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Zusammenfassung
Der Einfluss von Nahrungsfetten auf das Risiko fiir Typ-2-Diabetes (T2D) ist unklar. Fettsdure

(FA)-Biomarker konnten die Bioverfligbarkeit besser abbilden, da sie sowohl die Aufnahme als
auch den Stoffwechsel erfassen. Erndhrung ist ein zentraler Bestandteil des
Diabetesmanagements. Doch da aktuelle Empfehlungen meist auf der Allgemeinbevdlkerung
basieren, ist ihre Ubertragbarkeit auf Personen mit T2D fraglich. Auch die Evidenz zu
Erndhrungsmustern wie die DASH-Emidhrungsweise (Dietery Approaches to Stop
Hypertension) bei Typ-1-Diabetes (T1D) und T2D ist begrenzt, insbesondere hinsichtlich der
Korperfettverteilung. Die Ziele dieser Arbeit waren, die Evidenz zu FA-Biomarkern und T2D-
Risiko, zur Effektivitdt von Erndhrungstherapien sowie zu Zusammenhdngen zwischen
verschiedenen Erndhrungsfaktoren und der Gesamtmortalitit bei T2D zusammenzufassen.
Dartiiber hinaus sollten neue Daten zur DASH-Erndhrungsweise bei neu diagnostiziertem T1D
und T2D bereitgestellt werden.

Zur Beantwortung dieser Fragestellungen haben wir systematische Literaturrecherchen, lineare
Dosis-Wirkungs-Metaanalysen, einen Umbrella-Review sowie eine Beobachtungsstudie mit
linearen und nichtlinearen Regressions- und Mediationsanalysen durchgefiihrt.

Wir haben robuste inverse Assoziationen zwischen bestimmten gesittigten (15:0, 17:0), n-3
(20:5, 22:5, 22:6) und n-6 (18:2) mehrfach ungesittigten FAs (PUFAs) und dem T2D-Risiko
festgestellt. Hohere Spiegel von einfach ungesittigten FAs (16:1n-7, 18:1n-9) und bestimmten
n-6 PUFAs (y-20:3, y-18:3, 20:4) waren dagegen mit einem erhohten Risiko assoziiert. Die
Ergebnisse waren iiber alle Bioproben hinweg konsistent, mit den stirksten Assoziationen in
Plasma-Phospholipiden und Erythrozyten. Bei der Erndhrungstherapie von T2D zeigte sich eine
robuste Evidenz fiir den Nutzen von Energierestriktion sowie von pflanzenbasierten,
mediterranen, kohlenhydratarmen und eiweireichen Erndhrungsformen hinsichtlich
kardiometabolischer Parameter. Eine hohere Aufnahme von Fisch, Vollkorn, Ballaststoffen und
n-3 PUFAs war mit einem geringeren Risiko der Gesamtmortalitt assoziiert. Dariiber hinaus,
war die Einhaltung einer DASH-Erndhrungsweise bei Personen mit T1D und T2D mit einem
geringeren Anteil an viszeralem Fett, bei T2D auch Leberfett, assoziiert. Diese Assoziationen
wurden teilweise durch Verdnderungen des BMIs und des Taillenumfangs erklért; bei T2D
spielte zudem eine verbesserte Insulinresistenz des Fettgewebes eine zentrale Rolle.
Zusammenfassend verdeutlichen die Ergebnisse die wichtige Rolle von FA-Biomarkern im
Zusammenhang mit dem Risiko fiir T2D und liefern neue Einblicke in die unterschiedlichen
Funktionen einzelner FAs. Mehrere Erndhrungsansétze - pflanzenbasierte, mediterrane, DASH,
kohlenhydratarme und eiweilreiche Erndhrung - sowie hohere Aufnahme von Fisch, Vollkorn,
Ballaststoffen und n-3 PUFAs verbesserten kardiometabolische Marker oder verringerten das
Mortalitdtsrisiko. Schlieflich konnen die Vorteile einer gesunden Ernéhrung bei Personen mit
Diabetes iiber den Gewichtsverlust hinaus auch Verbesserungen der Insulinsensitivitit des

Fettgewebes umfassen.



Summary

The role of dietary fat in the development of type 2 diabetes (T2D) risk remains uncertain, with
inconsistent findings across studies. Fatty acid (FA) biomarkers may better reflect
bioavailability by capturing both intake and metabolism. While diet is a cornerstone in diabetes
management, current recommendations are mainly based on general population studies, and
their applicability to people with T2D remains unclear. Furthermore, evidence on dietary
patterns like the Dietary Approaches to Stop Hypertension (DASH) diet among people with
type 1 diabetes (T1D) and T2D is limited, especially regarding association with adipose tissue
distribution. We therefore aimed to summarize the current evidence on FA biomarkers and T2D
risk, synthesize evidence on dietary treatment of T2D and associations between dietary factors
and all-cause mortality risk in people with T2D, as well as to provide novel data on the DASH
dietary pattern in individuals with newly diagnosed T1D and T2D.

We applied various methods, including systematic literature searches, linear dose-response
meta-analyses, an umbrella review, and an observational study using linear and non-linear
regression analyses and mediation analysis.

We found robust inverse associations between certain saturated FAs (15:0, 17:0), n-3 (20:5,
22:5, 22:6), and n-6 (18:2) polyunsaturated FAs and T2D risk, whereas higher concentrations
of specific monounsaturated FAs (16:1n-7, 18:1n-9) and n-6 polyunsaturated FAs (y-20:3, y-
18:3, 20:4) were linked to increased risk. Findings were consistent across biospecimens but
strongest associations were found in plasma phospholipids and red blood cells. As for dietary
treatment of T2D, we identified high to moderate certainty of evidence that, beyond energy
restriction, plant-based, Mediterranean, low-carbohydrate, as well as high-protein diet are
beneficial for cardiometabolic health, including anthropometric measures, glycaemic control
and blood lipids. Furthermore, higher intake of fish, whole grain, fiber, and n-3 polyunsaturated
FAs were inversely associated with all-cause mortality in individuals with T2D. Additionally,
persons with T1D and T2D can derive benefits from a shift to DASH-style diet experiencing
improvements in visceral adipose tissue; additionally, those with T2D may derive benefits in
relation to hepatic lipid content. Changes in BMI and waist circumference partly explained
these associations, with improved adipose tissue insulin resistance in T2D playing a key role in
the link between DASH diet changes and hepatic lipid content.

In summary, the findings highlight the relevance of FA biomarkers in the association with T2D
risk and enhance our understanding of the distinct role of individual FAs. Several dietary
approaches, including energy-restricted, plant-based, Mediterranean, DASH, low-
carbohydrate, and high-protein diets, as well as higher fish, whole grain, fiber and n-3
polyunsaturated FAs intake consistently improved cardiometabolic markers or decreased
mortality risk in people with diabetes. Finally, the benefits of following a healthy diet can
extend beyond weight loss to improvements in adipose tissue insulin sensitivity.
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INTRODUCTION

Chapter 1

Introduction

1.1 Epidemiology and aetiology of diabetes

Type 2 diabetes (T2D) is fourth most prevalent non-communicable diseases, with its prevalence
steadily rising over the past decades, reaching pandemic levels (1). In 2021, approximately 589
million adults aged 20 to 79 were estimated to live with diabetes (2). This number is projected
to grow to 853 million by 2050, with the most significant increase in the African and Middle

Eastern regions (Figure 1).
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Figure 1. Number of people with diabetes worldwide and by International Diabetes Federation

Region in 2034-2050 (20-79 years). Modified after IDF Diabetes Atlas, 11th edn. (2).

Additionally, an estimated 251.7 million people worldwide are believed to have undiagnosed
diabetes, meaning over four in ten adults with diabetes are unaware they have the condition (2).
The rising prevalence of diabetes is most probably driven by the improved detection, better
treatment, and longer life expectancy of people with diabetes (3). At the same time, stabilization
or even a decrease in the incidence of T2D in some high-income countries since 2010 was
observed (4). Authors speculate that this decline may reflect the impact of prevention efforts
such as increased awareness, changes to the physical environment like bike tracks and exercise

parks, and, as observed in the United States, improvements in diet and related behaviours (5).



Similar trend has been detected in Germany; however, an annual increase in incidence rate by
3% was noted in younger age groups, specifically in the age group 20 to 39 years (6). Data from
Denmark showed a decrease in T2D incidence rates between 2011 and 2014, followed by
increasing incidence rates between 2014 and 2016, demonstrating that the trends can reverse
quickly (7).

T2D is primarily driven by the body’s inability to respond adequately to insulin, known as
insulin resistance, resulting in elevated blood glucose levels. In response, a compensatory
mechanism occurs and the body produces even more insulin. At the same time, endogenous
glucose production by the liver increases and glucose uptake from muscle and fat tissue
decreases at a constant insulin level. Over time, B-cell function may deteriorate and insulin

production may cease (8).

1.2 Burden of diabetes

Diabetes imposes a considerable burden on healthcare systems. The global health expenditure
due to diabetes grew from 232 billion USD in 2007 to more than a trillion USD in 2024,
representing a 338% increase over 17 years (2). The population-based Maastricht Study
revealed that the average total societal costs per 6 months for individuals with T2D amounted
to €3,006, which was 2.2 times greater than for those with normal glucose tolerance (€1,377)
(9). According to the Global Burden of Disease (GBD) Study 2021, diabetes accounted for 37.8
million total diabetes related years of life lost and 41.4 million years lived with disability (10).
Diabetes also increases the risk of further complications, notably serving as a key risk factor
for ischemic heart disease and stroke (11), which were the first and second leading contributors
to the 2019 GBD Study (12). Moreover, individuals with T2D tend to develop cardiovascular
disease (CVD) an average of 14.6 years earlier, and with greater severity, than those without
T2D (13). In the United States, T2D is responsible for 44% of new cases of end-stage renal
disease (14). The relative risk of retinopathy, nephropathy and neuropathy in people with T2D
is at least 10-20 times higher, while the risk of CVD is two to four times greater compared to
those without the condition (15). Consequently, an increased risk of numerous diabetes related
complications is leading to an increased risk of premature death. It is the world's eighth leading
cause of death and disability, as per estimates from the GBD Study 2019 (12). In addition, a
comprehensive systematic review with meta-analysis of 35 studies over a mean 10.7-year
follow-up period revealed an 85% higher relative risk of all-cause mortality among populations

with existing T2D, compared to those without the condition (16). In Germany alone,
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approximately 140,000 deaths in 2010 were attributed to elevated mortality rates in individuals
with T2D (17).

1.3 Modifiable risk factors for diabetes onset and progression

The risk of developing T2D is influenced by both non-modifiable and modifiable factors. Non-
modifiable factors include age, family history, genetics, and ethnicity. Modifiable factors
encompass, for example, dietary habits, body weight, physical activity, socio-economic status,
smoking, alcohol intake, and stress (2, 18-21). Regarding genetic factors, between 30% and
70% of T2D risk can be attributed to genetic factors (22). However, the inclusion of polygenic
risk scores into a prediction model consisting of risk factors - such as age, body mass index
(BMI), smoking status, physical activity, high-density lipoprotein cholesterol, triglycerides, and
systolic blood pressure - demonstrated only marginal improvements in predicting disease onset
(23). This underscores the crucial role of modifiable lifestyle factors in T2D prevention. In this
context, excessive alcohol intake and smoking are known to significantly increase the risk of
T2D (24, 25). Globally, tobacco use accounted for 12% (95% confidence interval (CI) 4.5;
20.9) and alcohol use for 1.8% (95% CI 0.3; 3.9) of T2D Disability-Adjusted Life Years
(DALYs) (10). Furthermore, transitioning from inactivity to meeting recommended physical
activity levels reduced the risk of T2D by 24% (0.76 (95% CI 0.71; 0.84) (26). An increase in
BMI, in waist circumference and in visceral adiposity pointed to a 72%, 61% and 205% higher
relative risk of T2D, respectively (27). Globally, high BMI was shown to be the primary risk
factor for T2D, accounting for 52% (95% CI 26; 72) of DALY (10).

Besides their role in prevention, lifestyle factors also play an important role for the treatment
of diagnosed diabetes (28). Smoking was associated with 55% and 48% higher relative risk of
all-cause and CVD mortality respectively, as well as with 43% increased risk of CVD incidence
in persons with type 1 diabetes (T1D) and T2D (29). The adverse impact of smoking appeared
to be larger in persons with diabetes than in persons without diabetes in terms of CVD risk (30).
Among individuals with existing T2D, higher levels of physical activity were associated with
reduced risks of both CVD incidence and mortality (31), even when the activity level was below
World Health Organisation recommendations. Physical activity level determines individuals’
body weight and fat distribution, which are also critical in T2D management. Also in T1D, a
higher prevalence of retinopathy and neuropathy has been observed in overweight people
compared with normal-weight people (32). Importantly, interventions aimed at weight

reduction through lifestyle changes, such as increased physical activity and healthy diet, have
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shown considerable benefits. For instance, participants of the Look AHEAD (Action for Health
in Diabetes) trial with existing T2D who achieved a 10% reduction in body weight experienced
a 21% reduction in the risk of a composite CVD outcome (33).

Obesity is a key risk factor targeted in diabetes management and is closely associated with the
disease progression (33-35). It is accompanied by an accumulation of subcutaneous adipose
tissue (SAT), the largest adipose tissue depot, which accounts for up to 80% of total adipose
tissue and serves as a physiological buffer for excess energy (36). In obesity, white adipose
tissue also accumulates ectopically within the visceral cavity, surrounding organs with fat (37).
Visceral adipose tissue (VAT) is highly metabolically active and becomes increasingly
dysfunctional as obesity develops. It continuously releases free fatty acids (FAs) into the portal
circulation, directly affecting the liver and contributing to insulin resistance, systemic
inflammation, dyslipidaemia, and atherosclerosis (37, 38). As VAT content increases, hepatic
lipid content (HLC) also rises, further exacerbating cardiovascular risk and insulin resistance.
Higher VAT and HLC have been associated with increased risk of retinopathy, nephropathy
and neuropathy, and CVD in people with diabetes mellitus (34, 35). Interestingly, an increased
VAT volume alone was not associated with greater metabolic dysfunction unless HLC was also
elevated, highlighting HLC as an even more critical risk factor for metabolic diseases (39).
Reducing the HLC is particularly important, as approximately 60% of persons with T2D (40)
and 9-44% of those with T1D (41, 42) have metabolic dysfunction-associated steatotic liver
disease (MASLD). The coexistence of MASLD and diabetes is associated with a two times
higher risk of CVD, compared to diabetes alone (40). Finally, a decrease in HLC was associated

with diabetes remission (43).

1.4 Diet in the prevention of diabetes

Among different modifiable risk factors, diet constitutes another cornerstone of T2D
prevention. Insufficient intake of whole grains, yogurt, fruit, nuts and seeds, and non-starchy
vegetables and excess intake of refined rice and wheat, processed meats, unprocessed red meat,
sugar sweetened beverages, potatoes and fruit juice was estimated to be attributable to 14.1
million incident T2D cases in 2018, accounting for 70% of global incident cases (44). Over the
decades numerous dietary patterns reflecting healthy diet, like Alternative Healthy Eating
Index, vegetarian, Dietary Approaches to Stop Hypertension (DASH), Mediterranean, and
plant-based diets have been linked to lower T2D risk (45, 46). Furthermore, an umbrella review

on the prevention of T2D through diet pointed to robust evidence for the associations between
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whole grain, fibre, processed and red meat intake, sugar sweetened beverages and T2D risk
(45). Additionally, inverse associations were observed for yogurt, total dairy, coffee, and
vegetable fat intake, while positive associations were observed for higher artificially sweetened
beverages, total protein and animal protein intake with T2D risk. Interestingly no precise
association was observed for total fat intake, as well as saturated (SFAs), mono- (MUFAs) and

poly-unsaturated fatty acids (PUFAs) (45).

1.4.1 Dietary fat intake in the prevention of T2D

In the context of dietary fat intake, current dietary guidelines for prevention of T2D recommend
lowering the intake of total fat, especially through lowering the intake of SFAs and trans-FAs
(47). At the same time, other guidelines stress that the type of fat consumed is more important
than the absolute amount and recommend increasing the intake of foods rich in long-chain n-3
PUFAs, such as fish, nuts and seeds (28), as well as increasing the intake of vegetable fat and
decreasing the intake of animal fat (47). Evidence from observational studies indicate that
following dietary patterns, like Mediterranean or DASH diet, rich in MUFAs and PUFAs
dietary sources, were associated with lower risk of T2D (48, 49). However, evidence from a
meta-analysis of randomised-controlled trials (RCTs) did not show any effect of n-3 PUFAs
supplementation on T2D risk (50), as well as no effects of n-3 and n-6 PUFAs on glycaemic
control (51) or on secondary CVD prevention in persons with existing T2D (52, 53). In
agreement with current guidelines, a systematic review and meta-analysis by Neuenschwander
and colleges pointed to 3% higher risk of T2D with higher animal fat intake per 10g/d, with
moderate certainty of evidence (CoE); however, no precise association was observed between
total and vegetable fat intake. In addition, a harmful association for SFAs and beneficial
association for MUFAs were not confirmed, while when considering specific FAs separately,
a 6% higher risk of T2D was observed per 250 mg/d higher intake of eicosapentaenoic (20:5)
and docosahexaenoic acids (22:6). Furthermore, specific FAs within the whole group (e.g.,
SFAs) can have varying association with T2D; thus, leading to no association for the whole
group. However, those results rely on self-reported dietary data which are prone to

misclassification, recall and underreporting bias (54).
1.4.2 FA biomarkers and risk of T2D

One possibility to overcome the limitations of self-reported dietary fat intake is the
measurement of FA concentrations in biological specimens. Biomarkers of FA provide more

accurate measurements of dietary intake, allowing differentiation between specific FAs.



Additionally, they reflect the internal dose, accounting for variations in absorption and
metabolism, to which tissues are exposed. As a result, they may be more strongly associated
with the physiological effects of nutrients than measures that only reflect dietary intakes (55).
By definition, dietary biomarkers should be sensitive to intake, well-integrated over time, and
specific (54). In terms of sensitivity, dietary intake of a given FAs should correlate with its
measured concentration. Correlations between FA biomarkers and dietary intake vary by
specific FA. FAs that cannot be synthesized endogenously are considered most sensitive to
dietary intake. These include a-linolenic acid (a-18:3), linoleic acid (18:2), the long-chain
PUFAs derived from a-linolenic acid (a-18:3) and linoleic acid (18:2), as well as trans-FAs
(56). A recent study from the European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort reported low to moderately high correlations between FA intakes and broad
range of circulating FA levels, with correlations ranging from -0.23 to 0.55 (56). Furthermore,
with regard to the time integration, a biomarker should reflect the cumulative effect of diet over
an extended period rather than day to day differences in nutrient intake (54). FAs biomarkers
can be measured as free FAs in serum, components of circulating triglycerides, red blood cell
(RBC) membranes, phospholipids, cholesterol esters, or adipose tissue from various sites (57).
Triglycerides and cholesterol ester reflect dietary intake over past few hours to few days.
Plasma phospholipids (PPL) and RBC reflect slightly longer period of time, with RBC believed
to reflect dietary intake of even last three months due to RBC lifespan (57). However, studies
showed similar course of changes in the FAs concentration in PPL and RBC after dietary
interventions (58, 59). Lastly, to be specific, a dietary biomarker should not be influenced by
the intake of other foods or nutrients, or by genetic, environmental, or lifestyle factors (54).
However, previous studies have shown that concentrations of many FAs can be influenced by
genetic background, smoking habits, alcohol intake and sex (60, 61). Additionally, some FAs
can be synthetized endogenously via de-novo lipogenesis (DNL) - a metabolic pathway that
enables the endogenous synthesis of triglycerides and other lipids from dietary starch, sugar,
and protein (62). The primary FA produced through DNL is palmitic acid (16:0), which can be
elongated to stearic acid (18:0) or desaturated to form palmitoleic acid (16:1n7). Additionally,
stearic acid (18:0) can undergo further desaturation to generate oleic acid (18:1). Therefore,
FAs biomarkers should be considered as both, a reflection of dietary intake and endogenous
metabolic processes.

Although in the past, several systematic reviews and meta-analyses have summarized the
evidence on the association between circulating FAs and the risk of T2D and pointed to

different associations between specific FAs and T2D risk (63-67), most of the previous meta-
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analyses only conducted high versus low comparisons (63, 65). By doing so, different levels of
concentrations are being compared, what may lead to wrong conclusions about differences
between studies (68). Furthermore, none of the previously published meta-analyses assessed
the CoE of the findings and did not consider differences between specific biospecimens of FAs
measurement (i.e., total plasma, PPL, or RBC membrane). Given that the concentration of
specific FAs varies across biospecimens, and each biospecimen has a different ability to reflect
dietary FAs intake, it is reasonable to expect that the association with T2D may vary depending
on the biospecimen used for FA measurement (69). Finally, new studies have been published

and thus an updated systematic review with meta-analyses is warranted (70-73).

1.5 Diet in management of T2D

Once T2D has manifested, diet continues to play a crucial role in the management of the disease
and results of studies published over the last decades clearly point to an important role of diet.
Systematic reviews and meta-analyses summarizing the results of RCTs in people with T2D,
pointed to beneficial effects of diets with low-fat and low glycaemic index on fasting blood
glucose, HbAlc, and low-density lipoprotein cholesterol levels (74, 75). Furthermore,
decreasing carbohydrate intake to less than 26% of total energy was shown to improve not only
glycaemic measures but also reduce body weight (76), while increasing protein intake to more
than 25% of total energy led to improvements in blood pressure and blood lipids (77). However,
no clear benefit could be shown in another two meta-analyses of RCTs for intermittent fasting
in terms of HbAlc levels (78) and for long-chain n-3 PUFAs supplementation on insulin and
glucose levels (50).

In terms of diabetes complications, evidence from observational studies on diet-health
associations in people with T2D remains limited. Single prospective observational studies
showed an inverse, but imprecise association between vegetarian diet and higher plant-based
protein intake and the risk of cataract, heart failure, nephropathy, and neuropathy in people with
T2D (79-81). Other studies indicated inverse associations between higher adherence to a
Mediterranean diet, DASH, plant-based diet, or low carbohydrate diet with all-cause mortality
risk in this population (82-85). Similarly, higher intake of vegetables or nuts was associated
with lower all-cause mortality risk (86, 87), while no association was found for dairy or meat
intake (87, 88). However, only a few systematic-reviews with meta-analyses summarized
evidence on diet and all-cause mortality risk in people with T2D, showing beneficial association

for higher coffee and fish intake (89, 90).



In 2023, Evidence-based European recommendations for the dietary management of diabetes
have been published by the The Diabetes and Nutrition Study Group (DNSG) (91). The
guideline stress importance of body weight reduction via reduced energy intake and increased
physical activity among overweight and obese persons with T2D. In addition, increasing the
dietary fiber intake to minimum of 35g/d, lowering the intake of free or added sugars, SFAs
and trans-FAs, and replacing them with n-6 and n-3 PUFAs is being recommended.
Furthermore, dietary patterns like Mediterranean, Nordic or vegetarian diets, emphasising the
consumption of whole grains, whole vegetables and fruit, legumes, nuts, seeds and vegetable
oils, while reducing the consumption of red and processed meat, sugar-sweetened beverages,
sweets and refined grains, are recommended for improvement of glycaemia and body weight,
CVD and all-cause mortality risk reduction. However, the dietary guidelines often refer to
surrogate marker, such as glycemic control or lipids, and, as authors of the guideline
acknowledge, many recommendations are derived from studies on the general population (91).
This raises concerns about the applicability of these findings to population with T2D and about
translating improvements in surrogate markers into recommendations for the prevention of
complications. Although hyperglycaemia is a common issue among individuals with T2D, the
disease is multifaceted, with significant variations in adipose tissue distribution, insulin
sensitivity and secretion pathways. Additionally, previous research suggests variations in
responses to foods or dietary interventions due to differences in clinical profiles, genetics, gut
microbiota, and lifestyle factors (92-94). Therefore, a “one-size-fits-all” dietary approach may
be unrealistic, considering the broad clinical spectrum of people with T2D, their diverse cultural
backgrounds, and personal preferences (95). Consequently, it is necessary to summarize and
evaluate the existing evidence on the effects of dietary intervention exclusively in persons with
T2D at highest available evidence level, by conducting an umbrella review of systematic
reviews and meta-analyses of RCTs. However, RCTs are typically short-term and rarely
powered to assess long-term outcomes, such as all-cause mortality (96). To address this gap, it
is also important to synthesize evidence from prospective observational studies through a
systematic review and meta-analysis, providing complementary insights into the associations

between various dietary factors and all-cause mortality risk in people with T2D.

1.6 Diet and adipose tissue distribution in diabetes management

Lifestyle modifications, particularly dietary interventions, have been shown to effectively

reduce SAT, VAT or HLC. Hypocaloric diet, time-restricted fasting and Mediterranean diet
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have demonstrated benefits in reducing total body fat, VAT and HLC among general
populations or individuals with prediabetes (97-100). Only few studies investigated the
association between diet and adipose tissue distribution in persons with T2D, while evidence
for those with T1D is even scarcer (91). In T1D, factors such as B-cell dysfunction, intensive
insulin therapy, blood glucose fluctuations, and impaired lipid metabolism create unique
metabolic challenges and further highlight the need for dietary strategies to support metabolic
health in this population (101). As for individuals with T2D, an isocaloric MUFA-enriched diet,
compared to a high-carbohydrate and fiber-rich diet, reduced HLC (-26% vs -6%) (102).
Another RCT in participants with obesity or T2D found that a high-fiber, isocaloric diet lowered
VAT by 1114 mm? (95% CI: -1777 to -451) and HLC by 2.5% (95% CI: -3.6 to -1.4) compared
to controls (103). Additionally, a calorie-restricted vegetarian diet led to greater VAT reduction
and improvements in adipokine levels and oxidative stress markers than a conventional calorie-
restricted diet over 24 weeks in individuals with T2D (104).

Given that the DASH dietary pattern, originally developed for hypertension management,
emphasizes higher MUFA intake (e.g., from nuts and seeds), increased fiber intake (e.g., from
whole grains, vegetables and legumes), and reduced red meat and processed meat consumption
(105), it may exert similar beneficial effects on adipose tissue distribution, as observed in the
trials described above. The DASH diet additionally recommends lower intake of sugar
sweetened beverages, higher intake of which is considered one of the main drivers of weight
gain (106). It has also been linked to a lower visceral adiposity index in older adults (107) and
has been shown to improve hepatic fibrosis and promote weight loss in individuals with
MASLD (108-110).

Importantly, when investigating the association between diet and health outcomes in persons
with diabetes, one has to keep in mind that the diabetes diagnosis is often a teachable moment
that can lead to significant changes in dietary behaviour, particularly in the first years following
diagnosis. Therefore, assessing diet based on a single measurement may overlook important
dietary adaptations over time. So far, no study has investigated the association between changes
in the adherence to the DASH diet and changes in SAT, VAT and HLC distribution in persons
with T1D and T2D.

1.6.1 Changes in BMI, waist circumference and adipose tissue insulin resistance index on the

pathway between DASH diet and adipose tissue distribution

Another crucial point when investigating the association between changes in adherence to a

healthy diet and alterations in adipose tissue distribution is whether dietary changes directly



influence the changes in adipose tissue distribution or is it merely a consequence of weight loss.
For example, the NutriAct trial analyzed the effect of a high-protein and high-PUFA diet on
HLC and found that the beneficial effect of increased protein intake was modified by BMI
changes. In contrast, higher PUFA intake lowered HLC independently of weight loss (111).
Similarly, replacing dietary carbohydrate with protein and fat improved HLC independently of
changes in body weight in persons with T2D (112). Another mechanism could be through
adipose tissue or whole-body insulin sensitivity, as dysfunctional and insulin resistant tissues
can cause ectopic lipid deposition and drive hepatic steatosis (113, 114). Additionally,
intervention based on diet and physical activity showed to enhance adipose tissue insulin and
whole-body sensitivity (115).

In the scenarios described above, the DASH diet would exert an indirect influence, promoting
weight loss or improvements in adipose tissue and whole-body sensitivity, and consequently
leading to changes in VAT or HLC. Adjusting for variables that lie on the pathway between the
DASH diet and adipose tissue distribution may help clarify whether these variables bias the
relationship. If the association weakens after adjusting for a potential mediator, it suggests
potential mediation. However, to assess the extent to which BMI, waist circumference or
adipose tissue insulin resistance index (Adipo-IR) influence the association between adherence
to the DASH diet and adipose tissue distribution, mediation analysis can be applied. So far, no
study has quantified the extent to which changes in BMI, waist circumference and Adipo-IR
modify the association between DASH diet and anthropometric changes in people with T1D

and T2D.

1.7 Methodology of evidence synthesis

The goal of evidence synthesis is to summarize existing evidence from primary studies in order
to provide highest level of evidence. Study designs for evidence synthesis include systematic
reviews, meta-analyses and umbrella reviews.

As for the identification of relevant literature, several methods are available. In order to assure
that all studies on the topic of interest are being identified, a systematic literature review is the
gold standard (116). It involves defining a clear research question, setting inclusion and
exclusion criteria, developing a search strategy, and screening studies independently by two
reviewers - ensuring transparency, reproducibility, and reduced selection bias. Literature
reviews are often combined with meta-analyses, which enhance evidence synthesis by

quantifying results and offering the highest level of evidence (Figure 2.a). By pooling data from
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multiple primary studies, meta-analyses yield more precise estimates with narrower confidence
intervals and help to identify heterogeneity. Although systematic reviews with meta-analyses
are placed at the top of the evidence pyramid, the revised version (Figure 2.b) highlights the
importance of critically appraising included studies (117). It suggests that systematic reviews
and meta-analyses should serve as a lens through which other types of studies are interpreted,
as their conclusions are only as reliable as the quality of the underlying studies. Furthermore,
even lines have been replaced with wavy lines. It indicates that, depending on the study question
and the quality of the study in question, evidence from, for example, RCTs may not always be
stronger than evidence from an observational cohort study. Additionally, a meta-analysis of
well-conducted RCTs at low risk of bias cannot be equated with a meta-analysis of RCTs or

observational studies at higher risk of bias (117).

)
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Figure 2.a. The proposed new evidence-based medicine pyramid, b. The revised pyramid:
systematic reviews are a lens through which evidence is viewed (and applied). Modified after

Murad et al. (117).

Due to this limitation, risk of bias assessment is a crucial step in a systematic review, conducted
by two authors independently. It aims to evaluate the risk of bias of the included studies and
the extent to which results may deviate systematically from the truth (118). The evidence
pyramid illustrates a hierarchy of internal validity based on the risk of bias, indicating, for
example, that case reports provide less robust evidence than cohort studies, and cohort studies
less than RCTs (Figure 2.a). However, variations in risk of bias also exist within the same level
of evidence - that is, among studies with the same design - which can influence the results of a
meta-analysis. To evaluate this, different tools are available. The Risk Of Bias In Non-
randomized Studies — of Interventions (ROBINS-I) (118) aim to assess the risk of bias in
observational epidemiologic studies, while Risk-of-Bias (RoB) 2 tool in RCTs (119). Both tools

are domain specific. For ROBINS-I, domains include bias due to confounding selection of
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participants, classification of interventions, deviations from intended interventions, missing
data, measurement of outcomes and selection of the reported results. ROBINS-I treats each
non-randomized study as an attempt to emulate a “target trial”. Due to the inherent risk of
residual confounding, observational studies typically receive a “Moderate” risk rating at best,
even when major confounders are well accounted for. The RoB 2 tool assesses bias in RCTs
across five domains: randomization process, deviations from intended interventions, missing
outcome data, outcome measurement, and selection of reported results. Importantly, the results
of risk of bias assessment should be considered during synthesis of findings across studies
through systematic reviews with meta-analysis, either by conducting subgroup analyses
separating studies according to risk of bias or by excluding studies at “Critical risk” or “Serious
risk” from the beginning.

Furthermore, since evidence coming for example from a RCTs may not always be stronger than
evidence coming from an observational cohort study, aspects beyond study design and risk of
bias should be considered in the step of CoE assessment (120). The Grading of
Recommendations Assessment, Development and Evaluation (GRADE) system is currently the
gold standard for grading evidence, aiming to assess the quality of the evidence supporting the
study findings and strength of recommendations in healthcare through a systematic, transparent,
and rigorous approach. The GRADE approach encompasses five domains, which can lower the
evidence; risk of bias, inconsistency, indirectness, imprecision, publication bias. According to
the older approach, evidence from observational studies always starts the assessment at “Low
Certainty of evidence”, a downgrading by default of two levels, however, four domains can
upgrade the evidence: large effects, dose-response effects, all-plausible residual confounding

(121, 122) (Figure 3).

12



Observational studies Randomized trials

Initial quality of Low High
body of evidence

1. Risk of Bias 2. Inconsistency 3. Indirectness
- By one level — serious - By one level — serious - By one level — serious
i - By two levels — very serious - By two levels — very serious - By two levels — very serious
Lower quality of
evidence if 4. Imprecision 5. Publication bias
By one level — serious - Likely
By two levels — very serious - Very likely
1. Large effect 2. Dose response 3. All plausible residual confounding
) ) - By one level — large effect - By one level — evidence - By one level — would reduce a
H|gher qu:ahty of By two levels — very large effect of a gradient demonstrated effect
evidence if By two levels — would suggest a
spurious effect if no effect was observed
Quality of body of High Moderate Low Very low
evidence ODDD OHB0 &S00 slo/ee]

Figure 3. A summary of GRADE’s approach to rate quality of evidence (121).

However, the Cochrane risk of bias assessment tools (i.e., ROBINS-I) provide a thorough
assessment of risk of bias in relation to a hypothetical randomized trial, and “Low risk” of bias
corresponds to the risk of bias in a high-quality randomized trial. This opens up the possibility
of using the risk of bias assessment, rather than the lack of randomization per se, to determine
the degree of downgrading of a study result from the starting point, and means that evidence
from results of observational studies and RCTs can be compared. Therefore, the current
approach suggests, that if Cochrane tools were used for risk of bias assessment of observational
studies, studies will be assigned a starting rating of “High Certainty of evidence”. However,
even with “Moderate” risk of bias as a result of ROBINS-I evaluation, evidence should be
downgraded by one level in the Risk of bias domain in the GRADE tool, due to the residual
confounding (123). Therefore, evidence from observational studies can be maximally rated with
moderate CoE.

As for the other domains in the GRADE approach: inconsistency refers to heterogeneity in
results across studies included in a meta-analysis, especially when effect estimates vary in
direction or size; indirectness considers whether the evidence directly applies to the research
question in terms of population, intervention, comparator, and outcome; imprecision assesses
whether the effect estimates are sufficiently precise, typically based on the width of CIs and the
number of events or participants; and publication bias refers to the possibility that studies with
negative or null results are less likely to be published, potentially leading to an overestimation
of the true effect. Each domain can be downgraded by two levels leading to a final CoE
assessment of “High”, “Moderate”, “Low” or “Very low”. Table 1 lists the meaning and

interpretation of each of the CoE levels.
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Table 1. Interpretation of Certainty of Evidence (CoE) levels.

CoE level Interpretation

High We are very confident that the true effect lies close to that of the estimate of the
effect.

Moderate We are moderately confident in the effect estimate: The true effect is likely to be
close to the estimate of the effect, but there is a possibility that it is substantially
different.

Low Our confidence in the effect estimate is limited: The true effect may be

substantially different from the estimate of the effect.

Very low We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect.

Finally, when multiple systematic reviews and meta-analyses are already available on a broader
topic, evidence can be summarized in an umbrella review (124). Umbrella review helps identify
the gaps in a specific research field and can inform recommendations for further research, and
thus are considered to have higher level of evidence than systematic reviews with meta-analyses
(Figure 4). If several studies are available on exactly the same study question, systematic review
with meta-analysis with highest quality or number of studies should be included in an umbrella
review (125). Furthermore, methods are available to assess the methodological quality of
included studies, for example AMSTAR 2 (A MeaSurement Tool to Assess systematic
Reviews) - a tool for critical appraisal of systematic reviews and meta-analyses (126). Taken
together, umbrella reviews provide a comprehensive overview of study quality, effect sizes,
uncertainty, heterogeneity, and potential biases across a well-defined but broad research field,

while providing crucial insights into guideline development (127).

reviews

Figure 4. Hierarchy of evidence synthesis methods (124).
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1.8 Mediation analysis

Mediation analysis is used to explore how an exposure influences an outcome by decomposing

the total effect into direct and indirect pathways (Figure 5).

Mediator
(e.g., changes in clinical and
metabolic parameters)

Indirect effect

Direct effect

Exposure Outcome
(e.g., changes in (e.g., changes in adipose
adherence to a diet) tissue distribution)

Figure 5. Chart of causal pathways regarding the association between changes in the adherence

to a diet and changes in adipose tissue distribution.

The indirect effect captures the portion of the association that operates through a third variable
which lies along the causal pathway, known as the mediator. In contrast, the direct effect reflects
the influence of the exposure on the outcome that occurs independently of the mediator (128).
Vander Weele introduced mediation analysis within a counterfactual framework, breaking
down the total effect of an exposure on an outcome into two components: the total indirect
effect and the pure direct effect (129). The formula for decomposing the total effect into total

indirect effect and pure direct effect is as follows:

Yi1-Yo= Yim, - Yomy= (Yim, -Yimg) + (Yimg -Yom,)
\ J | )\ J
| ! [

Total effect total indirect effect pure direct effect

The total indirect effect represents the difference in the outcome when the mediator is set to the
level it would naturally take if the person were exposed (M1) versus when they were not (M),
while assuming the exposure is present (Y1). The pure direct effect reflects the difference in the
outcome when a person is exposed (Y1) compared to when they are not (Yo), while holding the
mediator constant at the level it would have under no exposure (Mo) (129). Additionally, the

proportion mediated can be calculated as the ratio of the total indirect effect to the total effect
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and quantifies how much of the exposure-outcome relationship is explained by the mediator. A
higher proportion mediated indicates a stronger role of the mediator in the association (128).

To conduct a mediation analysis, several criteria should be met. First, the exposure must be
associated with the outcome. Second, the exposure should be related to the mediator. Third, the
mediator must be associated with the outcome, indicating that it lies on the causal pathway
between the exposure and the outcome. Finally, if applicable, it is recommended that the

exposure, mediator, and outcome are measured at different time points (128).
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1.9 Aims of this doctoral thesis

Given the identified gaps, the objective of this publication-based doctoral thesis was to
investigate the role of dietary aspects in prevention as well as in management of diabetes
mellitus in four major research topics.

First, we conducted a systematic review with dose-response meta-analysis including
prospective cohort studies on the association between FAs biomarkers and relative risk of T2D.
Additionally, the CoE was evaluated in order to assess the reliability of the observed
associations. We hypothesised that biomarkers of specific FAs, reflecting both dietary intake
and metabolic processes, are differently associated with T2D risk, as well as that biospecimen
of FA measurement can be determinant in terms of the strength of observed associations.
Second, we conducted an umbrella review to summarize all evidence coming from meta-
analyses of RCTs published over the last years on the effectiveness of various dietary
interventions on health outcomes among persons with existing T2D. As described above,
current guidelines for diabetes management are based on results of studies, which did not focus
on persons with existing T2D exclusively. Therefore, it is crucial to summarize existing
evidence and assess the CoE and the methodological quality of the included meta-analyses
using state of the art methods to inform guidelines and enhance diabetes management.

Third, we conducted a systematic review with meta-analysis to comprehensively evaluate
evidence from prospective cohort studies on diet, including dietary patterns, food groups,
individual foods, macro- and micronutrients, and secondary plant compounds, and their
associations with all-cause mortality risk in people with T2D. To date, evidence on diet and
long-term health outcomes in this population is limited, and the impact of different dietary
factors on mortality has not been systematically summarized. To assess the reliability of the
observed associations and support translation into guidelines, the CoE was evaluated.

Fourth, we investigated the relationship between DASH diet and SAT, VAT and HLC
distribution in persons with newly diagnosed T1D and T2D from the German Diabetes Study
(GDS). Additionally, since dietary habits assessed recently after diabetes diagnosis may not
reflect the long-term dietary habits, we also investigated the associations between changes in
DASH diet adherence and changes in the SAT, VAT and HLC over 5-year follow-up period.
Finally, we hypothesised that associations observed cannot be solely explained by body weight
loss but also by metabolic changes such as whole-body insulin sensitivity, Adipo-IR and non-
esterified fatty acids. To quantify the extent to which these factors could explain the association
between changes in DASH diet adherence and SAT, VAT and HLC distribution, a mediation

analysis was conducted.
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Summary

Previous studies on dietary fat intake and T2D risk have yielded contradictory results. This
may, in part, be explained by the differential associations of specific FAs, such as palmitic acid
(16:0) and pentadecanoic acid (15:0), within the broader category of total SFAs with T2D risk.
Another contributing factor could be the limitations of self-reported dietary intake data, which
are prone to misclassification, underreporting, and recall bias. In contrast, FA concentrations
measured in biospecimens more accurately reflect dietary intake and metabolic processes,
avoiding self-reporting bias. Therefore, in our study we aimed to conduct a systematic review
and dose-response meta-analysis of prospective cohort studies on the association between

biomarker of FAs, stratified by biospecimen type, and relative risk of T2D.

In total we screened 19,946 titles and abstracts, assessed full text of 329 articles, and finally
included 27 prospective cohort studies and conducted 34 dose-response meta-analyses in all
biospecimens combined and 94 biospecimen-specific dose-response meta-analyses on the
association between the concentrations of 33 specific FAs or their groups (SFAs, MUFAs, n-6
and n-3 PUFAs) with the relative risk of T2D. A total of 19 studies had moderate and eight
serious risk of bias. Our results were consistent across biospecimens, with stronger associations
in PPL and RBC. We found moderate CoE for a 3-36% lower relative risk of T2D with higher
concentrations of certain SFAs (pentadecane acid (15:0): summarized relative risk 0.68 (95%
CI10.56; 0.81); margaric acid (17:0): 0.64 (0.41; 0.78)), as well as n-3 PUFAs (eicosapentaenoic
acid (20:5): 0.97 (0.95; 0.99), docosahexaenoic acid (22:6): 0.92 (0.88; 0.96)), and n-6 PUFAs
(LA (18:2): 0.93 (0.91; 0.95)) measured in PPL or RBC. In contrast, higher levels of MUFAs
(palmitoleic (16:1n-7): 1.06 (1.03; 1.10), oleic (18:1n-9): 1.04 (1.01; 1.06)) as well as n-6
PUFAss (dihomo-y-linoleic (y-20:3): 1.07 (1.03; 1.11), y-linoleic (y-18:3): 2.23 (1.42; 3.50),
and arachidonic (20:4): 1.02 (1.01; 1.04)) measured in PPL or RBC were linked to a higher
relative risk of T2D.

To summarize, our findings underline the role of FA biomarkers in T2D prevention.
Furthermore, stronger associations observed in PPL and RBC highlight the critical role of
biospecimen selection. Future research should investigate underlying causal mechanisms and
the complex interrelationships between FAs to enhance our understanding of their role in T2D

development.
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ABSTRACT

The role of dietary fat in type 2 diabetes (T2D) development remains debated. Fatty acid (FA) biomarkers may better reflect bioavailable
FAs than self-reported dietary intake. We conducted a systematic review and dose-response meta-analysis investigating associations be-
tween FA biomarkers and risk of T2D, considering different biospecimens of FA measurement. PubMed and Web of Science were searched
until 9 November, 2022, and a search alert was followed until 17 February, 2025. Prospective cohort studies investigating FA biomarkers
and T2D risk were included. Summary relative risks (SRR) and 95% confidence intervals (Cls) for all biospecimens combined and sepa-
rately were estimated using a random-effects model. Risk of bias was assessed with the Risk Of Bias In Non-randomized Studies of In-
terventions tool, and the certainty of evidence (CoE) was rated with the Grades of R iendations, A t, Development, and
Evaluation approach. We included 27 articles. Analyses of plasma phospholipids (PPL) and red blood cells (RBC) provided inverse asso-
ciations between higher concentrations of specific saturated FAs (SFAs) [15:0: SRR 0.68 (95% CI: 0.56, 0.81); 17:0: 0.64 (0.41, 0.78)],n—3
polyunsaturated FAs (PUFAs) [20:5: 0.97 (0.95, 0.99), 22:6: 0.92 (0.88, 0.96)], and n—6 PUFA [18:2: 0.93 (0.91, 0.95)] and risk of T2D,
with moderate CoE. In the same biospecimens, higher levels of specific monounsaturated FAs (MUFAs) [16:1n-7: 1.06 (1.03, 1.10),
18:1n-9: 1.04 (1.01, 1.06)], and n—6 PUFAs [y—20:3: 1,07 (1.03, 1.11), y—18:3: 2,23 (1.42, 3.50), and 20:4: 1.02 (1.01, 1.04)] were
associated with higher risk of T2D. Although combined analyses across biospecimens were consistent, stronger associations were observed
in PPL and RBC. Associations of specific FAs within the same class (SFAs, MUFAs, PUFAs) varied in direction regarding risk of T2D. Certain
SFAs, n—3 PUFAs, and 18:2 were inversely associated with T2D risk, whereas certain MUFAs and n—6 PUFAs were positively associated.
Stronger associations in PPL and RBC highlight the importance of biospecimen selection. The protocol of this study was registered a priori
in PROSPERO (CRD42020184575).
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Statements of Significance

This systematic review and meta-analysis is the first to investigate dose-response associations between FA biomarkers and risk of T2D across
different biospecimens, and the first to assess the CoE for these associations.
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Introduction

Guidelines for type 2 diabetes (T2D) prevention recommend
increasing vegetable fats, lowering animal fats, replacing SFAs
with MUFAs and PUFAs, and lowering trans-fatty acid (FAs)
intake [1]. However, a recent systematic review with
meta-analysis of randomized controlled trials suggested that
higher intake of omega-3 (n—3), omega-6 (n—6) FAs, or total
PUFA has little effect on T2D prevention [2]. Our recent sys-
tematic review and dose-response meta-analysis also did not
find an increased risk of T2D with higher SFA intake [3],
possibly because of differing associations for specific FAs within
the SFA group. A large body of literature indicates that circu-
lating SFAs, such as palmitic acid (16:0) and stearic acid (18:0)
[4], exert lipotoxic effects by promoting ceramide and diac-
ylglycerol accumulation in pancreatic f-cells, impairing insulin
signaling, and triggering inflammation [5]. In contrast, circu-
lating MUFAs appear less harmful [6], and PUFAs may enhance
insulin secretion by increasing membrane fluidity, facilitating
glucose transporter (GLUT4) translocation, and reducing
inflammation [7-9]. Together, these findings highlight the
pivotal role of FAs in T2D development.

Circulating FAs measured in red blood cells (RBCs) or
plasma show moderate-to-strong correlations with corre-
sponding intake assessed via food frequency questionnaire
[10]. These biomarkers reflect both diet and endogenous
metabolism, offering a more objective measure of bioavailable
FAs than self-reported dietary information alone [11]. Previous
systematic reviews with meta-analyses combining studies that
measured FAs in different biospecimens found that circulating
odd-chain SFAs were linked to lower risk of T2D, whereas
even-chain SFAs and palmitoleic acid (16:1n—7) concentrations
were associated with higher risk of T2D [12-14]. No associa-
tions were observed for total MUFAs and oleic acid (18:1n—9)
[14]. Higher concentrations of a-linolenic (a—18:3), linoleic
acid (18:2), and total n—6 PUFA were associated with lower
risk of T2D [14-16], whereas the association with total n—3
PUFA was imprecisely estimated, as indicated by wide 95%
confidence intervals (CIs) [14]. However, not all of the existing
systematic reviews and meta-analyses quantified dos-
e-response associations [12,14] or covered the whole spectrum
of FA [13,15,17]. Importantly, prior studies suggested that the
biospecimen used for FA measurement may influence its asso-
ciation with the risk of T2D. Findings of the pooling project
“Fatty Acids and Outcomes Research Consortium™ suggest the
strongest associations for odd-chain FAs, trans-FAs, and n—3
PUFAs measured in plasma phospholipids (PPL) compared with
total plasma or cholesteryl ester [18-20]. Therefore, the influ-
ence of the biospecimen type on the associations between FA
biomarkers and risk of T2D should be comprehensively evalu-
ated at the highest available evidence level. However, none of
the systematic reviews with meta-analyses published to date
have captured the role of biospecimen type [12-17,21], nor
have they assessed the confidence in the findings, expressed as
the certainty of evidence (CoE) [12-17,21]. Moreover, several
new studies on this topic have been published since the publi-
cation of the most recent systematic reviews and meta-analyses
[19,20,22,23].

Therefore, our study aimed to examine the association be-
tween all FA biomarkers, stratified by the type of biospecimen,
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with the risk of T2D in a systematic review and dose-response
meta-analysis of prospective observational studies.

Methods

The present systematic review and meta-analysis was plan-
ned, conducted, and reported according to the PRISMA 2020
statement (Supplemental Table 1). The protocol of this study was
registered a priori with PROSPERO (CRD42020184575).

Search strategy and study selection process

We included studies if the following criteria were met: 1)
adult participants (>>18 y) were free of T2D at the study begin, 2)
FA concentrations were measured in blood (total plasma, PPL,
RBC, cholesteryl ester, and triacylglycerol measured in plasma
or serum, total serum, whole blood, without further differenti-
ation between more detailed fractions, e.g., PPL subfractions) or
in adipose tissue as exposure, 3) the outcome of interest was T2D
incidence, and 4) the study design was a prospective observa-
tional study (including cohort, nested case-control, case-cohort
studies, and follow-up of intervention studies) published in a
peer-reviewed journal.

The systematic literature search was performed in PubMed
and Web of Science using predetermined search terms, from
inception to 9 November, 2022. We continued screening articles
from the PubMed search alert until 17 February, 2025 to iden-
tify newly published studies. No restrictions regarding publica-
tion language or filters were applied. Two researchers
independently conducted the entire study selection process.
Initially, titles and abstracts of all identified articles were
screened, followed by retrieval and examination of the full-texts
of potentially relevant studies based on the inclusion criteria.
Disagreements between the 2 researchers were resolved through
consensus or consultation with a third researcher. Additionally,
reference lists of all eligible articles were reviewed to identify
any additional relevant studies. The full search strategy is pro-
vided in Supplemental Table 2.

In the meta-analysis combining specific FAs measured in
various biospecimens, we selected results based on the ability of
the biospecimen to reflect long-term dietary intake in the case of
duplicate cohorts. Biospecimens of FAs measurement were
ranked according to their ability to reflect long-term intake as
follows: 1) adipose tissue, 2) RBC membrane phospholipids, 3)
serum phospholipids or PPL, 4) whole blood, 5) total plasma/
serum, and 6) cholesteryl esters [24]. For the meta-analyses
stratified by biospecimen type, when duplicate cohorts were
available for a particular FA, we included the most recent result
based on the largest sample size. If 2 reports from the same
cohort were available for the same FA but used different units of
measurement, we prioritized the measurement expressed as a %
of total FA concentration. If only absolute concentration values
were available, we converted them to % of total FA concentra-
tion. Studies with insufficient data for the calculation of dos-
e-response meta-analyses were excluded.

Data extraction

One reviewer extracted the data from all identified studies
using a predefined data extraction form, and a second reviewer
checked the data for accuracy. The following characteristics
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were extracted from each study: last name of the first author,
year of publication, country where the study was conducted,
cohort name, duration of follow-up, baseline participant char-
acteristics (sex, age), total number of participants, number of
T2D cases, outcome assessment (self-report of diabetes with or
without objective medical details, use of diabetes medication,
blood test, medical records), exposure (group of FAs, single FA),
biospecimen type (RBC, PPL, total serum, total plasma, choles-
teryl ester, whole blood, adipose tissue), categories of exposure
with measured concentration of a given FA, and maximally
adjusted risk estimates expressed as hazard ratio, relative risk
(RR) or odds ratio with their corresponding 95% CI and the
adjustment factors. For 7 studies, relevant data were missing,
and the authors were contacted; 5 of them provided the neces-
sary information [22, 25-28].

Risk of bias and CoE

We evaluated the risk of bias (RoB) using the RoB in non-
randomized studies of interventions tool [29]. Supplemental
Table 3 contains detailed information on the rating. RoB was
assessed by 2 reviewers independently, and any discrepancies
were discussed with a third researcher to reach a consensus.

The CoE for each meta-analysis outcome was assessed using
the Grades of Recommendations, Assessment, Development, and
Evaluation approach [30]. Supplemental Table 4 contains the
description of the instrument and rating judgments. Two re-
viewers independently rated the CoFE, and any disagreements
were resolved by consensus or consultation with a third
researcher.

Statistical analysis

Summary relative risks (SRR) and corresponding 95% CI
were calculated by conducting dose-response meta-analyses
with a random-effects model, applying the method of DerSi-
monian and Laird [31]. First, we performed dose-response
meta-analyses for FA concentrations and risk of T2D, combining
all biospecimens. Next, we conducted dose-response
meta-analyses for specific FA concentrations measured in the
same biospecimen (e.g., RBC or PPL) and risk of T2D, when 2 or
more studies were available. To conduct dose-response
meta-analyses, for studies that did not report linear estimates,
we applied the method described by Greenland and Longnecker
[32] and computed study-specific slopes (linear trends) and 95%
CIs based on the natural logarithm of the RRs and 95% Cls across
categories of each FA. The following data were required for >3
exposure categories: the quantified exposure value (e.g., % of
total FAs), the risk ratio with the corresponding 95% CI, and the
number of cases and person-years, If the number of cases in
single categories was not provided in a study, information on the
total number of cases and total person-years or the number of
total persons plus follow-up period was used to equally
distribute the number of cases across the quantiles or categories
as described previously [33]. If a range of FA concentration were
presented, the midpoint value was assigned as the exposure
level for the respective category. For open categories, we
assumed the same width as the adjacent category. Because
circulating FAs concentrations vary widely [34], we harmonized
the dose-response estimates to specific FAs or their groups to
make RRs directly comparable across specific FAs with differing
abundances. Specifically, groups of FAs, such as total SFAs, total
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MUFAs, or total n—3 and n—6 PUFAs, were analyzed per 3.0%
higher concentration in total FA. Specific FAs, with large rela-
tive concentrations, including 16:0, 18:0, 18:1n-9, 18:2,
arachidonic acid (20:4), and DHA (22:6), were analyzed per
1.0% higher concentration in total FAs. For the remaining FAs,
the calculations were conducted per 0.1% of total FAs concen-
tration [34,35]. A nonlinear dose-response meta-analysis could
not be conducted because the data from the original studies
were insufficient and only available from very few cohorts. We
calculated the I? statistic to assess the heterogeneity among the
observed RRs in the meta-analyses. Potential publication bias
was evaluated using funnel plots and Egger’s test (P < 0.1) when
>10 studies were available.

For meta-analyses including >10 cohorts, we conducted
subgroup analysis in the biospecimen-specific meta-analyses by
continent of the study origin. A P value <0.05 was considered
statistically significant. To assess the robustness of our findings,
we excluded studies with high RoB and omitted 1 study at a time
to investigate the influence of individual studies on the results.

All analyses were performed using Stata (Version 14.2,
StataCorp).

Patient and public involvement

No patients or members of the public were involved in setting
the research question, designing the study, interpreting the re-
sults, or writing the manuscript. The results of this study will be
spread to the public via social media or a press release.

Results

In total, we identified 19,946 articles after removing dupli-
cates (Figure 1), of which 329 articles were assessed at the full-
text level. OQut of these, 25 articles met our inclusion criteria. In
addition, we identified 2 articles through reference screening
[36,37], whereas no eligible articles were identified via the
PubMed alert. Thus, 27 articles were included in the present
systematic review and meta-analyses. Articles excluded after
full-text reviewing, with corresponding reasons for exclusion,
are listed in Supplemental Table 5.

Supplemental Table 6 presents the characteristics of the
included studies. The mean follow-up time ranged from 2.5 to
42.3 y, and the number of participants ranged from 187 to
95,854. The number of incidents T2D cases ranged from 28 to
12,132, and the mean age of participants ranged from 49 to 82
y. A total of 16 cohorts were conducted in Europe, 9 in the
United States, 4 in Asia, and 2 in Australia. Six cohorts
included only men, and 2 only women. FA biomarkers were
measured in total plasma, total serum, PPL, RBC, plasma cho-
lesteryl ester, whole blood, and adipose tissue. Quantification
of FAs was conducted mainly by gas chromatography, whereas
in 2 cohorts a targeted nuclear magnetic resonance metab-
olomics platform was used [22,23].

RoB was moderate in n = 19 studies and serious in n = 8
studies (Supplemental Figure 1). In the confounder domain, 6
studies were evaluated with a serious RoB, indicating that most
of the studies adjusted for important confounding factors such as
age, sex, smoking, alcohol intake, and education/socioeconomic
status. Additionally, 4 studies were evaluated with a serious RoB
because of exposure assessment and potential exposure
misclassification during follow-up.
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FIGURE 1. Flow-chart of the systematic literature search.

FA biomarkers and incidence of T2D

We conducted 34 dose-response meta-analyses in all bio-
specimens combined and 93 biospecimen-specific
-response meta-analyses on the association between the con-
centrations of 27 specific FAs and their groups (SFAs, MUFAs,
trans-FAs, n—6, and n—3 PUFAs) with the risk of T2D (Supple-
mental Table 7). Figures 2-4 summarize the results of the meta-
analyses for all biospecimens combined and for specific bio-
specimens. Supplemental Figures 2.1-2.34 present forest plots
of each separate meta-analysis. The assessment of the CoE for
each meta-analysis is summarized in the supplement (Supple-
mental Tables 8-11).

dose

SFAs

The associations for total SFAs pointed to an increased risk of
T2D when measured in all biospecimens combined, as well as in
specific biospecimens; however, the 95% CI included the null
value (Figure 2). The association was strongest when SFAs were
measured in PPL (per 3.0% higher concentration: [SRR (95%
CI)] 1.68 (1.24, 2.27), Neohorts = 2, I? = 0%); however, the CoE
was rated very low.

The meta-analyses on specific SFAs revealed strongest in-
verse associations with risk of T2D for pentadecanoic (15:0) and
margaric (17:0) acids when measured in PPL [per 0.1% higher
concentration: 15:0: 0.68 (0.57, 0.82), Neohorts = 7» I? = 58%;
and 17:0: 0.64 (0.52, 0.78), Neohorts = 55 2 = 67%, both mod-
erate CoE]. On the other hand, the risk of T2D was increased
with higher concentrations of 16:0 in the meta-analysis of all
biospecimens combined, as well as in PPL, RBC, cholesteryl
ester, or total plasma, but the CoE was low to very low.
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For the remaining SFAs, the associations were weak or
inconsistent, with a CoE rated mainly as low to very low.

MUFAs and trans-FAs

For total MUFAs measured in all biospecimens combined, a
positive association with risk of T2D was observed [per 3.0%
higher concentration: 1.16 (1.02, 1.31), Neohorts = 6, 1? = 53%],
but the CoE was low (Figure 3). The association persisted in
measurements from total plasma but not from RBC and PPL, as
the null value was included in the 95% CI (low to very low CoE).

For 16:1n—7, a weak but positive association with risk of T2D
was observed in the meta-analysis on all biospecimens com-
bined, with strongest associations observed in meta-analyses on
RBC and PPL measurements [per 0.1% higher concentration,
RBC: 16:1n—7: 1.06 (1.03, 1.10), Reohorts = 8, 12 = 82%; PPL 1.07
(1.02, 1.12), neohors = 7 12 = 83%, both moderate CoE]. For
18:1n-9, the meta-analysis combining all biospecimens and the
meta-analysis including only RBC measurements indicated a
weak positive association with risk of T2D [per 1% higher
concentration, all biospecimens combined: 1.04 (1.01, 1.07),
Neohors = 17, 12 = 40%; RBC: 1.04 (1.01, 1.06), neghors = 8, I =
5%, both moderate CoE]. In contrast, no association was
observed for PPL (moderate CoE). There was an indication for an
inverse association between higher concentration of trans-vac-
cenic acid (t—18:1n—7) in all biospecimens combined and risk of
T2D [per 0.1% higher concentration: 0.93 (0.87, 1.00); Rcohorts =
4, P = 83%; moderate CoE]. Even stronger association was
observed for PPL measurement; however, CoE was rated as very
low. Similarly, for eicosenoic acid (20:1), and the trans-FAs—
trans-palmitoleic acid (t—16:1n—7), trans-hypogeic acid
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Dose, %
Fatty Number of  of total Certainty of
acid Biospecimen cohorts fatty acids SRR (95% Cl) (%) evidence
Total SFAs All biospecimens 6 3.0% ——— 1.15(0.86, 1.54) 94 Very low
Total SFAs RBC 3 3.0% - 1.10(0.83,1.30) 8 Low
Total SFAs PPL 2 3.0% —— 168(1.24,227) 0 Very low
Total SFAs Total plasma 2 3.0% —— 1.09(0.63, 1.89) 99 Very low
Myristic acid (14:0) All biospecimens 6 0.1% - 1.06(0.96,1.17) 40  Very low
Myristic acid (14:0) RBC 6 0.1% —— 1.05(0.92,1.20) 73 Very low
Myristic acid (14:0) PPL 3 01% ~te— 106(0.93,121) 21 Very low
Myristic acid (14:0) Total plasma 2 0.1% -+ 0.95(0.90, 1.01) O Very low
Pentadecanoic acid (15:0) All biospecimens 17 0.1% — 077(0.65,091) 87 Very low
Pentadecanoic acid (15:0) RBC 8 0.1% —— 0.85(0.76,0.96) 7 Low
Pentadecanoic acid (15:0) PPL 7 0.1% —_—— 068 (0.57,0.82) 58 Moderate
Pentadecanoic acid (15:0) Total plasma 4 0.1% —_— 0.70 (0.46, 1.07) B84 Very low
Palmitic acid (16:0) All biospecimens 19 1.0% +* 1.10(1.05,1.15) 81 Very low
Palmitic acid (16:0) RBC 9 1.0% 1= 1.06 (0.99, 1.13) 82 Low
Palmitic acid (16:0) PPL 7 1.0% - 1.10(1.04, 1.17) 55 Low
Palmitic acid (16:0) Total plasma 3 1.0% o 1.12(0.95,1.32) 93 Very low
Palmitic acid (16:0) CE 2 1.0% - 1.21(1.07,1.36) 0 Low
Margaric acid (17:0) All biospecimens 14 0.1% —— 0.72(0.59,0.87) 90 Low
Margaric acid (17:0) RBC 7 0.1% —p— 0.78 (0.84,0.95) 81 Very low
Margaric acid (17:0) PPL 5 0.1% —— 0.64 (0.52,0.78) 67 Moderate
Margaric acid (17:0) Total plasma 3 0.1% —_— 0.79(0.57, 1.09) &6 Very low
Stearic acid (18:0) All biospecimens 1 1.0% > 1.04 (0.88,1.10) 74 Very low
Stearic acid (18:0) RBC 9 1.0% - 1.03(0.96,1.10) 70 Low
Stearic acid (18:0) PPL 7 1.0% = 1.09(0.98, 1.21) 77 Very low
Stearic acid (18:0) Total plasma 3 1.0% —— 0.87 (0.77,0.99) 0 Low
Stearic acid (18:0) CE 2 1.0% —— 1.73(1.14,262) 0 Low
Arachidic acid (200) All biospecimens 1 0.1% — 0.84(0.67,1.06) 79  Very low
Arachidic acid (20:0) RBC 4 0.1% —— 0.97 (0.76, 1.23) €9 Very low
Arachidic acid (200) PPL 5 0.1% _— 0.64(0.39,1.06) 85  Very low
Arachidic acid (20:0) Total plasma 2 0.1% —_—>r 0.90(0.73, 1.11) 63 Low
Behenic acid (22:0) All biospecimens 1 0.1% -+ 094 (0.88,1.01) 75 Low
Behenic acid (22:0) RBC 4 0.1% 4 1.02(1.00, 1.04) 0 Moderate
Behenic acid (22:0) PPL 6 0.1% —— 088(0.77,1.00) 73 Low
Behenic acid (22:0) Total plasma 3 0.1% — 0.96 (0.86, 1.07) 78 Very low
Lignoceric acid (24:0) All biospecimens 10 0.1% -~ 0.89(0.82,0.98) 82 Very low
Lignoceric acid (24:0) RBC 4 0.1% * 1.00(0.99,1.02) 0 Moderate
Lignoceric acid (24:0) PPL 5 0.1% —— 0.73(0.58,092) 82 Low
Lignoceric acid (24:0) Total plasma 3 0.1% — 0.92(0.82,1.04) 52 Low
I I I I
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FIGURE 2. Summary results of linear dose-response meta-analyses for SFAs and risk of type 2 diabetes. CE, cholesteryl ester; CI, confidence
interval; PPL, plasma phospholipids; RBC, red blood cells; SRR, summary relative risk.

(t—16:1n—9), and trans-linoleic acid (t—18:2)—findings pointed
to inverse associations with the risk of T2D when measured in all
biospecimens, PPL or RBC (low to very low CoE). For the
remaining FAs [palmitelaidic acid (16:1n—9), nervonic acid
(24:1), and trans-elaidic acid (t—18:1n—9)], no associations
were observed (moderate to very low CoE).

PUFAs

Total PUFAs and total n—6 PUFAs pointed to an inverse as-
sociation with risk of T2D when measured in all biospecimens
combined, RBC, or total plasma (moderate to very low CoE).
However, the 95% CI included the null value (Figure 4).

For specific n—6 PUFAs, there was a lower risk of T2D for
higher 18:2 concentration in all biospecimens combined, but the
CoE was low. The inverse association was also observed across
specific biospecimens, and the CoE was moderate for the asso-
ciations in PPL [0.93 (0.91, 0.95), ncohorts = 8, P = 44%) and
total plasma [0.96 (0.93, 0.99), Meohorts = 8, = 87%]. For
higher concentrations of y-linolenic acid (y—18:3) and di-homo-
y-linolenic acid (y—20:3), the risk of T2D was increased [y—18:3
in RBC: 2.23 (1.42, 3.50), Neohorts = 3, 12 = 32%; y—20:3 in RBC:
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1.07 (1.03, 1.11), Neohorts = 2, 12 = 0%; y—20:3 in PPL: 1.06
(1.05, 1.07), Reohorts = 2, 12 = 0%, all with moderate CoE]. For
20:4, no association with risk of T2D was observed in all bio-
specimens combined, or when measured in RBC, whereas con-
trary directions of associations were observed for measurements
in PPL and total plasma (moderate CoE). Docosatetraenoic acid
(22:4) was positively associated with risk of T2D for all bio-
specimens combined and PPL, but no associations were
observed for RBC, with low to very low CoE.

An inverse association for total n—3 PUFAs was observed for
all biospecimens combined and for total plasma, but no associ-
ation was evident for RBC (all rated as low CoE). For specific
n—3 PUFAs, a clear inverse association was observed only for
22:6 in all biospecimens combined [per 0.1% higher concen-
tration: 0.93 (0.90, 0.97), Reohorts = 26, = 82%), low CoE],
with the association confirmed in PPL [per 0.1% higher con-
centration: 0.92 (0.88, 0.96), neghons = 9, 12 = 0%], but not in
RBC (both moderate CoE). An inverse association between the
combination of EPA (20:5), docosapentaenoic acid (22:5), and
22:6 and risk of T2D was observed when measured in all bio-
specimens combined and in biospecimen-specific analyses (RBC,
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Dose, %
Fatty MNumber of  of total Certainty of
acid Biospecimen cohorts fatty acids SRR (95% CI) I*(%) evidence
Total MUFAs All biospecimens 6 3.0% —— 1.16(1.02,1.31) 53 Low
Total MUFAs RBC 3 3.0% + 1.05(0.88,1.26) 0 Low
Total MUFAs PPL 2 3.0% ———1.09 (0.80, 1.48) 0 Very low
Total MUFAs Total plasma 2 3.0% ——> 1.24(1.02,1.50) 87 Low
Palmitoleic acid (16:1n-7) All biospecimens 17 0.1% id 1.04 (1.03, 1.06) 82 Low
Palmitoleic acid (16:1n-7) RBC 8 0.1% * 1.06 (1.03,1.10) 82 Moderate
Palmitoleic acid (16:1n-7) PPL 7 0.1% bl 1.07 (1.02,1.12) 83 Moderate
Palmitoleic acid (16:1n-7) Total plasma 2 0.1% . 102(101,104) 0 Very low
Palmitoleic acid (16:1n-7) CE 2 0.1% > 1.01(1.00,1.02) 56 Low
Palmitelaidic acid (16:1n-9) All biospecimens 2 0.1% + $ 1.05(051,217) 83 Very low
Oleic acid (18:1n-9) All biospecimens 1 1.0% * 1.04(1.01,1.07) 40 Moderate
Oleic acid (18:1n-9) RBC 8 1.0% * 1.04(1.02,1.07) & Moderate
Oleic acid (18:1n-9) PPL 7 1.0% L d 1.00(0.96, 1.04) 12 Moderate
Oleic acid (18:1n-9) Total plasma 2 1.0% —— 1.10(1.02, 1.18) 43 Very low
Oleic acid (18:1n-9) CE 2 1.0% - 1.07(1.02,1.13) 0 Very low
Eicosenoic acid (20:1) All biospecimens 3 0.1% —_—— 0.92(0.78,1.08) 0 Very low
Eicesenoic acid (20:1) RBC 2 0.1% —_— 0.85(0.63, 1.15) 28 Low
Eicosenoic acid (20:1) PPEL 2 0.1% 0.75(0.41,1.38) 77 Very low
Nervonic acid (24:1) All biospecimens 3 0.1% * 1.00(0.99.1.02) 0 Moderate
Nervonic acid (24:1) RBC 2 0.1% * 1.00(0.99,1.01) 0 Moderate
Nervonic acid (24:1) PPL P 0.1% — 0.95(0.88,1.03) 0 Very low
Trans-Palmitoleic acid (-16:1n=7} All biospecimens 9 0.1% —— 0.85(0.74,0.98) 53 Low
Trans-Palmiteleic acid (t-16:1n-7) RBC 5 0.1% —— 0.90 (0.80, 1.02) 18 Low
Trans-Palmitoleic acid (-16:1n-7) PPL 3 0.1% —_— 0.68 (0.46, 1.01) 52 Low
Trans-Palmitoleic acid (t-16:1n-7) Total plasma 3 0.1% ——— 0.86 (0.63,1.18) 73 Very low
Trans-Hypogeic acid (1-16:1n-9)  All biospecimens 7 0.1% —— 0.90(0.72,1.12) 18 Low
Trans-Hypogeic acid (t-16:1n-8)  RBC 2 0.1% -+ 0.81(0.44,148) 0 Very low
Trans-Hypogeic acid (-16:1n-9)  PPL 4 0.1% P 0.72(0.34,1.52) 48 Low
Trans-Vaccenic acid (t-18:1n-7)  All biospecimens 4 0.1% - 0.93(0.87, 1.00) 38 Moderate
Trans-Vaccenic acid (t-18:1n-7)  RBC 2 0.1% —_—— 0.89(0.71,1.12) &9 Low
Trans-Vaccenic acid (t-18:1n-7)  PPL 3 0.1% —— 0.90(0.83,097) 44  Very low
Trans-Elaidic acid (t-18:1n-9) All biospecimens 1 0.1% 4 0.99(0.97,1.01) 63 Moderate
Trans-Elaidic acid (t-18:1n-9) RBC 7 0.1% < 0.99(0.98,1.01) 0 Moderate
Trans-Elaidic acid (t-18:1n-9) PPL 5 0.1% - 0.94 (0.87,1.01) 84 Very low
Trans-Linoleic acid (t-18:2) All biospecimens 1l 0.1% — 0.95(0.89, 1.01) 55 Low
Trans-Linoleic acid (-18:2) RBC 5 0.1% — 0.98 (0.88, 1.09) 53 Low
Trans-Linoleic acid (t-18:2) PPL 4 0.1% —_— 0.80 (0.66,0.97) 39 Low
T T I
3 6 T 15

FIGURE 3. Summary results of linear dose-response meta-analyses for MUFAs and trans-fatty acids and risk of type 2 diabetes. CE, cholesteryl
ester; Cl, confidence interval; PPL, plasma phospholipids; RBC, red blood cells; SRR, summary relative risk.

PPL, total plasma, cholesteryl ester), with CoE ranging from low
to moderate. However, when 20:5 and 22:5 were considered
separately, as well as a—18:3, weak inverse or no associations
were observed, regardless of the biospecimen (low to moderate
CoE) (Figure 4).

Subgroups and sensitivity analyses

Geographic location explained some of the heterogeneity: I?
decreased to 0% for a—18:3, 22:5, and 22:6 for studies con-
ducted only in the United States, and for 20:5 and 22:6 for
studies conducted only in Europe (Supplemental Table 12).
Subgroup analyses stratified by geographic location further
pointed to a positive association between «—18:3 and an inverse
association between 20:4 and risk of T2D in the United States,
whereas no precise association was found in Europe.
Conversely, an inverse association between 20:5 and a positive
association between 22:6 and risk of T2D was found in studies
conducted in Europe, whereas no association was found in
studies conducted in the United States (Supplemental Table 12).
Furthermore, most of the results were robust (Supplemental
Table 13), as excluding studies with high RoB from the meta-
analyses only weakened the association for 17:0 measured in

25

RBC but did not considerably affect the results. In contrast, a
precise positive association was observed between «—18:3
measured in RBC and risk of T2D (Supplemental Table 13). In
sensitivity analyses using the leave-one-out approach, the
exclusion of any single study did not influence the overall results
(Supplemental Figures 3.1-3.68).

Publication bias and small study effects

We detected asymmetry in the funnel plots for 15:0, 16:0,
22:0, 24:0, 18:2, and 22:6 measured in all biospecimens and
18:2 and 22:5 measured in RBC caused by the lack of small
studies with positive associations between these FAs and risk of
T2D (Supplemental Figures 4.1, 4.2, 4.6, 4.7, 4.13, and 4.22).
For 16:1n—7, the asymmetry was caused by the lack of small
studies pointing to an inverse association between 16:1n—7 and
risk of T2D (Supplemental Figure 4.8).

Discussion

Our systematic review with dose-response meta-analysis
provides robust evidence for an association between higher
concentrations of certain SFAs (15:0, 17:0), n—3 PUFAs (22:5,
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Dose, %
Fatty Numberof  of total Certainty of
acid Biospecimen cohorts. fatty acids SRR (85% CI) I*(%) evidence
Total PUFAs All biospecimens. 6 3.0% 0.96(0.88. 1.04) 55 Moderate
Total PUFAs RBC 3 3.0% 097 (0.89,1.06) 0 Moderate
Total PUFAs Total plasma 2 3.0% 096(0.81,1.14) 90  Verylow
Total n-6 PUFAS Al biospecimens 5 3.0% 094(0.88,101) 83  Low
Total n-6 PUFAs RBC 3 3.0% 096 (0.88,1.05 0 Moderate
Total n-6 PUFAs Total plasma 2 3.0% 097 (078, 1.21) 94  Verylow
Linoleic acid (18:2) All biospecimens 25 1.0% 096 (095 0.98) 91 Very low
Linoleic acid (18:2) RBC " 1.0% 092 (0.88,0.97) 58 Low
Linoleic acid (18:2) PPL 8 1.0% 093(0.91,095) 44 Moderate
Linoleic acid (18:2) Total plasma 8 1.0% 096 (0.93,0.99) 87 Moderate
Linoleic acid (18:2) CE 4 1.0% 097 (0.95,1.00) 67 Moderate
y-Linolenic acid (y-18:3) All biospecimens 4 0.1% 1.05(1.01,1.10) 95 Moderate
y-Linolenic acid (y-18:3) RBC 3 0.1% —pp 223 (142,3.50) 32 Moderate
Dihome-y-linolenic acid (y-20:3) All biospecimens 5 0.1% 103(1.01,1.05 94  Low
Dihome-y-linolenic acid (y-20:3) RBC 2 0.1% 107 (1.03,1.11) 0 Moderate
Dihomo-y-linolenic acid (y-20:3) PPL 2 0.1% 1.06(1.06,1.08) 0 Moderate
Arachidonic acid (20:4) All biospecimens 22 1.0% 1.00(0.98,1.02) 59 Moderate
Arachidonic acid (20:4) RBC 10 1.0% 097 (0.93,1.02) 51 Moderate
Arachidonic acid (20:4) PPL 8 1.0% 1.02(1.01,1.04 © Moderate
Arachidonic acid (20:4) Total plasma ] 1.0% 092 (0.85,0.99) 57 Moderate
Arachidonic acid (20:4) CE 4 1.0% 1.04 (0.98,1.11) 0 Low
Daocosatetraenoic acid (22:4) All biospecimens 3 0.1% 1.16(1.07,1.26) 39 Very low
Docosatetraenoic acid (22:4) RBC 3 0.1% 1.02 (0.98, 1.06) 57 Low
Docosatetraenoic acid (22:4) PPL 2 01% 122(113,132) © Low
Total n-3 PUFAs All biospecimens 3 3.0% 0.79 (0.65,0.97) 85 Low
Total n-3 PUFAs RBC 2 3.0% 098 (0.83, 1.16) © Low
Tolal n-3 PUFAs Total plasma 2 3.0%  —— 0.70 (0.52, 0.94) 71 Low
a-Linolenic acid (a-18:3) All biospecimens 24 0.1% 1.00(0.98, 1.03) 59 Moderate
a-Linolenic acid (a-18:3) RBC 10 0.1% 1.01(0.91,1.13) 49 Moderate
a-Linolenic acid (a-18:3) PPL 9 0.1% 095(0.87,1.03) 36  Moderale
a-Linolenic acid (a-18:3) Total plasma 7 0.1% 1.01(0.98, 1.04) 54 Low
a-Linolenic acid (a-18:3) CE 3 0.1% 098 (0.94,1.03) 0 Low
EPA (20:5) All biospecimens 24 0.1% 0.99 (0.98, 1.00) 63 Moderate
EPA (20:5) RBC 10 0.1% 097 (0.95,0.99) 25 Moderate
EPA (20:5) PPL 9 0.1% 1.00 (0.99,1.01) 32 Moderate
EPA (20:5) Total plasma 7 0.1% 0.99(0.98,1.00) 0 Moderate
EPA (20:5) CE 3 0.1% 0.99(0.98,101) 0 Moderate
DPA (22:5) All biospecimens 21 0.1% 0.97 (0.96,0.99) 64 Moderate
DPA (22:5) RBC 10 0.1% 0.98 (0.97, 1.00) &3 Low
DPA (22:5) PPL 9 0.1% 0.97 (0.94, 1.00) 48 Moderate
DPA (22:5) Total plasma ] 0.1% 0.96 (0.91,1.01) 77 Very low
DHA (22:6) All biospecimens 26 1.0% 0.93(0.90,0.87) 82 Low
DHA (22:6) RBC 10 1.0% 1.01(0.98,1.04) 6 Moderate
DHA (22:6) PPL 9 1.0% 092 (0.88,0.96) 0 Moderate
DHA (22:6) Total plasma 8 1.0% 078 (0.65,0.83) 87 Low
DHA (22:8) CE 3 1.0% 092(065 1.31) 0 Low
EPA+DHA (20:5+22:6) All biospecimens 2 1.0% 097(076,1.23) 74  Verylow
EPA+DPA+DHA (20:5+22:5+22:6)  All biospecimens 21 1.0% 094 (092, 096) 0 Moderate
EPA+DPA+DHA (20:5+22:5+22:6) RBC L] 1.0% 095(091,098) 0 Low
EPA+DPA+DHA (20:5+22:5+22:6) PPL 8 1.0% 094(092,097) 0 Moderate
EPA+DPA+DHA (20:5+22:5+22:6)  Total plasma 7 1.0% 094(091,097) 0 Moderate
EPA+DPA+DHA (20:5+22:5+22:6) CE 3 1.0% 095 (0.86,1.05) 0 Low
I 1 I
B 15 25

FIGURE 4. Summary results of linear dose-response meta-analyses for PUFAs and risk of type 2 diabetes. CE, cholesteryl ester; CI, confidence
interval; DPA, docosapentaenoic acid; PPL, plasma phospholipids; RBC, red blood cells; SRR, summary relative risk.

22:5, 22:6), and n—6 PUFA (18:2) with a lower risk of T2D. In
contrast, higher levels of MUFAs (16:1n—7, 18:1n—9) as well as
n—6 PUFAs (y—20:3, y—18:3, and 20:4) were linked to a higher
risk of T2D. We showed that concentrations of FAs measured in
different biospecimens generally point in the same direction.
However, the associations from PPL and RBC measurements
were usually stronger, with higher confidence in these findings.

Comparison with other studies

In contrast to previous studies, we found moderate CoE for an
inverse association for 22:5 and the combination of 22:5, 22:5,
and 22:6 measured in PPL, and for a positive association for
y—18:3 measured in RBC [12-15]. The differences may stem
from the fact that most previous meta-analyses only compared
high compared with low FA concentrations and, crucially,
combined different biospecimens. Also, in contrast to previous
studies, we identified positive associations for 18:1n—9
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measured in RBC, and an inverse association for n—3 PUFAs
measured in total plasma. We did not confirm associations with
t—16:1n-7 or a—18:3 regarding the risk of T2D [14]. Our re-
sults often pointed to stronger associations in PPL, suggesting
that this biospecimen may better reflect long-term dietary intake
of specific FAs and provide more accurate insights into meta-
bolic processes linked to risk of T2D. In contrast, prior system-
atic reviews and meta-analyses tended to prioritize RBC because
of its long-term stability, potentially diluting associations when
different biospecimens were combined [10].

On the other hand, our results on 15:0, 17:0, 16:0, 16:1n—7,
18:2, and y—20:3 measured in PPL or RBC, which were rated
with low to moderate CoFE, are in line with previous studies [13,
14,16]. Similarly, we found positive associations for total SFAs
measured in PPL, 18:0 measured in cholesteryl esters, and total
MUFAs measured in total plasma, as well as an inverse associ-
ation for t—18:1n—7 measured in PPL. However, these findings



E. Schaefer et al.

were graded with low to very low CoE, meaning that future
studies may change the results [13,14].

Compared with previous systematic reviews and meta-
analyses, our study assessed the CoE, showing that several
findings were rated as low or very low CoE, primarily because of
imprecision and wide 95% CIs that included the minimal
important difference, which raises concerns about clinical rele-
vance. However, although some findings rated with moderate
CoE may show weak associations with T2D, it is crucial to
emphasize their importance. For example, a 1% higher 18:2
concentration was associated with a 7% lower risk of T2D.
Considering that 18:2 levels in PPL average around 20% and
dietary interventions can shift this by <5% [35], the observed
association is likely clinically significant.

Potential explanations

The stronger associations observed for FAs measured in PPL
may reflect the physiological relevance of phospholipids in cell
membrane structure and function. Membrane phospholipid
saturation influences fluidity, which affects insulin receptor
activity and signaling, and thus contributes to the pathology of
T2D [38]. Additionally, n—3 PUFAs in phospholipids help sta-
bilize membranes, modulate inflammation, and influence gene
expression via receptor interactions [39].

The different associations between specific SFAs and risk of
T2D in our study support the view that SFAs are not a uniform
group [3]. Higher intakes of dairy products rich in 15:0 and
17:0, such as milk and yogurt, have been linked to a lower risk of
T2D [40], and replacing low-fat milk with whole-fat yogurt
appears to be beneficial [41]. However, a recent RCT-based
study found that substituting dairy SFAs with unsaturated
plant-derived FAs was associated with reduced risk of T2D,
suggesting a more favorable role for plant-based fats [42].
Nonetheless, dairy SFAs could still offer advantages compared
with other animal SFAs. Consistently, our results pointed to a
positive association for 16:0, a predominant FA in meat [24].
Experimental studies further suggest that 16:0 and 18:1n-9
may impair insulin secretion by promoting inflammation in
pancreatic cells [5]. However, interpretation is complicated by
the fact that circulating FAs reflect both dietary intake and
endogenous synthesis [24]. Odd-chain FAs can be synthetized
endogenously from short-chain FAs produced by the gut
microbiome because of higher fiber intake [43]. Similarly,
even-chain SFAs like 16:0 and 18:0 are produced through de
novo lipogenesis, typically driven by excess intake of sugar or
alcohol, and can be desaturated into 16:1n—7 or 18:1n-9,
respectively [44].

Although higher intake of plant-based MUFAs, like olive oil,
nuts, and seeds, was inversely associated with risk of T2D [3,
45,46], animal-based MUFAs were associated with an
increased risk [47]. However, circulating MUFAs correlate
poorly with dietary intake [24], suggesting that the positive
associations observed for 18:1n-9 and 16:1n-7 in our study
may be partly driven by endogenous synthesis via de novo
lipogenesis.

Although previous studies linked higher intake of trans-FAs
with a higher risk of T2D [46], we found no association for
t—18:1n—9. This may be due to trans-FA biomarkers capturing
both industrial (e.g., from margarine spreads, bakery foods,
fried foods) and natural ruminant sources (e.g., dairy foods)
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[48]. In addition, strong intercorrelations between trans-FAs
with other FAs exist, and a previous study demonstrated that
adjusting for other trans-FAs considerably attenuated the asso-
ciation between t—16:1n—7 and risk of T2D [49]. Similarly,
another study showed that adjusting for produced FAs via de
novo lipogenesis attenuated the association for 18:2 and the risk
of T2D [50]. However, most of the studies in our meta-analysis
accounted for such confounding. Additionally, as FAs were
measured as percentages of total FAs rather than absolute
amounts, an increase in the relative percentage of 1 FA neces-
sarily corresponds to a decrease in the percentage of another FA.
This means that the observed associations might reflect a sub-
stitution effect, where the changes in 1 FA are indirectly driven
by shifts in the levels of other FAs. Future research should
consider FA interrelationships and apply substitution models to
better isolate independent effects,

Long-chain PUFAs, particularly essential FAs like 18:2 and
a—18:3 and their derivatives 20:5 and 22:6, are considered
better dietary biomarkers [11,24,51]. However, 18:2 levels are
also influenced by genetic variability in FA desaturase 1 and 2,
which affects conversion to 20:4 [52]. Increased A-6 desaturase
activity has been linked to risk of T2D, which is consistent with
our observed positive associations for y—18:3 and y—20:3 [11].
For ®—18:3, no clear inverse association was observed in our
study. Previously, we showed a weak J-shaped association be-
tween dietary intakes of «—18:3 and risk of T2D [3]. This could
explain the null association in the current study, as we only
examined linear associations. In addition, a—18:3 rapid oxida-
tion after consumption may explain low correlations with
circulating levels [24]. In contrast, 20:5, 22:5, and 22:6 showed
inverse associations, likely because of their roles in improving
insulin sensitivity and glucose metabolism [17].

Strengths and limitations

This is the first systematic review with dose-response meta-
analysis to comprehensively evaluate the associations between
a broad range of FA biomarkers and the risk of T2D, examining
both all biospecimens combined and specific biospecimens
separately. For the first time, CoE has been assessed for the re-
ported associations, offering an evaluation of the confidence in
the findings. The objective exposure measurement in the
included studies lowers the risk of misreporting and misclassi-
fication bias.

The limitation of this work is that 30% of the studies were
rated as serious RoB because of insufficient confounder control
(socioeconomic status, education, and alcohol intake), classifi-
cation of intervention, or deviations from intended intervention.
However, our findings did not change after excluding studies
with high RoB. As with all observational studies, residual con-
founding cannot be completely ruled out. In this context, RoB
was the most common reason for downgrading the CoE. Addi-
tionally, publication bias was detected for 2 meta-analyses and
also contributed to lower CoE. Subgroup analyses could not be
performed for all FAs because of the low number of included
cohorts in biospecimen-specific meta-analyses. Furthermore,
the FA concentrations were measured only once at baseline in
most studies, and changes during follow-up could not be taken
into account. In addition, the investigation of the nonlinearity of
dose-response analyses was not feasible because of insufficient
information provided from primary studies.
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In conclusion, our results summarize the potential of circu-
lating FAs, reflecting both dietary intake and endogenous
metabolic processes, in the prevention of T2D. The findings
show robust inverse associations between certain SFAs (15:0,
17:0), n—3 PUFAs (20:5, 22:5, 22:6), and n—6 PUFA (18:2) and
risk of T2D. Conversely, a higher concentration of specific
MUFAs (16:1n—-7, 18:1n-9) and certain n—6 PUFAs (y—20:3,
y—18:3, and 20:4) was associated with a higher risk of T2D. In
general, findings from different biospecimens pointed in the
same direction but were particularly pronounced in PPL and
RBC. From a methodological perspective, our findings empha-
size the importance of considering specific biospecimens for FA
measurement when conducting meta-analyses.
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Summary

According to the International Diabetes Federation, diabetes complications can be prevented or
delayed by maintaining blood glucose, blood pressure and cholesterol levels as close to normal
as possible. Lifestyle factors, including diet, are considered as cornerstone of T2D management.
Importantly, current diabetes management guidelines are based on evidence coming from
studies that do not exclusively focus on T2D population, which questions their translation and
applicability to this population. Over the last years, numerous RCTs investigated the
effectiveness of various dietary interventions on health outcomes in people with T2D and their
results have been summarized in meta-analyses. Thus, we aimed to conduct an umbrella review
in order to summarize all evidence from systematic reviews and meta-analyses of RCTs on the
effectiveness of any dietary interventions on health outcomes among persons with existing

T2D.

Out of 25,221 articles identified, full texts of 764 were screened. We included 88 publications
with 312 meta-analyses of RCTs. A vast majority (77%) of the included publications was
assessed as very low to low, while 23% as moderate to high methodological quality. We
identified robust evidence for beneficial effect of liquid meal replacement on body weight
reduction (mean difference -2.37 kg (95% CI -3.30; -1.44) and BMI (-0.87 kg/m? (-1.32; -0.43)),
as well as of low-carbohydrate diet on HbAlc (-0.47% (-0.60; -0.34)) and triglycerides levels
(-0.30 mmol/l (-0.43; -0.17)). Beneficial effects of liquid meal replacement, plant-based,
Mediterranean, high-protein, low glycaemic index, and low-carbohydrate diets (<26% total
energy) in terms of various cardiometabolic measures were also identified with moderate CoE.
Furthermore, omega-3 FAs supplementation led to lower risk of major cardiovascular events
(summarized relative risk 0.94 (0.87; 1.02)). Remaining dietary interventions had low to very

low certainty of evidence.

To summarize, our study showed that persons with T2D can implement various dietary
strategies to improve health outcomes. As for body weight reduction, energy restriction,
particularly through liquid meal replacement, appears to be the most effective approach.
Beyond energy restriction, dietary approaches such as plant-based, Mediterranean, low-
carbohydrate, or high-protein diets, and a higher intake of omega-3 FAs can be favourable for

cardiometabolic health in individuals with T2D.
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ABSTRACT

OBJECTIVE To systematically summarise and evaluate
the existing evidence on the effect of diet on the
management of type 2 diabetes and prevention of
complications.

DESIGN Umbrella review of systematic reviews with
meta-analyses of randomised controlled trials.

DATA SOURCES PubMed, Embase, Epistemonikos, and
Cochrane, from inception up to 5 June 2022.
ELIGIBILITY CRITERIA FOR SELECTING

STUDIES Systematic reviews with meta-analyses of
randomised controlled trials reporting summary effect
estimates on the effect of diet on any health outcome in
populations with type 2 diabetes were included in the
review. Only meta-analyses with randomised controlled
trials with the duration of at least 12 weeks were eligible
forinclusion. Summary data were extracted by two
investigators independently. Summary effect estimates
with 95% confidence intervals were recalculated with
arandom effects model if the information provided

was insufficient. Methodological quality was assessed
with the A MeaSurement Tool to Assess systematic
Reviews (AMSTAR) 2 tool and the certainty of evidence

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Type 2 diabetes is a major global health problem that can cause further

health complications

= Dietis essential in managing type 2 diabetes and preventing further diabetes
related complications

= To provide evidence based dietary recommendations for people with type 2
diabetes, the existing evidence needs to be systematically summarised and
evaluated with established tools

WHAT THIS STUDY ADDS

= This umbrella review of systematic reviews with meta-analyses of randomised
controlled trials identified the dietary factors that can improve surrogate

markers of disease and health in people with type 2 diabetes

= Robust evidence indicated that in addition to energy restriction, dietary
approaches, such as plant based, Mediterranean, low carbohydrate (¢26%
total energy), and high protein diets are beneficial for cardiometabolic health
in individuals with type 2 diabetes

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR POLICY

= This study identified the dietary recommendations that can be effective in

improving surrogate markers of disease and health in people with type 2
diabetes

= More randomised controlled trials with long term interventions, focusing
exclusively on complications related to type 2 diabetes, are needed to
provide robust evidence based recommendations for other dietary factors in
the management of type 2 diabetes

BM)
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with the Grading of Recommendations Assessment,
Development, and Evaluations (GRADE) approach.
RESULTS 88 publications with 312 meta-analyses

of randomised controlled trials were included.
Methodological quality was high to moderate in 23%
and low to very low in 77% of the included publications.
A high certainty of evidence was found for the beneficial
effects of liquid meal replacement on reducing body
weight (mean difference —2.37kg, 95% confidence
interval —3.30 to —1.44; n=9 randomised controlled
trials included in the meta-analysis) and body mass
index (-0.87, —1.32 to —0.43; n=8 randomised
controlled trials), and of a low carbohydrate diet (<26%
of total energy) on levels of haemoglobin A, (—0.47%,
-0.60% t0 —0.34%; n=17 randomised controlled trials)
and triglycerides (—o0.30mmol/L, —0.43 to —0.17; n=19
randomised controlled trials). A moderate certainty of
evidence was found for the beneficial effects of liquid
meal replacement, plant based, Mediterranean, high
protein, low glycaemic index, and low carbohydrate
diets (<26% total energy) on various cardiometabolic
measures. The remaining results had low to very low
certainty of evidence.

CONCLUSIONS The evidence indicated that diet has a
multifaceted role in the management of type 2 diabetes.
An energy restricted diet can reduce body weight

and improve cardiometabolic health. Beyond energy
restriction, dietary approaches such as plant based,
Mediterranean, low carbohydrate (<26% total energy),
or high protein diets, and a higherintake of omega 3
fatty acids can be beneficial for cardiometabolic health
in individuals with type 2 diabetes.

SYSTEMATIC REVIEW REGISTRATION PROSPERO
CRD42021252309.

Introduction

Type 2 diabetes is a major global health problem. In
2021, the International Diabetes Federation estimated
that a total of 536.6million individuals worldwide lived
with diabetes, and this number is expected to increase."
Type 2 diabetes carries a huge financial burden on health
systems and people with diabetes.?? Type 2 diabetes is
typically associated with obesity, abnormalities of lipid
metabolism, and an increased risk of numerous compli-
cations and comorbidities.” * These include cardiovas-
cular and liver disease, kidney disease, diabetes related
eye disease, and lower limb amputations.®” Also, people
with type 2 diabetes have about a 2.5 times higher risk of
all cause mortality than people without diabetes.®*

-
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Lifestyle factors, such as diet, form the basis of
the management of type 2 diabetes," “ '® and over
the past decades, the effects of different diets on
managing type 2 diabetes have been studied. Meta-
analyses of randomised controlled trials showed that
Mediterranean,'! vegetarian,'? and ketogenic diets'
lowered levels of haemoglobin A, (HbA ), whereas a
higher intake of dietary fibre'* and soy isoflavones,'®
and magnesium supplementation'® improved concen-
trations of blood lipids. These findings suggest that
changes in diet might be important for preventing
further complications and progression of disease in
individuals with type 2 diabetes. To provide evidence
based dietary recommendations, however, the existing
evidence needs to be systematically summarised and
evaluated based on state-of-the-art approaches.

So far, several umbrella reviews have been conducted
summarising the evidence on selected dietary factors
and specific outcomes in diabetes.'” *® None of the
previous umbrella reviews, however, included meta-
analyses with randomised controlled trials lasting at
least 12 weeks,"” " not all focused exclusively on people
with type 2 diabetes,® and not all assessed the certainty
of evidence with the Grading of Recommendations
Assessment, Development, and Evaluations (GRADE)
approach.” There is an urgent need to summarise all
available evidence on this topic and, most importantly,
to assess the certainty of evidence using the GRADE
approach. Our aim in this umbrella review was to system-
atically summarise the most recent evidence on dietary
interventions, including dietary patterns, food groups,
and dietary supplements, on health outcomes in people
with type 2 diabetes. The evidence was derived from
systematic reviews with meta-analyses of randomised
controlled trials that lasted at least 12 weeks. We also
evaluated the certainty of evidence of these effects.

Methods

This umbrella review was conducted according to the
Preferred Reporting Items for Systematic Reviews and
Meta-analyses (PRISMA) guidelines®! and the preferred
reporting items for overviews of reviews (PRIOR state-
ment) for healthcare interventions.”

Literature search

Asystematic literature search was conducted in PubMed,
Embase, Cochrane, and Epistemonikos, with prede-
fined search terms, from inception to 24 April 2021,
with an update on 23 May 2022. None of the studies
included in the in 2021 screening were exclusively from
Embase, and therefore this database was omitted from
the update in 2022. No filters were applied during the
literature search process. Online supplemental table S1
shows the detailed search strategies. We also reviewed
studies received from PubMed Alert at weekly intervals
up to 5 June 2022 and screened the reference lists of all
included publications. The literature search originally
identified meta-analyses of prospective cohort studies

and randomised controlled trials, but for this study, we
focused on meta-analyses of randomised controlled
trials. The literature screening was conducted by two
authors independently. Disagreements were resolved by
consensus with a third author.

Eligibility criteria

The systematic reviews with (network) meta-analyses
of randomised controlled trials included in our study
met the following criteria: the effects of dietary
factors (dietary patterns, food groups, and dietary
supplements) were investigated; the intervention
in randomised controlled trials lasted =12 weeks
for any health outcome (eg, mortality, incidence of
cardiovascular disease, body weight, levels of HbA ,
and heath related quality of life); only individuals
with type 2 diabetes were included; effect esti-
mates were reported (eg, for continuous outcomes,
mean difference or standardised mean difference
with corresponding 95% confidence intervals, or
standard error; or for dichotomous outcomes, risk
ratio, including hazard ratio or odd ratio, with 95%
confidence intervals).

We excluded studies that were not systematic
(including narrative reviews), not meta-analyses,
not based exclusively on populations with type 2
diabetes, and single study findings. We also excluded
publications reporting on alternative dietary treat-
ments or medical nutrition (eg, Chinese medicine,
plant extracts, herbs, and Ramadan fasting), and
meta-analyses of randomised controlled trials with
exclusively active control groups (comparing two
intervention arms with each other). We did not
exclude studies based on the publication language.

If we identified more than one meta-analysis on
the same effect, we chose one meta-analysis for each
intervention to avoid inclusion of duplicate results.
In this case, we included the meta-analysis with the
largest number of randomised controlled trials and
participants. If more than one meta-analysis had the
same number of randomised controlled trials, we
selected the meta-analysis with the largest number
of participants. Because we only included meta-
analyses that were based on a systematic literature
search, we assumed that newer and larger meta-
analyses included the same randomised controlled
trials as older and smaller meta-analyses looking at
the same research question. We always prioritised
evidence from direct comparisons over network
meta-analyses.

Data extraction

Data were extracted by one author and double
checked by a second author. Discrepancies were
discussed between the authors, involving a third
author if necessary. Data extracted from each publi-
cation were name of the first author, publication year,
intervention type, comparison, outcome, duration of
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Table 1| Summary of results with high to moderate certainty of evidence from umbrella review of systematic reviews

with meta-analyses of randomised controlled trials on diet in the management of type 2 diabetes

Outcomes

Type of dietary intervention

Changes within the clinically meaningful range

Body weight (kg)

Body mass index

Waist circumference (cm)
Haermoglobin A, (%)

Fasting blood glucose (mmol/L)

Fasting insulin (ulU/mL)
HOMA-IR

Triglycerides (mmol/L)

Total cholesterol (mmol/L)

Low density lipoprotein cholesteral
(mmol/L)

High density lipoprotein cholesterol
(mmol/L)

Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Reduced use of drug treatments

>

LA A AR A AR 2 e A 2 I A S A A A A Sl A A 2

>
>
»

Liquid meal replacement

10% decrease in carbohydrate intake
Liquid meal replacement

Plant based diet

Liquid meal replacement

Plant based diet

Low carbohydrate diet (¢26%total energy)
Liquid meal replacement

Ginger

Psyllium

Liquid meal replacement

Cocoa

Probiotics

Anthocyanin

Low carbohydrate diet (¢26%total energy)
Mediterranean diet

High protein diet (>25%total energy)
Soy protein

Psyllium

High protein diet (»25%total energy)
Low glycaemic index diet

Soy protein

Low carbohydrate diet (<26% total energy)

Liquid meal replacement
Liquid meal replacement
Low carbohydrate diet (<26% total energy)

Changes not within the clinically meaningful range

Body weight (kg)
Body mass index
Haemoglobin A, (%)

Fasting blood glucose (mmol/L)
QUICKI
Triglycerides (mmol/L)

Low density lipoprotein cholesterol

(mmol/L)

Non-high density lipoprotein cholester-
ol (mmol/L)

High density lipoprotein cholesterol
(mmol/L)

Systolic blood pressure (mm Hg)

Diastolic blood pressure (mm Hg)
Blood urea nitrogen (mg/dL)

C reactive protein (standardised mean
difference)

Major cardiovascular events

Mediterranean diet

Almonds

10% decrease in carbohydrate intake
Non-nutritive sweeteners

Almonds

Vitamin D

10% decrease in carbohydrate intake

Moderate carbohydrate diet (<z0% total energy)

Liquid meal replacement
10% decrease in carbohydrate intake
Low glycaemic index or glycaemic load diet

Liquid meal replacement

All types of carbohydrate restriction

Low glycaemic index or glycaemic load diet
Low fat diet (<30%total energy)

All types of carbohydrate restriction

Ginger

Moderate carbohydrate diet (<40%total energy)

Probiotics

Resveratrol

Omega 3 fatty acids

Effect estimates.

(mean difference, risk ratio, or

risk difference (95% CI))

-2.37 (-3.30 to -1.44)
-1.34(-1.77 to -0.91)
-0.87 (-1.32 to —0.43)
-1.13 (-1.88 t0 -0.38)
-2.24(-3.7110-0.76)
-2.41(-3.50t0-1.32)
-0.47 (-0.60 to -0.34)
-0.63 (-0.99 to -0.27)
-1.18 (-1.47 to -0.88)
-1.78(-2.33t0 -1.23)
-1.97 (-3.88 to -0.07)
-0.82 (-1.38t0 -0.25)
-0.90 (-1.34 to -0.46)
~1,08 (-1.86 to -0.30)
-0.30 (-0.43t0 -0.17)
-0.41 (-0.72 to -0.10)
-0.21 (-0.3110-0.11)
-0.19 (-0.33 to -0.05)
-0.24 (-0.31t0 -0.16)
-0.10 (-0.18, -0.02)
-0.23 (-0.37 to -0.09)
-0.18 (-0.31 to -0.05)
0.06 (0.01 t0 0.10)

-4.97 (-7.32 t0 -2.62)
~1.98 (-3.05 to -0.91)

Risk ratio 0.24 (0.12 to 0.35)

~0.25 (-0.99 to 0.49)
-0.36 (-0.53 to -0.20)
-0.11 (-0.17 to -0.04)
0.02 (-0.131t0 0.17)
-0.03 (-0.17 t0 0.12)
0.02 (0.01t0 0.03)
-0.12 (-0.22 to -0.01)
~0.13 (-0.24 to -0.02)
0.02 (-0.10t0 0.14)
-0.03 (-0.08 t0 0.02)
-0.26 (-0.43 to -0.09)
-0.02 (-0.11 to 0.07)

~0.04 (~0.08 to ~0.00)
-0.02 (-0.07 to 0.03)
0.01 (~0.03 to 0.05)
0.03 (-1.77 to 1.84)
-0.11 (-1.10 to 0.88)
-0.21(-1.21t0 0.79)
-1.22 (-1.94 t0 -0.51)
-0.87 (-1.11 to -0.63)

Risk difference 0.94 (0.87 to

1.02)

Certainty of
evidence*

High OO

Moderate @SSO
High &G HD

Moderate @OHO
Moderate @HOO
Moderate @HHO
Hish @@oS

Moderate §HH0O
Moderate DRHO
Moderate @SSO
Moderate @HHO
Moderate @®@HO
Moderate @SSO
Moderate B0
High &@ oD

Moderate @O
Moderate DHOO
Moderate BB O
Moderate @SSO
Moderate @HHO
Moderate @BOO
Moderate @SSO
Moderate @HHO

Moderate @O
Moderate DHOO
Moderate @SSO

Moderate DHOO
Moderate @SSO
High &GOS

Moderate @BOO
Moderate @SSO
Moderate B®®0O
High @& ®®

Moderate @SSO
Moderate HHO
Moderate §SS0O
Moderate DROO
Moderate @SSO

Moderate @®@&O
Moderate @S0
Moderate DRHO
Moderate @SSO
Moderate @SSO
Moderate @RHO
Moderate @SSO
Moderate @HBHO

High SSS

Cl=confidence interval; HOMA-IR=homeostatic model assessment-insulin resistance; QUICKI=quantitative insulin sensitivity check index.

*Assessed with the GRADEpro tool.
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the study, number and study design of randomised
controlled trials, and number of participants in the
intervention groups. Online supplemental table S2
lists the definitions and cut-off values for categorising
dietary patterns in terms of the amount of energy
derived from macronutrients. We also extracted
summary effect estimates (mean difference, stand-
ardised mean difference, or risk ratio) with corre-
sponding 95% confidence intervals, the statistical
model used (fixed effect or random effects model),
a measure of inconsistency between randomised
controlled trials (I%), publication bias, risk of bias,
and certainty of evidence (if assessed according to
the GRADE approach). Online supplemental table S2
has further details on data extraction.

Assessment of methodological quality and certainty
of evidence

The methodological quality of each included publica-
tion was assessed with the validated A MeaSurement
Tool to Assess systematic Reviews (AMSTAR) 2 by
two reviewers independently.”’ Online supplemental
table S3 lists a detailed description of the tool,
included domains, and grading system.

The certainty of evidence was evaluated with the
GRADEpro tool.?* ° GRADE rates the certainty of
evidence as high, moderate, low, or very low. A high
certainty of evidence means that it is very likely that
the true effect lies on one side of a specified threshold
or within a chosen range, a moderate certainty of
evidence indicates moderate confidence that the
true effect lies on one side of a specified threshold
or within a chosen range and further studies might
change the results, and low or very low certainty
of evidence means that confidence in the meta-
evidence available is limited.”® " Three reviewers,
in pairs of two, independently rated the certainty of
the evidence. Online supplemental table S4 lists a
detailed description of the grading of the certainty of
evidence.

Data analysis

For meta-analyses that used a random effects model
and provided 12 values and forest plots, we extracted
the reported summary effect estimates with 95%
confidence intervals. For meta-analyses that used a
fixed effect model, or did not provide I’ values or forest
plots, we recalculated the mean difference, standard-
ised mean difference, and summary risk ratio with
corresponding 95% confidence intervals with the
random effects model by DerSimonian and Laird.*®
Information on small study effects and publications
bias was extracted from the included publications
or, if not reported, was assessed by funnel plots and
Egger's test (if >10 studies were included).?**° Online
supplemental table S5 presents further details on
the statistical methods. All analyses were conducted
with Stata version 14.1.
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Patient and public involvement

No patients or public were involved in setting the
research question, the design of the study, the inter-
pretation of the results, or the writing of the manu-
script. The results of this study will be spread to the
public via social media or press release.

Results

Literature search

Of 25221 publications, 764 eligible articles were
retrieved for screening of the full text of the article
(online supplemental figure S1). Online supple-
mental table S6 lists the excluded studies and the
reasons for exclusion. We identified 88 eligible publi-
cations of systematic reviews with meta-analyses of
randomised controlled trials for inclusion in our
umbrella review.

Description of published meta-analyses
Online supplemental table S7 presents the charac-
teristics and results of all of the included system-
atic reviews with meta-analyses of randomised
controlled trials. Eighty eight publications, with 310
meta-analyses of randomised controlled trials, inves-
tigated the effectiveness of dietary patterns (liquid
meal replacement, energy, carbohydrate, and fat
restriction, low glycaemic index and glycaemic load,
high protein, Mediterranean, plant based, vege-
tarian, and ketogenic diets, and intermittent fasting),
foods (mixed nuts, tree nuts, walnuts, almonds,
blueberries and cranberries, olive oil, cocoa prod-
ucts, cinnamon, curcumin, ginger, soy and soy
isoflavones, and non-nutritive sweeteners), nutrients
(monounsaturated fatty acids, omega 3 fatty acids,
o-lipolenic acid, L-carnitine, and salt), micronutri-
ents (magnesium, chromium, and zinc), vitamins
(niacin, and vitamins E, C, and D), phytochemicals
(anthocyanins, flavonoids, polyphenols, and resver-
atrol), fibre (psyllium, soluble fibre, and guar gum),
and probiotics (online supplemental table S7).
Outcomes included anthropometric, glycaemic,
and lipid markers, blood pressure, kidney, liver, and
inflammation parameters, as well as quality of life,
reduced use of drug treatments, constipation, and
major cardiovascular events. The number of partic-
ipants in meta-analyses of randomised controlled
trials ranged from 44 to 28 199, and intervention
time from 12 weeks to 96 months. In total, 293 of the
included meta-analyses were pairwise meta-analyses
and 17 were network meta-analyses,'?>! and 15%
of the meta-analyses included >10 randomised
controlled trials. Publication bias was detected for
2.2% of the results of meta-analyses of randomised
controlled trials, but 59.4% of meta-analyses
included <5 studies (online supplemental table S7).
Methodological quality was rated as high for 18%
(n=16), moderate for 5% (n=4), low for 22% (n=19),
and critically low for the remaining 55% (n=49) of
publications (online supplemental table S8). The
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Reference Intervention Outcome Noof  Noof Mean difference Mean difference  I? Certainty of
trials participants (95% CI) (95% CI) (©6) evidence
Noronha 2019  Liquid meal replacement Body weight (kg) 9 931 —— -2.37(-3.30t0-1.44) 84 High
Ajala 2013 Mediterranean diet Body weight (kg) 3 2077 —#—  -025(-0991t0 049 83 Moderate
Jayedi 2022 10% decrease in carbohydrates Body weight (kg) 17 1838 —— -1.34(-1.77t0-0.91) 0 Moderate
Noronha 2019  Liquid meal replacement Body mass index 8 817 —— -0.87(-1.3210-043) 89 High
Austin 2021 Plant based diet Body mass index 3 173 —— -1.13(-1.88t0-0.38) 80 Moderate
Ojo 2021 Almonds Body mass index 6 210 * -0.36(-0.53t0-0.20) 0 Moderate
Noronha 2019  Liquid meal replacement ~ Waist circumference (cm) 5 448 ——— -2.24(-37110-0.76) 74 Moderate
Austin 2021 Plant based diet Waist circumference (cm) 2 191 | ——e— -241(-350t0-1.32) 0 Moderate
4 o 1

Figure 1 | Effect of different dietary factors on anthropometric measures (body weight, body mass index, and waist

circumference) in people with type 2 diabetes.’®”

36 Results from meta-analyses of randomised controlled trials with

high to moderate certainty of evidence. Cl=confidence interval

most common reasons for downgrading the method-
ological quality were missing study protocol, inap-
propriate methods for the search strategy (literature
search only by one investigator, search strategy not
shown, or included reports restricted to the English
language), and lack of evaluation or discussion, or
both, of the effect of risk of bias on the results.

Evidence for the effect of diet on managing type 2
diabetes: meta-analyses of randomised controlled
trials

The certainty of evidence was rated as high for seven
(29%), moderate for 40 (13%), low for 120 (39%),
and very low for 143 (46%) outcomes (online supple-
mental tables S9-S32). Table 1 summarises the
results of the meta-analyses with high to moderate
certainty of evidence and with clinically meaningful
changes. Figures 1-6 show the summary effect esti-
mates of the included meta-analyses of randomised
controlled trials with high and moderate certainty
of evidence. Online supplemental figures $S2-S10
show the results of meta-analyses of randomised
controlled trials with low and very low certainty of
evidence.

Anthropometric measures

The certainty of evidence was high for the efficacy of
liquid meal replacement on clinically relevant reduc-
tions in body weight and body mass index (figure 1).
Liquid meal replacement reduced body weight by
2.37kg (95% confidence interval -3.30 to —1.44;
I’=84%; n=9 randomised controlled trials) and
body mass index by 0.87 (-1.32 to —0.43; [’=89%;
n=8 randomised controlled trials) compared with
a control diet.>” Plant based diets also effectively
reduced body mass index by 1.13(-1.88 to —0.38;
I’=80%; n=3 randomised controlled trials) with
moderate certainty of evidence.’?

Moderate certainty of evidence was found for a
reduction in waist circumference after liquid meal
replacement (-2.24cm, 95% confidence interval
-3.71 to —0.76: I°=7 4%; n=5 randomised controlled
trials) and plant based diets (-2.41cm, -3.50 to
-1.32; I’=0%: n=2 randomised controlled trials).??*?
Improvement in anthropometric measures was also
seen for a decrease in carbohydrate intake of 109,
adherence to a Mediterranean diet,’® and increased
intake of almonds,* but effect estimates were small
and not clinically relevant (figure 1). The certainty

Reference Intervention Outcome Noof Noof Meandifference Mean difference  I* Certainty of
trials participants ~ (95% CD (95%Cl) (%) evidence
Goldenberg 2021  Low carbohydrates (<26% total energy) HbA, (26) 17 747 * -0.47 (-0.60t0-0.34) NR  High
Jayedi 2022 10% decrease in carbohydrates HbA, (%) 13 1222 ¢ | -011(0.17t0-0.04) 37  High
Lohner 2020 Non-nutritive sweeteners HbA, _ (%) 2 252 4 002(013t0017) 0 Moderate
Noronha 2019 Liquid meal replacement  Fasting blood glucose (mmol/L) 9 891 - -0.63 (-0.99t0-0.27) 70 Moderate
0jo 2021 Almonds Fasting blood glucose (mmol/L) 6 224 4  -003(0.17t00.12) 0 Moderate
Ebrahimzadeh 2022 Ginger Fasting blood glucose (mmol/L) 4 252 - -1.18(-1.471t0-0.88) 0 Moderate
Xiao 2020 Psyllium Fasting blood glucose (mmol/L) 3 193 —— -1.78(-2.33t0-1.23) 64 Moderate
Noronha 2019 Liquid meal replacement Insulin (LIU/mL) 6 586 ——————— -1.97 (-3.88 t0-0.07) 22 Moderate
Chen 2022 Cocoa HOMA-IR (units) 2 128 —— -0.82(-1.381t0-0.25) 0 Moderate
Fallah 2020 Anthocyanins HOMA-IR (units) 2 218 —— -1.08(-1.86t0-0.30) 0 Moderate
Zhang 2022 Probiotics HOMA-IR (units) 7 503 —— -0.90 (-1.34t0-0.46) 14 Moderate
Zou 2021 Vitamin D QUICKI {units) 3 178 4 | 002(0011t0003) 66 Moderate
-4 005

Figure 2 | Effect of different dietary factors on glycaemic measures in people with type 2 diabetes.

14 3234 36-41 61

52 Results from meta-analyses of randomised controlled trials with high to moderate certainty of evidence.
Cl=confidence interval; HbA, =haemoglobin A, ; HOMA-IR=homeostatic model assessment-insulin resistance; NR=not
reported; QUICKI=quantitative insulin sensitivity check index
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Reference Intervention Qutcome No of No of Mean difference Mean difference I* Certainty of
trials participants (95% CD (95%CD (%) evidence
Goldenberg 2021 Low carbohydrates (<26% total energy) Triglycerides (mmeol/L) 19 860 el -030(-04310-017) NR High
Jayedi 2022 10% decrease in carbohydrates Triglycerides (mmol/L) 13 1423 - -012(-022t0-0.01) 69 High
Neuenschwander 2019 Mediterranean diet Triglycerides (mmol/L) NMA 2n —— -041(-072t0-0.10) NA Moderate
Korsmo-Haugen 2019 Moderate carbohydrates (<40% total energy) Triglycerides (mmol/L) 16 1391 = -013(-0.2410-002) 57 Moderate
Yu 2020 High protein Total cholesterol (mmol/L) 10 968 - -021(-031t0-0.11) 73 Moderate
Baranska 2021 Soy protein or isoflavone Total cholesterol (mmol/L) 4 597 —— -019(-033t0-005 0 Moderate
Xiao 2020 Psyllium Total cholesterol (mmol/L) 174 - -024(-031t0-0.16) 0 Moderate
Noronha 2019 Liquid meal replacement Low density lipoprotein cholesterol (mmol/L) 9 891 - 002(-0.10t00.149) 68 Moderate
Jayedi 2022 10% decrease in carbohydrates Low density lipoprotein cholesterol (mmol/L) 13 1901 * -0.03 (-0.08 t0 0.02) Moderate
0jo 2019 Low glycaemic index Low density lipoprotein cholesterol (mmol/L) 5 422 —— -023(-037t0-009) B Moderate
Neuenschwander 2019  Low glycaemic index or glycaemic load Low density lipoprotein cholesterol (mmol/L) NMA 446 e -026(-0431t0-0.09) NA Moderate
Yu2020 High protein Low density lipoprotein cholesterol (mmol/L) 12 1036 - -010(-0.18t0-0.02) 78 Moderate
Baranska 2021 Soy protein or isoflavone Low density lipoprotein cholesteral (mmol/L) 4 556 - -018(-031t0-005) 0 Moderate
Noronha 2019 Liquid meal replacement Non-high density lipoprotein cholesterol (mmol/L) 9 3] - -0.02(-011t0 007 29 Moderate
Silverii 2020 All types of carbohydrate restriction High density lipoprotein cholesterol (mmol/L) 7 913 * -004 (-0.08t0-0.00) 24 Moderate
Goldenberg 2021 Low carbohydrates (<26% total energy) High density lipoprotein cholesterol (mmol/L) 16 647 * 0.06(001t00.10 NR Moderate
Neuenschwander 2019  Low glycaemic index or glycaemic load High density lipoprotein cholesterol (mmol/L) ~ NMA 430 * -0.02(-007t00.03) NA Moderate
Neuenschwander 2019 Low fat (<30% total energy) High density lipoprotein cholesterol (mmol/L)  NMA 2264 +* 001(-003t00.05 NA Moderate
A 0 05

Figure 3 | Effect of different dietary factors on blood lipid measures in people with type 2 diabetes.

1415 3132 34 37 42-44 63 pacy|ts from meta-analyses of

randomised controlled trials with high to moderate certainty of evidence. Cl=confidence interval; NA=not available; NR=not reported; NMA=network

meta-analysis

of evidence for the effect of other dietary factors was
low to very low (online supplemental figure S2).

Glycaemic markers

Alow carbohydrate diet (<2 6% total energy) produced
a clinically relevant reduction in levels of HbA of
0.47% (95% confidence interval —-0.60% to —0.34%;
I? not reported; n=17 randomised controlled trials)
with a high certainty of evidence (figure 2).”” HbA
levels were also reduced after a decrease in carbo-
hydrate intake of 10%,”* but the effect estimate was
small and not clinically relevant.

A moderate certainty of evidence was found for
reduced concentrations of fasting blood glucose
after liquid meal replacement (-0.63 mmol/L, 95%
confidence interval -0.99 to -0.27; 1’~70%; n=9
randomised controlled trials), and supplementa-
tion with ginger (-1.18 mmol/L, -1.47 to -0.88;
I’=0%; n=4 randomised controlled trials) and psyl-
lium (-1.78 mmol/L, -2.33 to -1.23; I’=64%; n=3
randomised controlled trials)." ** ® Liquid meal
replacement reduced insulin concentrations by 1.97
plU/mL (-3.88 to -0.07: 1°=22%; n=6 randomised
controlled trials), with moderate certainty of
evidence.?? Supplementation with cocoa, probiotics,

and anthocyanins decreased the homeostatic model
assesment-insulin  resistance (HOMA-IR) index
with moderate certainty of evidence by —0.82 units
(~1.38 to -0.25; I°’=0%; n=2 randomised controlled
trials), —0.90 units (-1.34 to —0.46; 1’=14%; n=7
randomised controlled trials), and -1.08 units
(~1.86 to —0.30; I°=0%; n=2 randomised controlled
trials), respectively.’®*! The certainty of evidence for
the effect of other dietary factors was low to very low
(online supplemental figure S3).

Blood lipids

The certainty of evidence was high for a decrease in
carbohydrate intake of 10% and low carbohydrate
diet (<26%total energy) to lower concentrations
of triglycerides by 0.12mmol/L (95% confidence
interval -0.22 to -0.01; I’=69%; n=13 randomised
controlled trials) and 0.30mmol/L (-0.43 to -0.17;
I’ not reported; n=19 randomised controlled
trials), respectively (figure 3).>* *” Moderate carbo-
hydrate restriction (<45%total energy) and a
Mediterranean diet reduced concentrations of
triglycerides by -0.13mmol/L (-0.24 to -0.02;
1’=57%; n=16 randomised controlled trials) and
-0.41mmol/L (-0.72 to -0.10; I* not available;

Reference Intervention Qutcome Noof Noof Mean difference Mean difference P Certainty of
trials participants 95%C) (95%CD ) evidence

Noronha 2019 Liquid meal replacement Systolic blood pressure (nmHg) 7 T4 | —— -4.97(-7.32t0-2.62) 53 Moderate

Silverii 2020 All types of carbohydrate restriction Systolic blood pressure (mm Hg) 14 905 . — 003(-1.77t01.84) 8 Moderate

Ebrahimzadeh 2022 Ginger Systolic blood pressure (nm Hg) 2 166 —— -011(-1.10t0 0.88) 0 Moderate

Noronha 2019 Liquid meal replacement Diastolic blood pressure (mm Hg) 7 754 —_—— -1.98(-3.05t0-0.91) 15 Moderate

Korsmo-Haugen 2019 Moderate carbohydrates (<40% total energy) Diastolic blood pressure (mm Hg) 12 944 —— 021(-121t0079 0 Moderate

<15 0 3

Figure 4 | Effect of different dietary factors on blood pressure in people with type 2 diabetes.??*®%2 ¢ Results from meta-analyses of randomised
controlled trials with high to moderate certainty of evidence. Cl=confidence interval
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Reference Intervention Outcome Noof  Noof Summary risk Summaryrisk I Certainty of
trials participants ratio (95% CI) ratio (95% CD (%) evidence

Goldenberg 2021 Low carbohydrates (<26% total energy) Reduced use of drug treatments (risk difference) 7 240 i —— 0.24(0.12t00.35) NR Moderate

Shen 2022 Omega 3 fatty acids Major cardiovascular events (relative risk) 3 28199 > 0.94(0.87t01.02) 20 High

01 1

Figure 5 | Effect of different dietary factors on risk reduction in people with type 2 diabetes.?” ** Results fram meta-analyses of randomised controlled
trials with high to moderate certainty of evidence. Cl=confidence interval; NR=not reported

network meta-analysis), respectively, with moderate
certainty of evidence.’ ** A moderate certainty of
evidence was found for reduction in total cholesterol
concentrations after a high protein diet (mean differ-
ence —-0.21mmol/L, -0.31 to -0.11; I’=73%; n=10
randomised controlled trials), supplementation with
psvllium (mean difference -0.24mmol/L, -0.31 to
—0.16; 1°=0%; n=2 randomised controlled trials),
and soy protein (mean difference -0.19mmol/L,
-0.33 to -0.05; I’=0%; n=4 randomised controlled
trials). 1415 43

The certainty of evidence was moderate for the
low density lipoprotein cholesterol lowering effect
of a low glycaemic index diet (mean difference
-0.23mmol/L, 95% confidence interval -0.37 to
-0.09; 1’=8%; n=5 randomised controlled trials), a
high protein diet (mean difference -0.10mmol/L,
-0.18 to -0.02; I’=78%; n=12 randomised
controlled trials), and a higher intake of soy protein
(mean difference -0.18 mmol/L, -0.31 to -0.05;
I’=0%; n=4 randomised controlled trials).’” ** ** A
low carbohydrate diet (<26%total energy) might
increase concentrations of high density lipoprotein
cholesterol with moderate certainty of evidence
(mean difference 0.06 mmol/L, 0.01 to 0.10; I not
reported; n=16 randomised controlled frials).””
Evidence for the effect of other dietary factors was
low to very low (online supplemental figure S4).

Blood pressure

Liquid meal replacement diets reduced both systolic
and diastolic blood pressure by 4.97mm Hg (95%
confidence interval -7.32 to -2.62; 1°=53%; n=7
randomised controlled trials) and 1.98 mm Hg (-3.05
to -0.91; I’=15%; n=7 randomised controlled trials),
respectively, with moderate certainty of evidence
(figure 4).%* Evidence for the effect of other dietary
factors was low to very low (online supplemental
figure S5).

Noof  Noof
trials participants

Reference Intervention Outcome

Abdollahi 2021 Probiotics Blood urea nitrogen (mg/dL) 4
C reactive protein (SMD) 3 298
=X

Hosseini 2020 Resveratrol

316 |——¢—

Other outcomes

A high certainty of evidence was found for supple-
mentation with omega 3 fatty acids and risk of major
cardiovascular events, but the 95% confidence
interval wasimprecisely estimated and the risk reduc-
tion was marginal (figure 5; summary risk ratio 0.94,
0.87 to 1.02; [’=20%; n=3 randomised controlled
trials).*® A low carbohydrate diet (<26% total energy)
reduced the use of drug treatments by an additional
24 per 100 individuals (risk difference 0.24, 0.12 to
0.35; I? not reported; n=7 randomised controlled
trials, moderate certainty of evidence).”” Probiotic
supplements reduced concentrations of blood urea
nitrogen, a marker of kidney function (mean differ-
ence -1.22mg/dL, -1.94 to -0.51: [’=0%: n=4
randomised controlled trials). Supplementation
with resveratrol reduced concentrations of C reactive
protein (standardised mean difference -0.87, -1.11
to —0.63; [°’=0%; n=3 randomised controlled trials),
with moderate certainty of evidence (figure 6).%° 7
Evidence for the effect of other dietary factors was low
to very low (online supplemental figures S2-510).

Discussion

Main findings

In this umbrella review, we included 88 publications,
with 310 meta-analyses of randomised controlled
trials for different dietary factors and health
outcomes, mainly surrogate markers of disease and
health, in populations with type 2 diabetes. We
found a high certainty of evidence and clinically
important changes for liquid meal replacement
diets in reducing body weight and body mass index,
as well as for a low carbohydrate diet (<26% total
energy) in lowering levels of HbA,  and triglycer-
ides. A moderate certainty of evidence with clini-
cally important changes was found for plant based
diets and reduced anthropometric measures; liquid
meal replacement diets, and supplementation with

Mean difference
(95% CI)

Mean difference
(95% C1)

I* Certainty of
(%4 evidence

-1.22(-1.94t0-0.51) 0 Moderate
—— -0.87(-1.11t0-0.63) 0 Moderate

5

Figure 6 | Effect of different dietary factors on other outcomes in people with type 2 diabetes.*®* Results from
meta-analyses of randomised controlled trials with high to moderate certainty of evidence. Cl=confidence interval;

SMD=standardised mean difference
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fibre, ginger, anthocyanins, or probiotics improved
glycaemic measures; and a high protein diet, soya, or
fibre improved blood lipids. For other results, no clin-
ically relevant differences were found or the certainty
of evidence was low or very low.

Comparison with existing dietary guidelines

Dietary interventions based on energy restriction for
weight loss are the focus of current guidelines for
the management of type 2 diabetes.*®~>* Clinically
important weight loss of 5-10%can improve insulin
sensitivity, glycaemic control, blood pressure, and
dyslipidaemia.”® “* *3 Also, the guidelines suggest
that low calorie meal replacement plans are relatively
easy to adhere to and allow for clinically significant
weight loss in people with type 2 diabetes.*® **5* We
found a reduction in body weight of 2.4 kg after at
least 12 weeks of liquid meal replacement diet.

Current guidelines for type 2 diabetes recommend
vegetarian or plant based diets and Mediterranean diets
for reducing body weight.”® ** *2 Our umbrella review
confirmed the beneficial effect of plant based diets on
reducing body mass index and waist circumference.
Also, some of the current guidelines conclude that
short term low carbohydrate interventions have a bene-
ficial effect on anthropometric measures, but no clear
recommendations exist for the amount of carbohydrates
that should be restricted.*® *° Our study showed that a
decrease in body weight was greater in interventions
with low (<26%total energy) or very low (<15%total
energy) carbohydrate intake than in interventions with
moderate (<45%total energy) carbohydrate intake for at
least 12 weeks.

We found a low certainty of evidence for the effects
of a Mediterranean or plant based diet on glycaemic
measures. Our findings of the beneficial effect of low
carbohydrate diets on levels of HbA , however, are in
line with current guidelines.”” ** Increased intake of
dietary fibre is emphasised in all guidelines, and our
results are consistent with the positive effect of fibre
rich foods, especially psyllium supplements, on fasting
blood glucose levels.*” ** Adding to the current guide-
lines, we identified a moderate certainty of evidence for
the beneficial effects of ginger supplements, as a plant,
capstule, or powder, on fasting blood glucose levels, and
the potential importance of polyphenols or polyphenol
rich products (eg, cocoa) on HOMA-IR.

Our umbrella review supports evidence of the benefi-
cial effects of a Mediterranean diet on triglyceride levels,
but we found only a low certainty of evidence for its
effect in reducing levels of high and low density lipopro-
tein cholesterol. In agreement with current guidelines,
we also found beneficial effects of low carbohydrate
and low glycaemic index diets on levels of triglycerides
and low and high density lipoprotein cholesterol, and of
higher fibre intake on levels of total cholesterol.**=>" >3
Current Canadian, German, and European guidelines
recommend no change in protein intake, which for most
people with normal kidney function is 15-20%and
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10-25% of total energy.*® °® ** Thus our findings of
a beneficial effect of a high protein diet (>25%total
energy) on levels of total cholesterol and low density
lipoprotein cholesterol provide novel evidence in this
context. A previous meta-analysis, however, showed
that the health benefits are from an increased intake of
plant based rather than animal based protein sources.**
Furthermore, our study provides evidence of the benefi-
cial effects of soy proteins on levels of total cholesterol
and low density lipoprotein cholesterol. Pulses are
considered a good alternative to meat and a good source
of fibre and are therefore recommended for controlling
levels of blood lipids.***®

In common with current guidelines, we found
insufficient evidence to recommend reducing total
fat intake to improve cardiometabolic measures
in people with type 2 diabetes."® ** American and
European guidelines recommend a higher intake of
monounsaturated and polyunsaturated fatty acids
to improve glucose metabolism, but the evidence
supporting this recommendation, according to our
results, is weak." *> We found that studies of supple-
mentation with monounsaturated or polyunsatu-
rated fatty acids showed improvements in levels of
HbA and insulin, and in HOMA-IR, but the esti-
mates were imprecisely estimated and the number
of participants included was small (<800). Also,
a subgroup analysis comparing different doses of
omega 3 fatty acid supplements was performed in
one meta-analysis,*” and a stronger risk reduction of
major cardiovascular events was seen in the group
receiving >3 g/day of omega 3 fatty acids, whereas
no precisely estimated effect was found in the group
receiving lower doses. This finding might explain the
observed effect of omega 3 fatty acids on the inci-
dence of major cardiovascular events in people with
type 2 diabetes in our umbrella review. Moreover,
a recent systematic review and meta-analysis of
randomised controlled trials with an intervention
duration of at least 3.9 years showed that supple-
mentation with omega 3 fatty acids reduced cardi-
ovascular events in people with type 1 and type 2
diabetes (risk ratio 0.93, 95% confidence interval
0.90 to 0.97; n=8 randomised controlled trials). The
effect was marginal but precisely estimated.>®

Strengths and limitations

Our study has several strengths. Our umbrella review
included meta-analyses of all possible dietary inter-
ventions and their effect on many health outcomes
in populations with type 2 diabetes. We summa-
rised the evidence from randomised controlled trials
that lasted at least 12 weeks, giving a more reliable
assessment of the effectiveness of the interventions.
We recalculated the results of meta-analyses that
used a fixed effect model, or did not provide I2 values
or forest plots, to ensure valid meta-estimates with
959% confidence intervals to provide an evaluation
of the certainty of evidence based on the GRADEpro
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approach. Finally, we detected gaps in the evidence
that indicate the need for future research.

The main limitation of our umbrella review was
that recently published randomised controlled trials
not yet included in systematic reviews and meta-
analyses were not considered in our report.’s—®
Also, we did not explore subgroup analyses (eg, by
sex, race, or duration of diabetes) or sensitivity anal-
yses (eg, excluding studies with a high risk of bias).
We used the DerSimonian and Laird approach®®
for recalculation of extracted estimates with the
random effects meta-analyses, but the Hartung and
Knapp method might perform better in terms of more
adequate error rates, especially when the number of
studies was small.”

In terms of the limitations of the publications
included in our umbrella review, studies of interven-
tions lasting at least 12 weeks provide more reliable
estimates than shorter trials, but these studies do not
represent long term interventions. Also, the number
of randomised controlled trials in most meta-analyses
was small (13 meta-analyses with =10 randomised
controlled trials). Consequently, the number of partic-
ipants was also low (n<800 for 83% of meta-analyses
of randomised controlled trials). This limitation was
one of the main reasons for downgrading the certainty
of evidence because of imprecision. Other reasons for
downgrading the certainty of evidence were the high
risk of bias in the randomised controlled trials and
inconsistency of the results. Furthermore, the method-
ological quality of most included publications was low
to very low.

In meta-analyses of randomised controlled trials, a
high risk of bias caused by lack of blinding of partici-
pants to the dietary intervention is a concern. For dietary
interventions based on health promoting changes in
diet (eg, advice on a Mediterranean diet, where partici-
pants are actively instructed and encouraged to change
their diet), however, blinding to the intervention might
not be feasible. Furthermore, low compliance with the
assigned dietary regimens and high dropout rates were
commonly seen in randomised controlled trials, espe-
cially for low carbohydrate and ketogenic diets,*® poten-
tially resulting in underestimation of their actual effect.
For example, one meta-analysis found greater clinically
significant weight loss in those with greater adherence
than in those with lower adherence to a very low carbo-
hydrate diet,?” and another meta-analysis reported inad-
equate compliance with the ketogenic diet, as assessed
by urinary measurements of ketones.”’ Systematic
reviews of other dietary interventions lacked a descrip-
tion of compliance with the intervention. Also, study
arms did not always receive isocaloric diets, making it
difficult to differentiate between the effects of change
in dietary patterns, foods, or nutrients on the reduction
in energy intake. Some of the meta-analyses conducted
subgroup analyses, however, and did not find differ-
ences when calories were restricted or matched with
controls in the trials.?®?*37
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Study implications

Robust evidence exists that in people with type 2
diabetes, liquid meal replacements decrease energy
intake and thus body weight. For people who prefer a
dietary approach, plant based or carbohydrate restricted
diets are also effective in reducing anthropometric
measure. Other dietary regimens, such as a ketogenic
diet or intermittent fasting, reduced body weight, but the
certainty of evidence was low or very low.

Many dietary interventions effectively improved
glycaemic measures, but the certainty of the evidence
was robust only for liquid meal replacement diets
and restricting carbohydrates. Intake of fibre rich
foods, polyphenols, probiotics, and ginger was
also beneficial for glycaemic control. For control of
blood lipids, alow carbohydrate (<26% total energy),
Mediterranean, or high protein diet is recommended
for people with type 2 diabetes, with the advice to
change the protein source to plant based alternatives.
Energy restriction was the only effective approach
in reducing blood pressure with robust evidence.
Restriction of salt intake also showed beneficial
effects, but the certainty of evidence was very low
and thus recommendations cannot be made from the
current body of evidence.

For clinical outcomes, robust evidence exists only
for a low carbohydrate diet and reduction in the use
of drug treatments. For other outcomes, including
kidney function parameters, inflammatory markers,
liver enzymes, and patient relevant outcomes (eg,
remission of diabetes, health related quality of life,
and incidence of cardiovascular disease), meta-
analyses are already available, but the certainty of
evidence was rated as low or very low, and definitive
conclusions on these findings cannot be drawn. In
summary, people with type 2 diabetes can be advised
to reduce their energy intake if they have obesity or
overweight, decrease their carbohydrate intake,
or increase their consumption of foods from plant
sources (especially plant based proteins) or from
Mediterranean-style diets (foods high in polyun-
saturated fatty acids, such as fish and nuts, or foods
high in polyphenols, such as fruit, vegetables, and
legumes).

To strengthen the certainty of evidence for many
of the findings on diet and the management of type
2 diabetes and its complications, future studies
with a low risk of bias are needed. More randomised
controlled trials should investigate the effects of long
term (at least six months) dietary interventions, as
well as considering isocaloric comparisons between
intervention and control arms. Also, more research
on dietary patterns (eg, DASH (dietary approaches
to stop hypertension), Nordic, and portfolio diets),
fasting approaches, single foods (eg, dairy products,
fish, or meat), and single nutrients (eg, specific fatty
acids) is needed. Finally, future systematic reviews
and meta-analyses should follow current guidelines
for conducting and reporting on included studies

9
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(eg, reports should be transparent about the methods
used and critically examine the effect of risk of bias
on meta-findings).

Conclusions

In this umbrella review, we identified the dietary
factors with robust evidence of health benefits,
expressed as surrogate disease and health markers in
people with type 2 diabetes. An energy restricted diet
can reduce body weight and improve cardiometa-
bolic health. In addition to energy restriction, dietary
approaches, such as a plant based, Mediterranean,
low carbohydrate (<26%total energy), or high
protein diet, are beneficial for cardiometabolic health
in individuals with type 2 diabetes. For evidence
based recommendations of the effectiveness of other
dietary factors in the management of type 2 diabetes,
more randomised controlled trials and systematic
reviews with meta-analyses focusing on long term
interventions are needed.
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Summary

People with T2D are at increased risk of premature mortality. Current dietary recommendations
are largely based on studies not exclusively conducted in T2D population and often rely on
surrogate markers, as long-term evidence from observational studies on diet-health associations
is limited. Single prospective cohort studies have shown that adherence to dietary patterns such
as the Mediterranean or DASH diet, as well as higher consumption of vegetables, fruit, and
protein, has been associated with a reduced risk of mortality in this population. However, the
impact of specific dietary factors on mortality in T2D has not yet been comprehensively
summarized. Therefore, in this study we aimed to conduct a systematic review with meta-
analysis on associations between various dietary factors, incuding dietary patterns, food groups,
foods, macro- and micronutrients, and secondary plant compounds, and the risk of all-cause
mortality in individuals with T2D derived from prospective observational studies and evaluate

the CoE of these associations.

From 28,251 identified articles, 1,028 full-texts were assessed, and 107 studies were eligible
for inclusion. The vast majority of studies (n=87) were judged to have a serious risk of bias,
primarly due to the confounding domain. We found moderate CoE for inverse associations
between higher fish and whole grain intake and all-cause mortality risk (per 1 serving fish
/week: 0.95 (0.92; 0.99), per 20g whole grain/d: 0.84 (0.71; 0.99)). Higher intakes of fiber (per
5 g/d: 0.86 (0.81; 0.91)), MUFA (per 10 g/d: 0.91 (0.80; 1.03)) and n-3 PUFA (per 0.1 g/d: 0.87
(0.82; 0.92)) were also inversely associated with all-cause mortality, whereas higher animal
protein intake was linked to an increased risk (per 40 g/d: 1.05 (0.99; 1.13)). Additionally,
higher intakes of vegetables, plant-based protein, or coffee were inversely associated, and
higher egg and cholesterol intake were positively associated with all-cause mortality risk;

however, the CoE for these associations was low to very low.

In order to improve long-term health outcomes in this population, dietary strategies should
emphasize higher intakes of fish, whole grains, fiber, and n-3 PUFAs while limiting animal
protein. Further studies are needed to strengthen these associations and to provide evidence on

additional dietary factors and mortality risk in people with T2D.
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Lo Exposure Nstudies  Unit SRR (95%CI) 1*(%) CoE
Systematic literature search
S Whole grain 2 Per 20 glday=————— 084(071,099) 0  moderate
' PubMed and Web Fibre 3 Per5g/day —— 086(081,091) 0 moderate
— = of Science until
June 2022 Fish 6 Per 1 siweek - 095(0.92,099) 0  moderate
— n-3 PUFA 2 Per0.1gday — —4— 087(082,092) 0  moderate
107 studies included in Vegetables 2 Per100giday  —— 088(082.084) 0  low
systematic review Plant protein 3 Per 10 g/day o 091(0.87,096) 42 low
Eggs 7 Per10g/day - 105(103,1.08) 5  low
Cholesterol 2 Per 300 mgiday ——  119(1.13,1.26) 0 low
" . . T T
72 studies included in i ; "

45 meta-analyses SRR for all-cause mortality

CoE, certainty of evidence; PUFA, polyunsaturated fatty acids; s, serving; SRR, summary risk ratio

Aspects of a healthy diet are inversely associated with all-cause mortality in people with type 2 diabetes;
however, more primary studies are needed to strengthen the results.
American

. Diabetes
Diabetes Care et

ARTICLE HIGHLIGHTS

» For people with type 2 diabetes, evidence-based guidelines are needed on diet related to clinically relevant out-
comes such as mortality, and, thus, systematic reviews and meta-analyses on this topic are needed.

* Are dietary factors related to all-cause mortality among individuals with type 2 diabetes?

» Higher intake of whole grain, fiber, fish, and n-3 polyunsaturated fatty acids were inversely associated with mortal-
ity in individuals with type 2 diabetes (moderate certainty of evidence by Grades of Recommendation, Assess-
ment, Development, and Evaluation [GRADE] approach).

= Aspects of a healthy diet are inversely associated with all-cause mortality in individuals with type 2 diabetes; how-
ever, more primary studies are needed to strengthen the results.
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BACKGROUND

Type 2 diabetes is a major health concern associated with mortality. Diet may in-
fluence the progression of diabetes; however, systematic reviews are lacking.

PURPOSE
This study systematically summarized the evidence on diet and all-cause mortal-
ity in individuals with type 2 diabetes.

DATA SOURCES
PubMed and Web of Science were searched until June 2022.

STUDY SELECTION

Prospective observational studies investigating dietary factors in association
with all-cause mortality in individuals with type 2 diabetes were selected.

DATA SYNTHESIS

We identified 107 studies. Moderate certainty of evidence was found for inverse
associations of higher intakes of fish (summary risk ratios per serving/week: 0.95;
95% Cl 0.92, 0.99; n = 6 studies), whole grain (per 20 g/day: 0.84; 95% Cl 0.71, 0.99;
n = 2), fiber (per 5 g/day: 0.86; 95% Cl 0.81, 0.91; n = 3), and n-3 polyunsaturated fatty
acids (per 0.1 g/day: 0.87; 95% Cl 0.82, 0.92; n = 2) and mortality. There was low cer-
tainty of evidence for inverse associations of vegetable consumption (per 100 g/day:
0.88; 95% C1 0.82, 0.94; n = 2), plant protein (per 10 g/day: 0.91; 95% Cl 0.87, 0.96;
n = 3), and for positive associations of egg consumption (per 10 g/day: 1.05; 95% CI
1.03, 1.08; n = 7) and cholesterol intake (per 300 mg/day: 1.19; 95% Cl 1.13, 1.26; n = 2).
For other dietary factors, evidence was uncertain or no association was observed.

CONCLUSIONS

Higher intake of fish, whole grain, fiber, and n-3 polyunsaturated fatty acids were in-
versely associated with all-cause mortality in individuals with type 2 diabetes. There
is limited evidence for other dietary factors, and, thus, more research is needed.

Diabetes is a major public health concern worldwide and is associated with several
comorbidities and mortality. In 2021, it was estimated that ~537 million people
aged between 20 and 79 years lived with diabetes globally (1). The estimated num-
ber of deaths due to diabetes or its complications was 6.7 million people in 2021
(1). As hyperglycemia is associated with several comorbidities and subsequently
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Diet and Mortality in Individuals With Diabetes
________________________________________________________________________________________________________|

with premature mortality, the glycemic
management and secondary prevention
of these comorbidities is of high public
health interest.

For the primary prevention of type 2 di-
abetes, many modifiable risk factors, such
as an unfavorable diet, are well known
(2). Regarding diet, there are dietary rec-
ommendations available for individuals
with type 2 diabetes, for example, from
the International Diabetes Federation
(IDF) or from the American Diabetes Asso-
ciation (ADA). The IDF clinical practice rec-
ommendations for the management of
type 2 diabetes include a reduced daily ca-
loric intake for overweight and obese indi-
viduals, the preference of high-fiber and
low-glycemic—index foods, and the avoid-
ance of sugar, sweets, and sweetened
beverages (3). In contrast, the ADA Stand-
ards of Medical Care in Diabetes is more
comprehensive and includes, for example,
a Mediterranean diet, higher intakes of
nonstarchy vegetables, fruits, and whole
grains, as well as dairy products, polyun-
saturated fatty acids (PUFA), and a limited
intake of saturated and trans-fatty acids
(4). However, these dietary guidelines are
mostly not evidence-based, refer to surro-
gate markers, such as glycemic control or
lipids, or are based on findings from the
general population. Thus, specific recom-
mendations for individuals with type 2
diabetes are scarce. So far, individual stud-
ies have investigated dietary factors, such
as the Mediterranean diet (5), intake of
fruit (6), vegetables (7), or protein (8), in
association to all-cause mortality in indi-
viduals with type 2 diabetes. Recently, a
few meta-analyses investigating a single di-
etary exposure in association to all-cause
mortality among individuals with type 2 di-
abetes have been published (9,10). How-
ever, the impact of different dietary factors
on mortality in type 2 diabetes has not
been comprehensively summarized, and
the risk of bias in primary studies and cer-
tainty of evidence needs to be assessed by
using validated tools.

Therefore, the aim of the present sys-
tematic review and meta-analysis was to
summarize the currently available evi-
dence on dietary factors, including dietary
patterns, food groups, foods, macro- and
micronutrients, and secondary plant com-
pounds, and the risk of all-cause mortality
in individuals with type 2 diabetes derived
from prospective observational studies and
evaluate the certainty of evidence of these
associations.

RESEARCH DESIGN AND METHODS

This report was planned, conducted, and
reported according to the Preferred Re-
porting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 statement
(11) and registered in PROSPERO (regis-
tration number: CRD42018110669). A de-
tailed protocol of the project has been
published previously (12), and in this first re-
port, we focus on all-cause mortality. There
were no deviations from the protocol.

Eligibility Criteria

A detailed description of the inclusion
and exclusion criteria is shown in the
Supplemental Material. Briefly, we in-
cluded studies if the following criteria
were met: 1) participants with type 2 di-
abetes aged =18 years; 2) any dietary
factors, including dietary patterns, food
groups, foods, macro- and micronutrients,
and secondary plant compounds, supple-
ments, and biomarkers of dietary intake;
3) all-cause mortality; and 4) prospective
observational studies published in a peer-
reviewed journal.

Search Strategy and Study Selection
Process

The systematic literature search was per-
formed in PubMed and Web of Science
using predetermined search terms. No fil-
ters (e.g., publication language) were ap-
plied. In this context, we did not identify
any relevant articles that were not in En-
glish. The full search strategy is presented
in Supplementary Table 1. The systematic
literature search was lastly updated on
7 June 2022,

The whole study selection process was
conducted by two researchers indepen-
dently. Any disagreements between the
two researchers were resolved by consen-
sus or by consultation of a third researcher.
Reference lists of eligible studies and rele-
vant reviews were screened to identify ad-
ditional relevant studies.

If there were multiple publications of
the same study population, we included
the most recent and comprehensive re-
port including the largest sample size
and/or cases and longest duration of
follow-up.

Data Extraction

One reviewer extracted the data from
all identified studies using a predefined
data extraction form, and a second re-
viewer checked the data for accuracy. The
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data extracted can be found in the Supple-
mentary Material. We successfully con-
tacted authors for relevant missing data
(13-16). We excluded studies from the
meta-analyses if we were unable to ob-
tain relevant data.

Risk of Bias and Certainty of
Evidence

We evaluated the potential risk of bias us-
ing the Risk Of Bias In Non-randomised
Studies—of Interventions (ROBINS-I) tool
(17). In brief, the tool is divided into seven
domains: 1) bias due to confounding, 2)
bias in selection of participants into the
study, 3) bias in measurement of the ex-
posure, 4) bias due to misclassification of
exposure during follow-up, 5) bias due to
missing data, 6) bias in measurement of
outcomes, and 7) bias in selection of re-
ported results. A detailed description of
the instrument and justification of the rat-
ing is presented in Supplementary Table 2.
Two reviewers independently assessed the
risk of bias, and any discrepancies were dis-
cussed to reach a consensus.

The certainty of evidence for each die-
tary exposure in association to all-cause
mortality was evaluated using the Grades
of Recommendation, Assessment, Devel-
opment, and Evaluation (GRADE) approach
(18). The GRADE approach takes into ac-
count the within-study risk of bias, inconsis-
tency, indirectness and imprecision between
the studies, publication bias, magnitude
of the effect, and dose-response relation-
ship. The GRADE approach classifies the cer-
tainty of evidence in one of four levels: high,
moderate, low, and very low. High certainty
of evidence indicates that there is a high
confidence in the effect estimate and that
further research probably will not change
the effect estimate, whereas a moderate
certainty of evidence indicates a moderate
confidence in the effect estimate and that
further studies may change the effect esti-
mate. Furthermore, a low certainty of ev-
idence indicates low confidence in the
effect estimate and that further studies
will likely change the effect estimate, and
very low certainty of evidence indicates
that there is very limited and uncertain
meta-evidence available. Two reviewers in-
dependently rated the certainty of evidence.
Any disagreements between the two in-
vestigators were resolved by consensus.

Statistical Analysis
To calculate summary risk ratios (SRRs)
and corresponding 95% Cls, we conducted
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meta-analyses using a random-effects
model when two or more studies on
the same exposure and all-cause mor-
tality were available (19). We summa-
rized studies on dietary intake and
studies on biomarkers of dietary in-
take separately. A detailed description
of the statistical analysis is provided
in the Supplemental Material. Briefly, we
conducted dose-response meta-analyses
whenever possible; otherwise, high ver-
sus low meta-analyses were conducted
if data for dose-response meta-analyses
were missing and no additional data
could be obtained. We conducted sub-
group analyses and meta-regression to
investigate possible sources of hetero-
geneity across studies, such as sex, age,
study length, and duration of diabetes, if
at least 10 studies were available. More-
over, potential publication bias was inves-
tigated visually using funnel plots and the
Egger test if at least 10 studies were avail-
able. A P value <0.1 indicated potential
publication bias. All data analyses were
performed using Stata 14.2 (StataCorp,
College Station, TX) statistical software.

RESULTS

We identified 28,251 articles after re-
moving duplicates (Fig. 1). After title and
abstract screening, 1,028 articles were
read in full text. Of these, 90 studies were
eligible for inclusion. The list of included

Records identified from:
PubMed (n = 16,935)
Web of Science (n = 22,295)

|

Records screened
(n =28,251)

'

Reports assessed for eligibility
(n=1,028)

Studies included in review

(n=107)
Reports of included studies
(n=72)

and excluded articles with reasons are pro-
vided in Supplementary Table 3. In addition,
we identified 17 articles through reference
screening. In total, 107 articles were in-
cluded in the present systematic re-
view, of which 76 studies investigated
dietary intake, and 31 studies investigated
biomarkers of dietary intake. One study
on dietary vitamin B,, supplements was
found.

The characteristics and the respective
references of all included studies are pre-
sented in Supplementary Table 4. There
were 42 studies conducted in the U.S,,
37 studies in Europe, 24 studies in Asia,
1 study in Australia, and 3 studies were
conducted internationally. The mean
follow-up duration was 9.9 (minimum
1-maximum 34) years. The mean sample
size was 5,879 (minimum 131-maximum
47,422). Of the 76 studies investigating di-
etary intake, 53 used a food frequency
questionnaire or dietary history question-
naire, 12 studies used 24-h dietary recalls,
1 study used a 3-day dietary record, and
10 studies used questionnaires/instruments
that were not specified.

There were 21 studies judged as being
at moderate risk of bias, and 87 studies
were judged as being at serious risk of
bias (Supplementary Fig. 1). Overall, ~80%
of the studies were rated as being at se-
rious risk of bias in the confounding do-
main (Supplementary Fig. 2), indicating
that most of the studies did not adjust

Barbaresko and Associates

for the most relevant confounders: Age
was considered in 98% of the studies, sex
in 94%, education in 65%, smoking in
84%, physical activity in 69%, and diabe-
tes duration/severity in 45% only. Of the
studies investigating dietary intake, 59%
considered total energy intake in the anal-
ysis. More than 50% of the studies were
rated as being at serious risk of bias due
to the selection of the participants.

Of the 107 articles, 72 studies were in-
cluded in the meta-analyses, and 35 ar-
ticles could not be included in a meta-
analysis because there were <2 studies
available for the same exposure or due
to missing data for a dose-response meta-
analysis.

Dietary Patterns and All-Cause
Mortality in Individuals With Type 2
Diabetes

The results of the meta-analyses of dietary
patterns and all-cause mortality are pre-
sented in Fig. 2 and Supplementary Fig. 3.
We identified 20 studies investigating a di-
etary pattern, including the Mediterra-
nean diet (5,20-22), Alternate Healthy
Eating Index (23,24), Dietary Approaches
to Stop Hypertension (DASH) diet (14,22),
Dietary Inflammatory Index (25-27), low-
carbohydrate high-protein diet (28,29),
low-carbohydrate score (16,30), or other
dietary indices and behaviors (31-36).
The certainty of evidence was rated as

Records removed before screening:

Records identified from:

> Duplicate records removed Websites, Alerts (n = 2)
(n=10,979) Citation searching (n = 15)
> Records excluded
(n=27,223)
Reports assessed for eligibility
— Reports excluded: (n=17)

Not relevant population (n = 574)
Not relevant outcome (n = 166)
Not relevant exposure (n = 61)

Not relevant data (n = 47)
Not relevant study design (n = 72)
Conference abstract, letter,
comment, news (n = 12)
Double cohort (n = 6)

| Figure 1—Flowchart illustrating the literature search process.
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Exposure studies Unit SRR (95% CI) 1* (%) CoE
Mediterranean diet 3 High vs. low —_— 0.73 (0.58,0.91) 59 very low
Alternate Healthy Eating Index 2 High vs. low —_—— 0.60 (0.48, 0.75) o] very low
Dietary Approaches to Stop Hypertension diet 2 High vs. low ——— 0.89 (0.75, 1.05) 0] very low
Dietary Inflammatory Index 3 High vs. low t—— ] 28 (0.94, 1.74) 44 very low
Low-carbohydrate high-protein score 2 Per 2 units —— 1.00 (0.91, 1.10) 55 very low
Low-carbohydrate-diet score 2 Per 2 units -+ 0.99 (0.95, 1.03) 80 very low
I I
0.5 1 15

Figure 2—Associations between dietary patterns and all-cause mortality in individuals with type 2 diabetes. SRRs with 95% Cls were estimated us-
ing random-effects models. CoE, certainty of evidence.

very low for all findings (Supplementary
Table 5).

Foods and Food Groups and
All-Cause Mortality in Individuals
With Type 2 Diabetes

The results of the meta-analyses on foods
or food groups and all-cause mortality are
presented in Fig. 3 and Supplementary
Fig. 4. We found an inverse association
between fish consumption and all-cause
mortality (SRR for an increase of one serv-
ing/week: 0.95; 95% CI 0.92, 0.99; P <
0.001; prediction interval [PI] 0.90, 1.01;
I? = 0%; n = 6 studies, moderate certainty
of evidence) (24,37-41). There was no in-
dication for nonlinearity (Supplementary
Fig. 5). Moreover, moderate certainty of
evidence was found for the association of

whole-grain intake and all-cause mortality
(SRR for an increment of 20 g/day: 0.84;
95% Cl 0.71, 0.99; T2 < 0.001; /> = 0%;
n = 2 studies) (24,42). Intake of vegeta-
bles was inversely associated (SRR per
100 g/day: 0.88; 95% Cl 0.82, 0.94; 7> <
0.001; = 0%; n = 2 studies, low cer-
tainty of evidence) (7,24), and egg con-
sumption was positively associated with
all-cause mortality (SRR per 10 g/day:
1.05; 95% Cl 1.02, 1.07; 72 < 0.001; PI
0.98, 1.12; I* = 56%; n = 7 studies, low
certainty of evidence) (24,38,39,43-46).
We further conducted meta-analyses
on intake of nuts, dairy, meat, sugar and
sweets, tea, soft drinks and juices, show-
ing no associations and rated with low
certainty of evidence (Fig. 3). The cer-
tainty of evidence of the associations

between intake of fruit, cereal, and cof-
fee and all-cause mortality was very low.

Eleven studies (21,47-56) were avail-
able for coffee consumption (high vs.
low meta-analysis); thus, we performed
subgroup analyses and meta-regression
(Supplementary Table 6). No differences
were found with respect to sex, geo-
graphic location, duration of follow-up,
number of cases, dietary assessment
method, risk of bias, and adjustment for
education, total energy intake, smoking,
physical activity, or diabetes duration.
There was an indication for publication
bias according to the funnel plot (Supple-
mentary Fig. 6) and the Egger test (P =
0.067), indicating that there might be a
lack of studies with a null effect or posi-
tive association.

SRR (95% CI) P (%) CoE
0.95 (0.92, 0.99) 0 moderate
0.84 (0.71, 0.99) 0 moderate
0.88 (0.82, 0.94) 0 low
0.96 (0.92,1.01) 84 low
1.05 (1.02, 1.07) 56 low
1.00 (0.99, 1.02) 0] low
1.03 (0.91, 1.15) 0 low
1.05 (0.99, 1.12) 0 low
0.97 (0.93, 1.00) 57 low
0.96 (0.85, 1.08) 0 low
0.82(0.73,0.92) 68 very low
0.88 (0.69, 1.12) 89 very low
0.96 (0.94, 0.98) 69 very low

Exposure N primary Unit

studies
Fish 6 Per 1 siweek ——
Whole grain 2 Per 20 g/day ——
Vegetables 2 Per 100 g/day ——
Nuts 2 Per 1 g/day ——
Eggs 7 Per 10 g/day -
Dairy 4 Per 50 g/day -
Meat 3 Per 50 g/day +
Sugar, sweets 3 Per 10 g/day +——
Tea 4 Per 1 cup/day —
Soft drinks and juices 2 Per 50 g/day —
Fruit 4 Per 100 g/day ——
Cereals 3 Per 60 g +
Coffee 10 Per 1 cup/day B2

I

0.75 1

1.26

Figure 3—Associations between foods and food groups and all-cause mortality in individuals with type 2 diabetes. SRRs with 95% Cls were esti-
mated using random-effects models. CoE, certainty of evidence; §, serving.
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Energy and Macronutrients and
All-Cause Mortality in Individuals
With Type 2 Diabetes

The results of the meta-analyses on en-
ergy and macronutrient intake and all-
cause mortality are presented in Fig. 4
and Supplementary Fig. 7. Intake of fiber
(SRR per 5 g/day: 0.86; 95% ClI 0.81,
0.91; 7* < 0.001; Pl 0.88, 1.06; I* = 0%;
n = 3 studies) (42,57,58) and n-3 PUFA
intake were inversely associated with
all-cause mortality (SRR per 0.1 g/day:
0.87; 95% Cl 0.82, 0.92; 7* < 0.001; * =
0%; n = 2 studies) (37,59), rated with
moderate certainty of evidence. Intake
of monounsaturated fatty acids (38,59)
tended to be inversely and animal pro-
tein (24,60) tended to be positively asso-
ciated with all-cause mortality, but the
estimates were imprecisely estimated
(moderate certainty of evidence).

Furthermore, dietary cholesterol was
positively (SRR per 300 mg/day: 1.19; 95%
Cl 112, 125; 7° < 0.001; = 0%; n = 2
studies) (45,46) and intake of plant protein
was inversely associated with all-cause
mortality (SRR per 10 g/day: 0.91; 95% Cl
0.86, 0.95; 7> < 0.001; P = 42%, n = 3)
(13,24,60), both rated as low certainty of
evidence. Higher intake of saturated fatty
acids pointed to an increased relative
risk, but the estimate was imprecisely es-
timated, and the certainty of evidence
was low. No association was found for
carbohydrate intake.

Very low certainty of evidence was
found for the intake of total energy, to-
tal PUFA, and protein.

The results of the substitution analy-
ses are shown in Supplementary Fig. 8.

Moderate certainty of evidence was ob-
served for the replacement of 2% energy
from carbohydrates by plant protein in-
versely associated with all-cause mortality
(SRR 0.76; 95% Cl 0.66, 0.87; £= 0%; n=2
studies) (30,61), and for the substitution
of 2% energy from carbohydrates with
saturated fatty acids positively associated
with all-cause mortality (SRR 1.10; 95%
Cl 1.04, 1.16; I* = 0%; n = 2 studies)
(30,62). No association was found for the
substitution of carbohydrates with PUFA,
monounsaturated fatty acids, and animal
protein, graded with low to moderate cer-
tainty of evidence (Supplementary Table 5).

Micronutrients and Secondary Plant
Compounds and All-Cause Mortality
in Individuals With Type 2 Diabetes
The results of the meta-analyses on the in-
take of micronutrients and secondary plant
compounds and relative risk of all-cause
mortality are presented in Fig. 5 and
Supplementary Fig. 9. We found no associ-
ation for caffeine consumption (53,63) and
serum folate (64-66) (moderate and low
certainty of evidence, respectively).

Very low certainty of evidence was
found for all other associations: sodium in-
take, urinary sodium, serum 25(0H) vita-
min D, serum calcium, serum phosphorus,
plasma/serum phylloguinone, and serum
vitamin By,.

Alcohol Consumption and All-Cause
Mortality in Individuals With Type 2
Diabetes

Alcohol intake was investigated in 13 stud-
ies (21,23,24,31,32,38,67-73). Seven stud-
ies could be used for high consumption

Barbaresko and Associates

versus no consumption (Supplementary Fig.
10A) and three studies for nonlinear dose-
response meta-analysis (Supplementary Fig.
10B). The certainty of evidence was very
low for alcohol intake and all-cause
mortality.

Single-Study Findings

Several dietary factors have been investi-
gated only in one study, and, thus, a meta-
analysis was not possible. Lower retinol
levels were associated with higher relative
risk of all-cause mortality (74). In agree-
ment with dietary intake data, plasma do-
cosahexaenoic acid and plasma n-3 PUFA
were inversely associated with all-cause
mortality, whereas no association was
found for plasma monounsaturated fatty
acids, saturated fatty acids, n-6 fatty
acids, and linoleic acid (75). Moreover,
inverse associations were found for sele-
nium intake, green tea consumption (49),
and intake of legumes (7) and all-cause
mortality. Red blood cell folate (76) and
choline intake from phosphatidylcholine
(77) were positively associated with all-
cause mortality.

No association was found for glyce-
mic index, glycemic load, sugar or starch
(57), and for a dietary pattern based on
high intakes of “olive oil and vegeta-
bles,” “eggs and sweets,” and “pasta
and meat” regarding all-cause mortality
(5). Moreover, there was no association
between «-tocopherol levels (78), se-
rum ferritin (79), serum vitamin E (80),
and all-cause mortality in individuals with
type 2 diabetes.

Exposre N primary o SRR(95%Cl) (%)  CoE
studies

Fibre 3 Per 5 g/day - 0.86 (0.81, 0.91) 0 moderate
MUFA 2 Per 10 g/day —t 0.91 (0.80, 1.03) 0 moderate
n-3 PUFA 2 Per 0.1 g/day - 0.87 (0.82, 0.92) 0 moderate
Animal protein 2 Per 40 g/day o~ 1.05 (0.99, 1.13) 0 moderate
Carbohydrates 2 Per 20 g/day 4 0.99 (0.96, 1.02) Q low
Cholesterol 2 Per 300 mg/day - 1.19 (1.12, 1.25) 0 low
SFA 2 Per 10 g/day + 1.14 (0.71,1.82) 43 low
Plant protein 3 Per 10 g/day - 0.91 (0.86, 0.95) 42 low
Total energy 2 Per 100 kcal/day — 0.91 (0.75, 1.09) 80 very low
PUFA 2 Per 10 g/day + 0.84 (0.36, 1.92) 93 very low
Protein 4 Per 0.2 g/kg/day — 0.95 (0.87, 1.02) 54 very low

I I

5 1 1.5

Figure 4—Associations between total energy intake and macronutrients and all-cause mortality in individuals with type 2 diabetes. SRRs with 95%
Cls were estimated using random-effects models. CoE, certainty of evidence; MUFA, monounsaturated fatty acids; SFA, saturated fatty acids.
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Exposure N prir_nary Unil{ o, 2 (g

studies Comparison SRR (85% Cl) 1" (%) CoE
Caffeine 2 Per 100 mg/day L 0.98 (0.93, 1.03) 0 moderate
Serum folate 3 Per 1 nmol/L L ] 1.01(0.99, 1.02) 7 low
Sodium intake 2 Per 1 g/day —r— 0.95 (0.80, 1.13) 0 very low
Urinary sodium 3 Per 1 g/day —— 0.90 (0.81, 0.99) 83 very low
Serum 25(0OH) vitamin D T Per 10 nmol/L * 0.92 (0.90, 0.95) 56 very low
Serum calcium 2 High vs. low 1.02 (0.39, 2.65) 83 very low
Serum phosphorus 2 High vs. low —p— 1,78 (1.19, 2.65) 1 very low
Plasma/serum phylloguinone 2 Per 1 nmal/L ——— 0.83(0.62,1.12) 49 very low
Serum vitamin B,, 2 Per 100 pg/mL —— 1.04 (0.86, 1.26) 96 very low

I I I
0.5 1 1.5 25

Figure 5—Associations between micronutrients and secondary plant compounds and all-cause mortality in individuals with type 2 diabetes. SRRs
with 95% Cls were estimated using random-effects models. CoE, certainty of evidence.

CONCLUSIONS

In the present systematic review and meta-
analysis, we provided a comprehensive
overview of 107 studies investigating die-
tary factors and all-cause mortality in indi-
viduals with type 2 diabetes. We were
able to conduct 45 meta-analyses. Higher
intakes of fish, whole grain, fiber, and n-3
PUFA were inversely associated with the
relative risk of all-cause mortality, rated
as moderate certainty of evidence. More-
over, higher intakes of vegetable and plant
protein may be inversely associated with
all-cause mortality in individuals with type 2
diabetes, rated as low certainty of evidence.
In contrast, higher intakes of eggs and cho-
lesterol may be positively associated with
all-cause mortality (low certainty of evi-
dence). For other dietary factors, no asso-
ciation was found and/or the evidence
was very uncertain.

Comparison With Other Studies and
the General Population

A large body of evidence exists with re-
gard to the prevention of type 2 diabe-
tes (2). In addition, many meta-analyses
on dietary factors and risk of all-cause
mortality in the general population have
been published. However, little is known
on the secondary prevention of comor-
bidities and mortality in individuals with
type 2 diabetes.

Our meta-analysis showed that higher
intake of fish was associated with re-
duced relative risk of all-cause mortality
in individuals with type 2 diabetes, which
is comparable to findings of the general
population (81). In addition, Jayedi et al.
(10) also conducted a meta-analysis on

fish consumption and mortality in individ-
uals with type 2 diabetes and also found
an inverse association as in the present
meta-analysis. However, the authors in-
cluded only three studies in the linear
dose-response meta-analysis, and the SRR
was somewhat lower (SRR 0.91 vs. 0.95).

Furthermore, we found that whole-
grain and fiber intake were associated
with reduced relative risk of all-cause
mortality in individuals with type 2 dia-
betes, which is also comparable to meta-
findings in the general population (82,83).
Interestingly, the associations seem to be a
stronger among individuals with type 2 di-
abetes compared with the general healthy
population. Whole-grain products are rich
in fiber, which has been shown to improve
glycemic control, body weight control, and
blood lipids in individuals with diabetes
(84). Thus, fiber is an important dietary
compound for diabetes management to
prevent cardiovascular complications and
mortality.

A meta-analysis of four prospective
studies showed that an increment of 0.2 g
of n-3 PUFA per day decreased the rela-
tive risk of all-cause mortality by 7% (81).
With regard to our meta-analysis, the as-
sociations seem to be stronger in individ-
uals with type 2 diabetes. As fish is an
important source of n-3 PUFA, this result
is in agreement with the meta-findings
on fish consumption and mortality. Long-
chain n-3 PUFAs have been hypothesized
to have several beneficial effects on the
vascular system, foremost antihyperten-
sive, anti-inflammatory effects, and im-
proved lipid profile (85), and, thus, it is
possible that individuals with diabetes
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can especially benefit from n-3 PUFA
intake.

In a meta-analysis based on 22 cohort
studies, a dietary increment of 200 g of
vegetables per day was associated with
a 13% decreased risk of all-cause mortal-
ity in the general population (86). Com-
pared with our meta-analysis, the risk
estimate is quite similar, although we
used a dose of 100 g/day. Moreover, in
agreement with our findings, higher in-
take of plant protein has been shown to
be inversely associated with all-cause
mortality in the general population (87).

A meta-analysis of prospective cohort
studies found a positive association of
higher intake of eggs and cholesterol
with all-cause mortality in the general
population (88). One egg per day was
associated with a relative risk of 1.07,
indicating that there might be a weaker
association in the general population
compared with individuals with type 2
diabetes.

The Mediterranean diet is rich in many
dietary factors mentioned above, and an
inverse association was observed in the
present meta-analysis. However, the cer-
tainty of evidence was very low, mainly
due to serious risk of bias in the primary
studies. For many other dietary factors,
no association was found (e.g., meat,
sugar and sweets, animal protein), or the
association was graded with very low cer-
tainty of evidence (e.g., fruit and coffee
consumption). Explanations for these find-
ings could be the small number of studies
for these meta-analyses, the high hetero-
geneity between studies, and the risk of
bias of the studies.
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Strengths and Limitations

The major strength of the present sys-
tematic review and meta-analysis is the
comprehensive overview of the currently
available evidence of dietary factors and
all-cause mortality among individuals
with type 2 diabetes. We assessed the
risk of bias in all included studies and
evaluated the certainty of evidence
for all associations by applying validated
tools. Moreover, we included only pro-
spective observational studies, which re-
duces sources of bias, such as recall bias,
and conducted linear and nonlinear dose-
response analyses whenever possible.

Limitations of the present work in-
clude the serious risk of bias evaluated
for most studies included in the meta-
analyses. The main body of evidence in
the current study came from studies at
serious risk of bias, mainly due to un-
controlled confounding and selection of
the participants into the study. More
than half of the studies did not adjust
for diabetes duration, and 41% of the
studies investigating dietary factors did
not consider total energy intake in the
analysis. Moreover, as we included ob-
servational studies, residual confound-
ing cannot be ruled out.

Dietary intake was assessed by self-
reports in most studies. Thus, potential
misclassification of the exposure cannot
be ruled out. Biomarkers of dietary intake
were used in 31 studies (29%), which
may be a more objective measurement
of dietary exposure. However, biomarkers
are not available for all dietary factors.
Moreover, since the exposure was mea-
sured only at baseline in most studies,
changes in dietary behavior during follow-
up could not be taken into account. How-
ever, large studies, such as the Nurses’
Health Study and Health Professional
Follow-up Study, took dietary changes
into account, and the risk estimates were
similar to the overall findings of the meta-
analyses.

Furthermore, in several studies, it was
not clear whether only participants with
type 2 diabetes were included or whether
also participants with type 1 diabetes
were included. However, as the propor-
tion of type 1 diabetes is small compared
with type 2 diabetes, we expect that the
number of participants with type 1 diabe-
tes is very low in the included studies.

Owing to the small number of studies
in many meta-analyses, the effect esti-
mates were mostly imprecisely estimated

(wide 95% Cls), and, thus, drawing con-
clusions may be limited. Furthermore,
we were not able to conduct subgroup
analyses and investigate publication bias
except for the association between cof-
fee consumption and all-cause mortality.
Moreover, we were not able to conduct
stratified analyses for subgroups of indi-
viduals with diabetes, such as those with
a different disease status, taking different
treatments, or with comorbidities. Some
individuals may respond differentially to
dietary intake, and thus, associations
might differ between subgroups of indi-
viduals with diabetes.

Future Research Implications

The main reason for downgrading of the
certainty of evidence was the serious
risk of bias evaluated for the main part
of the studies, resulting in many associa-
tions with low or very low certainty of
evidence. Thus, future studies should
take into account important confound-
ers, such as diabetes duration, diabetes
treatment, socioeconomic status, and to-
tal energy intake, to strengthen the evi-
dence. Furthermore, some studies were
not primarily designed for our research
question, and in most studies, prevalent
cases of diabetes were included. So, fu-
ture studies should be designed to in-
clude individuals with newly diagnosed
type 2 diabetes to minimize selection bias.
Moreover, future studies should use vali-
dated dietary assessment methods and
consider changes of dietary behaviors dur-
ing follow-up to increase the reliability of
the exposure assessment and thus, in-
crease the certainty of evidence.

Conclusion

This is the first systematic review and
meta-analysis that comprehensively sum-
marizes the currently available evidence
on dietary factors and all-cause mortality
in individuals with type 2 diabetes. We
could show that higher intakes of fish,
whole grain, fiber, and n-3 PUFA were in-
versely associated with all-cause mortal-
ity. Moreover, evidence suggests that
higher intakes of vegetable and plant
protein may be associated with all-cause
mortality, whereas higher intakes of eggs
and cholesterol may be positively associ-
ated with all-cause mortality in individu-
als with type 2 diabetes. More primary
studies are needed to provide robust
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factors and the progression of diabetes.
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Summary

Overweight and obesity are common among individuals with T2D and are becoming
increasingly prevalent in those with T1D. Presence of adipose tissue accumulation, especially
around visceral cavity in form of VAT and around organs, like HLC, are associated with
diabetes progression and increased risk of complications. Lifestyle interventions, including
dietary changes, have been shown to be effective in reducing body weight, VAT, and HLC.
Therefore, in this study we aimed to (i) investigate the association between the DASH score
with SAT, VAT volumes and HLC in people with recent onset T1D and T2D, (ii) to examine
whether changes in the DASH diet were associated with changes in these outcomes, and (iii) to
quantify the extent to which BMI, waist circumference, whole body insulin sensitivity (M-

value), Adipo-IR and non-esterified fatty acids explained observed associations.

Our study included 335 participants with recent-onset T1D and T2D from the GDS, with a
mean DASH score of 24 in both groups. We found an inverse association between higher
baseline DASH sore and HLC in people with T2D (per 5 points: B-regression coefficient -1.5%
(95% CI -2.7; -0.3)). Over 5 years, a 5-point increase in the DASH score was associated with
decreased VAT in people with T2D (-514 cm® (-800; -228)). Similar, but imprecise,
associations were observed for VAT changes in people with T1D (-403 cm? (-861; 55)) and for
HLC in people with T2D (-1.3% (-2.8; 0.3)). BMI and waist circumference changes explained
16% and 8% of the associations between DASH and VAT changes in T1D and 48% and 32%
in T2D, respectively. Additionally, in people with T2D, Adipo-IR changes explained 47% of
the association between DASH and HLC changes.

In conclusion, the cross-sectional analysis suggests a beneficial association between the DASH
diet and HLC in newly diagnosed T1D and T2D. Over time, decreased adherence to a DASH-
style can increase VAT and HLC in both T1D and T2D. These associations are partly mediated
by changes in BMI and waist circumference, while improved Adipo-IR in T2D plays and

important role in the association between changes in the DASH diet and HLC.
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Results: A higher baseline DASH score was associated with lower HLC, especially in
people with T2D (per 5 points: —1.5% [—2.7%; —0.3%]). Over 5 years, a 5-point
increase in the DASH score was associated with decreased VAT in people with T2D
(—514 [-800; —228] cm?®). Similar, but imprecise, associations were observed for
VAT changes in people with T1D (—403 [—861; 55] cm?) and for HLC in people with
T2D (—1.3% [-2.8%; 0.3%]). Body mass index and waist circumference changes
explained 8%-48% of the associations between DASH and VAT changes in both
groups. In people with T2D, adipose tissue insulin resistance index (Adipo-IR) changes
explained 47% of the association between DASH and HLC changes.

Conclusions: A shift to a DASH-like diet was associated with favourable VAT and

HLC changes, which were partly explained by changes in anthropometric measures

and Adipo-IR.
KEYWORDS

control

1 | INTRODUCTION

The majority of individuals diagnosed with type 2 diabetes (T2D) are
overweight or obese® and approximately 60% have metabolic
dysfunction-associated steatotic liver disease (MASLD).? Evidence has
revealed an emerging trend of overweight individuals with type 1 dia-
betes (T1D) experiencing insulin resistance caused by sedentary life-
styles, excessive calorie intake and intensive insulin therapy.® Thus,
accumulation of subcutaneous adipose tissue (SAT), visceral adipose
tissue (VAT) and liver lipids is often observed in people with T1D and
T2D,** and constitutes additional risk factors for cardiovascular, kid-
ney and liver diseases.”® Therefore, lifestyle changes, including die-
tary changes, are crucial for diabetes management, primarily because
of weight loss and the reduction of VAT and SAT accumulation.”
Initially developed for people with hypertension, the Dietary
Approaches to Stop Hypertension (DASH) diet is a simple dietary
index that is easy to understand and implement; it emphasizes a high
intake of fruit and vegetables, nuts, legumes and low-fat dairy prod-
ucts, combined with a low intake of sodium, sugar-sweetened bever-
ages (SSBs) and red and processed meat.® Intake of vegetables, nuts,
meat and SSB is associated with the onset of diabetes,” while higher
intake of vegetables, nuts, legumes and lower intake of meat, sodium
and SSB with improvements in insulin sensitivity, glycaemic control,
blood pressure and blood lipids in people with T2D.'%*® Because of
its balanced nutritional composition, the DASH diet represents a
potentially valuable dietary strategy for managing diabetes. A few
studies have indicated an inverse association between DASH score
and VAT and hepatic lipid content (HLC) in people with MASLD or
metabolic dysfunction.”**® In individuals with T2D, a small interven-
tion study showed that the DASH diet improved liver enzymes,'®
while another cross-sectional study identified a beneficial association
between DASH diet adherence and enhanced insulin sensitivity.'”

body composition, cohort study, observational study, type 1 diabetes, type 2 diabetes, weight

However, it is possible that the observed benefits of the DASH diet
on HLC and VAT are mainly driven by weight loss.

The existing evidence on the health impact of the DASH diet in
people with diabetes is limited. No study has focused on SAT, VAT
and HLC in this group or considered possible changes in DASH diet
adherence over time. Baseline data may not accurately represent an
individual's long-term dietary habits, and assessing dietary changes
over time enables more reliable measures of cumulative exposure,
accounting for shifts in habits over time. Furthermore, the question
remains whether changes in anthropometric measures can fully
explain changes observed between the DASH diet and adipose tissue
distribution, or whether other direct effects exist.

We aimed to investigate the association between adherence to
the DASH diet and SAT, VAT and HLC in people with newly diag-
nosed T1D or T2D, and to examine whether changes in DASH diet
adherence were associated with changes in these outcomes over
time. In addition, we investigated the mediation effects of changes in
body mass index (BMI), waist circumference (WC), whole-body insulin
sensitivity (M-value), adipose tissue insulin resistance index (Adipo-IR)
and non-esterified fatty acids (NEFA) on the association between
changes in the DASH score on changes in SAT, VAT and HLC.

2 | MATERIALS AND METHODS
21 | Study design and study population

The German Diabetes Study (GDS) is an ongoing prospective cohort
study investigating the factors and mechanisms behind diabetes-
related co-morbidities and complications. The study complies with the
Declaration of Helsinki, was approved by the ethics committee of the
University of Dusseldorf (ref. 4508) and was registered at
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Clinicaltrials.gov (NCT01055093). All participants provided their writ-
ten informed consent.'®

Participants aged 18-69 years and diagnosed with T1D or T2D
within the last 12 months according to the American Diabetes Associ-
ation criteria were eligible. Detailed inclusion and exclusion criteria
are provided elsewhere.'® All participants underwent a comprehen-
sive examination at both baseline and after a 5-year follow-up com-
prising clinical examinations, laboratory measurements and
standardized questionnaires. No dietary recommendations were given
to the participants as part of the study, but it is possible that partici-
pants implemented dietary modifications, because they received
guideline-based dietary recommendations from their physicians.

Those participants enrolled in the study centre in Diisseldorf
(German Diabetes Centre) from August 2012 to December 2022, with
available baseline information on dietary intake and whole-body mag-
netic resonance imaging (MRI) and liver proton magnetic resonance
spectroscopy (*H-MRS) measurements, were included in a cross-
sectional analysis. Participants with available dietary information and
SAT, VAT and HLC quantification, both at baseline and after the
5-year follow-up, were included in the analyses of changes
(Figure S1). We excluded observations with implausible energy intake
(men: <800 kcal/>4000 kcal, women: <500/>3500 kcal) (n = 12).*% In
total, 335 individuals (T1D, n = 151; T2D, n = 184) had available
baseline dietary information and SAT, VAT and HLC measurements
and represented the final study population. Dietary information and
SAT, VAT and HLC quantification after the 5-year follow-up were
available in 111 participants (T1D, n = 49; T2D, n = 62).

2.2 | Datacollection

221 | DASH score

Dietary information was obtained from a validated semi-quantitative
food frequency questionnaire (FFQ)?° assessing habitual food
consumption frequencies of 148 food items in the last 12 months,
considering average portion size. The DASH score is based on foods
and nutrients, focusing on eight components: a high intake of
fruit, vegetables, nuts and legumes, low-fat dairy products and whole
grains, as well as a low intake of sodium, SSBs, red and processed
meat.®?! The FFQ did not collect information on whole-grain pasta,
rice or flour, but distinguished between refined and whole-grain
bread. Therefore, we included whole-grain bread in the DASH score,
given its significance as a major source of whole grains in Germany.??
Furthermore, the FFQ does not differentiate between SSBs and non-
SSBs; however, in addition to the main FFQ, participants completed
an extended validated questionnaire, which asked separately about
the consumption of ‘sugar-free’ soft drinks. This allowed for differen-
tiation between the mean intake of SSBs and non-SSBs, and inclusion
of SSBs only in the DASH score.?® Each component's daily intake was
calculated and sex-specific quintiles were generated based on intake
ranking. Regarding the intake of fruit, vegetables, nuts and legumes,

low-fat dairy products and whole-grain bread, the first quintile (low

intake) scored 1 point, while the fifth quintile (high intake) earned 5
points. For the intake of sodium, SSBs, as well as red and processed
meat, the scoring was reversed. The sum of the points constitute the
overall DASH score, ranging from 8 (lowest adherence) to 40 points
(highest adherence).

222 | MRI-determined SAT and VAT volumes and
1H-MRS-determined HLC

All magnetic resonance (MR) measurements were performed after
overnight fasting on a 3-T MR scanner (Achieva dStream, X-series;
Philips Healthcare, Best, the Netherlands). SAT and VAT volumes
(cm®) were quantified by whole-body MRI by employing T1-weighted
fast spin-echo and postprocessing by a trained operator using SliceO-
matic v. 5.0 software (Tomovision, Montreal, Canada).’* HLC was
quantified using 'H-MRS in single-voxel stimulated echo acquisition
mode.?*? Values of HLC are based on the determination of CH,/
(CH2 + H20) and given as percentages.

223 | Covariable assessment

Information on age, sex, smoking status, diabetes treatment, use of
antihypertensive and lipid-lowering medication, socioeconomic status
(SES), alcohol and energy intake, physical activity, anthropometric
measures, M-value, Adipo-IR and NEFA was collected. Detailed infor-
mation on the assessment of covariates has been provided

elsewhere,18:20:26-29

23 | Statistical analysis

Categorical variables are described as numbers and percentages, con-
tinuous normally distributed variables as mean values and standard
deviations or medians, and 25th and 75th percentiles in cases of
skewed data. Because outcome data were not available for the whole
GDS cohort, we compared characteristics between participants with
and without available MRI/MRS measurements to investigate any sys-
tematic differences.

Multivariable linear regression models were used to investigate
the associations between DASH score and SAT, VAT and HLC, obtain-
ing B-coefficients with 95% confidence intervals (Cls). The DASH
score was used as a continuous measure (per 5 points) and as tertiles
of adherence. Second, by subtracting the baseline values from the
follow-up values, we investigated whether changes in the DASH score
over the 5-year follow-up period were associated with 5-year SAT,
VAT and HLC changes. Negative values indicated a decrease in the
DASH score or SAT, VAT and HLC during the 5 years, while positive
values represented an increase. To examine the shape of the associa-

d.%° Con-

tions, natural cubic splines with three knots were modelle
founders were selected a priori based on the literature. There were

58 observations with missing values in the confounders, which were
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imputed using multiple imputation.®! The following confounders were
chosen: model |, age (years) and sex (men/women); model Il, model |
+ smoking status (non-smokers/current smokers/former smokers),
physical activity (continuous), SES (continuous), energy intake (contin-
uous, kcal/day), alcohol (continuous, g/day), indicated changes in diet
during the last 12 months (partial or yes/no) and treatment of diabe-
tes (dietary advice/pharmacological treatment/no; only in the T2D
group because 94% of the T1D group was on pharmacological treat-
ment). In the cross-sectional analyses, we additionally adjusted for
BMI (kg/m?) in model Il to assess the influence of overall adiposity. In
the analyses of changes, the baseline DASH score and SAT, VAT and
HLC levels were considered as further relevant confounders. We also
adjusted for antihypertensive, lipid-lowering medication use and new
diabetes medication reported after the 5-year follow-up; however,
the results did not change and we left these covariates out of the final
model.

In the analyses of changes, we conducted a mediation analysis to
investigate the extent to which the associations between the DASH
score changes and changes in VAT, SAT and HLC were mediated by
changes in overall adiposity (defined by BMI), abdominal adiposity
(defined by WC), M-value, Adipo-IR (only in participants with T2D not
using insulin [n = 50]) and NEFA concentration.3? Detailed descrip-
tions are provided in Tables 51 and S2.

Furthermore, we conducted a subgroup analysis by sex to identify
differences between men and women and added an interaction term
in the fully adjusted model. We also investigated changes in the intake
of each specific food component included in the DASH score sepa-
rately to identify the food groups that contributed most to the
observed associations.

All analyses were performed separately for people with T1D and
those with T2D.

For all statistical analyses, SAS version 9.4 (SAS Institute, Cary,
NC) was used.

3 | RESULTS

3.1 | Characteristics

Table 1 presents characteristics of the study population, stratified by
diabetes type and tertiles of the DASH score. The mean DASH score
was 24 in both groups. Compared with participants with T2D, partici-
pants with T1D were younger, had a lower BMI and received antihy-
pertensive medication less frequently. Among people with T1D, 4%
received pharmacological glucose-lowering treatment (mainly insulin:
89%), while among those with T2D, 68% received glucose-lowering
treatment (metformin: 51%, insulin: 9%, other glucose-lowering drugs:
40%) and 23% only received dietary advice. None of the participants
reported using glucagon-like peptide-1 receptor agonists (GLP1-RAs)
or sodium-glucose co-transporter-2 inhibitors (SGLT2is) at baseline.
After the 5-year follow-up, very few participants reported using
GLP1-RAs (T2D, n = 3) and SGLT2is (T1D, n = 2; T2D, n = 7). Partici-
pants with T1D in the highest tertile of the DASH score had lower

61

WC and were less often smokers than those in the lowest tertile. Peo-
ple with T2D with the highest DASH score had higher SES and the
lowest proportion of current smokers compared with those with the
lowest DASH score. Additionally, 83% of participants with T1D and
90% of those with T2D reported changing their diet in the last
12 months. No major differences in characteristics were detected
between individuals with and without available MRI/MRS data
(Table S3).

The median baseline and follow-up intake of all food groups were
similar among people with T1D and T2D (Table S4).

3.2 | SAT volume

We found imprecisely estimated associations between baseline DASH
score and SAT in people with T1D and T2D (B [95% CI] for tertile
3 [T3] vs. tertile 1 [T1] of the DASH score: T1D: —1069 [—4181;
2043] cm®, T2D: 2787 [-1447; 7021] cm®) (Table 2). Adjustment for
BMI attenuated the estimate. The association between the DASH
score and SAT in those participants with T2D was linear, but an
inverted U-shape association was observed for participants with T1D
(Figure 1A).

An increase in the DASH score per 5 points over 5 years was
inversely but imprecisely associated with lower SAT values in both
groups (Table 3). There was an indication of a non-linear association
for both groups (Figure 1B). In people with T1D, increases in the
DASH score were associated with the strongest decreases in SAT,
while decreases in the DASH score were not associated with such a
strong increase in SAT. By contrast, in people with T2D, reduction of
the DASH score was associated with the strongest SAT increase.

The mediation analysis showed that changes in BMI explained
36% of the association between changes in the DASH score and
changes in SAT in people with T1D and 79% of the association in peo-
ple with T2D, while changes in WC explained 61% of the association
in people with T1D and 62% of the association in people with T2D.
Changes in Adipo-IR explained 5% of the association between
changes in the DASH score and in SAT in people with T2D (Table S5).

3.3 | VAT volume

We found an inverse but imprecisely estimated association between
the DASH score and VAT in both groups at baseline (T3 vs. T1: T1D:
—404 [-851: 43] cm®, T2D: —219 [-1012: 573] cm®) (Table 2).
Adjustment for baseline BMI did not considerably change the results.
In people with T1D, an inverse U-shaped association was evident,
whereas in participants with T2D, the curve steeply increased among
those with the lowest DASH score (Figure 1C).

Over 5 years, a 5-point increase in DASH score was associated
with a reduction in VAT in both groups, but estimates for people with
T1D were imprecise (T1D: —403 [-861; 55] cm®, T2D: —514 [—800;
—228] cm®) (Table 3). There was no evidence for non-linearity of the

association among participants with T2D. Individuals with T1D with
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ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION

TABLE 1 Baseline characteristics stratified by diabetes type and tertiles of the DASH score among participants from the GDS (n = 335) §
Type 1 diabetes Type 2 diabetes %
DASH score DASH score DASH score DASH score DASH score DASH score ;
All T1(<22) T2 (22-26) T3 (>26) All T1(<22) T2 (22-26) T3(>26) E
N 151 52(34) 57(37) 42(29) 184 62 (34) 65 (35) 57(31)
DASH score 245 1942 242 29+2 245 1252 242 2942
Women (%) 63 (42) 19(37) 24 (42) 20 (48) 67 (36) 24(39) 27 (42) 16 (28)
Age (y) 362+ 114 36.2+108 371+124 35.0+ 107 51.8+9.0 518184 5214102 51.6+84
Body mass index categories
<25 kg/m® 85 (56) 30(58) 31(54) 24 (57) 27 (15) 10(16) 10 (15) 7(12)
25-30 kg/m? 47 (31) 12(23) 19 (33) 16 (38) 51(28) 17(27) 13 (20) 21(37)
230 kg/m? 19 (13) 10(19) 7(13) 2(5) 106 (57) 35(57) 42 (65) 29(51)
Continuous 251+42 254 +47 254+ 42 242+34 31360 308+58 315+ 546 31565
Waist circumference (cm) 86.5+13.0 88.1+13.7 87.7 + 140 82.9 +10.0 1045 +13.3 1043+ 133 103.9 +12.2 1050 +14.7
Secioeconomic status®
Lower 10 (7) 6(11) 3(5) 1(3) 6(3) 2(3) 2(3) 2(4)
Middle 76 (50) 27 (52) 25 (44) 24 (57) 96 (52) 35 (56) 34 (52) 27 (47)
Upper 56 (37) 18 (35) 24(42) 14 (33) 77(42) 24 (39) 25 (39) 28 (49)
Missings 2(6) 1(2) 5(9) 3() 5(3) 1(2) 4(8) 5
Continuous 13927 138+30 138+25 143+24 143 +27 138426 144+£27 148129
Smoking status
Current 39 (26) 17 (33) 15 (26) 7 (17) 47 (25.4) 17(27) 17 (26) 13(22)
Former 39 (26) 12(23) 14 (25) 13(31) 63 (34) 22 (36) 19 (29) 22 (39)
Never 73 (48) 23 (44) 28 (49) 22 (52) 73 (40) 23(37) 28 (43) 22(39)
Missings = = = = 1(0.6) = 1(2) £
Physical activity index” 53+09 51+08 54+09 5511 53+11 52+10 52+11 54+11
Missings 11(7) 3(6) 6(11) 2(5) 29 (16) 10(16) 10 (16) 9 (16)
Antihypertensive medication (yes) 11(7) 3(6) 5(9) 37 79 (43) 23(37) 29 (45) 27(47)
Lipid-lowering medication (yes) 5(3) 1(2) 1(2) 3(7) 24 (13) 8(13) 9(14) 7(12)
Glucose-lowering medication
Dietary advice only 4(3) 1(2) 2(4) 1(2) 43 (23) 15 (24) 14 (21) 14 (25) é
No treatment 1(1) 0(0) 0(0) 1(2) 11(6) 5(8) 6(9) 0(0) I:
Pharmacological treatment 143 (94) 50(96) 53(92) 40 (96) 125 (68) 40 (64) 42 (67) 43(75) m
Missings 3(2) 1(2) 2(4) 0(0.0) 5(3) 2(4) 34 00 =<
(Continues) E
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TABLE 1 (Continued) ]
Type 1 diabetes Type 2 diabetes li
DASH score DASH score DASH score DASH score DASH score DASH score 2
All T1(<22) T2 (22-26) T3(>26) Al T1 (<22) T2 (22-26) T3(>26) —
Alcohol intake (g/day) 7.1(1.7-17.0) 8.0(2.0-18.6) 5.0(1.6-16.4) 8.1(1.6-16.4) 3.4(0.5-11.2) 3.3(0.9-11.2) 4.4(0.3-12.7) 2.5(0.7-9.6) ;
Change in diet during the last year 125(83) 39 (85) 49 (86) 34 (76) 165 (90) 56(90) 54 (83) 55(97) ,.<
{yes or partial)
M-value (mg/[kg min]) 8.5 (6.4-10.5) 8.3(64-11.1) 8.5 (6.5-10.4) 8.7 (7.1-10.0) 5.7 (4.4-7.4) 5.4 (4.0-7.0) 5.6 (4.2-7.7) 6.0(4.9-7.3)
Missings 6(4) 2(4) 1(2) 3(7) 13(7) 4(7) 5(8) 4(7)
Adipo-IR (mU/[Lumol/L])* 4158 4534 4392 3465 6141 6748 6335 5213
(2208-8175) (2226-8735) (2622-9168) (1722-5439) (3786-11701)  (4894-12615)  (3497-12 466) (3613-9071)
Missings 18 (12) 6(11) 7(13) 5(12) 24.(13) 6(10) 13 (20) 5(9)
NEFA (umol/L)” 514(359-665)  524(409-617) 499 (367-666) 487 (317-706) 531(425;653) 513 (425-656) 548 (428-664) 522 (425-648)
Missings 1(1) - 1(2) - - - - -
Energy (kcal/day) 23422 +6033 2469+ 627 2283 + 632 2264 + 499 2158 + 649 2243 + 764 2127 + 591 2103 £ 573
SAT (\:ma)e 16 090 16 170 16 235 15 824 23226 21322 24 110 22 444
(11570-22238)  (11611-20692)  (11428-25137)  (11756-20047) (16 632-32420)  (15982-33520) (17 136-31892) (16 740-31 667)
Missings 7(5) 306 3(5) 1(2) 34(19) 13 (21) 8(12) 13(22)
VAT (em?)® 1142 (525-2304)  1223(677-2307) 1177 (572-2784) 592 (403-1608) 3878 3849 4006 3823
(2811-5085) (2986-5530) (3044-5151) (2605-4775)
Missings 8(s) 3(6) 4(7) 1(2) 34(19) 13(21) 8(12) 13(22)
HLC (%)' 0.3(0-1.1) 04 (0-2.0) 0.5(0-1.1) 02 (0-0.6) 6.3(24-13.3) 7.2(2.5-134) 6.7 (2.7-14.0) 49(1.9-9.8)
Missings 7(5) 4(8) . 3(7 1016) 2(3) 416) a7

Note: Categorical variables are presented as frequencies with percentages n (%), continuous normally distributed variables as means and (%) standard deviations, continuous and not normally distributed variables
as median values with interquartile ranges.

Abbreviations: Adipo-IR, adipose tissue insulin resistance index; DASH, Dietary Approaches to Stop Hypertension; GDS, German Diabetes Study; HLC, hepatic lipid content; M-value, whole-body insulin
sensitivity: NEFA, non-esterified fatty acids; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

“Socioeconomic status index: based on education, occupation and income variables (range 3-21).

Pphysical activity index: a modified version of the Baecke Index®*** covering leisure and working activities (range 2.25-10).

“Calculated as a product of the mean of two measurements of fasting insulin (mU/L) and the mean of two measurements of plasma free fatty acids concentration (umol/L).

4The mean of two measurements of plasma free fatty acids concentration (umol/L).

“Assessed by magnetic resonance imaging.

'Assessed by magnetic resonance spectroscopy.
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TABLE 2 Associations between adherence to the DASH score and SAT volume, VAT volume and HLC at baseline in individuals with type 1 diabetes and type 2 diabetes from the GDS (n = 335) §
Type 1 diabetes Type 2 diabetes %
DASH scare Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 5
SAT (em®) £
N 144 149
Tertile 1 (<22 points) Ref. Ref. Ref. Ref. Ref. Ref.
Tertile 2 (22-26 points) —153 (-3320; 3014) 781 (—2342; 3903) 650 (-921; 220) 1414 (-2259; 5087) 1290 (-1915; 4496) —524 (-2237;1188)
Tertile 3 (26 points) —2169 (—5580; 1242) —1069 (—4181; 2043) 16 (-1369; 1705) 1935 (—1986; 5856) 2787 (—1447; 7021) 1061 (—1043; 3166)
P trend 22 .58 .70 36 .20 .25
Per 5 points ~1069 (-2525; 388) —619 (-1845; 743) 285 (18 911; 343) 703 (-985; 2391) 1305 (- 495; 3104) 537 (-331; 1405)
VAT (em?)
N 143 149
Tertile 1 (<22 points) Ref. Ref. Ref. Ref. Ref. Ref.
Tertile 2 (22-26 points) 11 (—482; 505) 145 (—333; 625) 133 (—263; 529) 45 (-707; 797) —56 (—739; 626) —303 (-819; 213)
Tertile 3 (>26 points) —554 (-1083; —26) —404 (-851; 43) —280(-636; 82) —470(-1273; 333) —219 (-1012; 573) —461 (- 1056; 135)
P trend .05 A2 .20 .20 .60 15
Per 5 points —229 (-457; -2) —-151(-333; 31) —122(-271; 28) —252(-597; 93) 110 (-453; 234) —218 (-464; 28)
HLC (%)
N 144 173
Tertile 1 (<22 points) Ref. Ref. Ref. Ref. Ref. Ref.
Tertile 2 (22-26 points) -0.1(-14;13) -0.1(-14:12) -0.2(-1.3;09) -0.3(-3.3:27) -0.1(-3.0;2.8) -04(-3.1;2.3)
Tertile 3 (>26 points) -1.3(-28;0.2) -13(-24;0.2) -11(-21;-0.1) ~2.6(-5.7,0.5) -13(-4.2;1.7) ~2.0(-4.8;0.8)
Ptrend .09 .03 .05 .09 .38 14
Per 5 points -05(-1.1;0.1) —0.4(-0.8;0.0) -0.3(-0.7;01) -1.8(-3.1;-04) -10(-25;0.1) -15(-27:-03)
Note: Results are presented as B estimates and 95% confidence intervals. Model I: adjusted for age (y) and sex (men/women); Model II: Madel | + smoking status (never smokers/current smokers/former
smokers), physical activity index (continuous), socioeconomic status index (continuous), energy intake (continuous, kcal/day), alcohol intake (continuous, g/day), indicated changes in diet during the last
12 months (yes or partial/no} and treatment of diabetes (no/dietary advice/pharmacological, only in the type 2 diabetes group); Model lll: Madel Il + bady mass index (continuous, kg/m?). SAT volume and VAT
volume were assessed by magnetic resonance imaging and HLC by magnetic resonance spectroscopy.
Abbreviations: DASH, Dietary Approaches to Stop Hypertension; GDS, German Diabetes Study; HLC, hepatic lipid content; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
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FIGURE 1 A, Associations between the baseline DASH score and MRI-determined SAT volume (cm®) (n = 294); B, Associations between
changes in the DASH score and changes in MRI-determined SAT volume (cm®) over 5 years (n = 87); C, Associations between the baseline MRI-
determined VAT volume (cm®) (n = 293); D, Associations between changes in the DASH score and changes in MRI-determined VAT volume (cm®)
(n = 87) over 5 years; E, Associations between the baseline MRS-determined HLC (%) (n = 318); F, Associations between changes in the DASH
score and changes in MRS-determined HLC (%) (n = 106) over 5 years in individuals with type 1 diabetes and type 2 diabetes from the GDS.
DASH, Dietary Approaches to Stop Hypertension; GDS, German Diabetes Study; HLC, hepatic lipid content; MRI, magnetic resonance imaging;
MRS, magnetic resonance spectroscopy; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

decreases in their DASH scores of more than 5 points displayed the
highest increases in VAT over the 5-year follow-up period (Figure 1D).

Changes in BMI explained 16% and 48% of the association
between changes in the DASH score and VAT in people with T1D and
T2D, respectively. The proportion mediated by a change in WC was
8% in people with T1D and 32% in those with T2D. Changes in
Adipo-IR explained 2% of the association between changes in the
DASH score and VAT in those with T2D (Table S5).

3.4 | Hepatic lipid content

There was an inverse association between higher baseline DASH
score and HLC, especially in people with T2D (Table 2). Further
adjustment for baseline BMI strengthened these associations (per
5 points, —1.5% [-2.7; —0.3]). The association was linear, while for
people with T1D, a non-linear inversed U-shaped relationship was
present (Figure 1E).
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TABLE 3 Associations between changes in the DASH score and changes in SAT volume, VAT volume and HLC over 5 years of follow-up in
individuals with type 1 diabetes and type 2 diabetes from the GDS (n = 111)

A e Type 1 diabetes Type 2 diabetes
Model 1 Model 2 Model 1 Model 2
SAT (em®)
N 45 42
DASH per 5 points increase —1371 (-3535; 793) —1329 (—3412; 754) —316 (—1325; 695) —493 (-1210.9; 226)
VAT (cm?)
N 45 42
DASH per 5 points increase —521(—1043; 1) —402 (-861; 55) —295 (—730; 1340) —514 (—800; —228)
HLC (%)
N 47 59
DASH per 5 points increase —1.2(-3.3;0.9) —-0.0(-1.2;1.2) -0.2(-2.1;1.8) —-1.3(-2.8;0.3)

Note: The table presents B estimates and 95% confidence intervals. Model |: adjusted for age (y) and sex (men/women); Model II: Model | + smoking status
(never smokers/current smokers/former smokers), physical activity index (continuous), socioeconomic status index (continuous), energy intake (continuous,
kcal/day), alcohol intake (continuous, g/day), baseline DASH score, treatment of diabetes (no/dietary advice/pharmacological, only in the type 2 diabetes
group) and baseline SAT volume/VAT volume/HLC. SAT volume and VAT volume were assessed by magnetic resonance imaging and HLC by magnetic

resonance spectroscopy.

Abbreviations: DASH, Dietary Approaches to Stop Hypertension; GDS, German Diabetes Study; HLC, hepatic lipid content; SAT, subcutaneous adipose

tissue; VAT, visceral adipose tissue.

A 5-point increase in the DASH score over 5 years was associated
with a decrease in HLC in people with T2D, but the 95% Cl includes a
null value (—1.3% [-2.8%; 0.3%]). No association was found among
participants with T1D (Table 3). There was no evidence of non-
linearity in either group (Figure 1F).

In people with T2D, BMI
WC changes 54% of the association between changes in DASH

changes explained 67% and

score and changes in HLC. Changes in Adipo-IR mediated 47% of
the association between changes in DASH score and in HLC
(Table S5). Mediation analysis was not calculated for the T1D
group, because no association was evident between DASH and
HLC changes.

3.5 | Sensitivity analyses

We found no clear differences by sex. For T2D, there was an indica-
tion of a stronger inverse association between the baseline DASH
score and HLC in women compared with men; however, the 95% Cls
overlap (Table Sé). Analyses of changes in single DASH-components
intake indicated positive associations between increased sodium
intake and increased SAT, VAT and HLC in T2D (Table S7). A 50-g
increase in red and processed meat consumption was associated with
an increase in SAT. Conversely, a 10-g increase in the intake of nuts
and legumes was associated with decreased SAT and VAT. A 50-g
increase in consumption of vegetables primarily contributed to
decreased HLC in people with T2D. Additionally, a 50-g increase in
whole-grain bread intake was associated with increased SAT in people
with T2D.
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4 | DISCUSSION

Higher baseline adherence to the DASH diet was associated with
favourable body fat distribution, particularly HLC in people with T2D.
Changes over time showed that decreases in DASH diet adherence
were associated with increasing adipose tissue volumes, This observa-
tion was most evident for VAT changes in people with T2D. Changes
in BMI, WC and Adipo-IR partly mediated associations between
changes in the DASH score and SAT, VAT and HLC changes. As
expected, the associations between adherence to the DASH score
and SAT, VAT and HLC were stronger in individuals with T2D com-
pared with those with T1D. Interestingly, an inverse association
between baseline DASH score adherence and HLC was also present
in individuals with T1D, highlighting the importance of dietary man-
agement in this group as well.

The adherence level to the DASH score in the GDS cohort was
comparable with that observed in studies of the general popula-
tion.14#3334 participants in the GDS reported slightly higher whole-
grain bread intake and lower salt intake, while their intake of energy,
red and processed meat, as well as fruit and vegetables, was similar to
that of the general population.?%35-37

Qur findings align with previous studies involving diabetes-free
populations. Individuals with and without metabolic dysfunction with
higher DASH adherence had a 7% lower probability of visceral obesity
and 0.2% lower HLC.**** In another study, participants with the high-
est DASH scores were 30% less probable to have MASLD, although
this association diminished after BMI adjustment.”® In our cross-
sectional analyses, adjustment for BMI partially influenced the associ-
ations with all outcomes. Furthermore, a randomized controlled trial
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involving individuals with MASLD showed that the DASH diet led to
greater HLC improvements compared with the control group.®*

Contrary to expectations and previous studies,”? we observed an
imprecise but positive association between baseline DASH score and
SAT in people with T2D. However, because 97% of participants with
T2D in the highest DASH score tertile reported recent dietary
changes, we suspect that this result is attributable to reverse causality.
Newly diagnosed individuals who are additionally obese may have
changed their diet, but the duration of the changes may not
have been long enough to already affect the SAT. However, over a
5-year period, despite imprecise estimates of the results, the direction
of the association between the DASH score and SAT reversed, sug-
gesting a favourable association between the DASH score and SAT
over the long term in people with T2D. On the other hand, an inverse
association was found between higher baseline DASH score and HLC
in people with T1D and in those with T2D. This may suggest that the
recent dietary changes are most quickly noticeable in HLC. Consistent
with this, a previous study showed that, after caloric restriction,
hepatic triacylglycerol content decreased by 30% during 1 week and
continued to decline throughout 8 weeks.**

A recent study on the general population found that the effect of
the dietary inflammatory index on MASLD was mediated by changes
in BMI by up to 89%.** In our study, the proportion mediated by BMI
or WC changes ranged from 8% to 83%. These findings indicate that
BMI and WC changes partly mediate the association between
changes in DASH score and in SAT, VAT and HLC; however, other
direct mechanisms might still influence these associations. In this con-
text, our analysis showed that, in people with T2D, improved Adipo-
IR mediated 2%-5% of the association between DASH and VAT and
SAT changes. Also, 47% of the association between changes in DASH
score and HLC could be explained by Adipo-IR changes, indicating
that improvements in adipose tissue insulin sensitivity may play an
important role in the investigated association.””

Further speculations are that stronger adherence to the DASH
diet indicates adopting a healthier lifestyle, contributing to lower HLC
and VAT. However, our analyses accounted for various confounders,
like physical activity, smoking and alcohol intake. It is commonly
hypothesized that the beneficial effects of a healthy diet are primarily
a result of reduced calorie intake and subsequent weight loss. How-
ever, our analyses adjusted for energy intake and changes in BMI and
WC did not fully explain the observed associations with DASH score.
Several DASH diet-components can explain direct mechanisms under-
lying the observed associations. Whole-grain intake may positively
impact SAT, VAT and HLC by stimulating gut microbiota and produc-
ing short-chain fatty acids.*® Interestingly, our analysis in people with
T2D revealed a positive association between increased whole-grain
bread intake and increased SAT levels. This result is surprising,
because evidence exists on the beneficial association between whole-
grain bread intake and the incidence of diabetes and cardiovascular
diseases.”” Antioxidants, which are obtained from fruit and vegeta-
bles, as well as nuts and pulses, influence adiposity and liver health by
inhibiting adipocyte differentiation and enhancing the oxidation of

fatty acids.”® Reduced red and processed meat consumption is related
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to a lower intake of saturated fat, nitrates, trimethylamine N-oxide
and advanced glycation end products, and can reduce the accumula-
tion of VAT and liver lipids, as well as improve insulin resistance, dys-
glycaemia and inflammation.*” "> Sodium intake is associated with
higher serum C-reactive protein and tumour necrosis factor-a levels
and promotes endogenous fructose production.”? $SBs containing
refined sugars stimulate de novo lipogenesis and deposition of liver
triglycerides, leading to hepatic steatosis.”” Although these are all sug-
gested mechanisms of action, it is not possible to distinguish which of
the DASH components are the most important. Furthermare, future
studies are warranted to confirm the beneficial health impacts of the
DASH diet in people with diabetes.

Our study has several strengths. The GDS cohort includes partici-
pants with a defined diabetes duration since diagnosis who under-
went comprehensive phenotyping, including non-invasive gold
standard assessment of SAT, VAT and HLC by MRI and MRS. Addi-
tionally, we examined the potential mediating effects of BMI, WC and
Adipo-IR on the associations of interest. However, limitations should
be acknowledged. First, this was an observational study, limiting con-
clusions on the causality of the observed associations. Additionally,
although we adjusted for important confounding factors, residual con-
founding cannot be excluded. Second, in the cross-sectional analyses,
lifestyle changes prompted by the diabetes diagnosis may not have
yet impacted the outcomes studied, potentially leading to an underes-
timation of the associations examined. Third, because diet was
assessed via self-reports and misclassification, over- and under-
reporting cannot be ruled out. Participants may have reported their
intake based on diabetes-related recommendations received during
medical consultations, rather than their true intake, This inference is
supported by the positive association between the baseline DASH
score and SAT. Fourth, because the GDS is an ongoing study, dietary
follow-up and imaging data were not available for all participants. The
sample size for the analyses of changes was small, which also limited
possibilities for further sensitivity analyses. Furthermore, the 5% Cls
for some of our results were wide, reflecting the potential limitations
of our sample size. Finally, our findings may not be generalizable to all
individuals with diabetes because of potential selection bias resulting
from the comprehensive GDS protocol and its exclusion criteria.

In conclusion, via cross-sectional analysis, the current study
shows that the DASH diet is beneficially associated with HLC in peo-
ple with newly diagnosed diabetes. In the long term, people with T1D
and those with T2D can derive benefits from a shift to a DASH-style
diet by experiencing improvements in VAT; additionally, those with
T2D may derive benefits in relation to HLC. Changes in BMI and WC
partially explain these associations, and improved Adipo-IR in T2D
appears to play an important role in the association between changes
in the DASH diet and HLC.
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Chapter 6

Discussion

6.1 Key findings

The projects included in this dissertation were designed to address four research aims, with the
objective of providing further insights and strengthening the evidence on the relationship

between dietary aspects and both prevention and management of diabetes mellitus.

In summary, findings of this thesis show that:

1. Circulating FAs play a role in the development of T2D. Our findings provide robust evidence
that higher concentrations of specific SFAs (15:0, 17:0), MUFA (18:2), and PUFAs (20:3,22:6)
in PPL and RBC are associated with a lower risk of T2D. In contrast, elevated levels of MUFAs
(16:1n-7, 18:1n-9) and n-6 PUFAs (y-20:3, y-18:3, 20:4) in PPL and RBC were linked to a
higher relative risk of T2D. Thus, implicating, that consideration of specific FAs within larger
FAs groups (i.e., SFAs, MUFAs or PUFAs) is crucial. Furthermore, biospecimen-specific
analyses aligned with results across combined biospecimens but demonstrated stronger
associations for measurements in PPL and RBC, underscoring the importance of biospecimen

selection in FA-T2D risk assessment. (Chapter 2 (130))

2. The effectiveness of dietary factors on health outcomes in the population with T2D has been
extensively investigated. Although a broad range of dietary factors has been evaluated, high
CoE supports liquid meal-replacement strategies for clinically meaningful changes in body
weight and BMI, as well as carbohydrate restriction to <26% of total energy for improvements
in HbAlc and triglycerides. Beyond energy restriction, individuals with T2D can choose
between plant-based, Mediterranean, low-carbohydrate, and high-protein dietary patterns based

on their preferences to achieve improvements in cardiometabolic health. (Chapter 3 (131))

3. Regarding long-term health outcomes, current evidence shows that intake of fish, whole
grain, fiber and n-3 PUFAs is linked to lower risk of all-cause mortality in people with T2D.
Increased consumption of vegetables and plant-based protein also appears to be beneficially
associated with all-cause mortality risk, although further studies are needed to confirm this.
Conversely, intake of animal-based protein, and accordingly of eggs and cholesterol, should be

limited. Overall, associations between various dietary factors and mortality appear to be more
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pronounced in people with T2D, compared to general population, highlighting the need for
further research in this population and the development of tailored, population-specific dietary

guidelines. (Chapter 4 (132))

4. The DASH diet represents a promising dietary approach for managing adipose tissue
distribution in both T1D and T2D. Increasing adherence to the DASH diet was particularly
associated with reductions in VAT and HLC in individuals with T2D, while weaker inverse
associations were observed in TID. Notably, the improvements in HLC can occur
independently of weight loss, as BMI and waist circumference changes accounted for a
maximum of 67% and 54% of the observed associations, respectively. Additionally, Adipo-IR
explained 47% of the DASH-HLC relationship in those with T2D, highlighting a key
mechanistic pathway. (Chapter 5 (133))

6.2 Diet in prevention and management of T2D: bridging evidence
and practice

Overall, we demonstrated that different dietary strategies can lead to comparable improvements
across a broad spectrum of cardiometabolic risk factors. Robust evidence supports calorie
reduction through meal replacement, as well as plant-based, carbohydrate-restricted, and high-
protein diets. Additionally, supplementation with soy protein, probiotics, psyllium, ginger, and
anthocyanins has shown beneficial effects on anthropometric measures, blood lipid profiles,
glycaemic control, and blood pressure. In terms of all-cause mortality risk, robust evidence
supports higher intake of fish, whole grain, fiber and n-3 PUFAs.

Among these dietary approaches, carbohydrate restriction stands out as particularly effective.
This dietary pattern has been studied most extensively and provides the most robust evidence
of its benefits across multiple metabolic parameters (Chapter 3). However, body of evidence is
still low to support low-carbohydrate diet for all-cause mortality risk reduction (Chapter 4). The
quality of carbohydrates consumed seems to be important as well, as higher whole grain and
fiber intake were associated with beneficial health effects (Chapter 3 and 4). Additionally,
increasing fiber consumption, and following a low glycaemic index diet appear to be a common
denominator in strategies for both the prevention and management of T2D (45, 134). However,
the evidence for beneficial association between overall low-cabrohydrate diet and T2D risk is
very low (45).

In terms of protein intake, contrary to current diabetes management guidelines, the robust

evidence in our umbrella review supporting higher protein intake for blood lipid control offers
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new insights into dietary management of diabetes (Chapter 3). However, theoretically,
increasing protein intake while keeping total energy intake constant could also reflect a lower
carbohydrate diet. Furthermore, when recommending higher protein intake, the source of
dietary protein seems to be crucial. We found beneficial associations for plant-based protein in
terms of all-cause mortality, while higher risk was observed for higher egg and animal-based
protein intake. Furthermore, replacing 2% energy from carbohydrates with 2% energy from
plant-based protein was associated with 24% lower mortality risk, while no association was
observed for replacement with animal-based protein (Chapter 4). In addition, a recently
published study showed that higher adherence to a plant-based diet was linked to lower the risk
of all-cause, CVD and cancer mortality in NHANES participants with diabetes (135). A
consistent picture also emerged from our umbrella review, with plant-based and soy protein
supplementation showing a beneficial effect on anthropometric measures and blood lipid levels
(Chapter 3). Beneficial effect of plant-based protein was also evident in meta-analyses of RCTs,
where replacement of animal with plant protein lowered HbA1, fasting glucose and insulin in
people with diabetes (136). Also, for T2D prevention, following a vegetarian diet, increasing
intake of vegetable fat and berries was associated with lower risk of T2D (45). Furthermore,
higher intakes of total and animal protein, red and processed meat, eggs, and cholesterol were
associated with an increased risk of T2D, while plant protein intake was inversely associated
(45).

Consistently with current diabetes management guidelines (91), a low-fat diet did not appear to
be the optimal approach for individuals with T2D, as it only results in minimal and clinically
insignificant improvements in blood lipid profiles (Chapter 3). We also found no association
between higher SFAs intake and all-cause mortality risk (Chapter 4). In contrast, fat quality
seems to play a more important role. Our results suggest cardio-protective effects of n-3 PUFAs
supplementation in reducing the risk of major adverse cardiovascular events, a positive effect
of PUFAs supplementation on glycaemic parameter (Chapter 3) and strong evidence on
beneficial association between higher n-3 PUFAs intake lower risk of all-cause mortality
(Chapter 4). Although current guidelines for diabetes prevention recommend diets high in
MUFAs (137), dietary intake of MUFAs and PUFAs was imprecisely but positively associated
with T2D risk (138). However, our findings indicate beneficial effects of long-chain n-3
PUFAs, as we observed inverse associations between their circulating concentration and T2D
risk (Chapter 2). This discrepancy may be due to confounding in dietary intake studies, such as
cooking methods (e.g., deep-frying) (139). Moreover, as our study shows, specific FAs within
broader FA categories (e.g., SFAs, MUFAs, or PUFAs) can have different associations with
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T2D risk. This may explain why studies evaluating entire FA groups often yield weaker or
imprecise associations.

In summary, a coherent picture emerges regarding optimal dietary strategies for individuals
with T2D. Caloric reduction should be prioritized for those with overweight or obesity. Beyond
this, individuals with T2D should focus on reducing carbohydrate intake while simultaneously
paying attention to the quality of carbohydrate consumed, choosing mainly whole grain
products and increasing dietary fiber consumption to lower the glycemic index of their diet.
Additionally, protein intake, particularly from plant-based sources such as soy, appears to be a
crucial dietary component. Given the strong evidence supporting the benefits of ginger,
almonds, and anthocyanins, as well as adverse associations for animal-based protein, egg and
cholesterol intake with all-cause mortality risk, a general emphasis on consuming a more plant-
based diet represents a promising approach to improving metabolic health and reduce the risk
of premature mortatliy among people with T2D. Additionally, focusing on fat quality instead
lowering overall fat intake can be beneficial. These recommendations seem to be universal for
both prevention and management of T2D. Furthermore, shifting recommendations to dietary
pattern level, the DASH diet seem to be a promising approach for both T2D prevention and
management (45) (Chapter 5) and potentially for premature mortlity risk reduction in people
with T2D (Chapter 4). Many of its individual components - such as fruit, vegetables, nuts and
legumes, dairy products and whole grains - align with the overall picture of diet for which we
identified robust evidence of benefit. Additionally, its emphasis on reducing sodium intake and
increasing potassium-rich foods may further contribute to improved blood pressure regulation,
an essential consideration for individuals with T2D (140).

Finally, given the variety of effective dietary strategies available, individuals with T2D should
select an approach that best aligns with their personal preferences and lifestyle, whether through
a structured dietary pattern or a focus on macronutrient composition. Prioritizing individual
preferences may enhance long-term adherence, ultimately contributing to sustainable health

improvements (33, 76).
6.2.1 Limited evidence of popular dietary approaches

Despite the robust evidence supporting several dietary approaches, not all emerging diets have
shown consistent benefits. For example, recent trends like the ketogenic diet and intermittent
fasting have raised interest, but current evidence from systematic reviews and meta-analyses of
RCTs remains insufficient to confirm their effectiveness in diabetes management. For
intermittent fasting, a modest reduction in body weight of about 2 kg was observed, but there

was no effect on HbA lc, with both outcomes showing very low CoE. The ketogenic diet led to

73



a reduction of about 3 kg in body weight, a decrease of 0.6% in HbAlc and a reduction of 0.2
mmol/mol in triglycerides. However, the CoE was ranging from low to very low. The small
sample sizes in these studies (fewer than 400 participants) were a major reason for downgrading
the CoE. Consequently, the low to very low robustness of evidence for both diets indicates that
these estimates may change with the inclusion of future studies, making it difficult to draw firm
conclusions about their benefits for diabetes management. Further research is needed to clarify
their potential role.

At the same time, evidence on the health impact of well-established dietary patterns, like the
Mediterranean or DASH diet, on T2D management is very limited. In our systematic review
with meta-analysis, we identified three studies on Mediterranean diet adherence and two on
DASH diet adherence in relation to all-cause mortality in individuals with T2D (Chapter 4).
We did find inverse associations between these two dietary patterns and all-cause mortality
risk; however, the CoE for these results was very low. This was mainly due to insufficient
adjustment for important confounders, such as diabetes duration or treatment, and imprecise
estimates. In our umbrella review, the Mediterranean diet showed no beneficial effect on body
weight reduction, with the only robust finding being an improvement in triglyceride
concentrations (Chapter 3). Another systematic review with meta-analysis reported inverse
associations for both Mediterranean and DASH diets with cancer risk among people with T2D,
although the CoE was similarly rated as low to very low (141). Notably, we did not identify
any studies evaluating the health impact of vegetarian, vegan, or planetary health diets on
mortality risk in individuals with T2D (Chapter 4). Understanding the health effects of these
dietary patterns is increasingly important, as modern dietary recommendations must address
not only health but also environmental sustainability (142). Furthermore, evidence on the
associations between dietary patterns and other diabetes-related health outcomes - such as CVD
or neurodegenerative disorders - is largely lacking.

A similar gap exists at the level of specific food groups. While there is a substantial body of
evidence supporting the role of different foods in T2D prevention (45), evidence on their
association with health outcomes in individuals with T2D is limited. We identified a sufficient
number of primary studies to conduct meta-analyses and evaluate the CoE for several food
groups; however, evidence regarding the intake of other important foods, such as specific dairy
products (milk, yogurt, cheese), meat (white meat, red meat), legumes, white or fatty fish, and
potatoes and all-cause mortality risk in T2D remains unstudied. In a recent systematic review
and meta-analysis on dietary factors and cancer outcomes in individuals with T2D, no meta-

analyses could be conducted for any food group or item due to the limited number of available
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studies (141). Consequently, also associations for food groups and outcomes such as cancer,
but also CVD, and neurodegenerative disorders in people with T2D remain unclear,

underscoring a critical need for further research.
6.2.2. Does one size fit all?

Results of our systematic-review and meta-analysis consistently indicate stronger associations
between dietary factors and all-cause mortality risk in people with T2D compared to general
population (Chapter 4). For example, we observed a 13% lower risk of all-cause mortality per
0.1g/ day of n-3 PUFAs, whereas a 7% lower risk per 0.1g/ day of n-3 PUFAs was reported in
a general population (143). Similarly, Jayedi et al. found a 14% lower risk of all-cause mortality
when comparing higher vs lower fish intake in people with T2D (90), while the corresponding
risk reduction in the general population was 6% (143). Furthermore, meta-analyses of RCTs
also pointed to larger effects in population with T2D. In our umbrella review, a 10% reduction
in carbohydrate intake led to a 1.34 kg body weight reduction after 6-12 months, whereas in the
general population with overweight or obesity (Chapter 3), the same 10% reduction in
carbohydrate intake resulted in a 0.64 kg body weight reduction after 6 months (144). Stronger
diet-health associations in people with T2D may reflect their elevated risk profile, characterized
by insulin resistance, chronic inflammation, and adiposity (2), which may allow for greater
improvement when adhering to a higher quality diet. These findings underscore the importance
of dietary management for treatment and secondary prevention in individuals with T2D, while
also suggesting that a 'one-size-fits-all' approach may not be appropriate and that results from
the general population may not always be directly applicable to this group. As a consequence,
there is a need to fill this evidence gap and develop evidence-based, population-specific dietary
guidelines.

Beyond the population-level differences described above, recent research has increasingly
drawn attention to the substantial heterogeneity among individuals with T2D. Variability in risk
factors and underlying pathophysiology contributes to differences in preclinical abnormalities,
comorbidities, and complications observed at T2D onset. Disease progression and complication
risk were shown to vary between individuals with T2D, even when glycaemic control levels are
similar (145). Studies using clustering approaches have demonstrated differences among
specific groups of people with T2D regarding their risk of developing complications (146-148).
At the same time, classification based on simple clinical characteristics, such as age at
diagnosis, presence of obesity, and glycaemic control (149-152), has also revealed differences
in mortality, chronic kidney disease, retinopathy, cardiovascular disease, and heart failure risk

(150), and could predict responsiveness to lifestyle interventions (152). Therefore, although not
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implemented in this work, identifying high-risk subgroups of individuals with T2D who
respond differently to lifestyle and dietary interventions is of major public health interest and
should be addressed in future studies. Subgroup identification may enhance precision nutrition
by targeting those most likely to benefit from specific interventions, while integrating
personalised risk profiles with tailored advice could improve intervention effectiveness, support

behavioural change, and promote cost-effective outcomes (153).

6.3 Complexities of dietary biomarkers

Studies examining dietary intake often point to contradictory findings compared to biomarker-
based studies. Based on examples from this dissertation, higher fish consumption - a key source
of n-3 PUFAs - has been linked to increased T2D risk, particularly in women, and a meta-
analysis of 16 cohorts found that dietary EPA and DHA intake was associated with higher T2D
risk (138, 154). In contrast, our study observed robust inverse associations between circulating
long-chain n-3 PUFAs and T2D (Chapter 2). Similarly, the imprecise associations between o-
linolenic acid (a-18:3) and T2D in our study contrast with findings on its dietary sources (155).
Foods like walnuts and flaxseeds, rich in a-linolenic acid (a-18:3), also contain fiber,
magnesium, and phenolic compounds, which may mediate the associations seen in dietary
studies (156). The lack of association in our study may be due to limited endogenous conversion
of a-linolenic acid (a-18:3) to long-chain n-3 PUFAs (157). Another contradiction is present
for MUFAs: although intake of MUFA-rich foods (e.g., nuts, seeds, olive oil) has been inversely
associated with T2D (45, 138, 158, 159), we found positive associations between circulating
oleic acid (18:1) and total MUFAs and T2D. This may reflect endogenous synthesis of oleic
acid (18:1) via DNL or elongation from SFAs (e.g., 16:0 and 18:0) (69, 160). These differences
highlight the inherent limitations of dietary data collection.

The associations observed for self-reported dietary intake of a specific food or food compund,
may be confounded by other bioactive compounds present in the same dietary source. However,
also in the case of objectively measured concentration of a given biomarker, interpretation is
not straightforward and their concentration may not solely reflect the dietary intake. For
example, serum calcium measurement may also be influences by the albumin concentration, as
a large fraction of circulating calcium is bound to albumin (161). In case of FA biomarkers,
endogenous synthesis, particularly via DNL, complicates the interpretation of circulating FAs
as dietary biomarkers. DNL converts dietary starch, sugar, and protein into lipids, primarily
producing palmitic acid (16:0), which can be elongated to stearic acid (18:0) or desaturated to

palmitoleic acid (16:1n7) and further to oleic acid (18:1) (62). Furthermore, DNL is also
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influenced by various factors, including high alcohol intake, high-glycaemic carbohydrates
(which promote it), and coffee or n-6 PUFA intake (which suppress it), as well as sleep, meal
frequency, and physical activity (61, 62, 162-164). Similarly, odd-chain FAs, once considered
good markers of dairy intake, are now known to be influenced by fiber, branched-chain amino
acids, and fish oil intake (165). Therefore, it remains unclear to what extent the associations
observed in our study, especially for SFAs and MUFAs, can be attributed to dietary intake or
to endogenous synthesis. Perhaps a new broader perspective may be necessary - interpreting
certain FA patterns as lifestyle markers. For example, elevated palmitic acid (16:0) and stearic
acid (18:0) may reflect unhealthy habits like high alcohol/sugar intake and low physical activity,
while higher odd-chain FAs may indicate a healthier, fiber-rich diet and distinct gut microbiota
(165, 166).

Additionally, although biomarkers offer an objective assessment of dietary exposure compared
to self-reported data, their reliability may be limited when based on a single measurement, as it
may not adequately capture long-term dietary patterns or account for within-person variability,
just as in case of self-reported data (54). Several studies have demonstrated that blood FA levels
can fluctuate over time, and a single measurement may not accurately reflect long-term status.
Notably, correlations between two circulating FA measurements taken three years apart were
higher than those between measurements taken 15 years apart (167, 168). Moreover, even if an
individual’s dietary FA intake remains stable, policy-driven changes in the FAs composition of
available foods can lead to shifts in circulating FAs levels over time (169). This problem is also
relevant for other biomarkers, for instance serum folate concentration is rather considered an
indicator for recent folate intake and cannot be used to differentiate between deficiency states
(170). Similarly, urinary sodium intake is a good measure of short-term sodium intake but its
excrection is as variable as intake itself and seasonal variation has been observed as well (54).
This highlights the need for cautious interpretation of biomarker measurements at single time
point in epidemiological studies, as well as the need for future studies taking changes in
biomarker concentration over time.

Furthermore, intercorrelations among specific FAs complicate the isolation of individual FA
effects on disease risk. For example, associations between trans-palmitoleic acid (t-16:1n7) and
T2D risk were attenuated after adjusting for other trans-FAs, while the association between
linoleic acid and T2D weakened after adjustment for DNL-related FAs (171, 172). Emerging
multi-omics approaches - including lipidomics, proteomics, and integrative analyses - aim to
overcome the limitations of traditional dietary assessment by capturing a broad spectrum of

molecular markers. Given the complex mixture of bioactive compounds in foods that may act

77



synergistically, omics can offer a more nuanced understanding of dietary exposures and their
biological effects. By reflecting the molecular signatures of specific foods or dietary patterns,
these profiles enhance specificity and reduce misclassification (173). For instance, a recent
study developed a lipidomics-derived score based on 45 lipid metabolites using data from a
RCT that replaced SFAs with unsaturated fats (174). This score, reflecting lower SFA and
higher plant-based unsaturated FA intake, was associated with a 20-30% reduced risk of T2D
and CVD in prospective cohorts. Notably, these associations were stronger than those seen with
conventional markers, suggesting greater cardiometabolic benefits from improved fat quality
than previously thought. Thus, omics approaches provide deeper insights into the biological
responses to diet - including absorption, metabolism, and systemic effects - and hold promise
for advancing nutritional epidemiology by addressing key limitations of traditional methods

(173).

6.4 Weaker dietary associations in persons with T1D

With regards to persons with T1D, DASH diet seems to be beneficially associated with adipose
tissue distribution in our work (Chapter 5); however, observed associations were weaker than
in persons with T2D. One could argue that this can be caused by differences in pathophysiology
of these two diabetes types or by the intense insulin therapy in those with T1D. The more stable
metabolic state typically seen in T2D could make diet-induced changes in fat distribution more
evident in this group. Additionally, individuals with T1D may experience greater glycaemic
variability, which may obscure the relationship between diet and fat distribution (175). Another
possible explanation for the weak associations observed in this thesis could be the fact that
participants with T1D were newly diagnosed, more than half of having a normal body weight
and HLC ranging from 0.4 to 0.2%, which is within the normal range (176). As a result, no
substantial improvements may have been observed with increased adherence to the DASH diet.
Nevertheless, dietary approaches are still an important element of T1D management. For
example, a RCT with individuals with TID and metabolic syndrome showed that both,
Mediterranean and low-fat diet were effective in improving anthropometric measures, such as
waist circumference and BMI over 6 months intervention (177). Another study showed that
adults with T1D meeting Canadian nutrient recommendation and Mediterranean diet score had
a lower truncal fat percentage (18% vs 32%) (178). Furthermore, in a study on youth (<20
years) with T1D, an increase in DASH diet score was associated with a decrease in HbAlc

levels by 0.2% (179). Finally, higher adherence to DASH, Mediterranean diet and Healthy
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Eating Index score were inversely associated with incident microalbuminuria in young adults
with T1D; however, associations diminished after adjustment for HbA1c levels (180).

Recently, a systematic review and meta-analysis of RCTs on dietary patterns and glucose
control outcomes in T1D was published (181). Interventions focused on carbohydrate
restriction and increased dietary fiber intake led to improvements in time in range - a key metric
reflecting the percentage of time blood glucose levels remain within the target range - and
reductions in HbAlc, both supported by moderate CoE. Interestingly, low-carbohydrate diets
did not affect HbAlc levels in T1D, in contrast to the robust evidence observed for HbAlc
improvements with low-carbohydrate diets in people with T2D in our study (Chapter 3). Zeng
et al. suggest that the lack of effect in T1D may be due to the short duration of most
interventions, with the majority lasting less than three months, which can be insufficient to
detect meaningful changes in HbAlc (181). Furthermore, no effects of Mediterranean diet on
HbAlc were observed in individuals with T1D, while our umbrella review pointed to 0.3%
reduction in HbAlc level with this dietary pattern (Chapter 3). The absence of an effect from
high-protein diets on HbAlc in T1D aligns with findings from our analyses in T2D populations.
Other dietary patterns - such as higher-protein, low-glycaemic index, gluten-free, intermittent
fasting, and vegan diets - also showed no impact on glucose management in T1D (181).
However, the evidence supporting these findings was limited due to the small number of
available studies and potential benefits may become more apparent as research expands. For
example, components of the Mediterranean diet - such as its high content of unsaturated fats
and antioxidants - have been shown to improve insulin sensitivity and could potentially benefit
individuals with T1D as well (182, 183). Finally, recent studies have shown that overweight
and obesity are also becoming a problem among people with T1D, further highlighting the need

to investigate dietary interventions in this group (184).

6.5 Is it more than simply weight loss?

While the beneficial effects of lifestyle interventions are evident, the underlying mechanisms
are not completely understood. A key question in this context is whether these benefits,
including those from dietary changes, are primarily driven by weight loss and its consequent
effects on health outcomes, or whether improvements in diet quality alone are sufficient to
result in health benefits. Our study (Chapter 5) found that while changes in BMI and waist
circumference explained up to 67% of the changes in VAT and HLC associated with better
adherence to the DASH diet in individuals with T1D and T2D, a substantial proportion of these

improvements may be driven by mechanisms beyond weight loss - particularly metabolic
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adaptations such as enhanced insulin sensitivity. Specifically, changes in Adipo-IR accounted
for 47% of the association between DASH adherence and HLC in individuals with T2D.
Regarding existing literature, on the one hand, evidence from large trials, including the DIRECT
and the Look AHEAD trial, highlights weight loss through lifestyle interventions as the key
factor in reducing the risk of diabetes complications and achieving disease remission. In the
DIiRECT trial, 46% of participants achieved T2D remission at 12 months, defined as HbAlc
below 48 mmol/mol (6.5%) without medication, through a structured weight management
programme (185). Furthermore, a reanalysis of the Look AHEAD trial showed that participants
who lost at least 10% of their body weight had a 20% lower risk of CVD (33). Supporting these
findings, mechanistic studies in a sub-cohort of the DIRECT trial have shown that diabetes
remission is closely associated with the reduction of ectopic fat in the liver and pancreas. This
fat accumulation impairs organ function and contributes to B-cell failure - both of which appear
to be reversible, particularly in the early stages of T2D (43, 186). Consistent with this concept,
data from the Look AHEAD trial also showed that a 5% reduction in total body fat percentage
was associated with a 0.15% (95% C10.12; 0.18) decrease in HbAlc over the follow-up period
(187).

On the other hand, not all findings align with the idea that weight loss alone is the primary
determinant of diabetes or prediabetes remission. The Prediabetes Lifestyle Intervention Study
(PLIS) found that participants who achieved remission and those who remained prediabetic
after lifestyle treatment experienced similar weight loss. Instead, greater improvement in insulin
sensitivity were observed among participants who returned to a normal glucose tolerance state
(188). Similarly, also among people with T2D, remission was more closely linked to improved
insulin secretion (188). These findings suggest that improvements in insulin sensitivity and 3-
cell function may be more central to remission than weight loss itself.

Some evidence from observational studies further supports the idea that dietary effects on
metabolic health may not fully be explained by body weight changes. For instance, a study
using objective sucrose biomarkers showed that BMI explained only 16% of the association
between sucrose and diabetes risk (189). Likewise, data from the UK Biobank found that
overweight mediated just 10% of the observed 14% reduction in diabetes risk associated with
a Mediterranean diet (190). Furthermore, a systematic review and meta-analysis on
interventions based on carbohydrate-restricted diets in T2D management demonstrated
improvements in cardiometabolic risk factors even in the absence of caloric restriction,
emphasizing the potential for weight-independent benefits of dietary composition (191).

Additionally, nearly all studies included in our systematic review and meta-analysis on FA
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biomarkers and T2D risk adjusted for BMI, making observed associations independent from
overall adiposity (Chapter 2).

These findings highlight the complexity of the mechanisms linking lifestyle to diabetes
outcomes. While weight loss clearly improves health, metabolic improvements - particularly
enhanced insulin sensitivity - may be at least as important. This question has gained new
relevance with the widespread use of Glucagon-like peptide-1 receptor agonists (GLP-1 RAs),
which have shown impressive weight-loss effects through their appetite-suppressing effect and
are increasingly used both in T2D treatment and obesity management (192). However, their
real-world effectiveness often falls short of clinical trial results due to limited adherence,
treatment discontinuation, and the lack of representativeness of trial populations (193, 194).
Moreover, weight regain typically occurs after cessation of therapy (195). Importantly,
combining GLP-1 RAs with nutritional education led to greater weight loss and a higher
proportion of participants achieving >10% body weight loss after 2 years, compared with GLP-
1 RA treatment combined with standard care (196). Finally, similar effects of lifestyle
interventions and GLP-1 RAs on body weight and hepatic fat have been demonstrated in RCTs
in populations with MASLD (197).

In summary, although weight loss remains a critical component in diabetes prevention and
remission, emerging evidence suggests that it is not the only, or always the most decisive factor.
Improvements in insulin sensitivity, reductions in ectopic fat, and favourable changes in dietary
quality could benefit health independently of weight loss. Therefore, as the use of
pharmacological weight-loss agents increases, it is important to recognize that it may indeed be
more than simply weight loss, and sustainable diabetes remission requires lasting lifestyle

changes that improve metabolism.

6.6 Expanding horizons: are RCTs always the best choice?

Evidence from both observational and interventional studies was combined to answer the
objectives of this doctoral thesis. This approach allowed the investigation of broad, nutrition-
related questions that would have been difficult to address using a single study design.

The debate over whether both RCTs and prospective observational studies can provide reliable
results for decision-making has been ongoing for years (198). Although the GBD studies and
most dietary guidelines draw primarily on body of evidence from cohort studies, with RCT data
playing a secondary role, nutritional epidemiology in particular has been criticized for yielding
estimates of diet-related risks and benefits that may be less reliable (199). Interestingly, a recent

Cochrane review pointed to very little to no differences between the effect estimates from RCTs
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and observational studies addressing the same health-related study question (200). Similarly,
another study systematically compared bodies of evidence from RCTs and cohort studies on
nutrition-related questions and found only minor differences in effect estimates between the
two designs (201). However, wide prediction intervals and substantial statistical heterogeneity
across cohort studies suggest the possibility of bias or true underlying differences. Variations
in effect estimates may partly stem from how exposures or comparisons are categorized as
‘similar’ across RCTs and observational studies, despite, meaningful differences in factors such
as dosage or duration. The two study designs often also differ in terms of study populations.
For example, participants in RCTs investigating supplements like selenium often already have
adequate selenium levels (202, 203), whereas observational studies typically encompass
individuals with a broader range of selenium status (204). Consequently, risk estimates from
trials and cohorts may not be directly comparable. Notably, as shown by Schwingshackl et al.,
when the type of dietary intake or exposure was consistent across both study types, the effect
estimates aligned closely and showed low heterogeneity (201). Comparing our results (Chapter
2) with intervention studies on omega-3 FAs supplementation illustrates this point: we observed
an inverse association between circulating omega-3 FAs and T2D risk, whereas intervention
studies on diabetes prevention reported no effect (50), suggesting that differences in exposure
classification between study types may lead to divergent results. Comparing other results from
this work, i.e., systematic reviews and meta-analyses of RCTs on dietary treatment of T2D, was
not possible due to the very limited evidence available from observational studies on changes
in surogate markers in this population. Similarly, meta-analyses of RCTs investigating diet and
hard endpoints in people with T2D are rare, and prospective observational studies examining
various dietary exposures and outcomes in this population are also limited, as described in detail
in Chapter 6.2.1. Additionally, no RCT investigated effects of DASH diet on VAT, SAT or
HLC in people with T1D or T2D.

Typically, a common argument in favour of RCTs is that, due to the randomization process
accounting for unknown confounding factors causal effects can be established. Additionally,
RCTs are less prone to systematic errors and are therefore considered the gold standard.
Random allocation of participants into treatment arms reduces selection bias, blinding helps
prevent bias in outcome assessment, and the standardization of procedures and protocols across
intervention and control groups ensures consistency in how participants are treated. On the other
hand, observational studies evaluate the effectiveness of an exposure in real-world, non-

experimental settings at the population level and are generally considered to have a higher risk
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of bias - mainly due to unmeasured confounding or inadequate adjustment for known factors
(68).

However, depending on the question being studied, RCTs have limitations and observational
studies can be used to give an indication of the effectiveness of an intervention (205). This is
particularly relevant in the field of nutritional epidemiology (96). Studies investigating long-
term outcomes, such as the impact of an intervention on the incidence of T2D or its
complications, require prolonged follow-up periods or large study samples - both of which are
often challenging, resource-intensive, and financially unfeasible within the setting of an RCT.
For instance, in this thesis (Chapter 3), we identified only two meta-analyses of RCTs that
examined the effects of dietary factors on the incidence of complications or adverse events in
individuals with T2D (76, 206). Withouth involving evidence from prospective observational
studies, it would have not been possible to investigate associations on dietary factors and all-
cause mortality risk in T2D population (Chapter 4). On the other hand, when it comes to the
effects of diet on surrogate or clinical markers, RCTs offer a more feasible approach, as they
do not require large cohorts or prolonged follow-up and can provide results within a shorter
timeframe. However, in nutritional studies, participants’ awareness of being in a trial - even
when blinded, can lead to changes in lifestyle-associated behaviours. Additionally, fixed dietary
protocols or intensive follow-up schedules, may limit the generalizability of findings to real-
world settings. For dietary pattern or food-based interventions, double-blinding is not possible
because participants are aware of the dietary changes they need to make. Furthermore, creating
a true placebo group is challenging. If the intervention group is instructed to eat more
vegetables, it would be unethical to require the control group to avoid them entirely. Another
example is when the intervention group receives PUFA supplements - completely eliminating
these FAs from the diet of the control group is difficult, which may dilute the observed effect.
The fact that nutrients and foods are not consumed in isolation makes choosing a control group
even more challenging. Reducing one often leads to an increase in another in order to maintain
caloric balance. For example, lowering fat intake typically results in higher carbohydrate

consumption, and vice versa (96).
6.6.1 Balancing evidence from RCTs and observational studies

Although observational studies have their limitations, if well-conducted can significantly
contribute to current evidence. In fact, much of the current evidence in nutritional research is
derived from cohort studies (91). Therefore, findings from both RCTs and observational studies
should be considered for integration into clinical guidelines. Applying state of the art

approaches during evidence synthesis, as done in this work, enables direct comparison between
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observational and interventional study findings and facilitates the complementary integration
of evidence in contexts where a single study design may be insufficient. Due to the rigorous
assessment of study quality, presence of inconsistency and imprecision in the results, a
moderate CoE from observational studies is considered equivalent to a moderate CoE from
intervention studies.

As outlined in the introduction, the revised evidence hierarchy also reflects this perspective. It
emphasizes that systematic reviews and meta-analyses should not judge the validity of an effect
estimate solely based on study design. Instead, they should critically assess methodological
quality, risk of bias, and the overall certainty of the body of evidence (117). Correspondingly,
the new GRADE approach applied in this thesis addresses this issue suggesting a way to balance
and enable direct comparison of evidence from both RCTs and observational studies. When
considering evidence from non-randomized studies, the ROBINS-I tool should be used to assess
these studies' risk of bias (118). A newer version of this tool, ROBINS-E, has since been
developed specifically for evaluating non-randomized studies of exposures (207), but it was not
yet available when project described in Chapter 2 and 4 began. ROBINS-I tool encourages
reviewers to consider how the study would have been conducted in an ideal randomized setting.
If a non-randomized study is deemed to have a low risk of bias, it may be considered equivalent
to a well-conducted RCT. If ROBINS-I tool was used, initial starting point of CoE can be rated
as high, similar to meta-analyses based on RCTs. However, because residual confounding
cannot be entirely ruled out, meta-analyses of observational studies should generally be
downgraded at least by one level in the risk of bias domain (123). Nonetheless, if there is
evidence of a large effect size or a clear dose-response relationship, the CoE may be upgraded.
The rationale is that the larger the observed effect, the more unlikely it is that residual
confounding alone could explain it (123). This nuanced approach enables, at least theoretically,
the integration of evidence from both RCTs and observational studies in a single systematic
review. The GRADE Working Group has also provided guidance on when evidence from non-
randomized studies should be incorporated into guideline development (205). These include
situations where RCTs are unfeasible or unethical, when addressing questions related to
exposures (rather than interventions), when serious indirectness is expected from RCTs, or in
the case of urgent public health questions. In the context of this work, RCTs are often not
feasible for investigating long-term dietary effects on diabetes risk, its complications or
mortality risk; however, they can provide valuable insights when assessing effects on clinical
biomarkers. Moreover, when the available RCT evidence is of low or very low certainty, high-

quality observational data may strengthen the overall body of evidence.
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In fields such as nutrition and public health - where long-term exposures or complex behaviours
often limit the feasibility of RCTs - a rigorous yet flexible approach to evidence synthesis is
essential. Therefore, evidence coming from observational studies on diet and diabetes
prevention and management should not be inevitably subject to criticism or considered as
lower-quality evidence, as these studies provide valuable insights in areas where RCTs are not
implementable or realistic. Embracing tools such as ROBINS-I/E and updated GRADE
methods offer a path forward, enabling more balanced and transparent guideline development

that reflects the full spectrum of available evidence.
6.6.2 Clinical relevance of effect sizes in nutritional studies

Observed effect sizes also influence the overall CoE assessment. As mentioned above, large
effect sizes observed in the meta-analyses of observational studies can theoretically lead to an
upgrade of the CoE by one level (123). However, if a threshold for the minimal important
difference/ effect/ association is included within the 95% CI, the CoE should be downgraded
by one level for imprecision. This is because the CI does not exclude the possibility of a
clinically unimportant effect, making it difficult to determine whether an association truly
exists.

A large proportion of the evidence presented in this thesis has been downgraded due to the
inclusion of minimal important difference in the 95% Cls. At the same time, various dietary
strategies discussed above, were not punished for issues associated with imprecision, and
demonstrated robust effectiveness in improving cardiometabolic risk factors. However, despite
being rated as robust evidence, many of these results can be criticised for their clinical
relevance, or rather, their lack thereof. For instance, a body weight reduction of 5% has been
generally accepted as clinically meaningful for achieving health improvements. For individuals
weighing 80 to 100 kg, this corresponds to a weight loss of 4 to 16 kg. At this level of weight
reduction, improvements in glycaemic control have been observed (208), while changes in
blood lipids appeared after a 16% body weight reduction (209). In contrast, the Look AHEAD
trial, which included participants with existing diabetes, showed improvements in glycaemic
control already after body weight loss of 2-5% (210). Body weight reduction of 2.4 kg after
dietary interventions of duration between 12-52 weeks (211) or 1.3% percentage decrease in
HLC over 5-year follow-up period reported in this thesis may be perceived as minor. Especially
when compared to the reductions seen with GLP-1 RAs, which showed a 14 kg difference in
body weight over 12-78 weeks, compared to the placebo group (212). However, in this context
it is crucial to consider the nature of the comparator groups in nutritional studies. The control

groups in intervention studies or comparator groups in observational research are not entirely
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free from dietary factors that are included in the intervention or considered as an exposure, as
would be the case in drug studies. This often reduces the observed differences between groups
and leads to weaker effects or associations. Furthermore, because nutrition represents a lifelong
exposure, even modest changes can accumulate over time and result in substantial long-term
health benefits. What may appear to be small effect sizes in short-term studies should be
interpreted within the broader context of chronic disease prevention and management. Even
small changes in body weight, and consequently lipid profiles, or glycaemic control, when
sustained over time, can lead to long-term health benefits, thus calling for a more

comprehensive perspective when evaluating these effect sizes.

6.7 Strengths and limitations

A key strength of this doctoral thesis is the integration of multiple levels of evidence,
encompassing an umbrella review, systematic reviews with meta-analyses, and a clinical cohort
study. This thesis employed diverse study designs, including meta-analyses of both RCTs and
observational studies, while also incorporating advanced methodologies, such as mediation
analysis in a primary observational study. Mediation analysis allowed us to investigate which
mechanisms or metabolic pathways contribute most to observed associations. In the context of
T2D prevention, this thesis demonstrates that using specific biospecimens for FAs
measurement, such as PPL and RBC, can strengthen the validity of biomarker-based findings.
Moreover, rigorous evaluation of dietary interventions for T2D management, through critical
appraisal and comprehensive evidence synthesis, ensures that the conclusions drawn are both
reliable and applicable in clinical practice, supporting the development of evidence-based
recommendations. Furthermore, we summarized studies on the whole range of dietary factors
and all-cause mortality risk among people with T2D for the first time, thereby adding
substantial evidence on diet and long-term health outcomes. Additionally, we provide novel
insights into the role of dietary approaches, such as the DASH diet, in managing both T1D and
T2D, expanding the current understanding beyond weight loss alone.

However, several methodological limitations must be acknowledged. First, causal inferences
can only be derived from observational data under certain assumptions. Although most of the
important confounders has been considered, residual confounding cannot be ruled out.
Additionally, substantial proportion of studies on dietary factors and all-cause mortality in T2D
did not adjust for crucial confounders, such as diabetes duration, medication or energy intake.
Regarding exposure assessment, although validated dietary assessment tools were used, self-

reported data are inherently susceptible to biases such as underreporting, social desirability bias,
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and recall bias. Furthermore, although objective biomarkers for FA assessment circumvent
some limitations of self-reporting, their concentrations are influenced not only by dietary intake
but also by endogenous metabolic processes, thereby complicating the interpretation of
associations. Selection bias is another potential concern. Individuals who voluntarily participate
in both intervention and observational studies tend to be healthier and may not be fully
representative of the general population, which limits the generalizability of the results.
Furthermore, a key limitation of systematic reviews is its dependence on the quality and
comprehensiveness of the included studies. Finally, as discussed in Chapter 6.6, the design of
dietary intervention studies presents inherent challenges, particularly with respect to

randomization and blinding, which can introduce methodological limitations.

6.8 Implications for public health and future research

From a public health and T2D prevention perspective, our findings highlight the need to account
for differences in the associations between specific FAs within the same group, such as SFAs,
when shaping prevention strategies for T2D. Furthermore, since higher concentrations of odd-
chain FAs, linoleic acid, and long-chain n-3 PUFAs - which partially reflect dietary intake -
were beneficially associated with T2D risk, the general recommendation to lower total fat intake
for T2D prevention no longer seems accurate. On the other hand, the complex interpretation of
circulating FAs as biomarkers of dietary fat intake raises questions about direct integration of
these findings into dietary prevention guidelines of T2D. Thus, our results open a new
perspective and support shifting away from a reductionist focus on individual nutrients and
adopting a more comprehensive, systems-based approach that considers metabolic pathways,
overall dietary quality, and lifestyle factors in disease risk assessment and prevention.

With regard to dietary management of T2D, there is a range of evidence on the effectiveness of
various dietary approaches on cardiometabolic markers in this population. Persons with existing
T2D, beyond approaches focusing on energy restriction like liquid meal replacement diet, can
choose between dietary approaches like plant-based, Mediterranean, low-carbohydrate, and
high-protein diet. In terms of long-term health effects, like all-cause mortality, current evidence
supports higher intake of fish, whole grain, fiber and n-3 PUFAs. Overall, the available
evidence presents a consistent picture of what constitutes a healthy diet for both the prevention
and management of T2D. However, evidence on the associations between diet and various long-
term outcomes in individuals with diabetes - such as the incidence of diabetes-related
complications - and the health impacts of additional dietary patterns, including the Nordic diet,

Planetary Health Diet, or specific food groups (e.g., dairy products, legumes, meat, sugar, and
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artificially sweetened beverages) remains limited. To address these gaps, future long-term
studies conducted specifically in people with T2D are needed. Importantly, it is essential to
look beyond RCTs, as well-conducted observational studies, considering all potential
confounding factors and using validated tools, are also crucial for capturing real-world dietary
exposures and long-term associations. Finally, since diet is a key component in the management
of T1D as well, more research is needed in this area, especially with regard to the onset of long-
term complications.

Furthermore, the DASH diet, which can be seen as marker for higher dietary quality, shows
promise as another effective strategy for managing diabetes. Importantly, these benefits were
only partly due to weight loss, suggesting that improving dietary quality can have independent
positive effects on metabolic health. This highlights that adopting a healthy diet offers
advantages beyond simply losing weight, supporting its role as a valuable approach in diabetes
management alongside medical treatments. From a public health standpoint, emphasizing the
broad benefits of dietary improvements may encourage greater acceptance and motivation for
lifestyle changes. Future research should explore how diet quality and weight loss interact in
diabetes care, helping to refine guidelines and promote sustainable, holistic management

strategies.

6.9 Conclusions

Understanding the impact of diet on T2D requires a multifaceted approach - this doctoral thesis
integrates evidence from biomarker studies, RCTs and observational studies to inform
strategies for both prevention and management of the disease.

The findings highlight the relevance of FA biomarkers in the association with T2D risk and
enhance our understanding of the distinct role of individual FAs. Several dietary approaches
with robust evidence offer health benefits in people with T2D. Energy-restricted, plant-based,
Mediterranean, DASH, low-carbohydrate, and high-protein diets have been shown to improve
cardiometabolic markers, while higher intakes of fish, whole grains, fiber, and n-3 PUFAs have
been associated with lower all-cause mortality risk. However, while the body of evidence for
prevention of T2D through diet is relatively large and robust, more high-quality, long-term data
on dietary strategies for sustained dietary T2D and T1D management are still needed, as well
as on whether dietary recommendations for people with diabetes should differ from those for
the general population. Importantly, the findings also suggest that improvements in metabolic

health trough diet may not solely dependent on weight loss and that quality of the diet also
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DISCUSSION

matters. Emphasizing diet quality rather than calorie restriction can provide a more motivating
message for people with diabetes.

Taken together, this work highlights the crucial role of various dietary factors in the health of
people at risk of, or living with, T2D or T1D, and emphasizes the importance of integrating
evidence from intervention and observational study designs to inform dietary

recommendations.
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