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Abstract 
Background: Numerous studies have aimed to compare the effects of glucose (Glu) consumption with 
those of glucose-fructose (Glu-Fru) consumption on oxidation rates during exercise. However, divergent 
outcomes have surfaced due to variations in exercise protocols and concurrent substance ingestion, lead-
ing to a lack of consensus. This systematic review and meta-analysis investigated the comparative effects 
of Glu and Glu-Fru on total carbohydrate oxidation, endogenous carbohydrate oxidation, exogenous 
carbohydrate oxidation, and total fat oxidation rates during exercise.  
Methods: A systematic search of PubMed, Scopus, and Web of Science databases up to February 2023.  
The search yielded 14 randomized controlled trials involving 125 endurance athletes. 
Results: The meta-analyses revealed that Glu supplementation significantly increased total carbohydrate 
oxidation (WMD: 0.21 g/min) compared to Glu-Fru. Endogenous carbohydrate oxidation significantly 
increased with Glu (WMD: -0.12), while Glu-Fru led to increased exogenous carbohydrate oxidation 
(WMD: 0.27 g/min). Total fat oxidation decreased with Glu-Fru (WMD: -0.06 g/min). 
Conclusion: By investigating athletic nutrition complexities, our findings shed light on metabolic re-
sponses to Glu-Fru versus Glu supplementation. Tailoring hydration strategies, athletes should select an 
optimal Glu-Fru to Glu ratio for maximal oxidation and enhanced performance. Future research could 
explore dose-response relationships for optimal metabolic benefits during exercise. 
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Introduction 
 
Optimizing athletic performance involves nu-
merous physiological and metabolic factors, with 
efficient energy substrate utilization being crucial. 
Substrate oxidation refers to the breakdown of 
carbohydrates and fats to fuel muscle activity 
during exercisehd  (1-4). Higher rates of substrate 
utilization and metabolism correspond to in-
creased rates of oxidation (5-7). 
Glucose and fatty acids are the main energy 
sources during exercise, with their oxidation rates 
affected by exercise intensity, duration, and sub-
strate availability. Consuming carbohydrates dur-
ing extended moderate- to high-intensity exercise 
is known to boost performance (8-10). Ingestion 
of glucose typically results in a peak rate of exter-
nal carbohydrate oxidation of approximately 1 
gram/minute (11, 12). 
Emerging research suggests that performance 
gains may be further augmented when carbohy-
drates are ingested in combination with fructose 
and glucose (13, 14).  This blend facilitates multi-
ple absorption pathways in the gastrointestinal 
tract, leading to enhanced gut comfort, increased 
rates of carbohydrate oxidation, and ultimately 
improved endurance performance compared to 
consuming single sugars (15, 16). The simultane-
ous transport of fructose and glucose may in-
volve the recruitment of specific transporters, 
such as SGLT1 and GLUT5, to the intestinal 
membrane (17-19). The expedited absorption of 
these multiple-transportable carbohydrates may 
mitigate gut discomfort by facilitating carbohy-
drate clearance and increasing exogenous carbo-
hydrate availability, both of which are critical fac-
tors contributing to enhanced endurance perfor-
mance (20-23). 
Despite many studies on the effects of fructose-
glucose (Fru-Glu) and glucose (Glu) on oxidation 
rates during exercise, results remain inconclusive. 
This meta-analysis evaluated the literature to de-
termine the impact of Fru-Glu versus Glu on 
oxidation rates in athletes, aiming to guide opti-
mal carbohydrate supplementation strategies for 
improved performance. 

 

Materials and Methods 
 
This meta-analysis followed the Preferred Re-
porting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (24). 
 
Search Strategy and Selection of Studies 
We conducted a thorough search of Scopus, 
PubMed (MEDLINE), and Web of Sciences (in-
cluding the Korean Citation Index-Korean Jour-
nal Database, MEDLINE, the Russian Science 
Citation Index, and the SciELO Citation Index) 
from inception to January 2023. The search strat-
egy, in summary, utilized keywords such as “car-
bohydrate” OR “glucose” OR “fructose” OR 
“glucose-fructose” OR “beverage*” OR “hydro-
gel” AND “oxidation” AND “athlete*” OR “cy-
clist*” OR “runner*” OR “train*” OR “endur-
ance*”  NOT “Animal” NOT “disorder” NOT 
“pregnant” NOT “children” NOT “maternal” 
AND “Clinical trials” OR “RCT” OR “interven-
tion” OR “trial” OR ” OR “controlled trial” OR 
“randomized” OR “placebo” OR “crossover” 
OR “Intervention Study” OR “double-blind” OR 
“Cross-Over Study” OR “parallel trial” OR “par-
allel” OR “random”. We focused on clinical tri-
als, RCTs, interventions, placebo-controlled tri-
als, crossover studies, double-blind trials, and 
parallel trials without language or time re-
strictions. 
Two independent researches, Z-GD and M-HR, 
conducted a systematic selection process using 
EndNote 20. After removing duplicates, we 
screened abstracts and then full texts to identify 
eligible studies, ensuring high-quality inclusion.  
Inclusion criteria for trials were: 1) Comparing 
oral glucose or maltodextrin beverages with glu-
cose-fructose beverages during steady-state exer-
cise; 2) Use of glucose and fructose in their mon-
osaccharide forms only, as the digestion process 
of disaccharides like sucrose could influence oxi-
dation rates(12); 3) Athletes aged 18-40 with >2 
years training and no diabetes or dysglycemic 
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conditions; 4) Crossover design with at least 7-
day separation; 5) Trials that involved consistent 
endurance-based exercise protocols, where exer-
cise intensity was maintained at or below 70% 

VO₂ max to ensure uniform metabolic demands 
across studies. 6) Participants required to abstain 
from alcohol for 24 hours and caffeine for 12 
hours prior to the experimental trials. Exclusion 
criteria were: 1) Use of other carbohydrates; 2) 
Combination with protein; 3) Conducted in ex-
treme temperatures (>28°C or <5°C); (4) Involv-
ing children; 5) Participants with medical condi-
tions or obesity; 6) Variable exercise intensity; 7) 
Nonrandomized or observational studies. 
 
Data Extraction 
The data were extracted following the PRISMA 
methodology (25), with a focus on collecting in-
formation pertaining to participants, interven-
tions, comparisons, outcomes, and study design 
(PICOS). Specifically, information related to 
training time, total volume of drink, amount of 
beginning drink, dose and ratio of intervention 
products, time intervals between each drinking 
session, and subjects' characteristics such as age, 
body mass index, study features such as washout 
periods and the country where the study was 
conducted were independently collected by two 
authors (Z.G.D. and M.H.R.). In cases where 
data were presented graphically, images were 
magnified to enhance data precision, and an 
online application (26) was utilized for data ex-
traction. For investigations reporting multiple 
time points, the average of all measurements for 
each oxidation rate obtained during the bout was 
used for analysis. 
 
Quality Assessment 
We assessed RCT quality using the Risk of Bias 
tool version 2 (27) which evaluates 5 domains: 

randomization process, intervention deviation, 
missing outcome data, outcome measurement, 
and selection bias. For crossover RCTs, we also 
considered bias from period and carryover ef-
fects. Each domain was rated low, high, or 
somewhat concerned about bias, and scores were 
totaled for each trial. Table 1 presents the quality 
assessment of the included trials. 
We used the GRADE tool to assess evidence 
certainty for each outcome (28). Certainty levels 
were categorized as high, moderate, low, or very 
low based on criteria including risk of bias, in-
consistency, indirectness, imprecision, and publi-
cation bias. 
 
Statistical analysis 
A comprehensive analysis compared the effects 
of Glu and Glu-Fru on oxidation rates during 
endurance exercise. Subanalyses included age, 
VO2 max, training time, G/F ratio, and amount. 
STAT version 17 was used for statistical analyses, 
pooling results with random-effect models for 
heterogeneity (I^2 > 50%). Heterogeneity levels 
were minor (25%-50%), moderate (50%-75%), 
and substantial (>75%). Meta-regression analyzed 
the dose-dependent relationship between Glu-
Fru rates and changes in carbohydrate and fat 
oxidation. Egger’s and Begg’s tests, along with 
funnel plots, assessed publication bias. Sensitivity 
analysis evaluated each trial's effect on pooled 
results (43). 
 

Results 
 
General characteristics of included studies 
As shown in Fig. 1, by utilizing the best key-
words, we found 3771 articles by searching 3 da-
tabases (PubMed, Scopus, and Web of Science). 
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Table 1: Quality assessment of the included trials 

 
Study, year Bias arising 

from the ran-
domization 

process 

Bias due aris-
ing from the 

randomization 
process 

Bias due to 
deviations 
from in-

tended in-
tervention 

Bias due 
to miss-
ing out-

come 
data 

Bias in 
measurement 

of the out-
come 

Bias in 
selection 

of the 
reported 

result 

Overall 
quality 

Trommelen 
2017 (29) 

Low Low Some con-
cern 

Low Low Some 
concern 

Some 
Concern 

Wilson, 2016 
(30) 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Baur, 2014 
(31) 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Low 
 

Roberts JD, 
2014 (32) 

Low 
 

Low 
 

Some con-
cern 

Low 
 

Low 
 

Low 
 

Low 

Tarpey MD, 
2013 (33) 

Low Low Low Low Low Low Low 

Virgile, 2010 
(34) 

Low Low Some con-
cern 

Low Low Low Low 

Rowlands, 
2008 (35) 

Low Low Low Low Low Low Low 

Currell K, 
2008(36) 

Low Low Low Low Low Low Low 

Jeukendrup 
AE, 2006 
(37) 

Some Low Low Low Low Low Low 

Jentjens RL, 
2006(38) 

Low Low Some Low low Low Low 

Jentjens RL, 
2005(39) 

Low Low Low Low Low Low Low 

Wallis GA, 
2005(40) 

Low low Some Con-
cerns 

Low Low Low Low 

Jentjens RL, 
2004(41) 

Some concern Low 
 

Some con-
cern 

Low 
 

Some concern Some 
concern 

High 

Carl 
J.Hulston(42) 

Low Low Some con-
cern 

Low Low Low Low 

 
Domain 1 addresses bias from randomization, Domain S focuses on bias from period and carryover effects, Domain 
2 addresses bias from deviations in the intended intervention, Domain 3 considers bias due to missing outcome data, 
Domain 4 examines bias in measuring the outcome, and Domain 5 explores bias in selecting the reported result. 
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Fig.  1: Flowchart of study selection in the systematic review 

 
Table 2 shows the main characteristics of the in-
cluded studies. All trials were published between 
2003 and 2017 and were crossover in design. All 
of the participants were at least cyclists, but 2 ar-
ticles were conducted on runners and endurance 
trainers. In addition, among the 154 participants 
who were men, the maximum power was con-
fined to 319-411.4%, the maximum VO2 was 
56.8-73.4 ml/kg/min, and the age and body mass 
ranged from 25-35.8 years and 69.5-84.4 kg, re-
spectively. Most trials were conducted in the UK, 
and the others were conducted in the Nether-
lands, Switzerland, the US, or New Zealand. The 
administered doses of glucose and glucose-
fructose beverages ranged from 0.6-2 and 0.9-2.4 
g/min, respectively, as the duration of training 
increased from 120 to 300 min. Additionally, the 
most repeated G/F ratio was 2:1. In the selected 

studies, carbohydrate and fat oxidation were 
measured using a combination of indirect calo-
rimetry and stable isotope techniques. Oxygen 

consumption (𝑉˙𝑂₂) and carbon dioxide produc-

tion (𝑉˙𝐶𝑂₂) were utilized to calculate total car-
bohydrate and fat oxidation rates based on the 
stoichiometric equations of Frayn. Furthermore, 
exogenous carbohydrate oxidation was deter-
mined by administering isotopically labeled car-
bohydrates (e.g., ¹³C-glucose and ¹³C-fructose) 
and measuring the ¹³C/¹²C ratio in expired air 
samples via gas chromatography-combustion-
isotope ratio mass spectrometry (GC-C-IRMS). 
This approach allowed researchers to differenti-
ate between exogenous and endogenous sub-
strate oxidation during exercise. 
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Table 2: Summary design and participants 

 
Author, year Sport field Body 

mass (kg) 
G dose 

(gr/min) 
G/F Training 

duration 
(min) 

W max 
(%) 

VO2 max 
(ml/gamin) 

Trommelen, 
2017 (29) 

Cyclists/Triathletes 74.8 1.8 2:1 180 411.4 65 

Wilson, 2016 
(30) 

Runner 72 1.3 1.2:1 120 360 56.8 

Baur, 2014 
(31) 

Cyclists 77 1.03 
1.55 

2:1 120 360 62 

Roberts JD, 
2014 (32) 

Cyclist 73.69 1.7 2:1 150 352.64 60.38 

Tarpey MD, 
2013(33) 

Cyclists/Triathletes 76.1 1.7 2:1 150 319 59.2 

Virgile, 2010 
(34) 

Cyclist 69.5 2 3:2 120 365 73.4 

Currell K, 
2008 (36) 

Cyclist 84.4 1.8 2:1 120 364 64.7 

Rowlands, 
2008 (35) 

Cyclists/Triathletes 77 0.6 2:1 
1.2:1 
1:0.85 

120 360 61 

Jeukendrup 
AE, 2006 
(37) 

Endurance-trained 75.3 1.5 2:1 300 367 62.7 

Jentjens RL, 
2006 (38) 

Cyclists/Triathletes 74.5 1.5 2:1 120 361 64 

Jentjens RL, 
2005 (39) 

Cyclists/Triathletes 74.3 1.2 1:1 150 376 68.1 

Wallis GA, 
2005 (40) 

Cyclists/Triathletes 78.8 1.8 2:1 150 360 64.1 

Jentjens RL, 
2004 (41) 

Cyclists/Triathletes 75.1 1.2 2:1 120 360 62 

Carl 
J.Hulston 
(42) 

Cyclists 71.4 0.8 2:1 150 333 62 

Abbreviations: G, glucose; F, fructose; G/F, glucose‒fructose ratio; M, male 

 
Meta regression 
A random-effects meta-regression analysis evalu-
ated the dose-dependent relationship between 
Glu-Fru rate (g/min) and oxidation outcomes. 
Fig. S1–S4 in the Supplementary file (Not 
showed here) display the meta-regression correla-
tions. An inverse relationship was found between 
Glu-Fru rate and endogenous carbohydrate oxi-
dation (1.061 g/min; P = 0.042), with no signifi-
cant correlation for other oxidation outcomes. 
Quality assessment 
Using the ROB 2 tool, most trials showed a low 
risk of bias, except for two. One had potential 

issues with intervention deviation and reporting 
bias, while the other had unclear randomization 
and outcome measurement bias. All studies had 
no missing outcomes, reflecting low risk in that 
domain. The main concern was deviation from 
the intended intervention. The GRADE tool was 
also used to assess the evidence certainty in the 
included studies. As Table 3 shows, all outcomes 
had low scores in this assessment. The reasons 
for downgrading were >50% heterogeneity and 
the small number of study participants (fewer 
than 300 persons). 
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Table 3: Effect of the GRADE profile of Glu vs Glu-Fru on the oxidation rate 

 
Quality assessment 

Outcomes Risk of 
bias 

Inconsistency Indirectness Imprecision Publication 
Bias 

Sample sizes Quality of 
evidence 

Total Carbohy-
drate Oxidation 
Rate 

Not seri-
ous 

Seriousa Not serious Seriousb None 154 ⨁⨁◯◯ 
Low 

Endogenous 
Carbohydrate 
Oxidation Rate 

Not seri-
ous 

Seriousa Not serious Seriousb None 101 ⨁⨁◯◯ 
Low 

Exogenous 
Carbohydrate 
Oxidation Rate 

Not seri-
ous 

Seriousa Not serious Seriousb None 85 ⨁⨁◯◯ 
Low 

Total Fat Oxi-
dation Rate 

Not seri-
ous 

Seriousa Not serious Seriousb None 108 ⨁⨁◯◯ 
Low 

 
Effect of Glu vs. Glu-Fru on total CHO oxi-
dation 
Selected trials comparing Glu-Fru to Glu sup-
plementation on total carbohydrate oxidation 

demonstrated a significant increase in Glu-Fru 
consumption (WMD: 0.21 g/min; 95% CI: 0.13, 
0.30; I2: 66.1%; P < 0.05, GRADE: low) (Fig. 2).

  

 
 

Fig.  2: Effect of Glu-Fru vs. Glu on total carbohydrate oxidation during exercise. The forest plot shows standard-
ized mean differences with 95% confidence intervals (CIs) for 14 studies that included a measurement of the total 

carbohydrate oxidation rate 
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Subgroup analyses were conducted based on par-
ticipant characteristics, training parameters, and 
beverage consumption intervals, revealing heter-
ogeneity attributed to differing intervals between 
beverage consumption (Supplementary Table 1). 
Notably, consuming beverages every 20 minutes 

appeared to influence Glu's overall effect on total 
carbohydrate oxidation. Sensitivity analysis con-
firmed the stability of the overall effect size. 
Evaluation of publication bias via Egger’s test, 
Begg’s test, and funnel plot analysis yielded non-
significant results (P = 0.70) (Fig. 3). 

 

 
 

Fig.  3: Funnel plot for the comparison of Glu and Glu-Fru on oxidation rate during exercise 
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Effect of Glu vs. Glu-Fru on Endogenous 
CHO oxidation 
The pooled effect of 9 trials (12 arms) comparing 
the influence of beverages used by athletes on 
endogenous carbohydrate oxidation revealed a 

significant decrease (WMD: -0.12; 95% CI: -0.21, 
-0.02; I2: 66.3%; P value< 0.05, GRADE: low) in 
the effect of drinking the Glu-Fru product (Fig.  
4).

  

 
 

Fig.  4: Effect of Glu-Fru vs. Glu on endogenous carbohydrate oxidation during exercise. The forest plot shows 
standardized mean differences with 95% confidence intervals (CIs) for 9 studies that included a measurement of the 

endogenous carbohydrate oxidation rate 

 
Additionally, we conducted subgroup analysis for 
endogenous CHO oxidation according to the 
participants’ age, VO2 max, duration of training, 
G/F ratio, and beginning volume of consumed 
beverages. Therefore, we identified age and VO2 
max as sources of heterogeneity (shown in Sup-
plementary Table 1). Thus, heterogeneous pooled 
results were obtained for participants who were 
>=30 years old and who had a VO2 max of 61 
or more. Sensitivity analysis verified that the 
overall effect size is stable. Furthermore, there 
was no publication bias for this result, based on 

the data from Egger's test, Begg's test, and the 
associated funnel plot (P value = 0.88).  
 
Effect of Glu vs. Glu-Fru on Exogenous 
CHO oxidation 
To investigate the effect of consumed beverages 
on carbohydrate oxidation in the exogenous 
state, 8 trials (10 arms) were analyzed and showed 
a meaningful increase (WMD: 0.27 g/min; 95% 
CI: 0.18, 0.37; I2: 93.9%; P value < 0.05, 
GRADE: low) when Glu-Fru beverages were 
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consumed in comparison with Glu beverages (Fig.  5). 
 
 

 
Fig.  5: Effect of Glu-Fru vs. Glu on exogenous carbohydrate oxidation during exercise. The forest plot shows 

standardized mean differences with 95% confidence intervals (CIs) for 8 studies that included a measurement of the 
exogenous carbohydrate oxidation rate 

 

Additionally, to understand the cause of hetero-
geneity for this outcome, we utilized the partici-
pants’ age, VO2 max, duration of training, G/F 
ratio, and volume of beverages consumed for 
subgroup analysis, but as shown in Supplemen-
tary Table 1, we could not find sources of heter-
ogeneity. Moreover, removing each of the in-
cluded studies did not affect the final result (CI: -
0.37, -0.24). The overall effect size's stability has 
been proved by sensitivity analysis. Moreover, 
Egger’s test, Begg’s test, and the corresponding 
funnel plot demonstrated no bias in the publica-

tion of trials for this outcome (P value = 0.88) 
(Fig.  3). 
 
Effect of Glu vs. Glu-Fru on Total Fat Oxida-
tion 
A meta-analysis of 12 trials (13 arms) revealed a 
significant increase in total fat oxidation (WMD: -
0.06 g/min; 95% CI: -0.11, -0.01; I2: 83.2%; P 
value < 0.05, GRADE: low) in athletes supple-
mented with Glu beverages during sports compe-
titions (Fig.  6). 
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Fig.  6: Effect of Glu-Fru vs. Glu on total fat oxidation during exercise. The forest plot shows standardized mean 

differences with 95% confidence intervals (CIs) for 11 studies that included a measurement of the total fat oxidation 
rate 

 
Additionally, we used the participants’ age and 
VO2 max, G/F ratio, beginning volume of con-
sumed beverages, and time of each drinking in-
terval for subgroup analysis. All of the above-
mentioned factors are known sources of hetero-
geneity (shown in Supplementary Table 1). 
Therefore, participants who had a G/F ratio less 
than 2, consumed beverages every 15 minutes, 
consumed less than 600 ml, had a VO2 maxi-
mum less than or equal to 61 ml/kg/min and 
were aged 30 years or older were considered 
sources of heterogeneity. Additionally, eliminat-
ing none of the RCTs influenced the pooled re-
sults (CI: 0.01, 0.11). Sensitivity analysis verified 
that the overall effect size is stable. 
In addition, according to the data from Egger’s 
test, Begg’s test, and the corresponding funnel 

plot, there was no publication bias for this out-
come (P value = 0.32) (Fig.  3). 
 

Discussion 
 
This study explored how Glu-Fru versus Glu 
supplementation affects four outcomes: total 
carbohydrate oxidation, endogenous carbohy-
drate oxidation, exogenous carbohydrate oxida-
tion, and total fat oxidation. We hypothesized 
that carbohydrate source selection during exer-
cise significantly impacts athletes' metabolic re-
sponses and performance. Findings indicated that 
Glu-Fru significantly enhanced total carbohydrate 
oxidation compared to glucose, increased endog-
enous carbohydrate and total fat oxidation, and 
reduced exogenous carbohydrate oxidation (44). 
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offers a pertinent example, shedding light on its 
substantial correlation with increased fat oxida-
tion. This finding underscores the intricate inter-
play between habitual calcium levels and the ef-
fectiveness of interventions targeting substrate 
utilization. Similarly, A systematic review and me-
ta-analysis (45) on acute caffeine intake provides 
vital insights into fat oxidation during submaxi-
mal-intensity exercise. The juxtaposition of these 
studies elucidates the multifaceted nature of nu-
tritional influences on oxidation. Another meta-
analysis on effect of sports drink on carbohydrate 
oxidation rate (46) revealed Carbohydrate-
electrolyte solutions have been found to notably 
boost carbohydrate oxidation, while not signifi-
cantly influencing fat oxidation.  Carbohydrate-
caffeine energy drinks improve maximal oxygen 
uptake and endurance, while caffeine alone re-
duces fat oxidation. Carbohydrate-electrolyte 
drinks favor carbohydrate use, and caffeine pro-
motes fat metabolism. Glucose-fructose supple-
mentation significantly increased total carbohy-
drate oxidation during exercise compared to glu-
cose. This finding aligns with the findings of pre-
vious studies (32, 33, 36, 39), further reinforcing 
the pivotal role of Glu-Fru in augmenting sub-
strate utilization. Since fructose uses a different 
intestinal transport pathway, combining it with 
glucose should improve overall carbohydrate ab-
sorption. We hypothesize that fructose-glucose 
combination will increase total carbohydrate oxi-
dation during extended exercise (29). Conversely, 
dissenting results represented by (30, 31, 37) chal-
lenge the purported impact of Glu-Fru versus 
Glu on total carbohydrate oxidation during exer-
cise. Metabolism is highly individualized, affected 
by genetics, lifestyle, and training. Participants 
with different metabolic profiles could account 
for variations in carbohydrate oxidation rates 
(47). Factors such as enzyme activity, hormonal 
responses, age-related differences, premeal nutri-
tion, and external conditions like temperature and 
pressure—which were not reported—
significantly influence carbohydrate metabolism. 
These individualized factors likely contribute to 
the varying results observed in the studies, under-

scoring the complexity of carbohydrate metabo-
lism (48). 
Our study highlights a noteworthy increase in 
exogenous carbohydrate oxidation during exer-
cise with Glu-Fru supplementation, which con-
trasts with the increase in glucose. This result is 
consistent with the findings of supporting studies 
(29, 37, 39, 40, 49), indicating a 35%–55% in-
crease in exogenous carbohydrate oxidation rates 
with the concurrent intake of fructose compared 
to that with the consumption of glucose alone 
during exercise (40, 41). Combining fructose with 
glucose boosts plasma lactate production and 
oxidation, with minimal direct oxidation of fruc-
tose. This combination enhances intestinal ab-
sorption, leading to liver conversion of fructose 
into lactate, which is then oxidized. Research 
shows that higher exogenous glucose oxidation 
rates are linked to better performance in extend-
ed, moderate- to high-intensity exercise (50). 
In contrast, conflicting findings from (33) chal-
lenge the presumed impact of Glu-Fru versus 
glucose on exogenous carbohydrate oxidation 
during exercise. Differences in study methods 
may explain the varied outcomes between Glu-
Fru and Glu supplementation. Factors such as 
exercise duration, intensity, and type, as well as 
the timing and form of carbohydrate ingestion, 
significantly affect carbohydrate use. Additionally, 
varying fasting durations and preexercise meal 
compositions could contribute to these discrep-
ancies. Consistent with these findings (39, 41), 
our study demonstrated a notable increase in en-
dogenous carbohydrate oxidation with the inges-
tion of glucose compared to that with the inges-
tion of glucose-fructose. However, the interpreta-
tive landscape is not devoid of discordant notes 
(32, 33). This nuanced dichotomy may be rooted 
in the multifaceted interplay of methodological 
disparities, participant nuances, and the intrica-
cies of training parameters.  
Our study revealed a notable increase in total fat 
oxidation through glucose consumption. This 
finding aligns with prior research (29, 32, 33, 41), 
which also emphasized the role of glucose-
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fructose supplementation in enhancing overall fat 
oxidation during exercise. 
Conversely, these results (30, 50) challenge the 
purported influence of glucose-fructose versus 
glucose on total fat oxidation during exercise. 
Here, the intricacies of metabolism are influenced 
by factors ranging from genetic predispositions 
to lifestyle choices and training backgrounds. The 
individualized nature of these factors could con-
tribute to the contrasting results observed, high-
lighting the complexity inherent in understanding 
total fat oxidation during exercise. 
A glucose-fructose solution showed 65% higher 
carbohydrate absorption than a glucose-only so-
lution, due to their separate intestinal transport 
mechanisms. Glucose also boosts fructose ab-
sorption, potentially increasing the availability 
and oxidation rates of exogenous carbohydrates 
in the bloodstream (51). 
Compared with an equivalent caloric intake of 
glucose, coingesting fructose has been found to 
enhance rates of exogenous carbohydrate oxida-
tion and has improved performance in various 
studies (31, 36, 49) Excessive glucose intake dur-
ing exercise can saturate SGLT1 transporters, 
limiting further glucose absorption and oxidation. 
This saturation typically occurs around 1.0–1.2 
g/min. In contrast, fructose is absorbed via 
GLUT-5 transporters, which function separately 
from SGLT1, allowing different absorption dy-
namics (51). 
Our study has several strengths, including the use 
of the ROB 2 tool for assessing bias, inclusion of 
studies regardless of publication year or language, 
and Egger’s regression showing no publication 
bias. We also conducted a thorough subgroup 
analysis to explore sources of heterogeneity. 
However, we acknowledge limitations, such as 
the lack of established thresholds for minimal 
clinically important differences, which prevented 
us from assessing the clinical significance of our 
results. We did not explore the impact of geo-
graphical and ethnic variables on patient charac-
teristics, particularly in the context of endurance 
exercise (52, 53). Our study's findings apply spe-
cifically to endurance athletes performing steady-

state exercise, limiting generalizability to other 
populations. Significant heterogeneity, despite 
subgroup analysis, challenges clinical interpreta-
tion and may stem from variations in participant 
characteristics and dosages. The sample size of 
125 participants in the meta-analysis, while rela-
tively small for broader clinical research, is note-
worthy within the context of sports science stud-
ies. Moreover, while we recognize that pre-
exercise food intake could influence oxidation 
rates, we were unable to account for this variable 
in our analysis. 
 

Conclusion 
 
Glu-Fru supplementation increases total carbo-
hydrate oxidation and exogenous carbohydrate 
oxidation while decreasing endogenous carbohy-
drate oxidation and total fat oxidation. These re-
sults highlight the complex nature of nutrient 
utilization during exercise. Given the limited evi-
dence, further well-designed studies are needed 
to confirm these findings and enhance our un-
derstanding of athletic performance and nutri-
tion. 
 

Funding Sources 
 
Given the absence of research funding or spon-
sor involvement, no specific funding sources 
need to be declared. 
 

Conflict of Interest Statement 
 
None. 
 

Data availability 
 
All supplementary materials not presented here 
may be asked from the corresponding author 
based on reasonable apply.  
 

References 
 

1. Jeukendrup AE (2010). Carbohydrate and 
exercise performance: the role of multiple 

http://ijph.tums.ac.ir/


Gohari Dezfuli et al.: Comparing the Effects of Glucose-Fructose versus Glucose … 

 

Available at:    http://ijph.tums.ac.ir                                                                                                        736 
 

transportable carbohydrates. Curr Opin Clin 
Nutr Metab Care, 13 (4):452-7. 

2. Frayn KN (1983). Calculation of substrate 
oxidation rates in vivo from gaseous 
exchange. J Appl Physiol Respir Environ Exerc 
Physiol, 55 (2):628-34. 

3. Hargreaves M, Spriet LL (2020). Author 
Correction: Skeletal muscle energy 
metabolism during exercise. Nat Metab, 2 
(9):990. 

4. Ramadoss R, Stanzione JR, Volpe SL (2022). A 
Comparison of Substrate Utilization Profiles 
During Maximal and Submaximal Exercise 
Tests in Athletes. Front Psychol, 13:854451. 

5. Randell RK, Rollo I, Roberts TJ, et al (2017). 
Maximal Fat Oxidation Rates in an Athletic 
Population. Med Sci Sports Exerc, 49 (1):133-
140. 

6. Venables MC, Achten J, Jeukendrup AE (2005). 
Determinants of fat oxidation during exercise 
in healthy men and women: a cross-sectional 
study. J Appl Physiol (1985), 98 (1):160-7. 

7. Alghannam AF, Ghaith MM, Alhussain MH 
(2021). Regulation of Energy Substrate 
Metabolism in Endurance Exercise. Int J 
Environ Res Public Health, 18 (9):4963. 

8. Coyle EF, Coggan AR, Hemmert MK, Ivy JL 
(1986). Muscle glycogen utilization during 
prolonged strenuous exercise when fed 
carbohydrate. J Appl Physiol (1985), 61 (1):165-
72. 

9. Smith JW, Zachwieja JJ, Péronnet F, et al (2010). 
Fuel selection and cycling endurance 
performance with ingestion of [13C]glucose: 
evidence for a carbohydrate dose response. J 
Appl Physiol (1985), 108 (6):1520-9. 

10. Stellingwerff T, Cox GR (2014). Systematic 
review: Carbohydrate supplementation on 
exercise performance or capacity of varying 
durations. Appl Physiol Nutr Metab, 39 (9):998-
1011. 

11. Jeukendrup AE, Wagenmakers AJ, Stegen JH, et 
al (1999). Carbohydrate ingestion can 
completely suppress endogenous glucose 
production during exercise. Am J Physiol, 276 
(4):E672-83. 

12. Jeukendrup AE, Jentjens R (2000). Oxidation of 
carbohydrate feedings during prolonged 
exercise: current thoughts, guidelines and 
directions for future research. Sports Med, 29 
(6):407-24. 

13. Rowlands DS, Houltham S, Musa-Veloso K, 
Brown F, Paulionis L, Bailey D (2015). 
Fructose-Glucose Composite Carbohydrates 
and Endurance Performance: Critical Review 
and Future Perspectives. Sports Med, 45 
(11):1561-76. 

14. Shi X, Summers RW, Schedl HP, et al (1995). 
Effects of carbohydrate type and 
concentration and solution osmolality on 
water absorption. Med Sci Sports Exerc, 27 
(12):1607-15. 

15. Pugh JN, Fearn R, Morton JP, Close GL (2018). 
Gastrointestinal symptoms in elite athletes: 
time to recognise the problem? Br J Sports 
Med, 52 (8):487-488. 

16. Papantoniou K, Michailides C, Bali M, et al 
(2023). Gastrointestinal bleeding in athletes. 
Ann Gastroenterol, 36 (3):267-274. 

17. Leturque A, Brot-Laroche E, Le Gall M, et al 
(2005). The role of GLUT2 in dietary sugar 
handling. J Physiol Biochem, 61 (4):529-37. 

18. Jones HF, Butler RN, Brooks DA (2011). 
Intestinal fructose transport and 
malabsorption in humans. Am J Physiol 
Gastrointest Liver Physiol, 300 (2):G202-6. 

19. Merino B, Fernández-Díaz CM, Cózar-
Castellano I, Perdomo G (2019). Intestinal 
Fructose and Glucose Metabolism in Health 
and Disease. Nutrients, 12 (1):94. 

20. Wallis GA, Wittekind A (2013). Is there a 
specific role for sucrose in sports and exercise 
performance? Int J Sport Nutr Exerc Metab, 23 
(6):571-83. 

21. DeBosch BJ, Chi M, Moley KH (2012). Glucose 
transporter 8 (GLUT8) regulates enterocyte 
fructose transport and global mammalian 
fructose utilization. Endocrinology, 153 (9):4181-
91. 

22. McDermott BP, Anderson SA, Armstrong LE, 
et al (2017). National Athletic Trainers' 
Association Position Statement: Fluid 
Replacement for the Physically Active. J Athl 
Train, 52 (9):877-895. 

23. . AA ((2022)). Flexible Dieting: A Science-Based, 
Reality-Tested Method for Achieving and 
Maintaining Your Optimal Physique, Performance 
& Health. ed. Victory Belt Publishing, Las 
Vegas (NV). 

24. Page MJ, McKenzie JE, Bossuyt PM, et al 
(2021). The PRISMA 2020 statement: an 

http://ijph.tums.ac.ir/


Iran J Public Health, Vol. 54, No.4, Apr 2025, pp.723-738  

737                                                                                                       Available at:    http://ijph.tums.ac.ir 
 

updated guideline for reporting systematic 
reviews. BMJ, 372:n71. 

25. Liberati A, Altman DG, Tetzlaff J, et al (2009). 
The PRISMA statement for reporting 
systematic reviews and meta-analyses of 
studies that evaluate health care interventions: 
explanation and elaboration. J Clin Epidemiol, 
62 (10):e1-34. 

26. Rohatgi A (2019) WebPlotDigitizer. 4.2 edn., 
Austin, TX  

27. Sterne JAC, Savović J, Page MJ, et al (2019). RoB 
2: a revised tool for assessing risk of bias in 
randomised trials. BMJ, 366:l4898. 

28. Puhan MA, Schünemann HJ, Murad MH, et al 
(2014). A GRADE Working Group 
approach for rating the quality of treatment 
effect estimates from network meta-analysis. 
BMJ, 349:g5630. 

29. Trommelen J, Fuchs CJ, Beelen M, et al (2017). 
Fructose and Sucrose Intake Increase 
Exogenous  Carbohydrate Oxidation during 
Exercise. Nutrients, 9 (2): 167. 

30. Wilson PB, Ingraham SJ (2016). Effects of 
glucose-fructose versus glucose ingestion on 
stride characteristics during prolonged 
treadmill running. Sports Biomech, 15 (3):270-
82. 

31. Baur DA, Schroer AB, Luden ND, et al (2014). 
Glucose-fructose enhances performance 
versus isocaloric, but not moderate, glucose. 
Med Sci Sports Exerc, 46 (9):1778-86. 

32. Roberts JD, Tarpey MD, Kass LS, et al (2014). 
Assessing a commercially available sports 
drink on exogenous carbohydrate oxidation, 
fluid delivery and sustained exercise 
performance. J Int Soc Sports Nutr, 11 (1):8. 

33. Tarpey MD, Roberts JD, Kass LS, et al (2013). 
The ingestion of protein with a maltodextrin 
and fructose beverage on substrate utilisation 
and exercise performance. Appl Physiol Nutr 
Metab, 38 (12):1245-53. 

34. Lecoultre V, Benoit R, Carrel G, et al (2010). 
Fructose and glucose co-ingestion during 
prolonged exercise increases lactate and 
glucose fluxes and oxidation compared with 
an equimolar intake of glucose. Am J Clin 
Nutr, 92 (5):1071-9. 

35. Rowlands DS, Thorburn MS, Thorp RM, et al 
(2008). Effect of graded fructose coingestion 
with maltodextrin on exogenous 14C-
fructose and 13C-glucose oxidation efficiency 

and high-intensity cycling performance. J Appl 
Physiol (1985), 104 (6):1709-19. 

36. Currell K, Jeukendrup AE (2008). Superior 
endurance performance with ingestion of 
multiple transportable carbohydrates. Med Sci 
Sports Exerc, 40 (2):275-81. 

37. Jeukendrup AE, Moseley L, Mainwaring GI, et al 
(2006). Exogenous carbohydrate oxidation 
during ultraendurance exercise. J Appl Physiol 
(1985), 100 (4):1134-41. 

38. Jentjens RL, Underwood K, Achten J, et al 
(2006). Exogenous carbohydrate oxidation 
rates are elevated after combined ingestion of 
glucose and fructose during exercise in the 
heat. J Appl Physiol (1985), 100 (3):807-16. 

39. Jentjens RL, Jeukendrup AE (2005). High rates 
of exogenous carbohydrate oxidation from a 
mixture of glucose and fructose ingested 
during prolonged cycling exercise. Br J Nutr, 
93 (4):485-92. 

40. Wallis GA, Rowlands DS, Shaw C, et al (2005). 
Oxidation of combined ingestion of 
maltodextrins and fructose during exercise. 
Med Sci Sports Exerc, 37 (3):426-32. 

41. Jentjens RL, Moseley L, Waring RH, et al (2004). 
Oxidation of combined ingestion of glucose 
and fructose during exercise. J Appl Physiol 
(1985), 96 (4):1277-84. 

42. Hulston CJ, Wallis GA, Jeukendrup AE (2009). 
Exogenous CHO oxidation with glucose plus 
fructose intake during exercise. Med Sci Sports 
Exerc, 41 (2):357-63. 

43. Higgins JP, Thompson SG (2002). Quantifying 
heterogeneity in a meta-analysis. Stat Med, 21 
(11):1539-58. 

44. Gonzalez JT, Rumbold PL, Stevenson EJ (2012). 
Effect of calcium intake on fat oxidation in 
adults: a meta-analysis of randomized, 
controlled trials. Obes Rev, 13 (10):848-57. 

45. Collado-Mateo D, Lavín-Pérez AM, Merellano-
Navarro E, Coso JD (2020). Effect of Acute 
Caffeine Intake on the Fat Oxidation Rate 
during Exercise: A Systematic Review and 
Meta-Analysis. Nutrients, 12 (12):3603. 

46. Li X, Wang W, Guo R, et al (2020). The Effects 
of Sports Drinks During High-Intensity 
Exercise on the Carbohydrate Oxidation Rate 
Among Athletes: A Systematic Review and 
Meta-Analysis. Front Physiol, 11:574172. 

47. Labayen I, Díez N, Parra D, et al (2004). Basal 
and postprandial substrate oxidation rates in 

http://ijph.tums.ac.ir/


Gohari Dezfuli et al.: Comparing the Effects of Glucose-Fructose versus Glucose … 

 

Available at:    http://ijph.tums.ac.ir                                                                                                        738 
 

obese women receiving two test meals with 
different protein content. Clin Nutr, 23 
(4):571-8. 

48. Labayen I, Forga L, Martínez JA (1999). Nutrient 
oxidation and metabolic rate as affected by 
meals containing different proportions of 
carbohydrate and fat, in healthy young 
women. Eur J Nutr, 38 (3):158-66. 

49. Rowlands DS, Swift M, Ros M, Green JG 
(2012). Composite versus single transportable 
carbohydrate solution enhances race and 
laboratory cycling performance. Appl Physiol 
Nutr Metab, 37 (3):425-36. 

50. Gonzalez JT, Fuchs CJ, Smith FE, et al (2015). 
Ingestion of glucose or sucrose prevents liver 

but not muscle glycogen depletion during 
prolonged endurance-type exercise in trained 
cyclists. Am J Physiol Endocrinol Metab, 309 
(12):E1032-9. 

51. Burant CF, Takeda J, Brot-Laroche E, et al 
(1992). Fructose transporter in human 
spermatozoa and small intestine is GLUT5. J 
Biol Chem, 267 (21):14523-6. 

52. Onywera VO, Scott RA, Boit MK, Pitsiladis YP 
(2006). Demographic characteristics of elite 
Kenyan endurance runners. J Sports Sci, 24 
(4):415-22. 

53. Sharma S (2003). Athlete's heart--effect of age, 
sex, ethnicity and sporting discipline. Exp 
Physiol, 88 (5):665-9. 

 
 

 

http://ijph.tums.ac.ir/

