to CG using Student’s t-test.

Table 2. Isolated heart systolic function indexes

Group n
ESPVNR,

mmHg �ml�1 �g�1
�dP/dt,
mmHg/s

DPmax,
mmHg

Control 9 453(188–775) 3,006�224 143�13.8
Undernourished 10 411(298–616) 3,012�242.6 130�7.8*

Values are means � SD and medians (range) for nonnormally
distributed data (ESPVNR, end-systolic pressure-volume normalized
relationship); n � number of rats per group. �dP/dt, maximum rate
of ventricular pressure rise; DPmax, maximum developed pressure.
*P � 0.01 by Student’s t-test.

Fig. 3. Mean end-diastolic stress-strain relationships for the CG
(n � 9) and undernourished group (UG, n � 10). The mean curve of
UG rats (E) was found to be significantly shifted to the left compared
with the CG (F). Bars represent means � SD for average stress and
strain corresponding to end-diastolic pressures of 5, 10, 15, 20, and
25 mmHg. KMIO, myocardial passive stiffness constant. *P � 0.01
compared with CG using Student’s t-test.
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weight, supporting the concept that the heart is not
spared in chronic PCM. This concept was first de-
scribed by Keys et al. in 1947 (20), and it was later
validated by others (19, 25, 33, 47); however, in oppo-
sition to these studies, cardiac sparing has been ob-
served with shorter duration PCM protocols limited to
hours (14, 30, 39) or days (30). The rationale is that a
normally developed heart and body subjected to star-
vation will undergo cachexia and atrophy in a presum-
ably different fashion from the growth retardation
caused by chronic malnutrition. In an individual of

normal weight starved for a relatively short time, the
heart would be relatively spared because of preferen-
tial catabolism of other tissues, such as fat or glycogen
reserves. However, in chronic PCM due to stunted
growth, the heart will never attain normal size because
the smaller body will not place sufficient demands on
the heart to induce additional cardiac growth.

Cardiac sparing during PCM has been reported in
association with an anemia-induced hypermetabolic
state (11, 18, 24, 30). In anemia, the necessity to
maintain high cardiac output reduces LV muscle ca-
tabolism so that LV mass is maintained longer than
body weight (3, 18, 35). Another factor that could po-
tentially cause LV chamber structural changes during
PCM is systolic blood pressure variation. There is a
well-established relationship between concentric LV
hypertrophy and pressure overload (31). As a corollary,
the blood pressure reduction sometimes associated
with PCM (15, 41) might inhibit LV hypertrophy. Our
results allowed us to exclude hypotension and anemia
as a source of LV morphometric modification because
systolic blood pressure, hematocrit, and hemoglobin
values were not statistically different between the
groups.

To the best of our knowledge, this is the first study
identifying eccentric LV chamber remodeling in rats
submitted to PCM from birth. This architectural alter-
ation was caused by a disproportionate mass reduction
in relationship to LV volume. Several authors have
tried to explain LV wall thinning induced by malnutri-
tion. These explanations included a failure to deliver
the metabolic requirements to the myocardium (41), a
decrease in the synthesis of myofibrillar component
(36), and an increase in myofibrillar protein catabolism
(51). LV chamber enlargement and wall thinning has
also been described in dogs (2, 3) and humans (34, 37)
with malnutrition.

Another interesting finding was the increased myo-
cardial HOP concentration in malnourished rats. Al-
though our results do not allow a definitive conclusion,
we would speculate that increased collagen synthesis
might be due to local neurohormonal activation (8);
however, another possibility is that chronic malnutri-
tion has less of an affect on interstitial compartment
development than impairment of myocyte compart-
ment development because collagen is highly resistant
to degradation and its turnover is relatively slow com-
pared with other myocyte proteins (8).

LV Function

Systolic function. Instead of the expected systolic
dysfunction in chronic PCM protocol, we found pre-
served myocardial contractility while using ESPVNR
and �dP/dt indexes. Similar findings were reported in
studies performed on humans submitted to prolonged
PCM protocols (13, 20). DPmax analysis, however, re-
vealed depressed contractility. This result should be
interpreted with caution. According to many authors,
myocardial contractile function is better assessed us-
ing indexes that consider myocyte-generated force

Fig. 4. Mean end-diastolic pressure-volume relationship normalized
to LVW for the CG (n � 9) and UG (n � 10). A: V0 values were
subtracted from all subsequent volumes (V � V0) in each experiment
so as to have all pressure-volume curves intercepting the graph’s
origin. The mean curve of the UG rats (E) was found to be nonsig-
nificantly shifted to the left compared with the CG (F). B: weight-
normalized volume-end-diastolic pressure relationship. Bars repre-
sent means � SD for average volume and pressure. KVE, passive LV
stiffness constant. P � 0.05, using the Mann-Whitney test.
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(stress) and muscle deformation (strain) instead of
developed pressure (9, 29, 48, 50). While using DPmax
to assess systolic function in isovolumetric prepara-
tion, Murad and Tucci (28) demonstrated that DPmax
might induce a misinterpretation on contractile func-
tion of the concentrically hypertrophied ventricle. This
was explained by a rearrangement of Laplace’s equa-
tion so that P � 2 �/h�1/Ri

�1, where P is the intraven-
tricular pressure, � is wall stress, Ri is LV internal
radius, and h is wall thickness. It can be seen that, for
a given stress value, P depends on the h-to-Ri ratio.
Because h depends on myocardial mass and Ri depends
on chamber volume, it can be assumed that DPmax
directly depends on the mass-to-volume ratio. There-
fore, developed pressure will increase in association
with concentric hypertrophy even without true en-
hancement of myocardial contractility. Applying the
previous assumption to eccentric remodeling, we could
expect a false reduction in DPmax because of the dis-
proportional decrease of ventricular mass related to
volume, as was observed in this study. Therefore, at
this point, we have concluded that systolic function
was not adversely affected in our UG animals.

Diastolic function. Various studies have separately
assessed passive properties of cardiac muscle (30) and
the LV chamber (2, 3), as well as the active relaxation
phase (19, 21, 39); however, none has evaluated all
these indexes in the same animal model as was done in
this study.

We have demonstrated a significant shift to the left
of the stress-strain relationship curve in the UG (Fig.
3), indicating increased myocardial stiffness. Many fac-
tors can interfere with passive myocardial mechanical
behavior such as ischemia, muscle edema, and in-
creased myocardial collagen concentration (31, 48). In
our preparation, hypoxia was prevented and edema
minimized by the short exposure time of the isolated
heart to the apparatus. Also, both groups were submit-
ted to similar experimental conditions. We therefore
concluded that the increased myocardial stiffness was
due to the relative increase in collagen concentration.

Interestingly, despite myocardial diastolic dysfunc-
tion demonstrated by the increased passive stiffness,
LV chamber compliance was preserved as reflected by
the end-diastolic pressure-volume relationship. Pre-
served LV chamber function was also described in
undernourished dogs when the diastolic pressure-di-
ameter relationship was assessed using ultrasound
crystals (3). It is necessary to consider that LV compli-
ance depends on pericardial constraints, ventricular
interaction, myocardial properties, and chamber geom-
etry (16, 17). Pericardium and ventricular interaction
can be disregarded because, in our case, the pericar-
dium was removed and the right ventricle worked
without volume. Therefore, we assumed that preserved
diastolic chamber function was the result of compen-
satory eccentric ventricular remodeling offsetting the
increased myocardial passive stiffness. Although we
have assumed that eccentric remodeling is a compen-
satory mechanism, it has to be pointed out that this
type of architectural modification can be an early man-

ifestation of cardiac dysfunction (5, 34, 37). Therefore,
further studies are still required to determine how long
this adaptation will be able to maintain normal dia-
stolic function in the face of increased myocardial stiff-
ness.

Despite limitations in extrapolating results from ex-
perimental studies into clinical practice, it seems rele-
vant to suggest that increased myocardial stiffness
may be responsible for the poor tolerance to volume
administration in children during nutritional recovery;
in this situation, congestive heart failure is common (37).

From the experimental data, it was concluded that 1)
the heart is not spared from the adverse effects of
PCM; 2) there is a geometric alteration in the LV
(eccentric remodeling) determined by a disproportion-
ate reduction of LV mass in relationship to volume; 3)
there is diastolic dysfunction of the myocardium (in-
creased passive stiffness), probably due to the in-
creased collagen concentration in the tissue, with un-
changed LV compliance; and 4) systolic function is
preserved.

We thank E. Jamas, V. M. Souza, and N. M. Ferreira for expert
technical assistance and Colin Knaggs for text revision.

REFERENCES

1. Abel RM, Alonso DR, Grimes J, and Gay WA Jr. Biochemi-
cal, ultrastructural, and hemodynamic changes in chronic pro-
tein-calorie malnutrition in dogs. Circulation 56: 55, 1977.

2. Abel RM, Grimes JB, Alonso D, Alonso M, and Gay WA Jr.
Adverse hemodynamic and ultrastructural changes in dog hearts
subjected to protein-calorie malnutrition. Am Heart J 97: 733–
744, 1979.

3. Alden PB, Madoff RD, Sthal TJ, Lakatua DJ, Ring WS, and
Cerra FB. Left ventricular function in malnutrition. Am J
Physiol Heart Circ Physiol 253: H380–H387, 1987.

4. Bass NH, Netsky MG, and Young E. Effects of neonatal
malnutrition on developing cerebrum. I. Microchemical and his-
tologic study of cellular differentiation in the rat. Arch Neurol 23:
289–302, 1970.

5. Bergman JW, Human DG, De Moor MM, and Schulz JM.
Effect of kwashiorkor on the cardiovascular system. Arch Dis
Child 63: 1359–1362, 1988.

6. Brower GL, Henegar JR, and Janicki JS. Temporal evolu-
tion of left ventricular remodeling and function in rats with
chronic volume overload. Am J Physiol Heart Circ Physiol 271:
H2071–H2078, 1996.

7. Cappelli V, Bottinelli R, Polla B, and Reggiani C. Altered
contractile properties of rat cardiac muscle during experimental
thiamine deficiency and food deprivation. J Mol Cell Cardiol 22:
1095–1106, 1990.

8. Caulfield JB and Janicki JS. Structure and function of myo-
cardial fibrillar collagen. Technol Health Care 5: 95–113, 1997.

9. Conrad CH, Brooks WW, Hayes JA, Sen S, Robinson KG,
and Bing OH. Myocardial fibrosis and stiffness with hypertro-
phy and heart failure in the spontaneously hypertensive rat.
Circulation 91: 161–170, 1995.

10. De Onı́s M, Monteiro C, Akre J, and Glugston G. The
worldwide magnitude of protein-energy malnutrition: an over-
view from the WHO Global Database on Child Growth. Bull
World Health Organ 71: 703–712, 1993.

11. De-Mello MAR. Effects of intrauterine and postnatal protein-
calorie malnutrition on metabolic adaptation to exercise in
young rats. Braz J Med Biol Res 27: 2461–2466, 1994.

12. De Simone G, Scalfi L, Galderisi M, Celentano A, Di Biase
G, Tammaro P, Garofalo M, Mureddu GF, de Divitiis O,
and Contaldo F. Cardiac abnormalities in young women with
anorexia nervosa. Br Heart J 71: 287–921, 1994.

H1332 HEART FUNCTION IN PROTEIN-CALORIE MALNUTRITION

AJP-Heart Circ Physiol • VOL 282 • APRIL 2002 • www.ajpheart.org

Downloaded from journals.physiology.org/journal/ajpheart (106.051.226.007) on August 9, 2022.



13. Dmochowski JR and Moore FD. Choroba glodowa. N Engl
J Med 293: 356–357, 1975.

14. Drott C, Ekman L, Holm S, Waldenstrom A, and Lundholm
K. Effects of tumor-load on myocardial function in the isolated
working rat heart. J Mol Cell Cardiol 18: 1165–1176, 1986.

15. Einhorm D, Young JB, and Landsberg L. Hypotensive effect
of fasting: possible involvement of the sympathetic nervous sys-
tem and endogenous opiates. Science 217: 727, 1982.

16. Gaasch WH. Passive elastic properties of the left ventricle. In:
Left Ventricular Diastolic Dysfunction and Heart Failure, edited
by Gaasch WH and Lewinter MM. Philadelphia, PA: Lea and
Febiger, 1994, p. 143–149.

17. Gilbert JC and Glantz SA. Determinants of left ventricular
filling and of the diastolic pressure-volume relation. Circ Res 64:
827–852, 1989.

18. Heymsfield SB, Bethel RA, Ansley JD, Gibbs DM, Felner
JM, and Nutter DO. Cardiac abnormalities in cachectic pa-
tients before and during nutritional repletion. Am Heart J 95:
584–594, 1978.

19. Hilderman T, McKnight K, Dhalla KS, Rupp H, and Dhalla
NS. Effects of long-term dietary restriction on cardiovascular
function and plasma catecholamines in the rat. Cardiovasc
Drugs Ther 10: 247–250, 1996.

20. Keys A, Henschel A, and Taylor HL. The size and function of
the human heart at rest in semi-starvation and in subsequent
rehabilitation. Am J Physiol 150: 153–169, 1947.

21. Klebanov S, Herlihy JT, and Freeman GL. Effect of long-
term food restriction on cardiac mechanics. Am J Physiol Heart
Circ Physiol 273: H2333–H2342, 1997.

22. Ko KC and Paradise RR. Effect of prolonged starvation on the
functional status of the isolated rat atria. Proc Soc Exp Biol Med
141: 310–313, 1972.

23. Ko KC and Paradise RR. Effect of starvation on contractile
response of isolated rat atria to citrate and bicarbonate-free
medium. Proc Soc Exp Biol Med 137: 1115–1119, 1971.

24. Kothari SS, Patel TM, Shetalward NA, and Patel TK. Left
ventricular mass and function in children with severe protein
energy malnutrition. Int J Cardiol 35: 19–25, 1992.

25. Kuykendall RC, Rowlands BJ, Taegtmeyer H, and Walker
WE. Biochemical consequences of protein depletion in the rabbit
heart. J Surg Res 43: 62–67, 1987.

26. Matsubara BB, Matsubara LS, Zornoff LAM, Franco M,
and Janicki JS. Left ventricular adaptation to chronic pressure
overload induced by inhibition of nitric oxide synthase in rats.
Basic Res Cardiol 93: 173–181, 1999.

27. Mirsky I. Assessment of diastolic function: suggested methods
and future considerations. Circulation 69: 836–841, 1984.

28. Murad N and Tucci PJF. Developed pressure data may pro-
vide misinformation when used alone to evaluate systolic func-
tion in isovolumetric left ventricle preparation. Braz J Med Biol
Res 32: 773–776, 1999.

29. Murakami T and Kawai C. Advances in the understanding of
systolic and diastolic functions of the heart. Int J Cardiol 32:
149–174, 1991.

30. Nutter DO, Murray TG, Heymsfield SB, and Fuller EO. The
effect of chronic protein-calorie undernutrition in the rat on
myocardial function and cardiac function. Circ Res 45: 144–152,
1979.

31. Opie LH. Ventricular function In: Heart: Physiology, from Cell
to Circulation, edited by Opie LH. Philadelphia, PA: Lippincott-
Raven, 1998, p. 343–389.

32. Pasipoularides A, Mirsky I, Hers OM, Grimm J, and Kray-
enbuechl HP. Myocardial relaxation and passive diastolic prop-
erties in man. Circulation 74: 991–1001, 1986.

33. Penpargkul S, Schaible T, Yipintsoi T, and Scheuer J. The
effect of diabetes on performance and metabolism of rat hearts.
Circ Res 47: 911–921, 1980.

34. Phornphatkul C, Pongprot Y, Suskind R, George V, and
Fuchs G. Cardiac function in malnourished children. Clin Pe-
diatr (Phila) 33: 147–154, 1994.

35. Rosenthal DS and Braunwald E. Hematological-oncological
disorders and heart disease. In: Heart Disease. A Textbook of
Cardiovascular Medicine, edited by Braunwald E. Philadelphia,
PA: Saunders, 1992, p. 1742–1766.

36. Samarel AM, Parmacek MS, Magid NM, Decker RS, and
Lesch M. Protein synthesis and degradation during starvation-
induced cardiac atrophy in rabbits. Circ Res 60: 933–941, 1987.

37. Saraiva LR, Brindeiro Filho D, and Nora AD. O coração na
criança portadora de desnutrição calórico-protéica severa. Arq
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