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Abstract

During the past several decades, numerous trials have compared various diets for the management
of overweight and obesity, assuming that a single dietary strategy would be appropriate for all
individuals. These studies have failed to provide strong evidence for the efficacy of any particular
diet, and it is likely that different people will have different levels of success on different diets.
We identified studies investigating pretreatment glycemia or insulinemia status, or both, of the
individual as prognostic markers of weight loss during periods in which the composition of a
participant’s diet was known. Overall, research suggests that providing specific diets for weight
management based on pretreatment glycemia and insulinemia statuses holds great promise for
advancing personalized nutrition.
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INTRODUCTION

Projections indicate that by 2025 the global prevalence of obesity will reach 18% in men and
surpass 21 % in women (52). This global obesity epidemic increases health and economic
burdens on both the personal and societal levels, as obesity leads to a plethora of diseases,
such as type 2 diabetes mellitus (T2DM), cardiovascular disease, and several cancers. As

a result of population growth and aging, the number of adults with T2DM worldwide has
nearly quadrupled since 1980 (53). Decades’ worth of interventions and policies have failed
to curtail the rise in overweight and obesity in most countries. Providing advice to exercise
more and limit calorie intake sounds reasonable and practical, but alone has not had much
long-term success. During the past 30 years there has been a great deal of controversy
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about the composition of the optimal diet for weight loss and maintenance, yet efforts to
identify an optimal diet for weight management based on macronutrient composition have
not been successful. Some have defended the more conventional low-fat-high-carbohydrate
diet (3,31), whereas others point at a restriction in carbohydrates as being more effective.
Numerous strategies for modifying carbohydrate intake have been proposed, from ketogenic
very-low-carbohydrate diets (6) to diets with increased protein and a lowered glycemic
index (Gl) of the carbohydrates (44). However, numerous randomized controlled trials have
compared various diets for treating overweight and obesity and failed to provide strong
evidence for the efficacy of any particular one. This has given rise to the notion that the
content and source of specific macronutrients are of minor importance compared with the
critical element of the ability of the person to adhere to a specified diet (26, 63). These
conclusions are based on the notion that all people will respond similarly to a given diet.
However, it is far more likely that different people will have different levels of success on
different diets. The task is to identify biomarkers that can be used to match a person to a
diet for effective weight management. If this is the case, our energy could be shifted from
arguing that one diet is better than others to identifying how to better match a diet to a
specific individual, thus pursuing the concept of personalized nutrition.

Elevated postprandial blood glucose levels are a major risk factor for prediabetes and
T2DM, and attempts to identify personalized dietary recommendations have considered
the impact of glycemic and insulinemic statuses. Interindividual variation in glycemic
responses to a large number of foods and meals has been measured to design personalized
diets to reduce postprandial glucose (78). However, it is not clear whether true
interindividual variation exists because, theoretically, the variation might have been caused
by intraindividual variation in measurements (76).

Numerous studies have attempted to identify the optimal diet for insulin-resistant
individuals. Two systematic reviews and meta-analyses of these studies found no differences
in weight loss among individuals with T2DM eating a low-carbohydrate diet, a low-Gl

diet, or a high-protein diet compared with a control diet (1, 67). One study found that a
Mediterranean diet, which is high in fat and dietary fiber, produced greater weight loss
among individuals with T2DM when compared with a control diet (1). This suggests that
reducing the amount of carbohydrate while consuming a relatively higher amount of fat and
protein may be particularly effective for weight loss in overweight and obese individuals
with T2DM (67).

While individuals without T2DM have largely been treated as a homogeneous group,
emerging data suggest that differences in pretreatment glycemic and insulinemic
measurements in this group may lead to different degrees of success in weight loss on
different diets.

The aim of this review is to compile studies that investigated pretreatment glycemic and
insulinemic measurements as prognostic markers for weight loss and the maintenance of
weight loss when participants were allocated to diets varying in macronutrient content, Gl,
or the consumption of fiber and whole grains, or a combination of these. Evaluating these
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studies may help identify the best diets for weight loss and maintenance of weight loss for
patients with different glycemic and insulinemic statuses.

We performed literature searches for studies published up to October 9, 2017, in PubMed,
CAB Abstracts, and the Web of Science. Search strategies used the following three blocks:
one including words and synonyms for insulin and glucose, one for weight, and one

for diets. Only publications in English were considered. Reference lists of the relevant
publications were cross-checked for additional publications and conference abstracts by the
same authors.

teria

Studies with at least one prescribed diet (energy intake >1,000 kcal/day) or the stratification
of dietary intake into a minimum of two groups in observational studies were included in
the review if weight loss or weight-loss maintenance (=8 weeks) was analyzed according to
pretreatment glycemic or insulinemic status, or both, for a minimum of two groups or by
continuous analysis.

Exclusion Criteria

Studies that did not specify the prescribed diet or actual diet consumed were not included.
Additionally, different diets for successful weight management in individuals with T2DM
have been compared in previous systematic reviews and meta-analyses (1, 67), and these
studies were included in this review only if people with T2DM were compared with
individuals without T2DM. Finally, a recent systematic review and meta-analysis containing
five studies compared weight loss among diabetic and nondiabetic individuals, all of whom
consumed a low-calorie total-formula-replacement diet (300-1,000 kcal/day) for 4 to 52
weeks (46). These five studies have not been included. All studies are listed in three separate
tables according to the glycemia or insulinemia analysis performed.

SUMMARY OF THE PERSONALIZED APPROACH TO HEALTH AND

DISEASE

Personalized medicine is the tailoring of medical treatment to the individual characteristics
of each patient, and it is not a new concept; a classic example is blood transfusions.

In recent years, developments in science and technology have changed the way people

are diagnosed and treated, for the prediction of both beneficial responses and adverse

side effects. This personalized approach includes the consideration of a number of risk
factors for adverse health and diseases, such as hypertension (10); epilepsy (74); cancer,

for example, by examining tumor cells (55); and Parkinson’s disease (54). Biomarkers
measured, for example, in urine, hair, blood, the human genome, and microbiota are being
investigated for use in making personalized recommendations for nutrition, but despite
general agreement that biomarkers hold great promise, they have not yet produced clinically
relevant results. Recently, a pan-European study with more than 1,200 participants used
phenotype (anthropometry and blood biomarkers) and genotype (five diet-responsive genetic
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variants), but failed to identify any advantages in health-related behavioral changes. The
only 6-month advantage in health-related behavioral change was seen when using the
baseline diet of the individual to tailor dietary recommendations (12). Even one of the
genes most robustly associated with obesity, F7O, was recently shown not to change the
responsiveness of individuals with obesity to various weight-management options (48).

In recent years, the potential for the gut microbiota to have a pivotal role in obesity
management through the use of personalized nutrition has drawn a lot of scientific attention,
and accumulating evidence links gut microbiota to obesity. Individuals with obesity show
decreased bacterial diversity (69) and gene richness (16,45), and fecal transplantation
suggests a possible causal relationship between the microbiome and obesity (47, 60, 73).
The composition of the gut microbiota has the potential to affect the efficacy of energy
harvest (70), particularly through fiber-utilization capacity (14); to influence the secretion
of gastrointestinal hormones affecting appetite (40,68); and, potentially, to affect human
behavior through the gut-brain axis (49). Metabolic responses to different diets have
recently been shown to vary among individuals depending on the composition of their

gut microbiota (42,78), and the ratio of Prevotellato Bacteroides has been identified as

an important biomarker associated with the loss of both body weight and body fat in
participants consuming an ad libitum diet (35) as well as an energy-restricted diet (32) rich
in fiber and whole grains.

Whereas almost every weight loss diet, regardless of its composition, results in an average
weight loss for the group being studied, there is always large variability among individuals.
Some individuals will have dramatic weight loss of 15-20 kg during 6 months, while others
will gain up to 5 kg (Figure 1). For this reason people are often designated as responders

or nonresponders to a specific weight loss or weight-loss-maintenance intervention. The use
of pretreatment biomarkers could potentially explain some of this variation and help identify
the most appropriate diet for each individual.

PERSONALIZED DIETARY MANAGEMENT BASED ON GLYCEMIA STATUS

Participants with higher preoperative fasting plasma glucose (FPG) have been found to lose
less weight in the 12 months following a Roux-en-Y gastric bypass (23); however, this
conclusion was drawn without any specification of the diet consumed by those who had
undergone the surgery. This finding was also confirmed in a study of 76 participants with
overweight and obesity who consumed a hypocaloric diet (1,500 kcal/day) for 3 months,
although the macronutrient composition of the diet was not controlled (18); in this study,
participants with FPG < 109 mg/dL lost 4.3 kg and those with FPG > 110 mg/dL lost 2.8

kg (a statistically insignificant difference of 1.5 kg) (18). A study in Kuwait found similar
results when 64 participants with obesity were encouraged to eat a ketogenic diet for 56
weeks, with carbohydrates gradually reintroduced. Overall, participants lost an incredible
25.8 kg, with those who had a high FPG (>6.1 mmol/L) losing a statistically insignificant
2.8 kg less (p = 0.32) than those who had a low FPG (5.1 + 0.4 mmol/L) (17). A growing
number of studies have investigated the potential interaction between categories of glycemia
and different dietary compositions on weight loss and the maintenance of weight loss (Table
1) (17, 18, 21, 33, 34, 36, 38, 66, 71).
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In a study in Kuwait, 363 overweight participants with FPG = 126 mg/dL were given

the choice of consuming a low-carbohydrate ketogenic diet with the gradual reintroduction
of carbohydrates or a low-calorie diet for 24 weeks. Both the diabetic individuals and
nondiabetic individuals lost more weight on the low-carbohydrate ketogenic diet compared
with the low-calorie diet (diabetic individuals, —12.0 kg on the ketogenic diet versus —7.0
kg on the low-calorie diet, p < 0.001; nondiabetic individuals, —12.4 kg on ketogenic
versus —-5.1 kg on low-calorie, p < 0.001). Weight loss among diabetics was not compared
with weight loss among nondiabetics (38). Another study investigated an energy-restricted
conventional healthy diet (aimed at reducing intake by 500 kcal/day) with and without a
focus on lowering the Gl of the carbohydrates (66). The 77 women, all with a history

of gestational diabetes but without T2DM, were further stratified into normoglycemic and
prediabetic groups, according to their FPG and glucose levels 2 h after an oral glucose
tolerance test (OGTT). The normoglycemic and prediabetic individuals lost, respectively,
a statistically insignificant 1.7 kg and 1.2 kg more weight on the low-glycemic-load

diet compared with consuming a conventional healthy diet. This minor 0.5-kg interaction
between diet and glycemic status was not tested for significance (66).

FASTING PLASMA GLUCOSE AS A PROGNOSTIC BIOMARKER FOR
WEIGHT LOSS

Recently, we observed that participants with higher baseline FPG values lost more weight
than those with lower baseline FPG values when consuming a fibrous hydrogel together
with a hypocaloric diet for 12 weeks (5). Overall, those who consumed the fibrous hydrogel
lost significantly more weight than did those in the placebo group (6.1 % of initial body
weight lost versus 4.1%; p = 0.024). Interestingly, this weight loss was higher among
participants with prediabetes (FPG > 100 mg/dL) who consumed the fibrous hydrogel
compared with controls (10.9% of initial body weight lost versus 5.7%; p= 0.029). This
hydrogel is designed to mimic the viscoelastic properties of green leafy vegetables. Because
of its composition and properties, it led us to the idea that a person’s FPG value might

be a prognostic marker of response to diets varying not only in macronutrient composition
but also in naturally occurring dietary fiber. Following this observation, a number of large-
scale randomized dietary intervention studies that originally compared diets in the general
population have been reexamined, with participants stratified according to their FPG value,
to investigate the effects of different weight loss diets among subgroups of the population
(21, 33, 34, 36, 71). Some of these analyses have been published (33, 34) and others have
been presented at international conferences (Figure 2) (21, 36, 71).

In the pan-European Diet, Obesity, and Genes (DiOGenes) trial, after obese individuals
achieved a diet-induced weight loss of 11 kg, they were randomized to different diets
without any caloric restriction (i.e., ad libitum eating) for 6 months. Overall, individuals
consuming a high-glycemic-load diet regained 1.9 kg more than those eating the low-
glycemic-load diet (44). When reanalyzing the results, prediabetic individuals regained a
mean of 5.8 kg more on a high-glycemic-load diet than did those on a low-glycemic-load
diet, whereas normoglycemic individuals regained only 1.4 kg more on the high-glycemic-
load diet (difference between glycemic groups, 4.4 kg; p= 0.001) (Figure 2a) (34).
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In the Supermarket Intervention study (SHOPUS) participants in Denmark with an increased
waist circumference were randomized either to the New Nordic Diet—based on Nordic
foods and the consumption of fruit, vegetables, fiber, and whole grains—or to the Average
Danish Diet (the Western control diet). To increase compliance, all foods were provided free
of charge at a specially designed supermarket at the University of Copenhagen’s campus,
and barcodes were scanned to ensure that foods were consumed according to intervention
group (59). When stratifying according to FPG value, we saw that prediabetic individuals
(FPG = 100-125 mg/dL) lost a mean of 6.0 kg more on the New Nordic Diet than on the
Average Danish Diet, whereas normoglycemic individuals lost only 2.2 kg more on the New
Nordic Diet (difference between glycemic groups, 3.8 kg; p=0.001) (Figure 2b) (34).

In the Monounsaturated Fatty Acids in Obesity (MUFObes) study, Danes with obesity
initially lost 12 kg on a low-calorie diet and were subsequently randomized to one of

three different ad libitum diets that differed in macronutrient composition and fiber content
(19). Again, all foods were provided free of charge at a specially designed supermarket

at the University of Copenhagen’s campus. We previously reported no overall differences
in weight maintenance among those on a diet high in monounsaturated fat, the Nordic
Nutrition Recommended Diet—which was similar to the New Nordic Diet, being low in
fat [20-30% of total energy intake (E%)], high in fiber (>30 g/10 MJ), and low in energy
density—and the Average Danish Diet (19). However, when participants were stratified
based on their initial FPG value, there was a more than 4 kg difference in weight regained
by participants with a high FPG value (with less weight regained on the Nordic Nutrition
Recommended Diet), while we saw no difference among participants with low FPG values
(Figure 2c) (33).

In the healthy weight for living study employees with overweight and obesity at worksites in
Boston, Massachusetts, United States, were given recommendations to consume a reduced-
energy, low-glycemic-load, high-fiber diet together with behavioral change education for 24
weeks (64). When reanalyzing the results, there was a tendency for a negative association
between pretreatment FPG value and weight change (r=0.29; p = 0.07). Participants with

a high FPG value (=90 to 125 mg/dL) lost more weight (9.4% of initial body weight lost, n
= 58) after 24 weeks compared to participants with a low FPG (<90 mg/dL) (4.1% of initial
body weight lost, n=12; p=0.038) (Figure 2d) (71).

The pan-European Nutrient—=Gene Interactions in Human Obesity (NUGENOB) study was

a 10-week, randomized, traditional energy-restricted diet comparison of a low-fat—high-
carbohydrate diet versus a low-carbohydrate—higher-fat diet, and overall there was no
difference between the two diets in the amount of weight lost (mean weight loss, 7.5 kg)
(56). In a reanalysis, individuals with FPG = 126 mg/dL lost a mean of 2.04 kg more [95%
confidence interval (Cl), —0.20 to 4.28 kg; p= 0.07] on the low-carbohydrate—higher-fat diet
than on the low-fat-high-carbohydrate diet, whereas normoglycemic individuals lost a mean
of 0.43 kg more (95% CI, 0.03 to 0.83 kg; p= 0.03) on the low-fat-high-carbohydrate diet
(difference between glycemic groups, 2.47 kg; p = 0.03) (Figure 2e) (34).

In support of recommending a low-fat—high-carbohydrate diet to normoglycemic
individuals, a 6-month randomized dietary intervention study among 245 participants was
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recently conducted in China (4, 75). The researchers recruited participants with BMI < 28
without any elements of the metabolic syndrome and ended up with participants who had
low FPG values (mean * standard deviation ~75 + 10 mg/dL) (4, 75). Weight loss was 0.5
kg and 0.7 kg higher in the low-fat group compared with, respectively, the medium-fat and
high-fat groups.

A multicenter trial conducted in the United States, the Manipulation of Carbohydrate (CHO)
study, involved 307 individuals with obesity who were randomized to a low-carbohydrate
diet (with the gradual reintroduction of carbohydrates) or a caloric-restricted low-fat diet

for 24 months. In the overall population as well as between the glycemic groups (FPG <
100 mg/dL versus FPG=100-125 mg/dL) there were no differences in weight lost between
the diets after 24 months (Figure 2f) (36). However, when groups were stratified by fasting
insulin (FI) value, there were large differences in weight development (see the section titled
Personalized Dietary Management Based on Insulinemia Status).

The Spanish Prevention with Mediterranean Diet (PREDIMED) study of individuals with
overweight and obesity was designed to investigate the primary prevention of cardiovascular
disease using an ad libitum Mediterranean diet without any focus on weight management
(22). In a reanalysis of this study (21), after 5 years on this high-fat-low-carbohydrate diet,
participants with FPG = 115 mg/dL (n = 771) lost significantly more weight (- 1.64 kg;
p<0.001) than participants with FPG < 115 (7= 1,075) (Figure 2g). While the observed
difference was relatively small, it should be regarded as clinically meaningful since this
group of individuals tends to respond less favorably in studies of weight loss diets (27).

The research suggests that three groups of individuals—normoglycemic, prediabetic, and
diabetic—may respond differently to different diets. Normoglycemic individuals (FPG

< 100 mg/dL) with overweight and obesity appear to benefit the most from low-fat—
high-carbohydrate diets; prediabetic individuals (FPG = 100-125 mg/dL) benefit most
from increasing the amount of fiber consumed and reducing the GI of the consumed
carbohydrates; and individuals with FPG > 126 mg/dL (in many cases individuals with
T2DM) should focus not only on the quality of the carbohydrates consumed but also on
reducing their total carbohydrates and increasing their intake of dietary fat. Normoglycemic
individuals with an FPG between 90 and 100 mg/dL may also benefit from increasing
their fiber intake (33,71), and prediabetic individuals with an FPG between 115 and 125
mg/dL may benefit from increasing the amount of fat in their diet at the expense of total
carbohydrates (21, 34).

The limited evidence about weight management and the management of blood glucose
levels among patients with T2DM points toward a Mediterranean-style diet that is higher in
fat and lower in carbohydrates (1, 24, 67). Higher intakes of fiber and protein also seem to
be indicated. The evidence also suggests that these diets would be beneficial for those with
high FPG values.

Often participants with overweight and obesity are assumed to respond similarly to all
weight loss diets. As the prevalence of diabetes is expected to increase further, it is likely
that more people will also have an elevated FPG value (that is, they will be prediabetic).
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Helping these prediabetic people lose weight would be one strategy for effectively reducing
overall rates of diabetes. Weight loss is also the first-line treatment for diabetic patients.
This review provides evidence that this group of people is extremely susceptible to regaining
weight on a Western diet, but they may avoid regaining weight on a diet that includes
carbohydrates with a lower GI, as much dietary fiber as possible, and a slightly higher
protein intake. This is true even without prescribing calorie restriction.

In conclusion, these results indicate that considering a patient’s FPG value when choosing

a diet for managing obesity may allow for greater satiety and greater weight loss. This

fine of research is still young, and we have a lot to learn about the mechanisms of

action (see the section titled Potential Mechanisms) and the best way to define groups and
subgroups. We encourage researchers to reanalyze completed dietary intervention studies
and stratify groups based on their pretreatment FPG values. Such studies might validate
previous findings and help better define FPG cutoffs for specific dietary differences. We also
encourage the development of prospective trials that characterize participants before they
take part in dietary interventions.

PERSONALIZED DIETARY MANAGEMENT BASED ON INSULINEMIA

STATUS

The FPG value is determined by overall insulin resistance and the ability of pancreatic -
cells to increase insulin secretion to compensate for resistance. Therefore, it is not surprising
that the plasma insulin concentration also may be involved in the response to different diets.
Several studies have examined how individuals with different levels of insulinemia respond
in terms of weight change to diets differing in composition (Table 2). The FI level has

been the most frequently tested pretreatment insulinemia predictor of dietary weight loss
(7,15,30,33,34,36,37,41,50,66).

In a small study of 21 women with obesity who consumed an energy-restricted diet (reduced
by 400 kcal/day) for 16 weeks, those with a low FI level lost 5.2 kg more while consuming
a low-fat diet; individuals with a high FI level lost 3.7 kg more on a low-carbohydrate

diet. Therefore, a notable 8.8-kg interaction between diets and FI level was found (15).
Similar observations were seen in a more recent year-long study comparing weight loss on

a low-carbohydrate diet (the Atkins diet) with weight loss on a low-fat diet (the Ornish diet)
(50). Those participants with higher FI values who consumed the low-carbohydrate diet lost
a statistically insignificant 4 kg more than those on the low-fat diet, whereas in those with a
low FI value, there was virtually no difference between diets in the weight lost (0.6 kg).

In yet another study, 36 participants with overweight and obesity were stratified on the basis
of being insulin sensitive (n7=15) or insulin resistant (7= 21) based on the results of their

FI test, the homeostatic model assessment—insulin resistance (HOMA-IR), and peak insulin
after OGTT; then they were given either a low- or high-carbohydrate energy-restricted diet
(reduced by 1,000 kcal/day). Insulin-resistant participants lost a statistically insignificant
2.6 kg more (p=0.37) on the low-carbohydrate diet compared with the insulin-sensitive
participants, who lost a statistically insignificant 0.7 kg more (p = 0.74) on the same diet (7).
Another study included 77 women with a history of gestational diabetes but not T2DM and
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provided them with an energy-restricted (reduced by 500 kcal/day) conventional healthy diet
with or without instructions to consume carbohydrates with a lower GI. The 77 women were
further stratified according to their FI values. Those categorized as having a low FI value
lost a statistically insignificant 1.4 kg more (o= 0.41) on the lower-GlI diet, while those with
a high FI value lost 3.3 kg more (p = 0.09) on the lower-GlI diet. This 1.9-kg interaction
between diet and FI group was not tested for significance (30, 66).

Recently, data from the five studies reviewed earlier (with 104 to 743 participants), all
conducted by the same research group, were also reanalyzed using the pretreatment FI
values of the participants as a potential determinant of weight loss while on various

diets (33, 34, 36). In the DiOGenes study, participants with a low FI value regained 2.3

kg more on the high-glycemic-load diet than on the low-glycemic-load diet, whereas no
difference was seen for participants with a high FI value (0.9 kg). No significant difference
in responses to the diets in terms of weight regained was found between participants with a
high FI and those with a low FI (1.4 kg; p=0.14) (34).

In the SHOPUS study, participants with a low FI value lost 4.1 kg more on the New Nordic
Diet than on the control diet, whereas participants with a high FI value lost only 1.6 kg
more. Additionally, in the NUGENOB study, a 2.5-kg difference in response to the diets was
found between participants with high and low FI values (34).

In the NUGENOB study, participants with a low FI value lost 0.4 kg more on the low-fat—
high-carbohydrate diet than they did on the high-fat—low-carbohydrate diet, whereas no
difference in the amount of weight lost was observed for participants with a high FI value
(0.1 kg). Consequently, no difference in response to the diets was found between participants
with high and low FI values (34).

In the MUFObes study, participants with a high FI value who were randomized to a diet
high in monounsaturated fat, a diet high in fiber, or the Average Danish Diet regained after

6 months, respectively, 2.5 2 kg, 1.49 kg, and 4.19 kg, with no statistically significant
differences in weight loss between the three diets (all p=0.061). Participants with low FI
values who were randomized to a diet high in monounsaturated fat, a diet high in fiber, or
the Average Danish Diet regained after 6 months, respectively, 2.46 kg, 2.07 kg, and 2.35
kg, with no statistically significant differences in weight loss between the three diets (all p=
0.63). Consequently, no differences in responses to the diets were found between individuals
with low and high FI values (all p= 0.16), although participants with high FI values regained
almost 2 kg more on the Average Danish Diet compared with those with low FI values (33).

In the CHO study, participants in the low FI group responded similarly to the low-fat and
low-carbohydrate diets, whereas participants in the high FI group lost 3.3 kg more body
weight during the 24 months when consuming a low-fat diet (36).

Another study included 50 participants with overweight and obesity and found that the more
insulin-sensitive participants (based on Fl and HOMA-IR values) lost the most weight while
on a 12-week energy-restricted low-glycemic-load diet that was also high in fiber (41).
Finally, 214 women with overweight and obesity were randomized to a low-fat diet versus a
low-carbohydrate diet with or without substantial supplementation of walnuts (18E%) for 1
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year. Insulin-resistant participants did not show diet-related differential weight loss, whereas
the insulin-sensitive participants lost 3.2 to 3.8 kg less weight on the low-carbohydrate diet
compared with the other two diets (p = 0.04 to 0.06). As the low-carbohydrate-plus-walnut
diet was relatively lower in carbohydrates compared with the low-carbohydrate diet, these
results are difficult to explain from a macronutrient point of view (62).

Overall, there is not strong support for the use of pretreatment FI value alone as a predictor
of weight change. Some studies find that a diet with a lower glycemic load is more important
for participants with a high FI value (i.e., insulin-resistant participants) or that diets lower in
fat are more important for those with low FI values (i.e., insulin-sensitive participants) (7,
15, 30, 33 34, 50, 66). However, other studies have found no evidence for this difference (34,
36, 41).

Some data suggest that insulin concentration 30 minutes after an oral glucose load
(insulin-30), a measure of insulin secretion, is a good predictor of weight loss on specific
diets (13,20,28,37,57). In a substudy of 32 overweight, normoglycemic participants assigned
to a 30% calorie-restricted diet for 24 weeks, Pittas et al. (57) found an overall interaction
between diets and insulin-30. Specifically, weight loss was found to be approximately

4 kg greater among participants with a high insulin-30 value when they consumed a low-
glycemic-load diet compared with a high-glycemic-load diet. At the same time, participants
with a low insulin-30 value lost a statistically insignificant 2 kg more on the high-glycemic-
load compared with the low-glycemic-load diet. This difference was not found when using
the HOMA-IR as a measure of insulin sensitivity (57). In a study with 73 obese participants,
Ebbeling et al. (20) found that those with insulin-30 values above the median had lost 4.6
kg more weight at 18 months while consuming an ad libitum low-glycemic diet compared
with a low-fat diet. No difference in diet response was observed among those with insulin-30
values below the median (20). As an extension to this, a subsequent study of 21 overweight
and obese participants assigned to a 40% calorie-restricted moderate-carbohydrate high-
protein diet for 12 weeks found that individuals with lower insulin-30 values lost more fat,
corresponding to a 1.7-kg difference between the 10th and 90th percentiles of insulin-30
values. No other measure of insulinemia, including HOMA-IR, was found to predict weight
change (37). The same result was obtained in the Quebec Family Study (13). In this study,
insulin-30 values showed a higher correlation with 6-year weight change than FI or any
other insulin measure during an OGTT. This was especially strong in the tertile of the
population that consumed the lowest amount of dietary fat. Individuals in the lowest dietary
fat tertile who had high insulin-30 values gained 1.8 kg more weight over the subsequent
6-year observation period than those with high insulin-30 values in the highest dietary fat
tertile. No difference in weight change by fat intake was observed among individuals with
low or medium insulin-30 values (13).

Recently, 49 participants with overweight and obesity were randomized to an ad libitum
low-fat or low-carbohydrate diet for 6 months, and they were further stratified by the median
of the insulin area under the curve from an OGTT. The insulin-sensitive individuals lost

a statistically insignificant 1.8 kg more weight on the low-fat diet compared with the low-
carbohydrate diet, whereas the insulin-resistant individuals lost a statistically insignificant
2.2 kg more weight on the low-carbohydrate compared with the low-fat diet. Therefore, an
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insignificant 4.0-kg interaction was found between diets and the median split of the insulin
area under the curve after an OGTT. No meaningful differences were found when using
insulin-30 values (28). Similarly, the insulin-30 value was not found to modify the effect of
12-month weight loss (o for interaction, 0.47) among 609 participants randomized either to
a low-fat or to a low-carbohydrate diet (29). Finally, in a study of 31 nondiabetic women
with overweight or obesity who were following a calorie-restricted commercial liquid diet,
60-day weight loss did not vary as a function of insulin resistance or total integrated insulin
response (51).

The pretreatment insulin-30 value seems to be a better predictor than the FI value of weight
change on diets that vary the glycemic load. Most published studies at least partly support
the evidence that a diet lower in glycemic load is more important among participants with
high insulin-30 values or that diets lower in fat are more beneficial for people with low
insulin-30 values, or that both are important (13, 20, 37, 57). Only two studies mentioned
that no meaningful differences in weight change were found when using insulin-30 values
(28, 29).

PERSONALIZED DIETARY MANAGEMENT BASED ON COMBINED
GLYCEMIA AND INSULINEMIA STATUSES

Five studies have examined whether the simultaneous stratification of FPG and FI values can
predict weight loss for different diets (Table 3). These are the same studies that have been
described in previous sections of this review (33, 34, 36).

In the NUGENOB study, participants with an FPG = 6.4 mmol/L and low FI values lost
3.06 kg more (95% ClI, 0.40 to 5.71; p=0.02) on the high-fat—low-carbohydrate diet than on
the low-fat—high-carbohydrate diet. Participants with FPG < 6.4 mmol/L and low FI values
lost 0.49 kg more (95% Cl, 0.08 to 0.91; p=0.02) on the low-fat-high-carbohydrate diet
(34). In the SHOPUS study, prediabetic participants with low FI values lost 6.27 kg more
(95% Cl, 3.51 t0 9.02; p< 0.001) on the New Nordic Diet than on the control diet, whereas
no difference was observed for normoglycemic participants with high FI values (0.10 kg
lost; 95% CI, —1.37 to 1.57; p=0.89) (34). In the DiOGenes study, prediabetic participants
with low FI values who were on the high-glycemic-load diet regained 7.78 kg more (95%
Cl, 4.39 t0 11.18; p< 0.001) than they did on the low-glycemic-load diet, whereas no
difference was observed for normoglycemic participants with high FI values (1.17 kg
regained; 95% CI, —0.59 to 2.93; p=0.19) (34). In the MUFObes study, participants

with high FPG and high FI values lost 0.04 kg on the high-fiber diet and regained 6.9

kg on the Average Danish Diet, resulting in a difference of 7.0 kg. No difference was
observed between diets for the other three phenotypes (33). In the CHO study, the high- and
low-carbohydrate diets elicited nearly identical changes in body weight at all time points.
However, participants with prediabetes and FI values below the median responded better

to a low-carbohydrate Atkins ad libitum diet, whereas participants with prediabetes and FI
values above the median responded better to a low-fat hypocaloric diet. Consequently, an
impressive 13.3-kg difference in 24-month diet response was observed between prediabetic
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participants with low and high FI values. Normoglycemic participants, regardless of their FI
values, responded equally well to both diets (36).

While additional data are certainly needed, the combined use of pretreatment FPG and FI
values appears to have great promise as a predictor of weight loss and maintenance of
weight loss for different diets. The data were obtained from a retrospective reanalysis of
dietary interventions and may have limitations, such as small sample sizes in the different
FPG and FI groups, differences in study design, and a lack of control over the actual diets
consumed. For example, the actual content of the randomized diets in the CHO study after
24 months could be questioned. Those in the low-carbohydrate group gradually added more
vegetables, fruits, and whole grains, so that at the end of the study, that diet was probably
not very low in carbohydrates but contained more fiber and whole grains and so had a
somewhat lower Gl or glycemic load. In this way, results among prediabetic people with
low FI values are identical to three recent reanalyses of dietary intervention studies (33, 34).
Although the low-fat diet in the CHO study was in theory calorie restricted throughout the
24 months, this was likely not the case, as is evidenced from weight regain occurring after
6 months. This emphasizes the need for more carefully controlled and planned studies of
dietary interventions that use good markers of dietary compliance and intake.

Adding FI values as a marker of weight loss success on different diets seems to be especially
important for those in the normoglycemic subgroup because weight loss and maintaining
weight loss in individuals with low FPG and high FI values appear to be less influenced by
specific dietary composition (that is, this subgroup does not respond differently to dietary
interventions) (33, 34, 36). Furthermore, participants with FPG values between 100 and

125 mg/dL also seem to respond differently depending on their FI value. Those with the
lowest pretreatment FI value responded better to diets restricting the type or amount of
carbohydrates (34, 36), while those with high FI values responded better to diets that were
lower in fat (33, 36). Exactly how FPG and FI values interact to impact weight change is
unknown.

POTENTIAL MECHANISMS

It is useful to consider why aspects of glycemic control might impact various weight

loss diets differently. One possible mechanism relates to insulin resistance in the brain.
Impaired brain uptake of glucose due to insulin resistance has been linked to cognitive
decline and reduced memory function in T2DM (61). Moreover, persons with T2DM have
a higher risk of developing Alzheimer’s disease and other dementias, strongly suggesting
that insulin resistance exerts adverse effects not only on peripheral tissues and organs but
also in the brain. The glucostatic hypothesis suggests that as part of the established appetite
regulatory system, the central nervous system monitors blood glucose. This hypothesis is
based on the notion that glucose utilization by critical cells in the hypothalamus generates
a signal to brain areas controlling appetite and food intake. When glucose utilization is
decreasing or low, hunger is elicited, and eating ensues if food is available. As eating
progresses, glucose in the blood increases, leading to increased hypothalamic glucose
utilization, ultimately causing the individual to become satiated and to stop eating (77).

In rodents, genetic deletion of the brain’s insulin receptors causes central insulin resistance
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and obesity (9). In humans, acute meal-induced increases in blood glucose and insulin
have been found to be positively associated with satiety in normal-weight participants, but
blunted in overweight participants (25). In a stepwise regression analysis, the 3-h insulin
area under the curve was found to explain 67% of the variation in ad libitum energy intake
in normal-weight individuals, but not in those with obesity (72). This inverse association
among normal-weight individuals suggests that people with the largest postprandial insulin
response achieve the greatest suppression of appetite, leading to substantially lower food
and energy intake. This supports the hypothesis that meals containing carbohydrate may
be satiating in insulin-sensitive overweight individuals, but less so in more insulin-resistant
prediabetic individuals with obesity and even less in individuals with obesity and T2DM.
Hwang et al. (39) used magnetic resonance spectroscopy scanning of the occipital lobe to
measure changes in intracerebral glucose levels during a hyperglycemic clamp in healthy
participants, nondiabetic participants with obesity, and participants with poorly controlled
T2DM. They found that changes in intracerebral glucose levels were significantly different
across groups after controlling for age and sex. Brain glucose uptake was lower among
participants with obesity and T2DM when compared with lean participants. This study
shows that individuals with obesity and T2DM have progressively reduced brain glucose
uptake, supporting the hypothesis that the satiating and rewarding effects of carbohydrate-
rich diets may diminish as insulin resistance increases. The fact that prediabetic individuals
with high FI values compared with those with low FI values tend to lose more weight
(possibly through better satiety) in response to carbohydrates might be explained by those
with higher FI values being better able to overcome insulin resistance by increasing insulin
secretion. This is supported by strong correlations between the baseline FI values and 2-h
insulin area under the curve values found among prediabetic individuals (FPG = 100-125
mg/dL) in the DiOGenes study (r=0.73; p< 0.001; n= 132; M.F. Hjorth, unpublished
analysis).

In patients with T2DM, satiety signals may depend more on other satiety hormones that
are released mainly in response to fats and protein [for example, cholecystokinin (CCK),
glucagon-like peptide 1 (GLP-1), and peptide YY (PPY)] reaching the small intestine (8).
If this is the case, high-carbohydrate (low-fat) meals would be more effective in producing
weight loss in normoglycemic individuals with obesity than in prediabetic individuals with
obesity. Individuals with T2DM would benefit more from diets with reduced carbohydrate
content (and more fat and protein).

A ROLE FOR THE MICROBIOME IN RESPONSES TO HIGH-FIBER DIETS

The microbiome might also be involved in determining how glycemic control impacts
weight change for different diets. The administration of short-chain fatty acids (SCFASs) has
been reported to result in a wide range of health benefits, including improvements in blood
lipid profiles, glucose homeostasis, and body composition, and in reduced body weight

(11). However, studies tend to investigate all SCFAs as a whole and neglect to report the
specific effects associated with individual SCFAs, the most abundant of which are acetate,
propionate, and butyrate (11). Members of the phylum Bacteroidetes are known to be
efficient degraders of dietary fiber and include the genera Bacteroides and Prevotella (65). In
vitro, the Prevotella-driven and Bacteroides-driven microbiota have been shown to produce
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different amounts and profiles of SCFAs from the same carbohydrate substrates (14).
Therefore, the differences in the ratio of Prevotellato Bacteroidesthat have been observed
to affect weight-loss responses to a 6-month fiber-rich diet (32, 35) might potentially be
explained by the efficacy of energy harvested primarily as SCFAs (70) or it may be that

the production of SCFAs affects appetite either directly in the brain or through different
signaling pathways that influence the secretion of gastrointestinal hormones (11, 68) and,
thereby, also circulating glucose and insulin. Improvements in postprandial blood glucose
and insulin after dietary fiber intake were recently found to be positively associated with
the abundance of Prevotella (43). Therefore, gut microbiota profiles may be part of why
pretreatment insulinemia or glycemia status, or both, impacts the response to different diets.

STRENGTHS AND LIMITATIONS OF THE EVIDENCE

Generating evidence to support precision medicine is challenging, but testing for interactions
in randomized clinical trials provides a potentially efficient means of doing so, especially
when the results are replicated in multiple studies (58). Studies in this review were largely
reanalyses of completed dietary interventions, and there were no prospective randomized
studies in which stratification on the basis of glycemic control had been prespecified. For
this reason publication bias is likely.

There is no generally accepted way to stratify participants based on their insulinemia

or glycemia status, or both. Thus, studies have analyzed data using different cutoffs

before deciding which cutoff to report. To present the most transparent results, our

recent publications have used the most widely accepted FPG cutoffs recommended by

the American Diabetes Association (2) and the median split of FI values. This post hoc
approach may be considered a strength in that the analyses can be regarded as being
double-blind with respect to the insulinemia or glycemia status, or both, of the participants.
Differences in responses to different diets cannot have been influenced by the knowledge of
the participants or investigators.

The reasons for the differences between some of the studies are unclear. Different studies
were performed in populations of different origins, with differences in habitual diets, and
with different designs relative to the nature and duration of the intervention. Furthermore,
compliance with the diets to which participants were randomized is likely to differ
substantially between the studies and might partly explain the differences between studies.
Some studies provided intensive counseling by a dietitian and ensured that dietary records
were completed throughout the study, while others did neither of these. In the studies

with little or no dietitian counseling and without dietary records maintained throughout,
participants’ compliance after months or years with the diet to which they had been
randomized should be questioned. In two of the studies providing substantial evidence

for using FPG (and FI) values as pretreatment markers for selecting an appropriate diet to
combat obesity, all foods were provided free of charge at a specially designed supermarket
where a barcode scanner was used to ensure the correct diet composition (33, 34). We need
more well-controlled dietary studies to move this line of research forward. When possible,
we need to use biomarkers of dietary compliance. Finally, differences in the results, in
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particular within studies using FI values, might be due to extensive residual confounding; for
example, FPG values and microbiota composition are likely to play vital parts.

Throughout this review, several significant and borderline significant findings have been
presented. When evaluating these findings study by study, they do not necessarily imply
clinical significance, nor do they present effect sizes large enough to warrant diet
personalization. However, at this stage, the superior diets tailored to individual glucose
levels should be designed using evidence from multiple studies. An example of this would
be to include participants with fasting glucose values between 100 (or possibly as low as 90)
and 125 mg/dL for whom a diet high in fiber and protein but with a low GI (Figure 2a—d)
would be expected to result in a more than 4 kg greater weight loss during 6 months.

CONCLUSIONS

A relatively large number of studies have investigated pretreatment measures of glycemia
and insulinemia to determine whether they would be useful predictors of weight loss success
for individuals following specific diets. Promising data suggest that based on FPG values

at least three groups of individuals—normoglycemic, prediabetic, and diabetic—respond
differently to different diets. In particular, individuals with elevated FPG values (prediabetic
individuals) respond better to diets high in fiber and with a low GI, whereas individuals

with high FPG values (mostly individuals with T2DM) should also reduce their total
carbohydrate and increase their fat intake. Clearly, using FPG values to predict a response to
a specific diet should be explored more. Insulin-30 values, but not FI values alone, appear

to be the best measure of insulinemia for predicting the response to a diet. Most studies

find that those participants with high insulin-30 values benefit from low-glycemic-load diets,
while those with low insulin-30 values do not seem to differ in their responses to different
diets. The most promising predictor of responses to different diets is the combination of FPG
and FI values.

The conclusions from this review are that pretreatment glycemia or insulinemia status,

or both, may predict responses to different diets. The data presented should be seen as
preliminary since most were obtained from retrospective reanalyses of studies of different
dietary interventions. Despite these limitations, being able to match a person to an
appropriate diet for weight management based on biomarkers would be a great leap forward
for our field.

FUTURE DIRECTIONS

We call for researchers to pursue this line of research by reanalyzing completed studies of
dietary interventions, intentionally classifying participants along these parameters before
beginning such studies, and exploring mechanisms by which glycemia or insulinemia
status, or both, might impact weight loss and its maintenance. There are other lines of
research that might also be pursued. For example, weight loss interventions themselves can
dramatically change glycemia and insulinemia statuses, raising the issue of whether the
optimum diet for maintaining weight loss might be different from the one that produces
the greatest weight loss. Additionally, we need to better understand if and how physical
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activity might interact with diet composition to affect weight loss in different groups because
physical activity is an effective tool for reducing insulin resistance and improving glucose
metabolism. Demonstrating our ability to deliver personalized nutrition (or personalized
lifestyle) interventions would move our field forward and help resolve the seemingly
constant argument about which diet is the best.
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Figure 1.

Individual 6-month diet-induced weight change on the healthy-weight-loss diet, known as
the New Nordic Diet, in the Supermarket Intervention trial (SHOPUS) and a weight-loss-
maintenance diet, an ad libitum low-glycemic-load diet, in the Diet, Obesity, and Genes
(DiOGenes) trial (34). Data for the DiOGenes trial show weight-maintenance responses after
losing 11 kg in 8 weeks.
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Figure2.

Change in body weight between groups stratified by pretreatment FPG concentrations within
and between different diets. In the MUFObes study, no FPG measures exist prior to the
8-week weight-loss period. Therefore, values were used from after the 8-week weight-loss
period and before randomization. The negative weeks in parts aand cindicate the weeks
before intervention. The studies included are the healthy weight for living study (71), the
CHO study (36), DiOGenes (34), MUFObes (33), NUGENOB (34), PREDIMED (21), and
SHOPUS (34). Abbreviations: CHO, Manipulation of Carbohydrate study; DiOGenes, Diet,
Obesity, and Genes trial; FPG, fasting plasma glucose; Gl, glycemic index; MUFObes,
Monounsaturated Fatty Acids in Obesity study; NUGENOB, Nutrient—Gene Interactions in
Human Obesity trial; PREDIMED, Prevention with Mediterranean Diet study; SHOPUS,
New Nordic Diet in the Supermarket Intervention trial.
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