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Chronic liquid nutrition feeding affects blood pressure, heart 
and kidney morphology, and serum lipid profile in Wistar rats
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Abstract. We determined the effect of chronic liquid nutrition (Fresubin) intake in different develop-
mental stages on the cardiovascular and renal system of male Wistar rats. Body weight, water intake 
and blood pressure were periodically measured. Selected serum and urine biochemical parameters 
reflecting metabolic and homeostatic changes after Fresubin intake were investigated as well. Heart 
and kidney weight, diameter of cardiomyocytes, diameter and length of cardiomyocyte nuclei, wall 
thickness of thoracic aorta, the diameter and the area of renal corpuscles and serum and urine 
biochemical parameters were assessed at the end of experiment. We showed that Fresubin intake 
differently affects the investigated morphological and biochemical parameters in rats and this effect 
was dependent on the developmental stage when Fresubin was provided. Importantly, we have shown 
that Fresubin-induced elevation of blood pressure is a reversible phenomenon and it is independent 
of weight gain and subsequent development of obesity.
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Introduction 

Palatable liquid nutrition Ensure (Abbott Laboratories) com-
monly used in human medicine was employed also in several 
animal studies focused on diet-induced obesity (Levin and 
Keesey 1998; Levin 1999; Archer et al. 2005; Archer et al. 
2007; Marco et al. 2009). It was shown that feeding rats with 
palatable liquid nutrition represents an effective animal 
model to study the mechanisms of diet-induced obesity 
(Archer et al. 2005). Levin et al. (1998) showed that addition 
of Ensure to high-fat diet produced sustained excessive food 
intake in rats, leading to weight gain and obesity. We have 
previously proved that the complete substitution of pelleted 
chow diet by a palatable liquid diet, specifically Fresubin, 

induced the development of marked obesity in the Wistar 
rats (Mikuska et al. 2013).

As the current trend of excessive soft drinks intake in 
human population is associated with alarmingly high preva-
lence of obesity not only in adults, but also in children and 
adolescents, the animal models of liquid nutrition feeding 
represent an important tool to investigate the pathological 
mechanisms in the development of human obesity (Ludwig 
et al. 2001; Malik et al. 2006) and related diseases, such as 
diabetes, stroke, and essential hypertension (Dobrian et al. 
2000). The mechanisms that link obesity and elevated blood 
pressure are not yet fully understood. Hypothalamic inflam-
mation, activation of renin-angiotensin system, sympathetic 
nervous system, hyperleptinemia, as well as dyslipidaemia, 
and hypertriglyceridaemia play an important role (Dobrian 
et al. 2000; Baba et al. 2007).

The kidney plays a major role in the control of cardiovas-
cular function and blood pressure (Rahmouni et al. 2005), 
therefore it is not surprising, that the worldwide epidemic 
of obesity-initiated metabolic syndrome is associated with 
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high risk of renal damage (Bagby 2004). Several studies using 
animal models investigated the effect of moderate or high-fat 
diet and diet-induced obesity on hypertension, functional 
and structural changes in the kidney. It was demonstrated 
that obesity-prone rats exhibit hypertension, hypercholeste-
rolemia, hyperinsulinemia, renin-angiotensin system activa-
tion, and increased renal oxidative stress (Dobrian et al. 2004; 
Boustany et al. 2005). Jiang et al. (2005) found increased renal 
lipid accumulation and glomerulosclerosis in diet-induced 
obese mice (Jiang et al. 2005). Altunkaynak et al. (2008) 
observed histopathological changes such dilatation, tubular 
defects, inflammation, and connective tissue enlargement of 
the kidney in high-fat fed obese rats. However, it is necessary 
to note that several studies did not find any changes in blood 
pressure or cardiac abnormalities after moderate or high-fat 
feeding (Carroll et al. 2006; Nascimento et al. 2011).

Based on the above mentioned facts, we investigated the 
effect of chronic liquid nutrition intake on blood pressure, 
selected biochemical parameters in serum and urine, the size 
of cardiomyocytes, renal corpuscles (Malpighian bodies), 
and the wall thickness of the thoracic aorta (tunica intima 
and tunica media) in rats.

Material and Methods

Animals

Male Wistar rats with single dams were purchased from 
Charles River (Germany). After weaning rats were housed 

4 per cage and maintained under controlled conditions 
(12 h light/dark cycle, lights on at 6:00 a.m., ambient tem-
perature 22 ± 1°C and 55 ± 10% humidity). All measure-
ments were performed between 8:00–12:00 h. All external 
noises or any other stressful stimuli of the animals have 
been strictly avoided. The experiments were carried out 
in accordance with the Council Directive 2010/63EU of 
the European Parliament and the Council of 22nd Septem-
ber 2010 on the protection of animals used for scientific 
purposes.

Experimental design and diets

After weaning (at the age of 21 days) rats were divided into 
4 experimental groups based on the type of provided diet: 
1) control group (CON, n = 20) received standard pelleted 
rat chow during the whole study (5 months); 2) liquid nutri-
tion group (LN, n = 20) received Fresubin during the whole 
study (5 months); 3) liquid nutrition juvenile group (LNJ, 
n = 20) received Fresubin until 90th day of age and then 
transferred to pelleted rat chow until the end of the study; 
and 4) liquid nutrition adult group (LNA, n = 20) received 
pelleted rat chow until 90th day of age and then transferred 
to Fresubin until the end of the study (Fig. 1). All the groups 
were provided with tap water ad libitum during the whole 
experiment. Body weight, food and water intake were regu-
larly measured throughout the study.

The gross composition of the diets were as follows: 
a) standard chow diet contains 88.79 g of dry substance with 
23.04 g of protein, 2.72 g of fat, and 8.49 g of carbohydrate 

Figure 1. A schematic illustration of the experimental design. At the age of 21st days pups were weaned and randomly separated into 
control group (CON) – fed with pelleted chow for the entire study; liquid nutrition group (LN) – fed by Fresubin for the entire study; 
liquid nutrition juvenile group (LNJ) – fed 70 days by Fresubin and then 60 days by pelleted food; liquid nutrition adult group (LNA) – fed 
70 days by pelleted chow and then 60 days by Fresubin. At the age of 60th, 80th, 110th, 130th, and 145th blood pressure (BP) was measured. 
At the end of the study rats were perfused and cardiovascular and renal tissues were removed for further morphometric analyses.
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and 11.21 ml of water in 100 g; b) Fresubin liquid nutrition 
contains 84 ml of water and 23.9 g of dry substance with 3.8 g 
of protein, 3.4 g of fat and 13.8 g of carbohydrate in 100 ml  
(for details see Mikuska et al. 2013).

Obesity assessment

Body weight gain was recorded periodically using the 
electronic weighing scale. At the end of the study 32 rats 
(8 from each experimental group) were deeply anesthe-
tized by sodium pentobarbital (50 mg/kg b.w. intraperi-
toneally, Spofa, United Pharmaceutical Works, Czech 
Republic) and abdominal circumference and the length of 
the rats were determined. Parameters were determined by 
the measuring tape, abdominal circumference (cm) was 
measured around the anterior abdomen and length (cm) 
was measured as a distance between nasal and anal region 
(Mamikutty et al. 2014). The body weight and body length 
were used to determine the following anthropometrical 
parameters: Body mass index (BMI) = body weight (g)/
length2 (cm2) and Lee index (Bernardis and Patterson 
1968) = cube root of body weight (g)/naso-anal length 
(cm) (Novelli et al. 2007).

Water intake

Water intake was calculated by deducting the remainder 
of the water from the amount offered to the animals the 
day before. Moreover, total water intake was calculated as 
the sum of tap water and the water contained in Fresubin 
(represented by 75%) or pelleted chow (represented by 
12%).

Blood pressure measurement

The measurements were carried out in a noise-protected 
room. The whole procedure during the experiment was 
carried out by the same person to whom the animals were 
accustomed. Blood pressure was measured non-invasively in 
conscious rats using the tail-cuff method (ADInstruments). 
Blood pressure measurement started in 60 days old rats, 
when we could achieve a sufficient compression of their tails 
due the tail cuff. Before this date the blood pressure was not 
analyzed due to the insufficient thickness of rats’ tails. The 
tails of the rats were heated with an infra-red lamp to avoid 
vasoconstriction conditioned by cold. The measurement 
was accompanied by a short-term compression of the tissue 
surrounding the tail vein and interruption of blood flow. 
After subsequent analysis the systolic and diastolic blood 
pressure were simply established. The procedure was carried 
out in each animal in pre-determined time intervals between 
8:00 and 12:00 a.m., 5 times during the whole study, at the 
age of 60, 80, 110, 135 and 145 days. Five different records 

from each rat were taken to calculate the mean systolic and 
diastolic blood pressure. The measurements themselves 
were preceded by a 1 month lasting period of habituation 
and adaptation, simulating the whole procedure (animals 
inserted into the holder with attached tail cuff) to avoid the 
exertion of the results by stress.

Blood collection and tissue preparation

At the end of the study (age 150 days) rats were randomly 
sacrificed by decapitation (n = 12 per group) or transcardial 
perfusion (n = 8 per group). Blood samples were obtained 
directly during decapitation or immediately before perfusion 
(3 ml of blood were taken from the left heart ventricle by 
5 ml syringe and collected into test tubes). 

Immediately after sacrification the kidneys, heart, and 
thoracic aorta were removed and weighed. The left heart 
ventricle was dissected from the heart. The weight of organs 
was calculated in terms of organ weight/body weight (%) 
(Ndisang and Jadhav 2010).

Blood lipid profile, serum and urine biochemical parameters

Blood samples were kept 30 min at room temperature and 
afterwards centrifuged for 20 min at 3000 × g at 4°C. In 
the obtained serum the concentrations of total cholesterol, 
triglycerides (TGL), very low density cholesterol (VLDL), 
creatinine and total serum proteins were determined by 
spectrophotometric methods (Dimension RxL Max device). 
Concentrations of sodium and potassium ions in serum 
were analyzed by indirect potentiometry (Dimension RxL 
Max device). 

Samples of 24-hour urine were collected from each rat. 
Levels of creatinine, proteins, sodium, and potassium were 
determined (Dimension RxL Max device).

Histological processing of heart, thoracic aorta, and kidneys

Thirty two rats (8 from each experimental group) were 
deeply anesthetized by sodium pentobarbital (50 mg/kg, 
Spofa, United Pharmaceutical Works, Czech Republic, 
500 mg, intraperitoneally) and transcardially perfused with 
50 ml of saline followed by 250–300 ml of fixative solution 
containing 4% paraformaldehyde (Sigma-Aldrich, Ger-
many) in 0.1 M phosphate buffer (PB, pH 7.4). The kidneys, 
heart, and aorta were rapidly removed and post-fixed in the 
same fresh fixative solution at 4°C overnight and afterwards 
stored in sodium azide (Sigma Chemical Ltd., St. Louis, MO, 
USA) until processed. Paraffin blocks were prepared, 5 μm 
thick sections were obtained using rotary microtome (Leica 
RM 2235) and stained with hematoxylin and eosin (heart 
and thoracic aorta) and with the Gomori’s impregnation 
method modified by Lilie (kidneys).
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The quantitative morphometric measurements were 
performed using Axio Scope.A1 (Carl Zeiss) microscope 
and AxioCamERc5s S/N MKG 1890 (Carl Zeiss) camera at 
200× magnification for the kidneys, 400× magnification for 
the heart, and 100× magnification for the thoracic aorta. 
The evaluation of sections was performed by employing 
ZEN Widefield-UI Automation Mode 2011 (Carl Zeiss) 
software for Windows. Quantitative assessment was per-
formed from the captured images on the computer screen 
scored in a blinded manner and mean values were calcu-
lated. Diameter of cardiomyocytes was measured along 
a line intercepting the cell nucleus in 100 cells per animal 
(Farah et al. 2009). Length of the cardiomyocyte nucleus 
was measured along a line that intercepted the respective 
nucleus in 100 cells per animal (Noszczyk-Nowak et al. 
2009). The wall thickness of the aorta (tunica intima and 
tunica media) was measured and the mean values were 
calculated from 10 measurements per each rat. For the 
quantitative assessment of mean area and mean diameter 
of renal corpuscles randomly 100 corpuscles per animal 
were measured.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism program version 5.02 (GraphPad Software, San 
Diego CA, USA). Statistical analysis of the data was 
performed by one-way ANOVA (factor group) followed 
by Bonferroni’s post hoc test to determine significant dif-
ferences in anthropometrical parameters used for obesity 
assessment, heart and kidney morphology, as well as serum 

and urine biochemical parameters. Two-way ANOVA 
with factors time and diet followed by Bonferroni’s post 
hoc test was used to determine significant differences in 
body weight, water intake, and blood pressure. The results 
are expressed as means ± SEM and represent an average 
of 8–20 animals. The p < 0.05 was taken as indicative of 
statistical significance for the tests.

Results

Body weight

Two-way ANOVA analysis revealed that body weight was 
significantly influenced by applied diet (F = 77.04, p < 
0.0001), time (F = 239.1, p < 0.0001) as well as their interac-
tion (F = 9.823, p < 0.0001; Fig. 2).

At the beginning of the experiments the Wistar rats from 
all four experimental groups had similar body weights. 
However, after the start of Fresubin consumption we ob-
served that the Fresubin fed LN and LNJ rats exhibit lower 
body weight whereas the pelleted chow fed CON and LNA 
rats exhibited higher body weight. The differences between 
Fresubin and pelleted chow fed groups began to be statisti-
cally significant around the age of 35 days (for details see 
Mikuska et al. 2013). The 60 days old Fresubin fed rats (LN 
and LNJ) fed by Fresubin immediately after weaning had 
significantly lower body weight compared to the pelleted 
chow fed control (CON vs. LN p < 0.005, CON vs. LNJ 
p < 0.01) and LNA groups (LNA vs. LN p < 0.01, LNA vs. 
LNJ p < 0.01, Fig. 2). When the rats reached the age of 80 
respectively 90 days, their body weight was very similar, 
without significant differences between the 4 experimental 
groups. After 90 days of age, the body weight of LN group 
as well as that of LNA group which switched from pelleted 
chow to Fresubin began to increase and at the age of 110 
days the difference in body weight between the animals fed 
with Fresubin after the 90th day and animals fed with pel-
leted chow reached statistical significance (age 110 till 150 
days: LN vs. LNJ p < 0.005, LNA vs. CON p < 0.005, LNA vs. 
LNJ p < 0.005; age 130 till 150 days: LN vs. CON p < 0.005, 
Fig. 2). Since this time the Fresubin fed rats (LN and LNA) 
were gaining body weight till the end of the experiment and 
became obese whereas the body weight of the chow fed rats 
(CON and LNJ) plateaued (Fig. 2).

The anthropometrical parameters used to identify obes-
ity at the end of the study showed that in the LN and LNA 
rats increased fat accumulation in the abdominal region 
that led to significantly increased abdominal circumfer-
ence (LN vs. CON p < 0.01, LN vs. LNJ p < 0.05, LNA vs. 
CON p < 0.005, LNA vs. LNJ p < 0.005, Fig. 3A). Similar 
results confirming obesity development were obtained after 
the calculation of BMI (LN vs. CON p < 0.01, LN vs. LNJ 

Figure 2. Body weight of rats fed with pelleted chow (CON), liquid 
nutrition (LN), liquid nutrition in juvenility (LNJ), or liquid nutri-
tion in adulthood (LNA). Dashed line represents time when diet of 
LNJ and LNA groups was changed. Each value is expressed as mean 
± SEM (n = 20 for each group). Statistical significance between 
groups (Bonferroni post-tests) indicated in the graph.
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Water intake

Statistical analysis confirmed the effect of applied diet (F = 
6498, p < 0.0001) and time (F = 121.6, p < 0.0001) as well as 
the effect of their interaction (F = 284.9, p < 0.0001) on the 
water intake of the experimental groups (Fig. 4A,B).

In Fresubin fed rats (LN, LNJ, and LNA groups) a sig-
nificant decrease of tap water intake was detected during 
Fresubin consumption (p < 0.05, Fig. 4A). However, after 
the recalculation of total water intake (tap water + water 
contained in Fresubin and tap water + water contained in 
pelleted chow) an opposite result was found (p < 0.05, Fig. 
4B).

Figure 3. Abdomen circumference (A), body mass index (B), and 
Lee index (C) of rats fed with pelleted chow (CON), liquid nutri-
tion (LN), liquid nutrition in juvenility (LNJ), or liquid nutrition 
in adulthood (LNA). Each value is expressed as mean ± SEM (n = 8 
for each group). Statistical significance between groups: * p < 0.05, 
** p < 0.01, *** p < 0.005.

Figure 4. Tap water intake (A) and total water intake (B) of rats 
fed with pelleted chow (CON), liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid nutrition in adulthood (LNA). 
Dashed line represents time when diet of LNJ and LNA groups 
was changed. Total water intake was calculated as a sum of tap 
water + water in Fresubin or tap water + water in pelleted chow. 
Each value is expressed as mean ± SEM (n = 20 for each group). 
Statistical significance between groups (Bonferroni post-tests) in-
dicated in the graph.

p < 0.01, LNA vs. CON p < 0.01, LNA vs. LNJ p < 0.005, 
Fig. 3B) as well as the Lee index (LN vs. CON p < 0.01, LN 
vs. LNJ p < 0.05, LNA vs. CON p < 0.05, LNA vs. LNJ p < 
0.01, Fig. 3C).
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Blood pressure

Systolic (SBP) and diastolic (DBP) blood pressure was 
significantly influenced by the applied diet (F = 13.88, p < 
0.0001) as well as time alone (F = 2.890, p = 0.0223), and by 
the interaction of both factors (F = 5.748, p < 0.0001; Fig. 
5A,B).

When compared to the chow fed CON rats, the liquid 
nutrition fed LN rats showed significantly elevated SBP 
and DBP at the age of 60 (p < 0.001; p < 0.001), 110 (p < 
0.001; p < 0.01) and 130 (p < 0.01; p < 0.05) days. Also when 
compared to the LNA rats the LN had increased blood 

pressure with a significance of p < 0.01 (for SBP and DBP) 
at the age of 60 days and p < 0.01 (for SBP and DBP) at the 
age of 80 days. The liquid nutrition fed LNJ rats had during 
Fresubin consumption (till 90 days of age) also markedly 
increased blood pressure compared to the CON rats with p < 
0.001 (for both SBP and DBP) at the age of 60 days and p < 
0.01 (for both SBP and DBP) at the age of 80 days. They had 
also significantly increased blood pressure when compared 
to the LNA rats at the age of 60 days (p < 0.01 for SBP and 
DBP) and 80 days (p < 0.001 for SBP and DBP). After the 
transfer to chow the blood pressure of LNJ rats decreased 
to the levels of the CON group. On the contrary, the blood 
pressure of the LNA rats after the transfer to Fresubin (age 
90 days) significantly raised compared to the CON rats (age 
110 days p < 0.05 for SBP and DBP, age 130 days p < 0.001 
for SBP and p < 0.01 for DBP, age 145 days p < 0.001 for SBP 
and p < 0.05 for DBP) and LNJ rats (age 145 days p < 0.001 
for SBP and DBP; Fig. 5A,B).

In summary, Fresubin consumption led to markedly 
elevated blood pressure in all by Fresubin fed experimental 
groups (LN, LNJ, LNA); however, in the LNJ group this 
increase was temporary only during period of Fresubin 
consumption.

Organs and tissue weight

After the weight assessment of the selected organs increased 
kidney weight was in the Fresubin fed LNA rats observed 
after comparing to the pelleted chow fed LNJ rats (p < 0.05; 
Tab. 1). Interestingly, after the correction for body weight we 
found decreased kidney weight in the Fresubin fed LN rats 
comparing to the pelleted chow fed CON and LNJ rats (p < 
0.05 for both groups) as well as decreased kidney weight of 
the LNA rats after comparing to the CON and LNJ groups 
(p < 0.05 for both groups; Tab. 1).

We observed increased heart and separated left ventricle 
weight in the Fresubin fed LN rats when compared to the 
pelleted chow fed CON (p < 0.05 for both tissues) and LNJ 
rats (p < 0.05 for left ventricle; Tab. 1). However, after the 
correction for body weight no significant differences were ap-
parent. Similar were the results in the rats of the LNA group 
which received Fresubin only in adulthood, increased heart 
weight and left ventricle weight after comparing to CON (p < 
0.05 for both tissues) and LNJ rats (p < 0.05 for both tissues) 
was found (Tab. 1). After correction for body weight these 
differences disappeared.

Blood lipid profile

Rats of LN and LNA groups had significantly elevated se-
rum concentrations of total cholesterol, as well as TGL and 
VLDL cholesterol after comparing to the pelleted chow fed 
CON and LNJ groups (p < 0.05; Tab. 2). The rats fed with 

Figure 5. Systolic (A) and diastolic (B) blood pressure of rats fed 
with pelleted chow (CON), liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid nutrition in adulthood (LNA). 
Dashed line represents time when diet of LNJ and LNA groups 
was changed. Each value is expressed as mean ± SEM (n = 20 for 
each group). Statistical significance between groups (Bonferroni 
post-tests) p < 0.05 is indicated by the letters over the values which 
represent the significant differences between the groups: a CON 
vs. LN, b CON vs. LNJ, c CON vs. LNA, d LN vs. LNA, e LNJ vs. 
LNA.
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Fresubin only during their juvenility (LNJ) had similar levels 
of studied lipids compared to control rats (Tab. 2).

Biochemical serum and urine parameters

In LN and LNA rats we found significantly decreased potas-
sium ions concentrations in the serum (p < 0.05) and mark-
edly elevated levels of serum proteins when compared with 
the animals of CON and LNJ group (p < 0.05 for both; Tab. 3). 
Conversely, the urine levels of potassium ions, creatinine and 
proteins were in LN and LNA animals significantly decreased 
(p < 0.05 for all parameters; Tab. 4).

Heart and thoracic aorta morphology

Significantly increased diameter of cardiomyocytes as well as 
length of their nuclei was found in the LN group compared 
to all other groups (p < 0.05; Fig. 6A,C; Fig. 7). Compared 
to the control group animals in the other experimental 
groups receiving Fresubin either permanently (LN) or during 
a restricted time period (LNJ, LNA), cardiomyocyte nuclei 
diameter had significantly increased (p < 0.05, Fig. 6B).

No differences were found in the wall thickness of the 
two measured layers of thoracic aorta, the tunica intima and 
tunica media among the groups (Fig. 6D, Fig. 8).

Table 1. Weight of organs and tissues (mg or % of body weight) of rats fed with pelleted chow (CON), liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid nutrition in adulthood (LNA)

Heart Left ventricle Kidneys

(mg) (%) (mg) (%) (mg) (%)
CON 1337 ± 35.17 0.263 ± 0.008 922.1 ± 28.54 0.181 ± 0.006 3142.9 ± 87.73 0.618 ± 0.017
LN 1463.7 ± 30.17af 0.256 ± 0.004 1004.6 ± 35.02f 0.175 ± 0.004 3128.7 ± 81.01 0.547 ± 0.009af

LNJ 1234.3 ± 33.2 0.270 ± 0.003 864.8 ± 30.96 0.185 ± 0.004 2903.7 ± 89.36 0.634 ± 0.009
LNA 1521.1 ± 23.99ce 0.250 ± 0.010 1072.5 ± 20.01ce 0.176 ± 0.006 3338.5 ± 44.53e 0.550 ± 0.021ce

Each value is expressed as mean ± SEM (n = 12 for each group). Statistical significance between groups p < 0.05 is indicated by the let-
ters over the values which represent the significant differences between the groups: a CON vs. LN, c CON vs. LNA, e LNJ vs. LNA, f LN 
vs. LNJ.

Table 2. Serum concentrations of total cholesterol, triglycerides 
(TGL), and very low density cholesterol (VLDL) in rats fed with 
pelleted chow (CON), liquid nutrition (LN), liquid nutrition in 
juvenility (LNJ), or liquid nutrition in adulthood (LNA)

Groups Total cholesterol 
(mmol/l)

TGL
(mmol/l)

VLDL cholesterol 
(mmol/l)

CON 1.535 ± 0.051 1.265 ± 0.092 0.575 ± 0.042
LN 2.451 ± 0.053af 3.103 ± 0.402af 1.410 ± 0.183af

LNJ 1.545 ± 0.067 1.316 ± 0.087 0.599 ± 0.039
LNA 2.046 ± 0.13ce 3.568 ± 0.364ce 1.621 ± 0.166ce

Each value is expressed as mean ± SEM (n = 20 for each group). 
Statistical significance between groups: p < 0.05 is indicated by the 
letters over the values which represent the significant differences 
between the groups: a CON vs. LN, c CON vs. LNA, e LNJ vs. LNA, 
f LN vs. LNJ.

Table 3. Serum concentrations of Na+, K+, creatinine, and proteins in rats fed with pelleted chow (CON), liquid nutrition (LN), liquid 
nutrition in juvenility (LNJ), or liquid nutrition in adulthood (LNA) 

Groups Na+

(mmol/l)
K+

(mmol/l)
Creatinine
(µmol/l)

Proteins
(g/l)

CON 144.805 ± 0.621 6.761 ± 0.208 56.700 ± 2.133 62.705 ± 0.919
LN 146.405 ± 0.914 5.910 ± 0.136a 56.895 ± 1.915 70.700 ± 0.829af

LNJ 145.605 ± 0.528 6.553 ± 0.194 53.550 ± 1.702 62.330 ± 0.650
LNA 144.274 ± 0.669 5.551 ± 0.149ce 53.053 ± 2.342 68.195 ± 0.802ce

Each value is expressed as mean ± SEM (n = 20 for each group). Statistical significance between groups: p < 0.05 is indicated by the let-
ters over the values which represent the significant differences between the groups: a CON vs. LN, c CON vs. LNA, e LNJ vs. LNA, f LN 
vs. LNJ.

Kidney morphology

In animals receiving Fresubin throughout the experiment 
(LN group), as well as in animals fed by Fresubin only in 
adulthood (LNA group) a significant enlargement in the 
area (p < 0.05) and diameter (p < 0.005) of renal corpus-
cles was observed compared to rats fed with pelleted chow 
throughout the experiment (CON group) and animals fed 
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with pelleted chow only in adulthood (LNJ group; Fig. 
9A,B; Fig. 10). The most enlarged corpuscles were found in 
the LNA rats. No differences were found between the CON 
and LNJ group.

Discussion

Several studies showed that exposure of laboratory animals 
to liquid nutrition (Ensure) as a diet supplement (Levin and 

Keesey 1998; Levin 1999; Levin and Dunn-Meynell 2002; 
Archer et al. 2005; Archer et al. 2007; Marco et al. 2009) led 
to the development of an obese phenotype. Because obesity 
represents a risk factor for the development of hypertension, 
we investigated the effect of liquid nutrition on body weight as 
well as blood pressure in rats fed by liquid nutrition (Fresubin). 
In contrast to studies employing liquid nutrition only as a diet 
supplementation, in our experiment Fresubin was provided as 
a fully replacement of standard pelleted chow either through-
out the experiment or during selected developmental stages.

   
















 
















 








 

 






 





   












 













 

 














 


 
 







 





   














  









 

 


 














 


 
 







 





   


















 






 

 


 








 





Table 4. Urine concentrations of Na+, K+, creatinine, and proteins in rats fed with pelleted chow (CON), liquid nutrition (LN), liquid 
nutrition in juvenility (LNJ), or liquid nutrition in adulthood (LNA)

Groups Na+

(mmol/l)
K+

(mmol/l)
Creatinine
(µmol/l)

Proteins
(g/l)

CON 52.06 ± 6.76 272.08 ± 39.51ac 6373.26 ± 2092.52a 1.22 ± 0.18ac

LN 35.52 ± 4.85 29.20 ± 4.46 1531.80 ± 229.75 0.18 ± 0.01
LNJ 51.00 ± 3.06 298.26 ± 22.87ef 8825.80 ± 1085.75ef 1.48 ± 0.22ef

LNA 34.00 ± 4.53 28.58 ± 3.82 1390.20 ± 245.37 0.22 ± 0.03
Each value is expressed as mean ± SEM (n = 20 for each group). Statistical significance between groups: p < 0.05 is indicated by the letters over 
the values which represent the significant differences between the groups: a CON vs. LN, c CON vs. LNA, e LNJ vs. LNA, f LN vs. LNJ.

Figure 6. Cardiomyocyte diameter 
in the ventricle (A), diameter of 
cardiomyocyte nuclei (B), length of 
cardiomyocyte nuclei (C), and wall 
thickness of the thoracic aorta (tu-
nica intima and tunica media) (D) of 
rats fed with pelleted chow (CON), 
liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid 
nutrition in adulthood (LNA). Each 
value is expressed as mean ± SEM 
(n = 8 for each group). Statistical 
significance between groups: * p < 
0.05.
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Figure 7. Micrographs of left ventri-
cle are showing the way how cardio-
myocyte diameter, cardiomyocyte 
nuclei diameter and cardiomyocyte 
nuclei length were measured in 
rats fed with pelleted chow (CON), 
liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid 
nutrition in adulthood (LNA). The 
structures were visualized by Hema-
toxylin and eosin staining method 
at a magnification ×400. Scale bar 
20 μm.

Figure 8. Micrographs of thoracic 
aorta are showing the way how wall 
thickness of tunica intima and tunica 
media were measured in rats fed 
with pelleted chow (CON), liquid 
nutrition (LN), liquid nutrition in 
juvenility (LNJ), or liquid nutrition 
in adulthood (LNA). The structures 
were visualized by Hematoxylin and 
eosin staining method at a magnifi-
cation ×100. Scale bar 50 μm.

At the age of 60 days the LN and LNJ rats had signifi-
cantly lowered body weight when compared to the control 
rats (19.5%, respectively 18.2%). A similar phenomenon 
was observed also by Archer and colleagues, where juvenile 
rats manifested a phenotype of reduced body weight but 

increased adiposity after feeding a solid high-energy diet. 
They speculated that this was due the relatively low protein 
content (15%) of the diet and led to overconsumption that 
only is able to meet the demands of growing rats (Archer 
et al. 2007). Interestingly the body weight of the LN group 
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rose after the rats reached adulthood (age 90 days) and since 
130 days of age their body weight was approximately by 16% 
higher after comparing to the chow fed control animals. The 
LNJ rats had after the transfer to pelleted chow (90 days of 
age) similar body weight like the controls during the whole 
study. The body weight of the LNA group also rose after 
the transition to Fresubin and at the end of the study the 
weight difference after comparing to CON was represented 
by 25.5%. 

Several indicators of obesity including body weight gain, 
abdomen circumference, BMI, and Lee index were assessed 
in the 4 experimental groups and all were significantly 
higher in the Fresubin fed LN and LNA rats confirming 

Figure 9. Mean area of renal corpus-
cles (A) and diameter of renal cor-
puscles (B) of rats fed with pelleted 
chow (CON), liquid nutrition (LN), 
liquid nutrition in juvenility (LNJ), 
or liquid nutrition in adulthood 
(LNA). Each value is expressed as 
mean ± SEM (n = 8 for each group). 
Statistical significance between 
groups: * p < 0.05, *** p < 0.005.

   












 











 






 







 

   
















 

 







 






 











   













 











 






 







 
   

















 

 







 






 












Figure 10. Micrographs of renal 
cortex are showing the way how re-
nal corpuscle area was measured in 
rats fed with pelleted chow (CON), 
liquid nutrition (LN), liquid nutri-
tion in juvenility (LNJ), or liquid 
nutrition in adulthood (LNA). The 
structures were visualized by Go-
mori’s impregnation method modi-
fied by Lilie at a magnification ×200. 
Selected renal corpuscles are traced 
by black. Scale bar 50 μm.

the development of an obese phenotype when compared 
to chow fed CON and LNJ rats. According to the study 
of Novelli and colleagues the normal BMI for adult male 
Wistar rats fed a standard chow diet is in the range between 
0.45 and 0.68 g/cm2 (Novelli et al. 2007). The depositions of 
abdominal adipose tissue reflected in increased abdominal 
circumference are important components in the develop-
ment of obesity related dyslipidemia, hyperglycemia, and 
hypertension (Kershaw and Flier 2004).

We suggest that the over-consumption leading to obes-
ity observed in Fresubin fed rats documented previously 
(Mikuska et al. 2013), might be palatability driven and/or 
related to less induction of satiety signals due its liquidity 
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and high water content (75%). Levin, who introduced the 
model of diet-induced obesity using the supplementation 
with highly palatable liquid nutrition Ensure, stated that 
this diet overrides the homeostatic controls of ingestion 
through the activation of neural systems mediating reward 
and motivation (Levin 2005). Also other authors reported 
that diet-induced obesity is the result of the combination of 
several factors, like hyperphagia, unbalanced macronutrient 
profile, high energy content, or post-ingestive effects (Archer 
and Mercer 2007; Hariri and Thibault 2010). It is known, 
that the consumption of energy-containing fluids leads to 
less satiety than that of solids of equivalent energy content 
(DiMeglio and Mattes 2000). We could speculate that the 
accelerated passage of the liquid food in the gastrointestinal 
tract leads to inadequate anorexigenic signaling failing to 
inhibit food intake. Moreover, increased water load might 
via dilution of plasma result in decreased concentration of 
anorexigenic signal molecules in circulation. High water 
intake connected with polyuria seen in our experiment 
(data not shown) might lead to decreased concentrations 
of vasopressin in plasma, which is according to Langhans 
and colleagues associated with decreased inhibition of food 
intake (Langhans et al. 1991).

We found that exposure of rats to Fresubin exerts a signifi-
cant effect on blood pressure resulting in markedly elevated 
systolic and diastolic blood pressure. However, as seen in the 
LNJ group this effect was only temporary and was limited to 
the period of Fresubin consumption, as after the transition 
to the pelleted chow diet the blood pressure values normal-
ized. We suppose, that the increase in blood pressure of 
Fresubin fed rats is not directly related to weight gain, as the 
LNJ and LN rats had till 90 days of age despite lower body 
weight significantly higher blood pressure when compared 
to the pelleted chow fed control rats. It is also apparent that 
the blood pressure of the obese LN rats plateaued despite 
increasing body weight throughout adulthood. We suggest 
that an interaction between different factors, such the macro-
nutrient composition of the used diet with high carbohydrate 
and water content, increased sympathetic nervous system 
activity and hyperleptinemia seems to be involved and 
contribute to increased blood pressure. Jackson et al. (2012) 
examined the effects of pre- and postnatal overnutrition with 
high-fat/high-fructose diet in male Sprague-Dawley rats on 
blood pressure but they did not find any significant changes 
even after 17 weeks of diet treatment (Jackson et al. 2012). 
Also Nascimento and colleagues (2011) after 30 weeks of 
high-fat diet feeding in rats found no differences in blood 
pressure of control and obese rats measured by the tail-cuff 
method (Nascimento et al. 2011). Similarly, the results of 
Carroll et al. (2006) showed that 12 weeks of moderate fat 
diet in obesity-prone/obesity-resistant rats induces lipid 
and endocrine abnormalities which are typical for obes-
ity, but not significant cardiac abnormalities. On the other 

hand, Dobrian et al. (2000) observed significantly elevated 
systolic blood pressure measured with tail-cuff method in 
Sprague-Dawley rats provided a diet containing 32% fat for 
10 weeks. This discrepancy between our study and others 
might be explained by the different rat strains and types 
of the diet used. We suggest that the high water content of 
Fresubin resulted in high water load which could be reflected 
in higher blood pressure. However, according to Hal (2003), 
over a long period of increased water intake there must be 
a precise balance between intake and water excretion and 
chronic hypertension cannot develop unless there is a shift 
of renal-pressure natriuresis to higher blood pressures.

El-Atat et al. (2004) reported that increased food intake, 
primarily, fat and carbohydrates, increases sympathetic 
nervous system (SNS) activity. As Fresubin contains of 55% 
carbohydrates it could lead to increased sympathetic activity 
that may partially explain the observed increase of blood 
pressure. This hypothesis is also strengthened by studies 
suggesting that overeating and weight gain are responsible 
for sympathetic overactivity (Baba et al. 2007).

Several studies also suggested that overfed or high-fat 
fed rats as well as genetically obese (fa/fa) Zucker rats over-
respond to acute stressors (Pascoe et al. 1991; Balkan et al. 
1993; Levin et al. 2000). It is possible, that the non-invasive 
blood pressure measurement carried out by the tail-cuff 
method despite the habituation and adaptation process was 
perceived as a stressor by the rats. So the increased blood 
pressure in rats fed by Fresubin was the result of their higher 
reactivity and responsiveness to handling stress. This issue 
could be elucidated by using telemetric devices for blood 
pressure measurements. Also other authors suggested that 
the tail-cuff method may be susceptible to errors as obese 
rats have exhibited an enhanced response to stress; however, 
this is by no means universal (McArthur et al. 1998; Sedova 
et al. 2004).

It was shown that adipokines acts on several fields, includ-
ing the regulation of appetite, glucose and lipid metabolism, 
blood pressure, and inflammation (Balistreri et al. 2010). 
Shek et al. (1998) demonstrated despite marked hypophagia 
and weight loss in rats a sustained increase in blood pres-
sure due to leptin infusions (Shek et al. 1998). It is possible 
that hyperleptinemia affected the blood pressure of rats fed 
with Fresubin, as increased levels of circulating leptin were 
by radioimmunoassay assessed in all Fresubin fed groups 
(LN, LNJ, LNA; data not shown). At the age of 2 months in 
Fresubin fed LNJ group plasma leptin levels were higher by 
99% and in the LN group by 72% compared to the pelleted 
chow fed control rats. At the age of 4 months the increase in 
LN group was by 285% and in the LNA group by 206%. Pre-
viously Mark et al. (1999) showed that leptin deficient obese 
mice and obese rats with leptin receptor mutations have little 
or no hypertension compared with lean animals. Rahmouni 
et al. (2005) described that obese mice fed high-fat diet for 
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10 weeks exhibit circulating hyperleptinemia and resistance 
to metabolic actions of leptin, however the renal sympathetic 
and arterial pressure responses to leptin are preserved. These 
observations point towards leptin as a potential mediator 
of obesity-related hypertension and the pathophysiologic 
significance of selective leptin resistance.

Hypertension in obese individuals is frequently associated 
with dyslipidaemia, particularly with low levels of HDL-
cholesterol and increased levels of TGL (Dobrian et al. 2000). 
A pro-atherogenic blood profile with signs of dyslipidaemia 
(increased total cholesterol, TGL and VLDL cholesterol) in 
serum of LN and LNA rats was observed probably due to 
increased weight, respectively obesity. As we reported above, 
at the end of our experiment body weight gain of LN rats 
was represented by 16% and of that of LNA rats by 25.5% 
compared to the CON rats. After 10 weeks of a moderate 
fat diet Dobrian and colleagues observed increased levels of 
TGL, total cholesterol, and LDL-cholesterol in rats (Dobrian 
et al. 2000). Also Carroll et al. (2006) reported significantly 
elevated plasma and hepatic cholesterol in their model of 
diet-induced obesity associated with increased systolic 
blood pressure. In addition, hypertension along with hy-
perlipidemia may induce glomerulosclerosis and possibly 
alter kidney function (Dobrian et al. 2000). However, this 
issue is still controversial. Many studies have shown that 
dyslipidaemia can contribute to renal injury (Fried et al. 
2001; Praga 2002). On the other hand Jiang et al. (2005) in 
their high-fat diet-induced obesity model in mice showed 
that glomerulosclerosis and proteinuria were present without 
changes in plasma TGL, cholesterol, and free fatty acid levels. 
Also Stemmer et al. (2012) have suggested that lipotoxicity 
is not a critical contributor to renal pathology, as they found 
similar plasma TGL, free fatty acids, and renal TGL in chow-
fed and diet-induced obesity resistant and sensitive rats.

The consumption of liquid nutrition Fresubin in our 
experiment did not lead either to heart or left ventricle 
hypertrophy, or to histological alterations in the thoracic 
aorta. These data demonstrate that the used diet protocol and 
related blood pressure increase was not sufficient to induce 
profound cardiac abnormalities. Also in the study of Carroll 
et. al. (2006) heart weight and cardiac collagen amount did 
not differ among the control rats and diet-induced obese rats. 
On the contrary, in the earlier mentioned study of Dobrian et 
al. (2000) increased aortic wall area was observed, indicating 
arterial hypertrophy. Several factors play role in the genesis 
of ventricular hypertrophy, including hypertension, volume 
load, age, salt intake, angiotensin II, and insulin (Carroll et 
al. 2006). We can speculate that in LN rats the increased 
cardiomyocyte diameter (by 9.5% compared to CON), car-
diomyocyte nucleus diameter (by 13.7% compared to CON), 
and length (by 6.3% compared to CON) could indicate 
primary symptoms of starting cardiac hypertrophy. 

We found increased size of renal corpuscles in both 
groups of Fresubin fed adult rats, however, it didn’t lead 
to hypertrophy of the kidney. In the LNJ the size of re-
nal corpuscles was not altered compared to the control 
animals. In the LN rats increased mean corpuscle area by 
6.8% and mean corpuscle diameter by 8.3% was found 
and in the LNA increased mean corpuscle area by 17.9% 
and mean corpuscle diameter by 14.6% compared to CON 
was observed. These histological alterations may result 
from prolonged intake of liquid nutrition accompanied by 
marked water load but also from obesity connected with 
hypertension and hyperinsulinemia (data not shown). 
We assessed circulating insulin levels in all the 4 groups 
of rats by radioimmunoassay. At the age of 4 months in 
the Fresubin fed LN rats by 173% and in the LNA rats by 
116% higher insulin levels were found when compared to 
the chow fed control rats. Our findings regarding hyperin-
sulinemia are in accordance with the study results of Levin 
et. al. (2000) who reported increased circulating insulin 
levels in diet-induced obese rats fed over 10 weeks a high 
energy diet supplemented with the palatable liquid nutri-
tion Ensure (Levin and Dunn-Meynell 2002). Cusumano 
et al. (2002) pointed out that there exists a link between 
hyperinsulinemia and glomerular hypertrophy in rhesus 
monkeys with increased glomerular size before the onset 
of diabetes. So, there could be a link between increased 
renal corpuscles and hyperinsulinemia and/or increased 
water load in liquid nutrition fed obese rats.

We suggest that the renal functions of Fresubin fed rats 
were not affected, as in LN and LNA rats were present either, 
proteinuria, natriuresis, increased levels of potassium ions 
or creatinine in urine and serum. Hypothetically, since Fre-
subin was a “low protein diet” (Mikuska et al. 2013) where 
proteins represented 15 %, it does not represent ballast on 
the kidneys. Increased water load offset by increased urina-
tion resulted in decreased urine creatinine, potassium and 
protein concentrations found in Fresubin fed rats.

Conclusion

Our study shows that chronic intake of liquid nutrition 
Fresubin can significantly increase body weight and blood 
pressure, alter the lipid spectrum in the plasma, and his-
tological features of renal corpuscles and cardiomyocytes 
in the Wistar rats. However, these changes are dependent 
on the developmental stage during which liquid nutrition 
is provided. It seems that intake of liquid nutrition only in 
juvenile period does not induce any significant histological 
changes in heart and kidney persisting until adulthood, and 
the blood pressure increase was also dependent on Fresubin 
consumption, moreover it was shown to be reversible. We 
suggest that the used diet was the major factor that caused 
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hypertension, not obesity itself. Fresubin consumption also/
or only in adulthood led to immediate increase in body 
weight, blood pressure and caused histological alterations 
of the kidneys and cardiomyocytes.

The mechanisms connecting Fresubin intake and increase 
of blood pressure in rats were not fully elucidated in our 
study. We suppose that this phenomenon is independent 
of weight gain and subsequent obesity, but there are several 
other mechanisms and their combinations which could play 
important role. These may include especially liquidity of the 
diet and high water content, but also macronutrient compo-
sition with higher carbohydrate content, hyperleptinemia, 
increased sympathetic activity, and higher responsiveness to 
stress. Therefore further research is necessary to elucidate the 
link between increased intake of liquid foods and develop-
ment of hypertension.
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