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Abstract
Aims/hypothesis Lifestyle modification and weight loss are cornerstones of type 2 diabetes management. However, carbohy-
drate restriction may have weight-independent beneficial effects on glycaemic control. This has been difficult to demonstrate
because low-carbohydrate diets readily decrease body weight. We hypothesised that carbohydrate restriction enhances the
beneficial metabolic effects of weight loss in type 2 diabetes.
Methods This open-label, parallel RCT included adults with type 2 diabetes, HbA1c 48–97 mmol/mol (6.5–11%),
BMI >25 kg/m2, eGFR >30 ml min−1 [1.73 m]−2 and glucose-lowering therapy restricted to metformin or dipeptidyl
peptidase-4 inhibitors. Participants were randomised by a third party and assigned to 6 weeks of energy restriction
(all foods were provided) aiming at ~6% weight loss with either a carbohydrate-reduced high-protein diet (CRHP,
percentage of total energy intake [E%]: CH30/P30/F40) or a conventional diabetes diet (CD, E%: CH50/P17/F33).
Fasting blood samples, continuous glucose monitoring and magnetic resonance spectroscopy were used to assess
glycaemic control, lipid metabolism and intrahepatic fat. Change in HbA1c was the primary outcome; changes in
circulating and intrahepatic triacylglycerol were secondary outcomes. Data were collected at Copenhagen University
Hospital (Bispebjerg and Herlev).
Results Seventy-two adults (CD 36, CRHP 36, all white, 38 male sex) with type 2 diabetes (mean duration 8 years, mean
HbA1c 57 mmol/mol [7.4%]) and mean BMI of 33 kg/m2 were enrolled, of which 67 (CD 33, CRHP 34) completed the
study. Body weight decreased by 5.8 kg (5.9%) in both groups after 6 weeks. Compared with the CD diet, the CRHP
diet further reduced HbA1c (mean [95% CI] −1.9 [−3.5, −0.3] mmol/mol [−0.18 (−0.32, −0.03)%], p = 0.018) and
diurnal mean glucose (mean [95% CI] −0.8 [−1.2, −0.4] mmol/l, p < 0.001), stabilised glucose excursions by reducing
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glucose CV (mean [95% CI] −4.1 [−5.9, −2.2]%, p < 0.001), and augmented the reductions in fasting triacylglycerol
concentration (by mean [95% CI] −18 [−29, −6]%, p < 0.01) and liver fat content (by mean [95% CI] −26 [−45, 0]%, p
= 0.051). However, pancreatic fat content was decreased to a lesser extent by the CRHP than the CD diet (mean [95%
CI] 33 [7, 65]%, p = 0.010). Fasting glucose, insulin, HOMA2-IR and cholesterol concentrations (total, LDL and HDL)
were reduced significantly and similarly by both diets.
Conclusions/interpretation Moderate carbohydrate restriction for 6 weeks modestly improved glycaemic control, and decreased
circulating and intrahepatic triacylglycerol levels beyond the effects of weight loss itself compared with a CD diet in individuals
with type 2 diabetes. Concurrent differences in protein and fat intakes, and the quality of dietary macronutrients, may have
contributed to these results and should be explored in future studies.
Trial registration ClinicalTrials.gov NCT03814694.
Funding The study was funded by Arla Foods amba, The Danish Dairy Research Foundation, and Copenhagen University
Hospital Bispebjerg Frederiksberg.

Keywords Carbohydrate restriction .Dietary intervention .Dyslipidaemia .Glycaemiccontrol .Low-energydiet .Non-alcoholic
fatty liver disease . Nutritional therapy . Obesity . Type 2 diabetesmellitus .Weight loss

Abbreviations
Apo Apolipoprotein
CD Conventional diabetes
CGM Continuous glucose monitoring
CRHP Carbohydrate-reduced high-protein
DNL De novo lipogenesis
DPP-4 Dipeptidyl peptidase-4
E% Percentage of total energy intake
MR Magnetic resonance
SAT Subcutaneous adipose tissue
TEE Total energy expenditure
VAT Visceral adipose tissue

Introduction

Most people with type 2 diabetes and excess body weight
have comorbidities such as hypertension, atherogenic
dyslipidaemia and non-alcoholic fatty liver disease, contribut-
ing to increased disability and mortality [1]. Weight loss
improves glycaemic control [2] and ameliorates abnormalities
in lipid metabolism [3], which may attenuate risk of micro-
vascular complications [4] and CVD [5], respectively, and
may lead to remission of type 2 diabetes [2]. Therefore, life-
style modification with emphasis on negative energy balance
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facilitating weight loss is a cornerstone in managing individ-
uals with obesity and type 2 diabetes [6].

Traditionally, an energy-reduced diet rich in fibre, rich in
low-glycaemic index carbohydrate and limited in fat (allowing
10–20% of total energy intake from protein) has been the
recommended dietary approach in type 2 diabetes treatment
[7]. Recently, the ADA concluded in a consensus statement
that carbohydrate-restricted dietary regimens may provide
viable treatment strategies in the management of type 2 diabe-
tes, although no ideal macronutrient distribution has yet been
established [8]. Results from a meta-analysis suggested that
low-carbohydrate diets may improve glycaemic control and
CVD risk in type 2 diabetes during at least 1 year, even without
significant changes in body weight [9].

We recently demonstrated that a 6 week, weight-maintain-
ing, carbohydrate-reduced high-protein (CRHP) diet
improved glucose and lipid metabolism and reduced liver fat
content compared with a conventional diabetes (CD) diet [10].
However, the clinical utility of low-carbohydrate diets beyond
weight loss remains elusive, because these diets often readily
decrease body weight despite considerable efforts to prevent
this from happening [10, 11], and current dietary regimens for
weight loss typically utilise hypo-energetic diets with percent-
age of total energy intake (E%) >50 from carbohydrate [2, 12].
Accordingly, we investigated the effects of matched weight
loss, induced by 6 weeks of hypo-energetic CRHP vs CD
feeding, on metabolic health including HbA1c as the primary
outcome and liver fat accumulation and circulating triacyl-
glycerol as secondary outcomes in individuals with type 2
diabetes who were overweight or obese.

Methods

Study design and population The study was an open-label,
parallel RCT with participants allocated in a 1:1 ratio to a
hypo-energe t ic CD or CRHP die t fo r 6 weeks .
Randomisation was performed in blocks of random size by
an unrelated third party using R (extension package
‘blockrand’, Version 3.6.0; R, Boston, MA, USA) to generate
a randomisation list.

Eligible participants were adults with BMI >25 kg/m2 diag-
nosed with type 2 diabetes, an HbA1c of 48–97 mmol/mol
(6.5–11.0%), and who were receiving glucose-lowering ther-
apy restricted to metformin or dipeptidyl peptidase-4 (DPP-4)
inhibitors. Initial inclusion criteria for HbA1c (>53 mmol/mol
[7.0%]) and BMI (>27 kg/m2) were lowered prior to study
initiation to facilitate recruitment. Exclusion criteria were as
follows: previous cancer and heart failure; recent and ongoing
ischaemic heart disease; severe disease of the liver, kidneys
and alimentary tract; anaemia (blood haemoglobin <7 mmol/l
for men and <6 mmol/l for women); renal dysfunction (eGFR
<30 ml min−1 [1.73 m]−2 or urine albumin/creatinine ratio

>300mg/g); inability to complywith study procedures; partic-
ipation in other studies; lactation; pregnancy (or planning a
pregnancy); treatment with systemic corticosteroids, sulfonyl-
ureas, sodium–glucose cotransporter 2 inhibitors or injectable
hypoglycaemic medications; alcohol abuse, defined as
consumption in excess of national recommendations
(<168 g/week for men and <84 g/week for women); and
smoking during the past year. Participants were recruited from
the Capital Region of Denmark from January 2019 to
July 2020 and all visits took place at the Endocrinology
Research Unit, Copenhagen University Hospital Bispebjerg,
except for magnetic resonance (MR) assessments that were
performed at Copenhagen University Hospital Herlev.
Participants provided written, informed consent to the study
protocol, which was approved by the Health Ethics
Committee of Copenhagen and the Danish Data Protection
Agency. The study is registered with ClinicalTrials.gov
(registration no. NCT03814694) and was conducted in
accordance with the Declaration of Helsinki.

Diet intervention The control CD diet and experimental
CRHP diet differed in macronutrient composition, and respec-
tively provided 50E% and 30E% as carbohydrate, 17E% and
30E% as protein, and 33E% and 40E% as fat (electronic
supplementary material [ESM] Table 1). Study diets provided
all daily energy and comprised seven different daily menus,
with three main meals per day with or without two snacks
(ESM Table 2). Raw food items and ingredients were used
to prepare the various meals and snacks, which were cooked
and provided to the participants ready for consumption. All
meals were prepared in the metabolic kitchen at the
Department of Nutrition, Exercise and Sports, University of
Copenhagen and were distributed free-of-charge, twice
weekly.

Participants were instructed to consume all meals and
abstain from all alcohol- and energy-containing beverages as
well as any food not provided by the investigators. Dietary
adherence was evaluated twice weekly by using food records.
In case of inability to consume all provided food (e.g. due to
satiety or aversion), individual adjustments were made.
Participants were asked prior to inclusion about food allergies,
fastidiousness and dietary preferences and were excluded if
their responses conflicted with compliance to the study diets.

Weight loss management Dietary regimens were designed to
induce the same energy deficit during the first 5 weeks of the
intervention period in order to achieve a 6% weight loss.
During week 6, energy intake was adjusted upwards to ensure
stabilisation at the new lower body weight and avoid a cata-
bolic state during metabolic measurements. Weight loss
management was individualised to each participant and
occurred in three steps (ESM Table 3). First, total energy
expenditure (TEE) was calculated by multiplying resting
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energy expenditure, estimated from the Mifflin–St Jeor equa-
tion [13], with a physical activity level of 1.6, reflecting a
sedentary lifestyle. Second, the total energy equivalent of
weight loss was calculated as 6% of baseline body weight ×
27,000 kJ/kg (6453 kcal/kg), as we expected lost weight to
comprise ~75% adipose tissue and ~25% lean mass [14].
Daily energy intake was then calculated as TEE reduced by
an amount equal to the total energy equivalent of weight loss
divided by the total duration of the weight-loss phase (i.e.
35 days). The calculated reduction was weighted with 80%
initially and gradually increased to 120% at week 5 to allow
for habituation. Third, the planned energy deficit was revisited
twice weekly (based on body weight measurements) and
adjusted as necessary by adding or subtracting CRHP or CD
food items to ensure the targeted weight loss. Participants
were instructed to maintain their habitual physical activity
throughout the study. This was assessed at baseline and during
week 5 of the intervention with the long form of the
International Physical Activity Questionnaire (IPAQ) [15].

Anthropometry and body compositionBodyweight measure-
ments were performed, after participants had fasted for 10 h,
on the same calibrated digital scale (Seca 701; Hamburg,
Germany) at every visit. Assessment of body composition
was performed at the beginning and the end of the study, after
participants had fasted for 10 h, by use of a Lunar iDXA dual-
energy x-ray absorptiometry scanner (GE Healthcare,
Waukesha, WI, USA).

Blood samples Blood samples were collected, after partici-
pants had fasted for 10 h, at baseline and weeks 2, 4, 5 and
6. Blood was collected in precooled EDTA-tubes and imme-
diately centrifuged to separate plasma, and in tubes with clot
activator, allowed to clot at room temperature, and centrifuged
thereafter to separate serum. Measurement of HbA1c was
performed using HPLC on the Tosoh Automated
Glycohemoglobin Analyzer HLC-723G8 (Tosoh
Corporation, Japan). Plasma glucose was measured using the
glucose oxidase method (YSI 2300 STAT Plus; YSI, OH,
USA) and serum insulin and C-peptide were measured using
electrochemiluminescence immunoassays (Cobas 6000 e601;
Roche Diagnostics, Switzerland). Whole-body insulin resis-
tance (HOMA2-IR) was calculated from fasting plasma
glucose and insulin concentrations by using the updated
HOMA2 calculator (version 2.2.3; https://www.dtu.ox.ac.
uk/). Total cholesterol, LDL-cholesterol, HDL-cholesterol
and triacylglycerol concentrations were determined in serum
by enzymatic colorimetric methods, and apolipoprotein (apo) B,
apoA-1 and cystatin C were measured by immunoturbidimetric
assays (Cobas 6000 c501; Roche Diagnostics). Non-HDL-
cholesterol was calculated by subtracting HDL-cholesterol from
total cholesterol. Cystatin C was used in the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation from

2012 to calculate eGFR, by which renal function can be reliably
assessed without confounding from changes in protein intake or
body composition [16]. Serum total NEFAwere quantified with
an enzymatic colorimetric assay (Wako Chemicals, Germany).

MR MR measurements were conducted at the beginning and
the end of the study using a 3.0 T IngeniaMRI system (Philips
Healthcare, Best, the Netherlands) with a dStream torso coil.
Single-voxel MR spectroscopy (Point RESolved
Spectroscopy [PRESS]) was used to measure total hepatic
and muscle fat fractions [17]. Chemical shift encoding-based
water-fat imaging (mDixon) was used to measure pancreatic
fat fraction, visceral adipose tissue (VAT), subcutaneous
adipose tissue (SAT) and waist circumference. Pancreatic fat
content was measured in duplicates, and the mean was used to
minimise intra-observer variability. A single 10 mm thick
transverse section acquired at the middle of L3 vertebra was
used for quantification of VAT, SAT and waist circumference
[18]. All MR data were analysed blinded to treatment.

Diurnal glucose profiles The diurnal glucose profiles were
obtained from measurements over 7 days at baseline before
the intervention and during the last week (week 6) of the
intervention by continuous glucose monitoring (CGM) using
the FreeStyle Libre Pro (Abbott Diabetes Care, Alameda, CA,
USA), which provides subcutaneous interstitial glucose,
blinded to the participant, every 15 min. The glucose monitor
was pre-calibrated and inserted a day prior to starting the
measurement period. Data were evaluated as mean glucose,
glucose CV, time-in-range (3.9–10 mmol/l) as well as time
above/below range [19]. The variables were calculated for
each 24 h period (midnight to midnight) and included in the
analyses as the mean of monitored days.

Urine samples Twenty-four hour urine specimens were
collected prior to the intervention and during week 5 of the
intervention to determine the excretion of urea as a marker of
protein intake and, thus, a marker of diet compliance [20], and
albumin as a marker of renal function. Urea was analysed by
kinetic testing with urease and glutamate and albumin by
immunoturbidimetric analysis (Cobas c6000; Roche
Diagnostics). Albumin values <0.05 μmol/l (detection limit)
were set to 0.025 μmol/l.

Statistical analysis The primary outcome was the change in
HbA1c between diet groups; secondary outcomes were chang-
es in hepatic fat content and serum triacylglycerol. The proto-
col included 47 additional pre-specified outcomes of which 16
are presented in this paper (ESM Table 4). On the basis of
treatment effect differences between weight-maintaining
CRHP and CD diets [10] and a significance level of 0.05,
we estimated that 21 participants in each group (total of 42
participants) would be required to detect an HbA1c difference
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of 5.4 mmol/mol (0.5%) between groups, with 90% power
providing an SD of 5.2 mmol/mol (0.4%), whereas a 3.6%
difference in liver fat (SD 4.8%) could be detected with 29
participants per group (total of 58 participants) with 80%
power. After accounting for a smaller than expected effect size
and an anticipated 20% dropout rate, a final sample size of 80
participants was computed.

Treatment effects were evaluated using a constrained linear
mixed model with inherent baseline adjustment and further
assuming an unstructured covariance pattern to account for
repeated measurements. Moreover, sensitivity analyses were
conducted to further adjust for differences in sex, age, BMI,
diabetes duration, and therapy with metformin and DPP-4
inhibitors. In accordance with an intention-to-treat principle,
analyses included all available data and missing data were
implicitly managed by maximum likelihood estimation,
which is statistically optimal when missing data are
assumed to be missing at random. Model assumptions

were assessed from residual diagnostics and skewed
outcomes were log-transformed prior to analysis.
Between-diet comparisons are presented as estimated
marginal means (95% CIs), unless otherwise stated.
Descriptive data are reported as mean ± SD or median
(25th, 75th percentile), depending on whether normal
distribution assumptions were met or not, assessed visu-
ally and evaluated by the Shapiro–Wilks test.

Statistical tests were two-tailed and considered significant
when p < 0.05. All statistical analyses and graphics were
performed using R (Version 3.6.0; R, Boston, MA, USA).

Results

Study flow and participants The recruitment process included
338 pre-screenings and 102 on-site screening visits; 72 partic-
ipants were finally included in the study. Two participants

Screened (n=102)
Excluded (n=30)

HbA1c <48 mmol/mol (6.5%) (n=12)
Comorbidity (n=5)
Alcohol abuse (n=4)
COVID-19 pandemic (n=4)
Unwilling to participate (n=2)
Medication not in accordance with
study protocol (n=2)
Other study participation (n=1)

Data analysis
Included in descriptive statistics (n=33)
Included in linear mixed models (n=34)

Discontinued intervention due to
Inability to adhere to diet (n=1)

Allocated to CD dietary intervention (n=36)
Received allocated intervention (n=34)
Did not receive allocated intervention due 
to illness in the family (n=1) and 
unwillingness to participate (n=1)

Discontinued intervention due to
Inability to adhere to diet (n=1)
Illness in the family (n=1)

Allocated to CRHP dietary intervention (n=36)
Received allocated intervention (n=36)

Data analysis
Included in descriptive statistics (n=34)
Included in linear mixed models (n=36)

Allocation

Analysis

6 weeks of follow-
up

Randomised (n=72)

Enrolment

Excluded (n=236)
HbA1c <48 mmol/mol (6.5%) (n=75)
Medication not in accordance with
study protocol (n=58)
Time restraint (n=41)
Comorbidity (n=19)
Food allergy or preferences (n=17)
BMI <25 kg/m2 (n=5)
Smoking (n=8)
Alcohol abuse (n=2)
Other (n=11)

Pre-screened (n=338)

Fig. 1 Participant flow diagram. Themedian (25th, 75th percentile) time from randomisation to initiation of dietary intervention uponwhich participants
were unblinded was 22 (18, 30) days for the CRHP diet and 22 (19, 31) days for the CD diet
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withdrew consent before the start of the study and three after
starting the intervention, resulting in an attrition rate of 6.9%
(CD 8.3%, CRHP 5.6%). Reasons for withdrawal were not
related to adverse events or trial outcomes (Fig. 1). Because of
restrictions due to the COVID-19 pandemic, 72 participants
rather than the planned 80 were included in the study, with 67
completers securing statistical power to assess primary and
secondary outcomes. Baseline characteristics were well
balanced between groups (Table 1), except for a higher
proportion of participants allocated to the CRHP diet group
being male and being treated with DPP-4 inhibitors compared
with the CD diet group. Metformin, DDP-4 inhibitors and all
medications known to lower lipids and BP were stable for at
least 2 months prior to study initiation and were kept
unchanged throughout the study. Study results were not mate-
rially altered when adjusted for differences in diabetes medi-
cation and other relevant covariates (ESM Table 5).

Body weight, anthropometry and body composition Both
interventions reduced body weight by a mean of 5.8 kg
(Table 2) and this was successfully maintained during the last
week (Fig. 2a). Waist circumference, body fat per cent, fat mass
and fat-free mass decreased significantly in both groups without
significant differences between diets. The energy intake gradu-
ally decreased from ~7900 kJ/day during week 1 to ~6300 kJ/

day during week 5 of the intervention (i.e. before the weight
maintenance week) (ESM Table 1), with no difference overall
between diets (19 [−624, 662] kJ/day, p = 0.95).

Ectopic fat deposition Hepatic fat content was reduced signif-
icantly by 51% and 64% after the CD and CRHP diet, respec-
tively, with the difference between groups reaching borderline
significance (−26 [−45, 0]%, p = 0.051) (Table 2). Pancreatic
fat content decreased with both diets but to a significantly
smaller extent by the CRHP diet when compared with the
CD diet (33 [7, 65]%, p = 0.010), while the muscle fat frac-
tion did not change on either diet despite weight loss.
Volumes of VAT and SAT were reduced significantly and
similarly in the two diet groups.

Glycaemic control and metabolic variables HbA1c was
reduced after weight loss in both groups, and reductions were
significantly greater with the CRHP than the CD diet (−1.9
[−3.5, −0.3] mmol/mol (−0.18 [−0.32, −0.03]%), p = 0.018)
(Table 3, Fig. 2b). Fasting glucose (Fig. 2c), insulin (Fig. 2d),
C-peptide and HOMA2-IR decreased to the same extent in
both diet groups. Furthermore, when compared with the CD
diet, the CRHP diet reduced fasting triacylglycerol concentra-
tion by 18 (6, 29)% (p < 0.01) (Fig. 2e). The changes in
fasting NEFA, apoB, apoA-1, total cholesterol, LDL-choles-
terol, HDL-cholesterol and non-HDL-cholesterol concentra-
tions were similar between diets, and all lipid variables except
for NEFA decreased significantly with weight loss (Table 3
and ESM Fig. 1).

CGM CGM data were available (median [25th, 75th percentile])
for 7 (7, 7) days both at baseline and at 6 weeks in both inter-
vention groups. Both groups achieved improved glucose profiles
after weight loss compared with the baseline habitual diet
(Table 3). However, the reduction in diurnal mean glucose and
glucose CVwas greater after the CRHP diet than the CD diet by
−0.8 (−1.2, −0.4) mmol/l (p < 0.001) and −4.1 (−5.9, −2.2)%
(p < 0.001), respectively. Additionally, although the time-in-
range did not significantly differ between groups, participants
randomised to the CRHP diet spent significantly less time
above 10.0 mmol/l (−3.5 [−6.4, −0.6]%, p = 0.019) and
significantly more time below 3.9 mmol/l (8.1 [2.4,
13.9]%, p < 0.01) throughout the day. The participants
randomised to the CRHP diet were also more inclined to
have CGM-determined hypoglycaemia (i.e. one CGM
reading <3.9 mmol/l) (CD 70%, CRHP 82%), including
glucose values <3.0 mmol/l (CD 9%, CRHP 29%) (p =
0.24 and p = 0.06, respectively, by Fisher’s Exact test),
compared with those randomised to the CD diet.

Renal function and compliance measures No differences
between diets were found in eGFR (5.3 [2.9, 13.5] ml min−1

[1.73 m]−2, p = 0.21), 24 h total albumin excretion (28 [−4,

Table 1 Baseline characteristics of study participants

Characteristic CD diet CRHP diet

Participants/white, n 33 / 33 34 / 34

Male/female sex, n 15 / 18 20 / 14

Age, years 67.0±8.8 66.4±6.9

Duration of type 2 diabetes, years 7.7 (2.8, 10.1) 8.5 (3.5, 11.9)

HbA1c, mmol/mol 57.4±7.7 57.6±8.4

HbA1c, % 7.40±0.70 7.42±0.77

Body weight, kg 97.5±25.4 98.0±14.2

BMI, kg/m2 33.2±5.1 33.6±4.6

Estimated TEE, kJ/day 10,881±2644 11,100±1523

Medication use, n (%)

Glucose-lowering therapy 21 (64) 26 (76)

Lifestyle intervention only 12 (36) 8 (24)

Biguanides 21 (64) 25 (74)

DPP-4 inhibitors 3 (9) 11 (32)

Lipid-lowering therapya 23 (70) 26 (76)

Antihypertensive therapyb 26 (79) 29 (85)

Data are presented as means ± SD or medians (25th, 75th percentiles)
unless otherwise specified
a Lipid-lowering agents included statins (CD 23, CRHP 25) and one
fibrate (CRHP)
bAntihypertensive agents included ACE inhibitors (CD 9, CRHP 13),
angiotensin receptor blockers (CD 16, CRHP 14), calcium channel
blockers (CD 10, CRHP 15), diuretics (CD 14, CRHP 14) and adrenergic
receptor blockers (CD 10, CRHP 7)
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69]%, p = 0.090), or albumin/creatinine ratio (19 [−10, 58]%,
p = 0.23) (ESM Table 6). The CRHP diet increased daily urea
excretion (184 [140, 229] mmol, p < 0.001) compared with the
CD diet, consistent with a higher protein intake. Physical activ-
ity levels were not different between groups (0 [−27, 37]%, p =
0.99) and were unchanged from baseline. However, according
to the scoring protocol, 14 inadequately or erroneously
answered questionnaires were excluded from the analysis.

Adverse events Participants were asked about any adverse
events at study visits at baseline and weeks 2, 4, 5 and 6 and
instructed to contact the study personnel in case of serious
adverse events. Thirteen participants (CD 5, CRHP 8) experi-
enced symptoms of mild constipation, which were remedied by
sufficient fluid intake and laxatives (CD 2, CRHP 7), including
one severe case of obstipation (CRHP). Other symptoms were
episodes of diarrhoea (CD 2, CRHP 2), episodes of dizziness
(CD 1, CRHP 2) and increased tiredness or lack of energy (CD
0, CRHP 2). One participant (CRHP) experienced transient
episodes of excessive sweating with increasing plasma creati-
nine, although no underlying medical cause could be identified.
Despite the CGM-determined time spent below 3.9 mmol/l and
the number of hypoglycaemia events being greater for partici-
pants on the CRHP diet, all hypoglycaemic events were

asymptomatic and no episodes of severe hypoglycaemia as
defined by the ADA [21] occurred.

Discussion

A clinically relevant weight loss induced by a CRHP diet
resulted in greater improvements in HbA1c and diurnal
glucose profile when compared with a matched weight loss
induced by a CD diet in individuals with type 2 diabetes. The
CRHP diet also lowered fasting triacylglycerol concentrations
and hepatic fat content to a greater extent than the CD diet.
Nevertheless, weight loss per se was, as expected, highly
effective in improving metabolic health.

Weight loss achieved by a standard diabetes diet has been
shown to ameliorate abnormalities in glucose metabolism and
decrease HbA1c [2, 12], particularly when at least 5% of initial
body weight is lost [3]. While both diet groups in the present
study achieved reductions in HbA1c levels during weight loss,
the CRHP diet reduced HbA1c levels significantly more than
the CD diet. This indicates that better glycaemic control can
be achieved independent of weight loss by dietary carbohy-
drate restriction, although differences in other macronutrients
(e.g. protein or monounsaturated fat) may have contributed
[22]. Nevertheless, these improvements in HbA1c may be

Table 2 Measures of anthropometry, body composition and fat distribution before and after matchedweight loss by a CDor a CRHP diet in individuals
with overweight or obesity and type 2 diabetes

Variable CD diet CRHP diet Between diets

Baseline Treatment effect n Baseline Treatment effect n Difference p value

Anthropometry

Body weight, kg 97.5±25.4 −5.8±2.3‡ 33 98.0±14.2 −5.8±1.8‡ 34 0.1 (−0.6, 0.7) 0.83

BMI, kg/m2 33.2±5.1 −2.0±0.6‡ 33 33.6±4.6 −2.0±0.6‡ 34 −0.0 (−0.2, 0.2) 0.94

Waist circumferencea, mm 1126±100 −33±26‡ 30 1155±96 −32±23‡ 34 −0.1 (−12.4, 12.2) 0.99

Body compositiona

Fat-free mass, kg 58.0±13.7 −1.8±1.4‡ 32 58.8±9.9 −1.4±1.6‡ 34 0.5 (−0.2, 1.1) 0.18

Fat mass, kg 40.0±13.2 −3.9±2.0‡ 32 39.2±8.8 −4.3±1.1‡ 34 −0.4 (−1.1, 0.3) 0.24

Body fat fraction, % 40.5±5.9 −1.8±1.4‡ 32 39.9±6.2 −2.3±1.1‡ 34 −0.5 (−1.0, 0.1) 0.10

Fat distributiona

Hepatic fat fraction, % 6.2 (3.2, 13.1) −2.5 (−5.8, −1.4)‡ 32 8.1 (2.9, 12.9) −5.4 (−8.0, −1.3)‡ 34 −26 (−45, 0)b 0.051

Pancreatic fat fraction, % 11.8 (6.5, 21.6) −2.1 (−3.5, −0.5)‡ 32 8.8 (5.8, 16.3) −1.1 (−2.9, 1.2) 34 33 (7, 65)b 0.010

Muscle fat fraction, % 3.9 (2.5, 5.3) −0.8 (−1.8, 0.3) 30 3.8 (2.7, 5.7) 0.2 (−1.6, 1.1) 34 15 (−12, 49)b 0.31

VAT, cm3 293±88 −41±37‡ 31 310±110 −41±30‡ 34 0.9 (−15.1, 17.0) 0.91

SAT, cm3 303±122 −20±28‡ 30 318±109 −26±29‡ 34 −5.6 (−19.4, 8.2) 0.42

Data at baseline and changes from baseline are presented as means ± SD or medians (25th, 75th percentiles); between-diet differences are estimated
marginal means (95% CIs), presented as absolute or relative differences (CRHP vs CD) for normally distributed or log-transformed data, respectively,
and derived from constrained linear mixed models with inherent baseline adjustment using all available data
aMissing data were observed for measurements of waist circumference, fat distribution and body composition due to technical failures and unwillingness
to undergo scanning procedure
b Relative difference (%)

‡p < 0.001 vs baseline
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modest during energy restriction compared with iso-energetic
feeding [10], underlying the primary importance of weight
reduction over macronutrient composition. Iso-energetic
meals with lower carbohydrate content acutely attenuate post-
prandial glucose and insulin excursions in type 2 diabetes,
thus decreasing daily mean glucose [23, 24]. We made a simi-
lar observation during 6 weeks of a weight-maintaining
CRHP diet that led to reduced HbA1c compared with an iso-
energetic CD diet [10]. Fasting glucose and insulin concentra-
tions in the present study were equally reduced by the two
diets. Diurnal mean glucose decreased significantly more with
the CRHP diet, thus the greater reduction in HbA1c has likely
resulted from the persistent reductions in postprandial glucose
excursions following the CRHP meals. Less carbohydrate
being ingested with the CRHP meals compared with the CD
meals may primarily drive the reductions in postprandial
hyperglycaemia [23].

Diurnal glucose profiles are considered as supplementary
to HbA1c in evaluating the quality of glucose control; this
includes time-in-range and glucose excursions as independent
therapy targets [19, 21]. Exacerbated glucose excursions
measured as glycaemic variability (e.g. glucose CV) are
progressively being considered as an independent CVD risk
factor [25] and are readily attenuated in individuals with type
2 diabetes by carbohydrate restriction, even when in net

energy balance [26]. We demonstrate here that reducing
carbohydrate intake is beneficial even during hypo-energetic
feeding and weight loss. The additional beneficial effects of
carbohydrate restriction on hyperglycaemia and glycaemic
variability could be of clinical importance and may persist
even in combination with other lifestyle interventions [27].

Type 2 diabetes is often accompanied by excess accumu-
lation of intrahepatic fat [28]. The pathogenesis of fatty liver
disease involves abnormally increased hepatic de novo lipo-
genesis (DNL) in concert with elevated peripheral NEFA flux
and a channelling of intrahepatic fatty acids towards storage
[29]. Hyperinsulinaemia and hyperglycaemia augment hepat-
ic DNL and contribute to liver fat accumulation and
hypertriacylglycerolaemia [30], which can further elevate
circulating NEFA levels through ‘spill-over’ during
lipoprotein-bound triacylglycerol hydrolysis in the periphery
[29]. We speculate that reversal of these processes by weight
loss is responsible for much of the observed decreases in
intrahepatic fat. Alcohol abstinence during the studymay have
exaggerated these decrements in both diet groups; however, a
substantial contribution is unlikely given that none of the
participants had a habitual alcohol abuse.

The greater decrease in liver fat with the CRHP diet than
the CD diet may be responsible for the greater reduction in
circulating triacylglycerol. In fact, we recently demonstrated

Fig. 2 Fasting measures of body weight (p = 0.83) (a), HbA1c (p = 0.018) (b), plasma glucose (p = 0.64) (c), serum insulin (p = 0.92) (d) and serum
triacylglycerol (TAG) (p < 0.01) (e) during 6 weeks of a CRHP (n = 34) or CD (n = 33) diet. Data are presented as meanwith SEM error bars, including
back-transformed data in (c–e) following log-transformation. Changes from baseline to week 6 were evaluated between diets, and p values for these
differences are included
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that accumulation of liver fat in type 2 diabetes can be effec-
tively reduced, in concert with fasting triacylglycerol levels,
by iso-energetic substitution of carbohydrate by protein and
fat during weight-stable conditions [10], and another study
showed the same after iso-energetic substitution of carbohy-
drate by monounsaturated fat [31]. As such, our results may
have been influenced by the higher intake of protein or mono-
unsaturated fat in the CRHP diet [32]. Our finding is at odds
with previous studies in overweight and obese individuals
without diabetes, in which a moderate weight loss (~7% of
baseline body weight) induced by low-carbohydrate and low-
fat diets decreased liver fat to the same extent [33, 34].
However, it has been speculated that the presence of diabetes
may fundamentally enhance the efficacy of carbohydrate
restriction during both weight stability and weight loss [32].

It is difficult to evaluate the clinical relevance of the greater
reduction in pancreatic fat content after the CD diet than after the
CRHP diet. Studies evaluating intrapancreatic fat in relation to
glucose metabolism and beta cell function in individuals with
type 2 diabetes are scarce and provide conflicting data, possibly
due to the largely heterogenous distribution of fat within
the pancreas [35]. Nevertheless, reductions in pancreatic
fat accumulation are thought to be important for recovery
of pancreatic insulin secretion and, subsequently, for
weight loss-induced remission of type 2 diabetes [36].
Our findings should thus be confirmed in future studies.

The long-term safety of carbohydrate restriction also needs to
be considered as some peoplewith type 2 diabetes are vulnerable
to low-carbohydrate diet-induced hypoglycaemia [37]. The pres-
ent study substantiates this concern, as participants randomised
to the CRHP diet had significantly more CGM readings below
3.9mmol/l. Care should thus be taken, particularly in individuals
already at risk of hypoglycaemia (e.g. those receiving insulin or
sulfonylurea). Increased protein intake has also been scrutinised
in diabetic kidney disease as a possible cause of further renal
dysfunction [38], although individuals without overt kidney
disease do not seem to be adversely affected [27].

Our study has several strengths including the standardised
and tightly controlled intervention that involved full provision
of the experimental diets and regular visits to maximise compli-
ance, minimise attrition and achieve the same rate and amount of
weight loss between groups. We found a high degree of adher-
ence to the provided diets as indicated by the 65% greater 24 h
urinary urea excretion on the CRHP diet (corresponding to the
76% greater dietary protein content) compared with the CD diet,
even though the utility of this index during energy restriction and
negative nitrogen balance may be limited [20]. Matching energy
deficits and weight loss between groups is important because
energy restriction and small differences in weight loss have been
recognised as important confounders in trials of low-
carbohydrate diets [32, 39].

Our study is limited by the unblinded design and the imbal-
ance of sex distribution and use of DPP-4 inhibitors between

groups. We did not objectively evaluate physical activity,
even though we used a self-reported tool that revealed no
changes during the intervention and no differences between
groups. The duration of our study was limited to 6 weeks,
which is half the time required for HbA1c reductions to
achieve a new steady state. However, as HbA1c levels
decreased linearly with time during the CRHP diet (as shown
previously during 10 weeks on a similar CRHP diet [40]) and
the difference between our groups became progressively
greater, the effect size following 2–3 months would likely
have been greater than the one reported here after 6 weeks.
This assertion is supported by the larger improvement in mean
diurnal glucose, by 0.8 mmol/l (~50%), after the CRHP diet
than after the CD diet. Another limitation relates to multiple
testing, which without adjustment increases the risk of false-
positive findings. Therefore, interpretation of the results for
secondary and exploratory outcomes in the present study
should be made with caution and our results should be
confirmed in future studies. Finally, our study allowed the
quality of dietary carbohydrate, protein and fat to vary natu-
rally, reflecting the real foods used, and dietary components
such as fibre (higher in the CD diet) and monounsaturated fat
(higher in the CRHP diet) may have affected glycaemic
control [22, 41, 42] and hepatic fat accumulation [31] inde-
pendently of the macronutrient distribution.

In accordance with our results, some studies provide
evidence of beneficial short-term effects of substituting
carbohydrate with either protein or fat on glycaemic
control and blood lipid profile in individuals with type
2 diabetes [9, 39]. However, meta-analyses are incon-
clusive regarding long-term benefits [9, 39] and, accord-
ingly, conclusions from the recent consensus statement
[8] on the efficacy of carbohydrate restriction remain
ambiguous. Nonetheless, this may be related to decreas-
ing dietary adherence over time [37, 39] or to heteroge-
neity among the included studies with respect to the
composition and quality of dietary macronutrients, and
differences in the amount of weight loss and concurrent
exercise training. Adherence to low-carbohydrate diets
may be particularly challenging when carbohydrate is
severely restricted, whereas more moderate restrictions
may be easier to comply with [37]. We have previously
shown that individuals with type 2 diabetes can effective-
ly migrate from full CRHP diet provision to a self-
selected and self-prepared CRHP dietary pattern for at
least 6 months in free-living conditions [43]. Before an
optimal diet composition can be recommended, future
studies should address long-term efficacy, feasibility and
safety of different eating patterns, irrespective of concur-
rent lifestyle modification, as well as their additive or
synergistic effects with weight loss [8].

In conclusion, a 6% weight loss induced by a CRHP
diet over 6 weeks modestly improved HbA1c, diurnal
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glucose, circulating triacylglycerol and liver fat to a
greater extent than the same amount of weight loss
induced by a CD diet. These findings indicate that
during matched weight loss, moderate carbohydrate
restriction with subsequent increases in protein and fat
can modestly improve metabolic health in individuals
with obesity and type 2 diabetes, at least in the short-
term. This may be relevant when designing dietary strat-
egies for the management of type 2 diabetes.
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