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Abstract: A type 2 diabetes mellitus (T2DM) subtyping method that determines the T2DM phenotype
based on an extended oral glucose tolerance test is proposed. It assigns participants to one of seven
subtypes according to their β-cell function and the presence of hepatic and/or muscle insulin resis-
tance. The effectiveness of this subtyping approach and subsequent personalized lifestyle treatment in
ameliorating T2DM was assessed in a primary care setting. Sixty participants, newly diagnosed with
(pre)diabetes type 2 and not taking diabetes medication, completed the intervention. Retrospectively
collected data of 60 people with T2DM from usual care were used as controls. Bodyweight (p < 0.01)
and HbA1c (p < 0.01) were significantly reduced after 13 weeks in the intervention group, but not
in the usual care group. The intervention group achieved 75.0% diabetes remission after 13 weeks
(fasting glucose ≤ 6.9 mmol/L and HbA1c < 6.5% (48 mmol/mol)); for the usual care group, this
was 22.0%. Lasting (two years) remission was especially achieved in subgroups with isolated hepatic
insulin resistance. Our study shows that a personalized diagnosis and lifestyle intervention for T2DM
in a primary care setting may be more effective in improving T2DM-related parameters than usual
care, with long-term effects seen especially in subgroups with hepatic insulin resistance.

Keywords: type 2 diabetes; remission; lifestyle intervention; diet; subtypes; primary care

1. Introduction

The main pathophysiological defects in type 2 diabetes mellitus (T2DM) are insulin
resistance (IR) of the liver, muscle, and adipose tissue, and reduced β-cell function (BCF) [1].
Current treatment primarily focuses on lowering blood glucose concentrations and glycated
hemoglobin (HbA1c) levels instead of addressing the underlying pathophysiology. There-
fore, limited effectiveness may be achieved in diabetes treatment, especially in the longer
term [2–4]. Several studies have shown that lifestyle interventions have beneficial effects
on glycemic control [5–7], and may even induce disease remission [8,9]. In the DiRECT
trial, a primary-care-led weight management program for T2DM, 46% of the intervention
participants achieved disease remission [3,4]. The remission rate appeared related to β-cell
capacity [6], indicating that not all persons react similarly to such interventions. As T2DM
is a multi-factorial disease affecting multiple organs, and because people differ in their
genetics, phenotype, lifestyle, and environment, different mechanisms may underlie T2DM
pathophysiology [10,11]. Impaired glucose tolerance (IGT) and impaired fasting glucose
(IFG), which are both pre-stages of T2DM, can occur both separately and simultaneously,
and differ in prevalence [12]. Moreover, plasma insulin levels in response to an oral glucose
tolerance test (OGTT) differ [13]. A greater impairment in first-phase insulin secretion,
indicative of hepatic insulin resistance (HIR), can be found in individuals with isolated IFG.
People with IGT show higher two-hour insulin and glucose concentrations, indicative of
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muscle insulin resistance (MIR) [14]. The cardiometabolic T2DM etiologies of systemic low-
grade inflammation and lipid dysmetabolism differ between people with MIR and people
with HIR [15]. These differences in underlying T2DM pathophysiology may explain the
differences in the effectiveness of lifestyle interventions. Indeed, it has been shown that in
people with prediabetes with relatively high fasting insulin, a low-fat diet is most effective
for weight loss, whereas for people with prediabetes with relatively low fasting insulin, a
low-carbohydrate diet is most effective [16]. Another study comparing the two-year effects
of both a low-fat and a Mediterranean diet showed a larger improvement in BCF on a
low-fat diet in people with HIR, whilst people with MIR or a combination of muscle and
liver IR (CIR) benefitted more from a Mediterranean diet [17]. Moreover, it is known that
MIR is best counteracted by physical exercise [18], whereas caloric restriction seems to be
effective in reducing HIR [19]. Thus, the diabetic subtype can be used to personalize—and
potentially increase—the efficacy of and adherence to lifestyle treatment for T2DM.

Herein, we propose a subtyping method that determines an individual’s diabetic
phenotype and establishes the underlying pathophysiology [20]. T2DM subtyping was
conducted by performing a five-timepoint OGTT, quantifying plasma glucose and insulin
concentrations at baseline and 30 min intervals up to two hours. The resulting data were
used to determine indices indicative of pancreatic insulin secretion and muscle and liver
insulin resistance.

Based on the T2DM subtype, a personalized diagnosis and subsequent tailored treat-
ment were determined. Next, we assessed the effectiveness of this T2DM subtyping
approach in ameliorating T2DM by the evaluation of HbA1c and fasting plasma glucose
(FPG), as well as the associated risk factors, including body weight, in comparison to
usual care. Additionally, we elucidated whether personalized interventions improved the
diabetic phenotype and induced diabetes remission. This study took place in a primary
care setting to assess the feasibility of this more personalized approach in a real-life setting.
The intervention lasted 13 weeks, with a two-year follow-up.

2. Materials and Methods
2.1. Study Population

Eighty-two participants with prediabetes or newly diagnosed T2DM (within the last
12 months), according to the Dutch general practitioners’ standards, were recruited from
eight primary care centers in Hillegom, The Netherlands. In The Netherlands, T2DM
diagnosis is determined based on glucose values with two FPG of ≥7.0 mmol/L or one
FPG of ≥7.0 mmol/L combined with non-FPG of ≥11.1 mmol/L on two different days,
whereas prediabetes is defined as an FPG of ≥6.1 and <7.0 mmol/L and/or a non-FPG
of ≥7.8 and <11.1 mmol/L. Participants were eligible for study participation if they were
aged 30–80 years, and had a stable body mass index (BMI) between 25 and 35 kg/m2.
The exclusion criteria were the use of plasma glucose-lowering medication within the
past year, the use of systemic corticosteroids and β-blockers in the past month, pancreatic
or (late-onset) type 1 diabetes, and other medical conditions, including gastrointestinal
dysfunction, psychiatric disorders, severe hypertension, and renal insufficiency. Of the
82 participants initially enrolled in the study, 16 were excluded after the baseline OGTT
because of either very poor BCF (n = 8) or normal glucose metabolism (neither reduced
BCF nor IR) (n = 8).

From the same primary care center, the data of 60 people with prediabetes or newly di-
agnosed T2DM in usual care, meeting the above-stated inclusion and exclusion criteria, i.e.,
aged 30–80 years, BMI between 25 and 35 kg/m2, and no use of plasma glucose-lowering
medication, were collected retrospectively as controls. The historic data included fewer
people with prediabetes because there is no official monitoring protocol for prediabetes
according to the Dutch general practitioners’ standards [21], as a result of which registration
and monitoring occurs less frequently.

All participants gave written informed consent. The study protocol was approved
by the Medical Ethics Committee Brabant (NL48742.028.14). The study was performed in
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accordance with the Declaration of Helsinki and good clinical practice and was registered
at ClinicalTrails.gov (NCT02196350).

2.2. Study Design

This study was exploratory. At baseline, clinical chemistry, blood pressure, and an-
thropometric measurements (length, body weight, waist circumference, and fat percentage)
were performed. Based on the T2DM subtype, participants were allocated to one of seven
personalized lifestyle treatments. The 13-week intervention was supervised by a dietician
and/or physiotherapist. All participants visited the general practitioner’s assistant at
baseline and in weeks 4, 8, and 13, and participants visited the dietician at baseline and
in weeks 1, 2, 6, 10, and 13 for (personalized) dietary advice. Those participants allocated
to a treatment including exercise visited the physiotherapist for supervised personalized
exercise training three times a week for 13 weeks. After the 13-week intervention, the mea-
surements were repeated, including an OGTT to determine changes in glucose metabolism
and the T2DM subtype. After the 13-week intervention, the participants returned to stan-
dard primary care. Anthropometry and clinical chemistry were repeated one and two
years after baseline. Healthcare providers were instructed to be reluctant in prescribing
oral diabetes medication or insulin therapy during the study. The intervention group was
compared with historic data from a control group that received usual care according to
the Dutch general practitioners’ standards [21]. This states to start with prescribing oral
diabetes medication when the HbA1c target level of 7.0% (53 mmol/mol) is not reached
with a non-drug treatment. For this study, diabetes remission was defined as: (a) Fasting
glucose ≤ 6.9 mmol/L, (b) HbA1c < 6.5% (48 mmol/mol), (c) no use of glucose-lowering
medication, and (d) meeting these targets at the 12- and 24-month follow-up [2]. Figure 1
provides an overview of the study design.
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Figure 1. Study design. GP = general practitioner; OGTT = oral glucose tolerance test; clin. chem-
istry = clinical chemistry (HbA1c, triglycerides and HDL, LDL, and total cholesterol). Anthropometry
includes body height (only at baseline), body weight, waist circumference, and fat percentage.

2.3. Clinical Chemistry and OGTT

After an overnight fast, blood samples were taken before (0 min) and at four time
points after drinking a 75 g glucose solution (t = 30, 60, 90, and 120 min) to determine plasma
glucose and insulin concentrations. HbA1c and lipids were assessed at baseline, 13 weeks,
and at the one- and two-year follow-up. OGTT and blood sampling were performed at the
service center Elsbroek by AtalMedial in Hillegom, The Netherlands. Lab analyses were
performed by AtalMedials’ lab located in Spaarne Gasthuis Hospital, The Netherlands.

ClinicalTrails.gov
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2.4. Subtyping Rationale

Glucose and insulin response to the OGTT was used to calculate the following in-
dices: Disposition Index (DI) [22–24], Matsuda Index, Hepatic Insulin Resistance Index
(HIRI) [25], and Muscle Insulin Sensitivity Index (MISI) [26]. Cut-off values for these
indices, to distinguish between healthy and diabetic scores, were determined using data
from ~1100 participants [27–29]. These cut-offs were calculated and validated using differ-
ent subsets of healthy participants, participants with prediabetes (IFG, IGT, or both), and
people with undiagnosed and clinically diagnosed T2DM.

After calculating the indices, participants were assigned to one of seven subtypes
according to BCF (moderate or low) and the presence of hepatic IR and/or muscle IR
(Supplemental Table S1). Individuals with no IR and no BCF were excluded at baseline. If,
after the intervention, participants reverted to no IR and no BCF, these participants were
assigned to the “healthy” subtype.

2.5. Interventions

The HIR and CIR subgroup received a very-low-calorie diet (VLCD) for one week,
using meal replacements (Modifast) three times a day (500 kcal/day), followed by a
12-week low-calorie diet (LCD; 1000 kcal/day) based on a personal meal plan provided by
a dietician. Participants could opt for meal replacements for a maximum of one meal per
day. Groups with poor BCF (PB), PB-HIR, or PB-CIR received 13 weeks of LCD, similar
to the LCD of the HIR and CIR subgroups. Groups with MIR or PB-MIR followed an
isocaloric diet (ICD), comprising normal food products.

In addition to the dietary intervention, participants in the HIR, PB, and PB-HIR
subgroup were stimulated to adhere to the Dutch Norm for Healthy Physical Activity for
overweight people (moderate exercise of 60 min/day). The CIR and PB-CIR subgroup
were stimulated to adhere to the Dutch Norm for Physical Activity for one week, followed
by 12 weeks of strength and endurance training (thrice a week for 60 min), supervised by
a physiotherapist. The MIR and PB-MIR subgroups performed supervised strength and
endurance training for 13 weeks.

2.6. Statistical Analysis

Complete case analysis was performed using only paired data at baseline and after
13 weeks. Two weighted linear mixed models were created, from which all statistical results
were subsequently derived, using the “lmer” package [30]. One model included subtype
as the main effect, whereas the other contained group. Both models included time as the
main effect and the interaction of time with either group and subtype. Furthermore, both
models included the participant as a random factor. When fitting the models, statistical
outliers were excluded when their standardized model residuals were further than three
standard deviations away from 0. When applying these models, some variables were
log10-transformed to account for heteroscedasticity in the model residuals.

Type-III sum-of-squares p-values were calculated for the main effects using the “car”
package, whereas p-values for the post hoc tests were calculated using the “emmeans”
package [31]. Additionally, p-values of <0.05 were deemed statistically significant. The R
Project for Statistical Computing software version 3.4.3 for Windows (The R Project for
Statistical Computing, Auckland City, Auckland, New Zealand) was used for statistical
analysis [32].

3. Results
3.1. Baseline Characteristics

A total of 60 out of the 66 participants completed the intervention. At baseline, the
intervention group had significantly lower HbA1c and FPG and significantly higher BMI
compared with the usual care group (Table 1). Moreover, age tended to be higher in the
usual care group (p = 0.06). In both groups, the average HbA1c levels were below the target
level for people with type 2 diabetes, which is 7% (53 mmol/mol) in The Netherlands [21].
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Table 1. Baseline characteristics by treatment group.

Characteristic Usual Care Intervention p-Value

n 60 60
Men/women (n) 34/26 29/31 NS

Age (years) 65.2 ± 9.7 63.4 ± 7.9 0.06
Body height (m) 1.73 ± 0.10 1.72 ± 0.10 NS
Bodyweight (kg) 90.4 ± 15.1 96.3 ± 16.1 NS

BMI 29.9 ± 5.0 32.6 ± 4.8 0.035

HbA1c (%) HbA1c (mmol/mol)
6.7 ± 3.4 6.0 ± 2.8

<0.00149.7 ± 13.9 42.6 ± 7.4
FPG (mmol/L) 8.3 ± 4.0 7.0 ± 1.5 0.005
SBP (mmHg) 136 ± 19 137 ± 14 NS
DBP (mmHg) 82 ± 11 83 ± 10 NS

Total cholesterol (mmol/L) 5.9 ± 1.9 † 5.7 ± 1.1 NS
HDL-cholesterol (mmol/L) 1.3 ± 0.5 † 1.3 ± 0.3 NS

Triglycerides (mmol/L) 3.5 ± 5.4 † 2.2 ± 1.0 NS

Data are the mean ± standard deviation, unless otherwise indicated. † n ≈ 20, not available for all controls and after
outlier removal. BMI = body mass index; HbA1c = glycated hemoglobin; FPG = fasting plasma glucose; SBP = systolic
blood pressure; DBP = diastolic blood pressure; HDL = high-density lipoprotein; NS = not significant.

3.2. Intervention Effects Compared with Usual Care

After 13 weeks, body weight (p < 0.001) and HbA1c (p < 0.001) were significantly
lower compared with baseline in the intervention group, whilst there were no significant
changes in the usual care group (Supplemental Table S2). After one and two years of
follow-up, body weight (p < 0.001) and HbA1c (p < 0.001 at one year and p < 0.01 at two
years) remained significantly lower compared with baseline in the intervention group. In
the usual care group, body weight (p < 0.01) was reduced compared with baseline at the
two-year follow-up only.

In the intervention group, total cholesterol (−0.47 mmol/L; p < 0.01), triglycerides
(−0.58 mmol/L; p < 0.001), and waist circumference (−11 cm; p < 0.001) decreased after the
intervention. These data were not available for the usual care group, as these markers are
not measured regularly in usual care.

3.3. Diabetes Remission

Table 2 shows the fraction of participants who were classified as “in remission” for the usual
care and intervention group. The results are shown as the fraction of participants diagnosed
with T2DM at baseline, as our study population also included participants with prediabetes.
The intervention group achieved significantly more T2DM remission after 13 weeks compared
with the usual care group (p = 0.0002). In the intervention group, two participants started
using glucose-lowering medication during the follow-up period of the study. For the usual care
group, no medication data were available for follow-up, so it was unclear what proportion of
participants were still in remission at the one- and two-year follow-ups.

Table 2. Remission data * for the intervention and usual care groups after the intervention (week 13)
and at the one- and two-year follow-ups (week 52 and 104), expressed as the number and percentage
of participants with T2DM at baseline **.

Usual Care Intervention

(n = 41) (%) (n = 25) (%)

13 weeks 5 22.0 19 75.0
52 weeks - - 13 52.4
104 weeks - - 7 28.6

* Remission was defined as fasting plasma glucose ≤ 6.9 mmol/L and HbA1c < 6.5% (48 mmol/mol), no use of
glucose-lowering medication, and meeting these targets at 12 and 24 months of follow-up; medication data were
not available at follow-up for the usual care group. ** In other words, subjects with prediabetes at baseline were
excluded from this table, as the remission definition does not apply to people with prediabetes.
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For the intervention group, participants that achieved remission after 13 weeks showed
significantly more weight loss than participants that did not achieve remission (−10.7 kg
resp. −4.6 kg; p < 0.001).

Of the participants with prediabetes at baseline, 89% remained prediabetic, whilst 11%
progressed to T2DM during the study. Those participants that progressed to T2DM showed
significantly less weight loss than participants that remained prediabetic (p = 0.05).

3.4. Changes in the Diabetic Phenotype in the Intervention Group

At baseline, 11 participants had hepatic IR (HIR), 7 participants had muscle and
hepatic IR (combined IR; CIR), 9 participants had isolated poor BCF (PB), 28 participants
had PB-HIR, and 5 participants had PB-CIR. At baseline, there were no participants with
a healthy, MIR, or PB-MIR subtype. A substantial redistribution of participants over the
subtypes was found after 13 weeks of intervention (Figure 2). The most noticeable trend
was seen for the HIR subtype, with 55% of the participants converting into a healthy
subtype after the intervention. For the PB-HIR and CIR subtype this was 29%, whereas for
the PB and PB-CIR subtypes, it was 22% and 20%, respectively.
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Figure 2. Flow diagram showing the shift in subtypes for participants from baseline to 13 weeks. A
shift upwards illustrates a shift toward a less complex phenotype. H = healthy; HIR = moderate BCF
and liver IR; MIR = moderate BCF and muscle IR; CIR = moderate BCF and combined IR; PB = low
BCF and no IR; PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR.

In total, 32% of the participants (n = 19) obtained a healthy subtype (normal BCF
without IR) after 13 weeks of intervention, of which 7 participants met the criteria for
T2DM remission, 11 had prediabetes at baseline, and one participant reached a HbA1c of
5.4% (36 mmol/mol) and FPG of 7.0 mmol/L at 13 weeks. Including the participant with
borderline remission and a healthy subtype, in total, 10 participants could be classified
as T2DM after 13 weeks of intervention, of which 6 had the PB-HIR subtype and 3 the
PB-CIR subtype.
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3.5. Changes in the Glucose Metabolism in the Intervention Group

Liver IR significantly improved (HIRI of −80.2; p < 0.001) after 13 weeks. Postprandial
glucose (PPG) decreased significantly (−1.34 mmol/L; p < 0.001) after 13 weeks. The
disposition index and MISI did not change over time (p = 0.231, resp. p = 0.945).

Furthermore, the 13-week intervention significantly decreased HIRI in all subtypes
with liver IR (unknown for subgroup PB-CIR, as no p-value could be calculated due to
missing data; Table 3). FPG decreased in two of these subgroups (HIR and PB-HIR).

Table 3. Changes in oral glucose tolerance test response from baseline to 13 weeks (end of interven-
tion) for the main type 2 diabetes subtypes.

Subtype FPG PPG DI HIRI MISI

HIR (n = 11) −1.2 ** −1.1 2.19 −1145 ** 0.41

CIR (n = 7) −0.3 −3.1 * 1.44 −619 * −1.71 †

PB (n = 9) 0.3 0.2 0.33 138 0.09

PB-HIR (n = 28) −1.2 ** −0.3 0.80 * −22 ** 1.58 **

PB-CIR (n = 5) −0.6 −8.4 † 0.87 2525 † −2.16 ‡

The data are deltas between baseline and 13 weeks of intervention. FPG = fasting plasma glucose; PPG = post-
prandial glucose; DI = disposition index; HIRI = hepatic insulin resistance index; MISI = muscle insulin sensitivity
index; HIR = moderate BCF and liver IR; CIR = moderate BCF and combined IR; PB = low BCF and no IR;
PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR. * p < 0.01 and ** p < 0.001 compared with
baseline; † no p-value available due to missing data; ‡ trend toward a decrease (p = 0.0590).

Unexpectedly, MISI increased in the PB-HIR subgroup, indicating a decrease in muscle
insulin sensitivity, although the mean MISI was still within the healthy range (−2.87 ± 1.27).
Postprandial glucose improved in the CIR subgroup only. The disposition index only
improved in the PB-HIR subgroup.

3.6. Long-Term Intervention Effects

All subgroups showed a significant reduction in body weight after the intervention,
which was maintained at one and two years of follow-up for all subgroups, except for the
group with PB-CIR (+3.3 kg; p < 0.05) (Table 4).

Table 4. Changes in body weight, FPG, and HbA1c from baseline (week 0) to the end of the in-
tervention (week 13) and to the one- and two-year follow-ups (weeks 52 and 104) for the type 2
diabetes subtypes.

HIR
(n = 11)

CIR
(n = 7)

PB
(n = 9)

PB-HIR
(n = 28)

PB-CIR
(n = 5)

Bodyweight (kg)
Weeks 0–13 −10.2 *** −13.1 *** −5.6 ** −8.8 *** −5.7 *
Weeks 0–52 −9.1 *** −7.3 ** −4.8 *** −6.0 *** 2.0
Weeks 0–104 −8.4 *** −7.1 ** −2.3 * −6.0 *** 3.3 *

Fasting glucose
(mmol/L)

Weeks 0–13 −1.1 *** −0.3 0.3 −1.1 *** −0.5
Weeks 0–52 −1.3 *** −0.2 0.0 −0.7 *** 0.4
Weeks 0–104 −1.0 *** −0.2 0.4 −0.7 *** −0.3

HbA1c
(mmol/mol)
Weeks 0–13 −3.4 *** −3.3 * 0.0 −6.2 *** −2.2
Weeks 0–52 −4.3 ** −1.3 −1.3 −4.9 *** −1.5
Weeks 0–104 −2.4 * −0.4 1.8 −2.5 ** −1.3

The data are deltas comparing baseline to week 13 (end of intervention), week 52 (one year follow-up), and week
104 (two years follow-up). HIR = moderate BCF and liver IR; CIR = moderate BCF and combined IR; PB = low
BCF and no IR; PB-HIR = low BCF and liver IR; PB-CIR = low BCF and combined IR. * p < 0.05, ** p < 0.01, and
*** p < 0.001 compared with baseline.
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In the HIR and PB-HIR subgroups, FPG and HbA1c decreased after the intervention,
which was maintained up to two years of follow-up. In the CIR subgroup, HbA1c was
significantly reduced after the intervention, but this effect was not maintained at follow-up.
For all other subgroups, no significant changes in FPG or HbA1c were found.

4. Discussion

In this study, we showed that diabetes subtyping and subsequent tailored lifestyle
interventions in a primary care setting are more effective in improving T2DM-related
parameters than usual care. Bodyweight and HbA1c were significantly reduced after
13 weeks of intervention, whilst no changes in these markers were seen with usual care.
Additionally, the improvements in health status were maintained up to two years after the
intervention. Our results suggest that a (V)LCD may be more effective in improving liver
IR, whilst resistance training may be more effective in improving muscle IR.

Unique to our study was the use of an extended OGTT in a primary care setting for
identifying the diabetic phenotype and subsequently using this knowledge for a tailored
lifestyle treatment. Various clinical studies have shown that persons with T2DM may
differ in their metabolic profile, resulting in differential responses to lifestyle interven-
tions [13,15,17,33–36]. However, in these studies, participants were assigned to a dietary
pattern at random and subtype effects were identified retrospectively. To the best of our
knowledge, this is the first study in which the metabolic profiling of people with T2DM
was performed prospectively and used for a phenotype-based sub-diagnosis and adjacent
tailored lifestyle treatment in a real-life primary care setting.

Our results suggest that these tailored treatments indeed induce differential effects.
The specific improvements in HIRI and FPG for the groups with liver IR, and the improve-
ments in PPG in the groups with combined IR (CIR), suggest that the tailored treatment may
have added value over a one-size-fits-all approach. However, as there were no participants
with isolated muscle IR (with or without low BCF), future research is needed to investigate
the effects of a solely physical activity intervention in people with muscle IR. Previous
research has shown that improving MISI is more difficult or may take longer [36,37]. The
lack of effect, or even a small negative effect in the PB-HIRI group, on MISI in our study
may be a result of weight loss. Weight loss may have included a loss of muscle mass,
which may negatively affect MISI. However, in the PROBE trial, the lack of effect on MISI
coincided with an improved muscle mass [36].

Average weight loss in our study after one year was 7.1 kg, and this resulted in
improvements in T2DM-related health parameters. Caloric restriction has been shown to
reduce pancreatic and hepatic fat content and hepatic IR and improve BCF [19,38]. In our
study, weight loss was strongly correlated with achieving remission, with an average weight
loss of −10.7 kg in the group that achieved remission and −4.7 kg in the group without
remission. These results indicate a relationship between T2DM remission achievement
and weight loss, as also shown in the DiRECT trial [3]. Modest weight loss of 5–10% has
also been previously linked to improvements in cardiovascular risk factors, including
HbA1c [39]. Non-responders predominantly had a complex phenotype with combined
IR, decreased BCF, or both, indicating that achieving remission is more difficult with a
more progressed disease status. Karter et al. observed an association between the rate of
remission and years since diagnosis [40], and Taylor et al. linked non-response to a lifestyle
intervention to a more advanced, irreversible stage of β-cell dysfunction. In our study,
subgroups with combined insulin resistance with or without poor BCF or poor BCF only
(CIR, PB, and PB-CIR) showed only short-term or no improvements in FPG or HbA1c [6],
whereas subgroups with hepatic insulin resistance with or without decreased BCF (HIR
and PB-HIR) had long-term improvements in FPG and HbA1c. Interestingly, persons
with combined insulin resistance (CIR) did achieve a sustained bodyweight reduction of
7 kg after two years of follow-up that did not result in reduced hyperglycemia. Therefore,
the subgroups with isolated liver IR (HIR and PB-HIR) benefitted most from the lifestyle
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treatment, as shown by improved bodyweight, HIRI, FPG, and HbA1c after the intervention
period, and improved FPG and HbA1c after one and two years of follow-up.

The percentage of participants in remission after the intervention was 75.0%. However,
when looking at the diabetic phenotype of the included participants, based on indices for
organ-specific insulin sensitivity and β-cell function, only 28% of the participants with
T2DM at baseline had a fully remitted and healthy subtype (normal BCF and no IR) after
the intervention. T2DM is indeed a multi-factorial disease affecting multiple organs, and
normalization of HbA1c and/or FPG levels can still coincide with reduced organ function
and β-cell dysfunction [41]. It is therefore recommended for individuals who achieve
remission to remain under the supervision of healthcare professionals [42].

Increasing focus on the functioning of organs involved in the pathophysiology of
T2DM (liver, adipose tissue, skeletal muscle, and pancreas) may therefore provide more
insight into the effects of interventions and disease status, instead of merely focusing on
remission numbers. We therefore suggest performing an extended OGTT to assess diabetes
pathophysiology so that disease progression or regression before and after an intervention
can be more accurately determined over time. Indeed, in a pilot study using the same
subtyping methodology in a population with a longer T2DM disease duration, none of the
participants were able to achieve a healthy subtype, even though improvements in HbA1c
and FPG were observed [37]. Additionally, the diabetes subtyping methodology allows
for a more tailored lifestyle intervention, which may improve intervention success. For
this, our subtyping method can be used, which uses blood glucose and insulin response
to a five-point OGTT as a measure of diabetes pathophysiology [20,43]. Besides our
subtyping model, other models exist, using established T2DM genetic loci to identify several
diabetic phenotypes [44], using clinical parameters to cluster adult-onset diabetes [45,46],
or using patterns of specific glycemic responses called “glucotypes” [47]. The importance
of differences in organ function was also suggested in the Diogenes and Maastricht studies,
which showed an altered metabolic profile in persons with obesity and liver IR compared
with persons with obesity and muscle IR [15,48,49]. However, our subtyping method is,
to the best of our knowledge, the first that provides a complete picture of the underlying
pathophysiology of T2DM and offers the opportunity for tailored treatment.

A few limitations need to be discussed. An important limitation of this explorative
study was that participants in the usual care group were not accurately matched with the
intervention group for BMI and age, due to a limited available patient database. Addition-
ally, or maybe consequently, the usual care group had higher baseline FPG and HbA1c
values compared with the intervention group. Additionally, as OGTTs are not performed
in usual care, no data on type 2 diabetes subtypes and the comparability of the distribution
thereof with the intervention group were available. Considering the higher baseline FPG
and HbA1c values, the participants in the usual care group, although newly diagnosed,
without treatment for type 2 diabetes and with an average HbA1c level below the target,
could all have had a poor BCF, which would explain the scarce response in this group.
Furthermore, no data on medication were available for the usual care group, except for
baseline, where oral medication was used as the exclusion criterium. Possibly, in the usual
care group, the use of glucose-lowering medication could have started throughout the trial.
These differences between the usual care and intervention groups may have influenced our
results. A future efficacy study with a prospective control arm randomized for BMI, age,
FPG, HbA1c, and BCF status, as well as careful registration of medicine use is needed to
confirm the current results from diabetes subtyping and tailored lifestyle intervention.

In The Netherlands, people are screened for T2DM by determining FPG levels and
sometimes HbA1c levels. As 2 h blood glucose is not measured, participants with isolated
IGT, which is defined as 2 h glucose levels of 7.8–11.1 mmol [50], are missed. This may have
caused the underrepresentation of participants with muscle IR in our study. To improve
the early detection of and treatment for participants with isolated IGT, we suggest always
performing an OGTT or at least measuring 2 h blood glucose levels.
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In the intervention group, the number of participants was relatively small per diabetes
subtype, especially for the PB-CIR, CIR, and PB groups. Despite the small diabetes subtype
groups, we were still able to reach statistical significance for some of the variables, providing
interesting insights into the underlying pathophysiology of type 2 diabetes and how lifestyle
interventions can interact with this. For a follow-up study, a larger study population is
required to confirm and validate these findings. It will remain difficult, however, to
influence equal distribution over the diabetes subtypes, as this follows from the OGTT.
Lastly, the frequency of visits to a healthcare professional, including visits to the GP
assistant, as well as to dieticians and/or physiotherapists, was probably lower in the
control group as compared with the intervention group, which could have resulted in
differences in intervention adherence, thereby affecting the study results. However, this
more intensive guidance, as well as referral to lifestyle professionals such as dieticians and
physiotherapists may be required to help people with newly diagnosed T2DM to initiate
behavior change.

5. Conclusions

This was the first study to provide tailored treatment based on the diabetic phenotype
of people with T2DM in a primary care setting. The tailored approach resulted in differ-
ential effects on T2DM phenotypes, with the largest and most persistent improvement in
participants with isolated liver IR (with or without low BCF). Our results suggest that a
(V)LCD may be more effective in improving liver IR, whilst resistance training may be more
effective in improving muscle IR. Future research, including participants with isolated
muscle IR, a prospective control arm matching the intervention arm, and a larger number
of study participants to have larger subgroups of diabetes subtypes, should confirm these
findings. Even though diabetes remission was achieved by the majority of participants
in the intervention group, organ-specific IR and BCF were not fully recovered. This calls
for continued monitoring to avoid relapse, and long-term adherence to a tailored-lifestyle
treatment may be required for people who achieve T2DM remission. Lastly, this study
showed that the tailored approach can be implemented in current primary care and can
result in remission or reversal of the disease in the first three months after T2DM diagnosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/biomedicines10030643/s1: Table S1: Deviating indices and associated treatment plan for all seven
type 2 diabetes subtypes and the “healthy” subgroup; Table S2: Means (SDs) and significant changes
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