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ARTICLE

Evaluation of sucrose-enriched diet consumption in the
development of risk factors associated to type 2 diabetes,
atherosclerosis and non-alcoholic fatty liver disease in a murine
model
Carolina Gabriela Plazas Guerreroa, Selene De Jesús Acosta Cotaa,
Francisco Humberto Castro Sánchezb, Marcela De Jesús Vergara Jiménez b,
Efrén Rafael Ríos Burgueñoc, Juan Ignacio Sarmiento Sánchez d,
Lorenzo Antonio Picos Corrales a and Ulises Osuna Martínez a

aFacultad de Ciencias Químico Biológicas, Universidad Autónoma de Sinaloa, Culiacán de Rosales, Mexico;
bFacultad de Ciencias de la Nutrición y Gastronomía, Universidad Autónoma de Sinaloa, Culiacán de Rosales,
Mexico; cCentro de Investigación y Docencia en Ciencias de la Salud, Universidad Autónoma de Sinaloa, Culiacán de
Rosales, Mexico; dFacultad de Ingeniería Civil, Universidad Autónoma de Sinaloa, Culiacán de Rosales, Mexico

ABSTRACT
Overconsumption of sucrose, the main contributor of the total added sugar
intake in the world, has been associated with negative metabolic effects
related to non-communicable diseases. However, this relationship con-
tinues to be a controversial topic and further studies are needed. The aim
of this study was to evaluate the sucrose-enriched diet consumption in the
development of risk factors associated with type 2 diabetes, atherosclerosis
and non-alcoholic fatty liver disease in a murine model. Sucrose-enriched
diet-fed rats showed a decrease in food, lipids and protein intake as well as
in serum total cholesterol levels, an increase in carbohydrates intake, glu-
cose, insulin, triglycerides, VLDL-c and HDL-c levels and a greater degree of
insulin resistance, steatosis and non-alcoholic steatohepatitis. Our results
show that sucrose-enriched diet consumption during 25 weeks contribute
to the development of risk factors associated with type 2 diabetes, athero-
sclerosis and non-alcoholic fatty liver disease in male Wistar rats.
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Introduction

Non-communicable diseases (NCDs), especially cardiovascular diseases (CVD), cancer, chronic
respiratory diseases and diabetes represent a global important pandemic and the major worldwide
health systems challenge (OMS 2017). Currently, NCDs are the main cause of morbidity and
mortality in the world, do not discriminate between age or nationality (OMS 2017) and also are
an important cause of premature disability (Córdova-Villalobos et al. 2008) causing significant
socioeconomic problems (IMCO 2015; OMS 2017).

Overweight/obesity, hypertension, hyperglycemia and hyperlipidemia consider the major metabolic
risk factors related to NCDs, have dramatically increased in recent years and it seems like this is mainly
associated with sedentary lifestyle and unhealthy diet (OMS 2017). Therefore, many research projects
have focused on studying the possible association between the intake of specific dietary components and
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NCDs (OMS 2003). It has been suggested that elevated consumption of simple carbohydrates, like added
sugars, may contribute to the increased of NCDs prevalence (Barclay et al. 2008; Augustin et al. 2015).

Sucrose, commonly known as table sugar, is a disaccharide composed of glucose and fructose
and is widely used as added sugar by the food industry in a large variety of food products and
beverages (Cummings and Stephen 2007; Gómez Candela and Palma Milla 2013) being the main
contributor of the total added sugar intake in the world and representing a high percentage of total
daily energy intake in many countries (Pinto et al. 2016) as United States, Britain (Gibson et al.
2013), Chile and México (Singh et al. 2015).

Scientific evidence in both human and animal models support the suggestion that excess sugar
consumption has negative metabolic effects such dyslipidemia, a rise in inflammatory markers, weight
gain, increased risk for type 2 diabetes and other alterations associated with NCDs (Hochuli et al. 2014;
Schultz et al. 2015; Gallagher et al. 2016). However, in other research studies or meta-analysis, no clear
and determinant relationship between the consumption of this disaccharide and some of the NCDs
related-risk factors has been found (Bravo et al. 2013; Rippe and Angelopoulos 2013; Tsilas et al. 2017)

For this reason, the impact of sugar consumption on health continues to be a controversial topic
and further studies are needed to clarify the existing inaccuracies, to fill these evidence gaps and to
know more of the potential metabolic and molecular mechanisms involved in this process.

The aim of this study, therefore, was to evaluate the sucrose-enriched diet consumption in the
development of risk factors associated with type 2 diabetes, atherosclerosis and non-alcoholic fatty
liver disease (NAFLD) in a murine model.

Materials and methods

Animals and experimental design

Twelve 4 weeks old-healthy male Wistar rats with an average weight of 80 ± 10 g were donated by
Cinvestav Sede Sur (México City, México). The rats were housed in acrylic cages and maintained on
a 12 h light-dark cycle in a temperature-controlled room (22 ± 2°C) with food and water
available ad libitum throughout the study. All the experimental procedures were approved by the
Comité Científico y Ético de Investigación de la Unidad Académica de Ciencias de la Nutrición
y Gastornomía and were performed in accordance with theMexican Official NormUse andWelfare
of Laboratory Animals (NOM-062-ZOO-1999).

Experimental design is shown in Figure 1, briefly, before the intervention period, the rats
received 7 days of acclimatization. After that, rats were randomly divided into two experimental
groups (n = 6 each) which received free access to one of the two different diets for 25 weeks. Control
group (CG) was fed with a standard laboratory diet (Rat Diet 5012, LabDiet, St. Louis, MO)
containing 27.02% protein, 13.10% fat, 59.87% carbohydrates and 6.4% ash according to manufac-
turer´s information provided, and tap water. Sucrose group (SG) received the same laboratory diet
and water enriched with 50% w/v sucrose. Body weight, food, macronutrient and total caloric intake
were determined. At the end of the intervention period, animals were fasted for 12 h before being
sacrificed. Blood samples, hepatic and aortic tissues were collected. Glucose (GLU), insulin, total
cholesterol (TC), triglycerides (TG), very low-density lipoprotein cholesterol (VLDL-c), low-
density lipoprotein cholesterol (LDL-c) and high-density lipoprotein cholesterol (HDL-c) levels
were determined in serum. Liver and aortic tissues were stained with hematoxylin and eosin (H&E)
and a histopathological analysis was made for both.

Food, macronutrients and total caloric intake

The food, macronutrients and total caloric intake was determined weekly for each group over the
last 5 weeks of intervention (weeks 21 to 25). Food and water were weighed and replenished every 3
days and the consumption of both was calculated. The macronutrients and total caloric intake of the
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experimental groups was determined based on the nutritional composition of the standard labora-
tory diet (Rat Diet 5012, LabDiet, St. Louis, MO) and the sucrose content in the water (50% w/v).

Body weight

The animals were weighed weekly with a precision electronic scale throughout the 25 weeks of
intervention.

Glucose, insulin and insulin resistance

Fasting blood GLU and insulin levels were measured in serum samples. GLU and insulin levels were
measured using an enzymatic colorimetric method with a commercially available kit (Randox
Laboratories, Crumlin, UK) and an Enzyme-Linked Immunoabsorbent Assay kit (ALPCO, New
Hampshire, USA), respectively. In both cases following the manufacturer´s instructions.

The insulin resistance was determined according to the Homeostasis Model Assessment for
Insulin Resistance (HOMA-IR) using the following formula: HOMA-IR = [fasting glucose (mg/dL)
x fasting insulin (μIU/mL)/405] (Olguin et al. 2015; Schultz et al. 2015).

Lipid profile

The serum concentrations of TC, TG and LDL-c were assessed with enzymatic colorimetric kits (TC
and TG: Randox Laboratories, Crumlin, UK; LDL-c: Wiener Laboratories Group, Rosario,
Argentina). HDL-c levels were measured in serum using a combination of precipitation and
enzymatic colorimetric methods with the respective commercial kits (Randox Laboratories,
Crumlin, UK). VLDL-c was calculated according to the following formula: VLDL-c = [triglycerides
(mg/dL)/5] (Aminlari et al. 2018; Uriarte et al. 2013).

Liver histopathological analysis

Liver steatosis
After sacrifice, livers were dissected, fixed in formalin (formaldehyde 10% 100 mL/L (J.T. Baker),
NaH2PO4 4 g/L (Vetec), Na2HPO4 6.5 g/L (Fermont), distilled water 900 mL, pH 7.4) (Acosta-Cota
et al. 2019), dehydrated, clarified, embedded in paraffin (Leica Paraplast) and cut into 5 μm tissue

Figure 1. Experimental design. Animals were randomly divided into two experimental groups which received two different diets
for 25 weeks. Control group (CG) was fed with a standard laboratory diet and tap water. Sucrose group (SG) received the same
laboratory diet and water enriched with 50% w/v sucrose. Body weight was measured weekly. Food, macronutrient and total
caloric intake was calculated weekly over the last 5 weeks of intervention. At the end of the intervention period, animals were
sacrificed. Blood samples and hepatic and aortic tissues were collected. Glucose, insulin and lipid profile were determined. Liver
and aortic tissues were stained with hematoxylin and eosin (H&E) to evaluate different parameters.
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sections using a microtome (Leica RM 2145 RTS). Following deparaffination and hydration, tissue
sections were stained with H&E. The samples were examined by light microscopy (ZEISS Primo
Star LED, Carl Zeiss, Gottingen, Germany) and the most representative images were taken using
Zen Zeiss imaging blue edition software (Carl Zeiss, Gottingen, Germany). A total of 50 fields of
each stained sample were analyzed at 40x.

The percentage of steatosis was calculated by counting the amount of hepatocytes with steatosis
and without it in the tissue sample. Then, we determined the non-alcoholic steatohepatitis (NASH)
degree according to the histological score system of the clinical research network of NASH
(LaBrecque et al. 2012). This score determines eight grades of activity or development of NASH
(grades 0 to 8) according to the percentage of steatosis and the presence of ballooned cells and
inflammatory infiltrates in each hepatic tissue sample.

Hepatic total cholesterol quantification
Quantitative measurement of hepatic TC was performed according to the methodology used by
Zhou et al. (Zhou et al. 2017). Briefly, 0.15 g of sample were collected, minced and lipids were
extracted by addition of 3 mL of chloroform/methanol (2:1, v/v). The mixture was homogenized for
2 min, sonicated by 30 s and shaken for 2 h. Subsequently, 1 mL of bidistilled water was added and
samples were centrifuged for 20 min at 3500 rpm. The lipid phase was collected (the bottom phase)
and incubated overnight (12 h). The next day, the lipids were dissolved in absolute ethanol,
sonicated and filtered through a 0.45 μm filter. Finally, TC was measured using an enzymatic
colorimetric method with a commercial kit (Randox Laboratories, Crumlin, UK). The results are
expressed as mg/g of liver. Therefore, the average liver weight of the experimental groups is also
included. For this purpose, once the liver was obtained from each rat after sacrifice, it was weighed
using a precision electronic scale.

Aorta histopathological analysis

Aortic tissue samples were fixed in 10% formalin followed by paraffin embedding. Each sample was
cut into 5 μm sections and stained with H&E using standard laboratory protocols.
Histopathological analysis of the intima, media and adventitia tunics of each aorta sample was
performed using light microscopy and Zen Zeiss imaging blue edition software (Carl Zeiss,
Gottingen, Germany) at 40X. Histopathological changes were expressed as percentage of the total
tissue samples of each group.

Statistical analysis

Data obtained were analyzed using the statistical software SigmaPlot 12.0. Parametric variables were
food and macronutrient intake, body weight, insulin, TG, TC, HDL-c, VLDL-c, liver weight and
total hepatic cholesterol levels. In this case, results are expressed as mean values ± standard errors of
the mean (SEM). Statistical tests performed for each variable are presented below. Differences
among groups in body weight, a two-way repeated measures ANOVA was performed, followed by
Bonferroni post hoc test. Food intake, macronutrients intake, insulin, TG, TC, HDL-c, VLDL-c,
liver weight and total hepatic cholesterol levels were compared between the two groups using
a t-test. Non-parametric variables were caloric intake, GLU, insulin resistance and LDL-c. In this
case, results are expressed as medians and ranks. Statistical tests run for each variable are presented
below. Results in total caloric intake were compared using a Friedman test. Mann–Whitney U-test
was employed for statistical analysis of GLU levels, insulin resistance (HOMA-IR) and LDL-c. A p
value of <0.05 was considered significant for parametric and non-parametric variables.
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Results

Food, macronutrients and total caloric intake

A sucrose-enriched diet consumption significantly (p < 0.05) decreased food intake in SG (438.60 ±
20.59 g) vs CG (1136.96 ± 44.51 g), consuming 61.43% less food than CG over the last 5 weeks of
intervention (Figure 2(a)).

Regarding the macronutrients intake, SG consumed significantly (p < 0.05) 1.31-fold higher
carbohydrates (896.58 ± 28.60 g) intake over CG (680.69 ± .26.65 g). Otherwise, the consumption of
protein (118.51 ± 5.56 g) and lipids (57.45 ± 2.69 g) was decreased (p < 0.05) 61.43% on both cases
compared to CG (307.20 ± 12.02 g and 148.94 ± 5.83 g, respectively) (Figure 2(b)).

Although no significant differences (p > 0.05) were found in total caloric intake among the
experimental groups, SG showed a slight decrease in its total caloric intake compared to CG
(4580.43 cal; 5217.81 cal, respectively) (Figure 2(c)). Furthermore, the number of calories consumed
through food was significantly different in the two groups. SG (2010.42 ± 94.38 cal) ingested 61.43%
fewer calories from solid food than CG (5211.59 ± 204.04 cal). Otherwise, sucrose provided the
56.07% of the total caloric intake to SG (2567.05 ± 95.73 cal) while this disaccharide represented
only the 1.52% of total caloric intake to CG (80.49 ± 3.15 cal, p < 0.05) (Figure 3(d)).

Body weight

There was no significant difference in body weight from weeks 0 to 2 and from weeks 15 to 24 of
intervention among experimental groups. Although final body weight was slightly increased in SG

Figure 2. Effect of sucrose consumption on food (a), macronutrients (b), total caloric intake (c) and main food energy sources (d)
of experimental groups over the last 5 weeks of intervention. CG: control group, SG: sucrose group. For food and macronutrients
intake and for main food energy sources mean values ± SEM are plotted. For total caloric intake, median values and ranks are
plotted. *p < 0.05.
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(598.03 g) compared to CG (564.26 g) on week 25, this did not reach statistical significance (p >
0.05). Nevertheless, SG had significantly lower body weight from week 3 to week 14 of intervention
vs CG (p < 0.05) (Figure 3).

Glucose, insulin and insulin resistance

GLU levels were 1.42-fold higher (p < 0.05) in SG (172.25 mg/dL) compared to CG (120.69 mg/dL)
(Figure 4) at the end of the intervention period (Figure 4(a)).

Additionally, a sucrose-enriched diet consumption induced an increased insulin levels which were
2.40-fold higher in SG (27.64 ± 5.44 μIU/mL) vs CG (11.51 ± 2.14 μIU/mL) (Figure 4(b)), and 3.37-
fold greater insulin resistance according to the HOMA index in SG (11.53) vs CG (3.42) (p < 0.05)
(Figure 4(c)).

Lipid profile

TG (111.75 ± 5.55 mg/dL), VLDL-c (22.35 ± 1.11 mg/dL) and HDL-c (31.23 ± 1.13 mg/dL) levels
were significantly higher (p < 0.05) in sucrose-enriched diet-fed rats compared to CG (61.11 ±
10.14 mg/dL, 12.22 ± 2.02 mg/dL, and 26.33 ± 1.16 mg/dL, respectively), after 25 weeks of
intervention (Figures 5(a,b) and 6(b)). Otherwise, TC levels in SG (57.44 ± 1.14 mg/dL) were
34.17% decreased (p < 0.05) compared to CG (87.25 ± 5.42 mg/dL) after 25 weeks of intervention
(Figure 6(a)). On the other hand, even when LDL-c levels were slightly increased in SG (45.80 ng/

Figure 3. Effect of sucrose consumption on body weight. CG: control group, SG: sucrose group. Mean values ± SEM are plotted.
*p < 0.05.
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dL) compared to CG (33.80 ng/dL), no statistical significance was observed (p < 0.05) between the
experimental groups (Figure 6(c)).

Liver histopathological changes

In hepatic histological samples of the CG, a normal parenchyma formed by hepatocytes with a conserved
architecture was observed, in which the cytoplasm and the nucleus can be appreciated (Figure 7(a)).
Nevertheless, according to the histological score system of the clinical research network of NASH
(LaBrecque et al. 2012), this group developed grade 1 ofNASH showing 5.48%ofmicrovesicular steatosis
(Figure 6(a,c and e)).

Figure 4. Effect of sucrose consumption on glucose (a), insulin (b) and insulin resistance (c). CG: control group, SG: sucrose group.
Serum glucose levels and insulin resistance (HOMA-IR index) are plotted as median values and ranks while serum insulin levels are
plotted as mean ± SEM. *p < 0.05.

Figure 5. Effect of sucrose consumption on lipid profile. Effect of sucrose consumption on serum triglycerides (a) and VLDL-c (b)
levels. CG: control group, SG: sucrose group. Mean values and ± SEM are plotted. *p < 0.05.

Figure 6. Effect of sucrose consumption on lipid profile. Effect of sucrose consumption on serum total cholesterol (a), HDL-c (b)
and LDL-c (c) levels. CG: control group, SG: sucrose group. Serum total cholesterol and HDL-c levels are plotted as mean ± SEM
while serum LDL-c levels are potted as median values and ranks. *p < 0.05.
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On the other hand, histopathological analysis of SG showed a hepatic parenchyma in which the
structure of a large number of hepatocytes was altered, showing a pronounced displacement of the
nucleus towards the periphery of the cell due to the accumulation of a huge amount of lipids in their
cytoplasm (Figure 7(b)). This group presented 65.49% of macrovesicular steatosis and 8.74% of
microvesicular steatosis (zones I and II) with a hepatic steatosis mean of 74.22%. Furthermore, this
group showed two ballooned cells per field (Figure 7(b,d)) and one inflammatory infiltrate (not
shown), positioning it in grade 7 of NASH (LaBrecque et al. 2012). (Figure 7(b,d,f)).

Hepatic total cholesterol accumulation

Regarding to liver weight, no significant difference was found between the experimental groups (SG:
18.04 ± 1.21 g; CG: 14.96 ± 0.69 g, p > 0.05) (Figure 8(a)). On the other hand, although the higher
hepatic TC levels found in SG (SG: 151.18 ± 12.66 mg/g; CG: 130.21 ± 4.53 mg/g), no significant
difference (p > 0.05) was observed in this parameter between both experimental groups (Figure 8(b)).

Aortic histopathological changes

After aorta histopathological analysis, no significant differences were found between experimental
groups. No significant lesions were observed in the intima, media and adventitia tunics of the aorta
in the samples analyzed and no atheroma plaque formation or atherosclerosis development was
observed (Figure 9). Aorta tissue samples of CG presented a slight wall thickening (16.6%),
lymphocytes on the wall (50%), hemorrhage (50%) and vascular congestion (33.3%). On the
other hand, histopathological analysis of SG samples, showed a slight wall thickening (16.6%),
presence of few lymphocytes in the wall (100%) as well as vascular congestion (50%) and haemor-
rhage (50%). Besides, aorta tissue samples of SG showed higher amount of perivascular adipose
tissue (PVAT) than those of the CG.

Discussion

Food, macronutrients and total caloric intake

Regarding to food intake, our results showed that sucrose-enriched diet consumption significantly
decreased this parameter compared to CG over the last 5 weeks of intervention, which has been
similarly reported in previous studies (Olguin et al. 2015; Pinto et al. 2016; Acosta-Cota et al. 2019).
This finding may be attributed to the sweet taste of the sucrose which is mostly preferred by rats
(Petykó et al. 2009) because indicates them that food has essential nutrients for their survival
(Matsuo et al. 2011) and it is also able to triggers an hedonic response through the stimulation of the
dopaminergic centers in the brain (Kampov-Polevoy et al. 2006; Kilpatrick et al. 2014).

Otherwise, high-sucrose consumption promotes higher insulinemic responses which triggers
signals that are important in the control of food intake (Petykó et al. 2009). Insulin has an
anorexigenic effect by decreasing the expression of orexigenic peptide Neuropeptide Y (NPY)
and stimulating other satiety signals such as CCK and corticotropin-releasing hormone (CRH)
(Hita et al. 2006). Insulin also stimulates leptin synthesis by adipocytes which increases satiety and
decreases food intake since leptin acts on the hypothalamus by inhibiting the synthesis of NPY and
increases the expression of anorexigenic peptides such as CRH (Sánchez 2005; Hita et al. 2006). This
possible increase in blood leptin levels has already been observed in previous studies with mice fed
with a high-sucrose diet (Oliveira et al. 2014; Castellanos Jankiewicz et al. 2015; Harris 2018).

Regarding the macronutrients intake, results showed that sucrose-enriched diet consumption
significantly increased carbohydrates intake and decreased protein and lipids intake over the last 5
weeks of intervention compared to CG. Although no scientific evidence from similar studies that
reports specific macronutrients intake was found, our findings may be related to those of food
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intake observed in the experimental groups. SG consumed significantly more sucrose which caused
a significant increase in carbohydrates intake and made of these macronutrients their main energy
source. In addition, this group consumed significantly less solid food leading to a decrease in the
consumption of other nutritional compounds found in the laboratory diet such as protein and
lipids, as was observed in this group.

In the present study, results showed that sucrose-enriched diet consumption did not produce
a significant difference in the total caloric intake over the last 5 weeks of intervention between the
experimental groups, which has been similarly reported in a previous study (Schultz et al. 2015).
However, SG showed a slight decrease in total caloric intake compared to CG. This may due to the
significantly less food, protein and lipids intake observed by SG, which are important energy sources in
the diet.

Figure 7. Effect of sucrose consumption on morphology and histopathology of liver. CG: control group, SG: sucrose group. Left
column images (a, c and e) belong to CG, right column (b, d and f) images belong to SG. Parenchyma (a and b), central veins (c
and d) and portal triads (e and f) of both experimental groups are shown. Microvesicular steatosis is indicated by arrows.
Macrovesicular steatosis is indicated by circles and ballooned cells are into squares. Hematoxylin and eosin, 40X magnification.
Scale bars = 50 μm.
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Respecting the distribution of energy intake, our findings showed that calories provided by solid
food (no sucrose) represented significantly less proportion of the total caloric intake in SG
compared to CG, which was similarly observed by Sheludiakova et al. in Hooded Wistar rats fed
with sugary drinks, one of them with sucrose (Sheludiakova et al. 2012).

Body weight

At the end of intervention period sucrose-enriched diet consumption during 25 weeks did not
produce significant differences on rats body weight between the experimental groups, similar to
other reports (Oliveira et al. 2014; Packard et al. 2014; Olguin et al. 2015; Schultz et al. 2015; Acosta-
Cota et al. 2019). This may be due to the significantly decreased in food, protein and lipids intake, as
well as the slight decreased in total caloric intake by SG. Additionally, the lowest food intake by SG
could cause deficiency of micronutrients such as vitamin A or zinc, which has been related to weight
loss in rats (Esteban-Pretel et al. 2010; Kumari et al. 2011).

Glucose and insulin levels and insulin resistance

Regarding to GLU levels, results showed that sucrose-enriched diet consumption during 25 weeks
induced significantly higher fasting GLU levels in SG, as previously reported studies (Sheludiakova
et al. 2012; Oliveira et al. 2014; Pinto et al. 2016). This elevation in fasting blood GLU levels may be
due to an alteration in GLU metabolism such as glucose intolerance which has been observed in
previous studies (Sheludiakova et al. 2012; Oliveira et al. 2014; Packard et al. 2014; Pinto et al. 2016;
Acosta-Cota et al. 2019) and could be indicative of peripheral insulin resistance (Sheludiakova et al.
2012).

The hyperinsulinemia and the presence of insulin resistance observed to a greater extent in SG in
the present study and as previously reported (Oliveira et al. 2014; Schultz et al. 2015), are findings
that allow us to suggest the presence of this alteration. These results in insulin levels and insulin
resistance are related to the potential of sucrose to influence glucose tolerance and insulin sensitivity
through the insulinemic response to glucose (Pinto et al. 2016).

High GLU consumption, a component of sucrose, leads to hyperglycemia and hyperinsulinemia
due to its ability to stimulate higher insulin secretion by pancreatic β-cells, which has serious
implications in carbohydrates and lipids metabolism. It is well reported that hyperinsulinemia
stimulates lipolysis in adipose tissue causing raised free fatty acids in the bloodstream and elevating
their tissues uptake, especially at hepatic level (Basciano et al. 2005; Pérez Cruz et al. 2007).

Figure 8. Effect of sucrose enriched-diet consumption on hepatic total cholesterol accumulation. CG: Control group, SG: Sucrose
group. Hepatic total cholesterol levels (a) and liver weight (b) are shown. Mean values and ± SEM are plotted. p > 0.05.
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In chronic hyperglycemic and hyperinsulinemic states, the levels and uptake of free fatty acids
are higher, stimulating hepatic lipid synthesis and impairing β-oxidation (Ragab et al. 2015). This
lipid synthesis, and as consequence its accumulation, is mainly due the stimulation of lipogenic
pathways by insulin action that promotes the expression of Sterol regulatory element-binding
protein-1 (SREBP-1) and carbohydrate responsive element-binding protein (ChREBP) in the
liver, transcription factors involved in the expression of lipogenic genes, such as those involve in
the synthesis of enzymes related with these pathways (Basciano et al. 2005; Pérez Cruz et al. 2007;
Castro et al. 2014; Schultz et al. 2015).

Figure 9. Effect of sucrose-enriched diet consumption on morphology and histopathology of aorta. CG: control group, SG: sucrose
group. Left column images (a, c and e) belong to CG, right column (b, d and f) images belong to SG. Healthy intima, media and
adventitia tunics (a and b), slight wall thickening (c and d) as well as PVAT (e and f) of both experimental groups are shown. Some
lymphocytes are indicated by arrows, vascular congestion is into a square, LT letters indicate a luminal thrombus and EC letters
indicate endothelial cells. Hematoxylin and eosin, 40X magnification. Scale bars = 50 μm.
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Thereby, it has been reported that long-term exposure to excessive lipid deposition and free fatty
acids directly influence insulin signaling by activation of several serine/threonine kinases reducing
the tyrosine phosphorylation of insulin receptor substrate and affecting the phosphatidylinositol-
3-kinase pathway activation (Zhao et al. 2015) decreasing the translocation of GLU transporters in
insulin-dependent tissues (Acosta-Cota et al. 2019) leading to the development of hepatic and
peripheral insulin resistance which is associated with a greater risk of type 2 diabetes (Sheludiakova
et al. 2012) mostly due to lipotoxicity and the subsequently pancreatic β-cells failure (Zhao et al.
2015).

On the other hand, fructose is also a component of sucrose (Schultz et al. 2015) and it has been
suggested that chronic exposure to it may cause hyperinsulinemia and insulin resistance due the
increase in hepatic de novo lipogenesis in an insulin-independent manner especially because
fructose is mainly metabolized in the liver and to a much greater extent than GLU (Basaranoglu
et al. 2013, 2015).

Lipid profile

Regarding to TG levels, sucrose-enriched diet consumption significantly raised TG levels, similar to
other reports (Sheludiakova et al. 2012; Olguin et al. 2015; Acosta-Cota et al. 2019), which is one of
the most frequently reported findings in the scientific literature after high-sucrose consumption.
This hypertriglyceridemia is closely related to high GLU and insulin levels of SG observed in our
study which could cause the increased TG synthesis and their accumulation at hepatic level derived
from the uncontrolled lipogenesis mentioned above.

After a certain period of time, the excessive TG synthesis is greater than liver capacity to store
them and, due hepatic insulin resistance, the ability of insulin to suppress production of GLU and
VLDL-c is impaired, so TG are release to bloodstream through VLDL-c lipoproteins (Koek et al.
2011; Rolo et al. 2012), leading to dyslipidemias. This is in accordance with our results observed on
serum VLDL-c levels after sucrose-enriched diet consumption and it is important to mention that
increased levels of VLDL-c and TG are important atherogenic risk factors (Basciano et al. 2005;
Pérez Cruz et al. 2007).

In addition, high GLU and fructose levels are able to continuously stimulate glycolysis, produ-
cing high amounts of GLU, glycogen, lactate and pyruvate, which stimulates the release of insulin
and provides a greater amount of glycerol and acyl groups used in the synthesis of TG and
cholesterol, promoting the maintenance of metabolic alterations mentioned before (Basciano
et al. 2005; Pérez Cruz et al. 2007).

Our results showed that sucrose-enriched diet consumption during 25 weeks significantly
decreased serum TC levels. One possible explanation for this result is that SG consumed
a significantly lower amount of solid food (as seen in our results), lipids and consequently less
cholesterol from the laboratory diet compare to CG.

In addition, it has been reported that rats are an HDL-c pattern animal model, meaning that
most of their serum cholesterol is transported by these lipoproteins (Osorio 2013; Osorio et al.
2013). In our study, sucrose-enriched diet consumption trigger increased serum HDL-c levels
which could explain the lower TC levels found in SG (Schaefer et al. 2009). However, reports that
correlate increased HDL-c levels with sucrose-enriched diet consumption were not found.

On the other hand, high HDL-c levels are not always considered as a protection factor from
atherosclerosis. Composition and size of these lipoproteins play a fundamental role in this regard. If
HDL particles are large and rich and cholesterol and TG esters, as it is possible same thing could
have happened in our study given the HDL pattern of the model used, these lipoproteins represent
and atherogenic risk factor due to the change in their composition and consequently in their
function (Camont et al. 2011; Kapourchali et al. 2016). Thus, it is important to take into account
other parameters that represent risk factors to atherosclerosis or CVD (Jacobson et al. 2015).
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Regarding to serum LDL-c levels, our study showed that sucrose-enriched diet consumption
during 25 weeks did not produce a significant difference in this parameter. This may be also related
to the HDL pattern of the animal model used since this would mean that LDL would not be the
main lipoproteins through which the serum cholesterol of rats would be transported. On the other
hand, this finding may be related with high fructose ingestion as previously reported in patients
with hyperinsulinemia (Schaefer et al. 2009) and with the high levels of TG and VLDL-c observed in
SG in the present study. A significant percentage of VLDL particles it is converted to LDL as part of
their metabolism (Basciano et al. 2005; Schaefer et al. 2009; Carvajal 2014).

Liver histopathological changes

Liver steatosis
Regarding to the histopathological changes induced by sucrose-enriched diet consumption during
25 weeks, results showed that both experimental groups developed non-alcoholic fatty liver disease
(NAFLD). However, SG presented a higher steatosis percentage and a greater degree of NASH
according to the scoring system (LaBrecque et al. 2012) used in our study which coincides with
previous reports (Nojima et al. 2012; Schultz et al. 2015; Acosta-Cota et al. 2019).

It has been reported that high GLU and fructose consumption is related to the appearance of
steatosis due to the ability of both monosaccharides to stimulate, in an insulin-dependent and
independent manner, metabolic pathways and molecular mechanisms related to greater hepatic
fatty acids uptake, increase hepatic de novo lipogenesis, imbalance between lipid synthesis and lipid
degradation, lipid accumulation, mainly as TG, and the constant stimulation of the glycolytic
pathway (Basciano et al. 2005; Pérez Cruz et al. 2007; Ragab et al. 2015) some of them previously
mentioned.

The excessive fatty acids content in the liver could lead to mitochondrial dysfunction, increase in
lipid peroxidation and increase reactive oxygen species production which have been related to the
progression from steatosis to NASH (Angulo 2002; Koek et al. 2011; Rolo et al. 2012) due to the
activation of inflammation pathways leading, among other things, to the proinflammatory cyto-
kines, i.e. interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), transforming growth factor
beta (TGF-β) production and increase of chemotaxis (Castro et al. 2014; Acosta-Cota et al. 2019)
which could explain the presence of the inflammatory infiltrate found in parenchyma of the liver
histological samples of SG in our study.

Hepatic total cholesterol accumulation

To know the factors involve in the development of NASH is fundamental in the understanding of
this condition and for creating effective therapies to prevent and cope with this disease (Arguello
et al. 2015; Walenbergh and Shiri-Sverdlov 2015). However, the mechanisms contributing to this
transition are not completely known. In this context, the ‘multiple-hit’model has been proposed to
explain this phenomenon (Buzzetti et al. 2016; Fang et al. 2018). According to this model, insulin
resistance causes an increase in hepatic de novo lipogenesis and in lipolysis in adipose tissue with
increased flux of fatty acids to the liver and altered secretion of adipokines and inflammatory
cytokines (Buzzetti et al. 2016). TG accumulate excessively and lipotoxicity increases derived from
high levels of fatty acids, cholesterol among other lipid metabolites leading to mitochondrial
dysfunction and oxidative stress (Fang et al. 2018). Overall with the increased absorption of fatty
acids and other pathogenic molecules from a dysfunctional gut to the liver leads to a chronic hepatic
inflammatory state (Kirpich et al. 2015) which could progress to cell death and fibrosis (Caballero
et al. 2009; Walenbergh and Shiri-Sverdlov 2015; Vega-Badillo 2016).

Regarding this, recent evidence in human and animal models suggest that hepatic cholesterol
could be a key factor in the development and progression of NASH (Ioannou 2016; Ioannou et al.
2019). In the present study, sucrose-enriched diet consumption during 25 weeks did not produce
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significant differences in hepatic cholesterol levels, which was similarly observed in other study
executed with the same animal model (Torres-Villalobos et al. 2015). Nevertheless, scientific
evidence that show association between these parameters is limited.

On the other hand, in the present study SG showed a slight increase of hepatic cholesterol levels,
which could be correlated with the liver histopathological findings since scientific reports suggest
that cholesterol metabolism is deregulated in animal models and patients with NAFLD as a result of
its hepatic increased uptake and endogenous synthesis as well as its decreased removal through the
bile which leads to greater liver damage (Arguello et al. 2015; Vega-Badillo 2016).

Otherwise, the mechanism by which cholesterol promotes the development of NASH is not com-
pletely elucidated; however, there are several possible suggested mechanisms. When hepatic cholesterol
accumulates in the first stages of NAFLD, abundant cholesterol tends to crystallize within the lipid
droplets leading to the aggregation of Kupffer cells in crown-like structures around the droplets which
induce the activation of inflammation pathways and trigger the production of pro-inflammatory
cytokines as TNF-α (Liangpunsakul and Chalasani 2018); Besides, stellate cells are also stimulated
which generates fibrosis. Subsequently, different mechanisms that yield mitochondrial dysfunction,
oxidative stress among others are activated and lead to hepatocyte apoptosis (Mota et al. 2016;
Liangpunsakul and Chalasani 2018).

Aortic histopathological changes

CVD are recognized as the main cause of morbidity and mortality worldwide and atherosclerosis is
the most contributing pathophysiological factor to these diseases (OMS 2017).

There are many atherosclerotic risk factors and unhealthy diet is closely related to them (OMS
2017). As well as high-fat diets (Wang et al. 2014), sugar-sweetened beverages consumption has
been associated with several cardiometabolic effects and scientific evidence has indicated that may
increase the risk of coronary heart disease (Huang et al. 2014; Shah 2017).

In the present study, sucrose-enriched diet consumption did not induce atheroma plaque
formation. However, in both experimental groups, we observed a slight wall thickening which is
considered the earliest microscopic vascular change (American Heart Association Type I lesion) in
atherosclerosis classification (Sakakura et al. 2013). Couple with this, scientific evidence has
proposed that intima-media thickening is a marker of atherosclerosis burden, a predictive factor
of cardiovascular and stroke events in adults and has been associated with type 1 diabetes in
children (Woo et al. 2004).

This finding may be firstly related to rats ages, which could explain that both experimental
groups developed this characteristic. On the other hand, the higher lipids intake and hypercholes-
terolemia levels observed in CG are important atherogenic risk factors that could be related to this
finding in this group (Lahoz and Mostaza 2007; Getz and Reardon 2012).

In respect to SG, greater levels of hyperglycemia, hyperinsulinemia, insulin resistance, hypertriglycer-
idemia and high VLDL-c levels could help to understand this finding in the group. Previous studies have
shown that hyperglycemia can induce endothelial dysfunction which is considered to be a potential
mediator to adverse cardiovascular effects of sugar-sweetened beverages (Shah 2017), early abnormality
during atherogenesis andmarker of arterial damage which precedes plaque formation (Woo et al. 2004).
Persistent hyperglycemia is also associated with upregulation of cytokines and growth factors as inter-
leukin- 1β and TNF-α in intimal cells of the arterial walls (Kishida et al. 2012). Besides, hyperglycemia
may induce an increased intracellular reactive oxygen species (ROS) production and a decreased nitric
oxide bioavailability (Hulsmans et al. 2012) increasing oxidative stress, inflammation and vascular
dysfunction (Shah 2017). Insulin resistance also increased mitochondrial ROS from free fatty acids and
by inactivation of antioxidant enzymes by ROS (Hulsmans et al. 2012).
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High-fructose consumption is also related to atherosclerosis due to an increased de novo
lipogenesis with its consequent elevation on TG and VLDL-c levels, consistent with our study.
Also, increased small dense LDL-c that are in particular linked to cardiovascular risk (Kolderup and
Svihus 2015).

Even when SG showed the most severe degree of NAFLD, both groups developed this condition
which is tightly related to endothelial dysfunction and increased risk of atherosclerosis and CVD
(Gaggini et al. 2013; Kim et al. 2014).

We observed that SG aorta tissue samples showed a higher amount of PVAT vs CG which is
a very important finding. Normally, is recognized that atherosclerotic process initiates in intimal
tunic and progress from the inside to the outside of the artery. Nevertheless, recently it has been
suggested that inflammatory process also progresses from the outside toward the inside of the artery
due to the action of PVAT (Tanaka and Sata 2018).

Finally, the fact that we did not observe the atheroma plaque formation despite the rats ages
and the other metabolic alterations presented by them may be due to the intervention period. It
is probable that the slight wall thickening observed in the aorta of the SG could progress to
atheroma plaque, as normally occurs in humans, if the intervention period was longer and the
high-sucrose consumption and metabolic alterations continue. However, it will be interesting to
prove this dietary intervention in an animal model with a lipoprotein profile similar to humans
with LDL present as the major form of circulating cholesterol, as guinea pigs (Ye et al. 2013).

Conclusion

The sucrose enriched-diet consumption during 25 weeks contributed to the development of risk
factors associated with type 2 diabetes, atherosclerosis and non-alcoholic fatty liver disease such as
hyperglycemia, hyperinsulinemia, insulin resistance, hypertriglyceridemia, high VLDL-c levels and
NAFLD (steatosis and NASH) development in male Wistar rats. Our results, with those of previous
studies, contributed to generate scientific evidence to help clarify the existing inaccuracies about the
health negative effects associated with high-sucrose consumption with the purpose of implement
effective combat and preventive strategies against NCDs and their risk factors.
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