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Objective: In addition to recent discussions of low-carbohydrate, high-fat 
diets (LCHF) from a performance perspective, there is a paucity of knowledge 
regarding influence of the combined effect of an exercise and nutritional 
intervention, which varies in carbohydrate (CHO) intake and glycemic indices, 
on blood lipid levels in recreationally active men.

Methods: A total of 65 male runners (VO2 peak  =  55  ±  8  mL·min−1·kg−1) completed 
a 10-week ad libitum nutritional regimen (LOW-GI: ≥ 65% low GI CHO per day, 
n =  24; HIGH-GI: ≥ 65% high GI CHO per day, n =  20; LCHF: ≤ 50  g CHO daily, 
n =  21) with a concurrent prescribed endurance training intervention. Fasting 
total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol 
(LDL-C) and high-density lipoprotein cholesterol (HDL-C) were determined 
before and after the intervention. Additionally, 24-h dietary recalls were 
completed twice weekly.

Results: Following the intervention, TC was significantly higher in LCHF 
(196  ±  37  mg·dL−1) compared to both LOW-GI (171  ±  41  mg·dL−1) and HIGH-
GI (152  ±  28  mg·dL−1, p  <  0.001). Additionally, LDL-C levels increased in LCHF 
(+17  ±  21  mg·dL−1, p  =  0.001), while they decreased in both CHO groups (p  <  0.05, 
respectively). Only the HIGH-GI group demonstrated a significant reduction in 
HDL-C (−3  ±  9  mg·dL−1, p  =  0.006), while a decrease in TG was only significant in 
LOW-GI (−18  ±  36  mg·dL−1, p  =  0.008).

Conclusion: Although mean blood lipid levels remained within the normal 
range, the data indicate that a low-carbohydrate, high-fat (LCHF) diet 
leads to unfavorable changes in individual blood lipid profiles compared to 
carbohydrate-rich diets. Therefore, it is recommended that the impact of a low-
carbohydrate diet on blood lipids be considered when counseling active and 
healthy individuals.
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1 Introduction

In recent times, low-carbohydrate-high-fat (LCHF) diets have 
become a popular choice amongst endurance athletes seeking to 
enhance their capacity to utilize fat as a fuel source (1). A reduction in 
carbohydrate (CHO) intake results in a shift in substrate utilization 
toward a reliance on fat in circumstances where carbohydrate stores 
in the form of glycogen would typically be used (2–4). However, since 
carbohydrate stores are finite and a LCHF diet might promote 
increased fat oxidation while sparing CHO stores, this theory still 
appeals to some endurance athletes, despite official guidelines 
recommending a high-carbohydrate diet (5–8). In addition to the 
potential enhancements in their substrate metabolism, some athletes 
may also observe the favorable effects on weight and cardiometabolic 
health of a LCHF diet that have been evidenced in the general 
population. In this cohort, it has been demonstrated that an LCHF 
diet can have a beneficial impact on conditions such as obesity (9), 
metabolic syndrome (10) and type 2 diabetes (11). In light of these 
arguments, it appears reasonable to conclude that some endurance 
athletes view an LCHF diet as a healthy and effective approach.

In addition to the debate as to whether a LCHF should 
be  recommended from a performance perspective (12–14), the 
cardiometabolic health benefits of a LCHF diet are frequently 
misinterpreted by endurance athletes in practice. Given that the 
majority of athletes already have a favorable health status, the 
interpretation of studies reporting health benefits of a LCHF diet 
must be approached with caution, as the reported improvements 
were often observed in individuals with overweight or existing 
metabolic disturbances. The assumption that an athlete’s physical 
condition and lifestyle are sufficient to protect them from 
cardiometabolic diseases, such as dyslipidemia, leads most athletes to 
be  less concerned about the impact of their daily diet on their 
cardiometabolic health status. Instead, they focus on optimizing their 
daily intake of nutrients in order to enhance their training adaptations 
and competition performance.

Indeed, there is limited evidence, that a LCHF might lead to 
unfavorable alterations in blood lipid concentrations in endurance 
athletes (15). Athletes who follow a LCHF diet may experience an 
increase in total cholesterol (TC) levels. However, only three trials 
were included in the meta-analyses. Nevertheless, the findings should 
be regarded with respect by athletes who adhere to or plan to employ 
a LCHF diet, as they may already be at an elevated risk for arterial wall 
stiffening and myocardial fibrosis due to the high training volumes 
they engage in (16). In light of the ambiguous evidence regarding the 
performance benefits of a LCHF diet, endurance athletes who adhere 
to this dietary regimen may unintentionally elevate their risk of 
cardiovascular dysfunction. This could potentially negate the favorable 
cardiometabolic health outcomes achieved through training.

In addition, it still remains uncertain whether the findings on the 
impact of the glycemic index (GI) on blood lipids can be extrapolated 
to physically active individuals. Previous research has shown that 
reducing the GI can lead to beneficial changes in blood lipid levels in 
people with type 1 and 2 diabetes (17, 18) or obesity (19), as well as in 
young adults (20, 21). In fact, a meta-analysis of 28 randomized 
controlled trials in overweight and obese subjects has consistently 
shown that a diet containing low GI CHO can reduce TC and 
LDL-C. However, no effects on HDL-C or triglycerides (TG) were 
found (22). Compared to a LCHF diet, a low GI diet was associated 

with longer-lasting positive changes in cardiometabolic parameters, 
such as TC and HDL-C (19).

Despite the existing research on the impact of carbohydrate 
restriction on blood lipid levels in athletes (23–32), the current 
literature on this topic is still evolving and the acquisition of further 
data can contribute to a more nuanced understanding. Furthermore, 
the additional investigation of the GI should provide new insights into 
the effects of a high or low GI on blood lipids in athletic individuals. 
Thus, the main aim of this study was to investigate the impact of 
different nutritional regimens, which vary in carbohydrate content 
and GI, on blood lipid levels in recreationally active runners enrolled 
in a 10-week prescribed endurance training program. It was 
hypothesized that a LCHF diet would lead to higher levels of TC, 
LDL-C, and TG when compared to a carbohydrate-rich diet. 
Moreover, we considered that a low GI would have a beneficial impact 
on blood lipid profiles, in comparison to a high GI.

2 Materials and methods

This study is a secondary analysis from an investigation conducted 
at the University of Vienna (33). The original study followed an open, 
randomized, non-blinded design. The primary outcome variables in 
the present observation are distinct, with only the interventional data 
and subjects’ characteristics being shared. Accordingly, a 
comprehensive overview of the methodological approaches employed 
in the current study has been published elsewhere (33), but are 
summarized here for clarity. Specific methods only applied in this 
study will be provided in further detail. The registration of this study 
is located at ClinicalTrials.gov with the Identifier NCT05241730. This 
study adhered to all CONSORT guidelines (34). The original study 
protocol for this clinical trial, including the CONSORT diagram 
demonstrating participant flow, can be found in Moitzi, Krššák (33).

2.1 Participants

A summary of the subject’s characteristics can be found in Table 1. 
The initial cohort comprised 87 participants, who were randomly 
assigned to one of the three interventional groups. For various reasons, 
including non-compliance, infection with the SARS-CoV-2 virus, and 
personal withdrawal, 65 of the initial 87 recruited runners completed 
the study in its entirety.

TABLE 1 Subject characteristics.

LOW-
GI

HIGH-GI LCHF p-
value

N 24 20 21 –

Age [years] 30 ± 4 29 ± 4 27 ± 4 0.112

Height [cm] 182 ± 7 180 ± 6 182 ± 7 0.740

Weight [kg] 79.5 ± 8.1 77.1 ± 11.3 81.5 ± 10.8 0.354

BMI [kg·m−2] 24.1 ± 2.8 23.7 ± 3.2 24.6 ± 3.3 0.661

Active days per week 3 ± 1 3 ± 1 3 ± 1 0.886

VO2 peak 

[mL·min−1·kg−1]
54 ± 7 55 ± 7 55 ± 9 0.967
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The inclusion criteria required recreationally active (2–3 training 
sessions per week) male endurance athletes without any medical 
conditions. Exclusion criteria included experience within the last 
6 months with one of the interventional diets, contraindication to 
physical activity according to the American College of Sports 
Medicine Guideline (35), use of medications or dietary supplements 
that could affect measurements or are prohibited by the WADA 
code, chronic diseases, and arterial hypertension.

The study protocol underwent review by the Ethical Committee 
of the Medical University of Vienna (EK Nr: 2105/2021), the Ethical 
Committee of the University of Vienna (Reference number: 00871), 
and was conducted in accordance with the declaration of Helsinki. 
Written informed consent was obtained from all participant prior to 
beginning of the intervention.

2.2 Intervention

The intervention lasted for a period of 10 weeks. Before the initial 
visit, all participants underwent a screening process that included a 
medical examination and an evaluation of their readiness for physical 
activity using the PAR-Q. Additionally, anthropometric and 
performance data, such as body composition and a graded exercise 
test, were collected; all of which are described in detail elsewhere 
(33). Enrolled participants were assigned to one of three groups 
(LOW-GI, HIGH-GI, and LCHF) based on their VO2 peak to 
minimize performance-related outcomes, as proposed by 
Hopkins (36).

Diet prescription is outlined in detail by Moitzi, Krššák (33). In 
brief, participants were instructed to adhere to their respective 
dietary patterns. All dietary regimens were designed as ad libitum, 
with subjects preparing their own meals in accordance with the 
respective group guidelines:

 • LOW-GI: 50–60% carbohydrates with ≥65% of energy from low 
glycemic index (GI < 50) carbohydrates per day

 • HIGH-GI: 50–60% carbohydrates with ≥65% of energy from 
high glycemic index (GI > 70) carbohydrates per day

 • LCHF: ≥ 65% fat, maximum of 50 g carbohydrates per day.

The endurance exercise intervention was prescribed for all groups 
and consisted of five running sessions per week (three session 
constant moderate load, two sessions heavy strenuous load), with an 
average of 230 training minutes per week. The training zones were 
adjusted individually based on the results of the graded exercise test. 
The training was conducted individually by the test subjects, allowing 
for personal preferences regarding the time of day or the running 
route to be taken into account. The training sessions were uploaded 
onto the sports watch (Polar Vantage M, Polar Electro Oy, Kempele, 
Finnland) in advance, and during the session, the subjects received 
feedback from the watch via vibration indicating whether they were 
in the desired zone. Sessions were therefore recorded with a watch 
and a heart rate belt (Polar H10, Polar Electro Oy, Kempele, Finland) 
and controlled weekly by the study management. It was stated prior 
to the study that participants must complete a minimum of 75% of 
the prescribed training minutes to be included in the final analysis. 
Of the 87 participants, 11 were unable to achieve the requisite 75% of 
the prescribed training minutes.

2.3 Compliance evaluation

To monitor nutritional compliance, participants were instructed 
to record their food intake for one weekday and one weekend day per 
week. Trained dieticians reviewed the records using nut.s software 
(Dato Denkwerkzeuge, Wien, Austria). The food consumed was 
entered and analyzed in the software. In addition to the energy intake 
and macronutrient values, the fatty acids and fiber consumed were 
also analyzed in this study. Compliance during the study was assessed 
by calculating the mean of 20 24-h recalls per subject, which was then 
used for further calculations.

To assess nutrition prior to the intervention a 24-h recall and a 
food frequency questionnaire were used. The validated DEGS1-FFQ 
collects the frequency and quantity of 53 food items eaten in the last 4 
weeks (37). The questionnaire was completed online and converted to 
nutritional intake according to previous proposed methods (38). For 
the baseline value the mean of the 24-h recall and the FFQ was used.

The determination of the GI of the diets was based on Atkinson, 
Brand-Miller (39) and Atkinson, Foster-Powell (40). To calculate the 
average GI of each recall, the percentage contribution of each individual 
CHO-containing food was multiplied by its glycemic index. The sum 
of these products was then divided by the number of meals and was 
taken as the GI of this recall. Finally, the mean GI of all protocols was 
determined for each subject in the carbohydrate groups. Given the 
markedly low carbohydrate intake observed in the LCHF cohort, the 
GI was not calculated for any of the participants in LCHF group.

2.4 Blood lipid biomarker analysis

Participants were instructed to arrive at the laboratory in the 
morning after an 8-h fasting period for the blood draw, both before 
and after the 10-week intervention. To minimize circadian influences 
blood samples were taken ±1 h before and after the intervention. A 
trained phlebotomist obtained an 8.5-ml blood sample through 
venipuncture. The serum sample (BD Vacutainer SST II Advance, 
Belliver Industrial Estate, Plymouth, United Kingdom) was sent to at 
a certified laboratory (Synlab, Institut für medizinische und chemische 
Labordiagnostik GmbH, Vienna, Austria) for subsequent analysis of 
total cholesterol (TC), HDL-C, LDL-C, and triglycerides (TG). There 
analyses for TC, HDL-C and TG were performed using an enzymatic 
color test in a clinical chemistry analyzer (AU5822, Beckman Coulter, 
Brea, USA). The respective Beckman Coulter kit numbers were 
OSR6216 for TC, OSR6287 for HDL-C, and ORS61118 for TG. LDL-C 
was calculated using the Friedewald equation, where:

 
.

5
TGLDL C TC HDL C− = − − −

2.5 Statistical analyses

Statistical analyses were performed using the Statistical Package 
for the Social Sciences Software (SPSS for Windows, Version 28, SPSS 
Inc., Chicago, IL). Figures were created using GraphPad Prism 
(GraphPad Prism Version 8.0.2 for Windows, GraphPad Software, 
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San Diego, California, United States). The level of significance was 
set at α = 0.05. Results are presented as mean  ± standard 
deviation (SD).

The normality of the distribution was evaluated using the Shapiro–
Wilk test. The differences between groups at baseline and different 
changes during the intervention were evaluated using a one-way 
ANOVA and in case of no given normal distribution a Kruskal-Wallis 
test was used. If significant differences were identified, a Tukey post-hoc 
test was conducted to ascertain which groups exhibited significant 
differences. To assess differences in time (within-subject factor), group 
(between-subject factor), and time x group interaction effects, a 
two-way mixed ANOVA with Tukey-corrected post hoc analyses was 
conducted. In the event of a significant interaction, simple main effects 
for group and time were analyzed. For significant results, we displayed 
effect sizes for one-way ANOVA (ηp2) and simple time effects (Cohen’s 
d). Due to observed baseline differences in LDL-C levels among the 
groups, a one-way ANCOVA was employed to adjust for these initial 
disparities and assess the effect of the interventions on follow-up 
LDL-C levels. Baseline LDL-C level was included as a covariate to 
control for initial differences among participants. Post hoc comparisons 
were performed using the Bonferroni correction to adjust for 
multiple testing.

In order to ascertain the relationship between alterations in blood 
lipid levels, body weight and dietary intake, a Pearson’s correlation was 
conducted. If normal distribution was not given, Spearman was used. 
Therefore, the change was calculated as value post minus value pre 
(Δ). Variables used for the correlation analysis included TC, HDL-C, 
LDL-C, TG, body weight, energy intake, relative macronutrient intake, 
glycemic index, fatty acids intake and fiber intake.

Lastly, a multiple linear regression was conducted to refine 
predictive models for changes in blood lipid concentrations (ΔTC, 
ΔHDL-C, ΔLDL-C and ΔTG), initially including changes in energy 
intake, relative macronutrient intake (CHO, proteins, fat), glycemic 
index, fiber intake, body weight and composition (fat mass, fat-free 
mass) as potential predictors. The analysis utilized a backward 
elimination method, with a criterion set at a probability of F-to-
remove greater than or equal to 0.100. The predictors with the highest 
adjusted R2 from the backward elimination method were included in 
the final model. A multiple linear regression was calculated with those 
predictors using the enter method. Linearity was assessed by visual 
interpretation of partial regression plots and a plot of studentized 
residuals against the predicted values. Homoscedasticity was assessed 
via visual inspection of a plot of studentized residuals versus 
unstandardized predicted values. When independent variables had a 
correlation coefficient R > 0.8 and the multicollinearity was harmed, 
one of the parameters was removed from the model.

Eight participants lacked baseline data on dietary fiber and fatty 
acid intake due to issues with data collection. Nevertheless, the energy 
intake and macronutrient intake of these participants were evaluated 
using the FFQ.

3 Results

3.1 Study population

As already stated detailed information about subjects, body weight 
and composition and performance-measurements are published in 

Moitzi, Krššák (33). For clarity, subjects baseline characteristics are 
shown in Table 1.

3.2 Nutritional intervention

Detailed nutritional data are already published in Moitzi, Krššák 
(33). Data on energy intake and relative macronutrient intake will 
be presented in brief in the following. Energy intake was significantly 
reduced in LOW-GI (T-0: 2178 ± 556 kcal vs. T-10: 1784 ± 502 kcal, 
p < 0.001, d = 0.802). During the intervention, intake was significantly 
higher in HIGH-GI (2124 ± 462 kcal) compared to the LCHF 
(1755 ± 468 kcal, p = 0.043, ηp2 = 0.109). Analysis revealed significant 
interaction effects for relative carbohydrate, protein, and fat intake. 
During the intervention, LOW-GI (50.5 ± 5.4%) and HIGH-GI 
(53.5 ± 5.6%) had a significantly higher relative carbohydrate intake 
compared to LCHF (10.6 ± 3.7%, p < 0.001, ηp2 = 0.941). All groups 
experienced a significant change in relative protein intake. LOW-GI 
(+3.4 ± 2.4%, p < 0.001, d = 1.452) and LCHF (+9.3 ± 4.7%, p < 0.001, 
d = 1.975) had an increase in relative protein intake, while HIGH-GI 
(−1.1 ± 2.3%, p = 0.042, d  = 0.487) had a decrease. There were 
significant differences in protein intake between all groups (for all 
pairwise comparisons p < 0.050, ηp2 = 0.773). The LOW-GI group 
experienced a decrease in relative fat intake (−3.1 ± 6.9%, p = 0.034, 
d  = 0.461), while the LCHF group experienced an increase 
(+27.9 ± 8.9%, p < 0.001, d = 3.152) and intake in HIGH-GI remained 
unchanged (−2.0 ± 5.2%, p = 0.104). Fat intake also differed 
significantly between the LCHF group and the two carbohydrate 
groups (p < 0.001, ηp2 = 0.906). The study evaluated the glycemic index 
for LOW-GI and HIGH-GI. The study found that the glycemic index 
decreased in the LOW-GI group (−22 ± 9, p < 0.001, d = 1.469) and 
increased in the HIGH-GI group (+7 ± 7, p < 0.001, d = 0.993). There 
was a significant difference in the glycemic index between the two 
groups during the intervention (LOW-GI: 41 ± 3, HIGH-GI: 64 ± 3, 
p < 0.001, d = 7.555).

In addition to macronutrient intake, the intake of saturated fatty 
acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated 
fatty acids (PUFA), omega-3 (n-3-FA) and omega-6 fatty acids (n-6-
FA), total fiber, soluble and insoluble fiber were determined from the 
food protocols and are shown in Table 2. SFA intake was significantly 
reduced in LOW-GI (−7.7 ± 15.4 g·day−1, p = 0.025, d = 0.529), while 
in LCHF, SFA intake increased (+34.3 ± 16.6 g·day−1, p < 0.001, 
d = 2.065). Intake during the study was significantly higher in the 
LCHF group compared to the LOW-GI or HIGH-GI group (p < 0.001, 
ηp2 = 0.458). Intake of MUFA showed no difference between the 
LOW-GI and HIGH-GI group, whereas intake in the LCHF group 
increased significantly (+31.6 ± 30.5 g·day−1, p < 0.001, d = 1.036) and 
was significantly higher during the study compared to both other 
groups (p < 0.001, ηp2 = 0.513). Additionally, n-3-FA intake increased 
in LCHF (+3.4 ± 4.0 g·day−1, p = 0.004, d = 0.860) with a significantly 
higher intake during the intervention compared to LOW-GI or 
HIGH-GI (p < 0.001, ηp2 = 0.454). Intake of PUFA or n-6-FA showed 
no significant interaction effect. However, the main effect for the 
group showed a significantly higher mean PUFA-intake in LCHF 
(24.2 ± 13.7 g·day−1) compared to LOW-GI (16.0 ± 6.0 g·day−1, 
p = 0.008, ηp2 = 0.163) independent of time.

The fiber intake during the study was significantly higher in 
LOW-GI compared to LCHF or HIGH-GI (p < 0.001, ηp2 = 0.369). 
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Intake of soluble fiber decreased in LCHF (−2.9 ± 4.7 g·day−1, p = 0.026, 
d = 0.619) and differed significantly from LOW-GI and HIGH-GI 
during the study (p < 0.001, ηp2 = 0.407). The LOW-GI group showed 
a significantly higher mean intake in insoluble fiber compared to 
LCHF group (p < 0.001, ηp2 = 0.307) independent of time.

3.3 Exercise intervention

The training minutes were divided into basic and interval sessions, 
and no significant difference was found between the groups (p > 0.05). 
Additionally, there were no differences in total training minutes 
between the LOW-GI (2,125 ± 294 min), HIGH-GI (2072 ± 285 min), 
and LCHF (2,103 ± 256 min) groups (p = 0.824).

3.4 Blood lipid levels

At baseline measurement, blood lipid levels did not differ except 
for LDL-C. LDL-C was significantly higher in LOW-GI compared to 
HIGH-GI (p = 0.035, ηp2 = 0.095). Two-way mixed ANOVA showed 
significant time group interactions for TC, HDL-C and LDL-C 

(p < 0.05, respectively, see Table 3). The study found that TC levels 
significantly decreased in both LOW-GI (−21 ± 24 mg·dL−1, p < 0.001, 
d  = 0.845) and HIGH-GI (−15 ± 23 mg·dL−1, p = 0.007, d  = 0.669), 
while it increased in LCHF (+21 ± 29 mg·dL−1, p = 0.004, d = 0.706). 
After the intervention, TC was significantly higher in LCHF compared 
to LOW-GI or HIGH-GI (p < 0.001, ηp2 = 0.201) and increase was 
significantly greater in LCHF (p < 0.001, ηp2 = 0.589). There was a 
significant decrease in HDL-C in HIGH-GI (−3 ± 9 mg·dL−1, p = 0.006, 
d  = 0.374), while no changes were observed in LOW-GI or 
LCHF. Changes in HDL-C were significantly different between 
HIGH-GI and LCHF (p = 0.043, ηp2 = 0.098). At T-10, there were no 
differences in HDL-C. LDL-C decreased significantly in LOW-GI 
(−14 ± 20 mg·dL−1, p = 0.002, d  = 0.723) and HIGH-GI 
(−13 ± 18 mg·dL−1, p = 0.005, d  = 0.702) and increased in LCHF 
(+17 ± 21 mg·dL−1, p = 0.001, d = 0.818). The change in LDL-C was 
significantly higher in LOW-GI and HIGH-GI compared to LCHF 
(p  < 0.001, ηp2 = 0.359). Due to baseline differences in LDL-C 
concentration a one-way ANCOVA was employed to compare groups 
at T-10. Prior to conducting the ANCOVA, assumptions were 
assessed. Linearity between the baseline LDL-C and follow-up LDL-C 
was confirmed using scatterplots within each group. The homogeneity 
of regression slopes assumption was tested by examining the 

TABLE 2 Fatty acids and fiber intake before (T-0) and during the intervention.

Group T-0 During the 
intervention (T-10)

Time x Group Simple group 
effect at T-10

SFA [g·day−1]

LOW-GI 35.9 ± 16.6 26.9 ± 13.2 c,*

<0.001 <0.001HIGH-GI 31.9 ± 20.3 36.0 ± 14.2 c

LCHF 30.4 ± 16.3 60.4 ± 19.7 a,b,*

MUFA [g·day−1]

LOW-GI 30.0 ± 12.8 27.9 ± 10.6 c

<0.001 <0.001HIGH-GI 34.0 ± 21.1 31.6 ± 11.5 c

LCHF 36.2 ± 24.6 63.2 ± 22.7 a,b,*

PUFA [g·day−1]

LOW-GI 16.0 ± 7.2 16.0 ± 5.1

0.135
0.008 # (LCHF vs. 

LOW-GI)
HIGH-GI 19.8 ± 11.8 18.5 ± 6.0

LCHF 20.5 ± 15.6 27.0 ± 12.2

N-3-FA [g·day−1]

LOW-GI 2.1 ± 1.5 2.3 ± 0.7 c

<0.001 <0.001HIGH-GI 4.7 ± 6.0 3.3 ± 2.1 c

LCHF 3.2 ± 2.0 6.5 ± 2.8 a,b,*

N-6-FA [g·day−1]

LOW-GI 13.9 ± 7.1 13.7 ± 4.6

0.473 0.073 #HIGH-GI 15.9 ± 11.1 15.2 ± 5.5

LCHF 17.4 ± 14.6 20.5 ± 10.0

Fiber [g·day−1]

LOW-GI 35.2 ± 12.9 40.8 ± 8.9 b, c

0.038 <0.001HIGH-GI 32.9 ± 8.6 28.0 ± 8.8 a

LCHF 28.2 ± 13.9 25.9 ± 9.4 a

Soluble fiber [g·day−1]

LOW-GI 10.7 ± 4.0 12.1 ± 2.8 c

0.014 <0.001HIGH-GI 11.6 ± 3.2 10.4 ± 4.4 c

LCHF 8.4 ± 4.5 5.9 ± 2.4 a,b,*

Insoluble fiber [g·day−1]

LOW-GI 24.1 ± 9.4 28.7 ± 6.3

0.068
<0.001 # (LCHF vs. 

LOW-GI)
HIGH-GI 21.3 ± 7.7 19.0 ± 5.2

LCHF 19.1 ± 10.4 18.1 ± 7.6

a,b,c Significantly different intake between groups during the intervention: acompared to LOW-GI, bcompared to HIGH-GI, ccompared to LCHF. T-0: baseline values, T-10: values during the 
intervention. * significant different from T-0. # reflects p-value of main effects. Bold numbers represent a significant p-value.
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FIGURE 1

Different changes in blood lipid levels during 10-week intervention: a compared to LOW-GI, b compared to HIGH-GI, c compared to LCHF. TC, total 
cholesterol; TG, triglyzerides.

interaction between the group and baseline LDL-C levels, which was 
not statistically significant [F (2, 29) = 1.798, p = 0.175], indicating that 
the assumption was met. Normality of residuals was evaluated using 
Q-Q plots and the Shapiro–Wilk test, confirming normal distribution 
(p > 0.05). Homogeneity of variances was assessed using Levene’s Test 
of Equality of Error Variances, which was not significant [F(2, 62) = 
2.054, p = 0.137]. After adjustment for pre-intervention LDL-C 
concentration, there was a statistically significant difference in LDL-C 

concentration at T-10 [F(2, 61) = 20.391, p < 0.001, ηp2 = 0.401]. 
Adjusted LDL-C concentration at T-10 was statistically significantly 
greater in LCHF (M = 115, SE = 4 mg·dL−1) compared to LOW-GI 
(M = 87, SE = 4 mg·dL−1, p < 0.001) and HIGH-GI (M  = 82, 
SE = 4 mg·dL−1, p < 0.001). TG showed no significant interaction effect. 
However, one way ANOVA of Δ-values revealed a significant higher 
decrease in LOW-GI compared to HIGH-GI or LCHF (p = 0.009, 
ηp2 = 0.149, Figure 1).

TABLE 3 Blood lipid levels at baseline (T-0) and after the intervention (T-10).

Group T-0 T-10 Time x Group Simple group effect 
at T-10

TC [mg·dL−1]

LOW-GI 191 ± 43 171 ± 41 *,c

<0.001 <0.001HIGH-GI 167 ± 37 152 ± 28 *,c

LCHF 175 ± 33 196 ± 37 *,a,b

HDL-C [mg·dL−1]

LOW-GI 61 ± 13 59 ± 11

0.048 0.197HIGH-GI 61 ± 12 57 ± 11 *

LCHF 60 ± 14 64 ± 13

LDL-C [mg·dL−1]

LOW-GI
109 ± 32 b 95 ± 34 *,b,c

87 ± 4 c

<0.001 <0.001HIGH-GI
86 ± 32 a 73 ± 21 *,a,c

82 ± 4 c

LCHF
98 ± 28 115 ± 30 *,a,b

115 ± 4 a,b

TG [mg·dL−1]

LOW-GI 102 ± 49 85 ± 36

0.074 0.574#HIGH-GI 100 ± 74 106 ± 75

LCHF 85 ± 38 89 ± 36

a,b,c significantly different concentration between groups after the intervention: acompared to LOW-GI, bcompared to HIGH-GI, ccompared to LCHF. *significant different from T-0. #reflects 
p-value of main effects. Bold numbers represent a significant p-value. Italic numbers represent estimates ± standard error and results of ANCOVA analysis.
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3.5 Correlation between changes in blood 
lipid levels, body weight, and nutrition

Changes in TC were significantly correlated with changes in 
relative protein intake (p = 0.017, r  = 0.295), relative CHO intake 
(p < 0.001, r = −0.580), relative fat intake (p < 0.001, r = 0.639), SFA 
intake (p < 0.001, r = 0.461), MUFA intake (p < 0.001, r = 0.494) and 
n-3-FA intake (p = 0.048, r = 0.264). Changes in relative protein intake 
(p = 0.043, r = 0.252), relative CHO intake (p = 0.009, r = −0.323), 
relative fat intake (p = 0.008, r = 0.328) and MUFA intake (p = 0.012, 
r  = 0.332) were significantly correlated with changes in 
HDL-C. Changes in LDL-C were significantly correlated with changes 
in relative protein intake (p = 0.014, r = 0.305), relative CHO intake 
(p < 0.001, r = −0.588), relative fat intake (p < 0.001, r = 0.655), SFA 
intake (p < 0.001, r = 0.502), MUFA intake (p < 0.001, r = 0.487) and 
n-3-FA intake (p = 0.006, r = 0.360). Only changes in body weight 
(p = 0.011, r = 0.314) were correlated with changes in TG. All other 
comparisons yielded insignificant correlations. Highest correlation of 
TC, HDL-C, LDL-C and TG with respective parameters are shown in 
Figure 2.

3.6 Multiple linear regression

The backward elimination method was employed to ascertain 
the most appropriate predictor variables for Δ total cholesterol. The 
results indicated that the predictor variables ΔBMI, Δ relative fat 
intake and Δ energy intake exhibited the highest adjusted R2 of 
0.210. The multiple regression model statistically significantly 

predicted ΔTC [F(3, 61) = 20.158, p < 0.001]. R2 for the model was 
49.8% with an adjusted R2 of 47.3%. Δ BMI and Δ relative fat intake 
added statistically significantly to the prediction (p < 0.05). 
Regression coefficients and standard errors can be  found in 
Table 4.

For the ΔHDL-C concentration most appropriate variables 
according to backward elimination method are Δ fiber intake, Δ 
BMI, Δ relative fat intake, Δ relative CHO intake and Δ energy 
intake (adjusted R2 = 0.097). Δ relative CHO intake was removed 
from the final model due to a R greater 0.8. R2 for the final model 
was 20.0% with an adjusted R2 of 13.9%. The parameters 
statistically significantly predicted ΔHDL-C [F(4, 52) = 3.253, 
p = 0.019]. Δ BMI and Δ relative fat intake added statistically 
significantly to the prediction (p < 0.05). Results are presented in 
Table 5.

Backward elimination method revealed Δ BMI, Δ fat-free mass, 
Δ fat mass, Δ fiber intake, Δ energy intake and Δ relative fat and CHO 
intake to be  the most appropriate predictors for ΔLDL-C 
concentration (adjusted R2 = 0.123). The final model was constructed 
without Δ relative CHO intake, Δ fat-free mass and Δ fat mass, as 
R > 0.8 or redundant information was present, which resulted in a 
decrease in adjusted R2. The multiple regression model statistically 
significantly predicted ΔLDL-C concentration [F(4, 52) = 10.756, 
p < 0.001, R2 = 0.453, adjusted R2 = 0.411]. Δ BMI and Δ relative fat 
intake added statistically significantly to the prediction (p < 0.05, 
Table 6).

The backward method revealed that the following variables 
were suited predictors of ΔTG: Δ BMI, Δ fat-free mass, Δ fat 
mass, Δ energy intake, Δ relative CHO and fat intake and Δ fiber 

FIGURE 2

Significant correlations between changes in blood lipids and dietary intake or body weight. TC, total cholesterol; MUFA, monounsaturated fatty acids; 
TG, triglyzerides.
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intake (adjusted R2 = 0.357). However, the final model was 
constructed without the inclusion of Δ CHO intake and Δ fat 
mass (R  > 0.8). The remaining predictors were found to 
significantly predict ΔTG [F(5, 51) = 3.772, p = 0.006, R2 = 0.270, 
adjusted R2 = 0.198]. Δ energy intake and Δ fiber intake were 
identified as significant contributors to the prediction (p < 0.05, 
Table 7).

4 Discussion

The data presented indicate that a 10-week LCHF diet may result 
in unfavorable changes in blood lipid panel when compared to a 
carbohydrate-rich diet in recreationally active runners. In particular, 
the data show increased levels of TC and LDL-C after the LCHF diet, 
whereas TC and LDL-C decreased during the carbohydrate rich diets. 
Additionally, a significant reduction in HDL-C was observed in the 
HIGH-GI group.

Previous studies have similarly demonstrated the onset of chronic 
hypercholesterolemia following the adoption of a low-carbohydrate, 
high-fat (LCHF) diet (25, 26, 28, 31, 32). The notable elevation in TC 
in the present observation may be attributed to the considerable rise 
in LDL-C, while no alterations were discerned in HDL-C following 
the LCHF diet. This differs from other studies, in which an increase in 
TC was accompanied by an increase in both HDL-C and LDL-C (26, 
31) or HDL-C alone (25, 28). Additionally, in contrast to previous 
observations (24, 25, 30, 31), a LCHF diet was not found to have a 
“triglyceride-lowering” effect. It is possible that discrepancies may 
arise in the outcomes due to variations in the methodological 
approaches (ad libitum, isoenergetic diets or free-living), the different 

types of training (aerobic or anaerobic activities) and the populations 
(endurance or power athletes) studied. To elucidate the presented 
outcomes, we propose several potential explanations.

Compared with normative thresholds for dyslipidemia and 
cardiovascular risk (41), the lipid panel of the CHO-rich diets was in 
range. For the LCHF group, only the LDL-C concentration was above 
optimal (LDL-C: 115 mg·dL−1) with the TC concentration still being in 
range. The increases in TC and LDL-C following an LCHF diet were 
anticipated for several reasons. Diets were designed ad libitum without 
any restrictions regarding the fatty acid intake. In general, it is 
recommended that a LCHF diet should have a higher intake of 
monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids, 
while limiting the intake of saturated fatty acids (SFA) (42, 43). During 
the ad libitum, non-restrictive LCHF diet, our group of recreationally 
active men experienced a significant change in dietary fat intake to 
meet energy needs. While the intake of SFA decreased in LOW-GI and 
remained unchanged in HIGH-GI, it increased by around 50% in 
LCHF compared to baseline intake. Furthermore, a moderate positive 
correlation was observed between changes in SFA intake and TC and 
LDL-C. This suggests that higher SFA intake may stimulate cholesterol 
biosynthesis, leading to increased circulating cholesterol (44). It is 
important to note that an optimal intake of SFA, MUFA, and PUFA can 
significantly influence serum cholesterol and lipoprotein levels (45). 
However, it was observed that in the LCHF group, the higher intake of 
MUFA and n-3-FA did not lead to favorable changes in TC, lipoprotein 
levels, or TG. This may be partly explained by the concurrent higher 
intake of SFA, as the observed correlation between SFA intake and TC 
or LDL-C was stronger compared to the correlation between n-3-FA 
and TC or LDL-C. On the other hand, low GI nutrition led to a 
decrease in SFA intake, accompanied by a decrease in TC and 

TABLE 4 Multiple regression results for Δ total cholesterol concentration.

Total cholesterol B 95% CI for B SE B Beta R2 ΔR2

LL UL

Model 0.50 0.47

Constant −6.35 −14.39 1.68 4.02

ΔBMI [kg·m−2] 8.98** 3.38 14.58 2.80 0.30

ΔEnergy intake [kcal] 0.00 −0.01 0.01 0.01 0.01

ΔRelative fat Intake [% of total EI] 1.30*** 0.94 1.65 0.18 0.67

Model, “enter” method in SPSS statistics; EI, energy intake; B, unstandardized regression coefficient; CI, confidence interval; LL, lower limit; UL, upper limit; SEB, standard error of the 
coefficient; beta, standardized coefficient; R2, coefficient of determination; ΔR2, adjusted R2; **p < 0.01; ***p < 0.001.

TABLE 5 Multiple regression results for ΔHDL-C concentration.

HDL-C B 95% CI for B SE B Beta R2 ΔR2

LL UL

Model 0.20 0.14

Constant −1.43 −4.57 1.72 1.57

ΔBMI [kg·m−2] 2.54* 0.21 4.87 1.16 0.29

ΔEnergy intake [kcal] 0.00 −0.01 0.00 0.00 −0.20

ΔRelative Fat Intake [% of total EI] 0.24** 0.09 0.39 0.08 0.40

ΔFiber intake [g·day−1] 0.06 −0.13 0.25 0.09 0.09

Model, “enter” method in SPSS statistics; EI, energy intake; B, unstandardized regression coefficient; CI, confidence interval; LL, lower limit; UL, upper limit; SEB, standard error of the 
coefficient; beta, standardized coefficient; R2, coefficient of determination; ΔR2, adjusted R2; *p < 0.05; ** p < 0.01.
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LDL-C. No significant changes in fatty acid intake were observed in the 
HIGH-GI group. However, it could be  speculated that, endurance 
exercise may have resulted in a decrease in TC and LDL-C levels.

It is clear that regular moderate endurance exercise of around 
150 min or 75 min of vigorous exercise per week provides reliable 
protection against cardiovascular disease (46). Our subjects increased 
their endurance exercise from an average of three sessions per week 
to five sessions per week during the intervention, and there was no 
difference between the groups. Aerobic exercise seems to have a 
greater impact on HDL-C levels compared to LDL-C or TG. This is 
because aerobic exercise increases the concentration and activity of 
lipoprotein lipase in skeletal muscles, which in turn increases HDL-C 
levels (47). However, the improved function of HDL-C, specifically in 
terms of increased reverse cholesterol transport and lipid peroxide 
transport clearing, requires further investigation (48). The effects of 
aerobic exercise on LDL-C are still unclear and require more data. 
Aerobic exercise might reduce smaller and less dense 
LDL-subfractions, which are directly linked to cardiovascular events 
(49). Additionally, exercise can lead to lower TG concentrations, 
because it appears that there is an inverse relationship between HDL-C 
and TG (50). It is unclear to what extend the endurance exercise 
program had an impact on our results, because subjects were already 
moderately trained before enrolment. However, it seems that the 
higher dietary fat intake in the LCHF group contributed greater to 
alterations in blood lipids compared to the regular endurance exercise.

Weight loss and energy intake has a large beneficial effect on 
circulating blood lipids, making it difficult to separate dietary effects 
from other factors (51, 52). Particularly in this case, subjects in all 

groups experienced significant reductions in body weight, BMI and 
absolute fat mass [data presented in Graybeal et  al. (33)], with 
significantly greater losses in the LOW-GI and LCHF groups. 
However, as both groups (LCHF and LOW-GI) experienced similar 
weight loss, the increase in TC and LDL-C may be partly due to the 
significantly higher fat intake in LCHF compared to LOW-GI (53). 
Furthermore, energy intake was markedly diminished in the LOW-GI 
and LCHF groups, exhibiting lower energy intake than the HIGH-GI 
group. It can thus be  concluded that energy intake alone is not 
responsible for changes in the blood lipid panel.

Furthermore, we  found some additional effects of glycemic 
index on TC or subfractions. The low GI diet resulted in 
significantly higher reductions in TG compared to the high GI and 
the LCHF diet. Epidemiological evidence suggests an inverse 
correlation between GI and HDL-C (54, 55) and a positive effect 
on total and LDL cholesterol (22, 56). The higher GI in the 
HIGH-GI group might therefore be responsible for the significant 
decrease in HDL-C after 10 weeks. A similar decline has been 
documented in previous studies (21, 57–59). Nevertheless, the 
underlying mechanism remains to be  elucidated. Chronic 
hyperinsulinemia might stimulate a series of interconnected 
metabolic processes (60), including for example an increased 
production of very-low-density lipoproteins via the upregulation 
of cholesteryl ester transport protein (61, 62), altered HDL-C 
composition (63), or reduced cholesterol efflux (64) thereby 
reducing reverse cholesterol transport (65, 66). Moreover, it 
appears that a combination of vascular dysfunction and endothelial 
damage, which has also been observed during chronic 

TABLE 6 Multiple regression results for ΔLDL-C concentration.

LDL-C B 95% CI for B SE B Beta R2 ΔR2

LL UL

Model 0.45 0.41

Constant −6.29 −12.62 0.03 3.15

ΔBMI [kg·m−2] 5.55* 0.87 10.23 2.33 0.26

ΔEnergy intake [kcal] 0.00 −0.02 0.01 0.01 −0.10

ΔRelative fat intake [% of total EI] 0.97*** 0.67 1.28 0.15 0.67

ΔFiber intake [g·day−1] 0.25 −0.13 0.63 0.19 0.15

Model, “enter” method in SPSS statistics; EI, energy intake; B, unstandardized regression coefficient; CI, confidence interval; LL, lower limit; UL, upper limit; SEB, standard error of the 
coefficient; R2 = coefficient of determination; ΔR2 = adjusted R2; *p < 0.05, ***p < 0.001.

TABLE 7 Multiple regression results for ΔTG concentration.

Triglycerides B 95% CI for B SE B Beta R2 ΔR2

LL UL

Model 0.27 0.20

Constant 7.85 −5.77 21.47 6.78

ΔBMI [kg·m−2] 11.47 −0.19 23.13 5.81 0.30

ΔFat-free mass [kg] −1.05 −8.71 6.62 3.82 −0.04

ΔEnergy intake [kcal] 0.02* 0.00 0.05 0.01 0.28

ΔRelative Fat Intake [% of total EI] 0.47 −0.17 1.12 0.32 0.19

ΔFiber intake [g·day-1] −1.00* −1.78 −0.22 0.39 −0.34

Model, “enter” method in SPSS statistics; EI, energy intake; B, unstandardized regression coefficient; CI, confidence interval; LL, lower limit; UL, upper limit; SEB, standard error of the 
coefficient; beta, standardized coefficient; R2, coefficient of determination; ΔR2, adjusted R2; *p < 0.05.
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hyperinsulinemia, may be responsible for the reduction in HDL-C 
levels following a HIGH-GI diet (58). Additionally, dietary fiber 
and GI work together to affect lipid absorption and synthesis. 
Sources rich in insoluble fiber appear to have a smaller effect on 
serum lipids compared to sources rich in soluble fiber, which have 
been shown to effectively lower lipids (53, 67). In this investigation, 
the intake of soluble fiber was significantly higher in the LOW-GI 
group compared to the HIGH-GI or LCHF groups, resulting in the 
greatest decrease in TC (not significant compared to HIGH-GI), 
LDL-C (not significant compared to HIGH-GI) and TG in the 
LOW-GI group. However, no correlation was found between the 
change in fiber intake and the changes in blood lipids. The 
responsible mechanisms still need to be addressed, but two main 
factors have been proposed to influence the decrease in blood 
lipids after fiber intake. Firstly, increased dietary fiber intake leads 
to reductions in bile acid and cholesterol absorption from the 
ileum, which inhibits hepatic cholesterol synthesis. Secondly, a low 
GI diet can lead to reduced insulin secretion, which in turn reduces 
the activity of hydroxy-3-methylglutaryl-CoA reductase, the rate-
limiting enzyme of cholesterol synthesis (44). Nevertheless, 
according to this explanation, the LCHF group with reduced 
insulin production should also experience favorable changes in the 
lipid profile. Therefore, more data are needed to understand the 
underlying mechanism in active individuals.

Finally, additional data are required to ensure the accurate 
prediction of changes blood lipid levels based on dietary intake, body 
weight, and composition. The adjusted R2 for the calculated models 
ranged from 14 to 47%. Examining the relationship between change in 
TC reveals that relative fat intake and BMI serve as reliable predictors. 
Positive correlations were observed between changes in BMI and 
relative fat intake. Specifically, an increase in BMI of 1 kg·m−2 is 
associated with a 9 mg·dL−1 rise in TC, which is consistent with the 
findings of previous studies in patients with diabetes (68) and obese 
individuals (69). Additionally, a 10% increase in relative fat intake is 
associated with a 13 mg·dL−1 rise in TC. These findings contrast with 
previous studies on overweight individuals (70, 71), which recommend 
an increased fat intake for weight loss and improved lipid profiles. 
However, research on athletic populations indicates that the results may 
not be directly applicable to recreationally active subjects (25, 26, 28, 
31, 32). This data suggests that an increase in relative fat intake may 
contribute to the development of hypercholesterolemia. The predictors 
for changes in HDL-C exhibited low reliability, with an adjusted R2 of 
only 14%. The anticipated relationship between BMI and relative fat 
intake was not observed. The model suggests that an increase in BMI 
of 1 kg·m−2 and 10% increase in relative fat intake are associated with 
increases in HDL-C of 3 mg·dL−1 and 2 mg·dL−1, respectively. Further 
data are required to substantiate these findings (72). A positive 
correlation was identified between changes in BMI and relative fat 
intake and changes in LDL-C. An increase in BMI by 1 kg·m−2 was 
associated with a 6 mg·dL−1 increase in LDL-C, and a 10% increase in 
relative fat intake resulted in an increase of 10 mg·dL−1 in LDL-C. These 
findings differ from results in obese subjects (70, 71, 73), but align with 
previous reports in athletes (26, 31) or normal-weight adults (72). 
Dietary fiber and energy intake were reliable predictors of changes in 
TG levels. A 1000 kcal increase in energy intake resulted in a 23 mg·dL−1 
increase in TG, a finding consistent with previous studies (51). 
Additionally, changes in fiber intake and TG were inversely correlated, 
with a 10-gram increase in daily fiber intake leading to a 10 mg·dL−1 

reduction in TG. This observation warrants further analysis, as it has 
yet to be empirically validated (74, 75). Therefore, further investigation 
is required to ascertain the reliability of regression models in predicting 
changes in blood lipid concentrations based on change in nutrient 
intake and body weight in healthy, active individuals. The lack of a 
sufficiently large sample size precludes any definitive conclusions. 
Nevertheless, the results suggest that, in addition to BMI, fat intake 
significantly influences blood lipids. Therefore, individuals who are 
regularly physically active and considering a LCHF diet should 
carefully evaluate its potential effects on their blood lipid profile. 
Existing literature on obese patients cannot be  extrapolated to 
this population.

4.1 Limitations

In addition to the study’s strengths, such as the intervention’s 
duration and free-living conditions, it is important to mention some 
limitations. The diet’s compliance was evaluated through 24-h recalls 
for 2 days per week, which may have caused distortions. Additionally, 
it is important to note that this trial only included male athletes. It 
remains unclear whether sex has an impact on the response of blood 
lipid levels to diet and exercise. Moreover, it is currently not possible 
to ascertain from the available data how long the effects of a LCHF 
diet on blood lipids will persist. It is unclear how long it will take for 
blood lipid levels to return to their original baseline levels following a 
transition to the habitual diet.

5 Conclusion

A LCHF diet is often recommended for weight loss and fat 
oxidation in active individuals. However, caution should be exercised 
when proposing this diet based on current data. The data suggests that 
despite a regular exercise program, subjects on a LCHF diet showed a 
significant increase in TC and LDL-C during the 10-week intervention, 
possibly due to the higher intake of SFA and reduced intake in fiber. 
When combined with endurance exercise, the carbohydrate rich diets 
led to reduced levels of TC and LDL-C. However, the reduction in GI 
had a positive effect on the change in TG, while the high GI resulted 
in a decrease in HDL-C.

In summary, the data suggests that in active individuals, a diet low 
in carbohydrates and high in fat may lead to unfavorable alterations 
in blood lipid levels, while a diet rich in carbohydrates does not have 
such a detrimental effect on blood lipids. Additionally, reducing the 
glycemic index of consumed carbohydrates may result in a favorable 
change in TG concentration. Based on the findings of this study, it is 
recommended that active individuals who engage in regular exercise 
should be mindful of the potential impact of their diet on blood lipid 
levels. It would be  beneficial for future research to consider the 
glycemic index when comparing the effects of a low- and high-
carbohydrate diet on blood lipid levels, in order to gain further insights.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

https://doi.org/10.3389/fnut.2024.1473747
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Kripp et al. 10.3389/fnut.2024.1473747

Frontiers in Nutrition 11 frontiersin.org

Ethics statement

The studies involving humans were approved by the Ethical 
Committee of the Medical University of Vienna (EK Nr: 2105/2021) 
and Ethical Committee of the University of Vienna (Reference 
number: 00871). The studies were conducted in accordance with the 
local legislation and institutional requirements. The participants 
provided their written informed consent to participate in this study.

Author contributions

AK: Writing – original draft, Writing – review & editing, 
Conceptualization, Formal analysis, Investigation, Methodology, 
Visualization, Data curation, Project administration, Validation. AF: 
Investigation, Writing – review & editing, Data curation. DK: 
Conceptualization, Methodology, Supervision, Writing – review & 
editing, Resources.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

We extend our gratitude to all the participants who generously 
gave their time and commitment to this study. Without their 
willingness to participate, this research would not have been possible. 
Additionally, we express our appreciation to Karin Baier and Astrid 
Hölzle for their assistance in conducting the blood draws.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
 1. Kaufman M, Nguyen C, Shetty M, Oppezzo M, Barrack M, Fredericson M. Popular 

dietary trends’ impact on athletic performance: a critical analysis review. Nutrients. 
(2023) 15:3511. doi: 10.3390/nu15163511

 2. Bailey CP, Hennessy E. A review of the ketogenic diet for endurance athletes: 
performance enhancer or placebo effect? J Int Soc Sports Nutr. (2020) 17:33. doi: 
10.1186/s12970-020-00362-9

 3. Cao J, Lei S, Wang X, Cheng S. The effect of a ketogenic low-carbohydrate, high-fat 
diet on aerobic capacity and exercise performance in endurance athletes: a systematic 
review and Meta-analysis. Nutrients. (2021) 13:2896. doi: 10.3390/nu13082896

 4. Kang J, Ratamess NA, Faigenbaum AD, Bush JA. Ergogenic properties of ketogenic 
diets in Normal-weight individuals: a systematic review. J Am  Coll Nutr. (2020) 
39:665–75. doi: 10.1080/07315724.2020.1725686

 5. Burke LM, Cox GR, Cummings NK, Desbrow B. Guidelines for daily carbohydrate 
intake. Sports Med. (2001) 31:267–99. doi: 10.2165/00007256-200131040-00003

 6. König D, Braun H, Carlsohn A, Großhauser M, Lampen A, Mosler S, et al. Position of the 
working group sports nutrition of the German nutrition society (Dge): carbohydrates in sports 
nutrition. Sportarzt und Sportmedizin. (2020) 71:185–91. doi: 10.5960/dzsm.2020.456

 7. Academy of Nutrition and Dietetics A, Dietitians of Canada D, American College 
of Sports Medicine A. Nutrition and athletic performance. Med Sci Sports Exerc. (2016) 
48:543–68. doi: 10.1249/mss.0000000000000852

 8. Podlogar T, Wallis GA. New horizons in carbohydrate research and application for 
endurance athletes. Sports Med. (2022) 52:5–23. doi: 10.1007/s40279-022-01757-1

 9. Soltani S, Jayedi A, Abdollahi S, Vasmehjani AA, Meshkini F, Shab-Bidar S. Effect 
of carbohydrate restriction on body weight in overweight and obese adults: a systematic 
review and dose-response meta-analysis of 110 randomized controlled trials. Front Nutr. 
(2023) 10:10. doi: 10.3389/fnut.2023.1287987

 10. Malhotra V, Sawal A. Metabolic effects of ketogenic diets and their utilization in 
obesity management: a systematic review. Cureus. (2023) 15:e36720. doi: 10.7759/
cureus.36720

 11. Rafiullah M, Musambil M, David SK. Effect of a very low-carbohydrate ketogenic 
diet vs recommended diets in patients with type 2 diabetes: a Meta-analysis. Nutr Rev. 
(2022) 80:488–502. doi: 10.1093/nutrit/nuab040

 12. Burke LM, Whitfield J. Ketogenic diets are not beneficial for athletic performance. 
Med Sci Sports Exerc. (2024) 56:756–9. doi: 10.1249/mss.0000000000003344

 13. Burke LM, Whitfield J. Ketogenic diets are not beneficial for athletic performance: response 
to Noakes. Med Sci Sports Exerc. (2024) 56:763–5. doi: 10.1249/mss.0000000000003346

 14. Noakes TD. Ketogenic diets are beneficial for athletic performance: response to 
Burke and Whitfield. Med Sci Sports Exerc. (2024) 56:760–2. doi: 10.1249/
mss.0000000000003345

 15. Lee HS, Lee J. Influences of ketogenic diet on body fat percentage, respiratory 
exchange rate, and Total cholesterol in athletes: a systematic review and Meta-analysis. 
Int J Environ Res Public Health. (2021) 18:2912. doi: 10.3390/ijerph18062912

 16. Eijsvogels TMH, Thompson PD, Franklin BA. The “extreme exercise hypothesis”: 
recent findings and cardiovascular health implications. Curr Treat Options Cardiovasc 
Med. (2018) 20:84. doi: 10.1007/s11936-018-0674-3

 17. Chiavaroli L, Lee D, Ahmed A, Cheung A, Khan TA, Blanco S, et al. Effect of low 
Glycaemic index or load dietary patterns on Glycaemic control and Cardiometabolic 
risk factors in diabetes: systematic review and Meta-analysis of randomised controlled 
trials. BMJ. (2021) 374:n1651. doi: 10.1136/bmj.n1651

 18. Peres M, Costa HS, Silva MA, Albuquerque TG. The health effects of low glycemic 
index and low glycemic load interventions on prediabetes and type 2 diabetes mellitus: 
a literature review of Rcts. Nutrients. (2023) 15:5060. doi: 10.3390/nu15245060

 19. Vranceanu M, Pickering C, Filip L, Pralea IE, Sundaram S, al-Saleh A, et al. A 
comparison of a ketogenic diet with a Lowgi/Nutrigenetic diet over 6 months for weight 
loss and 18-month follow-up. BMC Nutr. (2020) 6:53. doi: 10.1186/s40795-020-00370-7

 20. Fernandes AC, Marinho AR, Lopes C, Ramos E. Dietary glycemic load and its 
association with glucose metabolism and lipid profile in young adults. Nutr Metab 
Cardiovasc Dis. (2022) 32:125–33. doi: 10.1016/j.numecd.2021.10.001

 21. Castro-Quezada I, Núñez-Ortega PE, Flores-Guillén E, García-Miranda R, Irecta-
Nájera CA, Solís-Hernández R, et al. Glycemic index, glycemic load and dyslipidemia 
in adolescents from Chiapas, Mexico. Nutrients. (2024) 16:1483. doi: 10.3390/
nu16101483

 22. Goff LM, Cowland DE, Hooper L, Frost GS. Low Glycaemic index diets and blood 
lipids: a systematic review and Meta-analysis of randomised controlled trials. Nutr 
Metab Cardiovasc Dis. (2013) 23:1–10. doi: 10.1016/j.numecd.2012.06.002

 23. Lambert EV, Goedecke JH, van Zyl C, Murphy K, Hawley JA, Dennis SC, et al. 
High-fat diet versus habitual diet prior to carbohydrate loading: effects of exercise 
metabolism and cycling performance. Int J Sport Nutr Exerc Metab. (2001) 11:209–25. 
doi: 10.1123/ijsnem.11.2.209

 24. Michalczyk M, Zajac A, Mikolajec K, Zydek G, Langfort J. No modification in 
blood lipoprotein concentration but changes in body composition after 4 weeks of low 
carbohydrate diet (Lcd) followed by 7 days of carbohydrate loading in basketball players. 
J Hum Kinet. (2018) 65:125–37. doi: 10.2478/hukin-2018-0102

 25. Zajac A, Poprzecki S, Maszczyk A, Czuba M, Michalczyk M, Zydek G. The effects 
of a ketogenic diet on exercise metabolism and physical performance in off-road cyclists. 
Nutrients. (2014) 6:2493–508. doi: 10.3390/nu6072493

 26. Creighton BC, Hyde PN, Maresh CM, Kraemer WJ, Phinney SD, Volek JS. Paradox 
of Hypercholesterolaemia in highly trained, Keto-adapted athletes. BMJ Open Sport Exer 
Med. (2018) 4:e000429. doi: 10.1136/bmjsem-2018-000429

https://doi.org/10.3389/fnut.2024.1473747
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/nu15163511
https://doi.org/10.1186/s12970-020-00362-9
https://doi.org/10.3390/nu13082896
https://doi.org/10.1080/07315724.2020.1725686
https://doi.org/10.2165/00007256-200131040-00003
https://doi.org/10.5960/dzsm.2020.456
https://doi.org/10.1249/mss.0000000000000852
https://doi.org/10.1007/s40279-022-01757-1
https://doi.org/10.3389/fnut.2023.1287987
https://doi.org/10.7759/cureus.36720
https://doi.org/10.7759/cureus.36720
https://doi.org/10.1093/nutrit/nuab040
https://doi.org/10.1249/mss.0000000000003344
https://doi.org/10.1249/mss.0000000000003346
https://doi.org/10.1249/mss.0000000000003345
https://doi.org/10.1249/mss.0000000000003345
https://doi.org/10.3390/ijerph18062912
https://doi.org/10.1007/s11936-018-0674-3
https://doi.org/10.1136/bmj.n1651
https://doi.org/10.3390/nu15245060
https://doi.org/10.1186/s40795-020-00370-7
https://doi.org/10.1016/j.numecd.2021.10.001
https://doi.org/10.3390/nu16101483
https://doi.org/10.3390/nu16101483
https://doi.org/10.1016/j.numecd.2012.06.002
https://doi.org/10.1123/ijsnem.11.2.209
https://doi.org/10.2478/hukin-2018-0102
https://doi.org/10.3390/nu6072493
https://doi.org/10.1136/bmjsem-2018-000429


Kripp et al. 10.3389/fnut.2024.1473747

Frontiers in Nutrition 12 frontiersin.org

 27. Volek JS, Freidenreich DJ, Saenz C, Kunces LJ, Creighton BC, Bartley JM, et al. 
Metabolic characteristics of Keto-adapted ultra-endurance runners. Metabolism. (2016) 
65:100–10. doi: 10.1016/j.metabol.2015.10.028

 28. O'Neal EK, Smith AF, Heatherly AJ, Killen LG, Waldman HS, Hollingsworth A, et al. 
Effects of a 3-week high-fat-low-carbohydrate diet on lipid and glucose profiles in experienced, 
middle-age male runners. Int J Exerc Sci. (2019) 12:786–99. doi: 10.70252/VMVW2171

 29. Wilson JM, Lowery RP, Roberts MD, Sharp MH, Joy JM, Shields KA, et al. Effects of 
ketogenic dieting on body composition, strength, power, and hormonal profiles in resistance 
training men. J Strength Cond Res. (2020) 34:3463–74. doi: 10.1519/jsc.0000000000001935

 30. Paoli A, Cenci L, Pompei P, Sahin N, Bianco A, Neri M, et al. Effects of two months of 
very low carbohydrate ketogenic diet on body composition, muscle strength, muscle area, and 
blood parameters in competitive natural body builders. Nutrients. (2021) 13:374. doi: 10.3390/
nu13020374

 31. Buga A, Welton GL, Scott KE, Atwell AD, Haley SJ, Esbenshade NJ, et al. The effects of 
carbohydrate versus fat restriction on lipid profiles in highly trained, recreational distance 
runners: a randomized, cross-over trial. Nutrients. (2022) 14:1135. doi: 10.3390/nu14061135

 32. Graybeal AJ, Kreutzer A, Moss K, Shah M. Changes in the chronic and 
postprandial blood lipid profiles of trained competitive cyclists and triathletes following 
a ketogenic diet: a randomized crossover trial. BMC Sports Sci Med Rehabil. (2024) 
16:19. doi: 10.1186/s13102-023-00801-5

 33. Moitzi AM, Krššák M, Klepochova R, Triska C, Csapo R, König D. Effects of a 10-week 
exercise and nutritional intervention with variable dietary carbohydrates and Glycaemic indices 
on substrate metabolism, glycogen storage, and endurance performance in men: a randomized 
controlled trial. Sports Med Open. (2024) 10:36. doi: 10.1186/s40798-024-00705-9

 34. Schulz KF, Altman DG, Moher DGroup C. Consort 2010 statement: updated 
guidelines for reporting parallel group randomized trials. Ann Intern Med. (2010) 
152:726–32. doi: 10.7326/0003-4819-152-11-201006010-00232

 35. Riebe D, Franklin BA, Thompson PD, Garber CE, Whitfield GP, Magal M, et al. 
Updating Acsm’s recommendations for exercise Preparticipation health screening. Med 
Sci Sports Exer. (2015) 47:2473–9. doi: 10.1249/mss.0000000000000664

 36. Hopkins WG. Assigning subjects to groups in a controlled trial. Sportscience. (2010) 
14:7–12. Available at: https://www.sportsci.org/2010/wghminim.htm

 37. Haftenberger M, Heuer T, Heidemann C, Kube F, Krems C, Mensink GB. Relative 
validation of a food frequency questionnaire for National Health and nutrition 
monitoring. Nutr J. (2010) 9:36. doi: 10.1186/1475-2891-9-36

 38. Thieleking R, Schneidewind L, Kanyamibwa A, Hartmann H, Horstmann A, Witte 
AV, et al. Nutrient scoring for the Degs1-Ffq – from food intake to nutrient intake. BMC 
Nutr. (2023) 9:12. doi: 10.1186/s40795-022-00636-2

 39. Atkinson FS, Brand-Miller JC, Foster-Powell K, Buyken AE, Goletzke J. 
International tables of glycemic index and glycemic load values 2021: a systematic 
review. Am J Clin Nutr. (2021) 114:1625–32. doi: 10.1093/ajcn/nqab233

 40. Atkinson FS, Foster-Powell K, Brand-Miller JC. International tables of glycemic index 
and glycemic load values: 2008. Diabetes Care. (2008) 31:2281–3. doi: 10.2337/dc08-1239

 41. Langlois MR, Nordestgaard BG, Langsted A, Chapman MJ, Aakre KM, Baum H, 
et al. Quantifying Atherogenic lipoproteins for lipid-lowering strategies: consensus-
based recommendations from Eas and Eflm. Clin Chem Lab Med. (2020) 58:496–517. 
doi: 10.1515/cclm-2019-1253

 42. WHO. Saturated fatty acid and trans-fatty acid intake for adults and children: Who 
guideline summary. Geneva: World Health Organization (2023). 2023 p.

 43. WHO. Total fat intake for the prevention of unhealthy weight gain in adults and 
children: Who guideline. Geneva: World Health Organization (2023). 2023 p.

 44. Gu Y, Yin J. Saturated fatty acids promote cholesterol biosynthesis: effects and 
mechanisms. Obesity Med. (2020) 18:100201. doi: 10.1016/j.obmed.2020.100201

 45. Bauer C-P, Schikowski T, Koletzko S, Heinrich J, Schulz H, Standl M. Association of 
Dietary Fatty Acids with blood lipids is modified by physical activity in adolescents: results 
from the Giniplus and Lisa birth cohort studies. Nutrients. (2018) 10:1372. doi: 10.3390/
nu10101372

 46. Möhlenkamp S, Lehmann N, Breuckmann F, Bröcker-Preuss M, Nassenstein K, 
Halle M, et al. Running: the risk of coronary events: prevalence and prognostic relevance 
of coronary atherosclerosis in Marathon runners. Eur Heart J. (2008) 29:1903–10. doi: 
10.1093/eurheartj/ehn163

 47. Franczyk B, Gluba-Brzózka A, Ciałkowska-Rysz A, Ławiński J, Rysz J. The impact 
of aerobic exercise on Hdl quantity and quality: a narrative review. Int J Mol Sci. (2023) 
24:4653. doi: 10.3390/ijms24054653

 48. Wang Y, Xu D. Effects of aerobic exercise on lipids and lipoproteins. Lipids Health 
Dis. (2017) 16:132. doi: 10.1186/s12944-017-0515-5

 49. Liang M, Pan Y, Zhong T, Zeng Y, Cheng ASK. Effects of aerobic, resistance, and combined 
exercise on metabolic syndrome parameters and cardiovascular risk factors: a systematic review 
and network Meta-analysis. Rev Cardiovasc Med. (2021) 22:1523–33. doi: 10.31083/j.rcm2204156

 50. Feng M, Darabi M, Tubeuf E, Canicio A, Lhomme M, Frisdal E, et al. Free 
cholesterol transfer to high-density lipoprotein (Hdl) upon triglyceride lipolysis 
underlies the U-shape relationship between Hdl-cholesterol and cardiovascular disease. 
Eur J Prev Cardiol. (2020) 27:1606–16. doi: 10.1177/2047487319894114

 51. Teo PS, Van Dam RM, Whitton C, Tan LWL, Forde CG. Association between self-
reported eating rate, energy intake, and cardiovascular risk factors in a multi-ethnic 
Asian population. Nutrients. (2020) 12:1080. doi: 10.3390/nu12041080

 52. Soto-Mota A, Flores-Jurado Y, Norwitz NG, Feldman D, Pereira MA, Danaei G, 
et al. Increased Ldl-cholesterol on a low-carbohydrate diet in adults with Normal but 
not high body weight: a Meta-analysis. Am J Clin Nutr. (2024) 119:740–7. doi: 10.1016/j.
ajcnut.2024.01.009

 53. Riccardi G, Rivellese AA, Mancini M. The use of diet to lower plasma cholesterol 
levels. Eur Heart J. (1987) 8 Suppl E:79-85) 8:79–85. doi: 10.1093/eurheartj/8.suppl_e.79

 54. Ford ES, Liu S. Glycemic index and serum high-density lipoprotein cholesterol 
concentration among us adults. Arch Intern Med. (2001) 161:572–6. doi: 10.1001/
archinte.161.4.572

 55. Frost G, Leeds AA, Doré CJ, Madeiros S, Brading S, Dornhorst A. Glycaemic index 
as a determinant of serum Hdl-cholesterol concentration. Lancet. (1999) 353:1045–8. 
doi: 10.1016/s0140-6736(98)07164-5

 56. Fleming P, Godwin M. Low-Glycaemic index diets in the Management of Blood 
Lipids: a systematic review and Meta-analysis. Fam Pract. (2013) 30:485–91. doi: 
10.1093/fampra/cmt029

 57. Slyper A, Jurva J, Pleuss J, Hoffmann R, Gutterman D. Influence of glycemic load 
on Hdl cholesterol in youth. Am J Clin Nutr. (2005) 81:376–9. doi: 10.1093/ajcn.81.2.376

 58. Lee HA, An H. The effect of high carbohydrate-to-fat intake ratios on hypo-Hdl-
Cholesterolemia risk and Hdl-cholesterol levels over a 12-year follow-up. Sci Rep. (2020) 
10:913. doi: 10.1038/s41598-020-57931-w

 59. Fan J, Song Y, Wang Y, Hui R, Zhang W. Dietary glycemic index, glycemic load, 
and risk of coronary heart disease, stroke, and stroke mortality: a systematic review with 
Meta-analysis. PLoS One. (2012) 7:e52182. doi: 10.1371/journal.pone.0052182

 60. Mykkänen L, Kuusisto J, Haffner SM, Pyörälä K, Laakso M. Hyperinsulinemia 
predicts multiple Atherogenic changes in lipoproteins in elderly subjects. Arterioscler 
Thromb. (1994) 14:518–26. doi: 10.1161/01.atv.14.4.518

 61. GuéRin M, Le Goff W, Lassel TS, Van Tol A, Steiner G, Chapman MJ. Proatherogenic 
role of elevated Ce transfer from Hdl to Vldl <sub>1</sub> and dense Ldl in type 2 diabetes. 
Arterioscler Thromb Vasc Biol. (2001) 21:282–8. doi: 10.1161/01.atv.21.2.282

 62. Carrard J, Guerini C, Appenzeller-Herzog C, Infanger D, Königstein K, Streese L, 
et al. The metabolic signature of cardiorespiratory fitness: a systematic review. Sports 
Med. (2022) 52:527–46. doi: 10.1007/s40279-021-01590-y

 63. Goff DC Jr, D'Agostino RB Jr, Haffner SM, Otvos JD. Insulin resistance and 
adiposity influence lipoprotein size and subclass concentrations. Results from the insulin 
resistance atherosclerosis study. Metabolism. (2005) 54:264–70. doi: 10.1016/j.
metabol.2004.09.002

 64. Yamashita M, Tamasawa N, Matsuki K, Tanabe J, Murakami H, Matsui J, et al. 
Insulin suppresses Hdl-mediated cholesterol efflux from macrophages through 
inhibition of neutral cholesteryl Ester hydrolase and Atp-binding cassette transporter 
G1 expressions. J Atheroscler Thromb. (2010) 17:1183–9. doi: 10.5551/jat.4721

 65. Howard EE, Margolis LM. Intramuscular mechanisms mediating adaptation to 
low-carbohydrate, high-fat diets during exercise training. Nutrients. (2020) 12:2496. doi: 
10.3390/nu12092496

 66. Janssen JAMJL. The impact of westernization on the insulin/Igf-I signaling 
pathway and the metabolic syndrome: it is time for change. Int J Mol Sci. (2023) 24:4551. 
doi: 10.3390/ijms24054551

 67. Ravn-Haren G, Dragsted LO, Buch-Andersen T, et al. Intake of whole apples or 
clear apple juice has contrasting effects on plasma lipids in healthy volunteers. Eur J 
Nutr. (2013) 52:1875–89. doi: 10.1007/s00394-012-0489-z

 68. Hussain A, Ali I, Kaleem WA, Yasmeen F. Correlation between body mass index 
and lipid profile in patients with type 2 diabetes attending a tertiary Care Hospital in 
Peshawar. Pakistan J Med Sci. (2019) 35:591–7. doi: 10.12669/pjms.35.3.7

 69. Shamai L, Lurix E, Shen M, Novaro GM, Szomstein S, Rosenthal R, et al. 
Association of Body Mass Index and Lipid Profiles: evaluation of a broad Spectrum of 
body mass index patients including the morbidly obese. Obes Surg. (2011) 21:42–7. doi: 
10.1007/s11695-010-0170-7

 70. Ge L, Sadeghirad B, Ball GDC, Da Costa BR, Hitchcock CL, Svendrovski A, et al. 
Comparison of dietary macronutrient patterns of 14 popular named dietary Programmes for 
weight and cardiovascular risk factor reduction in adults: systematic review and network 
Meta-analysis of randomised trials. BMJ. (2020) 369:m696. doi: 10.1136/bmj.m696

 71. Muscogiuri G, Marwan CA, Hassapidou M, Yumuk V, Busetto L. European guidelines 
for obesity Management in Adults with a very low-calorie ketogenic diet: a systematic review 
and Meta-analysis. Obes Facts. (2021) 14:222–45. doi: 10.1159/000515381

 72. Joo M, Moon S, Lee YS, Kim MG. Effects of very low-carbohydrate ketogenic diets 
on lipid profiles in Normal-weight (Body Mass Index &amp;Lt; 25 kg/M2) adults: a 
Meta-analysis. Nutr Rev. (2023) 81:1393–401. doi: 10.1093/nutrit/nuad017

 73. Castellana M, Conte E, Cignarelli A, Perrini S, Giustina A, Giovanella L, et al. 
Efficacy and safety of very low calorie ketogenic diet (Vlckd) in patients with overweight 
and obesity: a systematic review and Meta-analysis. Rev Endocr Metab Disord. (2020) 
21:5–16. doi: 10.1007/s11154-019-09514-y

 74. Hartley L, May MD, Loveman E, Colquitt JL, Rees K. Dietary fibre for the primary 
prevention of cardiovascular disease. Cochrane Database Syst Rev. (2016) 2016: 
CD011472. doi: 10.1002/14651858.cd011472.pub2

 75. Loveman E, Colquitt J, Rees K. Cochrane corner: does increasing intake of dietary 
fibre help prevent cardiovascular disease? Heart. (2016) 102:1607–9. doi: 10.1136/
heartjnl-2015-309137

https://doi.org/10.3389/fnut.2024.1473747
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.metabol.2015.10.028
https://doi.org/10.70252/VMVW2171
https://doi.org/10.1519/jsc.0000000000001935
https://doi.org/10.3390/nu13020374
https://doi.org/10.3390/nu13020374
https://doi.org/10.3390/nu14061135
https://doi.org/10.1186/s13102-023-00801-5
https://doi.org/10.1186/s40798-024-00705-9
https://doi.org/10.7326/0003-4819-152-11-201006010-00232
https://doi.org/10.1249/mss.0000000000000664
https://www.sportsci.org/2010/wghminim.htm
https://doi.org/10.1186/1475-2891-9-36
https://doi.org/10.1186/s40795-022-00636-2
https://doi.org/10.1093/ajcn/nqab233
https://doi.org/10.2337/dc08-1239
https://doi.org/10.1515/cclm-2019-1253
https://doi.org/10.1016/j.obmed.2020.100201
https://doi.org/10.3390/nu10101372
https://doi.org/10.3390/nu10101372
https://doi.org/10.1093/eurheartj/ehn163
https://doi.org/10.3390/ijms24054653
https://doi.org/10.1186/s12944-017-0515-5
https://doi.org/10.31083/j.rcm2204156
https://doi.org/10.1177/2047487319894114
https://doi.org/10.3390/nu12041080
https://doi.org/10.1016/j.ajcnut.2024.01.009
https://doi.org/10.1016/j.ajcnut.2024.01.009
https://doi.org/10.1093/eurheartj/8.suppl_e.79
https://doi.org/10.1001/archinte.161.4.572
https://doi.org/10.1001/archinte.161.4.572
https://doi.org/10.1016/s0140-6736(98)07164-5
https://doi.org/10.1093/fampra/cmt029
https://doi.org/10.1093/ajcn.81.2.376
https://doi.org/10.1038/s41598-020-57931-w
https://doi.org/10.1371/journal.pone.0052182
https://doi.org/10.1161/01.atv.14.4.518
https://doi.org/10.1161/01.atv.21.2.282
https://doi.org/10.1007/s40279-021-01590-y
https://doi.org/10.1016/j.metabol.2004.09.002
https://doi.org/10.1016/j.metabol.2004.09.002
https://doi.org/10.5551/jat.4721
https://doi.org/10.3390/nu12092496
https://doi.org/10.3390/ijms24054551
https://doi.org/10.1007/s00394-012-0489-z
https://doi.org/10.12669/pjms.35.3.7
https://doi.org/10.1007/s11695-010-0170-7
https://doi.org/10.1136/bmj.m696
https://doi.org/10.1159/000515381
https://doi.org/10.1093/nutrit/nuad017
https://doi.org/10.1007/s11154-019-09514-y
https://doi.org/10.1002/14651858.cd011472.pub2
https://doi.org/10.1136/heartjnl-2015-309137
https://doi.org/10.1136/heartjnl-2015-309137

	A low-carbohydrate, high-fat diet leads to unfavorable changes in blood lipid profiles compared to carbohydrate-rich diets with different glycemic indices in recreationally active men
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Intervention
	2.3 Compliance evaluation
	2.4 Blood lipid biomarker analysis
	2.5 Statistical analyses

	3 Results
	3.1 Study population
	3.2 Nutritional intervention
	3.3 Exercise intervention
	3.4 Blood lipid levels
	3.5 Correlation between changes in blood lipid levels, body weight, and nutrition
	3.6 Multiple linear regression

	4 Discussion
	4.1 Limitations

	5 Conclusion

	References

