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Abstract
The prevalence of the metabolic syndrome (MetS) and its cardiac comorbidities as cardiac hypertrophy
(CH) have increased considerably due to the high consumption of carbohydrates, such as sucrose and/or
fructose. We compared the effects of sucrose (S), fructose (F) and their combination (S + F) on the
development of MetS in weaned male Wistar rats and established the relationship between the
consumption of these sugars and the degree of cardiac CH development, oxidative stress (OS) and
Calcium/calmodulin-dependent protein kinase type II subunit delta oxidation (ox-CaMKIIδ). 12 weeks after
the beginning of treatments with S, F or S + F, arterial pressure (AP) was measured and 8 weeks later (to
complete 20 weeks) the animals were sacri�ced and blood samples, visceral adipose tissue and hearts
were obtained. Biochemical parameters were determined in serum and cardiac tissue to evaluate the
development of MetS and OS. To evaluate CH, atrial natriuretic peptide (ANP), CaMKIIδ and ox-CaMKIIδ
were determined by western blot and histological studies were performed in cardiac tissue. Our data
showed that chronic consumption of S + F exacerbates MetS-induced CH which is related with a higher
OS and ox-CaMKIIδ.

Introduction
Free sugars are monosaccharides or disaccharides that have been added to beverages or foods during
their preparation or transformation by the food industry [1]. Sucrose (S), obtained from sugarcane or
beetroot, and fructose (F), monosaccharide obtained in greater quantity from high fructose corn syrup
(HFCS), are the two free sugars used par excellence for the preparation of sweetened beverages [1, 2]. It is
estimated that the per capita daily supply of caloric sweeteners is 158 g, where 86 g are S, 50 g HFCS and
22 g honey and other syrups [1]. Currently, there is an indiscriminate consumption of sugar-sweetened
beverages from early ages that exacerbate metabolic problems, and thus complications such as
cardiovascular diseases in adulthood. On the other hand, usually, the health implications have been
studied when S and F are consumed individually and not in combination [3–6]. Therefore, little is known
about the possible metabolic damage and other complications that may be caused by their combined
consumption from an early age, mimicking the current trend of human consumption of these sugars.

Excess intake of free sugars increases the accumulation of adipose tissue, which, together with sedentary
lifestyles, have contributed signi�cantly to the long-term development of metabolic syndrome (MetS) [7,
8]. MetS has become a pandemic and a global public health problem due to its high prevalence in recent
years [7–9]. MetS is characterized by a set of metabolic disorders including dyslipidemias, increased
arterial pressure (AP) or overt arterial hypertension (AH), hyperglycemia, hyperuricemia, insulin resistance
(IR), oxidative stress (OS) and obesity, the latter disorder being a key factor in the etiology of the
syndrome [8, 10]. MetS is a risk factor for developing type 2 diabetes mellitus (DM2), hepatic steatosis,
cardiovascular disease (CVD) and premature mortality. MetS pathogenesis is very complex, and many
details are still unclear, but it has been observed that these metabolic disorders are occurring at
increasingly younger ages [7–9].
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It has been reported that excess visceral adipose tissue in patients with MetS causes an increase in the
production of reactive oxygen species (ROS) and a decrease in the antioxidant enzymes, leading to OS.
[9]. In the heart, OS contributes to development of prediabetic and diabetic heart disease [11] by
promoting irreversible protein oxidation, mitochondrial and cellular damage and even cell death. There
are several cardiac proteins functionally sensitive to pro-oxidant conditions. In this sense, it has been
reported that Ca2+/calmodulin-dependent protein kinase II (CaMKII) can undergo oxidative
postraductional modi�cations. CaMKII is a serine/threonine kinase that requires the Ca2+/calmodulin
(Ca2+/CaM) complex to be activated. In the heart, the predominant isoform is CaMKIIδ, which participates

in the regulation of membrane excitability, cellular Ca2+ homeostasis, metabolism and gene transcription
[12]. Nonetheless, during its activation, ATP-mediated autophosphorylation of threonine 287 on the
regulatory site can take place, which allows CaMKIIδ to remain chronically active and independent of

Ca2+/CaM complex, triggering different pathological responses [12, 13]. Similarly, it has been reported
that an increase in ROS production favors oxidation of methionine residues 281 and 282 localized in the
regulatory domain of CaMKIIδ [12, 13] Oxidation of CaMKIIδ (ox- CaMKIIδ) leads to chronic activation of
this enzyme and contributes to different pathological outcomes such as arrhythmias, apoptosis, and
in�ammation [11–16]. Moreover, Zhong et al., and other groups have demonstrated that pathological
activation of CaMKIIδ under OS conditions contributes to development of cardiac hypertrophy (CH) [6,
16–18]. Nevertheless, the direct relationship between MetS, OS, ox-CaMKIIδ and CH induced by
consumption of sugar-sweetened beverages has not been established.

Accordingly, we decided to evaluate the effects of S, F, and S + F consumption in weaned rats on the
development of MetS and to establish their relationship with the development of CH and the levels of ox-
CaMKIIδ and OS.

Material And Methods
Experimental animals. Forty-eight male Wistar rats, freshly weaned (21 days old) from the Cinvestav-IPN
Pharmacobiology Department’s animal facility were used. The rats were housed under a normal 12 h
light–dark cycle and controlled temperature–humidity (22 ± 2°C and 60%, respectively). The rats were
randomized into four (n = 12) groups as follows: Control group (C) with normal diet, Sucrose group (S)
with sucrose diet, Fructose group (F) with fructose diet, and Sucrose + Fructose Group (S + F) with sucrose
and fructose diet. All animal procedures and the protocols of the present investigation were approved by
our Institutional Ethics Committee (CICUAL-Cinvestav-IPN) and followed the regulations established by
the Mexican O�cial Norm for the Use and Welfare of Laboratory Animals (NOM-062-ZOO-1999).

Metabolic syndrome induction. All animals received LabDiet 5008® rat chow (Richmond, IN, USA) ad
libitum, providing 24.4 kJ/g, with 23% protein, 6.5% fat, 4% �ber, and 8% ashes. During a 20-week period,
C group, were given puri�ed water ad libitum, while S group received 30% (w/v) commercially re�ned
sucrose, F group received 10% fructose (w/v) (JT-Baker Mexico) and S + F received 30% commercially
re�ned sucrose plus 10% fructose. The total energy intake received from water per day was: C: 0 kJ/day,
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S: 5.02 kJ/day, F: 1.67 kJ/day, and S + F: 6.69 kJ/day. The daily amount of food and liquid consumed
was recorded, and food remaining from the previous day was replaced with a fresh supply. At the end of
the experimental period, the rats were fasted for 12 h and then sacri�ced by decapitation. Blood samples,
visceral adipose tissue and hearts were obtained. Visceral adipose tissue was weighed to determine the
adiposomatic index.

Blood biochemical analysis. Serum concentrations of glucose was determined using enzymatic
colorimetric commercial diagnostic kits (Spinreact, Girona, Spain), and triglycerides (TG) and total
cholesterol were determined by a colorimetric method (AccuLine plus kit using a Microlab 100, Merck,
Dieren, The Netherlands), according to the manufacturer instructions.

Insulin resistance (IR). IR was evaluated by the homeostatic model assessment (HOMA-IR) and
Quantitative Insulin Sensitivity Check Index (QUICKI). HOMA and QUICKI were calculated as follows:
HOMA = fasting glucose (nmol/l) × fasting insulin (µU/l)/22.5. QUICKI = 1/ (log fasting insulin (µU/ml) + 
log fasting glucose (mg/dl). Serum insulin levels were measured by immuno-enzymatic assay (ELISA)
using a commercial kit (Millipore, St Charles, MO, USA).

Arterial pressure (AP). AP was measured after the 12 weeks of treatment with a LE 5002 plethysmograph
(Panlab, Harvard Apparatus USA), which uses the non-invasive "Tail Cuff" method. All animals were
habituated for 3 days to reduce stress. Systolic arterial pressure (SAP), diastolic arterial pressure (DAP)
and mean arterial pressure (MAP) were recorded. Data recording consisted of 3 to 4 repeated
measurements per animal, and the average of those measurements was reported.

Western blot. Western blot analysis was performed in heart tissue to determine the relative expression of
the atrial natriuretic peptide (ANP; as cardiac hypertrophy molecular marker), total CaMKIIδ and ox-
CaMKIIδ. 50 mg of macerated tissue was mixed with 1 ml of RIPA buffer (50 mM HEPES, 150 mM NaCl, 1
mM EDTA, 1% NP-40 and 25% C24H39NaO4) supplemented with a cocktail of phosphatase and protease
inhibitors (2 µg/ml Aprotinine, 2 µg/ml Leupeptin, 1 µg/ml Pepstatin, 0.1 mM PMSF, 50 mM NaF and 1
mM Na3VO4). Proteins were separated with 10% SDS-PAGE gels, transferred to polyvinylidene di�uoride
membranes, and then incubated with primary antibodies at the indicated dilution; 1:1000 for ANP (Santa
Cruz Biotechnology), 1:1000 for total CaMKIIδ (Abcam), 1:1000 for ox-CaMKIIδ (Merck) and 1:1500 for
GAPDH (Santa Cruz Biotechnology). Once the solution with the primary antibody was removed, and
membranes washed with T-TBS, they were incubated with the secondary antibody, Anti-Mouse 1:1000 for
ANP and CaMKIIδ, and Anti-Rabbit 1:1000 for GAPDH and 1:3000 for ox-CaMKIIδ, for 2 h at room
temperature. To detect the antibody signals, 1 ml of Immobilon-Millipore Western HRP Substrate for
chemiluminescent detection was added. Chemiluminescent proteins were revealed in a dark room using
Kodak X-ray Plates, and bands intensity quanti�cation was performed by densitometry using Image
Studio Lite V. 5.2 (Li-Cor).

Lipid peroxidation assay and total nitrites assay. Assays were performed in the homogenized heart and
serum samples as previously reported [19].
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Superoxide dismutase (SOD). SOD activity was measured using a commercial kit (Sigma-Aldrich® kit
No.1916). The heart and serum homogenate samples were incubated with the chromophore and enzyme,
performing spectrophotometric measurements Tecan In�nite 200® microplate reader at 425 nm every 30
s for 5min to estimate the activity of the enzyme present in the samples.

Histology. Hearts were �xed in 10% formalin, dehydrated, and embedded in para�n for histological
analysis. The tissues were cut in 7-µm slices, stained with hematoxylin and eosin and Masson's
trichrome, and observed with an optical microscope to examine and evaluate any changes in the micro-
architecture.

Cardiac hypertrophy determination. Gross determination of CH was obtained by measuring left and right
ventricle wall thickness (RVWT and LVWT, respectively), the left ventricular cavity radius (LVCR), as well
the left ventricular lumen area (LVLA) and the ratio between LVWT and LVCR (LVWT/LVCR). All the data
images were analyzed using ImageJ 1.53j.

Statistical analysis. All the data were analyzed using GraphPad Prism 6.0 software. Data are presented
as mean ± SEM. To statistically compare experimental groups, analysis of variance (ANOVA) and a post
hoc Tukey test were applied. P < 0.05 was considered signi�cant.

Results

Effect of high-sugar diets on body weight
Table 1 shows that after 20 weeks of treatment, body weight (BW) showed no increase in any group of
animals on the high-sugar diets compared to C. On the contrary, all BW values were below C, although
only the decrease in S (13%) was signi�cant. On the other hand, food consumption was signi�cantly
lower in all experimental groups compared to C, but liquid consumption was not signi�cantly different
among them and with C. However, visceral adipose tissue weight (VATW) and adiposomatic index
(VATW/BW ratio) were signi�cantly increased in all three hypercaloric groups compared to C, yet the
increase in these parameters were statistically higher in S + F.

Biochemical pro�le
In relation to biochemical pro�le, glucose increased signi�cantly with the 3 diets compared to C (by 45, 24
and 51%, for S, F and S + F, respectively). The same trend was observed with insulin levels, which
increased by ~ 6- to ~ 7-fold in the 3 hypercaloric diets compared to C. According to normal reference
values for glucose and insulin, the carbohydrate-treated groups for 5 months could present DM2. The
three experimental groups showed a clear IR caused by the hypercaloric diets, with values higher than the
normal reference value of 3, con�rming the IR for HOMA, and values lower than the normal reference of
0.6, con�rming the IR for QUICKI. Regarding TG levels, these increased ~ 2-fold in S and F, while the
increase was ~ 3-fold in S + F, compared to C. Total cholesterol increased signi�cantly with all 3 diets
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compared to C (by 16, 12 and 34%, for S, F and S + F, respectively). For all cases, except for glucose, the S 
+ F group was statistically higher than the S and F groups (Table 2).

Arterial pressure
After 12 weeks of high carbohydrate intake, a signi�cant increase in MAP values was observed in all
experimental groups compared to C (by 13, 11 and 16% for, S, F and S + F, respectively). SAP increased
signi�cantly (by 17%) in S + F, whereas it was unchanged in groups S and F. In relation to DAP, all 3 diet
groups showed a signi�cant increase compared to C (by 17, 15 and 19% for, S, F and S + F, respectively).
These results con�rm that the S and F increased DAP, while S + F caused an increase in SAP and DAP
(Table 3).

Oxidative stress
MDA levels in cardiac tissue increased signi�cantly (≥ 2-fold) in animals fed with the three hypercaloric
diets compared with C, although the increase was greater in S + F (Fig. 1A). The same trend was found in
serum MDA levels (Fig. 1B). Total nitrite levels in all three hypercaloric diets were signi�cantly increased
in both myocardium and serum compared with C, although the increase was higher in animals treated
with F and S + F than with S (Fig. 1C, D). Regarding antioxidant activity, SOD was signi�cantly decreased
in S, F, and S + F compared with C in cardiac tissue (by 6, 8, and 13%, respectively; Fig. 1E), but the
decrease was higher in S + F. On the contrary, serum SOD activity was signi�cantly increased in all three
hypercaloric diets compared with C (by 21, 19, and 22%, for S, F, and S + F, respectively; Fig. 1F).
Furthermore, a direct relationship was observed between the signi�cant increase in VATW or TG and MDA,
regardless of the type of sugar consumed. Except for the VATW-TG correlation in group C, all correlations
were statistically signi�cant. The higher the VATW, the higher the TG and MDA levels, therefore, there is a
directly proportional relationship between these parameters (Fig. 2). In both cases, for VATW and TG, the
correlation was higher in the S + F group.

Morphometric changes in the heart and histopathology.
Although heart weight did not show signi�cant differences between the S, F and S + F groups with respect
to C, the left ventricular wall thickness (LVWT) increased signi�cantly in all experimental groups
compared to C (50, 44 and 111% for S, F and S + F, respectively). On the other hand, the right ventricular
thickness (RVWT) also increased signi�cantly in all three experimental groups compared to C (by 55, 63
and 104%, in S, F and S + F, respectively) (Fig. 3 and Table 4). In relation to the left ventricular cavity
radius (LVCR), it showed a signi�cant decrease in the 3 diets (65, 50 and 70%, respectively). Finally, in the
left ventricular lumen area (LVLA), the same trend was observed with a signi�cant decrease in ventricular
lumen after consumption of the diets (with a decrease of 72, 64 and 80%, respectively) (Fig. 3A and Table
4). According to these data (LVCR/LVWT), it can be suggested that concentric type hypertrophy
developed in the 3 experimental groups, and that this was greater in the S + F group. Furthermore, as Fig.
3B shows, there is an apparent increase in myocyte size and a concomitant increase in interstitial
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structure in the three diets compared to group C. Finally, Masson staining showed an increase in collagen
deposition in the three diets compared to group C (Fig. 3C), which is a characteristic of pathological CH.

Western Blot
The expression of ANP, a molecular marker of CH, was signi�cantly increased in all three groups of
animals on hypercaloric diets, compared with C. However, the increase was substantially greater in S + F
(~ 4-fold increase), than in S and F (> 2-fold increase in both groups; Fig. 4A). On the other hand, there
was no change in total CaMKIIδ in either experimental group (Fig. 3B). However, all hypercaloric diets
signi�cantly increased the ox-CaMKIIδ levels (normalized to GAPDH and total CaMKIIδ, Fig. 4C and 4D,
respectively), and this increase was higher in S + F (~ 2-, ~ 3-, and > 3-fold increase, in S, F, and S + F,
respectively). This suggests that high sugar intake does not increase CaMKIIδ expression in cardiac
tissue, however, it does increase its pathological activation due to its oxidation by ROS.

Discussion
In this work we showed that chronic consumption of S and F, individually, lead to MetS, as indicated by
the presence of IR and the increase in adiposomatic index and in the levels of glucose, insulin, total-
cholesterol, TG, and ROS (as assessed by the levels of MDA and -NO2). Moreover, these metabolic
alterations were accompanied by enhanced ox-CaMKIIδ and by the development of CH, suggesting that
there is a relationship between the metabolic abnormalities produced by these sugars and the remodeling
of cardiac structure. Finally, we showed that metabolic alterations as well as the ox-CaMKIIδ and severity
of CH are exacerbated when combined S and F (S + F) are consumed.

Experimental studies have reported that high-carbohydrate diets produce metabolic alterations such as
IR, glucose intolerance, OS, dyslipidemia, in�ammation, increased AP, hepatic steatosis, among others [3,
8]. However, there are no experimental studies that compare the possible metabolic damage between the
different sugars consumed from an early age and the cardiac alterations that they can generate.
Therefore, in this study we evaluated the effects of long-term consumption of S, F and S + F in recently
weaned Wistar rats.

BW in the three groups studied in this investigation did not increase; on the contrary, a signi�cant
reduction in weight was observed in the S group. Our results are in agreement with previous studies,
which showed that adult male Wistar rats fed with 30% sucrose for 15–18 weeks, starting at a few weeks
of age, did not present signi�cant BW gain [3, 20, 21]. Nevertheless, despite the lack of BW gain, our
results for the visceral adiposomatic index con�rmed that animals on all three diets produced a greater
accumulation of adipose tissue compared to C, with the S + F group inducing the greatest accumulation,
followed by S, and �nally F. These results indicate that the degree of fat accumulation depends on the
type of sugar ingested. Our data agree with that reported by Fuente-Martin et al., who found that feeding
neonatal Wistar rats with 33% sucrose for two months caused a signi�cant decrease in BW, although
there was a signi�cant increase in adipose tissue due to adipocyte hypertrophy [22].
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Although it is unclear why there was no BW gain in response to high-carbohydrate diets, it is likely due to
the earlier age at which the animals started on the hypercaloric diets and the lower food intake they had,
as seen in Table 1. These results are consistent with our previous reports showing that S-fed adults rats
decreased food intake, while keeping constant liquid consumption [20–22]. Moreover, although it has
been reported that rodent food provides a su�cient amount of protein and other essential nutrients, the
preference of young animals for the intake of sugar-sweetened beverages [21, 22] and the decrease in
solid food ingestion, may explain why there is not a BW gain in our animals despite the increase in
visceral adipose tissue, as has been suggested by others [21, 22].

Biochemical pro�le showed that glucose, insulin, cholesterol and TG levels, as well as the HOMA index,
increased signi�cantly in S and F groups, which in addition to the increase in VATW and the decrease in
QUICKY index, con�rms that our animals developed several components of MetS, such as obesity, IR and
dyslipidemia. Our data are in agreement with previous reports where the effects of S- and F-sweetened
beverages were studied separately [3, 8, 22–24]. In this work, however, we also showed that combined S
and F diet exacerbates all these metabolic alterations, indicating that S + F worsen MetS.

IR and sustained hyperglycemia promote increased proliferation of β-pancreatic cells to produce more
insulin and compensate for excess blood glucose; however, they also induce the activation of other
processes, such as in�ammation and overproduction of ROS associated with mitochondrial oxidative
stress [10]. According to our results, we con�rmed that metabolic damage due to excess consumption of
S and F as the main sugars used by the food industry, and especially when consumed together the
metabolic damage is exacerbated. On the other hand, the data on hyperglycemia, hyperinsulinemia and
IR suggest the development of DM2 in all experimental groups that consumed S, F or S + F. However,
further tests are required to con�rm the presence of DM2.

The consumption of high-carbohydrate diets produced a signi�cant increase in both MAP and DAP, and
only the S + F diet produced an increase in SAP. According to the WHO criteria, and taking into account
that normal AP values in rats are similar to those in humans, our data show that hypercaloric diets
increase AP. Balderas-Villalobos et al., reported that diet with sucrose (30%) for 18 weeks did not cause a
signi�cant change in SAP and DAP, while Baños et al., reported that 3-week-old Wistar rats treated with
the same diet for 8 months, resulted in a signi�cant increase in SAP, but did not evaluate DAP [3, 25]. In
this sense, the ENIGMA study examined a group of students with an average age of 20 years and with an
elevated body mass index, and observed that DAP is the �rst parameter to rise and then give way to
elevation of SAP or else, that only DAP was elevated [26]. This could explain why in our animals the
signi�cant increase in DAP was greater in the three diets. Nevertheless, in the combined intake (S + F) the
increase in both DAP and SAP (Table 3) may be due to exacerbation of OS (Fig. 1), which can lead to a
greater endothelial damage (see below).

In the three groups of experimental animals, the intake of sugar-sweetened beverages signi�cantly
increased lipid peroxidation and, therefore, increased ROS generation (Fig. 1). Nonetheless, these effects
were more accentuated with the S + F diet, suggesting a greater degree of OS. In the case of serum SOD,
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levels increased with all three hypercaloric diets, which could suggest that this enzyme is produced in
higher amounts to maintain homeostasis between ROS and body antioxidants. However, this was not the
case in cardiac tissue, where the sugary diets caused a reduction in SOD levels, probably due to the
imbalance between antioxidant enzymes and increased ROS, characteristic of OS. Indeed, it has been
reported that young adult Wistar rats (2 months old), placed on a 40% sucrose diet for 6 months, in
addition to presenting obesity, IR and dyslipidemias, had a signi�cant increase in hepatic MDA, and a
signi�cant decrease in SOD and glutathione, which are characteristic of OS in obesity [27].

The imbalance between ROS production and the activity of endogenous antioxidant agents in people
with MetS has been strongly correlated with the development of different cardiovascular pathologies [5].
Zhang et al., reported that hearts from C57BL/6 mice (8 to 10 weeks old) treated with a 10% F diet for 20
weeks, and neonatal rat ventricular cardiomyocytes cultured with 25 mM F, displayed a signi�cant
increase in mitochondrial ROS [6]. Furthermore, echocardiographic and histological evaluation con�rmed
the presence of CH in these animals, which was accompanied by an increase in molecular markers such
as ANP. These results highlighted that F by itself is able to induce an increase in mitochondrial ROS
production, which is associated with the development of CH, both in vivo and in vitro [6]. In this sense, our
data showed that there is a direct correlation between VATW and the increase in TG and MDA (Fig. 2) and
the severity of CH (Fig. 3 and Table 4) generated by the consumption of S and F, thus, the higher the
VATW, the higher the TG and OS and the higher CH. Hence, combined consumption of S and F, in addition
to causing greatest VATW, generated highest OS and thus the highest CH. On the other hand, it has been
reported that presence of DM2, IR, glucose intolerance, in�ammation and hepatic steatosis, besides
obesity, plays an important role in the development of OS in MetS induced by high carbohydrate diets [5,
28]. Therefore, the higher levels in glucose, insulin and IR generated by S + F diet, could explain why these
sugars together caused higher MDA levels.

One of the mechanisms linking increased adipose tissue and AH is endothelial dysfunction, which is
associated with decreased endothelial NO in blood vessels. As a result of excessive ROS production, O2•-
is highly likely to react with NO leading to an increase in peroxynitrite (OONO•-) [29]. This reaction is
responsible for the decrease in NO, which together with the increase in OONO•-, contributes to endothelial
dysfunction. Our data showed that hypercaloric diets produced an increase in -NO2 levels, which
correlated with an increase in DAP in all groups. Nonetheless, the higher level of -NO2 produced by S + F
was accompanied by an increase not only in DAP, but also in SAP. Increase in both DAP and SAP
correlates with higher CH when S and F are consumed in combination. A direct relationship in the
development of CH by AH-induced pressure overload has been widely reported [30]. It has been described
that children with obesity, and with obesity plus AH, had CH, indicating that CH is not only present in
adulthood, but also at early ages, and that its development is independently favored by AH and obesity
[31]. These observations in children and adolescents support the hypothesis that from an early age obese
subjects could develop CH or have a high probability of developing it in adulthood.

Increased expression of ANP has been established as a molecular marker of CH [13, 32]. Furthermore, it is
well established that OS-mediated chronic activation of CaMKIIδ plays an important role in the
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development of CH [6, 13, 17, 18]. Therefore, to determine the presence of CH in MetS and the molecular
involvement of ox-CaMKIIδ, we evaluated the effects of hypercaloric diets on expression of ANP and level
of ox-CaMKIIδ. All carbohydrate-diets cause CH, as was showing by the increased ANP expression,
however, ANP expression was higher in S + F (Fig. 4A). In addition, expression of total CaMKIIδ was not
modi�ed by any of the diets (Fig. 4B), which is in agree with a previous report [16], however, ox-CaMKIIδ
was increased by the three experimental groups, but this increase was higher in the case of S + F (Fig. 4C
and D). Recently, it was reported that CaMKIIδ plays an important role in the development of obesity-
induced CH [16]. Therefore, our results suggest that in MetS, combined S and F consumption exacerbates
CH by increasing the level of ox-CaMKIIδ (Fig. 5).

Histopathological analysis con�rmed that all three diets, but mainly S + F caused CH as indicated by
increased LVWT and RVWT and decreased LVCR and LVLA (Table 4). These effects on cardiac structure
decreased LVCR/LVWT index (Table 4), suggesting the development of a concentric-type CH. Our
histological studies also showed increased myocyte size and the presence of higher collagen deposition
in the hearts of the three experimental groups (Fig. 3B and C). Increased myocyte size is usually
accompanied by interstitial growth that allows structural support to CH [33], while collagen deposition
takes place as a compensatory response to the cell loss caused mainly by apoptosis [14, 16]. It has been
reported that OS, produced under pathological conditions, plays a role in cardiomyocyte death and
replacement of cell loss with collagen �bers [33]. In addition, OS has been implicated in the activation of
CaMKIIδ via oxidation of this kinase, which in turn, has been reported to contribute to cell growth and
apoptosis in hearts [12–14]. Our data showing that the amount of VAT correlates with the level of OS
(Fig. 2) and that S + F causes the higher increase in these parameters and in parallel produces the higher
increase in ox-CaMKIIδ and CH, suggest that there is a direct relationship between the degree of MetS and
OS with the levels of ox-CaMKIIδ and the worsening of CH (Fig. 5).

Conclusions
Our results demonstrate that excessive consumption of simple sugars, such as S and F, from an early age
leads to the development of metabolic disorders that lead to MetS and its complications such as CH and
possibly DM2; however, these pathological conditions are aggravated when sugars are consumed in
combination. On the other hand, we could prove that there is a direct relationship between MetS, OS, ox-
CaMKIIδ and the worsening of CH. This would be an alert to decrease the consumption of sugar-
sweetened beverages in children and adolescents to avoid severe metabolic damage and the
development of CH and its complications in adulthood.
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Tables
Table 1 Body weight

  Experimental Groups

Parameter C S F S + F

BW (g) 514.3 ± 10.2 448.3 ± 20.9* 501.3 ± 21.5a 470.5 ± 16.4

Food consumption (g) 19.9 ± 0.2 7.68 ± 0.2* 7.77 ± 0.2* 7.64 ± 0.5*

Liquid consumption (mL) 42.83 ± 1.22 40.83 ± 0.90 42.50 ± 0.86 40.17 ± 1.31

VATW (g) 7.04 ± 0.49 14.75 ± 1.14* 12.32 ± 0.73*, 16.13 ± 1.29*, b

Adiposomatic Index %
(VATW/BW)

1.37 ± 0.09 3.13 ± 0.20* 2.48 ± 0.13*,a 3.80 ± 0.30*,a.b

Values represent mean ± s.e.m. ANOVA one way. Post hoc Tukey. * p < 0.05 vs Control. ap < 0.05 vs
Sucrose Group. bp < 0.05 vs Fructose Group. C: Control, S: Sucrose, F: Fructose and S + F: Sucrose + 
Fructose. BW: Body Weight VATW: Visceral Adipose Tissue Weight. n = 12.

 

Table 2 Biochemical parameters

  Experimental Groups

Biochemical parameters C S F S + F

Glucose
(mg/dl)

93.7 ± 2.8 135.5 ± 3.9* 116.6 ± 2.7*, a 141.8 ± 2.8*, b

Insulin
(µg/dl)

9.3 ± 0.3 64.9 ± 1.7* 53.7 ± 1.1*, a 70.8 ± 1.6*, a, b

RI-HOMA 2.3 ± 0.1 20.6 ± 0.7* 14.9 ± 0.6*, a 25.6 ± 0.3*, a, b

RI-QUICKI 0.58 ± 0.008 0.37 ± 0.002* 0.39 ± 0.003*, a 0.36 ± 0.001*, b

TG
(mg/dl)

69.8 ± 3.2 132.4 ± 6.4* 144.9 ± 4.2* 202.8 ± 9.5*, a, b

Total Cholesterol (mg/dl) 69.5 ± 1.5 80.3 ± 2.5* 77.9 ± 1.1* 93 ± 1.6*, a, b

Values represent mean ± s.e.m. ANOVA one way. Post hoc Tukey. * p < 0.05 vs Control. ap < 0.05 vs
Sucrose Group. bp < 0.05 vs Fructose Group. C: Control, S: Sucrose, F: Fructose and S + F: Sucrose + 
Fructose. BW: Body Weight VATW: Visceral Adipose Tissue Weight. TG: Triglycerides. n = 6.
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Table 3. Arterial pressure

  Experimental Groups

Arterial Pressure
(mm Hg)

C S F S + F

MAP 100.6 ± 2.5 113.2 ± 1.9* 111.5 ± 2.8* 116.8 ± 1.9*

SAP 122.3 ± 0.8 129.7 ± 1.9 128.6 ± 2.8 143.5 ± 2.0*, a, b

DAP 89.9 ± 3.9 105 ± 2.0* 103.6 ± 2.8* 106.8 ± 4.0*

Values represent mean ± s.e.m. ANOVA one way. Post hoc Tukey. *p < 0.05 vs Control. ap < 0.05 vs
Sucrose Group. bp < 0.05 vs Fructose Group. C: Control, S: Sucrose, F: Fructose and S + F: Sucrose + 
Fructose. SAP: systolic arterial pressure. DAP: diastolic arterial pressure. MAP: Mean arterial pressure.
n = 12.

 

Table 4 Heart morphometric data 

  Experimental Groups

Parameters C S F S + F

HW (g) 1.818 ± 0.022 1.809 ± 0.056 1.827 ± 0.030 1.823 ± 0.028

LVWT
(mm)

2.325 ± 0.048 3.500 ± 0.147* 3.350 ± 0.065* 4.925 ± 0.137*, a, b

RVWT
(mm)

1.075 ± 0.047 1.675 ± 0.075* 1.775 ± 0.063* 2.200 ± 0.057*, a, b

LVCR
(mm)

2.700 ± 0.074 0.925 ± 0.052* 1.450 ± 0.020* 0.800 ± 0.054*, a, b

LVLA
(mm2)

1.830 ± 0.025 0.503 ± 0.075* 0.655 ± 0.041*, a, b 0.358 ± 0.020*, a, b

LVCR/LVWT 1.164 ± 0.053 0.264 ± 0.006* 0.433 ± 0.011*, a, b 0.163 ± 0.013*, a, b

Values represent mean ± s.e.m. ANOVA one way. Post hoc Tukey. *p < 0.05 vs Control. ap < 0.05 vs
Sucrose Group. bp < 0.05 vs Fructose Group. C: Control- white bars, S: Sucrose-orange bars, F: Fructose-
blue bars and S+F: Sucrose + Fructose- green bars. n=4. HW: Heart Weight. LVWT: Left Ventricular Wall
Thickness. RVWT: Right Ventricular Wall Thickness. LVRC: Left Ventricular Cavity Radius.

Figures
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Figure 1

Oxidative Stress. A. MDA in heart. B. MDA in serum. C. -NO2 in heart and D. -NO2 in serum. E. SOD in
heart, F. SOD in serum. Values represented as mean ± s.e.m. ANOVA one way. Post hoc Tukey. *p < 0.05
vs Control. ap < 0.05 vs Sucrose Group. bp < 0.05 vs Fructose Group. MDA: Malondialdehyde. -NO2: Total
nitrites. SOD: Superoxide Dismutase. n=8.
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Figure 2

Correlations between visceral adipose tissue, triglycerides and malondialdehyde. Adipose tissue was
positively correlated with serum triglyceride and malondialdehyde levels in all groups. Values represented
as mean ± s.e.m. Correlations were performed with Pearson's r. *p < 0.05. S: Sucrose, F: Fructose, S+F:
Sucrose + Fructose.TG: triglycerides. Values VATW: visceral adipose tissue weight. MDA:
Malondialdehyde.
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Figure 3

Histopathological staining of hearts. A: Cross section of hearts with H&E staining. B. Cardiac cells of the
left ventricular wall with H&E staining. C. Cardiac cells of the left ventricular wall with Masson’s trichrome
C: Control, S: Sucrose, F: Fructose, S+F: Sucrose + Fructose. H&E: Hematoxylin-Eosin. Viewed at 40X
magni�cation for each slice. ↓ Hypertrophied cardiomyocytes.
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Figure 4

Immunoblots and Western Blot analysis of cardiac hypertrophy. A. ANP expression. B. CaMKIIδ-total
expression. C. ox-CaMKIIδ density. D. Relation ox-CaMKIIδ/ CaMKIIδ-total. Values represented as mean ±
s.e.m. ANOVA one way. Post hoc Tukey. *p < 0.05 vs Control. ap < 0.05 vs Sucrose Group. bp < 0.05 vs
Fructose Group. n=4. ANP: Atrial Natriuretic Peptide.
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Figure 5

Possible generation of cardiac hypertrophy in metabolic syndrome. A: The consumption of sucrose and
fructose in excess generates metabolic syndrome characterized by the presence of obesity and excess
adipose tissue. This adipose tissue is an important source of reactive oxygen species causing oxidative
stress in different organs such as the heart. B. CaMKIIδ activation is carried out by Ca2+-CAM complex
binding to the regulatory domain, however, when this binding is reversed CaMKIIδ is autoinhibited.
However, Ca2+-CAM complex-independent activation also occurs. Oxidation at the regulatory site of
methionine 281 and 282 is a type of Ca2+-CAM-independent activation of this enzyme, moreover, it is
dependent on the production of reactive oxygen species and a state of oxidative stress. This activation is
known as pathological activation because it leads to the development of different abnormal conditions
such as cardiac hypertrophy.


