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corroborated by numerous epidemiological studies [1] and 
imposes considerable demands on healthcare systems [2, 
3]. Paradoxically, elevated cardio-metabolic risk can also 
manifest in individuals of a normal weight [4], whilst some 
with higher body weight may maintain metabolic health [5]. 
This contrast highlights the complexity of metabolic health 
beyond mere weight status, emphasizing the critical need 
for dietary interventions to not only manage weight but also 
comprehensively mitigate cardio-metabolic risks. continu-
ous energy restriction (CER) has traditionally been the pri-
mary means of tackling excess body weight issues, but more 
recently intermittent energy restriction (IER) has, emerged 
as an effective alternative for weight loss and the regula-
tion of cardio-metabolic disease markers [6, 7]. The appeal 
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Abstract
Low-carbohydrate diets and intermittent energy restriction may offer metabolic advantages in fuel utilisation, that are 
independent of weight loss. The underlying mechanisms for these effects are unclear but may involve extensions of the 
catabolic phase and/or attenuation of insulin secretion. To address this gap, we aimed to investigate the independent 
acute metabolic effect of carbohydrate restriction at varying energy levels. Twelve, (six female) healthy overweight/obese 
participants (27.3 ± 1.8 years; 25.2 ± 1.6  kg/m2) completed this three-way study. Volunteers followed three diets for one 
day (36  h, covering the intervention day and overnight fasting), separated by 5-day washout: a normal carbohydrate, 
energy-balanced diet (nEB, 55% CHO), a low-carbohydrate, energy-balanced diet (LCEB, 50  g/day CHO), and a low-
carbohydrate, energy-restricted diet (LC25, 50 g/day CHO with 75% energy restriction). Fasting and serial postprandial 
(360  min) measurements to a mixed test meal were collected the following morning. Additionally, subjective appetite 
responses and two-day subsequent ad libitum food intake was assessed. Both low-carbohydrate with and without energy 
restriction diets induced comparable decrease in triacylglycerol iAUC (p = 0.02, p = 0.04, respectively), and respiratory 
quotient (both p < 0.01) along with increase in non-esterified fatty acids (both p < 0.01) and 3-hydroxybutyrate (p = 0.001, 
p = 0.01, respectively) levels. Compared to a non-restricted carbohydrate, energy-balanced diet, postprandial glucose levels 
significantly increased in the LCEB arm (p = 0.024) and showed a rising trend in the LC25 arm (p = 0.07). Neither insulin 
responses nor resting, and diet-induced thermogenesis were significantly altered by variations in energy or carbohydrate 
content. These findings demonstrate that carbohydrate restriction, without altering energy intake, can elicit effects similar 
to those observed in short-term fasting. As such we propose a strategy of repeated carbohydrate restriction cycles alone 
may be an emerging alternative approach for the enhancement of cardiometabolic health, warranting further investigation.
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of IER is that individuals consume a typical diet for five 
days with substantial caloric restriction (25% of the recom-
mended daily energy intake) on only two non-consecutive 
days per week. Meta-analyses reveal that IER is as effec-
tive as CER in enhancing various health markers, including 
reductions in fasted triacylglycerol (TAG), LDL-C, HBA1c, 
and metrics of body composition, and increased HDL-C 
levels [8–10]. However, research on dietary consumption 
patterns indicates despite a higher initial adherence to IER 
compared to CER, compliance declines over time [11, 12]. 
This suggests a need for alternative dietary strategies. It is 
documented that a 5-10% weight loss can enhance glycae-
mic and lipid profiles [13], yet while both CER and IER 
diets facilitate comparable weight loss, the unique attributes 
of IER may exert additional benefits. In particular, Antoni et 
al. [14] demonstrated that even with matched weight loss, 
IER may confer superior benefits on postprandial lipaemia 
compared to CER diets. This advantage is possibly attribut-
able to the repeated metabolic shifts from glucose to fatty 
acid and ketone utilisation induced by IER regimens [15]. 
This is akin to improved “metabolic flexibility”, defined as 
a capacity to efficiently switch between fat oxidation and 
other metabolic processes depending on fuel availability 
and metabolic demand [16] and could be a key factor under-
lying the benefits of IER. More relevantly, these metabolic 
shifts can be initiated by reduced carbohydrate alone rather 
than by a negative energy balance per se [17]. Given inher-
ently low carbohydrate content on restricted days of IER 
diets, appreciating the role of carbohydrate content becomes 
increasingly pertinent. A recent cross-over study assessing 
the postprandial metabolic health markers following vari-
ous levels of energy restriction (ER) for one day found that 
both partial and total ER altered fasting and postprandial 
metabolic responses, with these changes indicative of a 
dose-responsive pattern in relation to the ER level [14]. 
The authors attributed this effect to the varying levels of 
carbohydrate availability in partial ER. Such an observa-
tion underscores the complex role of carbohydrate intake 
in shaping metabolic responses under varying degrees of 
energy restriction and questions the extent to which these 
responses might be attributed solely to variations in car-
bohydrate intake. Our study aims to investigate the acute 
metabolic effects of carbohydrate restriction at varying 
energy levels, to isolate and examine the specific metabolic 
responses exclusively linked to carbohydrate reduction. The 
study secondary outcomes involve examining the subse-
quent adjustments in energy consumption and the energy 
expenditure (i.e., energy balance), which might influence 
the long-term effectiveness of diets for weight management.

Methods

Participants and recruitment

Participants were aged 20–65 years and classified as over-
weight or obese (BMI < 25 kg/m2) and were recruited from 
the University of Surrey (UK) and the wider community 
through posters and email advertisements. Participants were 
weight stable ( < ± 3 kg in the last three months), with no 
significant medical history. Body composition was assessed 
via bioelectrical impedance scale (Tanita, Japan). Screening 
excluded individuals on medications impacting postpran-
dial glucose or lipid responses, including insulin and thyroid 
therapy, with additional exclusions for beta-blockers, proton 
pump inhibitors, hormonal therapy, and anxiety medications, 
assessed case by case. Further exclusions included exercis-
ing more than three times per week (due to potential BMI 
inaccuracies from increased muscle mass), pregnancy or 
breastfeeding, excessive caffeine or alcohol intake, current 
eating or psychiatric disorders, and adherence to strict diets 
like veganism. All recruited female participants were either 
postmenopausal, used hormonal contraceptives or were in 
the follicular phase of their menstrual cycle to account for 
potential menstrual cycle-related effects between visits. The 
study obtained a favourable ethical opinion from the Uni-
versity of Surrey ethics committee (UEC 2019 008 FHMS) 
and was carried out in compliance with the principles out-
lined in the Declaration of Helsinki. The study is registered 
at clinicaltrials.gov: NCT06387940.

Sample size

A comparable cross-over study demonstrated that a sample 
size of 10 participants was sufficient to achieve a statistical 
power of 90%. This power aimed to detect a mean differ-
ential of 89 units (SEM 13) in the postprandial TAG iAUC 
values, our primary outcome, between a one-day 75% 
energy-restricted diet and a 100% energy-balanced diet 
[18]. Upon retrospective analysis, it was determined that 
with 12 participants, this study achieved 90% power at a 
two-sided significance level of 0.05, to detect a mean differ-
ence of 57 units (SD = 54.6) between the intervention arms 
(nEB vs. LC25).

Study design

This was a randomised, three-way crossover design, in 
which participants followed, three, one-day (36 h) dietary 
interventions in a random order, with a 5-day washout 
period between interventions (Supplementary Fig.). An 
energy-balanced diet (EB) served as the control, in compar-
ison to a low-carbohydrate energy-balanced diet (LCEB), 
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and a low-carbohydrate energy-restricted diet (LC25). After 
completing each diet day, participants attended a metabolic 
study day to assess appetite and measure blood metabolites 
in response to a standard meal challenge. Participants docu-
mented their dietary intake from the ad libitum meal served 
during the laboratory visit until midnight the following day 
to evaluate short-term energy compensation.

Dietary interventions (Day 1)

Participants recorded their usual dietary intake over a three-
day period before the study commencement. The lead-in 
period included a standardised pre-intervention dinner and 
a minimum 5-day washout between treatments, during 
which participants maintained their habitual dietary intake. 
All food items for dietary intervention days, including the 
lead-in dinner, were prepared and personally supplied to 
participants. Participants were assigned to one of three” 
calorie groups” based on their daily energy requirements, 
estimated using the Henry predictive equation and their 
physical activity levels, and calculated separately for males 
and females (Table 1). Protein in the low-carbohydrate diets 
was capped at 0.8 g/kg body weight, aligning with the Rec-
ommended Dietary Allowance for healthy adults, to attri-
bute effects to carbohydrate and energy changes, avoiding 

confounding influences of protein’s satiety, insulinotropic 
effects [19] and thermic effect [20]. To maintain unbiased 
appetite measurements and minimize impacts on digestive 
and metabolic systems, the study’s menu kept a consistent 
visual appearance. Meal compositions remained the same, 
adjusting only portion sizes for different calorie groups. For 
low-carbohydrate diets, visually similar substitutes like cau-
liflower rice for rice and courgette for spaghetti were used.

Energy-balanced diet (nEB)

Diet served as control, included 100% of their estimated 
isoenergetic needs adhering to the principles of the Eatwell 
Guide [21]. Carbohydrates comprised 55% of total caloric 
intake.

Low-carbohydrate energy-balanced diet (LCEB)

Diet included only 50 g of carbohydrate yet provided 100% 
of their estimated isoenergetic needs.

Low-carbohydrate energy-restricted diet (LC25)

Diet included only 50 g of carbohydrate and provided 25% 
of estimated isoenergetic needs.

Table 1  Energy and macronutrient composition of the intervention diets according to low, medium, and high calorie groups
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States). Insulin and GLP-1 levels were determined through 
an enzyme-linked immunosorbent assay (ELISA, Milli-
pore). The analysis of samples were performed in batches, 
thereby ensuring that samples from each individual were 
assessed within the same assay, minimizing potential inter-
assay variability.

Assessment of insulin sensitivity

Matsuda Index [22] and HOMA-IR [23] measured insulin 
sensitivity, while Insulinogenic Index [24] and Disposition 
Index [25] evaluated β-cell function. M (Stumvoll) and first- 
and second-phase insulin indices [26] estimated postpran-
dial insulin response and secretion.

Indirect calorimetry

REE and substrate utilisation were assessed using indirect 
calorimetry (GEM Nutrition Ltd, UK). During the measure-
ments, participants maintained a semi-supine position and 
wore a ventilated Perspex hood, enabling a continuous air 
flow for the analysis of the relative concentrations of oxy-
gen and carbon dioxide in both inspired and expired air. To 
ensure accurate measurement, calibrations were conducted 
before the start of each testing day, and each participant 
was also measured repeatedly on the same machine. The 
Weir equation [27] was employed for REE analysis, while 
substrate utilisation was represented as RQ, (calculated 
as VCO2/VO2).Fasting and postprandial substrate oxida-
tion rates of fat and carbon dioxide were determined using 
Frayn’s non-protein stoichiometric equations [28]. Diet-
induced thermogenesis (DIT) was calculated by subtracting 
REE from postprandial energy expenditure [29].

Dietary analyses

Dietary data from participants were recorded in food diaries 
and analysed with Nutritics software (Nutritics Software, 
Ireland). These diaries included instructions and visuals to 
help estimate portion sizes. Dietary intake was logged for 
three days before the study (two weekdays and one week-
end) and from the ad libitum meal during the laboratory 
visit until midnight the next day.

The impact of a single day’s diet on eating habits was 
assessed by comparing baseline intake to post-diet day data.

Visual analogue scales

Participant’s perceived appetite sensations were measured 
using validated visual analogue scales (VAS) [30]. These 
100-mm scales had endpoints representing extreme hun-
ger states. Participants evaluated eight variables including 

Laboratory visits (Day 2)

On designated diet days, participants were instructed to 
complete their standardised meal by 20:00 h and maintain 
sufficient intake of non-caloric fluids while refraining from 
alcohol consumption and vigorous exercise. Following each 
diet day, participants arrived at the Clinical Investigation 
Unit of the University of Surrey around 8:00 h after fast-
ing overnight with only water allowed. After a 30-minute 
rest period, resting energy expenditure (REE) and substrate 
utilisation (respiratory quotient [RQ]) were assessed using 
indirect calorimetry (GEM Nutrition). Following this assess-
ment, an indwelling cannula was inserted, and fasted blood 
samples were collected. To evaluate fasting appetite sensa-
tion, validated paper-based visual analogue scales (VAS) 
were utilized. Then, participants were provided with a liquid 
test meal (400 ml Fortisip, 40 ml Calogen Extra Shot; Nutri-
cia) to be consumed within 5 min. This meal was designed 
to mimic the energy composition of full English breakfast 
(705 kcal, Nutritics; Ireland) and included 760 kcal, 75.4 g 
carbohydrates (39% of total energy), 28.6 g protein (15% 
of total energy), and 39.3 g fat (46% of total energy). The 
use of this standardised meal aimed to minimize potential 
variations in postprandial measurements attributed to food 
preparation and digestive factors. Following the test meal, 
multiple postprandial measurements of blood metabolites, 
energy expenditure, substrate utilization, and appetite mea-
sures were taken at regular intervals over the next 360 min. 
The study concluded with a pre-weighed ad-libitum pasta 
meal (2378 kcal; 50% carbohydrate, 20% protein, 30% fat), 
served within 10  min of the final measurement, allowing 
participants to eat until full. Intake was recorded based on 
consumption. Participants then returned to their normal 
diets, logging their food intake in diaries until midnight the 
following day.

Blood biochemistry

Blood samples were collected at the baseline measurement 
(pre-meal) and subsequently at regular intervals of 15, 30, 
60, 90, 120, 180, 240, 300, and 360  min into EDTA (for 
TAG, NEFA, insulin, 3-β-hydroxybutyrate (3-OHB) and 
glucagon-like peptide 1 (GLP-1) analysis) and sodium oxa-
late (for plasma glucose analysis). 200 kallikrein inhibiting 
units of aprotinin per ml of whole blood was added to EDTA 
tubes for the GLP-1 analysis. Samples were then centri-
fuged (1620 g; 10 min; 4 °C) and separated. Plasma aliquots 
were then stored at -20 °C (for glucose, lipids and 3-OHB) 
and − 80 °C (for GLP-1 and insulin), prior to analysis.

Plasma glucose, TAG, NEFA, and 3-OHB concentrations 
were quantified using an automated photometric Indiko™ 
clinical chemical analyser (Thermo Fisher Scientific, United 
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TAG iAUC values were significantly lower by 61.17 (SEM 
18.86) mmol/L·min, for LCEB (p = 0.04) and by 81.78 
(SEM 12.53) mmol/L·min for LC25 (p = 0.02) compared 
to nEB. However, iAUC comparisons between the two LC 
arms showed no statistical significance (p > 0.99).

NEFA and 3-OHB responses

As expected, both postprandial plasma NEFA (Fig.  1(D)) 
and 3-OHB levels (Fig.  1 (F)) decreased until approxi-
mately T120 and then steadily increased until T360 across 
all study arms. The two LC arms displayed similar trends 
in these markers. A significant main effect of the interven-
tion (p < 0.001) and a diet x time interaction (p = 0.002) 
were noted in postprandial NEFA concentrations, with both 
LC arms showing statistically significant differences from 
the nEB arm (p < 0.001). Although decremental area under 
the curve (dAUC) for NEFA was not significantly differ-
ent between the intervention arms. Similar to NEFA, sig-
nificant effects of diet (p < 0.001) and diet x time interaction 
(p = 0.004) were observed in postprandial 3-OHB concen-
trations. Post-hoc analysis revealed significant differences 
between LCEB and LC25 compared to nEB (p < 0.001). 
However, the AUC (dAUC) of 3-OHB differed significantly 
only between nEB (-22.48 ± 19.96 mmol/L·min) and LC25 
(-106.5 ± 33.40 96 mmol/L·min), with LCEB (-74.46 ± 22.01 
96 mmol/L·min) showing no significant differences.

Glucose and insulin response

Following the nEB arm, postprandial glucose changes 
exhibited a bimodal pattern with peaks at T30 and T90, 
returning to baseline Fig. 1(A). In contrast, both LC arms 
displayed an initial glucose increase, peaking at T30 and 
remaining elevated until T90 before reverting to baseline. 
Statistically significant interactions between time x diet 
were observed in postprandial plasma glucose responses 
(p = 0.0016), though no significant differences were found 
between diet arms in post hoc comparisons (p > 0.05). The 
glucose iAUC was higher in both LC arms: LCEB recorded 
305 (SEM 40.36) mmol/min per L and LC25 at 337.3 (SEM 
40.27) mmol/min per L, compared to 202.2 (SEM 40.46) 
mmol/min per L for nEB. LCEB differed significantly from 
nEB (p = 0.03), while LC25 showed a non-significant trend 
(p = 0.07). The postprandial insulin response showed no sig-
nificant differences across diets (Fig. 1(B)). No significant 
differences were observed in insulin sensitivity (Matsuda 
Index, HOMA-IR, M Stumvoll), or β-cell function (Insu-
linogenic Index, Disposition Index, first- and second-phase 
insulin) between diet conditions.

satiety, desire to eat, food volume capacity, thirst, and crav-
ings for sugary, fatty, salty, and savoury foods. They marked 
their perceived appetite levels every two hours on diet days 
and at blood measurement intervals on study day.

Statistical analyses

Incremental and decremental area under the curve (iAUC, 
dAUC, respectively) for metabolites were calculated using 
Simpson’s rule [31], implemented in Python 3.8 (Python 
Software Foundation). All statistical analyses were con-
ducted using GraphPad Prism 9 (GraphPad Software Inc.) 
Owing to the sample size of data, non-parametric testing was 
identified as the most appropriate method for conducting 
the statistical analysis in this study. The Friedman test was 
used to examine differences among the three experimental 
groups, complemented by Dunn’s post hoc testing for mul-
tiple pairwise comparisons. The Wilcoxon signed-rank test 
was employed for paired comparisons. For time-course data, 
repeated measures of ANOVA, along with Tukey’s post hoc 
testing, was used. Statistical significance was established at 
p < 0.05. All data are presented as mean ± SEM.

Results

Participant characteristics

Initially, 20 participants (12 females), aged 20–65 years, 
consented; however, eight participants (6 females) did not 
complete due to non-compliance (n = 4), cannulation issues 
(n = 2), or Covid-19 pandemic-related lab closure. Conse-
quently, the final sample consisted of twelve completers 
(Table 2).

Postprandial metabolic responses

TAG responses

A statistically significant main effect of diet was observed 
on postprandial TAG levels across the intervention arms 
(p = 0.02), with significant differences between both LC 
diets and nEB (both p < 0.05) (Fig. 1(C)). The postprandial 

Table 2  Participant characteristics
All Partici-
pants (n = 12)

Female (n = 6) Male 
(n = 6)

Age (years) 27.3 ± 1.8 24 ± 1.0 30.7 ± 3.0
Body weight (kg)* 75.7 ± 5.6 64.5 ± 7.8 86.9 ± 5.0
BMI (kg/m2)* 25.2 ± 1.6 23.5 ± 3.9 26.9 ± 1.0
% body fat* 28.1 ± 0.6 33.1 ± 1.2 23 ± 1.7
Mean ± SEM
*significant difference between sexes (p < 0.005), unpaired t-test
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Postprandial substrate oxidation and energy 
metabolism

Postprandial responses to the liquid test meal following 
each intervention day are presented in Fig. 2. There was a 
significant main dietary effect on fat oxidation (p < 0.001), 
with lower rates in both LCEB (p < 0.001) and LC25 
(p = 0.02) diets. Carbohydrate oxidation also differed sig-
nificantly across diets (p = 0.03) with a main effect of diet, 
being notably lower in LCEB (p = 0.04) and trending lower 
in LC25 (p = 0.09). Correspondingly, respiratory quotient 
(RQ) levels significantly decreased in low- carbohydrate 
groups compared to nEB (p < 0.01). However, no significant 

GLP-1 responses

Postprandial GLP-1 responses exhibited non-significant 
trends for both diet main effect and diet-by-intervention 
interaction (p = 0.07 for both), suggestive of potentially lower 
GLP-1 levels in LCEB and LC25 interventions (Fig. 1(E)). 
However, post hoc analysis, conducted to explore this 
trend (p < 0.1) and account for potential sample size limi-
tations, showed significant differences between LCEB and 
nEB (p = 0.01) and between LC25 and nEB (p = 0.0004). 
Similarly, iAUC comparison showed significant differences 
across interventions, with a notable decrease in LCEB by 
1093 (SEM 438, p = 0.04) pmol/L·min and in LC25 by 662 
(SEM 302), p = 0.04) pmol/L·min compared to nEB.

Fig. 1  Postprandial substrate responses to liquid test meal. Data presented with standard error bars Glucose, Insulin, TAG, NEFA: n 12, GLP-1:n 8
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significant differences were noted in RQ and 3-OHB levels 
between LCEB and LC25. The LC25 diet also resulted in a 
significantly higher fasting GLP-1 levels compared to nEB 
(p = 0.03), with no marked difference in LCEB (p = 0.14). 
Resting energy expenditure and other fasting measurements 
such as glucose, TAG, insulin, and NEFA (p = 0.08) showed 
no significant differences.

Perceived appetite sensations and dietary intakes

Appetite sensation data of dietary intervention day indi-
cated that hunger levels were significantly higher on the 
LCEB diet by 60.3% (p < 0.01) and the LC25 diet by 25.2% 
(p = 0.03) compared to the nEB diet. Similarly, perceived 
eating capacity increased by 10.4% for LCEB and 27.8% for 
LC25. No significant differences were observed in fullness 
scores (p > 0.05). Additionally, cravings for various tastes 
(sweet, savoury, salty, fatty) showed no significant differ-
ences among dietary groups (p > 0.05). On the subsequent 
metabolic study day, postprandial hunger was lower follow-
ing LCEB (p = 0.06) and LC25 (p = 0.01) diets compared to 
nEB, by 2.4% and 8.6% respectively. However, no signifi-
cant differences were found in food intake during the subse-
quent ad-libitum pasta meal across dietary groups (p > 0.05, 
data not presented). Over two days post-intervention, total 
energy and macronutrient intake showed no significant dif-
ferences across diets (p > 0.05, data not presented). Data 

differences were noted in diet-induced thermogenesis across 
all study arms.

Fasting metabolism

Fasting measurements are illustrated in Table  3. Respira-
tory quotient (RQ) was significantly lower following both 
low carbohydrate (LC) diets compared to the nEB diet 
(LCEB vs. nEB p < 0.001; LC25 vs. nEB p = 0.02), indicat-
ing reduced fasted carbohydrate utilisation. Correspond-
ingly, fasting plasma 3-OHB levels were notably higher in 
LCEB (p < 0.01) and trended higher in LC25 (p = 0.057) 
relative to nEB, suggestive of increased fat oxidation. No 

Table 3  Fasting measurements
nEB LCEB LC25

Glucose (mmol/l) 4.47 ± 0.15 4.36 ± 0.15 4.10 ± 0.12
Insulin (pmol/L) 2.74 ± 0.46 2.98 ± 0.80 2.64 ± 0.45
NEFA (mmol/l) 0.53 ± 0.07 0.86 ± 0.09 0.80 ± 0.10
TAG (mmol/l) 0.86 ± 0.09 0.81 ± 0.08 0.76 ± 0.08
3-OHB (mmol/l) 0.15 ± 0.06 0.4 ± 0.09* 0.53 ± 0.12
GLP-1 (pmol/L) 17.42 ± 2.57 25.26 ± 3.25 23.68 ± 3.39*
REE (kcal) 1602 ± 52.20 1690 ± 78.42 1655 ± 62.87
RQ (VCO2/VO2) 0.89 ± 0.016 0.78 ± 0.025* 0.79 ± 0.022*
Mean ± SEM
*significantly different from nEB, (p < 0.005)
Glucose, Insulin, TAG, NEFA: n 12, GLP-1:n 8

Fig. 2  Postprandial substrate oxidation responses to liquid test meal. Data presented with standard error bars n 12
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glucose as the primary energy source [38]. This shift is evi-
denced by decreased postprandial RQ levels, carbohydrate 
oxidation and increased fat oxidation, aligning with prior 
research [18]. Reduced glucose availability prompts the 
diversion of fatty acids from circulating lipoprotein-TAG, 
facilitated by increased lipoprotein lipase (LPL) activity 
in muscle, and hepatic storage towards beta-oxidation and 
ketogenesis [39]. Demonstrative of this mechanism, our 
postprandial response to test meal further demonstrated an 
increase in hepatic production of 3-OHB and NEFA lev-
els, consistent with similarly designed studies [18, 34, 40]. 
Favourable reductions in postprandial TAG levels after LC 
diets, are conducive to reduced fatty acid availability for 
VLDL-TAG secretion and hepatic TAG re-esterification and 
increased chylomicron-TAG utilisation in the postprandial 
state due to increased fatty acid oxidation [37] as seen in 
comparable fasting study with LC25 arm [18]. This supports 
the notion that limiting carbohydrates to 50 g/day induces a 
lipolytic state that may continue into the next day, despite 
subsequent intake of carbohydrate and insulin release. This 
can be attributed to reduced carbohydrate intake, driven by 
elevated muscle LPL activity in response to limited carbo-
hydrate availability, rather than reduced energy intake.

Improvements in the lipaemia profile coupled to higher 
postprandial glucose levels after both LC diets in our study, 
align with findings from previous LCHF [33, 34, 41] and 
fasting-mimicking studies [18, 40, 42]. However, unlike 
previous findings linking elevated glucose to decreased 
first-phase insulin release as a consequence of higher fasted 
NEFA levels [33, 34], we found no significant changes in 
fasted NEFA levels or in first-phase insulin secretion or 
other insulin sensitivity analysis. Our observed stability 
in postprandial insulin levels suggests that increased glu-
cose may not always stem from altered insulin dynamics. 
The observed reduction in postprandial NEFA levels across 
LC diets likely reflects enhanced NEFA uptake in muscle, 
potentially due to the observed elevation in fat oxidation, or 
suppressed NEFA outflow from adipose tissue (i.e., lipoly-
sis suppression), rather than insulin resistance. Further 
tracer studies would be required to confirm this mechanism. 
This is further complicated by the decreased GLP-1 levels 
observed after both LC diets, which is not seen in earlier 
research [33, 34, 40, 43]. Given GLP-1’s insulin stimulat-
ing function, alternative mechanisms could be influencing 
glucose regulation, warranting a need for further analysis, 
possibly through C-peptide measurements, to better deci-
pher these results.

Nevertheless, studies identifying concurrent elevations 
in NEFA and glucose levels [18, 34, 42] align with our find-
ings and offer insight into the mechanistic basis. This can 
be part of adaptive metabolism, wherein enhanced NEFA 
uptake and increased beta-oxidation reduce glucose uptake 

from five participants were excluded due to incompleteness, 
under-powering the analysis.

Discussion

Existing research primarily focuses on the metabolic effects 
of carbohydrate restriction, either without energy restric-
tion or with severe energy restriction in the form of fasting. 
Our study uniquely bridges this gap by directly comparing 
these dietary strategies, specifically isolating the effects of 
carbohydrate restriction on acute postprandial substrate and 
energy metabolism following food intake. We underscore 
the pivotal role of carbohydrate intake in modulating meta-
bolic responses, independent of energy levels, and explore 
its potential to replicate the metabolic advantages associated 
with IER, without directly targeting weight loss. The find-
ings provide new insights into dietary strategies showing 
that manipulating carbohydrate intake can achieve meta-
bolic effects akin to acute fasting.

A key finding from our study is that LC diets elicited sta-
tistically similar metabolic responses across most measure-
ments, including the primary outcome, postprandial TAG 
responses. Both LC diets achieved significant reductions in 
TAG levels, underscoring the role of carbohydrate restric-
tion in attenuating postprandial lipaemia, a critical cardio-
vascular risk factor [4] independent of energy restriction.

Further analysis revealed similar responses in other sub-
strate metabolites, with notable exceptions being fasting 
levels of 3-OHB and GLP-1, both primary indicators of 
ketogenesis and metabolic regulation, respectively. Notably, 
both LC25 and LCEB elevated 3-OHB levels, consistent 
with previous LCHF studies [32–34], though only LC25 
reached significance. This may be due to LC25’s lower fat 
intake enhancing endogenous lipolysis and ketogenesis, 
while LCEB delivers more exogenous chylomicron-derived 
TAG [35, 36]. This may also be a consequence of, the over-
night fasting being of insufficient duration to elevate ketone 
levels in LCEB, limited power due to sample size, and indi-
vidual variability. Moreover, the failure to see statistically 
significant increases in fasting NEFA levels across both LC 
diets, as observed in other studies [18, 32, 33], may be due 
limited sample size. However, fasting levels of TAG, glu-
cose and insulin levels remained unchanged, contradicting 
similar studies [18, 32, 33], potentially due to metabolically 
healthy participant profile. Nonetheless, upon consumption 
of a standard meal, chylomicron-TAG became the primary 
fat source [37] and hepatic 3-OHB production rose similarly 
in both LC diets, paralleling other lipaemia markers.

The postprandial response to the test meal further dem-
onstrated a metabolic state similar to acute fasting, char-
acterised by a shift favouring fatty acids and ketones over 
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et al. [14] has shown that IER, inherently low in carbohy-
drate, leads to better postprandial lipid responses than CER 
with equal caloric intake and matched weight loss. This 
suggests that IER enhances metabolic flexibility by regu-
larly activating a fat oxidation state. In contrast, benefits 
of traditional, CER’s benefits primarily stem from weight 
loss, which usually lacks a substantial shift to fat oxidation. 
Similarly, another study [55] highlights metabolic improve-
ments in IER without weight loss, underlining the signifi-
cance of alternating fuel oxidation in dietary approaches. 
Coupling these observations with our current study, it could 
be hypothesised that cycling between low-carbohydrate and 
regular carbohydrate intake might amplify this flexibility, 
thus improving metabolic health independently of weight 
loss [16].

Also, it is important to note that in terms of practical 
application, the primary motivation for adopting LC diets 
is often for weight loss [56], which by itself brings meta-
bolic benefits [57]. A secondary objective of our study was 
to explore potential energy balance effects. The LCEB arm 
also was proposed to increase compliance by reducing hun-
ger and increasing food availability, especially important 
if long-term repeated cycles of LCEB are adopted. Inter-
estingly, in the appetite sensations while participants felt 
increased hunger on restriction days, consistent with prior 
fasting studies [40, 42], the hunger decreased after a test 
meal in both LC diet (i.e. with or without an acute energy 
deficit), potentially correlating with higher ketone levels as 
also evidenced by VLCD and ketogenic diets [58]. More-
over, variations in hunger did not translate into subsequent 
food intake as there was no difference in 48-hour ad libi-
tum food intake for either diet. This indicated that the LC25 
group maintained a 75% energy deficit with little compensa-
tion in intake, consistent with prior research [18]. Moreover, 
real-life adherence in the long-term might differ, low carbo-
hydrate diets tend to reduce spontaneous food intake over 
time [59], suggesting that long-term energy intake under 
LCEB diets might still lead to an overall energy deficit, 
underscoring the need for further studies.

With regard to energy expenditure our study found no 
significant changes in short term REE or DIT consistent 
with findings from short-term energy-restricted diets [18, 
40, 42]. While some literature indicates an acute increase in 
energy expenditure with low-carbohydrate and fasting diets 
due to heightened gluconeogenesis, protein turnover, TAG-
fatty acid cycling, and ketogenesis [20, 60], long-term out-
comes remain mixed. Doubly labelled water studies report 
variable effects on energy expenditure (EE) in prolonged 
low-carbohydrate diets, with some indicating increases [61, 
62] and others showing no change [63]. This variation could 
stem from inaccuracies in RQ estimation, which might 
overestimate EE values when based solely on VCO2 [64]. 

via the accumulation of metabolic intermediates (acetyl-
CoA, NADH, citrate) [44–46]. Such intermediates inter-
fere with carbohydrate utilisation by impeding GLUT4 
translocation, inhibition of glycolysis, and lower pyruvate 
dehydrogenase (PDH) activity [44–46], illustrative of the 
intricate lipid-glucose metabolic interaction. Addition-
ally, heightened intracellular NEFA levels can temporarily 
overload mitochondria, leading to dysfunction, excessive 
reactive oxygen species (ROS) production, and accumula-
tion of lipotoxic intermediates, disrupting insulin signalling 
contributing to insulin resistance across tissues [47–49]. 
Numao et al. [34] attributed this elevation in NEFA and 
glucose levels to the high fat content of their LCHF diet; 
however, our research shows similar metabolic effects in LC 
diets both with high-fat (LCEB) and very low-fat (LC25) 
suggesting glucose scarcity as the primary driver. A notion 
supported by fasting studies [40, 42] and our group’s previ-
ous study [18], which demonstrates dose-response effects of 
both complete fasting and 75% energy restriction on post-
prandial metabolism, attributable to differences in dietary 
carbohydrate content. Current findings support the concept 
that acute metabolic challenges are indicative of short-term 
tachyphylaxis, (a rapid decrease in response to a metabolic 
stimulus), which may either attenuate or transform with 
prolonged dietary exposure. The observed impairment in 
glucose handling could, therefore, be potentially mitigated 
over time through metabolic adaptation which indeed is 
supported by studies on repeated cycles of carbohydrate 
restriction, both with energy restriction (e.g., IER) [14, 50] 
and possibly without energy restriction [51, 52]. However, 
both non-energy restriction studies, due to their exploratory 
nature, require cautious interpretation and further research. 
The latter study’s focus on women with breast cancer fol-
lowing a strict Mediterranean LC diet that may not mirror 
typical eating habits, affecting broader applicability and 
adherence in non-research settings. The former study, on 
the other hand, involved participants aged nine to thirty, 
and had varying diet restriction days between groups (inter-
mittent LC with 7 days vs. IER with 4 days), potentially 
affecting outcomes. The longer carbohydrate restriction in 
the intermittent LC group might lead to more pronounced 
metabolic adaptations, such as increased fat oxidation or 
changes in ketone body levels and impact adherence and gut 
microbiota, complicating dietary approach comparisons.

The enhancement in fat oxidation from a one-day low-
carbohydrate diet, irrespective of energy content, and the 
response to reintroduced carbohydrates can be seen as 
demonstrative of metabolic flexibility [53]. Augmented 
uptake of NEFAs by peripheral tissue, enhances fatty acid 
oxidation, minimises TAG accumulation, and improves 
insulin signalling in skeletal muscle, potentially offering 
significant health advantages [54]. A recent study by Antoni 
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