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Aims: Individuals with liver insulin-resistant (LIR) or muscle insulin-resistant (MIR)

between insulin resistance and cardiovascular risk, this sub-analysis of the PERSON
study examined whether a personalized diet according to MIR or LIR phenotypes
improves vascular function and cardiovascular disease risk factors.

Materials and Methods: We randomized 119 participants to a 12-week low-fat, high-
protein, high-fibre diet (LFHP; may be optimal for LIR) or Mediterranean diet (high in
monounsaturated fat, HMUFA; may be optimal for MIR). Randomization linked the
insulin-resistant (IR) phenotype to the proposed optimal diet, leading to PhenoDiet A
(MIR-HMUFA and LIR-LFHP) and PhenoDiet B (MIR-LFHP and LIR-HMUFA). Before
and after the intervention, vascular function (carotid artery reactivity) and cardiovascu-
lar risk factors (blood pressure, total cholesterol, HDL-cholesterol and Framingham risk
score) were examined. A 7-point oral glucose tolerance test was performed to deter-
mine insulin resistance (Matsuda index and HOMA-IR) and disposition index.

Results: Following drop-out (n = 18), 101 participants finished the intervention
(54 women, 61 + 7 years, 27.6 [26.4;30.0] kg/m?), with n = 80 available for the pri-
mary outcome of vascular function. Overall, the dietary interventions significantly
decreased blood pressure, total cholesterol, HDL-cholesterol and the Framingham
risk score (all p < 0.05), while vascular function was not affected (p = 0.485). Insulin

resistance (p < 0.001), but not disposition index (p = 0.362), was significantly

improved after intervention. The Matsuda index (p = 0.078) tended to increase more
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1 | INTRODUCTION

Presence of insulin resistance (IR) is strongly related to the develop-
ment of type 2 diabetes (T2D), but also to cardiovascular disease
(CVD).1"2 For example, IR is characterized by hyperglycaemia, hyper-
insulinaemia, lipotoxicity, oxidative stress and inflammation.*> These
metabolic aberrations inhibit the production of nitric oxide, increase
endothelin-1 release and increase the expression of vascular adhesion
molecules in the endothelium, which subsequently contribute to
endothelial dysfunction and the development of atherosclerosis.® In
addition, these impairments in vascular function may also worsen per-
turbations in glucose homeostasis, possibly by reducing blood flow
and the delivery of insulin and glucose to peripheral tissues that play a
key role in glucose homeostasis.*”

Dietary interventions have shown promising results for improving
IR,2 and possibly also vascular function.”!° Interestingly, the success
of a diet in improving body weight and/or glucose homeostasis seems
related to the metabolic phenotype of an individual.** Post hoc ana-
lyses in large intervention studies show that parameters associated
with glucose metabolism and IR can serve as valuable predictors of
the outcome of a dietary intervention.*?"1* The tissue-specific IR phe-
notype links to the predominant pathophysiological location of IR: the
muscle (MIR) or liver (LIR).*>¢ Studies show that LIR- or MIR pheno-
types are associated with distinct lipidome,*” metabolome,® and adi-
pose tissue inflammatory transcriptome and systemic inflammatory
profiles.*”2° Accordingly, the IR phenotype may respond differently
to distinct dietary interventions. Indeed, post-hoc analyses of the
CORDIOPREV-DIAB trial have shown long-term adherence to a Med-
iterranean diet (high in monounsaturated fat, HMUFA) to be more
beneficial for those with MIR to improve glucose homeostasis, whilst
a low-fat, high-protein, high-fibre diet (LFHP) seems optimal in those
with LIR.Y® In addition, both high-protein®'~2% and high-fibre diets,?*
as well as the Mediterranean diet,>>?° have been shown to reduce

1 which in turn may improve

liver fat content and inflammation,?
hepatic insulin sensitivity.2”?® Thus, an LFHP diet may be optimal for
individuals with LIR, while a HMUFA-type diet may be more beneficial

for individuals with MIR.

and total cholesterol (p = 0.052) tended to decrease more in PhenoDiet group B
than A, but other changes in outcome parameters were not significantly different
between PhenoDiet groups. The LFHP diet resulted in more pronounced improve-
ments in cholesterol, diastolic blood pressure (DBP) and insulin resistance compared
with the HMUFA diet (all p < 0.05).

Conclusion: A 12-week diet improves metabolic and cardiovascular outcomes, but not
vascular function in insulin-resistant adults with overweight or obesity. Whilst the
LFHP diet resulted in greater improvements in cardiometabolic risk markers than the

HMUFA diet, we found no significant differences between the PhenoDiet groups.

cardiovascular, diet, insulin resistance, nutrition

We have recently demonstrated, for the first time in a prospec-
tive setting, that modulation of macronutrient content according to
MIR and LIR within the context of dietary guidelines further improved
insulin sensitivity and cardiometabolic health.2?%° Individuals with the
MIR phenotype showed a more pronounced cardiometabolic health
improvement on a LFHP diet, while individuals with the LIR pheno-
type had the greatest cardiometabolic health benefit from a HMUFA
diet.2?3° Although these observations may conflict with previous
observations,*® this may be explained by differences in study popula-
tion, diet composition and/or methodological aspects. At least, these
data highlight both the potential and the complexity of precision
nutrition.

Due to the close relationship between IR and vascular
dysfunction,*” optimizing the diet to improve glucose homeostasis
may also translate into superior effects on cardiovascular risk factors
as well. The aim of this study was to explore if personalization of a
12-week dietary intervention through linking the IR phenotype
(i.e., MIR or LIR) to the type of diet (i.e., LFHP and HMUFA) would
optimize effects on vascular function and CVD risk factors in individ-
uals with IR. To our knowledge, this is the first study to examine
whether personalization of diet (through linking IR phenotype to the
type of diet) translates to optimal effects on vascular function in indi-
viduals with IR.

2 | METHODS

21 | Study population

This current study was executed within the framework of the PER-
Sonalized glucose Optimization through Nutritional intervention
(PERSON) study??° and includes tissue-specific insulin resistant (MIR
or LIR), weight stable (3 months <3 kg weight gain/loss) individuals
(age 40-75), with a BMI between 25 and 40 kg/m?. Main exclusion
criteria were: pre-diagnosed diabetes types 1 and 2, glucose/lipid
altering medications, uncontrolled hypertension, alcohol consumption

>14 units/week, smoking and moderate-to-vigorous physical activity
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(MVPA) >4 h/week. A table with all exclusion criteria can be found

elsewhere in the design paper of the study.?’

2.2 | Study design

As aforementioned, this research was part of the two-center PERSon-
alized glucose Optimization through Nutritional intervention
(PERSON) study.?**° It involves two centers located in the
Netherlands, Maastricht University Medical Center+ and Wageningen
University & Research (WUR). The complete design and the CON-
SORT diagram, which were approved by the local Medical Ethical
Committee (NL637680.068.17), are published elsewhere.?? Following
IR phenotyping, participants were randomly allocated to follow the
proposed optimal Phenotype-based diet (PhenoDiet) group A (LFHP
for LIR, HMUFA for MIR), or PhenoDiet group B (LFHP for MIR,
HMUFA for LIR), as described previously.??3° We used center-
specific minimization with randomization factors of 1.0 for the
LIR/MIR phenotype and 0.8 for age and sex and a base probability of
0.7 by means of biased coin.2? The PERSON study was registered at a
clinical trial register (ClinicalTrials.gov, NCT03708419) and executed
according to the Declaration of Helsinki.

The focus of the present sub-study is on vascular outcomes. Vas-
cular measurements were performed at WUR (n = 119) only, thus in a
subgroup of the total PERSON study population. Before and during
week 12 of the intervention, vascular function, cardiovascular risk fac-
tors, IR and disposition index were assessed (Figure 1), as described in
more detail below. Other results of the PERSON study have been

recently published elsewhere.°

2.3 | Screening

During screening, glucose and insulin values measured during a
7-point OGTT (time points 0, 15, 30, 45, 60, 90 and 120) were used
to calculate the muscle insulin sensitivity index (MISI) and hepatic

-_—

HMUFA
HMUFA

-

Screening  Baseline| Week 1 Week 12|
v v
CAR, CVRF, CAR, CVRF,
OGTT OGTT

FIGURE 1 Study design. LIR, liver insulin resistance; MIR, muscle
insulin resistance; LFHP, low-fat, high-protein diet; HMUFA, high-
monounsaturated fatty acid diet; CAR, carotid artery reactivity; CVRF,
cardiovascular risk factors; OGTT, oral glucose tolerance test. Light
grey background indicates PhenoDiet group A, dark grey background
indicates PhenoDiet group B.

insulin sensitivity index (HIRI). Calculations were based on Abdul-
Ghani et al.® The modelling of MISI was optimized by O'Donovan
et al.3! HIRI and MISI have been validated against the gold standard
hyperinsulinaemic-euglycaemic clamp.'®3' The first blood sample
(t =0) was drawn fasted from an intravenous cannula (antecubital
vein). The remaining samples were taken after ingestion of a 200-mL
75-g glucose solution (Novolab). Data from The Maastricht study,>?
from which a population with characteristics similar to the PERSON
participants was selected, was used for MISI/HIRI tertile reference
categories. Participants were classified as having MIR if their MISI was
within the lowest tertile, and as LIR if their HIRI was within the high-
est tertile.?? After inclusion of the first 163 participants of the PER-
SON study, LIR prevalence was found to be lower than expected
when using the reference categories from The Maastricht Study. As a
result, the median HIRI of the PERSON study was used as cutoff
thereafter to classify individuals.

Education level, retirement status and alcohol consumption habits
were assessed during screening with questionnaires. A food frequency
questionnaire (FFQ, validated, 163-items) assessed habitual dietary
intake.3®

24 | Dietintervention

During the 12-week intervention, measures were taken to attempt
to maintain weight stability among the participants, in order to
assess the effect of the diet rather than weight loss. Participants
were instructed to maintain their habitual physical activity levels.
The moderate-fat diet high in MUFA (HMUFA) reflected a targeted
macronutrient composition of 38% of energy from fat (20% MUFA,
8% PUFA and 8% SFA), 48% of energy from carbohydrates (30%
polysaccharides) and 14% of energy from protein. The dietary inter-
vention ‘low in fat, and high in protein’ (LFHP) was composed of a
similar amount of energy from carbohydrates as the HMUFA diet
(i.e., 48%) and furthermore included 28% of energy from fat (10%
MUFA, 8% PUFA and 8% SFA) and 24% of energy from protein
(Table 1). A more detailed description of the diet, including the

TABLE 1 Macronutrient composition of the LFHP and HMUFA
diets.
LFHP HMUFA
Fat (Energy %) 28 38
Monounsaturated 10 20
Polyunsaturated
Saturated
Protein (Energy %) 24 14
Carbohydrates (Energy %) 42 42
Fibre, g/MJ >4 3

Note: Energy % of total energy intake.
Abbreviations: HMUFA, high-monounsaturated fats; LFHP, low-fat, high-
protein. MJ, megajoule.
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quantify and details of the foods, procedures of provision of the
food, instructions given to participants and exceptions has been
described elsewhere.?’

Due to COVID-19 restrictions, some aspects of the intervention
had to be adjusted, as the weekly visits were not possible anymore:
on-site visits were substituted by phone/video calls and key products

were delivered to participants at home.

2.5 | Vascular function

Carotid artery reactivity (CAR) was assessed after an overnight fast
(>10 h) with ultrasound (Terason uSmart 3300, Burlington, MA, USA)
at baseline and during the last week of the intervention. For assess-
ments, additional exclusion criteria applied: angina pectoris, Raynaud
disease, chronic pain syndrome affecting the upper extremities, arte-
riovenous shunt, scleroderma and heart infarction or heart failure
within the last 3 months.

The CAR test was performed after a minimum of 10 min of
supine rest. CAR measures the diameter change of the right com-
mon carotid artery in response to a 3-min cold pressor test (CPT)
(sympathetic stimulus). During CPT, the left hand of the participant
was immersed in cold water (<4°C) up to the wrist. The average
diameter of a 1-min baseline recording was compared with the max-
imum diameter response (in 10 second intervals) during the 3-min
CPT. Carotid artery diameter was evaluated continuously (25-30
frames per second), using semi-automated wall-tracking and edge-
detection software to evaluate the diameter. Details of the software
and assessment procedures can be found elsewhere.®* Data were
filtered manually for major artefacts, caused, for example, by swal-
lowing, breathing or probe movement. Analysis was done blinded,
and an independent assessor reviewed the analyses. In response to
the CPT, the carotid artery can dilate or constrict. The direction of
reactivity was determined by a positive (dilation) or negative (con-
striction) area under the curve (CARayc). CAR% was then defined as
the maximum dilation or constriction from baseline, divided by the

baseline diameter.

2.6 | Cardiovascular disease risk factors

CVD risk factors measured before the start of the intervention and
during week 12 of the intervention include fasting levels of total cho-
lesterol and high-density lipoprotein (HDL) cholesterol (Cobas Pentra
C400 with ABX Pentra Cholesterol CP reagens or ABX Pentra HDL
Direct, respectively). Blood pressure was measured in a sitting posi-
tion after 5-min rest (dominant arm, automated sphygmomanometer,
average of two measurements). The Framingham risk score for cardio-
vascular disease was calculated as described by D'Agostino et al.,®
based on age, total cholesterol, HDL-cholesterol, treated/untreated
systolic blood pressure, diabetes and smoking status. Two measure-
ments of height, weight and waist-hip circumference were taken and

averaged at each point of assessment.

2.7 | Glucose homeostasis

A 7-point OGTT was performed at baseline and repeated during week
12 of the dietary intervention. MISI and HIRI**3! were calculated as
follows: MISI = (dGlucose/dt)/insulin [mean during OGTT in pmol/L],
with dGlucose/dt being the rate of decay of plasma glucose concen-
tration (mmol/L) during the OGTT. HIRI = glucoseg.30 [AUC in mmol/
L x h] x insuling_3o [AUC in pmol/L x h].

Matsuda index was calculated as: 10000 - square root of (fasting
plasma glucose (mmol/L) x fasting insulin (pmol/L)) x (mean glucose TO,
T30, T60, T90, T120 (mmol/L) x mean insulin TO, T30, T60, T90, T120
(pmol/L)).3® Homeostatic Model Assessment of Insulin Resistance
(HOMA-IR) was calculated as: HOMA-IR: fasting glucose (mmol/L) x
(fasting insulin (mU/L)/22.5). In case of a missing timepoint value (N = 2),
mean glucose/insulin were calculated with the remaining timepoints.%”

Disposition index was calculated as: Matsuda index x AUC30
insulin (pmol/L)/AUC30 glucose (mmol/L). AUC30 was calculated as
the CAR from O to 30 min with the trapezoid method.

2.8 | Physical activity

Physical activity was measured with the activPALz micro (PAL Tech-
nologies Ltd., Glasgow, UK), starting during the baseline measure-
ments and continuing for ~1 week during the first week of the
dietary intervention. At the end of the intervention, physical activity
was reassessed starting in week 11, continuing until the end of week
12 (Figure 1). During this measurement period, we excluded days
when participants visited the university or had to fill in extensive
questionnaires. A valid measurement period included a minimum of
1 weekend +3 week days. ActivPAL data were analysed with an
adapted script based on Winkler et al.3® Adaptations were made to

include sleep/wake diaries filled in by participants.

2.9 | Statistical analysis

The present paper reflects a sub-study of the original PERSON study*°
and focused on vascular function as the primary outcome parameter.
This assessment was performed in one of the two measurement sites
(WUR), meaning an anticipated sample size of n = 101. Based on previ-
ous work on vascular function, demonstrating an effect size of 2 + 2%

following a lifestyle intervention,3?4°

and assuming a power of 90%, a
sample size of 101 would allow detecting an effect size of 0.65%.
Normally distributed data are presented as mean + SD, non-
normal data as median [IQR]. To examine the overall effects of diet,
changes in the outcome variables for the total study population were
assessed with a paired t-test or Wilcoxon signed-rank test in the case
of a non-normal distribution of the delta score (Week 12—baseline).
Our central aim was to assess whether personalization of a 12-week
dietary intervention would optimize effects. For this purpose, we first
examined the effects of linking the IR phenotype to the type of diet
(i.e., PhenoDietA versus PhenoDietB), followed by comparing the
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TABLE 2 Participant characteristics.
Total LFHP-PhenoDiet LFHP- PhenoDiet HMUFA- PhenoDiet HMUFA- PhenoDiet
N =101 AN=17 BN=31 AN =36 BN =17 p-value
Age, years 61+7 614 62+8 60+8 60+8 0.671
Sex, female 54 (53.5%) 9 (52.9%) 18 (58.1%) 19 (52.8%) 8 (47.1%) 0.907
BMI, kg/m2 27.6 [26.4; 26.7 [26.2; 27.6] 27.4[26.3; 29.9] 27.6 [26.4; 29.7] 29.6 [28.4; 31.4] 0.061
30.0]
Statins, yes 5 (5.0%) 1(5.9%) 3(9.7%) 1(2.8%) 0 (0.0%) 0.569
Antihypertensives, 9 (8.9%) 1(5.9%) 4(12.9%) 3(8.3%) 1(5.9%) 0.892
yes
Retired, yes 32 (31.7%) 3(17.6%) 13 (41.9%) 11 (30.6%) 5(29.4%) 0.374
Education Low 4 (4.0%) 2(11.8%) 2 (6.5%) 0 (0.0%) 0 (0.0%) 0.327
level® Int  39(39.0%)  8(47.1%) 12 (38.7%) 14 (40.0%) 5 (29.4%)
High 57 (57.0%) 7 (41.2%) 17 (54.8%) 21 (60.0%) 12 (70.6%)
Total energy, kcal 2178.0 1994.1 [1749.0; 1955.5 [1839.2; 2251.3[1721.8; 2491.4 [1858.8; 0.257
+589.5 2368.1] 2229.0] 2524.4] 3114.2]
Carbohydrates, 42.3[39.4; 41.2 [37.8;47.3] 42.1 [40.6; 45.7] 42.6 [37.1; 45.9] 42.5[40.0; 43.3] 0.690
energy% 45.7]
Protein, energy% 15.4 [14.4; 156 +1.8 159+ 2.0 15.6 £ 25 152 +1.9 0.801
16.6]
Fat, energy% 36.5[34.1; 35.4 [33.0; 43.9] 36.5[34.4; 38.2] 36.5 [33.2; 40.2] 36.4[34.9; 42.2] 0.868
40.5]
Saturated fat, 13.9 [12.0; 13.6 [11.3; 15.1] 13.9 [11.9; 15.7] 14.2[12.3; 15.2] 13.9 [12.3; 16.6] 0.927
energy % 15.3]
Fibre, g/MJ 25+0.6 2.5[2.1;2.9] 2.5[2.1; 2.9] 2.5[2.0;3.1] 2.4[2.0; 2.9] 0.946
Alcohol, glasses/ 3.5[0.9; 6.0] 4.0[0.0;9.0] 3.0 [0.5; 6.0] 3.0[2.0;5.0] 4.0[0.5; 6.0] 0.960

week

Abbreviations: BMI, body mass index; HMUFA, high-monounsaturated fatty acid diet; LFHP, low-fat high-protein diet.

?Low: no education, primary education, lower/preparatory vocational education, lower general secondary education; medium: int., intermediate vocational
education, higher general senior secondary education, pre-university secondary education; high: higher vocational education, university. For education
level and glasses of alcohol: total N = 100. Normally distributed data are presented as mean + SD, non-normal data as median [IQR].

effect of the type of diet alone (i.e., LFHP versus HMUFA). Analysis of
intervention effects with repeated measures linear mixed models
revealed a substantial violation of homoscedasticity for our primary
outcome (vascular function). Therefore, differences in delta scores
(week 12—baseline) between interventions (PhenoDiet group A ver-
sus PhenoDiet group B; LFHP versus HMUFA) were analysed with lin-
ear regression models, corrected for baseline values. In a second
model, we corrected additionally for age and sex. As participants lost
weight during the intervention, which was not intended, we adjusted
for weight change in model 3 (Tables S1 and S2). In a fourth model,
we corrected for changes in physical activity (Tables S1 and S2). To
this end, physical activity expressed as % of awake timetakes into
account the interconnectedness between physical activity and seden-
tary behaviour, meaning that a higher percentage of the day spent in
physical activity results in a lower percentage spent in sedentary
behaviour. Analyses were done in R studio, R version 3.6.2.41

3 | RESULTS

In total, 119 participants were included. During the intervention, 7 par-
ticipants dropped out, resulting in a sample size of 112. Assessments

of cardiovascular risk and the OGTT could not be completed for
11 participants due to local COVID-19 lockdowns. This resulted in
data that were available for analysis of those endpoints in 101 partici-
pants. Baseline characteristics for the whole group and per interven-
tion arm are shown in Table 2. Regarding the vascular function
assessment, a total of 105 out of 119 participants were eligible for
vascular function assessment, with 83 participants completing week-
12 measurements (6 dropouts, 16 local COVID-19 lockdown). An
additional three ultrasound recordings were excluded due to measure-
ment problems, resulting in a total population for vascular function
assessments of 80 (representing a subgroup of the n = 101).

On average, participants (53.5% female) were 61 + 7 years old,
with a median BMI of 27.6 [IQR: 26.4;30.0] kg/m?. Participant charac-
teristics of the total group (n = 101) and per intervention arm can be
found in Table 2. Total physical activity, sedentary time, LIPA and
MVPA time did not significantly change during the intervention
(Table 3). There was no significant difference between PhenoDiet
group A versus group B or LFHP versus HMUFA diets for any of these
physical (in)activity outcomes (Tables 4 and 5).

Vascular function. In the total study population (n = 80), vascular
function did not change during the intervention (Table 3). ACAR%
and ACARpuc were not different between PhenoDiet group A and
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TABLE 3 Outcomes at baseline and week 12: Total study

population.

Outcome

CAR%, %
N =80

CARAUQ cm*s

N =80

SBP, mmHg

N =100

DBP, mmHg

N = 100

TC, mmol/L

N =97

HDL-C, mmol/L
N =97

TC/HDL-C, ratio
N =97

Weight, kg
N =101

WHR
N =101

Matsuda
N =101

HOMA-IR
N =101

Disposition index
N =101

Sitting, h
N =93

Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta
Baseline
Week 12
Delta

Total group

2.39 [1.37; 3.34]
2.23 [1.25; 3.00]
—0.18 [-1.40; 1.08]
1.57 [0.55; 2.33]
1.42[0.52; 1.99]
—0.15 [-0.90; 0.88]
124 [114; 136]

118 [110; 128]
-5+10

73+ 10

71+ 10.0

—-2+7

545+ 1.04

4.83 +£0.93

—0.62 [-0.89; —0.36]
1.30[1.11; 1.48]
1.22 [1.06; 1.36]
-0.09 £0.11
431+1.09

4.08 +1.02

-0.23 £0.38

11.6 + 3.8

104 + 3.8
—1.0[-2.0; 0.0]
85.6+10.8
83.5+10.8
-21+23

0.960 [0.910; 1.010]
0.950 [0.890; 1.010]
—0.006 + 0.042
13.1[9.7; 17.4]
14.0[11.1; 20.1]
1.3[-0.8;4.4]

1.6 [1.3;2.1]
1.4[1.1;2.0]
—0.1[-04;0.1]
420.1 [293.8; 647.6]
438.2 [298.4; 627.3]
16.1+177.0
95+14

95+15

01+13

62+16

6.1+17

-01+12

p-value

0.485

0.783

<0.001

0.004

<0.001

<0.001

<0.001

<0.001

<0.001

0.159

<0.001

0.001

0.362

0.586

0.315

(Continues)

TABLE 3 (Continued)

Outcome Total group p-value
LIPA, h Baseline 50+13 0.111
M= EE Week12 4914

Delta -02+10
MVPA, h Baseline 1.2[0.9; 1.4] 0.338
N=93 Week 12 1.2[0.8; 1.5]

Delta 0.0[-0.2;0.3]

Note: Normally distributed data are presented as mean + SD, and non-
normal data as median [IQR]. P-value for differences between baseline
and week 12.

Abbreviations: AUC, area under the curve; CAR, carotid artery reactivity;
DBP, diastolic blood pressure; FRS, Framingham risk score; HDL-C, high-
density lipoprotein cholesterol; HOMA-IR, Homeostatic Model
Assessment of Insulin Resistance; LIPA, light-intensity PA; MVPA,
moderate-to-vigorous PA; PA, physical activity; SBP, systolic blood
pressure; TC, total cholesterol; WHR, waist-to-hip ratio.

group B (Table 4), and we found no significant difference between
both diets (LFHP/HMUFA) on CAR (Table 5). Adjustment for weight
change or changes in physical activity did not change these results
(Tables S1 and S2).

Cardiovascular risk factors. Overall, intervention
decreased CVD risk factors (SBP, total HDL-

cholesterol, total cholesterol/HDL-cholesterol ratio, Table 3). The

dietary

cholesterol,

Framingham risk score also decreased significantly (Table 3).
Despite the goal of keeping participants weight stable, body weight
decreased by 2.1 + 2.3 kg (p < 0.001), while waist-to-hip ratio did
not change significantly (p = 0.159). Total cholesterol (p = 0.052)
tended to decrease more in PhenoDiet group B than in A, but
changes in other CVD risk factors were not different between Phe-
noDiet group A and B (Table 4). LFHP resulted in a greater decrease
in total cholesterol, HDL-cholesterol and DBP compared with
MUFA (Table 5). Adjustment for weight change or physical activity
change did not alter study outcomes (Tables S1 and S2), except for
the change in DBP, which was not significantly different between
LFHP and HMUFA (p =0.05, p=0.079,
decrease in SBP, Framingham risk score and weight was not differ-
ent between LFHP versus HMUFA (Table 5).

Glucose homeostasis. Overall, dietary intervention improved

respectively). The

insulin sensitivity, indicated by increased Matsuda index and
decreased HOMA-IR, while the disposition
unchanged (Table 3). The Matsuda index (p = 0.078) tended to
increase more in PhenoDiet group B than in A, while HOMA-IR and

index remained

the disposition index were not significantly different between Phe-
noDiet groups (Table 4). The LFHP diet resulted in a greater changes
in Matsuda index and HOMA-IR compared with HMUFA (Table 5),
while changes in disposition index were not different between these
diets (Tables 4 and 5). Adjustment for weight change or physical
activity change did not alter results for HOMA-IR, Matsuda index or
disposition index (Tables S1 and S2).
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TABLE 4 Changes in vascular function, cardiovascular risk factors, glucose homeostasis and physical activity: PhenoDiet group A (N = 53)
versus PhenoDiet group B (N = 48).

Model 1* Model 2*
Outcome Diet group Baseline Week 12 A B [95% CI] p-value B[95% Cl] p-value
CAR%, % B 2.48[1.35; 3.91] 224 (1.32; 2.74] ~027[-143;073]  REF - REF -
N =80 A 2.33[1.38; 2.96] 207 [1.21; 3.16] ~017[-129;1.31]  003[-084-0.89] 0952  —0.06[-092-0.81] 0.899
CARay, cm®s B 1.67 [0.48; 2.91] 1.79 [0.53; 2.20] 019[-078;1.10]  REF - REF -
N=E A 1.54 [0.79; 2.17] 1.05 [0.53; 1.86] ~034[-098;080] 030[-098-038] 0376 —037[ 104-031] 0287
SBP, mmHg B 128+ 16 120 £ 12 —8+11 REF - REF -
N =100 A 122416 11915 ~3+10 284[-0.60-628] 0105  2.76[-0.7-6.23] 0.117
DBP, mmHg B 74 + 10 71+9 347 REF - REF -
W= i A 73+11 71+ 11 146 132[-113-376] 0287 106[-1.38-350]  0.392
TC, mmol/L B 544+ 1.06 472£092 ~0.66[-0.95; ~0.39] REF - REF -
N=97 A 547 +1.03 492+094 ~059[-0.85;-0.27] 0.18[-000-037] 0052  0.8[-001-0.37]  0.059
HDL-C, mmol/L B 1.30 [1.10; 1.47] 1.18[0.99; 1.33] ~010+0.12 REF - REF -
W=7 A 1.30 [1.16; 1.49] 1.23 [1.07; 1.38] —007+0.11 004[-001-008] 0103  004[-001-008] 0094
TC/HDL-C, ratio B 434110 410 £ 1.07 ~0.25+040
N=97 A 428 £ 1.09 406 £ 097 ~021+036 003[-012-017] 0723 002[-0.12-0.16] 0813
FRS B 118+ 4.0 103+ 38 ~1.5[-3.0;0.0] REF - REF -
W=5e A 113+37 105+ 3.9 ~1.0[~1.0; 0.0] 060[-017-1.37] 0124 048[-022-118]  0.179
Weight, kg B 86.6+9.2 84.1+9.0 _25%22 REF - REF -
N=101 A 84.7 +12.1 830+ 123 _17+24 074[-017-1.66] 0110 063[-028-155]  0.173
WHR B 0.965[0.910; 1.010] 0.945[0.898; 1.002] —0.004 + 0.046 REF - REF -
W= i A 0.960[0.910; 1.000] 0.950 [0.880; 1.010] —0.007 + 0.038 _000[-002-001] 0563 —001[-002-001] 0336
Matsuda B 12.2(9.2; 15.2] 14.8[11.2; 20.7] 2.1[0.0; 4.8] REF - REF -
N =101 A 13.4[10.1; 18.3] 135 [11.1; 19.8] 0.4[-13;4.1] _169[-358-020] 0078 —158[-3.48-031] 0.101
HOMA-IR B 17[14;2.2] 14[1.1; 20] _02[-0.6;0.] REF - REF -
W= ol A 1.5[1.1; 2.0] 1.6 [1.1; 1.9] —0.1[-0.4;0.2] 0.09[-0.15-0.32] 0465 007[-0.16-030]  0.560
Disposition index B 4164 [253.5;566.1] 432.1[280.9;589.0] 22.2+169.7 REF - REF -
N =101 A 431.7(3203;685.2] 443.1[299.8;655.1] 10.6+184.8 146 [-64.68-67.61] 0965  4.21[-62.81-71.22] 0901
Sitting, h B 93+14 9.3+15 00 [-0.7; 0.9] REF - REF -
W=0% A 9.6+ 14 97+16 ~0.1[-0.9; 0] 019[-030-0.68] 0442 018[-031-067] 0467
PA.h B 63%16 64+17 0.2[-08;0.7] REF - REF -
N=93 A 61+16 59+16 ~0.1[-0.8;0.5] ~031[-079-0.18] 0213  —029[-0.77-020] 0.241
LIPA h B 5.1[4.3;60] 49 [4.1; 58] —0.0[-0.6;0.5] REF - REF -
W=0% A 49 [4.1; 5.6] 48[3.9:5.7] _02[-0.6;0.3] ~025[-0.66-015] 0220  —024[-064-017] 0252
MVPA, h B 1.2[0.9; 1.5] 1.2[1.0; 1.6] ~00[-0.2;02] REF - REF -
N=93 A 1.2[0.9; 1.4] 1.1[0.8; 1.5] ~00[-0.2;03] ~005[-020-0.10] 0491  —005[-020-0.10] 0.523

Note: Normally distributed data are presented as mean + SD, non-normally distributed data as median [IQR]. *Linear regression models testing differences in the change (week 12

minus baseline) in the outcome variable between PhenoDiet group A and group B. Model 1: corrected for baseline values; Model 2: corrected for baseline values, age, sex.
Abbreviations: AUC, area under the curve; CAR, carotid artery reactivity; DBP, diastolic blood pressure; FRS, Framingham risk score; HDL-C, high-density lipoprotein cholesterol;

HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; LIPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; PA, total physical activity;

SBP, systolic blood pressure; TC, total cholesterol; WHR, waist-to-hip ratio.

4 | DISCUSSION

The primary objective of the present study was to explore whether a
personalized diet, designed to optimize glucose homeostasis through
linking the IR phenotype (i.e., MIR or LIR) to the type of diet
(i.e., LFHP and HMUFA), has superior effects on vascular function and

cardiovascular risk factors in individuals with a predominant MIR or

LIR phenotype. First, we found that the consumption of both diets for
12 weeks improved cardiovascular risk factors and IR, but did not sig-
nificantly affect vascular function and disposition index in the total
study population. Second, phenotype-based allocation of the diets
showed no superiority for vascular function, cardiovascular risk or glu-
cose homeostasis, although a trend was present for larger improve-

ments in total cholesterol and insulin sensitivity in PhenoDiet group B
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TABLE 5
(N = 53) diet.

Outcome
CAR%, %
N =280

CARAuc, Cm*s
N =80

SBP, mmHg
N =100

DBP, mmHg
N =100

TC, mmol/L
N =97

HDL-C, mmol/L
N=97

TC/HDL-C, ratio
N=97

FRS
N =96

Weight, kg
N =101

WHR
N =101

Matsuda
N =101

HOMA-IR
N =101

Disposition index
N =101

Sitting, h
N=93

PA, h
N=93

LIPA, h
N=93

MVPA, h
N =93

WANDERS ET AL.

Diet
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA
LFHP
HMUFA

Baseline

2.40[1.30; 3.79]
2.36[1.40; 3.00]
1.48[0.48; 2.90]
1.68[0.78; 2.25]
123[111; 134]
125[117; 136]
72+9

74 £12

549 £ 1.04

542 +1.04
1.33[1.13; 1.48]
1.30[1.08; 1.48]
432+1.12
4.30+1.08
11.5+37

11.7 4.0

83.6 £ 10.3
87.4+11.1
0.950[0.910; 1.010]
0.970[0.910; 1.010]
13.3[10.1; 17.9]
13.0[9.7; 16.2]
1.5[1.2;2.1]
1.8[1.3;2.3]
433.4[257.2;732.1]
397.0[309.5; 574.7]
94+14

9.6+14

62+16

62+15

50+14

50+13
1.2[0.9;1.4]
1.2[0.9; 1.5]

Week 12

1.89 [1.25; 2.59]
2.52[1.32;3.34]
1.00 [0.36; 1.89]
1.68 [0.67; 2.06]
117 [108; 124]

121 [114; 132]
69+9

73+10

473 +0.94
491+0.93
1.23[1.04; 1.35]
1.22[1.07; 1.37]
4.09+1.11
4.07+£0.93
10.1+35

10.6 +4.1
81.3+10.0
855+113
0.935[0.880; 1.002]
0.960 [0.910; 1.010]
17.0[11.9; 22.6]
12.7 [10.5; 17.5]
1.2[0.9;1.7]

1.7 [1.3; 2.0]

436.0 [284.6; 654.5]
443.1[299.8; 597.3]
92+15

98+15

63+15

59+17

50+13

47 +14

1.2[0.9; 1.6]
1.1[0.8; 1.5]

A

—0.28 [-1.45; 1.03]
0.10[-1.13; 1.20]
0.08 [-0.81; 0.56]
—0.20 [-0.91; 0.95]
-6+11

-4+10

-3x7

—1+7

—0.68 [-1.00; —0.44]
—0.57 [-0.82; —0.20]
—0.11 £ 0.10
—0.06 £0.12
-0.23+042
-0.23+0.34
—1.0[-2.0;0.0]
—0.5[-2.0; 0.0]
—2.5[-3.6; -0.5]
-1.6[-3.6;0.1]
—0.007 £ 0.045
—0.005 £ 0.039
2.1[0.5; 6.5]
0.2[-1.3;3.3]
—0.3[-0.5;0.1]
—0.0[-04;0.1]
26.0[-80.4; 94.9]
23.0[-85.5;105.2]
—0.0[-1.0; 0.¢6]
—0.0[-0.6;1.0]
0.3[-0.7;0.7]
—0.1[-0.8;0.4]
0.1[-0.6;0.5]
—0.2[-0.6;0.3]
0.1+0.3

00+04

Changes in vascular function, cardiovascular risk factors, glucose homeostasis and physical activity: LFHP (N = 48) versus HMUFA

Model 1* Model 2*

B [95% ClI] p-value B [95% CI] p-value
REF - REF -
0.40 [-0.46-1.26] 0362  0.36[-0.51-1.23] 0.410
REF = REF =
0.34 [-0.34-1.02] 0.324  0.35[-0.34-1.03] 0.315
REF - REF -
3.28 [-0.12-6.67] 0.058  3.30[-0.15-6.75] 0.061
REF = REF =
2.73[0.34-5.13] 0.026 2.48[0.07-4.89] 0.044
REF - REF -
0.24 [0.06-0.42] 0.011  0.23[0.05-0.42] 0.014
REF = REF =
0.05 [0.01-0.09] 0.018  0.05[0.01-0.10] 0.013
REF - REF -
—0.00 [-0.15-0.14] 0968  —0.02[-0.16-0.12] 0.800
REF = REF =
0.32 [-0.46-1.09] 0.420 0.32 [-0.39-1.03] 0.374
REF - REF -
0.41[-0.52-1.35] 0.383  0.37[-0.56-1.30] 0.429
REF = REF =
0.00 [-0.01-0.02] 0.743  0.00[-0.01-0.02] 0.883
REF - REF -
—2.73[-4.56-(-0.90)] 0.004  —2.60[-4.45-(-0.75)] 0.006
REF = REF =
0.26 [0.04-0.49] 0.021 0.24 [0.01-0.47] 0.038*
REF - REF -
—2.71[-68.78-63.36] 0.935  0.89 [-66.31-68.09] 0.979
REF = REF =
0.44 [-0.04-0.92] 0.071  0.42[-0.06-0.90] 0.088
REF - REF -
—0.35[-0.82-0.13] 0.155  —-0.31[-0.80-0.17] 0.204
REF = REF =
—0.30 [-0.70-0.10] 0.145 —0.27 [-0.68-0.14] 0.196
REF - REF -
—0.06 [-0.21-0.09] 0.457  —0.05[-0.21-0.10] 0.498

Note: Normally distributed data are presented as mean + SD, non-normal data as median [IQR]. *Linear regression models testing differences in the change (week 12 minus
baseline) in the outcome variable between LFHP and HMUFA diets. Model 1: corrected for baseline values; Model 2: corrected for baseline values, age, sex. *For HOMA-IR,

significance was driven by two participants. Exclusion resulted in non-significant differences (p = 0.158).

Abbreviations: AUC, area under the curve; CAR, carotid artery reactivity; DBP, diastolic blood pressure; FRS, Framingham risk score; HDL, high-density lipoprotein; HMUFA, high-
monounsaturated fatty acid diet; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; LFHP, low-fat, high-protein diet; LIPA, light-intensity physical activity; MVPA,
moderate-to-vigorous physical activity; PA, total physical activity; SBP, systolic blood pressure; TC, total cholesterol.

versus A. Third, the LFHP diet resulted in greater improvements in
several cardiovascular risk factors and measures of IR compared with

HMUFA.

At group level, the 12-week diet intervention improved cardio-
vascular risk factors and IR. The Framingham risk score, which is
linked to the 10-year risk of CVD,*® also decreased. Both diets

represent healthy diets, in line with dietary guidelines,*? with the
observation of improvements in cardiovascular and metabolic health

being in line with previous findings.2>*3~%% In the present study, pre-

intervention habitual dietary intake of saturated fat (14% of energy
intake) and fibre intake (2.5 g/MJ) did not meet the recommendations
(saturated fat <10% of energy intake, 3.4 g/MJ fibre). Through either
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diet (HMUFA and LFHP), the dietary intake of the participants
improved and may have contributed to these health improvements.

Despite significant improvements in IR and cardiovascular risk
factors during the intervention, we observed no significant changes in
vascular function. This was unexpected, especially since our measure
of vascular function (i.e., CAR) is associated with cardiovascular risk
factors®® and disease progression,‘“"47 but also because vascular func-
tion is closely linked to IR# Indeed, flow-mediated dilation (FMD),
another measure of vascular function, has been repeatedly shown to
improve following diet interventions.*®4? Possibly, FMD may be more
responsive than CAR to a diet as both measures reflect a different
part of the vascular system (peripheral versus central) and are medi-
ated through distinct pathways (shear stress versus sympathetic ner-
vous system).’®°! These observations may explain differences in
outcomes between studies when examining the impact of dietary
interventions on measures of vascular function. Alternatively, a longer
diet intervention may be required for improvements in cardiovascular
risk factors and IR to translate to improvements in vascular function.

Personalization of the dietary intervention by linking the tissue-
specific IR phenotype to the proposed optimal diet represents a cen-
tral concept in our study. We recently published the main outcomes
of the PERSON study, which included 242 participants, demonstrating
significantly greater improvements in glucose homeostasis and
(peripheral) insulin sensitivity, C-reactive protein and fasting
triglycerides in the PhenoDiet group B versus A.° Although the pre-
sent sub-study was not powered to detect such changes in glucose
homeostasis between groups, observations in the present sub-study
are largely in line with the findings from the main analysis of the PER-
SON study.

While a healthy diet improved cardiovascular risk factors in the
total study population, we found a more pronounced decrease in total
cholesterol and DBP in individuals who followed the LFHP diet. More-
over, both diets reduced HDL-cholesterol concentration. Previous
studies show conflicting results regarding the effects of diet on HDL-
cholesterol, with increased or unchanged HDL-cholesterol levels

t4344 and decreased to increased

reported after a Mediterranean die
HDL-cholesterol levels after a low-fat diet.*>#4>275% The restriction
of alcohol consumption during the dietary intervention to <1 glass/
day might have contributed to reductions in HDL-cholesterol, as alco-
hol consumption can increase HDL-cholesterol levels.”>> However, the
decrease in HDL-cholesterol was not significantly different between
participants with low (<3.5 glasses/week) versus high (23.5 glasses/
week) baseline alcohol consumption (split at median, p = 0.986, data
not shown). Despite a reduction in HDL-cholesterol, the total choles-
terol/HDL ratio decreased significantly, suggesting a relatively larger
decline in total cholesterol than the change in HDL-cholesterol, with
no difference between the diets. These changes in blood lipids may
have a beneficial impact on CVD risk, as a lower total cholesterol/
HDL ratio is associated with lower risk for CVD.>®>” A greater
improvement in DBP has previously been reported with a LFHP diet,
compared with a Mediterranean diet, in individuals with type 2 diabe-
tes.*®> A more pronounced though modest (nonsignificant) weight
reduction (—2.5 kg [—3.6;-0.5] versus — 1.6 kg [—3.6;0.1]), and (non-

significant) increase in physical activity (15.8 min [—44.3;43.8] versus
—7.7 min [-50.4;26.0]) in individuals following the LFHP diet may, at
least partially, contribute to the differences in ADBP observed
between the LFHP and HMUFA diets. Adjustment for changes in
weight or changes in physical activity resulted in a non-significant
trend for the difference in blood pressure.

5 | STRENGTHS AND LIMITATIONS

A strength of this study is the objective assessment of physical activ-
ity before and after the intervention. Although total physical activity
did not change significantly, even small increases in physical
activity have previously been shown to be beneficial for blood pres-
sure.”® Since adjusting for changes in physical activity did not alter
our results substantially, our results can primarily be related to the
diet intervention rather than (subconscious) changes in physical
activity.

A few limitations of this study need also to be acknowledged. This
study was designed to keep participants weight stable, to be able to
attribute outcomes to diet composition rather than weight loss.
Despite our efforts to keep participants weight stable by adjusting
energy groups when participants lost weight, participants lost an aver-
age of 2 kg during the 12-week intervention. Nevertheless, the pre-
sent results were largely unaltered after adjustment for weight
change. In addition, some of our secondary outcomes (CVD risk, IR)
represent a subgroup analysis of the PERSON study and may there-
fore be underpowered. The present study was, however, sufficiently
powered to detect differences in our primary outcome: vascular
function. However, in previous work, we found that the effects of a
lifestyle intervention on vascular function have previously been
reported in a much smaller study population (N = 19).3? A final limita-
tion relates to the duration of the study, as some dietary intervention
may require administration of >6 months to achieve significant

effects.””

6 | CONCLUSION

In individuals with IR, a healthy diet can improve cardiovascular risk
factors and IR within 12 weeks, with LFHP resulting in greater
improvements than HMUFA in some markers of CVD risk
(i.e., cholesterol, HDL-cholesterol and diastolic blood pressure) and IR
(i.e., Matsuda index and HOMA-IR). In contrast, we found no adapta-
tions in the common carotid artery vascular function. Importantly,
assigning individuals based on their IR phenotype (LIR or MIR) to a
distinct diet tended to further improve insulin sensitivity (Matsuda
index) and total cholesterol but did not alter other cardiovascular risk
factors or vascular function. Taken together, these results highlight
the benefits of diet to improve cardiovascular risk and IR, with our
data suggesting that the diet type per se (LFHP) has larger effects on
some cardiovascular risk factors and IR compared with the personali-

zation of the diet based on the IR phenotype.
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