Diabetologia (2019) 62:2066–2078
https://doi.org/10.1007/s00125-019-4956-4

ARTICLE

A carbohydrate-reduced high-protein diet improves HbA1c
and liver fat content in weight stable participants with type 2
diabetes: a randomised controlled trial
Mads J. Skytte 1 & Amirsalar Samkani 1 & Amy D. Petersen 1 & Mads N. Thomsen 1 & Arne Astrup 2 & Elizaveta Chabanova 3 &
Jan Frystyk 4 & Jens J. Holst 5 & Henrik S. Thomsen 3 & Sten Madsbad 6 & Thomas M. Larsen 2 & Steen B. Haugaard 1,7 &
Thure Krarup 1
Received: 14 February 2019 / Accepted: 17 June 2019 / Published online: 23 July 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Aims/hypothesis Dietary recommendations for treating type 2 diabetes are unclear but a trend towards recommending a diet
reduced in carbohydrate content is acknowledged. We compared a carbohydrate-reduced high-protein (CRHP) diet with an isoenergetic conventional diabetes (CD) diet to elucidate the effects on glycaemic control and selected cardiovascular risk markers
during 6 weeks of full food provision of each diet.
Methods The primary outcome of the study was change in HbA1c. Secondary outcomes reported in the present paper include
glycaemic variables, ectopic fat content and 24 h blood pressure. Eligibility criteria were: men and women with type 2 diabetes,
HbA1c 48–97 mmol/mol (6.5–11%), age >18 years, haemoglobin >6/>7 mmol/l (women/men) and eGFR >30 ml min−1 (1.73 m)−2.
Participants were randomised by drawing blinded ballots to 6 + 6 weeks of an iso-energetic CRHP vs CD diet in an open label,
crossover design aiming at body weight stability. The CRHP/CD diets contained carbohydrate 30/50 energy per cent (E%), protein
30/17E% and fat 40/33E%, respectively. Participants underwent a meal test at the end of each diet period and glycaemic variables,
lipid profiles, 24 h blood pressure and ectopic fat including liver and pancreatic fat content were assessed at baseline and at the end of
each diet period. Data were collected at Copenhagen University Hospital, Bispebjerg and Copenhagen University Hospital, Herlev.
Results Twenty-eight participants completed the study. Fourteen participants carried out 6 weeks of the CRHP intervention
followed by 6 weeks of the CD intervention, and 14 participants received the dietary interventions in the reverse order. Compared
with a CD diet, a CRHP diet reduced the primary outcome of HbA1c (mean ± SEM: −6.2 ± 0.8 mmol/mol (−0.6 ± 0.1%) vs −0.75
± 1.0 mmol/mol (−0.1 ± 0.1%); p < 0.001). Nine (out of 37) pre-specified secondary outcomes are reported in the present paper,
of which five were significantly different between the diets, (p < 0.05); compared with a CD diet, a CRHP diet reduced the
secondary outcomes (mean ± SEM or medians [interquartile range]) of fasting plasma glucose (−0.71 ± 0.20 mmol/l vs 0.03 ±
0.23 mmol/l; p < 0.05), postprandial plasma glucose AUC (9.58 ± 0.29 mmol/l × 240 min vs 11.89 ± 0.43 mmol/l × 240 min;
p < 0.001) and net AUC (1.25 ± 0.20 mmol/l × 240 min vs 3.10 ± 0.25 mmol/l × 240 min; p < 0.001), hepatic fat content (−2.4%
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[−7.8% to −1.0%] vs 0.2% [−2.3% to 0.9%]; p < 0.01) and pancreatic fat content (−1.7% [−3.5% to 0.6%] vs 0.5% [−1.0% to
2.0%]; p < 0.05). Changes in other secondary outcomes, i.e. 24 h blood pressure and muscle-, visceral- or subcutaneous adipose
tissue, did not differ between diets.
Conclusions/interpretation A moderate macronutrient shift by substituting carbohydrates with protein and fat for 6 weeks
reduced HbA1c and hepatic fat content in weight stable individuals with type 2 diabetes.
Trial registration ClinicalTrials.gov NCT02764021.
Funding The study was funded by grants from Arla Food for Health; the Novo Nordisk Foundation Center for Basic Metabolic
Research, University of Copenhagen; the Department of Clinical Medicine, Aarhus University; the Department of Nutrition,
Exercise and Sports, University of Copenhagen; and Copenhagen University Hospital, Bispebjerg.
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Metabolism . Non-alcoholic fatty liver disease . Nutritional therapy . Type 2 diabetes mellitus . Weight stability

Abbreviations
CD
Conventional diabetes
CRHP
Carbohydrate-reduced high-protein
CVD
Cardiovascular disease
E%
Energy per cent
MMT
Mixed meal test
NAFLD Non-alcoholic fatty liver disease
SAT
Subcutaneous adipose tissue
TEE
Total energy expenditure
VAT
Visceral adipose tissue

Introduction
Insulin resistance and impaired beta cell function are core defects in type 2 diabetes responsible for the pathophysiological

disturbances leading to hyperglycaemia, dyslipidaemia and
hypertension [1]. Nutritional therapy constitutes an initial
and important treatment, but dietary recommendations are
ambiguous. Overweight individuals with type 2 diabetes
have been advised to consume a hypocaloric diet low in
fat and high in carbohydrates with a low glycaemic index
[2, 3], although recent guidelines tend to put less emphasis
on macronutrient distribution in favour of individualised
diets [4, 5].
Conclusions on the efficacy of low-carbohydrate diets have
been conflicting, and in some studies body weight loss has
complicated the interpretation of the results [6]. Nevertheless,
a lower carbohydrate content of the diet has been found to
reduce postprandial and diurnal hyperglycaemia in individuals
with type 2 diabetes [7, 8]. We recently extended these findings
by demonstrating an immediate beneficial effect of substituting
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carbohydrates with fat and proteins on postprandial
hyperglycaemia, hyperinsulinaemia and dyslipidaemia [9, 10].
Non-alcoholic fatty liver disease (NAFLD) is common
in individuals with type 2 diabetes [11]. The histopathological spectrum of NAFLD ranges from non-alcoholic
steatosis to non-alcoholic steatohepatitis and fibrosis of
the liver [12]. NAFLD has, independent of conventional
risk factors, been associated with increased incidence of
cardiovascular disease (CVD) in individuals with type 2
diabetes [13].
The present study evaluates the effects on glycaemic
control, ectopic fat accumulation and selected risk factors for CVD during 6 weeks of carbohydrate-restricted
meal provision in weight stable participants with type 2
diabetes.

Methods

Diabetologia (2019) 62:2066–2078

Dietary interventions
For 12 weeks, participants were provided, free of charge, with
five daily meals to fully cover daily energy needs (breakfast
25% of total energy expenditure [TEE%], lunch 30 TEE%,
pre-dinner snack 7.5 TEE%, dinner 30 TEE%, post-dinner
snack 7.5 TEE%). Consistent with diabetes dietary guidelines
provided by the Diabetes and Nutrition Study Group (DNSG)
of the EASD [2], the conventional diabetes (CD) diet
consisted of 50% energy (E%) carbohydrate, 17 E% protein
and 33 E% fat. Macronutrient composition of the
carbohydrate-reduced high-protein (CRHP) diet was 30 E%
carbohydrate, 30 E% protein and 40 E% fat (electronic supplementary material [ESM] Table 1). Meals were prepared as
a 7 day rotational procedure and produced and distributed
twice weekly by trained personnel at the Department of
Nutrition, Exercise and Sports, Copenhagen University.
Participants were restricted to consume study meals and beverages only according to assigned intervention. Ad libitum
intake of non-caloric beverages was allowed.

Study design
Provision of foods for maintenance of body weight
The study was designed as a 6 + 6 week open label,
randomised, crossover-controlled trial. Inclusion criteria were:
men and women with type 2 diabetes [14], HbA1c 48–
97 mmol/mol (6.5–11%), age >18 years, haemoglobin >6/>7
mmol/l (women/men) and eGFR >30 ml min−1 (1.73 m)−2.
Range of eGFR was 56 m l m in − 1 (1.73 m) − 2 to
>90 ml min−1 (1.73 m)−2. The lower HbA1c inclusion criterion
was adjusted from the initial 58 mmol/mol (7.5%) to
48 mmol/mol (6.5%) to facilitate recruitment. Exclusion
criteria were: critical illness, systemic corticosteroid treatment,
severe food allergy or intolerance, severe gut disease, alcohol
dependence syndrome, injectable diabetes medication, repeated fasting plasma glucose >13.3 mmol/l, urine albumin/
creatinine ratio > 300 mg/g, lactation, pregnancy or planning
of pregnancy during the study and inability, physically or
mentally, to comply with the procedures required by the study
protocol. Examinations were initiated in April 2016 and
terminated according to the pre-specified study plan in
November 2017. All physical examination procedures
were performed at Copenhagen University Hospital,
Bispebjerg, except the MRI and spectroscopy, which were
performed at Copenhagen University Hospital, Herlev. A
third-party study nurse randomised the participants by
drawing blinded ballots. Block randomisation was applied
with block sizes of two and balanced to ensure allocation
in a 1:1 ratio.
All participants signed informed consent prior to any
study-related procedures. The study was approved by the local
Scientific Ethical Committee and carried out in accordance
with the Declaration of Helsinki. The study was registered at
ClinicalTrials.gov (registration no. NCT02764021).

Daily total energy expenditure (TEE) was estimated by an
algorithm based on participant characteristics and body composition measured by dual-energy x-ray absorptiometry
(Lunar iDXA, General Electric Healthcare, GE Medical
Systems, Belgium), as previously described [9, 15]. Body
weight was measured twice weekly. If changes occurred, energy intake was adjusted accordingly, by lowering/increasing
portion sizes and/or by adding/retracting with additional
0.5 MJ macronutrient-adjusted meal snacks, to ensure weight
stability. Participants were repeatedly instructed to maintain a
constant physical activity level. Furthermore, participants
were instructed to keep records of any leftovers and were
interviewed twice per week to ensure adherence to study diets.

Urine samples
Twenty-four-hour urine samples were collected after 4 weeks
on each diet to evaluate compliance to interventions unconfounded by the investigational programme. We used quantification of 24 h urinary urea excretion, based on an enzymatic
ultraviolet test (ABX Pentra 400 Urea CP, Horiba ABX SAS,
France), which provides a validated measure of protein intake
[16]. Moreover, samples were used to assess 24 h urinary
glucose excretion by colorimetry (ABX Pentra 400 Glucose
PAP CP, Horiba ABX SAS), 24 h urinary albumin excretion
by an immunoturbidimetric test (ABX Pentra 400 Micro
Albumin 2 CP, Horiba ABX SAS) and 24 h urinary creatinine
excretion based on the reaction between creatinine and sodium picrate (ABX Pentra 400 Creatinine 120 CP, Horiba ABX
SAS) to calculate albumin/creatinine ratio.
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Blood samples
Blood samples were collected after a 12 h overnight fast.
Serum was stored at room temperature for 30 min to ensure
coagulation before centrifugation. Plasma was collected in
EDTA-treated test tubes and immediately centrifuged after
sampling. Serum was used for analysis of insulin, C-peptide,
NEFA, total cholesterol, HDL-cholesterol, triacylglycerol,
apolipoprotein A1 (ApoA-1) and apolipoprotein B (ApoB).
IMMULITE 2000 Immunoassay System (Siemens
Healthcare, Erlangen, Germany) was used to analyse insulin
and C-peptide. Wako NEFA-HR(2) (ASC-ACOD method,
Wako Chemicals, Neuss, Germany) was used for fasting
NEFA concentrations. Enzymatic colorimetric assays
(CHOL2, HDLC4 and TRIGL, Cobas 6000, Roche
Diagnostics, Mannheim, Germany) were used to analyse total
cholesterol, HDL-cholesterol and triacylglycerol, respectively.
LDL-cholesterol was calculated by using the Friedewald
equation [17]. Non-HDL-cholesterol was calculated by
subtracting HDL-cholesterol from total cholesterol. ApoA-1
and ApoB were analysed using an immunoturbidimetric test
(APOAT and APOBT, Cobas 6000, Roche Diagnostics).
Plasma glucose concentrations were analysed immediately after sampling by use of YSI 2300 STAT Plus
(Yellow Springs Instruments, Yellow Springs, OH, USA).
Whole blood was collected and handled in accordance with
local operating procedure for analysis of HbA1c using the
Tosoh Automated Glycohemoglobin Analyser HLC723G8 (G8; Tosoh Bioscience, Japan). Insulin resistance
(HOMA2-IR) was calculated by use of the HOMA2 calculator (version 2.2.3; www.dtu.ox.ac.uk/homacalculator/,
accessed 14 January 2019) based on fasting plasma
glucose and C-peptide.

Mixed meal testing
As displayed in ESM Fig. 1, a CRHP mixed meal test (MMT)
was performed after 6 weeks of CRHP intervention and a CD
MMT was performed after 6 weeks of CD intervention in
order to test the postprandial responses of the two study diets,
i.e. differences in macronutrient composition. Solid phase
mixed test meals (ESM Table 1) were produced in five energy
levels ranging from 2.25 MJ (598 kcal) to 3.25 MJ (837 kcal)
to approximately match 25% of TEE for each participant. All
ingredients were weighed out with an accuracy of 0.5 g by
trained personnel at the research kitchen, Department of
Nutrition, Exercise and Sports, University of Copenhagen.
Participants were instructed to avoid any strenuous physical
activity 48 h prior to meal tests. Alcohol consumption was
prohibited during the entire study. Meal tests were performed
after consumption of a standardised CD or CRHP dinner according to assigned intervention and a subsequent 12 h overnight fast. A peripheral i.v. cannula was inserted in an
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antecubital vein before a solid CRHP or iso-energetic
CD meal was served at time 0 and consumed within
25 min. Participants remained sedentary throughout the
examination.

Magnetic resonance examination
Magnetic resonance measurements were performed at baseline and at the end of each dietary intervention period using a
3.0 T Ingenia MRI system (Philips Medical Systems, Best, the
Netherlands) with a dStream torso coil. Magnetic resonance
scanning protocol included planning scans, single voxel spectroscopy (Point RESolved Spectroscopy [PRESS]) for measuring liver fat content and muscle fat content [18, 19], and
chemical shift encoding-based water-fat imaging (mDixon)
for measuring pancreatic fat content, visceral adipose tissue
(VAT), subcutaneous adipose tissue (SAT) and waist perimeter. Means of duplicate analyses of pancreas fat fractions were
used to reduce intra-observer variability. VAT and SAT volumes and waist perimeter were measured using a single transverse section of 10 mm thickness acquired at the middle of the
third lumbar vertebra, as described in detail previously [20].
All magnetic resonance data were analysed by a research technician blinded to treatment.

Diurnal blood pressure
Twenty-four-hour ambulatory blood pressure (ambulatory
blood pressure monitor: Model 90217, Spacelabs
Healthcare, WA, USA) was measured at home at baseline
and at the end of each dietary treatment period.

Statistical analysis
An a priori calculation of sample size was performed based on
earlier published effect size [7]. With 90% power, a sample
size of six participants was sufficient to detect a 12.1 mmol/
mol (~1.1%) between-diet difference in the primary outcome,
HbA 1c , in this crossover setting, provided an SD of
±6.6 mmol/mol (~0.6%) and a significance level of 5%. To
account for possible dropouts, smaller than expected effect
size and multiple pre-specified exploratory analyses of secondary endpoints, a total of 30 participants were included.
The study includes a total of 37 pre-specified secondary
outcomes, of which nine, i.e. glycaemic variables, ectopic
fat content and 24 h blood pressure, are presented in this paper
(for details on all outcomes, please refer to ESM Table 2).
Other pre-specified outcomes, i.e. beta cell function, NEFA
metabolism, low-grade inflammation, growth hormone axis,
heart rate variability, gut and satiety hormones and subjective
satiety will, following analyses, be reported subsequently. The
statistical analysis of the primary outcome and the secondary
outcomes was performed with a significance level of p < 0.05
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(two-tailed test). Due to multiple comparisons, a risk of falsepositive results may inherently exist.
Results are presented as means (±SEM) or as medians (interquartile range) if normal distribution assumptions were not
met as assessed by visual examination. AUC was calculated
using the trapezoidal rule. Net AUC was calculated by
subtracting area below baseline values from the AUC. A linear mixed effects model was used to evaluate differences in
treatment effects between diets adjusted for body weight
change for all variables reported, except body weight and
BMI, for which a paired sample t test was applied. All linear
mixed effects models included body weight change and an
interaction between diet and period as fixed effects. To account for inter-participant variability caused by the paired design, participants were applied as random effects. Residuals
were visually examined for linearity and normality. If appropriate, data were log transformed to meet model assumptions
for the mixed effects model. Depending on the distribution of
data, a paired sample t test or a Wilcoxon signed-rank test was
used to evaluate differences between baseline circulating and
imaging biomarkers. Baseline values were defined as means
of the initial measurements at the beginning of the two CRHP
and the two CD dietary treatment periods. Due to the crossover design, the final measure of the first 6 week period was
used as the baseline for the second 6 week period. Considering
the low dropout rate (2 out of 30), only per-protocol analyses
were carried out. All available data were included, i.e. n = 28,
except for 24 h ambulatory blood pressure monitoring and
hepatic and pancreatic fat fractions, which, due to technical
failure and problems with diurnal urine sampling, were obtained in 27 participants only. Statistical analyses were performed by use of RStudio (Version 0.99.473; RStudio,
Boston, MA, USA) and graphical presentations were made
using GraphPad Prism (Version 7.02; GraphPad Software,
San Diego, CA, USA).
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Table 1

Baseline characteristics of study participants (n = 28)

Baseline characteristics

Value

Sex (male/female)
Age (years)
Duration of T2D (years)
BMI (kg/m2)
Estimated daily TEE (MJ)
Diurnal systolic BP (mmHg)
Diurnal diastolic BP (mmHg)
Fasting plasma glucose (mmol/l)
HbA1c (mmol/mol)
HbA1c (%)
Medication use
Glucose-lowering medication
No glucose-lowering agents
1 glucose-lowering agent
2 glucose-lowering agents
3 glucose-lowering agents
>3 glucose-lowering agents

20/8
64 (±7.7)
7.0 (±5.4)
30.1 (±5.2)
10.5 (±1.6)
125.8 (±12.2)
77.1 (±9.2)
9.4 (±1.4)
59.6 (±8.4)
7.6 (±0.8)
24
4
15
6
3
0

Biguanides
DPP-4 inhibitors
SGLT2 inhibitors
Lipid-lowering medication
Antihypertensive medication

22
9
5
20
16

Values are expressed as means (±SD) or n
DPP-4, dipeptidyl peptidase-4 s; SGLT2, sodium-glucose cotransporter 2;
T2D, type 2 diabetes

Baseline measurements
Except for fasting triacylglycerol (p = 0.01), none of the circulating biomarkers, MRI- or spectroscopy-derived markers
of fat content or anthropometric measurements differed between diets at baseline for each intervention period.

Results

Primary endpoint

In addition to the primary outcome, we report on nine secondary and 27 exploratory outcomes, of which five secondary and
11 exploratory were significant at p < 0.05.

HbA1c Compared with a CD diet, a CRHP diet reduced HbA1c
(−6.2 ± 0.8 mmol/mol vs −0.75 ± 1.0 mmol/mol, corresponding to −0.6 ± 0.1% vs −0.1 ± 0.1%; p < 0.001) (Table 2, Fig. 2).

Secondary endpoints
Participants
Baseline characterisation of study participants and the study
flow diagram are displayed in Table 1 and Fig. 1, respectively.
All glucose-lowering, lipid-lowering and antihypertensive
medications were stable at least 2 months prior to initiation
of the study and remained unchanged throughout the study
period (Table 1).

Fasting glucose and postprandial glucose excursions
Compared with a CD diet, a CRHP diet reduced fasting plasma
glucose (−0.71 ± 0.20 mmol/l vs 0.03 ± 0.23 mmol/l; p < 0.05;
Table 2). When participants were subjected to a meal challenge
after 6 weeks of treatment, a CRHP diet reduced postprandial
plasma glucose AUC and net AUC by 19.4% and 59.7% (both
p < 0.001) as compared with a CD diet (Table 3, Fig. 3).
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Prescreening
(n=247)

Excluded

• HbA1c <48 mmol/mol (6.5%) (n=57)
• Lack of time (n=42)
• Comorbidities (n=17)
• Medication not in accordance

Screening
(n=38)

Excluded

• Inability to comply with study

with study protocol (n=18)

• Other (n=75)

protocol (n=4)

• Albumin/creatinine ratio >300 (n=1)
• HbA1c <48mmol/mol (6.5%) (n=1)

Positive
screening
(n=32)
Dropped out prior to interventions

• Due to hospitalisation (n=2)
Initiated
(n=30)

Dropped out

• Relocation (n=1)
• Inability to adhere
to diets (n=1)

6 week CD diet

6 week CRHP diet

(n=14)

(n=16)

6 week CRHP diet

6 week CD diet

(n=14)

(n=14)

Completers
(n=28)

Fig. 1 Study and participant flow diagram. Timerange from randomisation to initiation of intervention was 15–44 days vs 16–44 days for the CRHP vs
CD diet

Magnetic resonance Compared with a CD diet, a CRHP diet
reduced liver fat fraction (−2.4% [−7.8% to −1.0%] vs 0.2%
[−2.3% to 0.9%]; p < 0.01; Fig. 4) and pancreatic fat fraction
(−1.7% [−3.5% to 0.6%] vs 0.5% [−1.0% to 2.0%]; p < 0.05).
Changes in muscle fat fraction, VAT and SAT did not differ
between diets (Table 2).
Diurnal blood pressure measurements Changes in systolic
or diastolic 24 h blood pressure during CRHP and CD
dietary therapy did not differ significantly between diets
(Table 2).

Exploratory endpoints
Metabolic and lipid variables Changes in fasting insulin,
fasting C-peptide and HOMA-IR did not differ between diets
(Table 2). Compared with a CD diet, a CRHP diet reduced
fasting triacylglycerol (−0.43 mmol/l [−0.77 to −0.16] vs
0.12 mmol/l [0.01 to 0.44]; p < 0.001), total cholesterol
(−0.44 ± 0.10 mmol/l vs 0.00 ± 0.10 mmol/l; p < 0.05) and
non-HDL-cholesterol (−0.44 ± 0.10 mmol/l vs 0.04 ±
0.09 mmol/l; p < 0.05). Changes in LDL-cholesterol, HDLcholesterol, ApoA-1, ApoB, ApoA-1/ApoB ratio and fasting
NEFA did not differ between diet interventions (Table 2).

Mixed meal testing Participants underwent mixed meal testing
after each of the two 6 week diets. This meal challenge
showed that the CRHP diet, when compared with the CD diet,
reduced postprandial insulin AUC and net AUC by 8.0% and
11.4% (both p < 0.05), postprandial C-peptide AUC and net
AUC by 9.6% and 15.8% (both p < 0.05), postprandial NEFA
AUC and net AUC by 9.6% and 12.4% (both p < 0.05), and
postprandial triacylglycerol AUC by 30.3% (p < 0.001). No
difference was found in postprandial net triacylglycerol AUC
between diets due to the difference in fasting value (Table 3,
Fig. 3).
Twenty-four-hour urinary excretion Twenty-four-hour urinary
urea excretion was measured as a marker of compliance of
protein intake and was 82% higher on a CRHP diet compared
with a CD diet (p < 0.001). This corresponded to the 79.4%
higher protein content of the CRHP diet. No differences between CRHP and CD diets were found in 24 h urinary glucose
excretion, albumin excretion or albumin/creatinine ratio
(Table 3).
Anthropometric measurements Changes in body weight,
BMI or waist circumference during CRHP and CD dietary
treatment did not differ between diets (Table 2).
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Effects of CRHP and CD dietary treatment

Variable

CRHP diet
Baselinea

Metabolic variables
HbA1c (mmol/mol)
HbA1c (%)
Fasting glucose (mmol/l)
Fasting insulin (pmol/l)
Fasting C-peptide (pmol/l)
HOMA2-IR
Magnetic resonance
Liver fat fraction (%)
Pancreas fat fraction (%)
Muscle fat fraction (%)
SAT (cm3)
VAT (cm3)
Diurnal BP

CD diet
Baselinea

Treatment effect

57.6 (±1.5)
−6.2 (±0.8)
7.4 (±0.1)
−0.6 (±0.1)
9.04 (±0.10)
−0.71 (±0.20)
62.6 (46.7 to 110.0) −0.9 (−16.4 to 11.4)
966.1 (±64.6)
−22.6 (±32.2)
2.4 (1.9 to 3.0)
0.0 (−0.3 to 0.2)
5.8 (2.1 to 12.5)
6.1 (4.5 to 13.1)
4.6 (±0.5)
218.5 (±18.4)
277.4 (±21.7)

Systolic BP (mmHg)
124.6 (±2.1)
Diastolic BP (mmHg)
76.4 (±1.7)
Lipid variables
Fasting NEFA (mmol/l)
0.68 (0.56 to 0.87)
Fasting triacylglycerol (mmol/l) 1.46 (1.32 to 2.14)
Total cholesterol (mmol/l)
3.80 (±0.19)
LDL-cholesterol (mmol/l)
1.91 (±0.16)
HDL-cholesterol (mmol/l)
1.07 (±0.04)
Non-HDL-cholesterol (mmol/l) 2.73 (±0.19)
ApoA-1 (g/l)
1.34 (±0.04)
ApoB (g/l)
0.84 (±0.04)
ApoB/ApoA-1
0.64 (±0.04)
Anthropometric measurements
Weight (kg)
88.4 (±3.6)
BMI (kg/m2)
29.4 (±1.0)
Waist circumference (cm)
106.1 (±2.4)

−2.4 (−7.8 to −1.0)
−1.7 (−3.5 to 0.6)
−0.5 (±0.4)
−6.6 (±3.0)
−15.4 (±5.2)
−4.1 (±1.8)
−2.9 (±1.0)

Treatment effect

n

p value

55.4 (±1.7)
7.2 (±0.2)
8.76 (±0.30)
62.1 (42.1 to 106.4)
919.0 (±58.3)
2.4 (1.8 to 3.0)

−0.8 (±1.0)
−0.1 (±0.1)
0.03 (±0.23)
3.7 (−7.0 to 20.8)
17.2 (±23.7)
−0.1 (−0.4 to 0.3)

28 <0.001
28 <0.001
28 <0.05
28 0.296
28 0.443
28 0.996

3.3 (1.4 to 8.7)
4.5 (3.1 to 13.0)
4.3 (±0.4)
220.3 (±18.9)
273.1 (±23.0)

0.2 (−2.3 to 0.9)
0.5 (−1.0 to 2.0)
0.6 (±0.4)
−7.9 (±3.9)
−6.8 (±4.5)

27 <0.01
27 <0.05
28 0.192
28 0.832
28 0.592

123.4 (±2.4)
75.4 (±1.8)

−0.09 (−0.20 to 0.05)
−0.43 (−0.77 to −0.16)
−0.44 (±0.10)
−0.18 (±0.08)
0.00 (±0.03)
−0.44 (±0.10)
−0.06 (±0.03)
−0.09 (±0.02)
−0.05 (±0.02)

Between diets

0.63 (0.54 to 0.80)
1.34 (1.00 to 1.79)
3.64 (±0.15)
1.88 (±0.13)
1.09 (±0.04)
2.55 (±0.15)
1.33 (±0.04)
0.81 (±0.04)
0.62 (±0.03)

1.3 (±1.9)
0.2 (±1.1)
−0.05 (−0.17 to 0.02)
0.12 (0.01 to 0.44)
0.00 (±0.10)
−0.09 (±0.08)
−0.04 (±0.02)
0.04 (±0.09)
−0.02 (±0.02)
−0.01 (±0.03)
0.00 (±0.02)

27
27

0.109
0.097

28 0.433
28 <0.001
28 <0.05
28 0.874
28 0.211
28 <0.05
28 0.702
28 0.088
28 0.210

−1.4 (±0.2)

88.3 (±3.6)

−0.8 (±0.2)

28

0.071

−0.5 (±0.1)
−1.0 (±0.5)

29.4 (±0.9)
106.2 (±2.4)

−0.3 (±0.1)
−0.3 (±0.6)

28
28

0.070
0.806

Descriptive statistics are presented as means (±SEM) or medians (interquartile range) of raw data
For all data, except body weight and BMI, a linear mixed effects model was used to evaluate weight change-adjusted differences in treatment effect
between diets by contrasting joint effects of CRHP against CD diets. A paired sample t test was used to evaluate differences between diets in body weight
and BMI
a

Baseline is defined as the beginning of each dietary intervention period

Adverse effects
During the CRHP diet intervention, four participants suffered
from constipation (one was treated with laxative), one was
diagnosed with vitreous degeneration, one was diagnosed
with paroxysmal atrial fibrillation, one showed symptoms of
bursitis and two complained of sleep disturbances. During CD
dietary treatment, one participant complained of sleep disturbances and two suffered from upper respiratory tract infections. Although the literature provides divergent results [21,
22], the higher number of participants suffering from

constipation in the CRHP group may relate to the lower content of dietary fibre in the CRHP diet, but other adverse effects
seem unrelated to the intervention.

Discussion
In this randomised controlled clinical dietary intervention
study with 6 + 6 weeks of full food provision, the consumption of a CRHP diet reduced to a greater extent the primary
outcome, HbA1c, than a CD diet, in addition to the following
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a

Fig. 2 Baseline adjusted change
in (a) HbA1c (between diets,
p < 0.001), (b) fasting
triacylglycerol (between diets,
p < 0.001), (c) fasting insulin
(between diets, p = 0.296) and (d)
total fasting body weight
(between diets, p = 0.071) during
6 weeks of CRHP and CD
treatment. All graphs are
presented as means (±SEM).
White squares, CRHP diet; black
triangles, CD diet

b
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pre-specified secondary outcomes: fasting plasma glucose,
postprandial plasma glucose and hepatic and pancreatic fat
content. Remaining secondary outcomes, i.e. 24 h blood pressure, muscle adipose tissue, VAT or SAT, revealed no differences between diets. As exploratory analyses, we found that a
Table 3

1

2

3

4

Time (weeks)

CRHP diet lowered total cholesterol, non-HDL-cholesterol
and fasting triacylglycerol to a greater extent than a CD diet,
indicating improved atherogenic lipid profile following carbohydrate restriction. However, these findings must be
interpreted with caution due to their exploratory nature.

Postprandial responses to MMTs and assessment of diurnal urinary biomarkers

Variable
Postprandial variablesa
Glucose AUC (mmol/l × 240 min)
Glucose net AUC (mmol/l × 240 min)
Insulin AUC (pmol/l × 240 min)
Insulin net AUC (pmol/l × 240 min)
C-peptide AUC (pmol/l × 240 min)
C-peptide net AUC (pmol/l × 240 min)
NEFA AUC (pmol/l × 240 min)
NEFA net AUC (pmol/l × 240 min)
Triacylglycerol AUC (mmol/l × 240 min)
Triacylglycerol net AUC (mmol/l × 240 min)
24 h urine sampleb
Urea (mmol/24 h)
Glucose (mmol/24 h)
Albumin (mg/24 h)
Albumin/Creatinine (mg/g)

CRHP diet
End of treatment

CD diet
End of treatment

Between diets

9.58 (±0.29)
1.25 (±0.20)
239 (183 to 356)
173 (128 to 239)
2279 (±137)
1335 (±97)
352 (302 to 378)
−248 (−348 to −182)
1.45 (±0.08)

11.89 (±0.43)
3.10 (±0.25)
260 (174 to 364)
195 (112 to 273)
2521 (±185)
1585 (±151)
390 (295 to 483)
−220 (−318 to −130)
2.09 (±0.21)

n
28
28
28
28
28
28
28
28
28

p value
<0.001
<0.001
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.001

0.22 (±0.03)

0.33 (±0.05)

28

0.109

975.7 (±58.8)
1.3 (0.7 to 42.6)
8.7 (2.2 to 18.4)
4.8 (1.6 to 10.8)

535.7 (±27.5)
5.7 (1.1 to 132.1)
11.1 (2.9 to 22.8)
7.1 (2.1 to 12.5)

27
27
27
27

<0.001
0.165
0.305
0.262

Data are presented as means (±SEM) or medians (interquartile range)
For all data a linear mixed effects model was used to evaluate weight change-adjusted differences in treatment effect between diets
a

Postprandial variables derived from mixed meal testing comparing a solid CRHP diet to a solid CD diet after 6 weeks of CRHP and CD dietary
treatment, respectively

b

Twenty-four-hour urinary biomarkers were assessed after 4 weeks of CRHP and CD dietary treatment
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Fig. 3 Postprandial responses to a
CRHP diet and a CD diet.
Postprandial (a) plasma glucose,
(b) insulin, (c) C-peptide, (d)
NEFA and (e) triacylglycerol
excursions during a 4 h MMT on
a CD and a CRHP breakfast (Br)
after 6 weeks on dietary
treatment. All graphs and AUC/
net AUC bars are presented as
means (±SEM). Between-diet
differences were evaluated by a
linear mixed effects model;
**p < 0.01, ***p < 0.001. White
squares, CRHP diet; black
triangles, CD diet
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In agreement with previous findings [7–9], postprandial
plasma glucose was significantly lower on a CRHP diet as
compared with a CD diet, which was in part explained by
the dose–response relationship between dietary carbohydrates
and glucose excursions. Recently, we demonstrated that a

CRHP

AUC

CD

CRHP

CD

Net AUC

CRHP diet acutely reduced postprandial blood glucose level
and insulinaemia in individuals with type 2 diabetes [9].
Although the applied MMT method is unsuitable to address
changes or adaptions to study diets over time, the present
findings confirm that the effect, i.e. the reduction in
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Fig. 4 Changes in hepatic fat content. Data are presented as medians
(interquartile range) with spaghetti-diagrams to present individualised
changes in the hepatic fat fraction. The line within each box represents
the median, and the top and bottom of the box represent the 75th and 25th
percentiles, respectively. The whiskers indicate the maximum and minimum values. The between-diet difference was evaluated by a linear
mixed effects model; **p < 0.01

postprandial blood glucose level and insulinaemia, is maintained after 6 weeks of a highly controlled CRHP dietary
treatment. Importantly, postprandial glycaemia, compared
with fasting glycaemia, contributes relatively more to HbA1c
in individuals with well-controlled type 2 diabetes [23]. As no
differences between diets were found in HOMA-IR, and only
a modest decrease in fasting plasma glucose was observed on
the CRHP diet, the reduction in HbA1c may primarily be due
to a persistent reduction in postprandial blood glucose level
during the CRHP dietary treatment. Yet, other mechanisms
may contribute to the improved glycaemic control on the
CRHP diet, e.g. the relatively higher content of monounsaturated fatty acids [24] and specific food items such as dairy
products, nuts, etc. [25, 26]. We further speculate that the
higher content of fat in the CRHP diet may slow the rate of
gastric emptying and, in turn, decrease the rate of glucose
delivery to the circulation.
Our study is in line with a growing body of evidence
supporting the short-term beneficial effect of carbohydrate restriction on glycaemic control [27, 28]. However, inconclusive
results exist regarding the long-term effects of such lowercarbohydrate diets [29–31]. Low compliance to adhere to various study diets in longer-term studies may have played a central role in the absence of significant effects. In the present
study, the duration of food provision was limited to 6 weeks,
which was not an adequate time to achieve steady state for
changes in HbA1c. However, in contrast to the CD diet, the
CRHP diet gradually reduced mean HbA1c by 6.2 mmol/mol
(0.6%), suggesting that HbA1c may be even further reduced
over a longer diet period. In this context, the UK Prospective
Diabetes Study found that a 10 mmol/mol (~1%) reduction in
HbA1c over 10 years significantly decreased the risk of microvascular complications in individuals with type 2 diabetes [32].
Hence, the demonstrated decrement in HbA1c in relation to full
CRHP food provision is most likely of clinical relevance.

Individuals with type 2 diabetes are at high risk of CVD
and hypertension, and lipid disturbances are recognised to
play a significant role in the development and progression of
CVD [33]. We found that a CRHP diet improved blood lipids
towards a less atherogenic profile by reducing total cholesterol, fasting triacylglycerol and non-HDL-cholesterol.
However, blood lipid analyses were exploratory only and
long-term studies are needed to reproduce these findings and
to evaluate whether a CRHP diet will eventually affect the risk
of both micro- and macrovascular complications.
Studies have reported that hepatic de novo lipogenesis is
elevated in hyperinsulinaemic individuals [34, 35] and in individuals consuming a low-fat high-carbohydrate diet [35]. In
the present study, a moderate reduction in dietary carbohydrate induced a substantial decrease in postprandial glucose
and insulin concentrations and a concomitant decline in the
hepatic fat fraction. Together, these findings indicate that the
present shift in macronutrient composition may modulate the
rate of de novo lipogenesis and subsequently reduce the hepatic fat fraction.
An elevated supply of fatty acids to the liver is considered
essential for hepatic fat accumulation [36]. The reduction in
fasting and postprandial triacylglycerol concentrations during
the CRHP diet may result from reduced de novo lipogenesis
due to the persistent reduction in insulin excursions.
Moreover, lipoprotein lipase (LPL) is activated by insulin to
promote hydrolysis of dietary-derived chylomicrons and
triacylglycerol-rich lipoproteins, subsequently leading to a
‘spill-over’ of fatty acids, which thereby contributes to the
circulating NEFA pool [37]. Thus, a reduction in de novo
lipogenesis and the lower NEFA levels may both contribute
to lower the hepatic fat fraction found following the CRHP
diet. Population-based studies suggest the 1H-MRS cut-off
value for hepatic steatosis to be 5.6% [38]. However, newer
data based on the correlation between liver biopsies and proton magnetic resonance spectroscopy (1H-MRS) suggest that
a lower cut-off value of approximately 1.8–3.0% is more appropriate [39, 40]. Irrespective of the defined upper limit of
hepatic steatosis, all participants with steatosis (except one)
showed a decrease in liver fat content on the CRHP intervention (Fig. 4). As steatosis has previously been linked to an
attenuated ability to suppress endogenous glucose production
[41], the observed decrease in liver fat content on the CRHP
diet may also improve glucose homeostasis.
No clear consensus exists regarding the pathophysiological
aspects and clinical implications of fat accumulation in the
pancreas [42, 43]. In the present study, a CRHP diet was found
to decrease pancreatic fat content as compared with a CD diet,
but whether the reduction in pancreatic fat is mechanistically
related to the improved glucose metabolism is yet to be
clarified.
The safety of substituting dietary carbohydrates with fat
and proteins is debated [44, 45]. A large prospective cohort

2076

study, performed in mainly non-diabetic individuals, concluded that substituting carbohydrates with animal protein and fat
was associated with an increased all-cause mortality [46], but
a lower mortality risk was found when carbohydrates were
substituted for plant protein and fat, emphasising that food
sources may be pivotal [46]. However, these associations
should be interpreted with caution as the causality cannot be
established by observational studies.
High-protein diets have been proposed to have potential
deleterious effect on renal function [47]. A meta-analysis of
randomised controlled trials found that low-protein diets improved GFR in individuals with diabetic nephropathy [48]. In
the present study, the two diets did not affect 24 h urinary
albumin excretion or albumin/creatinine ratio. This finding is
consistent with previous studies investigating the long-term
effect of low-carbohydrate, high-protein diets on renal
markers in individuals with type 2 diabetes without overt kidney disease [49, 50].
Among the limitations of this study are the unblinded design, the short duration of intervention, the sex imbalance and
the lack of objective quantification of physical activity level.
The study was designed to address numerous endpoints (ESM
Table 2). As stated, this possesses an important limitation due
to multiplicity and the risk of false-positive findings. Hence,
secondary, and especially exploratory, endpoints must be
interpreted with caution and further studies are warranted to
reproduce and confirm our present findings. We chose not to
use a washout period between the two 6 week periods. There
were several reasons for this. First, HbA1c reflects the average
glucose level over the previous 2–3 months, and to obtain
equilibrium on HbA1c a similar washout period is required.
Second, the participants’ eating habits during a washout period might be influenced by the first study period. This could,
subsequently, influence baseline values of the second study
period. Third, we wanted to minimise the dropout rate by
reducing the already very large burden of the study for the
participants. The strengths of the present study were the low
dropout rate, the equal control of body weight in the two diet
groups and the high adherence to study diets ensured by full
meal provision and close surveillance of study participants.
Moreover, compliance was confirmed by quantification of
24 h urinary urea excretion.
In conclusion, we found that a CRHP diet, as compared
with a CD diet, decreased hepatic and pancreatic fat content
and improved glycaemic control in well-controlled participants with type 2 diabetes during 6 weeks of food provision
and stable body weight conditions. This calls for future studies
to elucidate the long-term beneficial effects and feasibility of
CRHP diets in a real-life setting.
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