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Abstract

Background: High-protein diets have been recognized as a potential strategy in the
nutritional management of type 2 diabetes (T2D). Mycoprotein is a high-fibre, high-
protein food ingredient previously shown to improve acute glycaemic control. We
determined whether incorporating mycoprotein into a high-protein vegan diet would
improve glycaemic control to a greater extent than an isonitrogenous omnivorous
diet in people with T2D.

Methods: Seventeen adults (f = 5, age = 58.3 + 8.3 years, BMI = 32.9 + 4.7 kg-m™2,
HbA1c = 60 + 15 mmol-mol~) with T2D were randomly allocated to a 5-week euca-
loric high-protein (30% energy from protein) diet, either an omnivorous diet (OMNI,;
70% protein from omnivorous sources) or an isonitrogenous, mycoprotein-rich, vegan
diet (VEG; 50% protein from mycoprotein). Glycaemic control was assessed using a
two-step hyperinsulinaemic-euglycaemic clamp (HEC) with D-[6,6-?H,] glucose infu-
sion, a mixed-meal tolerance test (MMTT) and continuous glucose monitoring.
Results: The rate of glucose disappearance (RdT), glucose disposal rate and endoge-
nous glucose production, as well as postprandial time-course of blood glucose, serum
insulin and C-peptide were assessed during the HEC and MMTT, respectively. Both
groups had improved peripheral insulin sensitivity (intervention effect, p = 0.006;
increased RdT/Insulin of 1.0 + 0.6 and 1.0 = 0.3 mg kg~* min~* in OMNI and VEG,
respectively), HbAlc (intervention; p = 0.001) and glycaemic variability (intervention;
p = 0.040; increased time in-range of 11.8 + 9.3% and 23.3 + 12.9% in OMNI and
VEG). There were no improvements in hepatic insulin sensitivity or in postprandial
blood glucose and serum C-peptide (p > 0.05) during the MMTT.

Conclusions: High-protein diets, whether predicated on vegan or omnivorous pro-
teins, can improve glycaemic control by increasing peripheral insulin sensitivity in

people with T2D.
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1 | INTRODUCTION

Dietary intake is an important modifiable factor in the management of
type 2 diabetes (T2D). Dietary guidelines to date have focused on
achieving a caloric deficit, as T2D remission has been achieved in a
number of individuals following sufficient weight loss.>? Although
there is no consensus on the optimal dietary macronutrient composi-
tion for patients with T2D,>* several studies have observed an
improvement in glycaemic control when following a high-protein
diet.>® The level of protein normally recommended in a ‘healthy’ diet
is determined by the minimum daily intake required to maintain nitro-
gen balance, typically equating to ~10-15% of total energy intake,”
but the benefits on glycaemic control, including lower 24-h blood glu-
cose and decreased HbAlc, have been demonstrated at 30% of
energy intake.® However, the mechanisms (i.e. enhanced insulin
secretion and/or action) underlying the improvement in glycaemic
control following a high-protein diet remain unclear.

Mycoprotein, a high-fibre, high-protein food ingredient, has been
implicated in the improvement of acute postprandial glycaemia and/or
insulinaemia.®** This improvement is likely due to the largely insolu-
ble fibre composition of mycoprotein, as insoluble fibre has been
shown to improve peripheral insulin sensitivity and postprandial gly-
caemia in the absence of any effect on glucose absorption.?® Habit-
ual high dietary intakes of insoluble fibre have also been linked to a
reduced risk of developing T2D in observational studies,**"*¢ but
there are limited randomized controlled trials to explore the mecha-
nisms behind this improvement in glycaemic control (independent of
weight loss). Daily mycoprotein consumption lowered blood glucose
concentrations after 4 weeks in adults who were obese or
overweight,” and a trend towards reduced fasting blood glucose con-
centrations was observed after 1 week of daily consumption in young
healthy adults.*® However, the former study observed this improve-
ment in combination with weight loss, making it difficult to discern
the effects of mycoprotein consumption independent of the known
benefits of weight loss on glycaemic control. The latter study was
undertaken in metabolically healthy individuals, and thus any improve-
ments in glycaemic control may have been too subtle to detect in this
population. Moreover, in both studies, the measures of glycaemic con-
trol used did not distinguish between the multifactorial physiological
process by which mycoprotein may affect blood glucose concentra-
tions (i.e. improved insulin secretion and/or action). Thus, it remains
to be determined how daily mycoprotein consumption improves gly-
caemic control in a metabolically compromised population, indepen-
dent of weight loss.

This study examined whether incorporating mycoprotein into a
high-protein vegan diet could enhance glycaemic control more than
an isonitrogenous omnivorous diet in people with T2D. True ‘free-

living’ glycaemic variability was measured using continuous glucose

monitoring.’> We assessed insulin  sensitivity using a

hyperinsulinaemic-euglycaemic clamp combined with D-[6,6-2H,]
infusion?® and insulin secretion using a mixed-meal tolerance test.?*
We hypothesized that a 5-week high-protein, mycoprotein-rich,
vegan diet would improve peripheral insulin sensitivity to a greater

extent than an isonitrogenous omnivorous diet in people with T2D.

2 | METHODS

A total of 17 participants completed the present study (Table 1).
Thirty participants were initially enrolled, nine were withdrawn or
dropped out and four were excluded from analysis as they did not
consume the mycoprotein products provided (Figure S1). All glucose-
lowering, lipid-lowering and antihypertensive medications were stable
at least 3 months before taking part in the study and remained
unchanged during participation. Eligibility criteria included; aged
between 40 and 70 years, BMI between 27 and 45 kg m~2, T2D diag-
nosis and a HbA1c above 43 mmol mol~. Exclusion criteria included;
treatment with insulin, sulfonylureas or anti-obesity drugs, weight loss
of >5 kg in the 6 months prior to enrolment, an estimated glomerular
filtration rate below 30 mL min~—?%, heart failure, known cancer, myo-
cardial infarction or pregnancy. Data collection was conducted from
September 2021 to December 2022. Ethical approval was obtained
from the National Health Service Health Research Authority (refer-
ence number 21/YH/0102). The trial was registered on clinicaltrials.
gov as NCT05615558. This study was conducted in accordance with
the Declaration of Helsinki.

Participants had an initial screening phone call to determine basic
eligibility (i.e. diagnosed with T2D, BMI and age within acceptable
range, and taking appropriate medication). Following the initial phone
call, participants attended a screening visit at the University of Exeter
Nutritional Physiology Research Unit laboratories. After providing
written informed consent, participants were allocated using simple
randomization to a high-protein diet; either an omnivorous diet
(OMNI; 70% protein from omnivorous sources) or an isonitrogenous
mycoprotein-rich vegan diet (VEG; 50% protein from mycoprotein).

21 | Experimental overview

The study was designed as a randomized, parallel groups 5-week
dietary intervention. Two weeks before commencing the study, the
participants recorded habitual physical activity for 1 week using Gene-
activ watches (Activinsights, Kimbolton, UK), habitual dietary intake
using weighed food diaries?? and interstitial glucose concentration
using continuous glucose monitors (Dexcom G6, Dexcom Inc., Edin-

burgh, UK). One week before commencing the study, participants
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TABLE 1 Participant characteristics.
OMNI SD VEG SD p value

Females/males 4/5 - 1/7 - -

Weight, kg 100.6 26.9 97.7 15.2 0.790
Height, cm 172.1 114 1738 7.2 0.726
BMI, kg m—2 334 5.6 323 3.6 0.618
Age, years 58.7 9.4 57.8 7.3 0.851
eGFR 89.1 34 87.7 52 0.482
HbA1lc, mmol mol™*  57.6 142 624 156  0.516
Years since diagnosis 5.6 4.2 4.5 2.5 0.504
FPG, mmol L™* 6.9 1.6 7.9 1.6 0.258
FSl,uu L™* 24.9 104 27.3 135  0.688
HOMA-IR 7.5 3.1 9.8 5.9 0.311

Note: Data analysed using independent samples t test.

Abbreviations: BMI, body mass index; eGFR, estimated glomerular
filtration rate; FPG, fasting plasma glucose; FSI, fasting serum insulin;
HbA1c, glycated haemoglobin; HOMA-IR, homeostatic model of insulin
resistance.

underwent a mixed-meal tolerance test (MMTT) and, at least 3 days
after the MMTT, a two-step hyperinsulinaemic-euglycaemic clamp
(HEC). The participants commenced the 5-week dietary intervention
the day after completing the HEC. During the final week of the dietary
intervention, the participants again recorded physical activity and inter-
stitial glucose concentration. The MMTT and HEC were repeated after

the intervention.

2.2 | Dietary intervention

Energy intake requirements were calculated as basal metabolic rate?®
multiplied by a physical activity factor of 1.6.2* Dietary control consisted
of a 5-week provision of all food intake for participants, to ensure that
the correct amount of energy and distribution of macronutrients was
consumed, that is, a high-protein diet of 30% energy from protein and
35% energy from carbohydrate and fat. The provision of all food also
reduces participant burden by reducing choice, shopping time and cost,
which increase the likelihood of adherence.?® Target mycoprotein con-
sumption was 210 g per day for participants randomized to VEG.2”:*8
Seven-day diet plans were compiled with a 3-day rotation. Daily meal
plans consisted of breakfast, lunch, dinner and two snacks (sample daily
plan Table S3). All food was ordered from a local supermarket (Tesco,
Tesco PLC, UK) to the laboratory and weighed out according to the
meal plan. Participants collected their food and the 7-day meal plan
from the laboratory on a weekly basis. An adherence diary was also pro-

vided for participants to list any changes made to the diet plan.

2.3 | Metabolic testing

An MMTT was performed at baseline and post-intervention to mea-

sure postprandial blood glucose, serum insulin and C-peptide

response and, consequently, to calculate insulin secretion rate and
B-cell function. The HEC was conducted to assess insulin sensitivity
pre and post the dietary intervention.2° Details of the procedures are
outlined in the Supplementary Material. Calculations for glucose dis-
posal rate, rate of glucose disappearance, endogenous glucose pro-
duction, B-cell function and metabolic clearance rate are described in
detail in the Supplementary Material.

24 | Sample analysis

Insulin and C-peptide concentration were measured in serum by
enzyme immunoassay sandwich technique using a commercially avail-
able kit (DRG Insulin ELISA, EIA-2935 and DRG C-Peptide ELISA EIA-
1293, DRG International Inc., New Jersey, USA). Total-, low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol and
triglycerides (TG) were determined in serum by the Blood Sciences
Academic Department at the Royal Devon University Healthcare NHS
Foundation Trust. Total and HDL cholesterol and triglycerides were
measured using enzymatic colourimetric assays on the Cobas c
702 module (using CHOL2, HDLC3 and TRIGL packs, respectively;
Roche Diagnostics). LDL cholesterol was calculated using the Friede-

wald formula as previously described.?®

2.5 | Statistical analyses

The primary outcome was rate of disappearance of glucose during the
high-dose insulin infusion, which reflects peripheral insulin sensitivity.
Effect size and sample size were calculated using data from Weickert
et al.?” that showed n = 18 was sufficient to detect a 10% increase in
insulin sensitivity (‘M’) during the HEC after 5 weeks on a high cereal
fibre diet. Due to dropouts, we did not recruit the target number of par-
ticipants for this study. However, a post hoc power calculation revealed
an n = 1716 would have been necessary to achieve a 20% difference
between OMNI and VEG in peripheral insulin sensitivity. Therefore, if
we had recruited the target number of participants, it would likely not
have affected the results of the study. Data are presented as mean
+ SD, unless otherwise stated. Data were analysed using three-way
repeated measures ANOVAs. Independent variables for the MMTT ana-
lyses are time x group x intervention; time refers to timepoints during
the MMTT, and group refers to either OMNI or VEG and intervention
refers to pre- and post-intervention timepoints. Independent variables
for the HEC analyses are insulin x group x intervention, whereby insu-
lin refers to the state of insulinaemia during the HEC, that is, basal, Step
1 (low-dose; 30 mU m? min~ ) and Step 2 (high-dose; 80 mU m? min~2).
In the event of a significant main effect, post hoc analysis using Tukey's
multiple comparisons tests was performed. Two-way ANOVAs were
used to assess differences between the dietary groups for summary
measures (e.g. AUCs). Blood glucose concentration, serum insulin con-
centration, serum C-peptide concentration, insulin secretion rate, -cell
function, 24 h interstitial glucose, energy expenditure and carbohydrate

and fat oxidation represent our secondary measures.
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FIGURE 1  Weekly change in body mass from the week before
starting the dietary intervention (week 0). Error bars depict SD. Circles
and squares represent the OMNI and VEG group, respectively.

3 | RESULTS

3.1 | Dietary intervention

Habitual energy intake in OMNI and VEG increased during the dietary
intervention (intervention effect; p = 0.010) (Table S2). Goldberg's
equation to estimate under-reporters®® revealed only two under-
reporters in OMNI (values of 0.8 and 0.9) for habitual dietary intake,
but these participants were not excluded from the analysis. During
the dietary intervention, VEG consumed 237 + 62 g of mycoprotein
which contributed to an additional 22.2 + 4.2 g fibre from Quorn
products (Figure S2). Physical activity did not change during the inter-
vention from habitual levels (Table S5).

Body mass at baseline was 100.6 + 26.9 and 98.7 + 12.9 kg, in
OMNI and VEG, respectively. The mean change from week O to week
5 was —1.3 (range 0.7 to —3.1) kg and — 1.2 (range 1.2 to —5.0) kg
(Figure 1) in OMNI and VEG (time effect; p = 0.070), which was not
different between groups (time x group effect; p = 0.208).

Fasting circulating metabolite concentrations are shown in
Table 2. Fasting blood glucose, serum insulin and serum C-peptide
concentration all trended towards a group x intervention interaction,
largely due to no change in fasting concentrations in VEG, and a trend
towards increased blood glucose (6.8 + 1.8 to 7.4 + 2.6 mmol-L™?%)
and serum insulin (173 + 73 to 192 + 88 pmol-L %), and decreased
serum C-peptide (1906 + 310 to 1691 + 282 pmol-L~1) concentration,
in OMNI. The intervention decreased HbA1c in both groups (interven-
tion effect; p = 0.001).

3.2 | Continuous glucose monitoring

Glycaemic variability was reduced post-intervention in both OMNI
and VEG, as percentage time in range (4-10 mmol-L™2) increased from
60.2 £ 39.0% and 46.5 £ 39.9% in OMNI and VEG, respectively, to
721 +£36.5% and 69.9 £ 30.2% (intervention effect; p = 0.040)

(Figure S3). Mean interstitial glucose concentrations did not change
from baseline to post-intervention in either dietary group (interven-
tion effect; p = 0.116).

3.3 | Mixed-meal tolerance test

After ingestion of the MMTT, blood glucose, serum insulin and serum
C-peptide concentrations increased (Figure 2A-H) (time effect;
p < 0.001), but there was no main effect of the intervention or dietary
group (p > 0.05). The glycaemic and insulinaemic response differed
over time between groups (glucose time x group; p = 0.002, insulin
time x group; p = 0.031), due to the different drinks ingested by both
groups, causing a greater serum insulin concentration at 30 min in
OMNI compared with VEG, both pre- and post-intervention
(p = 0.012). Glucose AUC,;, remained unchanged after the interven-
tion (intervention effect; p = 0.846), while insulin AUC,, values
trended towards an increase post-intervention (intervention effect;
p = 0.057). Insulin secretion rates increased after the ingestion of the
MMTT (time effect; p < 0.001) (Figure S4A,B), but there was no effect
of the intervention (p = 0.181) or dietary group (p = 0.953). B-cell
function trended towards an increase after the intervention in both

groups (intervention effect; p = 0.058) (Figure S4C).

3.4 | Hyperinsulinaemic-euglycaemic clamp
Mean glucose and insulin infusion rates, as well as blood glucose and
serum insulin concentration are displayed in Figure SS5A-D.

After initiating the low-dose insulin infusion (Step 1), blood glu-
cose concentration was allowed to drop to 5 mmol L~%. One partici-
pant in OMNI and one participant in VEG did not reach a blood
glucose concentration of 5 mmol L~ during Step 1 pre-intervention,
and only the participant in VEG did not reach 5 mmol L™ during Step
1 post-intervention.

Serum insulin concentration increased during the HEC from basal
to Step 1 and again from Step 1 to Step 2 (insulin effect; p < 0.001)
(Figure S6A). A main intervention effect (p = 0.012) on serum insulin
concentration during the HEC was driven by a lower concentration
during Step 2 post-intervention (insulin x intervention; p = 0.044),
and post hoc analysis revealed that this occurred in VEG (p = 0.017)
and not OMNI (p = 0.403). A main effect of insulin corresponded
with a decrease in serum C-peptide concentration during the HEC
(Figure S6B). There was no main intervention effect (p = 0.230), but a
group x intervention interaction (p = 0.026) with post hoc analysis
revealed lower C-peptide concentration in VEG post-intervention
(p = 0.022) and not in OMNI (p = 0.667).

Endogenous glucose production (EGP) decreased during the HEC
(insulin effect; p < 0.001) (Figure 3A). The percentage suppression of
EGP during Step 1, that is, hepatic insulin sensitivity, remained
unchanged after the intervention (intervention effect; p = 0.107).
There was no main group effect (p = 0.886), but an insulin x group

interaction occurred (p = 0.012), due to a greater suppression of EGP
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TABLE 2

Blood glucose, mmol-L~1
Serum insulin, pmol-L~*
Serum insulin, mU-mL~?*
Serum C-peptide, pmol-L~2
HbA1c, mmol-mol !
Plasma lactate, mmol-L~*
Total cholesterol, mmol-L~*
HDL cholesterol, mmol-L~*
LDL cholesterol, mmol-L~*

Triglycerides, mmol-L~*

Fasting metabolite concentrations.

WILEY_L_*®

OMNI VEG p-values

Pre Post Pre Post Group Intervention Group x intervention
68+18 74+26 73+15 73+16 0.800 0.430 0.058
173+ 73 192 + 88 186 + 88 172 +73 0.913 0.189 0.086

249 +35 30.3+5.2 27.3+48 265+4.1 0.913 0.189 0.086

1906 + 930 1691 + 847 1855 + 821 1934 + 908 0.730 0.974 0.080
59+5 53+6 62+ 6 53+4 0.677 0.001* 0.292
1.0+0.1 09+0.1 1.1+0.1 08+0.1 0.675 <0.001** 0.003*
43+10 39+12 4.1+10 32+09 0.331 <0.001** 0.056
1.1+03 09+02 1.0+0.2 09+02 0.921 <0.001** 0.229
26+09 24+1.1 23+09 1.7+£0.7 0.244 0.009* 0.105
1.6 +0.5 1.3+0.5 17+11 1.2+0.6 0.870 0.006* 0.302

Note. Data presented as mean + SD. Variables measured using two-way ANOVA. Total, HDL, and LDL cholesterol and triglycerides were measured in

serum. *p <0.01, **p < 0.001.

=

=
>
e

"l © omNI Pre
© OMNI Post

-

N

o
1

-

o

.
ri

d
S

Blood Glucose (mmol-L™")

Serum Insulin (pmoI-L'1)

(@)

)

(%)
o
(=3
o

1500

Serum C-peptide (pmol-L"!
N
[
(=]
o

0 20 40 60
Time (mins)

80 100 120

~ 14570vEG Pre
=} @ VEG Post
g 125
£
<
[
» 105
8 Time p<0.001*
3 Group p=0.411
6 Intervention p=0.800
8.5
T Time x Group p=0.002*
o Time x Intervention p=0.889
K] Group x Intervention p=0.331
1]
6.§ 1 Time x Group X Intervention p=0.381
0+ T T T T T ]
- 10007 11 p<o oot
- Group p=0.319
- Intervention p=0.055
5 800
E
=
c 600
H
£ 400
§ Time x Group p=0.031*
T 200 Time x Intervention p=0.654
$ Group  Intervention p=0.279
n Time x Group x Intervention p=0.273
0
~ 5500
- Time p<0.001*
- Group p=0.456
- Intervention p=0.706
S 4500 P
£
a
£
o 3500
o
2
o 2500
e
o
£ 1500 Time x Group p=0.733
= Time x Intervention p=0.717
& Group x Intervention p=0.089
o 500
0 Time x Group x Intervention p=0.432

0 20 40 60 80 100 120
Time (mins)

S

1900

=
(=2}
(=3
=3

Glucose AUC,,
(mmol-L™"-2h)
> >
=3 o
(=] (=]

700
0

Intervention p=0.846
Group p=0.388
Intervention x Group p=0.393

1 | [— 1 | I
4140- Intervention p=0.057
Group p=0.308
Intervention x Group p=0.235
P 110
S
< v 80
c =
£3 o]
2E % ]
o—| ]
20
9001 Intervention p=0.460
G =0.427
Intervention » Group p=0.174 -\D
& 750
S
2 S 600
PR
T I 450 /
o
§ E 300 'é
2 c
6= ;;
150
0
Pre Post Pre Post
OMNI VEG

FIGURE 2 Blood glucose (A, B), serum insulin (D, E) and serum C-peptide (G, H) concentrations and AUC (C, F, I), respectively) in response to
a mixed-meal tolerance test pre (A, D, G) and post (B, E, H) dietary intervention. Circles represent the response in the OMNI group, and squares
represent the VEG group. Lighter shading represents the response to the MMTT pre-intervention and darker shading represents the response
post-intervention. Time-course data are analysed by three-way ANOVA incorporating time-course (time), dietary group (group) and intervention
as independent variables. AUC data are analysed by two-way ANOVA for pre- and post-intervention values for the OMNI and the VEG dietary
groups. Error bars depict SD. p-values are displayed on each graph. Asterisk represents statistical significance p < 0.05.
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FIGURE 3 Glucose metabolism during hyperinsulinaemic-euglycaemic clamOMNI group data shown on the left using circles for individual
data and VEG group data shown on the right using squares for individual data. Data analysed using three-way ANOVA to determine the main and
interaction effects of insulin dose (insulin), OMNI or VEG dietary group (group) and intervention (pre and post) on endogenous glucose
production (EGP) (A), glucose disposal rate (GDR) (B) and total rate of disappearance of glucose (RdT) (C). p-values are displayed on each graph.
Asterisk represents statistical significance p < 0.05.

during Step 2 of the HEC in VEG (87 + 19%) compared with OMNI Both glucose disposal rate (GDR) and total rate of disappearance
(68 £ 29%). The calculated metrics of insulin resistance are displayed of glucose (RdT) increased during the HEC (insulin effect; p < 0.001)
in Table S4. (Figure 3B,C). There was no main intervention or group effect. Both
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GDR and RdT during Step 2, corrected for steady-state serum insulin
concentration (GDR/insulin and RdT/insulin), that is, whole-body and
peripheral insulin sensitivity, respectively, increased post-intervention
(intervention effect; p = 0.014 and p = 0.006) (Table S4).

Both carbohydrate oxidation and storage increased during the
HEC (insulin effect; p < 0.001) (Figure S7A,B), but did not change after
the intervention (intervention effect; p > 0.05). A trend towards a

main group effect for carbohydrate oxidation occurred (p = 0.071).

4 | DISCUSSION

The main finding of the present study was that, in contrast to our
hypothesis, eucaloric, isonitrogenous high-protein vegan (VEG) or
omnivorous (OMNI) diets improve peripheral insulin sensitivity (IS) in
people with T2D to a similar degree, despite an additional 22 g fibre
per day from the mycoprotein-based products in VEG. Glycaemic con-
trol was improved, when measured as decreased HbA1c and free-
living 24-h glycaemic variability, after a fully controlled high-protein
diet, likely through a 37% increase in peripheral (IS) and 45% improve-
ment in B-cell function. The current study lends further support for
the use of high-protein diets to lower blood glucose in individuals with
impaired glycaemic control.

The improvements in ‘free-living’ glycaemic variability (17%
greater time in range of 4-10 mmol-L=? glucose), following both of
the 30% high-protein diets and the 8 mmol-mol~! decrease in HbA1c,
corroborate previous findings of 6¢ and 97 mmol-mol~ decrease in
HbA1c after a similar 5-week 30% high-protein diet in people with
T2D. However, these previous studies do not provide any mechanistic
information on the improvement in glycaemic control. We used a
gold-standard two-step hyperinsulinaemic-euglycaemic clamp (HEC)
in combination with stable isotope glucose tracers to distinguish
between insulin sensitive tissues that produce (e.g. liver) and utilize
(e.g. skeletal muscle) glucose. In line with our hypothesis, peripheral
IS, as assessed by the rate of disappearance of glucose for a given
serum insulin concentration (RdT/I), increased by 37% after both die-
tary interventions. A previous study showed a comparable increase in
whole-body IS after a 6-week eucaloric 30% high-protein diet (both
animal and vegan sources), measured as a 12% increase in glucose dis-

2.min"! HEC, in a population with liver

posal rate during a 40-mU-m™
steatosis.?? However, the single-step, low insulin infusion rate HEC
did not allow for distinction between IS of glucose production and uti-
lization to be explored. It is interesting to note that we did not
observe an increase in hepatic IS, as assessed by the percentage sup-
pression of endogenous glucose production (EGP) during the low-
dose (30-mU-m~2 -min~?) insulin infusion of the HEC, nor a reduction
in blood glucose concentration during the MMTT, following either
high-protein diet intervention. This is in contrast to a previous study
that has shown an increase in hepatic IS during a low-dose
12-mU-m~2 -min~! HEC in individuals with obesity following a 4 day
30% high-protein diet,* which was associated with a reduction in
liver triacylglycerols measured by magnetic resonance. Indeed, the
5-week 30% high-protein diet provided by Skytte et al.® where a

reduction in fasting plasma glucose was observed in individuals with
T2D, also demonstrated a reduction in liver fat. The present study did
not measure liver fat, but did demonstrate an improved lipid profile
and a reduction in serum triglycerides, possibly reflecting reduced liver
lipid delivery and/or production, which was reflected by a trend for a
7% reduction in basal EGP, that is, a beneficial effect at low insulin
concentration. Clearly, more research is needed to determine the
effect of high-protein diets on liver lipid content and EGP, but, taken
together, it would appear that the major effect of short-term high-
protein diets on glycaemic control in the present study is at the level
of insulin action on peripheral glucose utilization, particularly given
that carbohydrate oxidation and storage were greater for a given cir-
culating insulin concentration.

In addition to IS as assessed by the HEC, we also measured B-cell
function to comprehensively discern where the mechanisms of
improvement in glycaemic control occurred. B-cell function, measured
as the change in insulin secretion rate over 2 h relative to the change
in blood glucose and divided by insulin sensitivity,®? trended towards
a 45% increase after the intervention. This finding is supported by the
observation of decreased circulating insulin concentration and secre-
tion rate during the HEC post-intervention following both diets
(although this was also partly due to increased insulin metabolic clear-
ance rate). There are two potential reasons for this trend. Firstly, the
increased dietary protein intake may have caused increased amino
acid-stimulated insulin secretion, as this mechanism of insulin secre-
tion has previously been shown to remain intact in people with
T2D.32 Secondly, our high-protein diet necessitated a moderate car-
bohydrate restriction (35% energy from carbohydrate) over the
5 weeks that may have enabled the B-cells to ‘rest’, as demonstrated
by the 17% increased time in-range, possibly representing the rela-
tionship between reduced exogenous carbohydrate and systemic glu-
cose concentration. Previous research has demonstrated an
improvement in B-cell function following somatostatin or diazoxide
administration, or aggressive insulin treatment, designed to allow the
B-cells to rest.>373° Skytte et al. also observed a 31% improvement in
B-cell function during a mixed-meal after a high-protein diet, suggest-
ing this was due to less ‘stress’ on the B-cells from the carbohydrate-
restricted diet (30% total energy).5 Regardless of the mechanism, the
importance of B-cell function in the pathophysiology of T2D is widely
acknowledged,®® with the return of B-cell function identified as one of
the key drivers of sustained T2D remission.%”-8

It is difficult to elucidate why we did not observe a difference in
IS or B-cell function between the high-protein VEG and OMNI diets.
As with all dietary intervention studies that manipulate macronutrient
composition, the increase in dietary protein results in a reduction in
dietary carbohydrate, making it difficult to discern whether the
improvements in glycaemic control were due to protein per
se. Moreover, the unique composition of mycoprotein (6% fibre from
soluble B-glucan and insoluble chitin), and the nature of trying to
match the VEG and OMNI diets for similar meals, resulted in both
groups consuming a high-fibre diet, which is known to affect glycae-
mic control.>’ We provided over 40 g fibre per day during the

5-week dietary intervention, surpassing current recommended daily
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3940 and also exceeding the

intakes of >35 g for people with diabetes
habitual intakes of the participants (around 25 g/day). Indeed, Rob-
ertson et al. demonstrated a 12% increase in IS during a
35-mU-m~2 -min~! HEC following 4 weeks of supplementation with
30 g per day resistant starch in young healthy adults, possibly due to
the increase in short-chain fatty acid availability, which is known to
inhibit adipose tissue lipolysis.** Moreover, Weickert et al. demon-
strated a 10% increase in peripheral IS during a 40-mU-m~2 -min~!
HEC following a 6-week high protein (30%) and high insoluble cereal
fibre (>50 g total daily fibre) diet in individuals who were overweight
and obese.?” Interestingly, the same study demonstrated a 10%
decrease in IS following the high-protein diet with low fibre content
(~20 g fibre per day), suggesting that the sub-optimal amount of die-
tary fibre may have caused a reduction in IS and that the high-
protein diet per se may not have been beneficial for IS. Indeed, the
previously mentioned high-protein diet studies that observed an
improvement in glycaemic control provided a minimum of 267 and
30 g° fibre per day. This would fit with the previously reported
dose-response improvement in glucose tolerance observed up to
25 g fibre per day, beyond which a plateau occurs,*? and the similar
improvement in IS in both the OMNI and VEG diets in the present
study, despite a significantly greater amount of fibre in the VEG
group (an increase from habitual intakes by 39 to 65 g vs. an increase
of 18 g in OMNI to a total of 43 g fibre per day).

A major limitation of the present study was the unblinded design
and lack of a ‘normal’ protein control group. Thus, we cannot exclude
the fact that any improvement in glycaemic control observed was due
to taking part in a controlled dietary study per se. Nevertheless, given
that body mass did not change over the 5-week dietary intervention,
a major strength compared to other long-term dietary experiments,
we can be confident that the observations were due to a very signifi-
cant change in habitual dietary composition. Indeed, the control of
body weight, high adherence due to full meal provision, comprehen-
sive physiological measures that allowed the distinction between
hepatic and peripheral IS and close monitoring of study participants
ensured that we could explore the impact of the OMNI and VEG diet
on glycaemic control independent of the insulin-sensitizing effects of
weight loss. Nevertheless, not all of our measures gave the same out-
come, in particular a lack of effect of dietary intervention on circulat-
ing glucose and insulin during the MMTT. This finding is difficult to
reconcile, particularly given the importance of the postprandial period
to overall glycaemic control. We chose to use the same MMTT before
and after the dietary intervention, whereas previous studies have
used a MMTT representing the macronutrient composition of the
administered dietary intervention.> Thus, given that a low-
carbohydrate diet can cause a degree of glucose intolerance,*>** it
may be that providing the same MMTT post-intervention represented
a relatively larger carbohydrate load, and that interpretation of MMTT
(and indeed OGTT) in dietary intervention studies requires more
critical insight. For example, we observed a lower serum insulin con-
centration during the post intervention HEC in the present study,
which clearly suggests that the diet altered the inherent metabolism

of the participants (e.g. insulin clearance rate), but was not detected

within the MMTT, and highlighting again the importance of using the
gold-standard measures in the present study.

To conclude, improvements in glycaemic control, including B-cell
function, peripheral insulin sensitivity, glycaemic variability and
HbA1c, following a 30% high-protein diet, were similar between
vegan and omnivorous diets, despite the vegan diet containing 22 g
more fibre due to the addition of mycoprotein products. These data
confirm that high-protein and fibre diets are beneficial for improving
glycaemic control in people with T2D, primarily by increasing insulin
sensitivity. These data also inform future work on the mechanisms
behind the role of high-protein diets in the management of glycaemic
control in people with T2D.
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