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Zusammenfassung 
Der Einfluss von Nahrungsfetten auf das Risiko für Typ-2-Diabetes (T2D) ist unklar. Fettsäure 
(FA)-Biomarker könnten die Bioverfügbarkeit besser abbilden, da sie sowohl die Aufnahme als 
auch den Stoffwechsel erfassen. Ernährung ist ein zentraler Bestandteil des 
Diabetesmanagements. Doch da aktuelle Empfehlungen meist auf der Allgemeinbevölkerung 
basieren, ist ihre Übertragbarkeit auf Personen mit T2D fraglich. Auch die Evidenz zu 
Ernährungsmustern wie die DASH-Ernährungsweise (Dietery Approaches to Stop 
Hypertension) bei Typ-1-Diabetes (T1D) und T2D ist begrenzt, insbesondere hinsichtlich der 
Körperfettverteilung. Die Ziele dieser Arbeit waren, die Evidenz zu FA-Biomarkern und T2D-
Risiko, zur Effektivität von Ernährungstherapien sowie zu Zusammenhängen zwischen 
verschiedenen Ernährungsfaktoren und der Gesamtmortalität bei T2D zusammenzufassen. 
Darüber hinaus sollten neue Daten zur DASH-Ernährungsweise 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 durchgeführt.  
Wir haben robuste inverse Assoziationen zwischen bestimmten gesättigten (15:0, 17:0), n-3 
(20:5, 22:5, 22:6) und n-6 (18:2) mehrfach ungesättigten FAs (PUFAs) und dem T2D-Risiko 
festgestellt. Höhere Spiegel von einfach ungesättigten FAs (16:1n-7, 18:1n-9) und bestimmten 
n-6 PUFAs (γ-20:3, γ-18:3, 20:4) waren dagegen mit einem erhöhten Risiko assoziiert. Die 
Ergebnisse waren über alle Bioproben hinweg konsistent, mit den stärksten Assoziationen in 
Plasma-Phospholipiden und Erythrozyten. Bei der Ernährungstherapie von T2D zeigte sich eine 
robuste Evidenz für den Nutzen von Energierestriktion sowie von pflanzenbasierten, 
mediterranen, kohlenhydratarmen und eiweißreichen Ernährungsformen hinsichtlich 
kardiometabolischer Parameter. Eine höhere Aufnahme von Fisch, Vollkorn, Ballaststoffen und 
n-3 PUFAs war mit einem geringeren Risiko der Gesamtmortalität assoziiert. Darüber hinaus, 
war die Einhaltung einer DASH-Ernährungsweise bei Personen mit T1D und T2D mit einem 
geringeren Anteil an viszeralem Fett, bei T2D auch Leberfett, assoziiert. Diese Assoziationen 
wurden teilweise durch Veränderungen des BMIs und des Taillenumfangs erklärt; 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 für T2D und liefern neue Einblicke in die unterschiedlichen 
Funktionen einzelner FAs. Mehrere Ernährungsansätze - pflanzenbasierte, mediterrane, DASH, 
kohlenhydratarme und eiweißreiche Ernährung - sowie höhere Aufnahme von Fisch, Vollkorn, 
Ballaststoffen und n‑3 PUFAs verbesserten kardiometabolische Marker oder verringerten das 
Mortalitätsrisiko. Schließlich können die Vorteile einer gesunden Ernährung bei Personen mit 
Diabetes über den Gewichtsverlust hinaus auch Verbesserungen der Insulinsensitivität des 
Fettgewebes umfassen.  
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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 (γ-20:3, γ-
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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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). 

 
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). 
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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, ß-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 DALYs (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. 
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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 α-linolenic acid (α-18:3), linoleic acid (18:2), the long-chain 

PUFAs derived from α-linolenic acid (α-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, HbA1c, 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 HbA1c 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).  
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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 ß-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 mm² (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 
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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).  

 
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).  
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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). 

 
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).  

 
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:  

 

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 (M0), 

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 (Y0), while holding the 

mediator constant at the level it would have under no exposure (M0) (129). Additionally, the 

proportion mediated can be calculated as the ratio of the total indirect effect to the total effect 

Y1-Y0 = Y1M1 - Y0M0 = (Y1M1 -Y1M0) + (Y1M0 -Y0M0) 

 
Total effect total indirect effect pure direct 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% 

CI 0.56; 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-γ-linoleic (γ-20:3): 1.07 (1.03; 1.11), γ-linoleic (γ-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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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/m2 (-1.32; -0.43)), 

as well as of low-carbohydrate diet on HbA1c (-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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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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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: ß-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 cm3 (-800; -228)). Similar, but imprecise, 

associations were observed for VAT changes in people with T1D (-403 cm3 (-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. 

  



 

58 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

59 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

  



 

60 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

  



 

61 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

62 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

63 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

64 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

65 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

66 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

67 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

68 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

 



 

69 
 

ADHERENCE TO DASH DIET AND ADIPOSE TISSUE DISTRIBUTION        

Online supplementary information can be accessed at the following link:  
https://dom-pubs.pericles-prod.literatumonline.com/doi/10.1111/dom.15772 



 

 
70 

DISCUSSION        

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 (γ-20:3, γ-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 HbA1c 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 T1D. 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 HbA1c, with both outcomes showing very low CoE. The ketogenic diet led to 
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a reduction of about 3 kg in body weight, a decrease of 0.6% in HbA1c 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 α-

linolenic acid (α-18:3) and T2D in our study contrast with findings on its dietary sources (155). 

Foods like walnuts and flaxseeds, rich in α-linolenic acid (α-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 α-linolenic acid (α-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 
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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 T1D 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 HbA1c 

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 HbA1c, both supported by moderate CoE. Interestingly, low-carbohydrate diets 

did not affect HbA1c levels in T1D, in contrast to the robust evidence observed for HbA1c 

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 HbA1c (181). Furthermore, no effects of Mediterranean diet on 

HbA1c were observed in individuals with T1D, while our umbrella review pointed to 0.3% 

reduction in HbA1c level with this dietary pattern (Chapter 3). The absence of an effect from 

high-protein diets on HbA1c 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 

DiRECT trial, 46% of participants achieved T2D remission at 12 months, defined as HbA1c 

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 β-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% CI 0.12; 0.18) decrease in HbA1c 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 β-

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% CIs. 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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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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