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SUMMARY
Restricted sugar and ketogenic diets can alter energy balance/metabolism, but decreased energy intakemay
be compensated by reduced expenditure. In healthy adults, randomization to restricting free sugars or over-
all carbohydrates (ketogenic diet) for 12 weeks reduces fat mass without changing energy expenditure
versus control. Free-sugar restriction minimally affects metabolism or gut microbiome but decreases low-
density lipoprotein cholesterol (LDL-C). In contrast, a ketogenic diet decreases glucose tolerance, increases
skeletal muscle PDK4, and reduces AMPK and GLUT4 levels. By week 4, the ketogenic diet reduces fasting
glucose and increases apolipoprotein B, C-reactive protein, and postprandial glycerol concentrations. How-
ever, despite sustained ketosis, these effects are no longer apparent by week 12, when gut microbial beta
diversity is altered, possibly reflective of longer-term adjustments to the ketogenic diet and/or energy bal-
ance. These data demonstrate that restricting free sugars or overall carbohydrates reduces energy intake
without altering physical activity, but with divergent effects on glucose tolerance, lipoprotein profiles, and
gut microbiome.
INTRODUCTION

Free sugars are ‘‘monosaccharides and disaccharides added to

foods by the manufacturer, cook, or consumer, plus sugars natu-

rally present in honey, syrups, and unsweetened fruit juices.’’1 This

encompasses added sugars and sugars naturally present in fruit

and vegetable juices, concentrates, smoothies, purées, pastes,

powders, and extruded products.2,3 In randomized trials, greater

proportional free-sugar consumption increases self-reported en-

ergy intake, and reduction of free sugars to%5%of energy intake

has been theorized to reduce energy intake by 100 kcal/day.1,4

However, dietary free-sugarmanipulation results in small changes

in fat mass (FM) compared to the self-reported changes in energy

intake,5 suggesting other components of energy balance are
Cell Reports Medicine 5, 101667, Aug
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compensating for this effect, or that reporting of energy intake is

inaccurate. Dietary guidelines advocate restricting free (or added)

sugars from current intakes almost entirely due to the basis of ef-

fects on self-reported energy intake.1,6,3 There is, therefore, a

need to establish whether restriction of free sugars can meaning-

fully alter energy intake without reliance on self-report methods.

We previously reported that free-sugar restriction does not modu-

late energy balance components within 24 h.7 To date, no study

has directly measured physical activity energy expenditure

(PAEE) or objectively determined energy intake in response to

longer-term free-sugar restriction to infer efficacy or effectiveness

of recommendations. Furthermore, the impact of free-sugar re-

striction and associated body composition changes on meta-

bolism and gut microbiome is currently unclear.
ust 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Restricting overall carbohydrate intake is another strategy

often utilized to alter body composition, but with additional meta-

bolic effects.8With low carbohydrate availability (ketogenic diet),

hepatically produced ketone bodies provide an alternative fuel to

carbohydrates for organs like the brain and skeletal muscle.9,10

The effects of ketogenic diets on objectively measured energy

balance components and cardiometabolic health in humans

are not well characterized.11,12 Only one pilot study has indirectly

estimated PAEE in response to ketogenic diets, suggesting

reduced PAEE on a ketogenic diet (7% carbohydrate, 83% fat)

compared with a high-carbohydrate diet (83% carbohydrate,

7% fat),13 with five participants measured across 9–21 days of

diet, and PAEE estimated by subtracting resting metabolic rate

from total energy expenditure. As such, it is important to investi-

gate the effects of ketogenic carbohydrate restriction on energy

balance andmetabolism, while objectively measuring potentially

major compensatory components such as physical activity.

In addition to effects on energy balance, physical activity has in-

dependent effects on cardiometabolic health. Peripheral tissue

phenotype (e.g., skeletal muscle and adipose tissue) plays a

crucial role in regulating fasting and postprandial metabolism

and is influenced by nutrition and physical activity, with further

modulation by changes in gut microbiome composition (e.g., via

production of short-chain fatty acids [SCFAs]).14,15 Therefore, pe-

ripheral tissue phenotype may provide key links between any

effects of diet and associated changes in physical activity on car-

diometabolic health. Combinations of carbohydrate restriction

with low energy availability, like skipping breakfast16 and intermit-

tent 24-h fasting,17 can reduce objectively measured PAEE, with

potential implications for cardiometabolic health. The role of car-

bohydrate manipulation per se (i.e., independent of total energy

intake) on PAEE is yet to be elucidated. Therefore, the primary

aim of this study was to characterize the effects of restricting die-

tary free sugars (LOWSUG), or overall carbohydrates (ketogenic

diet; LOWCHO), on free-livingPAEEover 12weeks inhealthy adult

humans. These two diets were each compared to a control diet

with a moderate sugar and moderate carbohydrate content

(MODSUG), and total energy intake was free to vary in all condi-

tions (i.e., proportional macronutrient intake is the intervention).

We hypothesized that ketogenic carbohydrate restriction and

free-sugar restriction would reduce physical activity compared

with the control diet. Fasting and postprandial metabolism,

appetite-related hormones, skeletal muscle and adipose tissue

phenotypes, gut microbiome composition, and objectively

measured energy intake were explored to establish cardiometa-

bolic responses and underlying mechanisms in response to diets

restricting free sugars or total carbohydrate intake (ketogenic).
Figure 1. CONSORT diagram, macronutrient targets, and biomarkers o

carbohydrate-restricted diets

(A–I) CONSORT diagram of flow through study from enrollment to allocation and a

(%total energy) for intervention arms (B). Weekly morning fasted urinary acetoac

composition of the moderate sugar (MODSUG) group with horizontal line marking

(LOWSUG) group with horizontal line marking 5% as the target for maximal int

(LOWCHO)groupwith the horizontal linemarking8%as the target formaximal intak

dots), prescribed foodquotients (dotted lines) andself-reported foodquotients (sha

treadmill walking test following a 4–5 h fast (I; n = 45–53). Data for B–F are unadjus

adjusted mean (95% CI) during the interventions (with baseline as the covariate).
RESULTS

Sixty healthy adult participants were randomized, and 53 partic-

ipants completed R4 weeks of either MODSUG (n = 18),

LOWSUG (n = 17), or LOWCHO (n = 18) diet (Figures 1A and

1B). Baseline characteristics, habitual diet, and energy expendi-

ture measures are reported in Table S1. Baseline circulating

biochemical profiles, diurnal glycemia, and muscle glycogen

concentrations are reported in Table S2. The studywas conduct-

ed under almost complete free-living conditions, with only 3.5%

of time spent within the laboratory.

The interventions effectively manipulated nutrient
intake, altered substrate oxidation, and achieved
ketosis
Urinary acetoacetate concentrations were elevated throughout

the 12-week intervention in LOWCHO (p < 0.01 vs. MODSUG;

Figure 1C). Participants reported consuming �18% of energy

from free sugars in the MODSUG group (Figure 1D), whereas

participants reported restricting free sugars to the target of

<5% energy in the LOWSUG group (Figure 1E). The LOWCHO

group reported restricting total carbohydrates to <8% energy

(Figure 1F). Absolute nutrient intakes from self-report weighted

food diaries are displayed in Table S3.

At week 4, carbohydrate restriction lowered respiratory ex-

change ratio (RER) in the fasted state (p = 0.004; Figure 1G),

postprandial state (p = 0.005; Figure 1H), and during exercise

(p < 0.001; Figure 1I). At week 12, these reductions in RER

were still present with carbohydrate restriction in the fasted state

(p = 0.04; Figure 1H), postprandial state (p = 0.01; Figure 1H), and

during exercise (p = 0.001; Figure 1I). Sugar restriction did not

meaningfully alter RER in any of the states measured at either

week 4 or week 12 (all p > 0.29 vs. MODSUG). Incremental tread-

mill exercise data are displayed in Figure S1. Protein oxidation

was negligible in all conditions and was not altered by interven-

tion (all p > 0.08; Table S4).

Neither sugar nor total carbohydrate restriction
meaningfully altered physical activity or other
components of energy expenditure, but they did reduce
energy intake and thereby altered body composition
As carbohydrate restriction altered the relationship between en-

ergy expenditure and heart rate, we quantified free-living PAEE

using heart rate and branched equation modeling18,19 with indi-

vidual-level calibration against the gold-standard laboratory as-

sessments.20 At week 4, compared to MODSUG, there was no

evidence of meaningful differences in PAEE with either sugar
f adherence tomoderate sugar, free-sugar-restricted, and ketogenic

nalysis of participants randomized (A). Prescribed dietary macronutrient targets

etate (AcAc) concentrations (C; n = 33–55). Self-reported proportional nutrient

20% as the target intake for free sugars (D; n = 10–18), the free-sugar-restricted

ake of free sugars (E; n = 15–17), and the ketogenic carbohydrate-restricted

eof overall carbohydrates (F;n=16–18). Respiratory exchange ratio (RER; filled

dedarea=95%CI) fasting (G;n=45–53), postprandial (H;n=42–48), andduring

ted mean (95%CI). Data for G–I are mean (95% CI) at baseline, and ANCOVA-
ap% 0.05 for LOWSUG vs. MODSUG; bp% 0.05 for LOWCHO vs. MODSUG.
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Figure 2. Physical activity, changes in body mass and composition, and energy intake from self-report and objectively calculated methods

across 12 weeks of MODSUG, LOWSUG, or LOWCHO diets

(A–G) Baseline-adjusted (ANCOVA) mean (95% CI) and individual 24-h physical activity energy expenditure (PAEE) at week 4 and week 12 (A). Self-reported

change in body mass across 12 weeks (B), researcher-measured change in body mass across 12 weeks (C), and DXA-derived changes in fat mass (FM; solid

(legend continued on next page)
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restriction (�133 kcal days�1; 95% confidence interval [CI]:

�366 to 100 kcal days�1 vs.MODSUG, p = 0.26) or carbohydrate

restriction (46 kcal days�1; 95% CI: �189 to 280 kcal days�1 vs.

MODSUG, p = 0.70). At week 12, there were no substantial

changes in these differences with sugar restriction (�65 kcal

days�1; 95% CI: �310 to 180 kcal days�1 vs. MODSUG, p =

0.60) or carbohydrate restriction (�6 kcal days�1; 95% CI:

�260 to 248 kcal days�1 vs. MODSUG, p = 0.96; Figure 2A).

Furthermore, these inferences remained consistent when

including change in body mass as a covariate (all p > 0.35),

when assessing each intensity domain of physical activity, or

when using a mixed model (p = 0.32 and p = 0.71 for

LOWSUG and LOWCHO vs. MODSUG at week 4, and p = 0.63

and p = 0.71 for LOWSUG and LOWCHO vs. MODSUG at

week 12) to account for dropouts.21 Step count was also not

meaningfully changed by condition (Table S4).

At week 4, there was no evidence of meaningful effects on

resting metabolic rate (RMR) with either sugar restriction (p =

0.72; Table S4) or carbohydrate restriction (p = 0.26; Table S3).

Similarly, at week 12, there was no evidence of meaningful ef-

fects on RMR with either sugar restriction (p = 0.58; Table S3)

or carbohydrate restriction (p = 0.76). Furthermore, these infer-

ences remained consistent when including change in fat-free

mass (FFM) as a covariate (all p > 0.47; Table S3). Sleeping

heart rate, fasting diastolic blood pressure, and fasting systolic

blood pressure were not altered by condition (all p R 0.06;

Table S4).

Both self-reported (Figure 2B) and researcher-measured (Fig-

ure 2C) bodymass were reduced by sugar restriction and carbo-

hydrate restriction. Compared to MODSUG, sugar restriction

reduced body mass at week 4 (p = 0.05) and week 12 (p =

0.04). The reduction in body mass with sugar restriction was

entirely explained by FM (p < 0.001; Figure 2D). Compared

with MODSUG, carbohydrate restriction also reduced body

mass at week 4 (p < 0.001) and week 12 (p < 0.001). The reduc-

tion in body mass with carbohydrate restriction at week 4 was

explained by reductions in both FFM and FM (FFM: p = 0.013;

FM: p < 0.001; Figure 2D), although this was not the case by

week 12, where FM explained most of the body mass loss

(FFM: p = 0.281; FM: p < 0.001; Figure 2D). Measures of body

composition are also displayed in Table S5.

Self-reported energy intake is displayed in absolute units in Fig-

ure 2E and as change from baseline in Figure 2F. Compared with

MODSUG, the sugar restriction lowered self-reported energy

intake from baseline to week 4 (p = 0.05) without a detectable dif-

ferencebetweenLOWSUGandMODSUGacrossweeks4–12 (p=

0.32). No detectable difference between carbohydrate restriction

and MODSUG was observed for self-reported energy intake be-

tween weeks 0–4 (p = 0.11) or weeks 4–12 (p = 0.69). Over the

full 12weeks (baseline to 12weeks analysis), the change in self-re-

ported energy intake was �19 kcal,days�1 (95% CI: �250 to
bars) and fat free mass (FFM; shadowed bars, data stacked) at 4 weeks and 12 w

12 weeks (E), change in self-reported EI across 4 weeks and 12 weeks (F), and cha

balance method (week 4 n = 52; week 12 n = 43; G). Data were all analyzed as AN

the covariate), apart from F and G which are unadjusted mean (95%CI) since valu

between LOWSUG vs. MODSUG at the time point where this letter appears; (b) p%

this letter appears; *p % 0.05 vs. MODSUG; **p % 0.01 vs. MODSUG; ***p % 0.
212 kcal,days�1) in the MODSUG group, �236 kcal,days�1

(95% CI: �415 to �56 kcal,days�1) in the LOWSUG group (p =

0.10 vs. MODSUG), and �172 kcal,days�1 (95% CI: �338 to

�6.6 kcal,days�1) in the LOWCHOgroup (p= 0.24 vs.MODSUG).

Sugar restriction reduced objectively calculated (via the intake-

balance method22) energy intake between baseline and week 4

(p = 0.02) without a detectable difference between LOWSUG

and MODSUG between weeks 4 and 12 (p = 0.15). Carbohydrate

restriction reducedcalculatedenergy intake frombaseline toweek

4 (p < 0.001) without a detectable difference between LOWCHO

and MODSUG across weeks 4–12 (p = 0.22; Figure 2G). Across

the entire 12 weeks (baseline to 12 weeks analysis), the change

in objectively calculated energy intake was �96 kcal,days�1

(95% CI: �345 to 153 kcal,days�1) in the MODSUG group,

�352 kcal,days�1 (95% CI: �560 to �145 kcal,days�1) in the

LOWSUG group (p = 0.19 vs. MODSUG), and �398 kcal,days�1

(95% CI: �703 to �92 kcal,days�1) in the LOWCHO group (p =

0.09 vs. MODSUG).

Ketogenic carbohydrate restriction reduces fasting and
nocturnal glycemia but induces glucose intolerance and
suppresses postprandial lactate responses
Fasting serummetabolic, endocrine, and hematological markers

are presented in Table S6. At week 4, fasting glucose was low-

ered by carbohydrate restriction (p = 0.004), but not with sugar

restriction (p = 0.16 vs. MODSUG). At week 12, fasting glucose

was no longer significantly reduced by carbohydrate restriction

versusMODSUG (p = 0.14). The difference in fasting glucose be-

tween sugar restriction and MODSUG at week 12 was

�0.4 mmol,L�1 (95% CI: 0.0 to �0.9 mmol,L�1; p = 0.06). Car-

bohydrate restriction increased the postprandial glucose

response to a mixed meal test at week 4 and week 12 with

both the incremental area under the curve (iAUC) (Figures 3A

and 3B) and peak glucose concentrations at week 4 (p =

0.002) but not week 12 (p = 0.11). In contrast, no meaningful dif-

ferences were observed with sugar restriction vs. MODSUG in

the postprandial glucose response to a mixed test meal (iAUC

and peak glucose at weeks 4 and 12, all p > 0.49 vs.

MODSUG; Figures 3A and 3B).

Compared to MODSUG, postprandial C-peptide was higher

with carbohydrate restriction at week 4 (p = 0.02; Figure 3F),

but there was no evidence of other meaningful effects of

either sugar or carbohydrate restriction on fasting insulin or

C-peptide concentrations, postprandial insulin or C-peptide

iAUC, or peak insulin or C-peptide concentrations (all p > 0.07

vs. MODSUG; Figures 3C–3F). Postprandial peak lactate con-

centrations were lower with carbohydrate restriction at both

week 4 (p < 0.001) and week 12 (p = 0.003), but not by sugar re-

striction (week 4: p= 0.85; week 12: p = 0.43; Figures 3G and 3H).

Carbohydrate restriction increased fasting beta-hydroxybuty-

rate (bOHB) concentrations at week 4 (p < 0.001) and week 12
eeks (week 4 n = 53; week 12 n = 45; D). Self-reported energy intake (EI) across

nge in objectively calculated EI across 4 weeks and 12 weeks using the intake-

COVA-adjusted mean (95%CI) at week 4 and week 12 (with baseline scores as

es require calculation as the change from baseline. (a) p% 0.05 for a difference

0.05 for a difference between LOWCHO vs. MODSUG at the time point where

001 vs. MODSUG.
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by (p < 0.001), whereas sugar restriction did not meaningfully

alter fasting bOHB concentrations at either week 4 (p = 0.59) or

week 12 (p = 0.60). Following ingestion of the mixed macronu-

trient test meal, postprandial bOHB concentrations were sup-

pressed in all groups, but participants in the LOWCHO group

re-entered ketosis within 4 h (Figure 3I). As such, bOHB total

area under the curve (tAUC) was greater in LOWCHO compared

to MODSUG at both week 4 and week 12 (both p % 0.001;

Figure 3J).

Interstitial glucose and derived indices are displayed in

Table S7 with baseline diurnal concentrations shown in Fig-

ure 3K. During week 1, carbohydrate restriction reduced mean

daily interstitial glucose concentrations compared to MODSUG

(p < 0.001; Figure 3L), but by weeks 11–12, a reduction was

not detected (p = 0.27; Figure 3M).

Weight loss from sugar restriction and a ketogenic diet
elicits divergent systemic lipoprotein, amino acid, and
lipid responses
Fasting plasma from baseline and week 4 was analyzed using

NMR spectroscopy for metabolite and lipoprotein profiles, with

the change from baseline to week 4 in each condition displayed

in Figure 4A and Table S8. Most changes in NMR spectra were

observed with carbohydrate restriction, whereby concentrations

of most glucogenic amino acids decreased (e.g., alanine

and glutamine) and of most branched-chain amino acids

increased (e.g., isoleucine, leucine, and valine). Furthermore, in

LOWCHO, there was an increase in particle concentration of

all sizes of low-density lipoproteins (LDLs) and the lipid content

in particles across a broad spectrum from medium VLDLs

(very-low-density lipoproteins) to small LDLs, with some

decrease in total lipid content of medium high-density lipopro-

tein (HDL) particles (all p < 0.05). Glycoprotein acetyls also

decreased with both carbohydrate restriction and sugar restric-

tion (Figure 4A; p < 0.05). Moreover, sugar restriction also

demonstrated a modest reduction in the lipid content of small

and medium HDL particles (both p < 0.05).

Sugar restriction did not detectably alter total cholesterol con-

centrations at week 4 (p = 0.09) but reduced total cholesterol

concentrations at week 12 (p = 0.01; Figure 4B). Changes in total

cholesterol with sugar restriction were almost entirely accounted

for by reductions in LDL cholesterol (LDL-C) with sugar restric-

tion at week 4 (p = 0.02) and week 12 (p = 0.01; Figure 4D). How-

ever, these decreases in LDL-Cwere not reflected by ameaning-

ful difference in apolipoprotein B (apoB) concentrations at either

week 4 or week 12 (both p > 0.47; Figure 4E). In contrast,

compared with MODSUG, there was an increase in total choles-

terol with carbohydrate restriction at week 4 (p = 0.02; Figure 4B),

which was not completely reflected by LDL-C concentrations
Figure 3. Glucose, insulin, C-peptide, lactate, and beta-hydroxybutyrat

715 kcal]; 54%carbohydrate [23%of which are sugars], 31% fat, 15%pr

and across 12 weeks of MODSUG, LOWSUG, or LOWCHO diets

(A–M) Unadjusted postprandial concentrations of serum glucose (A), insulin (C

adjusted mean (95% CI, baseline as the covariate) incremental/total area under

respectively; week 4 n = 48; week 12 n= 42). Twenty-four-hour interstitial glucose c

(95%CIs) for (K), and ANCOVA-adjusted means (95%CIs) for (L) and (M); week 1

***p % 0.001 vs. MODSUG.
(p = 0.10; Figure 4D), but was concurrent with an increase in

apoB concentrations (p = 0.006; Figure 4E). By week 12, there

was no evidence of meaningful differences in total cholesterol,

HDL cholesterol, LDL-C, or apoB concentrations with carbohy-

drate restriction vs. MODSUG (all p > 0.16).

There was little evidence of anymeaningful effects of sugar re-

striction on fasting triacylglycerol (TAG) concentrations vs.

MODSUG (p > 0.76 for both week 4 and 12), but carbohydrate

restriction increased fasting TAG concentrations at both week

4 and week 12 (both p = 0.04 vs. MODSUG; Figure 4E).

Compared to MODSUG, postprandial peak TAG concentrations

were not different with sugar or carbohydrate restriction at week

4 or week 12 (all p > 0.12), but postprandial TAG iAUC was

decreased by carbohydrate restriction at week 12 (p = 0.02;

Figure 4F).

No evidence was observed for meaningful effects of sugar re-

striction on fasting or postprandial glycerol or non-esterified fatty

acid (NEFA) concentrations (all p > 0.50 vs. MODSUG;

Figures 4G–4J). Carbohydrate restriction, on the other hand,

increased fasting concentrations and postprandial area under

the curve (AUC) for glycerol and NEFAs at week 4 (all p % 0.02

vs. MODSUG; Figures 4H and 4J). By week 12, however, the

only increase that clearly remained was for the postprandial

NEFA AUC (p = 0.01 vs. MODSUG; Figure 4J).

The ketogenic diet, but not sugar restriction, altered gut
microbial diversity without functional changes in gut
permeability markers or SCFA concentrations
While there was little evidence of broad changes in the fecal mi-

crobiome with sugar restriction (Figures 5A–5C), carbohydrate

restriction altered beta diversity (assessed by nonmetric multidi-

mensional scaling; NMDS) of fecal species at week 12 (p = 0.04;

Figure 5C). There were, however, no large changes observed in

alpha diversity with either sugar or carbohydrate restriction (Fig-

ure 5D). No significant differences between groups were

observed at the phylum or species levels at either week 4 or

week 12 (Figure S3). At the genus level, however, (Figure S4),

ketogenic carbohydrate restriction lowered the abundance

of Bifidobacterium by week 4 (Figure 5G; q = 0.04), which was

sustained until week 12 (Figure 5H; q = 0.01), by which time keto-

genic carbohydrate restriction had also lowered the abundance

of Planococcus (q = 0.03). The reduction in Bifidobacterium was

largely explained by reductions in the species adolescentis with

contributions from other species (Figure S5).

To understand the potential impact of changes in beta diver-

sity and relative abundance, we explored the HUMANn2 normal-

ized unstratifiedmetabolic pathway abundances with NMDS. No

significant differences were observed between groups in NMDS

of metabolic pathway abundances with minimal separation
e responses to mixed meal tolerance tests (mean [range] 502 [331 to

otein), and continuous interstitial glucose concentrations at baseline

) C-peptide (E), lactate (G), and b-hydroxybutyrate (I; bOHB), and ANCOVA-

the curve (tAUC) expressed as differences vs. MODSUG (B, D, F, H, and J,

oncentrations at baseline (K), week 1 (L), andweeks 11–12 (M); data aremeans

n = 38; weeks 11–12 n = 32. *p% 0.05 vs. MODSUG; **p% 0.01 vs. MODSUG;
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Figure 4. Targeted nuclear magnetic resonance spectroscopy of fasting plasma lipoprotein and metabolite profiles, fasting serum

cholesterol and apolipoprotein B concentrations, and triacylglycerol, glycerol, and non-esterified fatty acid responses to mixed meal

tolerance tests (mean [range] 502 [331 to 715 kcal]; 54% carbohydrate [23% of which are sugars], 31% fat, 15%protein) after 4 or 12weeks of

MODSUG, LOWSUG, or LOWCHO diets

(A–J) Change in nuclear magnetic resonance (NMR)-derived fasting plasma lipoprotein andmetabolite profile from baseline to week 4 (A), expressed as effect size

(n = 49). *p% 0.05, **p% 0.01, ***p% 0.001 week 4 vs. baseline (e.g., blue with an asterisk represents a significant increase from baseline and yellow indicates a

decrease from baseline); ANCOVA-adjusted mean (95% CI, baseline as the covariate) differences vs. MODSUG in fasting serum total cholesterol (B; TC) high-

density lipoprotein cholesterol (C; HDL-C); low-density lipoprotein cholesterol (D; LDL-C), and apolipoprotein B (E; apoB) concentrations; unadjusted post-

prandial concentrations of serum triacylglycerol (F; TAG), glycerol (H), and non-esterified fatty acid (J; NEFA) and ANCOVA-adjusted mean (95% CI, baseline as

the co-variate) incremental/tAUC differences vs. MODSUG (G, I, and K, respectively; week 4 n = 48; week 12 n = 42). *p % 0.05 vs. MODSUG; **p % 0.01 vs.

MODSUG; ***p % 0.001 vs. MODSUG in B–J.
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(q > 0.1). While no significant differences were observed at any

time point between LOWSUG and MODSUG (all q > 0.10),

LOWCHO altered the beta diversity of metabolic pathway

abundances at both week 4 (q = 0.02 vs. MODSUG) and week

12 (q = 0.04 vs. MODSUG). There were no significant differences

between groups at baseline in any pathway abundances (all

q > 0.1); however, at week 4 and week 12 there was some

evidence of differential pathway abundance with LOWCHO vs.

MODSUG, whereby several biosynthetic pathways (e.g.,

methionine, sulfate, cysteine, and palmitate) displayed positive

effect sizes while several degradation pathways displayed nega-

tive effect sizes (e.g., purine ribonucleosides, galactose, and

glycolysis; Figure S6).
8 Cell Reports Medicine 5, 101667, August 20, 2024
Wealsomeasured theserumconcentrationsofSCFAsand lipo-

polysaccharide-binding protein (LBP). At week 4, compared to

MODSUG, serum levels of the SCFA propionate were reduced

with carbohydrate restriction (p = 0.03; Figure 5J), but there was

noevidenceof anyother effectsofeither sugaror carbohydrate re-

striction on fasting plasma acetate, propionate, butyrate, or LBP

concentrations at week 4 or week 12 (all p > 0.26; Figures 5I–5L).

Carbohydrate restriction altered skeletal muscle and
adipose tissue metabolic phenotype
To further understand the adipose and skeletal muscle adapta-

tions in response to the diets, we interrogated the short-term

(4-week) transcriptional responses of 19 key metabolic genes



Figure 5. Beta diversity, alpha diversity, and major genus-level changes in gut microbiome composition, and concentrations of plasma

short-chain fatty acids and lipopolysaccharide-binding protein across 12 weeks of MODSUG, LOWSUG, or LOWCHO diets

(A–J) Nonmetric multidimensional scaling (NMDS) plots from robust Aitchison distances of all species at baseline, week 4, and week 12 (A, B, and C). Large points

indicate centroids. Centroid containing # indicates LOWCHO vs. MODSUG q = 0.10. Alpha diversity as expressed as the Shannon index with ANOVA-adjusted

means ± 95%CI (D, baseline as the covariate). Estimated effect size of change in center log ratio abundance of the top 20 gut microbiome genera with the largest

differences between LOWSUG and MODSUG at week 4 (E) and week 12 (F), and between LOWCHO and MODSUG at week 4 (G) and week 12 (H), *q < 0.1;

**q < 0.05. Plasma concentrations of acetate (G), propionate (H), butyrate (I), and lipopolysaccharide-binding protein (LBP; J). Data are means (95% CIs) at

baseline, and ANCOVA-adjusted means (95%CIs) during the interventions (with baseline scores as the covariate). Week 4 n = 48, week 12 n = 41 for microbiome

outcomes. Week 4 n = 26–50, week 12 n = 18–43 for circulating factors. *p % 0.05 vs. MODSUG; **p % 0.01 vs. MODSUG; ***p % 0.001.
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in adipose tissue by quantitative reverse-transcription PCR

(Table S9) and the short-term (4-week) and longer-term (12-

week) responses of 12 key metabolic proteins in skeletal muscle
by western blotting. Carbohydrate restriction increased adipose

tissue lipoprotein lipase (LPL) mRNA content (p = 0.04) and

decreased adipose tissue Adiponectin mRNA content (p = 0.03)
Cell Reports Medicine 5, 101667, August 20, 2024 9



Figure 6. Adipose tissuemRNA content and skeletal muscle protein and glycogen content across 4 and 12 weeks of MODSUG, LOWSUG, or

LOWCHO diets

(A–D) Fold changes in levels of mRNA in adipose tissue at week 4 (n = 38; A) and key proteins in skeletal muscle at week 4 (n = 27; B) and week 12 (n = 19; C), with

representative blots (D). Data for (A)–(C) are mean (SEM).

(E) ANCOVA-adjusted mean (95% CI) difference vs. MODSUG in skeletal muscle glycogen concentrations (week 4 n = 29; week 12 n = 21). *p % 0.05 vs.

MODSUG; **p % 0.01 vs. MODSUG; ***p % 0.001 vs. MODSUG.
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at week 4 compared with MODSUG, without detectable differ-

ences in a variety of other genes involved in insulin signaling,

glucose, and lipid metabolism (Figure 6A). Carbohydrate restric-

tion also increased skeletal muscle pyruvate dehydrogenase ki-

nase 4 (PDK4) protein levels at week 4 (p = 0.04 vs. MODSUG;

Figure 6B) and decreased insulin receptor (INSR), adenosine

monophosphate-activated protein kinase (AMPK), glucose trans-

porter 4 (GLUT4), and perilipin 1 (PLIN) at week 12 (p = 0.006, p =

0.02, p = 0.03, and p = 0.02 vs. MODSUG, respectively; Fig-

ure 6C). Representative blots are displayed in Figure 6D.Sugar re-

striction resulted in fewer changes with the only detectable

change being decreased Akt (protein kinase B) at week 12 (p =

0.02 vs. MODSUG), while also increasing glycogen concentra-

tions at week 4 (p = 0.03) and week 12 (p = 0.004; Figure 6E). In

contrast, ketogenic carbohydrate restriction did not meaningfully

alter muscle glycogen concentrations at either week 4 (p = 0.40)

or week 12 (p = 0.82; Figure 6E).

Integrated endocrine response, food preference, and
appetite
Compared to MODSUG, sugar restriction lowered circulating

fasting leptin concentrations at week 12 (p = 0.006; Figure 7A)

but did not meaningfully impact fasting or postprandial GLP-1,

FGF21, ghrelin, or C-reactive protein (CRP) concentrations (all

p > 0.09 vs.MODSUG; Figures 7B–7H). In contrast, while carbo-

hydrate restriction also reduced fasting leptin concentrations at

week 4 and week 12 (both p % 0.002 vs. MODSUG; Figure 7A),

reductions in fasting and postprandial FGF21 were also

observed with carbohydrate restriction at week 12 (both p %

0.01 vs. MODSUG; Figures 7C and 7G), alongside an increase

in fasting, but not postprandial, circulatingGLP-1 concentrations

(Figures 7B and 7F). Time-course data for postprandial GLP-1,

FGF21, and ghrelin are displayed in Figure S2.

No differences were detected using the food preference task

test battery in either fasting or postprandial preferences for

high-carbohydrate sweet foods, high-carbohydrate savory

foods, or low-carbohydrate savory foods at week 4 or week 12

(all p > 0.05; Figure 7I). However, both sugar restriction and car-

bohydrate restriction were associated with increased visual

analog scale scores for the desire for sweet foods at week 12

compared with baseline (Figure 7J).

DISCUSSION

This experiment demonstrates that restricting free sugar below

5% energy intake or restricting overall carbohydrate to below

8% energy intake does not substantially change free-living

PAEE in adults without obesity. This suggests that changes in

physical activity observed previously with breakfast skipping16

and alternate day fasting17 may be due to complete absence

of energy intake, rather than lack of carbohydrate per se. Preser-

vation of physical activity (and total) energy expenditure was

seen despite energy intake being free-to-vary by design. Conse-

quently, observed reductions in body (and fat) mass with free-

sugar and carbohydrate restriction were explained by reduced

energy intake. These data demonstrate that adherence to guide-

lines (e.g., UK and World Health Organization1,3) restricting free-

sugar intake to 5% energy intake reduces objectively measured
energy intake by over 400 kcal,days�1 (versus MODSUG) for

1 month, and reductions are sustained with smaller magnitude

over 3 months. While both sugar restriction and the ketogenic

diet induced an energy deficit via reduced energy intake, the

most substantial changes in whole-body and tissue-specific

metabolism and gut microbial composition were only seen with

ketogenic carbohydrate restriction.

Although free-living nutrition studies can overcome some of

the limitations (e.g., external validity) seen with domiciled

studies, they often lack adherence to interventions, and self-

report diet measures can limit measurement validity of energy

intake. To address these issues, we employed several objective

compliance markers and calculated energy intake via an objec-

tive method (the intake-balance method22). Importantly, while

the direction of effect on energy intake was similar with both

self-report and objective methods, the magnitude and sensitivity

to detect effects of sugar and carbohydrate restriction on

changes in energy intake were improved by the objective

method over self-report. Causal evidence supporting guidelines

to restrict free (or added)-sugar intakes is almost entirely based

on self-report methods of energy intake, with only one study us-

ing researcher-weighed energy intake over 1 week.23 Meta-

regression of randomized controlled trials (RCTs) suggests that

each 1% energy reduction from free sugars results in a reduction

of self-reported energy intake by �14 kcal,days�1.1 The data in

the current study align with this, demonstrating a reduction in

free-sugar intake of �15% reduces self-reported energy intake

of �217 kcal,days�1 (i.e., 14 kcal/day per %energy) over

12 weeks compared with control. Importantly, however, our

objective assessment of energy intake suggests that self-report

methods underestimate the relationship between free-sugar in-

takes and total energy intake. This may be partly due to reporting

fatigue, and thus increasing error in the self-report measures of

energy intake. Objective assessment of energy intake demon-

strated a 256 kcal,days�1 reduction in energy intake with free-

sugar restriction versus control over 12 weeks (equivalent to

17 kcal,days�1 per % energy). The true dose response of free-

sugar restriction on energy intake may therefore be larger than

the 14 kcal,days�1 per 1% energy intake currently proposed.

This may have implications for the population targets for free-

(or added)-sugar intakes.

In the absence of changes in energy expenditure (and

assuming energy balance at baseline), reductions in energy

intake would be expected to reduce body (and fat) mass and

improve overall cardiometabolic health. Indeed, 12 weeks of

sugar restriction reduced fasting glucose and LDL-C concentra-

tions by 0.4 mmol,L�1 (95% CI: 0 to 0.9 mmol,L�1) and

0.5 mmol,L�1 (95% CI: 0.1 to 1.0 mmol,L�1) vs. MODSUG,

respectively. Elevated fasting glucose and LDL-C concentra-

tions have been associated with mortality even within a

‘‘healthy’’ range.24,25 Reduced fasting glucosewith sugar restric-

tion and energy deficit could be explained by increased hepatic

and/or peripheral (skeletal muscle and adipose tissue) insulin

sensitivity. The lack of effect of sugar restriction on postprandial

glucose and insulin concentrations, and of adipose tissue mRNA

or skeletal muscle proteins involved in insulin sensitivity, is

consistent with an increase in hepatic insulin sensitivity primarily

explaining reduced fasting glucose concentrations with sugar
Cell Reports Medicine 5, 101667, August 20, 2024 11



Figure 7. Fasting and postprandial endocrine and subjective behavioral responses across 4 and 12 weeks of MODSUG, LOWSUG, or

LOWCHO diets

(A–J) Fasting leptin (A), glucagon-like peptide 1 (GLP-1; B), fibroblast growth factor 21 (FGF21; C), ghrelin (D), andC-reactive protein (CRP; E). Postprandial GLP-1

iAUC (F), FGF21 tAUC (G), and ghrelin tAUC (H) differences vs. MODSUG. Relative preference for high-carbohydrate sweet foods, high-carbohydrate savory

foods, and low-carbohydrate savory foods (I). Visual analog scales. Data in A–H are ANCOVA-adjusted mean (95% CI) differences vs. MODSUG. Data in I are

mean (95% CI) at baseline, and ANCOVA-adjusted mean (95% CI) for week 4 and 12 (with baseline scores as the covariate). Data in J are mean effect size of

change between baseline and week 4 or week 12 (*p < 0.05 vs. baseline). *p% 0.05 vs. MODSUG; **p% 0.01 vs. MODSUG; ***p% 0.001 for A–H.Week 4 n = 41–

50; week 12 n = 36–43.
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restriction. Further evidence for favorable cardiometabolic ef-

fects of sugar restriction includes reduced glycoprotein acetyls

(GlycA). The GlycA signal from NMR represents the integrated

concentration and glycosylation of several acute phase proteins
12 Cell Reports Medicine 5, 101667, August 20, 2024
and is a novel marker of systemic inflammation, suggested to be

a better predictor of cardiovascular disease (CVD) risk than

CRP.26,27 While lower LDL-C would generally be expected to

associate with reduced CVD risk, the number of apoB containing
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lipoproteins is thought to be the causal factor linking lipoproteins

to atherosclerotic CVD.28 We found little evidence that sugar

restriction meaningfully altered the number of apoB-containing

lipoproteins based on either apoB concentrations or NMR spec-

troscopy of VLDL, intermediate-density lipoprotein, or LDL

particle concentrations. This suggests that the reduction in

LDL-C concentration with sugar restriction is not explained by

a reduced number of LDL particles but rather by reduced choles-

terol enrichment of LDL particles, likely because of the energy

deficit achieved by sugar restriction.

In contrast to the cardiometabolic effects of weight loss from

sugar restriction, ketogenic carbohydrate restriction resulted in a

wide range of divergent cardiometabolic responses. Ketogenic

carbohydrate restriction reduced daily mean glycemia and glyce-

mic variabilitywithinweek1and fastingglucoseconcentrationsby

�0.5mmol,L�1 (95%CI:�0.2 to�0.8mmol,L�1) atweek4.How-

ever, theseeffectswerenot preserved atweek12despite ongoing

ketosis. In addition to a potential improvement in hepatic insulin

sensitivity at week 4, the reduction in fasting glucose concentra-

tions could beadirect effect ofbOHB,whichcansuppress endog-

enous glucose production and reduce glycemia.9,29 Upon re-

introduction of carbohydrates during a mixed meal tolerance

test, postprandial glycemia was exaggerated with the ketogenic

diet, coinciding with reduced postprandial rise in lactate concen-

trations. In the postprandial state, skeletal muscle disposes of a

substantial proportion of circulating glucose via oxidation,

storage as glycogen, and/or interconversion (e.g., into lactate30).

Increased postprandial glycemia and reduced lactate therefore

likely reflect reducedperipheral insulin sensitivity, glucose uptake,

and glycolysis. Furthermore, whereas the energy deficit from

sugar restriction resulted in an increase in muscle glycogen con-

centrations at week 12, no such effect was seen with ketogenic

carbohydrate restriction. Within skeletal muscle, the regulation

of glucoseuptakeandglycolysis is coordinatedbya variety ofpro-

teinswith roles in insulin signaling, transarcolemmal transport, and

intracellular metabolism. The ketogenic diet increased skeletal

muscle PDK4 levels (at week 4) and reduced AMPK, GLUT4,

and insulin receptor levels (at week 12). PDK4 increases under

conditions of high fatty acid availability/oxidation and downregu-

lates pyruvate dehydrogenase complex activity,31 a rate limiting

step in glucose metabolism.32 Therefore, increased skeletal mus-

cle PDK4 is consistentwith ametabolic shift away fromglycolysis,

which could be due to increased fatty acid availability and/or

increasedbranched-chainaminoacid availability.GLUT4 is the in-

sulin-sensitive glucose transporter in skeletal muscle that plays a

role in insulin-stimulatedskeletalmuscleglucoseuptake; changes

in skeletal muscle GLUT4 content have relevance to insulin sensi-

tivity and postprandial glycemia.33 As such, the reduced skeletal

muscle GLUT4 content (alongside reduced insulin receptor and

AMPK) provides an additional mechanistic explanation for the

reduced glucose tolerance with adaptation to a ketogenic diet

and is consistent with reduced capacity for insulin-stimulated

(postprandial) skeletal muscle glucose uptake.

In addition to reducing glucose tolerance, the ketogenic diet

increased apoB concentrations by �16 mg,dL�1 (95% CI: 5 to

28 mg,dL�1) and fasting triacylglycerol concentrations at week

4. Consistent with this were increases in particle concentration

of all sizes of LDLs and of small and very small VLDLs.While total
LDL-C concentrations were not increased versus MODSUG,

carbohydrate restriction did increase cholesterol concentrations

in medium and small LDL particles. These changes suggest that,

despite an energy deficit, the ketogenic diet can increase the

number of circulating atherogenic lipoproteins in the short

term. Interestingly, the differences in fasting apoB concentra-

tions between groups were not apparent at week 12. Alongside

the loss of short-term effects on fasting and daily glycemia, the

lack of meaningful differences between carbohydrate restriction

and control at week 12 may reflect adaptation to the ketogenic

diet and/or differences in energy balance status (weight loss in

the first 4 weeks versus weight maintenance in the last 4 weeks).

A time-dependent effect was also apparent for CRP, whereby

carbohydrate restriction increased circulating CRP concentra-

tions vs. control at week 4, but differences in CRP between

groups were not meaningful by week 12. CRP is almost entirely

produced by the liver and is tightly linked to hepatic fatty acid

status.34,35 During the first 4 weeks, carbohydrate restriction

also produced an energy deficit, with consequent increases in

fasting and postprandial glycerol and NEFA concentrations

from lipolysis. By week 12, energy balance was re-established

as demonstrated by stable body mass, and consequently, fast-

ing/postprandial glycerol concentrations were no longer mean-

ingfully different from control. The higher lipolysis and fatty

acid availability from combined carbohydrate/calorie restriction

and increased fat intake during the first 4 weeks may therefore

explain the transient increase in CRP concentrations, as the liver

handles excess lipids. Adipose tissue LPL mRNA was also

increased with carbohydrate restriction at week 4, which may

be an adaptive response to clear excess circulating triglycerides.

By week 12, energy balance is re-established and therefore

some of the lipolytic stimulus and thus hepatic lipid availability

is diminished. It is notable that CRP and GlycA displayed diver-

gent responses in the first 4 weeks and may suggest GlycA is

more responsive to energy balance status whereas CRP may

be more responsive to hepatic fatty acid availability.

Ketogenic carbohydrate restriction altered gut microbial beta

diversity at the levels of both taxonomic composition and func-

tional potential after 12 weeks, with particularly noteworthy signif-

icant reductions in the relative abundance of Bifidobacteria by

week 4 and persisting at week 12. This is causal evidence that

longer-term (12-week) ketogenic diets change the gut microbial

composition in healthy adults.36,37 Dietary fiber supports survival

and activity of intestinal microorganisms such asBifidobacteria,38

and fiber intakewas reduced to�15gper day (reduction of�40%

vs.MODSUG) with ketogenic carbohydrate restriction.Bifidobac-

teria are typically considered ‘‘favorable’’ gut microorganisms

and, indeed, are commonly consumed as probiotics.39 Supple-

mentation with Bifidobacterium lactis lowers LDL-C concentra-

tions,40 and therefore, the reductions in Bifidobacteria with a

ketogenic dietmay contribute to the observed changes in lipopro-

tein profiles. We found no evidence of meaningful changes in

circulating SCFA or LBP concentrations in the fasted state with

ketogenic carbohydrate restriction (other than a small reduction

in propionate at week 4) and no change in the basal expression

of G protein-coupled receptors in skeletal muscle activated by

SCFAs (FFAR2 and FFAR3). We cannot establish whether

ketogenic carbohydrate restriction altered hepatic and splanchnic
Cell Reports Medicine 5, 101667, August 20, 2024 13
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uptake or appearance of SCFAs, although this is a possibility.41

Thus, at the present time, while the present RCT provides robust

evidence that carbohydrate restriction changes gut microbial

populations after 12 weeks, it is not yet possible to establish the

biological significance of these changes.

Under free-living conditions, the reduction in energy intake

induced by either free sugar or total carbohydrate restriction

can be due to a combination of physiological, social, and behav-

ioral factors. Carbohydrate-restrictive diets, including low-sugar,

tend to be lower in palatability, which reduce energy intake.42

Since the ketogenic diet is evenmore restrictive with food choice

(and variety) than sugar-restricted diets, this could (partly) explain

the large initial weight loss with carbohydrate restriction. Over

time, physiological feedback can be expected to increase appe-

tite to counteract fat loss.43 Consistent with this, we observed

reduced leptin concentrations with both sugar and carbohydrate

restriction and reduced fasting FGF21 with the ketogenic diet.

This reduction in FGF21 with a ketogenic diet is consistent with

other human data and conflicts rodent data.44,45 Accordingly,

the reduction in energy intake with both diets was clearest (and

largest) in the first 4 weeks, with weight loss beginning to plateau

thereafter, when reductions in leptin and FGF21 were most

apparent. Furthermore, ratings of appetite showed little differ-

encesatweek4, but byweek12, therewasevidenceof increased

desire for sweet food following either sugar or total carbohydrate

restriction in the fasted/early-to-mid postprandial state. This is

consistent with evidence that FGF21 and leptin influence sugar

intake and sweet taste sensitivity, respectively,46,47 and suggests

that hormonally driven appetite feedback to energy deficits

induced by sugar and carbohydrate restriction can take more

than 4 weeks to manifest in increased appetite.

Limitations of the study
The objective (intake-balance) method of assessing energy

intake relies on accurate estimation of changes in body energy

stores. Dual-energy X-ray absorptiometry (DXA) was used to

assess changes in body energy stores from FM and FFM.

Changes in FFMmeasured byDXA during energy deficit and car-

bohydrate restriction may be influenced by fluid shifts and

potentially liver glycogen.48,49 However, these would influence

shorter-term assessments (i.e., within days), and uncertainty of

the DXA-based intake-balance method is minimized after

21 days22 Therefore, over the time frames measured in the cur-

rent study, the assumptions associated with the DXA-based

intake-balance method are reasonable. The intake-balance

method was originally developed using doubly labeled water

for energy expenditure.22 However, since accurate measure-

ment of energy expenditure using doubly labeled water requires

knowledge of the RER during the measurement period, this can

be challenging under free-living conditions with low-carbohy-

drate diets.50 Our data further highlight this issue with fasting

and postprandial RER not matching food quotient (FQ) during

ketosis. This is most likely due to increased ketone body produc-

tion/oxidation, supported by observations that exercise RER did

match FQ during ketosis, when skeletal muscle predominates

whole-body RER. We therefore used accelerometry with

branched-equation modeling, which has been used to assess

free-living PAEE under a variety of conditions,16,19,51,52 and
14 Cell Reports Medicine 5, 101667, August 20, 2024
add this to direct measures of resting metabolic rate. Impor-

tantly, we individually calibrated these devices to account for

changes in the heart rate-energy expenditure relationship over

time, and this method does not rely on RER for accuracy. Partic-

ipants were not informed that physical activity was the primary

outcome, nor was physical activity or body weight emphasized

in meetings. However, prior beliefs about diets in relation to

physical activity and body weight could contribute to observed

responses, which reflect free-living scenarios. The control condi-

tion in the current study consisted of free-sugar intakes that

approximated the 70th percentile of reported UK intakes53 and

thus could be considered high relative to the UK population.

However, the free-sugar intakes in the control group were rela-

tively similar to the habitual free-sugar intakes of the sample in

the current study. The relatively large difference in sugar intake

this creates between control and sugar-restricted groups means

that an absence of effect on the primary outcome makes it

possible to rule out the likelihood that smaller changes in sugar

restriction would meaningfully alter energy expenditure. Finally,

while we had multiple biomarkers to confirm adherence to the

ketogenic diet, we lacked a biomarker for adherence to sugar re-

striction. Nevertheless, the fact that weight loss was seen in the

group advised to restrict intake of sugars demonstrates that an

energy-containing dietary nutrient must have been restricted,

and sustained RER under fasted, postprandial, and exercising

conditions confirmed that total carbohydrate intake (and FQ)

was maintained, suggesting that sugar restriction was achieved.

Some biomarkers exist for intakes of added sugars in the US,

such as carbon isotope ratio of breath.54 However, since sugar

sources in Europe contain less natural abundance of 13C (due

to inclusion of beet and other sugar sources), the validity of these

biomarkers for sugar restriction in Europe is unclear.55 Due to

dropouts and COVID-19 mitigation, the final sample size was

smaller than the target, and thus the statistical power for the pri-

mary outcome could be diminished. However, based on the a

priori power calculation, the final sample size should still provide

>80% power for week 4 analyses and >71% power for week 12

analyses. Furthermore, the mean difference, even when using

per-protocol analysis that can inflate effect sizes, is not of a bio-

logically meaningful magnitude. Accordingly, it is unlikely that

the intervention diets meaningfully alter PAEE. Other exploratory

outcomes should be interpreted with more caution.

Conclusions
In summary, despite inducing an energy-deficit and subsequent

physiological feedbackonappetitewithdietary restrictionofeither

free sugars or overall carbohydrates, we found no evidence of

feedback on energy expenditure, including PAEE. Dietary free-

sugar restriction reduced FM and LDL-C concentrations

compared to control (MODSUG), but this was not accompanied

by meaningful changes in postprandial metabolism. While keto-

genic carbohydrate restriction also reduced body mass and FM

compared to control, this was accompanied by more varied and

divergent metabolic effects. Ketogenic carbohydrate restriction

increased fat oxidation, transiently reducedboth fasting and inter-

stitial glucose concentrations, and transiently increased apoBand

postprandial triglyceride concentrations. After 12 weeks of keto-

genic carbohydrate restriction, there were substantial changes
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to the fecal microbial profile, insulin and energy signaling, and

glucose transport protein levels in skeletal muscle, and circulating

GLP-1,FGF21, and triglycerides. Thesefindings suggest that sub-

stantial fat loss can be achieved by restricting either free sugars or

a ketogenic diet despite differences in how these diets affect

whole-body and peripheral tissue metabolism. Whereas free-

sugar restriction hadmodest effects onwhole-bodyor tissue-spe-

cific metabolism or the gut microbiome, ketogenic carbohydrate

restriction had wide-ranging effects on metabolism, with sus-

tained increases in whole-body and skeletal muscle fat oxidation,

reductions in glucose tolerance, and alterations in gut microbial

beta diversity. These data suggest that ketogenic carbohydrate

restriction may not necessarily produce a cardiometabolic health

benefit that would be expected by the weight loss observed.

Instead, free-sugar restriction may be a more appropriate dietary

choice for overall cardiometabolic health formanypeople. Neither

type of dietary restriction appears to meaningfully alter PAEE.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

INSR Cell Signaling 3025

IRS1 Merk 2387826

Akt Cell Signaling 3063

AS160 Cell Signaling 2670

AMPK Cell Signaling 2532

GLUT4 Custom made antibody N/A

TGR5 ABCAM Ab72608

PLIN Cell Signaling 9349

FFAR2 ABCAM Ab131003

FFAR3 ABCAM Ab236654

PDK4 ABGENT Q16654

CPT1B ABCAM Ab134988

Anti-rabbit IgG-HRP conjugate Invitrogen 16104

Anti-mouse IgG-HRP conjugate Invitrogen 31432

Biological samples

Human serum and plasma This paper N/A

Human adipose tissue This paper N/A

Human skeletal muscle tissue This paper N/A

Human urine samples This paper N/A

Microbial DNA from human fecal samples This paper N/A

Chemicals, peptides, and recombinant proteins

Hexokinase Sigma-Aldrich H4502

Glucose-6-phosphate dehydrogenase Sigma-Aldrich G5885

a-amyloglucosidase Sigma-Aldrich 10115

AmershamTM ECL Prime Western Blotting

Detection Reagent

Cytiva RPN2232

AmershamTM ECL Select Western Blotting

Detection Reagent

Cytiva RPN2235

Critical commercial assays

RX Daytona glucose Randox GL3815

RX Daytona lactate Randox LC3980

RX Daytona triglycerides Randox TR3823

RX Daytona non-esterified fatty acids Randox FA 115

RX Daytona glycerol Randox GY 105

RX Daytona beta-hydroxybutyrate Randox RB1007

RX Daytona total cholesterol Randox CH3810

RX Daytona LDL-cholesterol (direct) Randox CH3841

RX Daytona HDL-cholesterol Randox CH3811

RX Daytona apolipoprotein B Randox LP3839

RX Daytona urea Randox UR3825

RX Daytona albumin Randox AB3800

Insulin ELISA Mercodia 10-1113-10

Leptin ELISA Mercodia 10-1199-01

Lipopolysaccharide binding protein ELISA R&D Systems DY870-05

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fibroblast growth factor 21, Ghrelin (total),

C-reactive protein, C-peptide, GLP-1 (total)

U-PLEX Metabolic combo 1 (human)

multiplex assay

Meso Scale Discovery K15281K

U-PLEX Human CRP assay Meso Scale Discovery K151L9K

QIAamp Fast DNA Stool Mini Kit Qiagen 51504

miRNeasy� mini column for extraction Qiagen 1038703

RNase-Free DNase set Qiagen 79254

Nextera XT DNA Library Preparation Kit Illumina Inc. FC-131-1096

DNA/RNA UD Indexes Illumina Inc. 20027217

Agilent High Sensitivity DNA Kit Agilent Technologies 5067–4626

Qubit dsDNA high-sensitivity assay Thermo Fisher Scientific Q32851

KAPA Library Quantification Kit Kapa Biosystems KK4824

2 3 150 bp High Output Kit Illumina Inc. 20024908

Applied BiosystemsTM High-capacity cDNA

reverse transcription kit

Applied Biosystems 4368814

Luna� Universal qPCR Master Mix New England Biolab M3003E

Deposited data

Raw human data Mendeley Data https://data.mendeley.com/v1/datasets/

10.17632/g5yn28myjb.2

Raw microbiome metagenomic data European Nucleotide Archive PRJEB72300

Raw NMR metabolomics data Mendeley Data https://data.mendeley.com/v1/datasets/

10.17632/g5yn28myjb.2

Oligonucleotides

Primers used for RNA expression Merck See Table S10

Software and algorithms

Prism GraphPad 9.2.0

SPSS IBM 29.0.1.0

R R 4.1.0

Code Github https://github.com/jg833/CHEBI.git

Biorender Biorender biorender.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Professor

Javier Gonzalez (J.T.Gonzalez@bath.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
De-identified data will be publicly available as of the date of publication at Mendeley Data: https://data.mendeley.com/v1/datasets/

10.17632/g5yn28myjb.2 and the European Nucleotide Archive: https://www.ebi.ac.uk/ena/browser/(data accession ID:

PRJEB72300). This paper does not report original code. Accession numbers are listed in the key resources table. Any additional in-

formation required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study included human participants from the local area of Bath (UK; NCT03574987). Data were collected in accordance with the

Declaration of Helsinki. The study was approved by the South West – Central Bristol National Health Service (NHS) Research Ethics
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Committee (18/SW/0178). The study sponsor was the University of Bath. Participant characteristics are presented in Table S1. In-

clusion criteria were bodymass index (BMI) between 18.5 and 29.9 kgm�2, age between 18 and 65 years, able and willing to provide

informed consent and safely comply with study procedures, no anticipated changes in physical activity during the study period (e.g.,

specific training programs or holidays), maintaining a record of regular menstrual cycle phase or contraceptive use (females only).

Exclusion criteria were any reported condition or behavior deemed either to pose undue personal risk to the participant or introduce

bias into the experiment, any diagnosed metabolic disease (e.g., type 1 or type 2 diabetes), any reported use of substances

which may pose undue personal risk to the participant or introduce bias into the experiment, lifestyle not conforming to a standard

sleep-wake cycle (e.g., night-shift workers), any reported recent (<6 months) change in body mass greater than 3%, use of antibiotic

medication in the previous 3 months, and use of prebiotic or probiotic supplements or products in the previous month. Sex was

classified based on sex chromosomes.

METHOD DETAILS

Study protocol
Sixty participants were randomized to one of three intervention diets which differed in macronutrient profile for 12 weeks, in an

open-label study with three active comparators, MODSUG as control. A consort diagram displaying participant flow through the

intervention can be found in Figure 1A. Fifty-three participants received allocation of the intervention for R4 weeks. Participants

completed 1 week of habitual diet and physical activity monitoring before allocation to the intervention diet, with laboratory visits

at baseline, 4 weeks, and 12 weeks. Laboratory visits took place across two consecutive days, with an afternoon session on day

one comprising tissue biopsies and a treadmill walk and amorning session on day two following an overnight fast comprising assess-

ments of body composition, resting metabolic rate, and physiological responses to a mixed meal tolerance test.

Preliminary measures
Preliminary measures included anthropometric measures, resting metabolic rate (RMR), and physical activity monitor calibration

during an initial laboratory visit following a minimum of 4–5 h fast. Participants were provided with a physical activity monitor and

asked to record habitual diet for 7 days. One week prior the baseline laboratory visit, participants were fitted with a continuous

glucose monitor (CGM) (Freestyle Libre Pro, Abbott, UK) to capture habitual lifestyle and week one of the intervention.

Randomization
Participants were randomized according to a randomization plan developed by the trial statistician (J.A.B.), with randomization

performed by a researcher who was not involved in participant interaction (F.K.). Participants were randomized in block sizes of

6, in a 1:1:1 ratio to each of the three arms of the study with allocation stratified on two levels: by self-reported sex (male vs. female)

and habitual physical activity level (PAL) during preliminary measures (<1.70 vs.R 1.70). PAL was calculated by dividing total energy

expenditure (TEE) by RMR (TEE was calculated as measured RMR plus measured PAEE, multiplied by 1.1 to account for diet-

induced thermogenesis).

Laboratory visits
Laboratory visits occurred at baseline, week 4, and week 12 of the intervention and were split across two consecutive days. On day

one, participants arrived in the afternoon following a mean (SD) 5.7 (1.6) hour fast having not performed structured exercise in this

period. An adipose tissue biopsy and a muscle tissue biopsy were obtained. After a short rest (5–10 min), participants completed

a graded exercise protocol on the treadmill before returning home.

On day two, participants arrived at around 08:00, following a mean (SD) overnight fast of 13.8 (4.2) hours, having drank a pint of

water and avoided strenuous physical activity. A whole-body dual-energy X-ray absorptiometry (DXA) scan was performed, and

anthropometric measures were obtained, followed by resting metabolic rate (RMR) and blood pressure. An intravenous cannula

was inserted for collection of arterialized blood samples. A baseline blood sample was obtained, and participants were provided

with amixed-meal tolerance test (Chocolate Ensure Plus, Abbott, USA) equating to 30%of RMR. The composition of the test solution

closely aligned the prescribed nutrient intake of the MODSUG group; 54% carbohydrate (23% of which sugars), 31% fat, 15%

protein. Participants consumed the whole drink within 5 min.

Blood samples were obtained 15-, 30-, 45-, 60-, 90-, 120, 150-, 180-, 210- and 240-min following the first sip. A 5-min expired gas

sample was collected hourly to measure postprandial energy expenditure and substrate oxidation. Blood pressure was also

measured hourly. Urine produced during the laboratory visit was collected and urea concentrations were analyzed.

Design of the diets
The moderate-sugar (MODSUG) control diet was designed to be reflective of macronutrient and sugar intake in high-income

countries.56–58 The low-sugar (LOWSUG) diet was designed to meet public health guidelines advocating reduced free-sugar intake

to <5% of total energy intake.1,59 The low-carbohydrate (LOWCHO) diet was designed to restrict carbohydrate availability (<8% of

energy) and promote ketogenesis, in line with the definition of a ‘very low-carbohydrate ketogenic diet’.60
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Implementation and adherence
Participants were provided with feedback about habitual diet roughly one week prior to the baseline visit. For the MODSUG and

LOWSUG groups, sources of free sugars were identified and a target in grams per day was provided to participants on an

individual basis and adjusted weekly to achieve close to the 20% and below 5% targets respectively. For the LOWCHO group, sour-

ces of carbohydrates were identified, and advicewas provided to reduce intake to below 50 g per day or 8%of habitual energy intake,

whichever was lowest, based on recommendations to stick to a very-low carbohydrate ketogenic diet.61 Participants in the LOWCHO

group received additional posters and website recommendations to help them achieve the dietary targets.

Participantsmet with the lead researchers frequently throughout the intervention to improve adherence. Participants were required

to record 7-day of diet data in the baseline period plus 7 days during week 4 and week 12, in addition to 3 days per week for all other

weeks, which equates to 56% of all study days being recorded throughout the intervention. Adherence to this was good and partic-

ipants often recorded dietary data above the required minimum, resulting in mean (SD) days of full food diary reported for each group

of 59% (20%) for MODSUG, 60% (17%) for LOWSUG, and 70% (22%) for LOWCHO.

Participants received weekly feedback on macronutrient intake with total energy intake hidden using nutrition analysis software

(Nutritics, Ireland). Participants sent a weekly measure of body mass using provided scales (Etekcity Digital Scales, USA) and fasting

urinary acetoacetate concentrations (Ketostix, Ascencia Diabetes Care Holdings AG, Switzerland). Participants were partially

reimbursed to reduce financial burden of participation; £18/week for MODSUG and LOWSUG, £26/week for LOWCHO, due to the

relatively larger change in diet (thus inconvenience) compared to habitual. Other outcome measures indicating adherence included

rearranging the energy balance equation, fasting serum beta-hydroxybutyrate (bOHB) concentrations during laboratory visits, and

measures of respiratory exchange ratio (RER). Participants also wore a CGM for the first week and final 2 weeks of the intervention

as an outcome measure and indicator of adherence.

Physical activity
Free-living physical activity energy expenditure (PAEE) was measured using Actiheart 4 monitors (CamNtech Ltd., UK) attached to

a modified heart rate strap. Activity monitors were individually calibrated using a treadmill exercise test modified from Brage

et al.62 Participants completed a walk consisting of four 5-min stages at 5.2 km h�1 at progressive inclines of 0%, 3%, 6%,

and 9%. In the last minute of each 5-min stage, heart rate was recorded at 11-, 22-, 33-, and 44- seconds, and expired breath

was collected into a Douglas bag to measure energy expenditure according to the methods for indirect calorimetry. The speed

and/or incline of the protocol were adjusted to reduce the intensity of the protocol for participants who felt unable to complete

the protocol as prescribed. Heart rate and energy expenditure were plotted to enable linear interpolation of heart rates at 10

beat intervals and this information was entered into software v4.0.116 (CamNtech Ltd., UK). Physical activity was recorded in

1-min epochs and organized into intensity thresholds. Thresholds for physical activity intensities were defined and calculated

for each participant as sedentary <1.5 METs, light R1.5 to <3.0 METs, moderate R3.0 to <6.0 METs, vigorous R6.0 to <10.2

METs, and very vigorous R10.2 METs.63,64 Data were visually inspected to determine wear time and data loss. Days with sub-

stantial data loss (<40% trace available) were omitted from analyses. Percentage of ‘interpolated’ or ‘lost’ data was recorded.

Sleeping heart rate was defined as the highest value of the lowest 30 min-by-minute heart rate reading across 24 h. Total daily

physical activity was the primary outcome. To mitigate against bias, participants were not told that physical activity was the pri-

mary outcome and were told instead to focus on achieving diet targets and told not to explicitly engage in any new exercise

programs.

Anthropometry and body composition
Height was measured to the nearest 0.1 cm (Seca Ltd., Germany). Body mass was measured to the nearest 0.1 kg using digital

weighing scales (TANITA Corp., Japan). Waist and hip circumference were measured to the nearest 0.5 cm using a handheld

tape measure (Seca Ltd., Germany). Whole-body dual energy X-ray absorptiometry (DXA) scans were used to assess body compo-

sition (QDRDiscoveryW, Hologic, UK). For weekly bodymassmeasures outside of the laboratory, all participants were provided with

a set of bathroom scales (Etekcity, USA) following demonstration of correct use in the laboratory and were asked to send photo-

graphs of their measurements.

Indirect calorimetry and substrate oxidation
Expired gas samples were collected into Douglas bags through a mouthpiece with participants wearing a nose clip (Hans Rudolph,

USA). Expired fractions of O2 and CO2 were determined using paramagnetic and infrared gas analyzers (Mini HF 5200, Servomex

Group Ltd., UK) and volume of expired gas was measured using a dry gas meter (Harvard Apparatus, UK), with volume of inspired

air calculated using the Haldane transformation.65 Concurrent concentrations of ambient O2 and CO2were measured to account for

fluctuations with inspired air.66 Ambient temperature and saturated barometric pressure were measured to correct to standard tem-

perature and pressure (dry). The gas analyzer was calibrated prior to each participant visit using a 2-point calibration of known gases;

a low concentration gas of 0% O2 and 0% CO2 (99.99% grade Nitrogen) and a high concentration gas circa 20% O2 and 8% CO2

(BOC Ltd, UK).
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Energy expenditure and substrate oxidation were determined using equations derived from Frayn and Jeukendrup & Wallis,67,68

with adjustments for the contribution of glycogen during low-intensity exercise:

Fat oxidation at rest and during exercise ðg$min � 1Þ = ð1:695 x _VO2Þ � ð1:701 x _VCO2Þ (Equation 1)

Carbohydrate oxidation at rest ðg$min � 1Þ =
�
4:55 x _VCO2

�
�

�
3:21 x _VO2

�
(Equation 2)

Carbohydrate oxidation during exercise ðg$min � 1Þ =
�
4:344 x _VCO2

�
�

�
3:061 x _VO2

�
(Equation 3)

At rest, these equations assume that glucose provides all carbohydrate for metabolism, whereas during low-intensity exercise car-

bohydrate metabolism is achieved by an equal contribution from glucose and glycogen. These equations were used with the

assumption that the energy yields from fat, glucose, and glycogen are 9.75, 3.74, and 4.15 kcal g�1 respectively.68

Dietary assessment and energy intake
Participants were provided with portable weighing scales (SmartWeigh, China). For habitual assessment of energy and nutrient

intake they recorded all food and caloric beverages ingested for 7 consecutive days. Throughout the intervention, participants re-

corded aminimumof 3 days eachweek other thanweekswhere 7 dayswere required (baseline, week 4, week 12). Participants chose

whether they recorded diet with a paper food diary or by entering data into the Libro app on ‘blind mode’ (Nutritics, Ireland). Paper

food diaries were manually entered and Libro diaries were exported directly into diet analysis software (Nutritics, Ireland). Data were

exported and used to evaluate macronutrient composition and provide an estimate of energy intake with the assumed caloric

values of each nutrient to be: starch (4.18 kcal g�1, 17.5 kJ g�1), sucrose (3.94 kcal g�1, 16.5 kJ g�1), lactose (3.94 kcal g�1,

16.5 kJ g�1), fiber (1.84 kcal g�1, 7.7 kJ g�1), fat (8.94 kcal g�1, 37.4 kJ g�1), protein (4.02 kcal g�1, 16.8 kJ g�1), and alcohol

(7.07 kcal g�1, 29.6 kJ g�1).69 Sugars assigned the caloric value of 3.94 kcal g�1 were further partitioned into contributions from ‘fruit

and vegetable sugars’, ‘liquid free-sugars’, ‘solid free-sugars’, and ‘milk sugars’ by visual inspection of food diaries. Fat assigned the

value of 8.94 kcal g�1 was partitioned into ‘saturated fat’ and ‘other fats’ by subtracting the value for saturated fat obtained from the

nutrition analysis software by the total amount for fat. Foods included in the definition of ‘liquid free-sugars’ were sugar-sweetened

beverages, fruit juice, smoothies (homemade or branded), non-dairy milks (e.g., almond milk), flavored milks, alcoholic beverages,

soups, milkshakes, and lassi. Excluded from this definition (i.e., categorized as solid free sugars) were passata, tinned goods (e.g.,

baked beans), yoghurts, condiments (e.g., tomato ketchup and hoisin sauce), kefir, energy gels, cream, syrups, honey, ice cream,

and custard. This is based on guidance on adhering to SACN guidelines for reporting.2

A second assessment of energy intake was calculated by rearranging the energy balance equation, using measures of fat mass

and fat free mass obtained from DXA scans, as validated previously (Racette et al., 2012; Sanghvi et al., 2015). It is worth noting

that the energy expenditure values were extrapolated from 7 days of physical activity recording to reflect the time between measure-

ments. The equations used were:

Energy intake
�
Kcal d� 1

�
=

D Energy stores
�
Kcal d� 1

�
D time ðdÞ (Equation 4)

Where:

D Energy stores ðkcalÞ = �
D fat mass g39:3

�
kcal$g� 1

� �
+
�
D fat free mass g3 1:1

�
kcal$g� 1

� �
(Equation 5)
DIT and food quotient
Dietary induced thermogenesis was estimated where appropriate using average values for each macronutrient of 7.5% for carbo-

hydrate, 2% for fat, 25% for protein, and 20% for alcohol.70 Food quotient was estimated using an equation presented by Hall

et al.50 with the addition of alcohol71:

Food quotient =
ðCHO3 1:0Þ+ðFAT30:71Þ+ðPRO3 0:835Þ+ðEtOH3 0:67Þ

Total energy intake
(Equation 6)

Where CHO is energy from carbohydrate intake, FAT is energy from fat intake, PRO is energy from protein intake, and EtOH is energy

from alcohol intake.

Food preference, appetite, and mood
An ‘alternative forced choice task’ was used to assess food preference. The choice task consisted of 18 plates of food individually

photographed on a white plate or transparent bowl. Two foods appeared on the screen and participants were asked to select which

food they would ‘choose to eat right now’. New combinations of foods appeared until participants had chosen between all possible

combinations. Foods were distinguished into three categories, matched at six levels of energy density: sweet high-carbohydrate
Cell Reports Medicine 5, 101667, August 20, 2024 e5
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foods, non-sweet high-carbohydrate foods, non-sweet low carbohydrate foods (Table S9). Relative preference for these 3 food cat-

egories was measured out of 100%. Statements related to appetite and mood were measured using visual analogue scales (VAS).

Each scale had a statement followed with a 100 mm horizontal line with ‘Not at all’ at 0 mm and ‘Extremely’ at 100 mm.

Submaximal exercise test
Participants completed graded exercise protocols on the treadmill at baseline, week 4, and week 12. This enabled measurement

of changes to energy expenditure and substrate oxidation throughout, but also mirrored the Actiheart calibration protocol to allow

re-calibration of the Actiheart to potential individual changes in the heart rate/energy expenditure relationship across the study.

The test comprised four 5-min walking stages with treadmill speed fixed at 5.2 km h�1 and gradients of 0%, 3%, 6%, and 9%. During

the last minute of each stage expired air was obtained to measure energy expenditure and substrate oxidation, heart rate was

measured at 11-, 22-, 33-, and 44-s using a heart rate monitor (Polar Electro, UK), and ratings of perceived exertion (RPE) were

measured using Borg’s 6–20 scale.72

Blood pressure and heart rate
Systolic and diastolic blood pressure, and heart rate, were measured using an automated monitor (Diagnostec EW3106, Panasonic,

Japan) with participants resting for at least 10 min in a semi-supine position.

Continuous glucose monitoring
Interstitial glucose concentrations were measured using continuous glucose monitors (CGMs) (Freestyle Libre Pro, Abbott

Diabetes Care Ltd., UK) with participants blinded to glucose readings. Mean interstitial glucose concentrations for the wear period

were calculated to reduce day-to-day within participant variability. Summative indices included days in use (n), time active (%), mean

glucose (mmol$L�1), glucose management indicator (%), glycemic variability (CV %), and time in range (%) as recommended

by consensus statements.73–75 Thresholds for time in range were based on consensus recommendations.73 Glucose management

indicator (GMI) is a method of estimating glycated hemoglobin concentrations from CGM.74

Adipose tissue biopsies
Subcutaneous abdominal adipose tissue biopsies were obtained lateral to the umbilicus via needle aspiration. The abdominal region

was sterilized with Videne (10% [w/w] Povidone-Iodine giving 1% [w/w] available Iodine; Ecolab; UK) and�5mL anesthetic (1% lido-

caine hydrochloride, Hameln Pharmaceuticals, UK) was administered subcutaneously in the local area. A 14 G needle (Monoject,

Covidien, Ireland) attached to a 50 mL syringe (BD, USA) with �10 mL sterile saline (0.9% Sodium Chloride) solution (B. Braun,

USA) was inserted into the area and a vacuum was created. Samples were cleaned on 100 mm gauze with 0.9% Sodium Chloride

solution (B. Braun, USA), weighed to the nearest 0.1 mg, and snap-frozen in liquid nitrogen.

Skeletal muscle biopsies
Skeletal muscle biopsies were obtained from the vastus lateralis using the Bergstrom needle technique with suction.76 The

quadriceps area was sterilized with Videne (10% [w/w] Povidone-Iodine giving 1% [w/w] available Iodine; Ecolab; UK) and anesthetic

(1% lidocaine hydrochloride, Hameln Pharmaceuticals, UK) was administered subcutaneously and around themuscle fascia. A small

(�0.5 cm) incision was made through skin and muscle fascia using a scalpel blade (Swann Morton, UK). A sterile Bergstrom

needle was inserted into themuscle belly and 2–3 snipsweremadewith suction applied through a 100mL syringe (BD, USA) attached

to the needle via a sterile catheter (Pennine Healthcare, UK). Muscle tissue samples were snap-frozen in liquid nitrogen and weighed

to the nearest 0.1 mg.

Blood sample processing and analyses
Blood samples were collected into two tubes: EDTA and clotting activator (Sarstedt, Germany) for the collection of blood plasma and

serum. EDTA tubeswere centrifuged immediately, and clotting activator tubes left at room temperature for 15min to clot before being

centrifuged. Tubes were centrifuged at 4000 3 g for 10 min at 4�C. Aliquots were placed on dry ice and stored at �80�C.
Serum glucose, triglycerides (TAG), glycerol, non-esterified fatty acids (NEFA), lactate, beta-hydroxybutyrate (bOHB), total

cholesterol, high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C), apolipoprotein B

(ApoB), urea, and albumin concentrations were measured using an automated analyzer (RX Daytona, Randox Laboratories, UK) us-

ing commercially available kits for each analyte (Randox Laboratories, UK). Reported TAG values in the present paper have been

blanked for glycerol based on recommendations for clinical research.77 Serum insulin and leptin weremeasured using enzyme-linked

immunosorbent assay (ELISA) kits (Mercodia AB, Sweden). Serum lipopolysaccharide binding protein (LBP) was measured using a

commercially available ELISA kit (R&D Systems, USA). All ELISA plates were quantified using a SPECTROstar Nano plate

reader (BMG Labtech, Germany). Fibroblast growth factor 21 (FGF21), C-peptide, ghrelin, total glucagon-like peptide 1 (GLP-1),

and C-reactive protein (CRP) were measured on a QuickPlex SQ 120 (Meso Scale Discovery Inc, USA) using commercially available

electro-chemiluminescent multiplex kits (Meso Scale Discovery Inc, USA). All samples for a participant were measured on the same

run or plate. Samples producing values below the lower limit of detection were assigned the value of the lower detectable concen-

tration, which was necessary for some samples with bOHB, insulin, and leptin.
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Fasting plasma samples from baseline and week 4 were analyzed using targeted high-throughput nuclear magnetic resonance

(NMR) spectroscopy (Nightingale Health Ltd., Finland), described in detail by Julkunen et al.78 Week 4 was chosen based on higher

sample size and compliance at this time-point, as well as cost constraints.

Urine sample processing and analyses
Urine sampleswere collected by participants during laboratory visits. The first sample was aliquoted and stored on dry ice. Then 5mL

of 10% thymol-isopropanol was added to the remainder of the sample as a preservative. Urine samples were combined andmixed, a

1.5mL sample was stored, and total urinary volumewasmeasured and discarded. Urinary urea concentrations weremeasured using

commercially available assay kits on an automated analyzer (RX Daytona, Randox Laboratories Ltd., UK). Urinary urea was assumed

to represent �90% of urinary nitrogen excretion.79 Plasma urea concentrations were also measured in the baseline and 240-min

samples. These data were used to estimate the rate of protein oxidation.80

Fecal sample collection
Fecal samples were collected by participants within 24 h of each laboratory visit. Samples were transported to the laboratory in an

opaque cooler bag containing a frozen icepack. Fecal samples were homogenized, aliquoted, and stored at �80oC for later

processing.

Microbiome analyses
Total DNA was extracted from frozen human stool samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) with the

addition of a bead beating step.81 To minimize thawing of stool samples prior to addition of lysis buffer, �200 mg of homogenized

stool was stored directly in autoclaved bead-beating tubes and frozen at �80�C ready for DNA extraction. Tubes were placed in a

Precellys Evolution homogenizer (Bertin Technologies, France) and underwent bead beading for 3 min at 6,000 rpm. Some partic-

ipants were unable or unwilling to provide fecal samples and therefore microbiome data are presented for n = 48 of 53 participants

(91%) at baseline and Week 4 and n = 41 of 46 participants (89%) at Week 12.

Extracted fecal DNA was prepared for sequencing using the Nextera XT DNA Library Preparation Kit (Illumina Inc., USA). Tagmen-

tation and amplification were completed on an Applied Biosystems 2720 thermal cycler (Thermo Fisher Scientific, USA). Prior to

amplification, manufacturer recommended DNA/RNA UD Indexes (Illumina Inc., USA) were added to each sample. After clean-up

of the libraries, fragment size ranges of individual samples were checked using the Agilent High Sensitivity DNA Kit (Agilent Technol-

ogies, USA) on the Agilent 2100 Bioanalyzer (cat. G2939BA, Agilent Technologies, USA). The DNA concentration of each sample was

determined using the Qubit dsDNA high-sensitivity assay (Thermo Fisher Scientific, USA) on the Qubit 4 Fluorometer (cat. Q33238,

Thermo Fisher Scientific, USA). Based on these metrics the libraries were pooled at equal molarity, and the concentration of the final

pooled libraries was determined by qPCR using the KAPA Library Quantification Kit (Kapa Biosystems, USA) on the LightCycler 480

(cat. 05015278001, Roche, Switzerland). The pooled libraries were sequenced with the 2 3 150 bp High Output Kit (cat. 20024908,

Illumina Inc., USA) on the Illumina NextSeq 500 sequencing system.

Contaminating host (human) reads were removed using a reference library in Bowtie2 (version 2.3.4).82 Resulting FastQ files were

trimmed and quality filtered using Trim Galore (phred = 33, minimum length = 20).83 Taxonomic classifications of trimmed reads were

determined using Kraken2 and Bracken using the GTDB database (database downloaded June 2020).84,85 Functional profiling was

completed using the Human Microbiome Project Unified Metabolic Analysis Network 2 (HUMAnN2).86 A total of 3.64x108 trimmed

reads were used for classification after contaminant removal, averaging 7.92x106 reads per sample.

Short-chain fatty acid measurement
The short-chain fatty acids acetate (C2), propionate (C3) and butyrate (C4) in plasma samples were measured using gas chromatog-

raphy-mass spectrometry (GC-MS) following a modified version of the protocol developed by Zhang et al.87 Concentrations of pro-

pionate and butyrate are low in human plasma,88 and somodifications weremade to the protocol to improve sensitivity and to ensure

the correct analytes were quantified. A keymodificationmade to the protocol was the use of a separate 13C labeled internal standard

for each SCFA and calibrations were also based on internal standards which accounts for variation in sample preparation and matrix

effects.89

The following internal standards were purchased fromMilliporeSigma (USA): acetic acid-13C2 (cat. no. 282022), propionic acid-1-

13C (cat. no. 2824448), and butyric acid-1,2-13C2 (cat. no. 491993). For each sample 200 mL of plasma was diluted 1:1 in HLPC

grade water and added to 50 mL of 5 M hydrochloric acid to bring the pH to 2. Subsequently, 64 mL of internal standard mixture con-

taining acetic acid-13C2 at 400 mM, propionic acid-1-13C at 40 mMand butyric acid-1,2-13C2 at 40 mMwas added, resulting in a final

concentration of 97 mM acetic acid-13C2, 9.7 mM propionic acid-1-13C and 9.7 mM butyric acid-1,2-13C2. For SCFA extraction,

500 mL of HPLC grade anhydrous diethyl ether was added to each sample. Samples were vortexed, incubated for 5 min at 4�C
and then centrifuged at 10,000 3 g for 5 min at 4�C. The supernatant diethyl ether layer from each sample was then transferred

to a new 1.5mL tube containing�200mg sodium sulfate to absorb any transferred water. The extraction processwas repeated twice

more to pool�1.2 mL of diethyl ether containing SCFA in the tubes containing sodium sulfate, then 250 mL was transferred to a glass

insert and 20 mL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization reagent was added. Samples were vortexed and

incubated at 37�C for 2 h.
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Samples were analyzed on an 8890 GC system with a 5977Bmass selective detector (Agilent, USA) and an HB-5 ms capillary col-

umn (30m3 0.25mm3 0.25 mmfilm thickness) (Agilent, USA). The injector temperature was 260�C, the ion source temperature was

230�C, the quadrupole temperature was 150�C, and the GC/MS interface temperature was 280�C. Helium carrier gas flow rate was

1mL/min throughout. After a 3 min solvent delay 2 mL of sample was injected without splitting. Column temperature was initially 40�C
held for 2 min, then increased to 150�C by 15�C/min, held for 1 min and then further increased to 300�C by 30�C/min, then held for

5min. Ionization was at 70 eV in electron impact mode. Analyte and internal standard responses were quantified in selected ionmoni-

toring (SIM) mode. Target ions for acetic, propionic, and butyric acids were 117, 131 and 145m/z, respectively, and for the 13C forms

the target ions were 119, 132 and 147m/z, respectively. For both forms of acetic and propionic acids the confirmative ion was 75m/z.

The confirmative ions for butyric acid were 75 and 117 m/z and for 13C butyric acid the confirmative ions were 75 and 119 m/z. Data

were analyzed using theMassHunter Quantitative program (Agilent, USA), and the concentrations of each acid were calculated using

internal standard methods with a seven-point matrix-matched linear calibration curve. Mean standard curve r2 values across all GC

runs were 0.991 for acetic acid, 0.976 for propionic acid and 0.999 for butyric acid. Limits of detection were 0.27 mM, 0.24 mM and

0.04 mM for acetate, propionate, and butyrate, respectively. Limits of quantitation were 0.83 mM, 0.73 mM and 0.12 mM for acetate,

propionate, and butyrate, respectively. Samples with concentrations below the limit of quantitation were excluded from analysis.

Muscle glycogen
Frozen muscle samples were freeze-dried for 16 h at�55�C (Mechatech Systems, Bristol, UK), powdered using an agate pestle and

mortar (Cole-Parmer, USA), aliquoted, and weighed. Samples were solubilized in 0.1 MNaOH and vortexed thoroughly, incubated at

80�C for 5 min using a dry thermostat, vortexed again and heated for another 5min at 80�C. A 1:3 solution of 0.1 MHCl and citric acid

buffer (0.2 M citric acid +0.2 M Na2HPO4, pH 5) was added to each sample and vortexed. Glycogen present in the supernatant was

hydrolyzed using 200 mg,mL�1 a-amyloglucosidase (�70 units,mg�1) added to each sample. Samples were incubated for 1 h at

room temperature on a slow tube rotator. Samples were centrifuged at 14000 x g for 5 min to pellet, and the supernatant was ali-

quoted to new tubes. Glucosyl units were determined using an enzymatic method adapted from Harris et al.,90 with a 1:1 ratio of

hexokinase and glucose-6-phosphate dehydrogenase (G-6-PDH; both 1 unit,mL�1 with 2 mL each per sample). Concentrations of

muscle glycogen were assessed in triplicate against a glucose standard curve after 20 min using a spectrophotometric plate reader

(PHERAstar FS, BMG Labtech, USA).

Muscle western blotting
Muscle samples were freeze-dried and powdered, and any blood or connective tissue was removed. Powdered samples were re-

suspended in radioimmunoprecipitation assay (50mM Tris-HCL pH 7.4, 150mM NaCL 0.5% Sodium deoxycholate, 0.1% SDS,

and 0.1% NP-40; RIPA) buffer supplemented with protease inhibitors (Thermo Fisher) at a ratio of 100 mL mg�1 and homogenized

using a hand-held BioVortexer (BioSpec Products, USA). Samples were incubated for 1 h at 4�C with rotation, then centrifuged

for 10 min at 200003 g to remove insoluble material and the supernatant transferred to new 1.5 mL tubes and stored at�80�C. Pro-
tein content of each sample was determined using a BCA protein assay (Thermo Scientific, USA). Protein (50 mg per sample) was

separated by SDS polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% acrylamide gel over �1 h at 200 V and transferred

to a nitrocellulose membrane on a semi-dry transfer cell over 2.5 h at 150 mA. The membrane was blocked in a solution of 5%

w/v skimmed milk powder and 0.1% Tween 20 in Tris-buffered saline (0.9%NaCL and 10mM Tris-HCL pH7.4), to make TBS-T for

30 min, washed thoroughly in TBS-T and incubated in primary antibody solution overnight at 4�C. Primary antibodies were diluted

in 1%bovine serum albumin (BSA) in TBS-T with 0.02% sodium azide. Membranes were washed extensively in TBS-T and incubated

in secondary antibody with rocking for 1 h at room temperature. Anti-rabbit IgG-HRP conjugate and anti-mouse IgG-HRP conjugate

secondary antibodies were diluted 1:4000 in 5% milk powder (Marvel) TBS-T blocking solution. Membranes were washed exten-

sively and developed using enhanced chemiluminescence (ECL) Prime or Select fluid according to the manufacturer’s instructions

(Cytiva, USA). Images were captured using an EPI Chemi Darkroom II (Ultra Violet Products Co., USA) and signals were quantified

using Image Studio Lite software (v.5.2, LI-COR Biosciences, USA). Samples from the same participant were run on the same gel.

Western blot data were normalized to b-actin as a housekeeper and expressed as fold-change from baseline for intra-group

comparisons.

Adipose tissue RNA extraction
Adipose tissue biopsy samples (100 g–400 g) were homogenized in 1 mL of QIAzol (Qiagen; Crawley, UK). Subsequently, 200 mL of

chloroformwas added and after vigorouslymixing, the aqueous phase containing the total RNAwas collected,mixedwith 1.5 volume

of ethanol before purifying the total RNA using a miRNeasy RNA extraction kit (Qiagen, Crawley, UK), following the manufacturer’s

instructions. Total RNA (250–500 ng) was reverse-transcribed using Applied Biosystems high-capacity cDNA reverse transcription kit

(Applied Biosystems, Warrington, UK).

Adipose tissue mRNA content by qPCR
Gene expression was analyzed by reverse transcription quantitative polymerase chain reaction (qPCR) using SYBR Green dye (Luna

Universal qPCR Master Mix (New England Biolab, UK)). The qPCR analysis was performed on a StepOne qPCR machine (Applied

Biosystems; Warrington, UK) using primers designed using Primer-BLAST NCBI (Primer designing tool (nih.gov)) and synthesized
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by Merck, UK. Expression levels of the following genes was measured: GLUT 4, AKT1, AKT2, INSR, TBC1D1, TBC1D4, PDK4,

PPARg, GPR109/HCAR, CPT1A, IRS1, IRS2, SREBP1c, Leptin, Adiponectin, LPL, FAS, HSL, FABP4 (see Table S10 for primer se-

quences). Data obtained from the qPCR analysis were normalized using the internal calibrators 18s, Actin, and PPIA and differences

in gene expression pre-to post-intervention were calculated using theDD comparative threshold (Ct) method. Prior to statistical anal-

ysis, any outliers were systematically removed from the dataset using the ROUT method with a significance level (a) set at 1% in

GraphPad software (Prism 10).

QUANTIFICATION AND STATISTICAL ANALYSES

Sample size estimations were calculated usingG*Power 3.1 software.91 Using data from the Bath Breakfast Project,16 themean ±SD

physical activity energy expenditure for the fasting vs. breakfast groups during the morning (when differences in carbohydrate avail-

ability between groups were present) were 311 ± 124 kcal vs. 492 ± 227 kcal (Cohen’s d effect size = 0.998). A between-subject

design with 20 participants in each group would provide an >85% chance (power) of detecting the expected effect with an a-level

of 0.05, so the aim was to recruit 60 participants.

Prism v9.5.0 (GraphPad Software Inc., USA) and SPSS v25 (IBM, USA) were used for statistical analyses. Data were checked for

normal distribution by visual inspection of residual plots. As there was no clear indication of nonnormal distribution, the data were

presented as means ± SD (and means ±95%CI). Total (tAUC) and incremental area under the curve (iAUC) were calculated using

the Time Series Response Analyser.92 Figures were drawn using Prism v9.5.0 (GraphPad Software Inc., USA). For all outcomes

with quantitative units at week 4 and week 12, ANCOVA was used to assess differences between groups with baseline values as

the covariate.93 Unadjusted means are presented for baseline outcomes, but ANCOVA-adjusted means (and mean differences

vs.MODSUG) are reported for week 4 and week 12 unless otherwise stated. Since skeletal muscle protein and adipose mRNA levels

were expressed as the fold-change from baseline, one-way ANOVAs were used at week 4 and week 12 respectively to detect dif-

ferences between groups.Post-hoc comparisonsweremade according to the principle of closed testing to assess the effect of sugar

restriction (LOWSUG vs. MODSUG) or ketogenic carbohydrate restriction (LOWCHO vs. MODSUG).94 Data from Visual Analogue

Scales were assessed by repeated-measures ANOVA of within-group comparisons due to their subjective nature.95 Figure legends

state whethermeans or ANCOVA-adjustedmeans are presented for each outcome. Simple linear regression and Pearson correlation

coefficients were used to assess linear associations between outcomes where appropriate. Significance was accepted at p% 0.05.

Data are presented as mean and 95% confidence intervals (CI) unless otherwise stated.

Microbiome taxonomic composition data were analyzed at the phylum, genus and species levels and functional potential was

analyzed using normalized pathway abundances not stratified by species. Output tables of raw reads were filtered to remove

taxa that were not present in at least 5% of samples, and the PERFect permutational filtering R tool was then used to remove

low-signal taxa.96 Alpha diversity was calculated at the species level using the Shannon index to account for richness and even-

ness.97 Beta diversity analysis was conducted at the species level based on Robust Aitchison distances to account for the sparse

and compositional nature of microbiome data.98 Nonmetric multidimensional scaling (NMDS) plots were used to visualize Beta di-

versity. Permutational multivariate analysis of variance (PERMANOVA) was used to test for differences in the Beta diversity of species

and functional pathways between groups at each timepoint and between timepoints within each group, with permutations con-

strained to the level of participant where required to account for repeated measures sampling. Alpha and Beta diversity analyses

were conducted using the vegan R package version 2.6–2.99 Differential abundance of taxa and functional pathways from within

and between each group was assessed using ALDEx2 and expressed as estimated effect size of change per taxon and per

pathway.100 Where multiple comparisons were made, p values were adjusted using the Benjamini-Hochberg method and statistical

significance was accepted at q % 0.1.

ADDITIONAL RESOURCES

The study was registered at clinicaltrials.gov (NCT03574987).
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