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Abstract

Aims: Although there is evidence linking sugar-sweetened beverage (SSB) intake

with the development of cardio-metabolic diseases, the underlying mechanisms

remain unclear. The current study therefore evaluated the effects of SSB

consumption by establishing a unique in-house in vivo experimental model.

Main methods: Male Wistar rats were divided into two groups: a) one consuming

a popular local SSB (SSB- Jive), and b) a control group (Control-water) for a period

of three and six months (n ¼ 6 per group), respectively. Rats were gavaged on a

daily basis with an experimental dosage amounting to half a glass per day (in

human terms) (SSB vs. water). Cardiac function was assessed at baseline
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vier Ltd. This is an open access article under the CC BY-NC-ND license

y-nc-nd/4.0/).

mailto:mfessop@sun.ac.za
https://doi.org/10.1016/j.heliyon.2019.e01357
https://doi.org/10.1016/j.heliyon.2019.e01357
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2019.e01357&domain=pdf
https://doi.org/10.1016/j.heliyon.2019.e01357
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 Published

(http://creativecommons.org/li

Article Nowe01357
(echocardiography) and following ex vivo ischemia-reperfusion of the isolated

perfused working rat heart. Oral glucose tolerance tests and mitochondrial

respiratory analyses were also performed. In addition, the role of non-oxidative

glucose pathways (NOGPs), i.e. the polyol pathway, hexosamine biosynthetic

pathway (HBP) and PKC were assessed.

Key findings: These data show that SSB intake: a) resulted in increased weight

gain, but did not elicit major effects in terms of insulin resistance and cardiac

function after three and six months, respectively; b) triggered myocardial NOGP

activation after three months with a reversion after six months; and c) resulted in

some impairment in mitochondrial respiratory capacity in response to fatty acid

substrate supply after six months.

Significance: SSB intake did not result in cardiac dysfunction or insulin resistance.

However, early changes at the molecular level may increase risk in the longer term.

Keywords: Nutrition, Physiology, Cardiology, Molecular biology, Biochemistry

1. Introduction

Obesity is a global pandemic with developing nations often hardest hit [1]. In par-

allel, there is increased manifestation of obesity-related complications such as

Type 2 Diabetes (T2D) and cardiovascular diseases (CVD) [2, 3, 4]. Although

this rise is multi-factorial in nature, well-known risk factors include sedentary life-

styles and poor dietary habits e.g. increased caloric intake from sugar-sweetened

beverages (SSBs) [5].

Numerous risk factors and adverse effects arise from increased SSB consumption [6]

as the body does not compensate for the excess calories consumed. Studies have

linked high SSB intake to numerous risk factors for cardio-metabolic diseases onset,

e.g. increased visceral fat deposition, elevated triglyceride and cholesterol metabo-

lites, and greater body weight [6, 7, 8]. The consumption of various carbohydrates

(e.g. sugars and high fructose corn syrup) contributes to high dietary glycemic

load, inflammation and insulin resistance irrespective of obesity [9, 10]. Moreover,

high SSB consumption leads to increased blood glucose and insulin concentrations

[8, 11, 12] that can directly impede hepatic insulin signaling and thereby promote in-

sulin resistance [13]. SSB intake may also not trigger the satiety response and this

may be an important link between elevated liquid calories and increased health risk.

Although there is evidence linking SSB intake with the development of cardio-

metabolic diseases, the underlying mechanisms whereby it can result in such com-

plications remain poorly understood. In light of this, we evaluated the effects of SSB

consumption by establishing a unique in-house in vivo experimental model. Socio-

economic factors and the recent implementation of a sugar tax in South Africa favor
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the consumption of more cost-effective SSBs among the poor and working class. As

a result, we here investigated a popular, locally consumed SSB (Jive). In addition, it

does not contain any caffeine that may result in effects on cardiac function and meta-

bolism. For the current study, we investigated whether actual SSB consumption (as

opposed to other completed studies where fructose and/or glucose intake were inves-

tigated) for 3 and 6 months, respectively, triggers metabolic dysregulation and puta-

tive links to mitochondrial and cardiac function. Here we specifically focused on the

role of non-oxidative glucose pathways (NOGPs), i.e. the polyol pathway, hexos-

amine biosynthetic pathway (HBP), and PKC in this process, as such pathways

were previously implicated in the onset of cardio-metabolic complications [14, 15,

16]. This was done as the NOGPs are branch pathways of glycolysis and are up-

regulated in response to elevated glucose flux, thereby triggering detrimental down-

stream pathways that can lead to cardiac contractile dysfunction [17].
2. Materials and methods

2.1. Animals and experimental protocol

Male Wistar rats weighing w250 grams were divided into two groups: a) one

consuming a popular local SSB (SSB- Jive), and b) a control group (Control-water)

for periods of three and six months (n ¼ 6 per group), respectively. The local SSB

used was Jive granadilla flavor. This product contains 4 g sucrose per 100 ml, i.e.

176.7 KJ per 250 ml serving. Rats were gavaged on a daily basis with an experi-

mental dosage depending on group allocations and body weight classification (refer

Table 1). Dosage volumes were calculated using the surface area-to-volume ratio

[18] and corrected for weight. Here dosages simulated the equivalent of 125 mL

(54 calories) of SSB consumed per day for a 60 kg person. Rat chow was provided

ad libitum and the animals regularly evaluated to assess their overall well-being.

Food intake was monitored on a weekly basis by initially weighing normal rat

chow and placing the pellets into rat cages, whereafter pellets were removed and

re-weighed after seven days. The difference between the two measurements equated

to food consumed per cage. The rats were weighed on a weekly basis to record the

percentage weight gain to allow for an assessment of the development of obesity.

Upon the completion of the experimental procedures, rats were euthanized and or-

gans harvested, weighed and snap-frozen and stored at -80 �C until further analysis.

All animals were treated in agreement with the Guide for the Care and Use of
Table 1. SSB volumes gavaged according to weight classification.

Treatment 250e300 g 300e350 g 350e400 g 400e450 g >450 g

Control 3.2 ml 3.8 ml 4.5 ml 5.1 ml 5.8 ml

Jive� 2.4 ml 2.9 ml 3.4 ml 3.8 ml 4.4 ml
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Laboratory Animals of the National Academy of Science (NIH publication No.

85e23, revised 1996). This study was executed with the approval of the Animal

Ethics Committee of Stellenbosch University (Stellenbosch, South Africa), (Ethics

# SU-ACUM13-00012).
2.2. Blood sampling

The animals were fasted overnight (at least 12 hours) and thereafter sedated using

3% isoflurane (Piramal, Bethlehem PA) before 1 mL of blood was drawn from the

right jugular vein. The blood was then centrifuged to collect serum samples that

were stored at �80 �C until it was sent to the National Health Laboratory Service

(Tygerberg Hospital, Western Cape, South Africa) to evaluate for the measurement

of: uric acid, alanine aminotransferase (ALT), hemoglobin A1c (HbA1c), triglyc-

erides and total cholesterol levels (mmol/L) using standard procedures. Different

methods were employed to determine HbA1c: National Glycohemoglobin Stan-

dardization Program (NGSP), the International Federation for Clinical Chemistry

(IFCC) and estimated average glucose (eAG). The NGSP system is the most

widely used and results are expressed as a percentage of glycation. The IFCC

method relies on high performance liquid chromatography to separate glycated

and non-glycated peptides. Thereafter mass spectrometry or capillary electropho-

resis is employed to quantify each respective group and the results are expressed

as mmol/mol. The eAG is calculated with a regression equation and measured in

mmol/L (most contested method) [19]. Insulin levels were measured by using a

commercially available ELISA kit (Mercodia AB, Sweden). The homeostatic

model assessment for insulin resistance (HOMA-IR) was determined as before in

order to quantify insulin resistance [20].
2.3. Oral glucose tolerance tests (OGTTs)

Baseline fasting glucose levels were initially evaluated whereafter glucose powder

was dissolved in distilled water (0.86 g/kg body weight) and rats gavaged and moni-

tored for 120 minutes. Readings were taken at the following time points (in minutes):

5, 10, 15, 30, 45, 60 and 120.
2.4. Mitochondrial respiration studies

Measurement of mitochondrial respiration was performed with a polarographic ox-

ygen sensor in 2 mL glass chambers of an Oxygraph 2K (Oroboros Instruments,

Innsbruck, Austria) as described before [21]. All substrates and chemicals were pur-

chased from Sigma-Aldrich (St. Louis MO). Myocardial fibers (w2 mg) were per-

meabilized using saponin and placed into the two oxygraph chambers, followed by
on.2019.e01357
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determination of endogenous ROUTINE (R) respiration when oxygen flux stabi-

lized. Pyruvate (5 mM), glutamate (10 mM), and malate (2 mM) were added to

induce LEAK (L) respiration (for glucose oxidation), and octanoyl carnitine (0.2

mM) and malate (2 mM) for fatty acid (FA) oxidation.

Oxidative phosphorylation (OXPHOS [P]) was measured by adding 2.5 mM ADP,

followed by the addition of 2.5 mM oligomycin to induce LEAK respiration by in-

hibiting ATP synthase. Next, titration with the uncoupling agent CCCP (steps of 0.5

M) increased respiration up to the maximal level and is referred to as electron trans-

fer system (ETS) capacity.

Rotenone (complex I inhibitor) was then added to a final concentration of 0.5 M,

while the addition of 2.5 M Antimycin A induced residual oxygen consumption

(this inhibits complex III). Finally, titration of 0.5 mM TMPD and 2 mM ascorbate

was performed to assess complex IV-linked respiration as a proxy for mitochondrial

content. Oxygen flux at all respiratory states was normalized to the complex IV flux

to correct for variations in cell content in the oxygraph chambers. Excess E-R capac-

ity was calculated to determine the difference between the ETS capacity and R

respiration.
2.5. Heart function

One week before the final experiments, the rats were slightly anesthetized with

1.5e2% isoflurane and positioned in the supine position on a warming pad.

Closed chest echocardiography was performed with a VEVO 2100 ultrasound

system (Fujifilm, Visualsonics, Ontario, Canada) and a 13e25 MHz linear array

transducer. Left ventricular (LV) chamber size, ejection fraction and mass were

obtained from 2-dimensional and M-mode measurements at the mid-papillary

level. To assess LV diastolic function, both mitral E and A wave peak velocities

were obtained from pulse Doppler in the apical 4-chamber view; the E/A ratio

was then calculated. All measurements were made off-line on the mean of at

least three consecutive cardiac cycles with the software resident on the ultrasound

system.

For perfusion studies, rats were anesthetized using pentobarbitone sodium (Kyrone

Laboratories, Johannesburg, South Africa) (160 mg/kg body weight). The heart was

rapidly excised, arrested in ice-cold (4 �C) Krebs-Henseleit bicarbonate buffer and

mounted through the aorta onto the aortic cannula. The left atrium was also cannu-

lated via the pulmonary vein. Hearts were first retrogradely perfused (Langendorff

mode), in a non-recirculating manner at constant hydrostatic pressure (100

cmH2O) for 10 minutes, followed by the working heart mode (preload 15

cmH2O, afterload 100 cmH2O) for 20 minutes. The hearts were not electrically

paced, while the myocardial temperature was thermostatically controlled and
on.2019.e01357
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monitored at regular intervals (constant at 37 �C during reperfusion and 36.5 �C dur-

ing ischemia). Hearts were then subjected to 35 minutes regional ischemia induced

by ligation of the proximal part of the left anterior descending coronary artery, fol-

lowed by 2 hours of reperfusion.

Myocardial infarct size was determined as previously described [22]. At the end of

2 hours reperfusion, the silk suture around the coronary artery was securely tied

and 1 mL Evans blue suspension (0.5%) was slowly injected using the aorta can-

nula. The heart was then frozen overnight before being cut into 2 mm thick slices

that were subsequently stained with 1% w/v triphenyl tetrazolium chloride in phos-

phate buffer (pH 7.4 at 37 �C) for 15 minutes. Slices were fixed in 10% v/v form-

aldehyde solution at room temperature. The damage in each slice was visible with

the blue area indicating viable tissue and the white or unstained area indicating the

infarcted area (which was surrounded by a red area). The latter two areas consti-

tuted the area at risk (AR). All areas were drawn and scanned. For each slice

the AR and the area of infarcted tissue were determined using computerized

planimetry (UTHCSA Image Tool Program, University of Texas Health Science

Center at San Antonio TX). The infarct size was expressed as a percentage of

the area at risk (I/AR%).
2.6. Myocardial lipid and glucose metabolism

Tissue triglyceride levels were evaluated using the Picoprobe Fluorometric Triglyc-

eride Quantification Assay Kit (Abcam, Cambridge MA). Myocardial glycogen and

glycogen synthase 1 (cardiac enriched isoform) levels were determined using

commercially available kits (Abcam, Global Biotech Company, San Francisco CA).
2.7. Myocardial NOGP analysis

Commercial kits were used to evaluate markers of the NOGP activation as done

before in our laboratory [14, 15, 16]. Here PKC activity was determined using a

commercially available kit (Abcam, Cambridge MA), while the polyol pathway

was assessed using a D-sorbitol colorimetric detection kit (Biovision, Mountain

View CA). We employed Western blotting to determine myocardial HBP activation

as done before by us [14, 15, 16]. O-linked beN-acetylglucosamine (O-GlcNAc)

expression was determined by employing SDS-PAGE electrophoresis using the

CTD110.6 antibody (Santa Cruz Biotechnology, Santa Cruz CA) together with an

appropriate secondary antibody (anti-mouse IgG, HRP-linked, Cell Signaling Tech-

nology, Danvers MA). Final O-GlcNAc amounts were determined using Image

Lab� Software version 4.0 (BIO-RAD, Berkley CA). Protein was normalized using

total protein content.
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2.8. Oxidative stress analyses

2.8.1. NADPH oxidase activity assay

We employed an in-house NADPH oxidase activity assay as done before [15, 16].

Baseline luminescence measurement was performed on triplicate samples, followed

by automatic addition of 100 mL of assay buffer (the luminometer was programmed

to inject this volume into each well) and the light emission measured over a period of

20 minutes. The assay buffer consisted of: NaCl (120 mM), HEPES (250 mM, pH

7.4), CaCl2 (2H2O) (1.75 mM), KCl (1.2 mM), EDTA (0.5 mM), MgSO4 (7H2O)

(1.2 mM), NADH (100 mL), glucose (11 mM) and lucigenin (5 mM). The data

were expressed as relative light units (RLU)/mg protein.
2.8.2. Conjugated dienes (CDs) analysis

Heart samples were homogenized in PBS buffer. 100 mL of the homogenate was

added to 300 mL chloroform/methanol mixture (2:1), vortexed briefly and centri-

fuged at 3, 000 � g for 1 minute. The bottom chloroform layer of each sample

was pipetted into fresh microtubes and left open overnight at 4 �C to dry out. There-

after, 700 mL cyclohexane was added to each of the microtubes, vortexed and 200 mL

of sample was added to a UV 96-well plate that was read in a plate reader (Multiskan

spektrum, Thermo Electron Corporation) at 240 nm. Cyclohexane was used as a

blank and all samples were assayed in triplicate.
2.8.3. Glutathione redox analysis

Heart samples (w200 mg) were homogenized on ice in 2 mL phosphate buffer (50

mM NaHPO4, 1 mM EDTA, pH 7.5). For GSSG analysis an additional 10 mL 1-

methyl-2-vinyl-pyridinium trifluoromethane sulfonate (30 mM in 0.1 M hydrochlo-

ric acid) was added to every 1 mL phosphate buffer. Thus total (GSH) and oxidized

(GSSG) glutathione samples were prepared separately. Samples were centrifuged at

15, 000 � g for 5 minutes and the supernatants were diluted (10e40�) and used for

analysis. A standard curve was prepared using GSH (3 mM) and GSSG (1.5 mM)

stock solutions and phosphate buffer. All other reagents were also prepared in Phos-

phate buffer. Standards and samples (50 mL of each in triplicate) were added to the

96-well plate. Next, 50 mL 0.3 mM 5,50dithiobis-(2-nitrobenzoic acid) was added to

each well followed by 50 mL glutathione reductase (0.02 U/mL). The plate was incu-

bated for 5 minutes at room temperature after which 50 mL NADPH (1 mM) was

added to each well. The absorbance was monitored at 410 nm for 5 minutes with

30 seconds intervals and levels calculated using pure GSH and GSSG as standards.

Reduced glutathione (GSH) concentration was calculated as the difference between

total glutathione and 2� GSSG.
on.2019.e01357
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2.9. Data analysis

Statistica 13.0 (StatSoft Inc., Dell Software, Tulsa OK) was used for statistical ana-

lyses. The weight gain and perfusion data were analyzed with a repeated measures

ANOVA test. The rest of the normally distributed data (determined using Shapiro

Wilk’s test) was evaluated with Unpaired t-tests, while Mann-Whitney tests were

used in the case of non-parametric data. These tests were performed to assess differ-

ences between Control and SSB groups at the two time points employed. Outliers

were detected using Grubb’s test and Levene’s tests were employed to test for ho-

mogeneity of variances. A P-value <0.05 was considered significant. All the data

are presented on Graphpad Prism 5.01 (Graphpad Software Inc., San Diego CA)

as mean � standard error of the mean (SEM) for parametric data and as median

and interquartile range for non-parametric data.
3. Results

3.1. Body weight and organ changes

The SSB group gained more weight compared to the Control group, although this

was not statistically significant when considering repeated measures analyses over

time (Fig. 1A and B). However, area under the curve (AUC) analyses revealed

significantly more weight gain in the SSB groups at three (p ¼ 0.0035, Fig. 1C)
Fig. 1. The impact of SSB consumption on weight gain. A) three months, and B) six months. The area

under the curve was calculated at the C) 3 months and D) 6 months, time points. The animals were

weighed on a weekly basis, and weight gained by each rat was then compared to its own baseline weight

as a percentage Results are displayed as mean � SEM. For all groups n ¼ 6. **P < 0.01.
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and at six months, respectively (p ¼ 0.0013, Fig. 1D). Moreover, we found no sig-

nificant differences in food consumed by the two different groups here investigated

(data not shown). No significant differences were observed for weights of various

tissues (expressed as a percentage of the final body weight) (Table 2).
3.2. Blood metabolites and OGTTs

To gain further insights into the effects of SSB consumption, we also determined

fasted serum levels for: uric acid, ALT, HbA1c, cholesterol, triglyceride and glucose

(Table 3). Two of the HbA1c tests were increased in the SSB group after three

months (p < 0.05 vs. Control) together with raised serum cholesterol levels (p <

0.01 vs. Control). By six months the HbA1c (IFCC) was still elevated in the SSB

group (p < 0.05 vs. Control) while there were no significant differences for choles-

terol levels (vs. Control). After six months the SSB group displayed higher uric acid

levels vs. Controls (p < 0.05 vs. Control). The HOMA-IR data revealed no signif-

icant differences with SSB consumption at both experimental time points. The

OGTT data showed a lower AUC in the SSB group vs. the Controls at both the three

(p ¼ 0.0027, Fig. 2C) and six months’ time points (p ¼ 0.013, Fig. 2D).
3.3. Mitochondrial respiration

The results showed no significant differences between the groups for the various pa-

rameters tested for glucose oxidation at the six months’ time point (Fig. 3AeD).

Here we employed pyruvate, glutamate and malate as oxidative substrates. Similar

results were observed when examining the OXPHOS, LEAK and excess E-R ratios

in response to FA oxidation (octanoyl-carnitine and malate substrates) (Fig. 3E, F

and H). However, the ETS ratios were significantly decreased in the SSB group

when supplied with the FA oxidation substrates (p ¼ 0.03 vs. Controls, Fig. 3G).
Table 2. Organ weight after three and six months SSB treatment (expressed as %

of final body weight).

Organ Month Control SSB

Heart (%) Three 0.249 � 0.006 0.238 � 0.006
Six 0.223 � 0.006 0.230 � 0.006

Liver (%) Three 2.911 � 0.662 2.821 � 0.543
Six 1.957 � 1.175 1.985 � 1.221

Muscle (%) Three 0.523 � 0.139 0.521 � 0.132
Six 0.462 � 0.145 0.475 � 0.176

Kidney (%) Three 0.280 � 0.007 0.274 � 0.007
Six 0.271 � 0.007 0.266 � 0.007

Visceral Fat (%) Three 1.630 � 1.740 1.453 � 1.775
Six 1.459 � 1.740 1.594 � 1.740
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Table 3. Blood metabolites.

Marker Month Control SSB

Uric acid (mmol/L) Three 0.062 � 0.005 0.062 � 0.004
Six 0.075 � 0.006 0.080 � 0.006*

ALT (U/L) Three 61.600 � 3.027 53.500 � 5.835
Six 54.170 � 2.651 66.200 � 7.612

HbA1c [NGSP] (%) Three 3.233 � 0.099 3.500 � 0.141
Six 3.133 � 0.131 3.333 � 0.0843

HbA1c [IFCC] (mmol/mol) Three 10.200 � 0.583 15.830 � 1.138 *
Six 10.670 � 0.907 13.000 � 1.033 *

HbA1c [eAG] (mmol/L) Three 2.400 � 0.110 3.183 � 0.166 *
Six 2.417 � 0.206 2.700 � 0.139

Fasting blood glucose (mmol/L) Three 4.717 � 0.145 4.400 � 0.183
Six 5.525 � 0.257 5.325 � 0.209

HOMA-IR Three 7.999 � 0.404 7.849 � 0.441
Six 8.310 � 0.430 7.778 � 0.311

Insulin (mmol/L) Three 0.303 � 0.012 0.294 � 0.004
Six 0.317 � 0.017 0.307 � 0.008

Cholesterol (mmol/L) Three 1.250 � 0.060 1.550 � 0.060 **
Six 1.550 � 0.067 1.650 � 0.099

Triglycerides (mmol/L) Three 1.276 � 0.140 1.350 � 0.076
Six 1.150 � 0.138 1.200 � 0.137

ALT: alanine aminotransferase; HbA1c: glycosylated hemoglobin; NGSP: National Glycohemoglobin
Standardization Program; IFCC: International Federation of Clinical Chemistry; eAG: Estimated
Average Glucose; HOMA-IR: homeostasis model assessment of insulin resistance; *P < 0.05 vs. Con-
trol; **P < 0.01 vs. Control.
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Due to technical issues no respiration data could be generated for the three month

time point.
3.4. In vivo and ex vivo heart functional assessments

Echocardiographic analyses revealed no significant differences between the Control

and SSB groups after three and six months, respectively (Table 4). In support, work-

ing heart perfusion data revealed no differences for any of the parameters examined

between SSB-treated and Control groups during the stabilization phase and during

recovery after simulated ischemia (Fig. 4). Infarct size determination revealed no dif-

ferences between groups (Fig. 5A and B), although the AR was elevated in the SSB

groups after six months (p ¼ 0.02 vs. Controls, Fig. 5D).
3.5. Myocardial lipid and glucose metabolism

We next assessed several metabolic markers to gain an improved understanding of

the mitochondrial respiration and heart functional data. Heart tissue triglyceride

levels were unchanged between the groups at both time points (Fig. 6A and B).

Myocardial glycogen concentrations were significantly reduced in the SSB group
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Fig. 2. The effects of SSB consumption - oral glucose tolerance tests. A) OGTT - three months, B)

OGTT - six months, C) AUC - 3 months, and D) AUC e 6 months. OGTTs were performed biweekly

to monitor the animal’s glycemic states and to evaluate the effects of SSB on postprandial hyperglycemic

excursions. Glucose levels were tested at 0, 5, 10, 15, 30, 45, 60 and 120 minutes (n ¼ 12 for baseline

[week 1] to three months; n ¼ 6 for the six -month time point). Values are expressed as mean � SEM.

Significantly different compared to Control group: **P < 0.005 and ***P < 0.001.
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at six months (p¼ 0.02 vs. Control, Fig. 6D), however levels of glycogen synthase 1

were not significantly changed (Fig. 6E and F).
3.6. NOGP assessment

D-Sorbitol and O-GlcNAc levels were markedly elevated in the SSB treatment

group (p ¼ 0.002 and p ¼ 0.009 vs. Controls, respectively) after three months

(Fig. 7A and E), while PKC activity remained unchanged at both time points

(Fig. 7C and D). Levels of D-Sorbitol in the SSB group were comparable to that

of Controls after six months (Fig. 7B). Although O-GlcNAc levels remained

w2.4-fold higher in the SSB animals at this time point, this change was not statis-

tically significant (p ¼ 0.09) (Fig. 7F).
3.7. Oxidative stress and antioxidant defense markers

NADPH oxidase activity was unchanged at the three month time point (Table 5), but

after six months it was lower in the SSB group compared to matched controls (p ¼
0.047 vs. Control, Table 5). CDs were decreased in the SSB group at three months (p

¼ 0.014 vs. Control), while the opposite effect was observed after six months, with

higher CDs in the SSB rats versus their matched controls (p ¼ 0.056 vs. Control).
on.2019.e01357
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Fig. 3. SSB intake and effects on mitochondrial respiratory function. A) e D) glycolytic substrates, and

E) e H) FA substrates. A- LEAK, B- OXPHOS, C- ETS capacity and D- excess E-R. The substrates used

for these experiments included pyruvate (P), glutamate (G) and malate (M). E- LEAK, F- OXPHOS, G-

ETS capacity and H- excess E-R. The substrates used for these experiments included octanoyl carnitine

(Oct) and malate (M). A total number of n ¼ 6 was used for all groups. Results are displayed as mean �
SEM and significance is shown as *P < 0.01 compared to Control.

Table 4. Echocardiographic data.

3 months 6 months

Control SSB p Control SSB p

Heart rate (beats/minute) 378 � 12 385 � 7 0.675 401 � 15 399 � 13 0.777

Left ventricle measures
Internal diameter diastole (mm) 6.86 � 0.11 6.82 � 0.07 0.675 7.24 � 0.19 7.03 � 0.13 0.593

Internal diameter systole (mm) 3.68 � 0.15 3.49 � 0.18 0.965 3.93 � 0.23 4.07 � 0.20 0.600

Ejection fraction (%) 76 � 2 79 � 2 0.455 75 � 2 71 � 3 0.296

mass (mg) 780 � 24 692 � 41 0.065 854 � 60 786 � 55 0.679

Mitral inflow
Peak E wave (cm/s) 991 � 64 968 � 36 0.900 982 � 67 904 � 60 0.689

Peak A wave (m/s) 852 � 68 867 � 49 >.999 914 � 60 826 � 49 0.446

E/A ratio 1.18 � 0.06 1.12 � 0.05 0.654 1.08 � 0.01 0.94 � 0.16 0.778

SSB: Sugar-sweetened beverage.
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The ratio of GSH:GSSG was not significantly altered after three months of SSB con-

sumption (Table 5). However, it was higher in the SSB group after six months versus

matched controls (p ¼ 0.064 vs. Control).
4. Discussion

As the underlying mechanisms driving SSB-mediated development of cardio-

metabolic diseases remain poorly understood, we further investigated this research

question by employing a unique in-house in vivo experimental rat model. Here our

data reveal that SSB intake: a) resulted in increased weight gain but did not elicit
on.2019.e01357
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Fig. 4. (part 1): The impact of SSB consumption on heart function (ex vivo Langendorff perfusions).

Perfusion data, A, C, E), 3 months, B, D, F) 6 months. Cardiac output (QC) was calculated as the

sum of aortic output (QA) and coronary flow (CO). The aortic systolic and diastolic pressure (mmHg)

and HR [beats per minute (bpm)] were monitored and recorded on a computerized system through a

side-arm of the aortic cannula, and total work performance was calculated as follows: pressure power

þ kinetic power ¼ Watt. Results are displayed as mean � SEM. A final n ¼ 8 for all groups were

used. (part 2): The impact of SSB consumption on heart function (ex vivo Langendorff perfusions). Perfu-

sion data, G, I, K), 3 months, H, J, L) 6 months. The aortic systolic and diastolic pressure (mmHg) and

HR [beats per minute (bpm)] were monitored and recorded on a computerized system through a side-arm

of the aortic cannula connected to a Viggo-Spectramed pressure transducer coupled to the computer sys-

tem. Total work performance was calculated as follows: pressure power þ kinetic power ¼ Watt. A final

n ¼ 8 for all groups were used.
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major effects in terms of insulin resistance and cardiac function after three and six

months, respectively; b) triggered myocardial NOGP activation after three months

that reversed after six months; and c) resulted in early changes on mitochondrial

electron transport capacity in response to fatty acid substrate supply after six

months.
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Fig. 5. The effects of SSB intake on infarct size. Infarct size and area at risk, A&C), 3 months, B&D) 6

months (n ¼ 8). Infarct size is expressed as the percentage of the area at risk (I/AR%). Results are dis-

played as mean � SEM and significance is shown as *P < 0.05 compared to Control.
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4.1. SSB intake elicited increased weight gain but no major
effects in terms of insulin resistance and cardiac function

Our data reveal that SSB consumption significantly changed body weight after three

and six months, respectively, with minimal impact on organ weights. There are con-

flicting data in the literature in this regard (both animal-based and clinical studies),

with some demonstrating increased weight gain following SSB consumption [6, 7,

23, 24, 25] while others found no significant changes [26, 27, 28, 29]. There are

several reasons for such discrepancies, including the nature of the nutrient tested

(e.g. fructose vs. sucrose vs. actual SSB), variations in daily amounts consumed,

mode of nutrient intake (ad libitum availability vs. oral gavage), and the duration

of the experiment. As the daily intake for the current model was roughly equivalent

to half a glass of SSB consumed per day (in human terms) this is much lower than

what would be typically used in animal studies of this nature. It is our opinion that

this is a more realistic dosage to investigate in animal studies (vs. excessively high

dosages) and that it together with the use of an actual SSB (versus fructose and/or

glucose) resulted in relatively moderate alterations in terms of body weight.

SSB consumption did not significantly alter fasting blood glucose levels in our

model. In agreement, others found that fructose (when consumed in moderate

amounts) also did not adversely affect blood glucose levels [30]. This is in
on.2019.e01357
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Fig. 6. Markers of myocardial glucose and lipid metabolism following SSB intake. A, C and E is 3

Months and B, D and F represents 6 months. A and B show myocardial triglyceride stores with SSB

consumption. C and D represent glycogen stores measured in the rat heart. E and F depict glycogen syn-

thesis (n ¼ 6 for all groups). Data are displayed as mean � SEM and significance between the groups is

displayed as *P < 0.05.
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accordance with studies that employed sucrose as a sweetener [27, 28]. By contrast,

some found that fructose consumption was linked to higher fasting blood glucose

levels, although relatively higher dosages were employed in this instance [31].

Our data also show that SSB consumption increased HbA1c levels after three and

six months, respectively, reflecting high glucose availability due to the continued

SSB intake. In agreement, previous studies showed a positive correlation between

SSB consumption and HbA1c levels, while others found that the latter is elevated

when beverage servings increase to more than one per day [32]. The discordance be-

tween the fasting blood glucose and HbA1c data is likely due to glucose levels being

tested after a prolonged (at least 12 hours) overnight fast, and hence differences be-

tween the groups may have been masked. The HbA1c results suggest that the SSB-
on.2019.e01357
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Fig. 7. NOGP regulation following SSB intake. NOGPs, A, C & E) 3 months, B, D & F) 6 months (n ¼
6). Values are expressed as mean � SEM and significance is shown as **P < 0.01.
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consuming animals were likely in a state of (at least mild) hyperglycemia from as

early as three months.

Our findings revealed variation in OGTTs. We are unclear what caused this and

speculate that SSB consumption may trigger effects that impact either on pancreatic

becell insulin secretion and/or insulin-mediated glucose uptake. However, further

studies are required to obtain definitive answers in this regard. Popkin (2012)

demonstrated that SSB consumption elicited adverse effects on insulin sensitivity

and hence if such a response is continually stimulated it may eventually lead to

the onset of IR [33]. However, this was not the case in our experimental model as

there were no changes in the HOMA-IR index following SSB consumption. This

is in agreement with others who found no significant changes in the HOMA-IR index

in response to fructose intake [34]. Further studies are required to determine whether

there are any alterations in terms of pancreatic becell function and insulin secretion

in our model. Together these data show that relatively lower SSB intake does not
on.2019.e01357
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Table 5. Oxidative stress analyses.

3 months 6 months

Control SSB p Control SSB p

NADPH oxidase
activity
(RLU/mg protein)

0.165 � 0.028 0.177 � 0.031 0.389 0.176
(0.163e0.188)

0.096 (0.089e0.172) 0.047

Conjugated dienes
(mmol/g tissue)

0.117 � 0.014 0.072 � 0.009 0.014 0.945 � 0.192 1.279 � 0.069 0.056

Reduced
glutathione (GSH)

0.325 � 0.067 0.292 � 0.063 0.364 0.463 � 0.008 0.477 � 0.006 0.085

Oxidized
glutathione
(GSSG)

0.183 (0.134e0.199) 0.182 (0.158e0.240) 0.469 0.094 � 0.004 0.088 � 0.005 0.185

GSH:GSSG ratio 1.579 (1.152e4.393) 1.749 (1.038e2.669) 0.221 4.716 � 0.198 5.44 � 0.337 0.064

Data presented as mean � SEM for parametric data or median (interquartile range) for non-parametric data. Differences were considered
significant when p < 0.05.
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trigger major effects on body weight and insulin sensitivity, and that the animals

adapted quite well to such a chronic stimulus.

There were no significant differences for any of the functional parameters evaluated

by echocardiography nor for the ex vivo ischemia-reperfusion experiments. The AR

was the only parameter that was altered following ischemia-reperfusion (at both the

three and six month time points) and we suggest that stressed SSB-treated rats

display early signs of increased vulnerability to cardiac damage.
4.2. NOGP activation following SSB intake

High glucose availability can trigger downstream cardiac NOGP activation resulting

in metabolic derangements, contributing to the onset of cardio-metabolic complica-

tions [14, 15, 16]. There was an upregulation of some the NOGPs (polyol and HBP)

after three months and this is consistent with higher glucose availability as measured

by elevated circulating HbA1c levels. Of note, we previously found that acute high

glucose exposure (25 mmol/L) triggered marked upregulation of these pathways in

cultured rat cardiomyoblasts and inhibitory studies also linked NOGP activation to

IR [15]. Similar mechanisms were triggered in rat hearts subjected to high glucose

(33 mmol/L vs. 11 mmol/L baseline controls) during ex vivo ischemia-reperfusion,

with NOGP activation leading to downstream contractile dysfunction, greater infarct

size and myocardial cell death [16]. However, as we found limited detrimental ef-

fects of SSB consumption on metabolic and cardiac function, it appears as if such

pathway activation was not harmful in this particular context.

The degree of hyperglycemia (high experimental levels employed in the studies

mentioned above) may be an important factor linking coordinate NOGP activity
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to detrimental functional effects - even acutely. Although our model shows increased

availability of blood glucose over time (elevated HbA1c), the acute postprandial ex-

cursions still remain controlled in the SSB groups. We therefore propose that this

may limit the translation of NOGP activation into detrimental downstream effects

at the time points here employed. In fact, after six months there is some adaptation

in response to continued SSB intake as displayed by lowered NOGP activation.

However, the O-GlcNAc levels still remained elevated versus controls after six

months (w2.4-fold; p ¼ 0.09). As fructose is a shared link between the polyol

pathway and the HBP, increased D-Sorbitol levels (and by extension, higher endog-

enous fructose production) at least partially contributed to higher HBP activation af-

ter three months. However, normalization of D-Sorbitol levels after six months did

not fully translate into fully lowered O-GlcNAc levels, suggesting that additional

substrates may still feed into the HBP.

We propose that SSB-derived fructose could possibly contribute to the higher O-

GlcNAc levels here observed. Rat cardiomyocytes express the fructose-specific

transporter GLUT5 that allows for the in vitro uptake and utilization of fructose

[35, 36]. Such fructose could provide F-6-P as an HBP substrate in addition to

that provided by glycolysis and the polyol pathway. We also observed lower

glycogen stores and that glucose oxidation was unaffected by SSB consumption after

six months. As fructose downregulates cardiomyocyte glucose uptake via inhibition

of insulin signaling [37, 38, 39], it is possible that its utilization may become more

prominent (versus glucose) n hearts of SSB-treated rats at the six month time point.

These data therefore shows that the HBP is a relatively early and universal metabolic

target that is triggered in response to SSB, but may be resistant to the adaptive

response observed and hence remain elevated over a longer period. This is in accor-

dance with a previous study where polyol and PKC markers were upregulated in

hearts of pre-diabetic Otsuka Long Evans Diabetic Fatty rats, but reduced in overt

diabetic counterparts [14]. However, the HBP remained elevated in both the pre-

diabetic and diabetic groups. We concluded that NOGP activation (except the

HBP) may occur in a “biphasic pattern” that are dependent on the severity of glyce-

mia and IR, but that the HBP emerges as an important mediator that can exert detri-

mental effects under such conditions. For example, we have shown previously that

increased O-GlcNAcylation (post-translational modification in response to HBP ac-

tivity) of the apoptotic protein Bad leads to apoptosis in the hearts of high fat diet-fed

IR rats [40]. Although the functional consequences appear minimal at both time

points investigated, we postulate that SSB consumption in the long term (>six

months) may translate into HBP-mediated cardio-metabolic complications, specif-

ically if such consumption raises acute glycemic excursions and/or contributes to

more pronounced glucose metabolic dysregulation.
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4.3. Oxidative stress

Several studies indicated that increased oxidative stress plays a crucial role as the

underlying mechanism leading to metabolic derangement/disease with high fructose

intake [41, 42, 43, 44]. For example, rats placed on an eight-week high fructose diet

displayed mitochondrial damage (lipid and protein components) and hepatic IR [45].

In parallel, they found decreased anti-oxidant defenses when examining superoxide

dismutase levels.

For the current study, we surveyed induced cardiac oxidative damage following SSB

consumption (NADPH oxidase, CDs). NADPH oxidase activity was decreased in

the SSB groups after six months. The redox status of glutathione seemed to have

improved after 6 months in the SSB group, although not significantly. When consid-

ering the level of oxidative lipid damage, decreased CD levels were shown at 3

months in the SSB group, but were increased after 6 months consumption of the

sugar-sweetened beverage. Our findings are then in line with other studies also

showing enhanced oxidative lipid damage in fructose-fed rats when examining

long-term induced-oxidative stress (TBARS assay) [45, 46]. These studies employed

relatively high amounts of pure fructose (30% of the total diet), while others found

increased TBARS in rats receiving 10% fructose [47].

Uric acid can also stimulate ROS production through its action on NOX and can

cause an increase in superoxide levels [48] and thus will further enhance oxidative

stress, leading to downstream effects such as lipid peroxidation [49]. However, not

all these pathways are activated in our model. Here uric acid levels were increased

while NOX activity was downregulated after six months. These data are in agree-

ment with other studies where fructose intake leads to increased uric acid formation

[42, 50, 51].

We are unclear how and why decreased NOX activity occurs. It appears as if there

are some early signs of oxidative stress after six months but that there is an adequate

response to counter this. A possible explanation for these results and the overall rela-

tively limited induced-oxidative stress in our model may be the compensatory rise in

GSH:GSSG to increase overall, the redox balance. Here GSSG competes with NOX

for substrate utilization, ultimately resulting in increased GSH anti-oxidative

capacity.
4.4. Impact on mitochondrial respiration (FA b-oxidation)

Our data show that SSB consumption triggered a relatively early event, i.e. a degree

of impairment in mitochondrial FA oxidation after six months, with the potential for

longer-term consequences on heart function. As both in vivo and ex vivo heart func-

tional analyses showed no significant changes, the alterations in mitochondrial FA

metabolism do not seem to result in any functional effects yet. However, we propose
on.2019.e01357
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that with sustained SSB consumption it is likely that cardiac energy production may

begin to decline and eventually impact on the heart’s function.

What are the underlying mechanisms in this instance? It is our opinion that this may

occur at any of three steps (individually or in combination): a) decreased myocardial

FA uptake, b) an impairment within the FA b-oxidation pathway, and c) dysregula-

tion within the mitochondrial ETC. Our data show that myocardial triglyceride stores

remained unaffected by SSB consumption thus ruling out increased or decreased

breakdown. Alternatively, the SSBs may exert direct effects on the myocardial

ETC system, e.g. ROS-induced damage can lead to peroxidation that has been linked

with mitochondrial dysfunction in various tissues related to several pathophysiolog-

ical conditions [52]. Increased HBP flux can also lead to enhancedO-GlcNAcylation

of respiratory chain complex proteins and result in impaired mitochondrial respira-

tory function [53]. However, further studies are required to assess the impact of

oxidative stress- and HBP-induced perturbations in our experimental model.

Our findings also show a significant decrease in myocardial glycogen following six

months of SSB intake. What are the reasons and mechanisms responsible for this?

As intracellular glycogen levels depend on the balance between its breakdown

and synthesis, we tested whether glycogen synthase is implicated in this process.

However, we found no significant changes. Thus the more likely explanation may

be that increased SSB intake affects upstream regulators of glycogen breakdown

with the aim to sustain energetic reserves due to lowered mitochondrial FA b-oxida-

tion capacity. For example, studies demonstrated that fructose can increase flux

through glycogen synthase to stimulate glycogen synthesis [54] and that this may

be due to the activation of glucokinase [54, 55]. Glucokinase could therefore be

affected in the SSB group and may account for the lowered glycogen stores

observed.
4.5. Limitations

For the current study, we did not evaluate insulin levels during the OGTT experi-

ments. Such information could have provided additional mechanistic insights

together with various markers (e.g. PI3-kinase, Akt) of the insulin signaling

pathway. Moreover, an exact breakdown of the sugars contained in the SSB here

investigated could have provided additional insights regarding the findings

generated.

In conclusion, the current study found that SSB intake for a period of three and six

months respectively, did not result in cardiac dysfunction or IR/T2DM (Fig. 8).

However, despite such a lack of changes, early alterations at the molecular level

may place such organisms at increased risk in the long term especially under stress-

ful conditions (e.g. AMI).
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Fig. 8. Summary of findings of SSB-mediated effects. A) three months and B) six months. SSB- sugar-

sweetened beverage, AMI- acute myocardial infarction, NOGP- Non-oxidative glucose pathways, HBP-

Hexosamine biosynthetic pathway.
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