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Abstract: In Mexico and worldwide, the increase in the prevalence of overweight and obesity are
associated with the consumption of sugary drinks. Therefore, in 2014, Mexico implemented a tax of
one peso per liter on sugary drinks, in response, the industry reformulated these beverages, but
their health effects are little known. Rats’ males and females were included, who consumed
beverages with caloric (CS) and non-caloric sweeteners (NCS) for 16 weeks. The weight, food and
beverage intake of the animal was recorded weekly. At the end of the treatment, the gonadal (GAT),
mesenteric (MAT) and retroperitoneal (RAT) adipose tissue was dissecting; serum metabolic
indicators were quantified. No differences were observed in weight gain, but there were higher
beverage and energy intake, mainly in female rats. All groups with CS and NCS increased 2.0-2.4 or
1.3-1.9 times their intake of beverages, respectively, compared to control groups. With dextrose
intake, males’ rats showed a higher amount of GAT and MAT, and RAT in Stevia group. The males’
rats of CS and NCS groups presented higher concentration of triglycerides. The consumption of CS
and NCS of the beverages reformulated in México has effects on the volume ingested as well as
metabolic and adiposity indicators, therefore they should not be considered innocuous.
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1. Introduction

Obesity stands as a significant public health challenge in Mexico and worldwide, as it is closely
associated with the development of dyslipidemias, metabolic syndrome, non-alcoholic liver disease,
diabetes, and certain types of cancers [1]. Numerous factors contribute to its etiology in Mexico, with
notable emphasis on the consumption of high-sugar and high-saturated-fat foods, coupled with
sedentary lifestyles and elevated intake of sugary beverages [2].

Sugar sweetened beverages (SSBs) have been identified as a major factor to the obesity epidemic
[3]. Studies estimate that between 12% and 19% of deaths among obese adults in Mexico, attributed
to diabetes, cardiovascular diseases, and cancers in 2010 and 2012, were linked to SSB consumption
[4,5]. SSBs intake correlates with weight gain [6] obesity [7] insulin resistance [8] and increases in
visceral fat deposits [9]. Since 2014, in Mexico was implemented a tax to sweetened beverages as a
strategic to reduce the prevalence of overweight and obesity in the population.

In response, the beverage industry reformulated beverages for children and adults, using non-
caloric sweeteners (NCS) or a mixture of both, in place of only caloric sweeteners (CS). However, the
long-term effects of substances that mimic sweetness without contributing energy, their impact on
health outcomes, including energy intake, remain ambiguous [10,11]. The consumption of SSBs has
also been associated with weight gain, increased energy intake [12-15] and glucose intolerance [16],
while NCS have been implicated in altering satiety signaling pathways and fatty acid synthesis [17].
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Currently, conclusive data regarding the influence of both caloric and non-caloric sweeteners
used in reformulation of beverage in Mexico and their effect in energy intake regulation, body fat
accumulation, and metabolic and adiposity indicators are lacking. Thus, evaluating the chronic
effects of these sweeteners on energy intake, body composition, and metabolic and adiposity
indicators in animal models like the Wistar rat is necessary.

2. Materials and Methods

2.1. Animals and Diets

The project procedures were approved by the Institutional Ethical Committee for the Care and
Use of Laboratory Animals (CICUAL) at the Autonomous University of the State of Hidalgo (UAEH),
code 01/2017. The study included 84 Wistar Han rats (42 males and 42 females) weighing between 40
and 50 grams. Throughout the 17-week experiment, the rats were housed in the UAEH vivarium.
They were fed the AIN-93M diet from the American Institute of Nutrition [18], providing an energy
contribution of 3.77 Kcal/g. The rats were kept in polycarbonate boxes under controlled conditions of
temperature (22°C + 2°C), humidity (40-70%), and a 12/12-hour light/dark cycle. During the
adaptation period, all animals had ad [ibitum access to water for one week (week 1 of the experiment).

After adaptation, the rats were divided into 6 groups, each consisting of 7 females or males
randomly selected. The control groups of females and males consumed ad libitum water for 16 weeks.
Three groups received solutions containing 7% CS (0.28 Kcal/mL): 1) sucrose from sugar cane, 2)
anhydrous dextrose, and 3) high fructose corn syrup (High fructose 55, MILLIKAN®). The remaining
2 groups ingested NCS at 0.3% dissolved in water: 4) steviol glycosides solution (2.5 g/100 g, Svetia®)
and 5) sucralose (1.2 g/100 g, Splenda®).

2.2. Baseline and Consecutive Measurements

At the experiment’s onset, a total of 6 male and 6 female Wistar rats (one from each group) were
sacrificed to obtain serum for baseline metabolic measurements, these animals had not consumed CS
or NCS. For 16 weeks six female and 6 male rats from each group continued in the experiment. At
the end of the 16-week treatment period, all animals were sacrificed to evaluate cumulative effects.

2.3. Weekly Weight and Caloric Intake Records

Individual body weights of the rats were recorded every seven days from the project’s
commencement until its conclusion, a Triple beam 700/800 series Ohaus® scale with an accuracy of
0.1 g was utilized for this purpose. Continuous measurements of feed consumption (3 times per
week) were recorded using a Tanita KD-160® scale. The volume of ingested solutions was calculated
by measuring the liquid volume in the drinking troughs daily with a 500 mL Kimax® measuring
cylinder.

2.4. Sacrifice and Blood Collection

At the end of the 16-week treatment period, sweetened beverage consumption was
discontinued, and all animals were provided with only water for 24 hours. Prior to sacrifice, the rats
were anesthetized using Pisa® brand isoflurane inhalation and with 8-hour fasting period, the
animals were euthanized by decapitation to collect blood from the carotid artery and jugular vein.
Blood was centrifuged at 5000 rpm for 10 minutes to obtain serum, which was then frozen at -30
degrees Celsius for a maximum of 10 days.


https://doi.org/10.20944/preprints202503.1131.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

2.5. Dissection of Adipose Tissue

After sacrifice and blood extraction, the rat was opened in the middle abdominal region to obtain
by dissection the mesenteric adipose tissue (MAT): located around of the small and large intestinal
mesentery, right mesocolon, transverse mesocolon, small intestinal mesentery, mesosigmoid and
mesorectum; the gonadal adipose tissue (GAT): located over the reproductive organs of females
(ovaries and uterus) and males (surface of the testes and epididymis); and retroperitoneal adipose
tissue (RAT): located in the posterior parietal peritoneum along the dorsal abdominal wall. Each
tissue adipose was weighed separately using an Ohaus model Adventurer Pro ® analytical scale with
an accuracy of 0.01 g.

2.6. Measurement of Biochemical Indicators

Serum obtained from the blood was used for analytical determinations of glucose, total
cholesterol (TC), HDL cholesterol (high-density lipoprotein), triglycerides (TG), leptin, adiponectin,
and insulin levels using enzymatic kits from Wiener Lab® and ELISA kits from Millipore®, following
the manufacturer’s protocols.

2.7. Statistical Analysis

The statistical program IBM® SPSS® (Statistical Package for Social Sciences) version 25.0 for
Windows® was used for the analysis of results. The variables were described as means * standard
deviation (SD), normal distribution and the homogeneity of variances were assessed to determine
appropriate statistical test. Student’s t-test or Mann-Whitney U test was used to compare two groups,
while one-way ANOVA with Bonferroni post-test or Dunnet's T-3 or Kruskal-Wallis test was
employed for cross-sectional comparisons between different diets and treatment groups. A
significant level of p<0.05 was considered statistically significant.

3. Results

3.1. Drink Intake and Weight Gain of Wistar Rats

Animals with caloric and non-caloric sweeteners consumed significantly more beverages
compared to the control group (ANOVA, p<0.05), with a preference for beverages with caloric
sweeteners, Table 1. In relation to control group, male rats consumed 2.1, 2.0 and 2.1 times more
beverage with sucrose, HFCS and dextrose, respectively and only 1.3 and 1.5 times more beverage
with sucralose and Stevia. Females consumed 2.25, 2.3 and 2.45 times more beverage with sucrose,
HFCS and dextrose, respectively, and only 1.9 and 1.8 times more beverage with sucralose and Stevia.
Female rats showed higher consumption of sweetened beverages compared to males (Student’s t-
test, p<0.05).

At the beginning of the study, the average weight of the animals was 69.1 + 8.3 g, without
differences between sexes and study groups. There were no differences in weight gain between male
and female rats at the end of the 16 weeks of treatment with caloric and non-caloric sweeteners. At
the end of the study, the male rats recorded a weight of 430.5 + 51.8 g and the female rats 245.2 +22.1
g, with no differences between the experimental groups.

Table 1. Total intake of water or beverages (mL) with caloric and no caloric sweeteners in Wistar rats.

Males
Week Sucrose HFCS Dextrose Sucralose Stevia Control
1 307.3+95%bc  290.8+24°b 331.3+10.2% 203.2+10.0bd 272.0+329°b 170.7+6.9ad
4 4239256 4325+14.8° 4162+214°> 2863+25bd 3383+183bd 238.8+13.7 ad
8 391.3£379b 4330+7.7% 4325+35.6° 216.3+26.6¢ 3043+522> 188.3+3.6a
12 417.7+58.8bc 4472 +11.5> 4343+25b 2563 +38.7bd 2424 +30.8bd 1722+49a
16 4083 +27.4bc 391.7+9.1b 400.0+3.3> 2599+5844 255.0+68.5¢ 158.3+10.9=
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Total 386.2+182b 372.6+10.8> 383.3+3.7° 238.2+27.6d 281.3+33.8bd 182.6+32a
Female
1 306.5+119°b 302.7+46.4> 3149+14.6> 284.8+13.7> 260.9+12.44 180.5+5.34
4 414.7 £25.2> 406.5+18.8> 3975+27> 3445+323> 3472+374> 180.8+10.0%
8 333.8+20.6bc 4199 +182%bd 408.7+12.4%d 364.2+39.2> 3343+212° 1399+2562
12 403.0+30.7b 407.5+289> 448.6+35.6 278.0+289vd 2728 +20.1kd 1549+34.12
16 367.5+11.9>« 390.8+2.8% 461.5+37.3> 3083 +3.6>d 315.8+33.7> 140.8+13.72
Total 350.1+229%b 3642+9.1% 379.6+30.8> 296.8+19.0bd 281.2+52bd 154.6+1852

The values represent the weekly intake averages + standard deviation of the groups that consumed solution of
sucrose, high fructose corn syrup (HFCS) or dextrose at 7% or sucralose and Stevia at 0.3% and the group with
water (control). Different letters in each row indicate significant differences between groups according to

ANOVA test, p <0.05. The total represents the average consumption over the 16 weeks of treatment.

3.2. Energy Intake in Wistar Rats

Figure 1 presents the mean + SD of energy intake from food and drink (Kcal/week) in male and
female rats. In males, energy intakes per week differed among the experimental groups, with higher
intakes observed at weeks 8 and 12 in the sucrose, dextrose, and Stevia groups compared to the
control group (ANOVA, p <0.05). At the average of the 16 weeks of treatment (W16), the Stevia group
of males consumed more energy (588.2 + 4.4 Kcal) that the control group (547.2 +11.2 Kcal), p < 0.05.

In relation to the control, the female rats of the groups with caloric sweeteners sucralose, HFCS
and dextrose registered a higher energy intake from week 4 of treatment (ANOVA, p<0.05). At W16
the female control and sucralose group also recorded differences in energy intake (375.2 + 12.5 vs.
406.2 + 7.7 Kcal, respectively, p<0.05). In contrast to observations in male rats, females in the Stevia
group did not present differences in energy intake compared to the control group.

The amount of energy consumed from the beverage was similar between males and females in
the sucrose (110.7 £ 5.7 vs. 98.5 + 9.8 Kcal/week, p=0.53), dextrose (111.4 £ 1.5 vs.111.5 +9.2 Kcal/week,
p=0.99) and HFCS (75.8 + 12.5 vs. 83.7 + 2.3, p=0.96) groups, (Figure 1). Although, the proportion of
energy intake from beverages with caloric sweeteners was higher (p<0.01) in females compared to
males for the sucrose (23.0 % vs. 18.9%), dextrose (24.8% vs. 19.9%) and HFCS (19.1% vs. 13.4%)
groups (Figure 1).
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Figure 1. Average energy intake in Wistar rats with caloric and non-caloric sweeteners during 16 weeks of
treatment. Co= control group, St= Stevia, Su= sucralose, De=dextrose, HF= high fructose corn syrup 55 and Sa=

sucrose. M= male and F= female. The black bars represent the energy of the food and the grays of the drink.
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Different letters indicate significant differences between groups of males o females with their control, ANOVA
test, p<0.05.

3.3. Adipose Tissue in Wistar Rats

The amount of GAT, MAT and RAT in male and female Wistar rats treated with caloric and non-
caloric sweeteners for 16 weeks are described in Table 2. Higher GAT (3.7 + 0.61 mg/g wt) and MAT
(2.8 £ 0.80 mg/g wt) were present in male rats of the dextrose group compared to the control group
(TAG: 2.3 £ 0.33 and MAT: 1.7 + 0.33 mg/g wt), p <0.05. Male rats in the Stevia group presented a
higher amount of RAT (4.6 + 0.64 mg/g wt) compared to the control group (2.7 £ 0.19 mg/g wt), p<0.05.
In males the total amount (GAT + MAT + RAT) of adipose tissue was higher in the dextrose and Stevia

group.

Table 2. Adipose tissue (mg/g body weight) of Wistar rats with chronic consumption of caloric and non-caloric

sweeteners.
Males
Group Gonadal Mesenteric Retroperitoneal Total
Sucrose 2.8+0.38 2.4+0.31 3.5+0091 8.7+1.2
HEFCS 2.3+0.29 22+0.52 3.2+0.34 7.7 £0.62
Dextrose 3.7+0.61° 2.8+0.80° 39+£1.2 104+25%
Sucralose 29+0.26 1.9+0.38 3.3+0.49 8.0+0.91
Stevia 3.1+0.53 22+0.21 4.6 £0.64° 10+£1.16"
Control 23+0.332 1.7+0.32 2 2.7+0.192 6.7+0.602
Females
Sucrose 3.3+0.94 1.5+0.56 1.6 +0.50 6.4+19
HEFCS 47+0.81° 1.9+0.48 2.2+0.56 8.9+043"
Dextrose 41+0.24"b 1.7 +0.45 2.2+0.56 7.8+045%
Sucralose 3.4+049 1.8+0.30 2.1+0.56 7.3+0.72
Stevia 1.7 +0.55 1.4+0.14 1.6 +0.08 4.7 +£0.64
Control 22+0.752 1.2 +0.44 1.7 +0.66 52+0.462

The values represent the averages of gonadal, mesenteric, and retroperitoneal adipose tissue + standard
deviation of the groups that consumed AIN 93 M food, and 7% solution of sucrose or high fructose corn syrup
(HFCS) or dextrose and plain water (control); different letters in the same column indicate significant differences

between groups according to ANOVA test, p <0.05.

In female rats, a higher amount of TAG was identified in the HFCS and dextrose group relative
to the control group (4.7 £ 0.81, 4.1 £ 0.24 vs. 2.2 + 0.75 mg/g wt, respectively, ANOVA p<0.05). In
TAM and TAR, no differences were found in any of the study groups. The total amount of adipose
tissue was higher in the HFCS and dextrose group with no significant differences between the groups
with non-caloric sweeteners.

3.4. Biochemical and Adiposity Indicators

At the beginning of the experiment, the average glucose concentration in all Wistar rats
(baseline) was 66.1 + 18 mg/dL, with TG levels at 108.1 + 35.9 mg/dL, TC at 112.6 + 18.2 mg/dL, and
HDL at 42.6 = 8.9 mg/dL. Insulin concentration at baseline was 0.64 + 0.19 ng/mL, and adiponectin
levels of 0.45 + 0.13 ng/dL, with no differences observed between males and females, Table 3.
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Table 3. Metabolic and adiposity indicators in Wistar rats with chronic consumption of beverages caloric and

non-caloric sweeteners.

Males
Glucose Triglycerides ColT ColHDL Insulin Leptin Adiponectin
(mg/dl)  (mg/dL)  (mg/dL)  (mg/dL) (ng/ml) (ng/mL) (ng/mL)
Sucrose 94.0+9.8 257.0+15.6> 73.1+129 275+36 12+12 177483 36.5+72
HFCS 94.6+11.8 273.0+447% 803+154 327+54 04x02% 191+88 37.6+6.1
Dextrose 72.0£8.0 299.7+623> 759+95 27.0+48 19+132 21.3+91 36.2+5.6
Sucralose 85.8+16.7 352.4+362% 943+70 266+31 18+142 178+98 277170
Stevia 87.0+7.2 2423+364> 894+63 393+80" 09+02 188+67 28.6+69
Control 78.8+7.0 1223+5122 737+74 287+392 17+17 147+58 288=+121
Females
Sucrose 63.8+12.0 105.8+321* 777+112 33.6+27 04+01 52+29 29.6 +4.2
HFCS 90.4+11.8* 61.2+21.1 837+183 344+25 04+01 49+46 28.6+84
Dextrose 60.6+19.2 884+228% 100.1+184 399+47 08+04°® 68+31 365%50
Sucralose 67.5+9.9 1089+157b 76.1+129 343+31 03+01= 3.0+11 275%85
Stevia 709+10.0 63.4+189 826+123 36.6+27 05x01 24+17 248+46
Control 65.1+10.52 56.0+6.12 720+9.1 36.8+52 0.7+01 28+18 251+58

Data represents serum averages + standard deviation. Total cholesterol (ColT), HDL cholesterol (ColHDL). The

Group

groups consumed AIN 93 M and 7% sucrose or high fructose corn syrup (HFCS) or dextrose, and 0.3% sucralose
or stevia solution, and water (control); different letters in the same column indicate significant differences
between groups for the ANOVA test, p<0.05.

Table 3 describes the averages + SD of metabolic and adiposity indicators in male and female
Wistar rats. At the end of treatment in males, all study groups showed higher concentrations of TG
compared to the control group (ANOVA, p<0.05). Additionally, the Stevia group exhibited a higher
concentration of HDL cholesterol compared to the control group (39.3 + 8.0 vs. 28.7 + 3.9 mg/dL, p<
0.05).

No differences were found in glucose, TC, insulin, leptin and adiponectin markers in any study
groups compared to the control group. However, insulin was lower in males of the JAMF group in
relation to the glucose and sucralose groups (Table 3).

In female rats of the HFCS group, a higher serum glucose concentration was recorded compared
to the control group (90.4 + 11.8 vs. 65.1 + 10.5, p<0.05). Moreover, rats treated with sucrose, dextrose
and sucralose showed higher TG concentration compared to the control group (ANOVA, p<0.05). No
significant differences were observed in TC, HDL, insulin, leptin and adiponectin concentrations
between the control group and the other treatments. However, significant differences in insulin
concentrations were recorded between females with dextrose compared to the sucralose group (Table
3). This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

4. Discussion

The reformulation of beverages and foods reduces energy density by replacing sugars or fats
with other ingredients. These novel ingredients may introduce allergens or pose new physical,
chemical or biological risks that were not present in the original formulation [19]. The incorporation
of sweeteners in beverages reduces the energy and sugar content while preserving the sweet taste,
because consumer demand is higher for beverages with a high sweetness intensity [20].

Both humans [21] and rodents [22] exhibit a preference for the sweet taste due to the pleasurable
sensations associated with their consumption. The findings of this study suggest that this preference
for sweet beverages regardless of their energy content. However, it was observed that consumption
was higher with caloric sweeteners, which may be attributed to a greater reward response associated
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with the learned satiating capacity of calorically sweetened foods, influenced in part by the viscosity
of energy drinks [23,24]. In this study, female rats demonstrated a stronger preference for sweet
beverages, possibly due to gonadal sex hormones [25,26] and a heightened sensitivity to sweet taste
[27].

Despite the increased consumption of beverages with caloric sweeteners, no significant
differences in weight gain were observed after 16 weeks of treatment in both female and male rats.
These results are aligned with previous studies conducted on Wistar rats over shorter durations,
which used sucrose (35%) and high fructose (15%) in the animals’ drinks [28,29]. Conversely, some
reports indicate weight gain in female and male BALB mice after consuming solutions containing
sucrose (10%) or 0.25% sucralose for 6 weeks, while no changes were observed in those consuming
steviol [30]. Similarly, Wistar rats consuming steviol and fructose did not exhibit weight changes [31].
In this study, the lack of association between increased consumption of caloric sweetened beverages
and changes in body weight in the tested rats may be attributed to adjustments in total energy intake
or changes in body composition, potentially involving an increase in adipose tissue.

Results regarding energy intake from food and sweetened solutions indicate that male rats
exhibit greater adjustments in energy intake from food over the long term in response to the
consumption of sweetened beverages (Table 1 and Figure 1). In contrast, females in the caloric
sweetener group and the sucralose group did not adjust total energy intake (food and beverage),
which was associated with higher energy intake from the beverage in the caloric sweetener group.
Studies in humans and rats have reported sex-based differences [32,33] associated with the regulation
of energy intake from sweetened beverages in the short [34] and medium term [35]. Male rats appear
to have a greater capacity to regulate energy intake compared to females, although the underlying
mechanisms for these differences remain unclear.

Consumption of non-caloric sweeteners was associated with higher energy intake in male rats
of Stevia group and in females of sucralose group compared to the control group, suggesting that
these non-caloric sweeteners have varying effects on energy intake. This difference may be due to the
inconsistent coupling between sweet taste and caloric content [36] which can lead to a compensatory
response in energy intake [37]. Despite the higher energy intake observed in female rats, no
differences in weight gain were noted. However, both males and females exhibited differences in the
amount of adipose tissue. With the consumption of the sweetened beverage, other nutrients, mainly
lipids and proteins, were displaced from the diet, potentially explaining why body weight remained
stable but adipose tissue increased. A study in men revealed that intake of drinks containing non-
caloric sweeteners (sodium cyclamate, acesulfame K, aspartame, and sodium saccharin) increased
neural activity in regions associated with reward, while sucrose and water primarily affected insula
activation [38].

This study identified sex-specific differences in the total amount of adipose tissue and the type
of sweetener consumed. Consumption of dextrose and Stevia in males, and dextrose and HFCS in
females, was associated with a greater amount of adipose tissue, primarily in gonadal tissue.
Increased accumulation of adipose tissue has been reported in rodents of both sexes associated with
the consumption of caloric sweeteners such as dextrose [39,40] as well as non-caloric sweeteners such
as sucralose in females and Stevia in males [41,42], consistent with the findings of this study.

Furthermore, an increase in serum insulin levels of male and female Wistar rats was observed
with the intake of dextrose and sucralose. Chronic use of non-caloric sweeteners like sucralose has
been shown to increase plasma levels of glucose insulinotropic peptide (GIP) and insulin in obese
patients, indicating a potential development of insulin resistance [43]. The observed increase in HDL
levels in male rats consuming Stevia aligns with previous reports in albino rats with hyperlipidemia
[44], suggesting a beneficial effect on blood lipids through regulation of lecithin cholesterol acyl
transferase (LCAT) activity [45,46].

The use of sweeteners may have adverse effects on the accumulation of adipose tissue, energy
intake and insulin secretion, although their use in reformulated foods or beverages is not prohibited.
In Mexico the cautionary legend in foods and beverage: “CONTAINS SWEETENERS, NOT


https://doi.org/10.20944/preprints202503.1131.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2025

RECOMMENDED FOR CHILDREN” indicated in the MODIFICATION to the Mexican Official
Standard NOM-051-SCFI/SSA1-2010 [47], should include messages about adverse effects.

5. Conclusions

The consumption of both caloric and non-caloric sweeteners from early ages of life, was linked
to elevated energy intake, particularly in female rats. Beverages containing HFCS and dextrose were
associated with increased energy intake and higher amounts of gonadal adipose tissue in female rats.
In male rats, consumption of Stevia beverages led to increased energy intake, while both Stevia and
dextrose were correlated with higher total adipose tissue. These findings highlight the complex
relationship between sweetener consumption, energy regulation, and adipose tissue deposition,
which may vary based on sex and sweetener type. Labels on reformulated foods and beverages
should include a warning about the adverse effects of sweeteners and sugars.
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