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Preface to ”Clinical Nutrition: Recent Advances and
Remaining Challenges”

In recent years, nutrition, often in combination with physical activity, has been acknowledged as
a cornerstone in the prevention and, even more so, the treatment of many diseases. Indeed, nutritional
intake and dietary pattern are often thought to be the main source of wellbeing, and often the impact
of nutritional intake, dietary pattern and food-derived natural compounds in regard to their impact
on human health are over- but also underestimated.

This book is a summary review article published within the Special Issue entitled ‘Clinical
Nutrition: Recent Advances and Remaining Challenges” in the journal ‘Nutrients” and it aims to
provide a broad overview and summary of recent findings and advances in various fields of clinical
nutrition. A special focus is laid on new dietary approaches in the prevention and treatment of
metabolic diseases, including obesity, non-alcoholic fatty liver disease and type 2 diabetes, but also
on inflammatory bowel diseases as well as celiac disease and intestinal fibrosis in children and
adults. Furthermore, new strategies in the prevention and treatment of malnutrition in elderly, adult
patients with liver cirrhosis and children with cholestasis are presented and discussed. Additionally,
recent findings and novel dietary approaches in the treatment of patients in intensive care and
palliative care, respectively, as well as with gastrointestinal surgery are summarized. Moreover, the
nutritional impact in the development and treatment as well as dietary approaches in the prevention
of kidney stones, the Brugada Syndrome and prostatic hyperplasia are discussed. By summarizing
novel findings regarding the relation of nutrition and the development of these disease, the present
book aims to provide a better understanding of the impact but also the limitations of nutrition in
disease development and treatment, but also highlight remaining questions and challenges in clinical

nutrition.

Ina Bergheim
Editor
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Abstract: Obesity caused by a positive energy balance is a serious health burden. Studies have shown
that obesity is the major risk factor for many diseases like type 2 diabetes mellitus, coronary heart
diseases, or various types of cancer. Therefore, the prevention and treatment of increased body weight
are key. Different evidence-based treatment approaches considering weight history, body mass index
(BMI) category, and co-morbidities are available: lifestyle intervention, formula diet, drugs, and
bariatric surgery. For all treatment approaches, behaviour change techniques, reduction in energy
intake, and increasing energy expenditure are required. Self-monitoring of diet and physical activity
provides an effective behaviour change technique for weight management. Digital tools increase
engagement rates for self-monitoring and have the potential to improve weight management. The
objective of this narrative review is to summarize current available treatment approaches for obesity,
to provide a selective overview of nutrition trends, and to give a scientific viewpoint for various
nutrition concepts for weight loss.

Keywords: dietary recommendation; weight loss; overweight; intermittent fasting; carbohydrate;
fat; protein

1. The Challenge Obesity

Obesity is a complex, multifactorial, and largely preventable chronic disease defined
as abnormal or excessive fat accumulation [1]. Body mass index (BMI), calculated as weight
in kilograms divided by the square of height in metres (kg/ m?), is the current most widely
used criterion for classifying obesity [1]. People with a BMI > 25 kg/m? are classified as
overweight, and a BMI > 30 kg/ m? is categorized as obese [1-3] (Table 1). Although the
BMI captures the degree of overweight and obesity, abdominal obesity measured mainly by
waist circumference is additionally associated with health risks (Table 1). Clinical practice
and medical guidelines focus on BMI and waist circumference as simple, objective, and
reproducible tools to measure weight status and abdominal obesity. However, the diagnosis
of obesity should not be based on BMI alone, rather together with other anthropometric
and clinical parameters. Instrumental methods (e.g., bioimpedance analysis, Dual Energy
X-ray Absorptiometry, and magnetic resonance imaging) to assess body composition and
adipose tissue depots are available but are often time- and cost-intensive.

It is well known that overweight and obesity are the main risk factors for several
diseases such as type 2 diabetes mellitus, hypertension, dyslipidaemia, cardiovascular
disease, and several types of cancer [4]. Recently published data show that BMI is positively
associated with severe coronavirus disease 2019 (COVID-19) outcomes [5]. Furthermore,
an increased BMI might lead to a decline in quality of life and contribute to a decreased life
expectancy [6-9].
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Table 1. Body mass index and waist circumference: cut-offs and risk of co-morbidities.

Body Mass Index
18.5-24.9 kg/m? 25-29.9 kg/m? >30 kg/m?
Classification Normal weight Overweight Obese
Risk of co-morbidities Low Increased High
Waist circumference
Men: <94 cm Men: 94-101.9 cm Men: >102 cm
Women: <80 cm Women: 80-87.9 cm Women: >88 cm
Classification Normal Moderate central High central
fat distribution fat accumulation fat accumulation
Risk of co-morbidities Low Increased High

The cause of obesity is a long-term energy imbalance caused by a combination of
increased energy intake and reduced energy expenditure [1,6,10,11]. The National Health
and Nutrition Examination Survey (NHANES) observed that the average daily energy
intake increased from 1971 to 2000 in men by 168 kilocalories (kcal)/day and women
by 335 kcal/day [12]. Without an active regulation or adaptation of energy balance, this
increase theoretically could explain a weight gain per year of eight kilograms for men
and 16 kg for women. Furthermore, energy expenditure has decreased over the last
decades [12]. Basset and colleagues reported that in 2003, an American adult walked
about 5000 steps/day. Compared to people living 300 years ago, it is a difference of
13,000 steps/day for men and 9000 steps/day for women [13]. Without any physiological
adaption, this decline in physical activity could explain a yearly weight gain of 31 kg for
men and 21 kg for women [10]. Daily occupation-related energy expenditure has decreased
by more than 100 kcal/day in U.S. adults. That alone could explain a substantial weight
gain in the population over the last five decades [14]. In addition to lifestyle factors, other
contributing factors like food and environment have been identified [15].

Over the past 50 years, the prevalence of obesity has increased worldwide in pandemic
dimensions [3,6,16-18]. The Global Burden of Disease study with data from 68.5 million
persons demonstrated that in 2015 603.7 million adults were obese [19]. Since 1980, the
prevalence of obesity has doubled in more than 70 countries and has continuously increased
in most other countries [19]. If trends continue, by 2030, an estimated 38% of the world’s
adult population will be overweight, and another 20% will be obese [20]. The confinements
by the COVID-19 pandemic have changed lifestyle behaviour and have promoted an
obesogenic environment. Weight trajectories during the COVID-19 lockdown have been
shown [21,22]. It is expected that the COVID-19 pandemic reinforces the obesity pandemic
with long-term consequences on the prevalence of overweight and obesity [23]. Because
of the rapid increase in the prevalence and disease burden of obesity, it is indispensable
to focus on monitoring BMI and to identify, implement, and evaluate evidence-based
interventions to address this health issue [19].

2. Treatment Approaches

Different evidence-based approaches considering weight history, BMI category, and
co-morbidities to treat overweight and obesity are available: lifestyle intervention, formula
diet, drugs, and bariatric surgery (Figure 1). The main aims of weight management are
shown in Figure 2.
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Figure 2. Overview of weight management goals.

2.1. Lifestyle Intervention

Lifestyle interventions inducing a negative energy balance provide the basis for the
treatment of overweight and obesity and are part of the standard recommendation. Differ-
ent lifestyle approaches exist, whereas nutrition, physical activity, and behaviour are the
main components. By lowering energy intake and increasing physical activity accompanied
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by behavioural change techniques, a daily energy deficit of about 500 kcal is recommended
for weight loss. This energy deficit can produce a moderate weight loss over one year.
Energy balance changes with weight loss, making it necessary to adjust energy intake
and expenditure during weight management. Energy balance is dynamic and weight loss
leads to a new energy equilibrium on a lower level. Adherence to a lifestyle intervention
is challenging for many people with overweight and obesity. In a systematic review and
meta-analysis, three main factors were associated with improved adherence to weight loss
interventions: supervision, social support, and focus on dietary intervention [24].

Nutrition is the main lifestyle factor. Therefore, nutrition aspects to decrease energy
intake and to support weight management are highlighted in the following.

2.1.1. Energy Intake

Key components of energy balance include energy intake, expenditure, and storage.
When energy intake exceeds energy expenditure, a state of positive energy balance increases
body weight. The European Food Safety Authority (EFSA) recommends a daily dietary
reference intake of 45% to 65% of total kilocalories from carbohydrates, 20% to 35% from
fat [25], and 0.83 g protein/kg body weight [26]. For weight loss, a daily energy deficit
of 500 kcal is recommended and can be reached by avoiding energy-dense food. Fat
is a high-energy macronutrient and provides more than twice as high as the energy of
carbohydrates or protein. Because of this, a reduction in daily fat intake supports to lower
daily caloric intake. Fat intake can be reduced by using low fat dairy products like cheese,
and yogurt, lean meat, and avoidance of hidden fats. In Table 2, recommendations and
practical examples are shown for decreasing energy intake.

Table 2. Practical recommendations and examples to reduce energy intake.

Item Recommendation Implementation
Prefer low energy dense food. Salami — ham
Energy density Choose food with lower energy Rice — potatoes
content per 100 g. Cream cake — fruit tart

Watch out for hidden fats.
Choose food low in fat, or pick
the fat-reduced alternative.
Dietary fat Prefer fat-reduced food
preparing methods.
Choose methods without
adding fat.

Potato chips — pretzel sticks
Butter, cream cheese — low fat-cream
cheese
Frying — braising
Roasting — cooking
Chips — boiled potatoes

Wheat noodles — zucchini pasta

Take five portions a day Mascarpone cream — fresh fruit

of vegetables and fruits.

Plant-based food Choose plant-based food for dessert
. Meat bolognese — vegetable
instead of meat.
bolognese
Increase dietary fibre intake to White noodles — whole
. . 25 to 30 g a day. grain noodles
Dietary fiber Choose whole grain products, White bread — whole grain bread
legumes, vegetables, fruits. Rice — legumes

Water and tea
Coffee without sugar
Beverages with artificial sweeteners
instead of sugar-sweetened beverages

Drink caloric-free beverages.
Beverages Choose beverages without
sugar and calories.

2.1.2. Macronutrients

Studies have shown that not the macronutrient composition of the diet but the energy
content is relevant for weight management [27,28].

Low carb diets often contain approximately 40% of carbohydrates per day. The lowest
intake of carbohydrates is part of a ketogenic diet, where the aim is to minimize the
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carbohydrate intake as much as possible. Epidemiological data showed that a daily amount
of carbohydrates of 50 to 55% correlates with the lowest mortality rate. Low carb diets,
as well as high carb diets, increase the mortality risk (U-shaped association) [29]. A low
carb diet includes a lower amount of plant-based food that has health-promoting effects.
A meta-analysis with eight randomized controlled studies concluded that low carb diets
are superior to diets with a low amount of fat regarding lipid metabolism in people with
overweight and obesity [30]. However, data from NHANES indicate that realized decreases
in the percentage of energy consumed from fat were associated with increased total energy
intake caused by compensatory over-consumption of energy from sugars [31]. The stone
age diet or paleo diet is a low carb diet, but also not clearly defined. In general, it is a diet
with a high amount of meat and protein. The variety of foods is limited by the renouncing
of grain. Smaller short-term intervention studies with methodological limitations examined
the effects of a paleo-conform diet. Manheimer et al. evaluated data of four randomized
controlled trials (RCTs) with 159 participants that compared the palaeolithic diet with
any other dietary pattern. Results showed that palaeolithic nutrition resulted in stronger
short-term improvements of cardiovascular risk factors like waist circumference and blood
pressure than control diets [32]. In 70 post-menopausal women with obesity, it has been
shown that there was no significant difference between a palaeolithic-type diet and the
Nordic nutrition recommendations in anthropometric changes after 24 months [33].

An evaluation of almost 50 studies found that the participants, regardless of the
macronutrient composition of the diet, lost the same amount of weight within 6 and
12 months of intervention [34]. In another study, 811 persons were randomized into four
groups of diets with a different energy intake from fat, protein, and carbohydrates (20, 15,
and 65%; 20, 25, and 55%; 40, 15, and 45%; 40, 25, and 35%, respectively). After two years
of intervention, the weight loss was about 4 kg (completers-analysis), with no significant
differences between the groups [28]. Furthermore, the comparison of three different diets
(low fat/low energy diet; Mediterranean/low energy diet; low carb/non-energy reduced
diet) resulted in similar findings. Mean weight loss after 2 years of intervention was 3.3,
4.6, and 5.5 kg, respectively (completers-analysis) [27]. In a study with 609 adults with BMI
between 28 and 40 kg/ m?, the mean weight loss was about 6.0 kg (low carb diet) and 5.3 kg
(low fat diet) after one year of intervention [35]. A systematic review of systematic reviews
comparing low carb diets with control diets on weight loss concerned the low quality
of studies, and concluded that better quality reviews and RCTs are needed for a clear
recommendation of low carb diets as preferred to other energy-reduced diets [36]. Even
with the plant-based form of Atkins diet or the Mediterranean diet, there is a moderate
weight loss [27,37,38]. A meta-analysis indicates that a Mediterranean diet low in energy
leads to moderate weight loss [39].

Finally, the macronutrient composition of a diet has no major impact on weight loss.
Low carb, as well as low fat concepts, are effective for weight loss if a negative energy
balance is provided.

A meal replacement is a high protein product used to replace at least one main
meal per day. Those products are permitted to be marketed for weight management
purposes and have specific regulatory requirements concerning supplementation with
vitamins, minerals, and trace elements, as well as energy content, per portion. They are
available e.g., as shakes, soups, or meal bars. Meal replacement strategy followed by a
dietary change and behaviour modification strategy is popular among people trying to
lose weight. One option is a very low calorie diet (VLCD) with < 800 kcal/day by total
meal replacement. The other option is a low calorie diet (LCD) supplying > 800 kcal/day,
generally in the range of 1200-1600 kcal/day. In a systematic review and meta-analysis on
VLCDs, total weight loss ranged from 8.9 to 15 kg in persons with type 2 diabetes mellitus
and 7.9 to 21 kg in persons without diabetes, over a treatment duration of 4 to 52 weeks.
Study duration did not appear to influence overall weight loss. The average weight loss
per week was about 0.5 kg [40]. Another review investigated the effect of weight loss
interventions incorporating meal replacement compared with alternative interventions
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on weight change at 1 year in adults with overweight or obesity. In this review, studies
with diets providing < 800 kcal/day, and with total diet replacement, were excluded. In
general, all diets incorporating meal replacement resulted in a higher mean weight change
at 1 year compared to the control groups or alternative diets [41]. The Diabetes Remission
Clinical Trial (DiRECT) of 306 patients with type 2 diabetes mellitus demonstrated that
diet-induced weight loss by total diet replacement (825-853 kcal/day formula diet for
3-5 months), followed by food reintroduction (2-8 weeks), and followed by structured
support for long-term weight loss maintenance effectively reversed type 2 diabetes mellitus.
At 12 months, 86% of the participants who achieved a weight loss >15 kg (24%) became
drug-free and had remission of type 2 diabetes mellitus. An overall remission of type 2
diabetes mellitus in the intervention group was observed in 46% of patients after 1 year
and in 36% of patients after 2 years [42,43].

2.1.3. Intermittent Fasting

There are several approaches of intermittent fasting. The 16:8 concept is a form of
time-restricted eating where individuals eat within a time window of 8 h and fast for the
remaining 16 h daily. The 5:2 concept consists of a normal eating routine on 5 days per week,
without any specific recommendations or restrictions, and 2 days of fasting with an energy
intake of about 500 kcal. Conley M. et al. compared the 5:2 diet (2 non-consecutive days
with 600 kcal and 5 days of energy intake ad libitum per week) with an energy-reduced diet.
After 6 months of intervention, both groups reduced their body weight similarly (5.3 kg
(5:2) vs. 5.5 kg (standard)) with no significant difference [44]. A RCT compared the effects
of alternate-day fasting with daily caloric restriction on body weight in participants with
obesity. Findings demonstrate comparable weight loss after 6 (alternate day fasting: 6.8%,
caloric restriction: 6.8%) and 12 months (6.0% versus 5.3%) [45]. In a systematic review
and meta-analysis of RCTs intermittent versus continuous energy restriction on weight loss
and cardio-metabolic outcomes have been investigated. The included eleven trials with a
duration from 8 to 24 weeks resulted in a similar weight loss between the two intervention
groups [46]. Compared to a continuous energy restriction, intermittent fasting leads to
similar weight loss and similar improvement of cardio-metabolic parameters [47-49]. The
recently published Cochrane review by Allaf et al. found that people lost more weight
with intermittent fasting concepts than without a special dietary concept over three months
(evidence from seven studies in 224 people). If intermittent fasting concepts were compared
with energy-restricted diets for 3 months (10 studies; 719 people) or longer (3 to 12 months;
4 studies; 279 people), this difference in weight loss is lost [50]. The energy restriction
causes the positive effect of intermittent fasting on weight loss, not fasting as a stand-alone
intervention [51,52].

Besides weight loss, fasting-specific effects on metabolic regulation or cardiovascular
health are discussed. In lean persons, there is no statistically significant difference be-
tween daily energy restriction and alternate-day fasting with or without energy restriction
concerning postprandial indices of cardio-metabolic health, gut hormones, or the gene
expression in subcutaneous adipose tissue [51].

A small study with eleven participants with overweight, early time-restricted fasting
(eating between 8 a.m. and 2 p.m.) was investigated for acute effects on glucose metabolism
and gene expression. In comparison to the control group (eating between 8 a.m. to 8 p.m.)
24 h glucose levels and glycaemic excursions decreased, and ketones, cholesterol, and
the expression of the stress response and aging gene sirtuin 1 (SIRT1) and the autophagy
gene microtube associated protein 1 light chain 3 alpha (LC3A) increased in the morning
before breakfast. This was different to the gene expression pattern in the evening [53]. The
early time-restricted feeding effect on cardio-metabolic health (insulin sensitivity, beta-
cell responsiveness, blood pressure, oxidative stress, and appetite)—independent from
weight loss—has further been observed by Sutton et al. in men with prediabetes [54]. In
addition, a RCT with 17 participants with normal weight compared the metabolic effects
of breakfast and dinner skipping. Compared to the three meals per day control group,
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skipping breakfast or dinner increased energy expenditure. Furthermore, fat oxidation
increased on the breakfast skipping day [55]. In a prospective cohort study, it has been
shown that breakfast skipping is associated with a 21% increased risk for the development
of diabetes mellitus type 2 [56].

2.1.4. Personalized Nutrition

In the last years, concepts of personalized nutrition have been more focused, espe-
cially by commercial providers offering direct-to-consumer genetic testing. One of the
main drivers for personalized dietary recommendations is the inter-individual variabil-
ity of metabolic response on standardized meal challenges suggesting that personalized
diets might successfully modify elevated postprandial blood glucose and its metabolic
consequences [57]. In the Personalised Responses to Dietary Composition Trial (PREDICT1)
with more than 1000 twins and unrelated healthy adults in the UK, large inter-individual
variability in postprandial responses of blood triglycerides (103%), glucose (68%), and
insulin (59%) following identical meals was observed. Various intrinsic and extrinsic
factors could be identified as predictors of the inter-individual variability. In the follow-
ing, scientific evidence of gene-based and microbiome-based dietary recommendations
is summarized.

Gene-Based Dietary Recommendations

Gene-based dietary recommendations are based on individuals’ genetic make-up.
The fact that body weight is, inter alia, genetically determined, and more than hundreds
of genetic loci are identified for a relationship with anthropometric parameters [58], is
underlining the assumption that even the inter-individual varying degree of success in
weight loss indicates a genetic component [59]. The fat mass and obesity-associated (FTO)
gene is the gene with the largest effect on body weight. The function of the FTO gene is not
yet fully understood, whereas it is shown that the FTO gene inhibits brown adipose tissue
genesis [60]. Numerous companies offer genotyping and provide recommendations for a
healthy diet or weight loss. Furthermore, commercial offerings for deoxyribonucleic acid
(DNA) methylation profiling started to emerge. These commercially available direct-to-
consumer tests are in contrast to the lacking scientific evidence that genotypes are associated
with weight loss.

In a recently published pooled analysis of weight loss data, it has been shown that
single nucleotide polymorphisms have a minor role in the inter-individual variation of
weight loss [61]. The Food4Me study has shown that including genotype information for
dietary recommendations had no beneficial effect on weight loss [62]. The American Society
of Dietetics and Nutrition clearly states that “No significant differences in weight, body
mass index (BMI; calculated as kg/ mz), or waist circumference were observed when results
of genetic testing were incorporated into nutrition counselling compared with counselling
or care that did not incorporate genetic results” [63], and the “use of nutrigenetic testing
to provide dietary advice is not ready for routine dietetics practice” [64]. Present research
cannot provide adequate evidence that individuals with a defined genetic make-up benefit
especially from specific dietary recommendations concerning weight loss [65]. A systematic
review on gene—diet interactions on weight change concluded that there is no evidence
that gene-diet interactions are a main determinant for obesity treatment success [66]. For
that reason, more future human studies are required to prove the clinical evidence of
gene-based dietary recommendations on weight loss [59]. Furthermore, the investigation
of single nucleotide polymorphisms will be replaced by the investigation of polygenetic
scores to characterize humans according to their genetic predisposition. Khera AV et al.
have developed and validated a genome-wide polygenetic score for five diseases (coronary
heart disease, atrial fibrillation, diabetes mellitus type 2, inflammatory bowel disease, and
breast cancer) [67]. In a further data analysis, a polygenetic predictor for body weight has
been developed and validated [68].
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Microbiome-Based Dietary Recommendations

Various correlations between the gut microbiota and individuals’ nutrition, as well as
the occurrence of diseases like obesity, have been shown [59]. These correlations indicate
that personalized nutrition based on the microbiome is a further starting point for weight
loss [59]. Increasing evidence suggests that changes in individuals” microbiome during
dietary intervention are person-specific, and this heterogeneity, in addition to individuals’
physiology, is due to a unique microbiome signature [69]. The integration of microbiome
information in combination with other person-specific factors seems to have the potential
for the understanding of complex interactions [70]. Von Schwarzenberg et al. demon-
strated that a VLCD led to a decrease in bacterial abundance and restructuring of the gut
microbiome. After this VLCD, the microbiota were transplanted to mice, which led to a
decrease in body weight. This study reveals that diet-microbiome interactions modulate
energy metabolism [71]. Independent from weight loss, there is no doubt that dietary intake
influences gut microbiota structure [72]. In a literature review, the direct and indirect mech-
anisms behind the influence of the gut microbiome have been discussed. The composition
of the microbiota, the presence of specific microbes, and their metabolic activity have to be
considered in future human intervention studies to investigate the potential for targeting
the microbiota for improving health [73]. Similar to the genetic direct-to-consumer tests,
some companies offer the analysis of the microbiome for personalized dietary recommen-
dations, whereas scientific evidence is still not given. The current knowledge about the
microbiome’s role in diet-mediated effects on health is too limited to provide evidence for
microbiome-based dietary recommendations [74].

2.1.5. Weight Loss Programs

Multidisciplinary weight loss programs addressing nutrition, physical activity, and
behaviour are available. Most of the programs are delivered in a single country or are region-
ally rolled out, e.g., by health insurances, health care providers, or companies. The largest
global weight loss program is WW (formerly Weight Watchers). An international study has
shown that the WW program resulted in a moderate weight loss at 12 and 24 months. Mean
weight change at 12 months assessment was 6.65 kg (completers-analysis) [75] and mean
weight loss after 2 years was 4.76 kg [76]. Furthermore, Johnston et al. have shown that
persons using all provided intervention tools (weekly meetings, WW mobile application,
and WW online tools) lose more weight than persons who selected not all three ways to
access the treatment [77]. Another well-known program is OPTIFAST, which also provides
scientific evidence for efficacy after 12 months. The 12 months OPTIFAST concept includes
a total dietary replacement for three months followed by lifestyle recommendations and
professional group sessions for further nine months. Comparing the effectiveness of the
OPTIFAST program with a food-based dietary plan resulted in 10.5% versus 5.5% weight
loss at 52 weeks [78]. In this study, there was an active weight maintenance phase, where
meal replacement was allowed.

2.1.6. Support

Self-monitoring of diet and physical activity provides an effective behaviour change
technique for weight management [79] and is a core component of behavioural obesity
treatment [80]. It has been demonstrated that dietary self-monitoring itself and the fre-
quency of self-monitoring is linked to weight loss [81]. Furthermore, self-monitoring tends
to positively impact weight loss when combined with other self-regulation techniques,
such as goal setting and feedback [82-84]. Engagement rates for self-monitoring diet were
higher in digital than in paper-based self-monitoring [81,85].

Digital tools like online tools and applications (apps), tracking technologies, or even
internet-based support have become attractive for teaching and supporting long-term
behaviour change techniques [86]. Carter et al. examined in a RCT the acceptability and
feasibility of a self-monitoring weight management intervention provided by a smartphone
app compared to a website and paper diary. Results showed a mean weight change at
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6 months of 4.6 kg in the smartphone app group, 2.9 kg in the paper diary group, and 1.3 kg
in the website group and additionally, the app was highly appreciated in satisfaction and
acceptability [85]. Weight management apps may have positive effects on weight-related
outcomes; although, the methodological quality of many studies is low [87,88]. A meta-
analysis by Villinger et al. with more than 6300 participants showed that app-based mobile
interventions can be effective for changing nutrition behaviours and nutrition-related health
outcomes [89]. Digital tools like apps are a time- and cost-effective method for the collection
of health-related data with the potential of wide distribution and scalability [85,90,91].
Although many apps are available for weight loss, digital offerings for weight management
rarely include evidence-based strategies for behaviour change [92,93].

3. Drugs

There are several agents for the pharmacologic therapy of obesity leading to decreased
appetite, gastric emptying, nutrient absorption, or increased satiety. Some of these have
gained marketing authorization during the last six years, and some others are still under
development process [94,95]. Currently, the European Medicines Agency (EMA) autho-
rized three drugs (orlistat, naltrexone/bupropion, and liraglutide), and the US Food and
Drug Administration (FDA) has approved four drugs (orlistat, phentermine/topiramate,
naltrexone /bupropion, and liraglutide) for obesity treatment [96]. The purpose of using
pharmacotherapy to manage obesity is to increase patient adherence to lifestyle changes
and to overcome the biological adaptations that occur with weight loss [97].

Increasing evidence has shown that behaviour-based interventions with one anti-
obesity medication can result in greater weight loss than usual care conditions only [96].
The efficacy of available anti-obesity drugs is often limited to a reduction of 5-10% of
body weight over a 1-year period and weight loss typically does not occur for more than
6-8 months [98]. In a systematic review and network meta-analysis, five weight loss medi-
cations (orlistat, lorcaserin, naltrexone-bupropion, phentermine-topiramate, or liraglutide)
were compared regarding efficacy on weight loss. In total, 28 RCTs with 29,018 patients
were included. Study participants in the placebo group had a statistically significant lower
odds ratio for achieving 5% weight loss after one year than participants taking drugs.
Excess weight loss was 8.8 kg for phentermine-topiramate, 5.3 kg for liraglutide, 5.0 kg for
naltrexone-bupropion, 3.2 kg for lorcaserin, and 2.6 kg for orlistat [99].

4. Bariatric Surgery

Bariatric surgery is appropriate for persons with severe obesity. Indications of bariatric
surgery vary across countries. In most countries, the access to bariatric surgery is, e.g.,
restricted to persons for whom other weight loss measures have failed. There are two pri-
mary mechanisms: restriction and malabsorption of ingested food. A restrictive approach
is physically limiting the quantity of food that can be ingested by limiting the size and
capacity of the stomach while leaving the remainder of the gastrointestinal tract intact.
Malabsorption of calories and nutrients occurs when a portion is bypassed or removed.
Kilocalories and nutrients are less able to be absorbed because ingested food remains in the
gut to a shorter distance. The International Federation for Surgery of Obesity and Metabolic
Disorders (IFSO) has published an annual report of all bariatric surgery provided to the
Global Registry [100]. Data from 51 countries with documented surgery between 2014
and 2018 were evaluated. The surgery procedure carried out most frequently was sleeve
gastrectomy (46.0%) followed by Roux en Y gastric bypass (38.2%), one anastomosis gastric
bypass (7.6%), and gastric banding (5.0%) [100]. Within the systematic review by Puzziferry
et al., 29 clinical studies with 7971 patients were evaluated. The main finding was that gas-
tric bypass resulted in greater weight loss than the gastric band [101]. A further systematic
review and meta-analysis showed that all current bariatric procedures are associated with
significant weight loss, but more long-term data are needed for one-anastomosis gastric
bypass and sleeve gastrectomy [102]. Particularly worthy to mention is that patients with
higher adherence rates to visits and behaviour changes before surgery are more likely to
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lose more weight after surgery [103]. In any case, good preparation before and after surgery
is indispensable to ensure the best outcomes [104]. Several steps during the preoperative
evaluation are necessary. These include the individual’s psychological fitness to undergo
bariatric surgery, the professional nutritional assessment, and patient education to guide
the patient towards dietary modifications that are necessary after surgery [104]. Nutri-
tional deficiencies are a long-term clinical issue in patients through modifications to the
gastrointestinal tract [105]. The Clinical Practice Guidelines of the European Association for
Endoscopic Surgery (EAES) recommend postoperative nutritional and behavioural advice
for patients undergoing bariatric surgery [106]. Nutritional monitoring is an essential com-
ponent of weight management after bariatric surgery to increase the patients” adherence
to healthy dietary habits and to appropriate supplementation measures [105]. In addition,
monitoring prevents the risk of weight regain, makes it easier to detect possible nutritional
deficiencies, and contributes to the preservation of a good quality of life [105].

5. Conclusions

This scientific viewpoint is a narrative review and not comparable with a systematic
review but gives an overview of various treatment approaches, which should be used
and combined considering the individuals’ needs, preferences, weight status, and cardio-
metabolic risk factors. All treatment approaches have to result in a negative energy balance.
Independent of the weight loss concept (e.g., intermittent fasting, low carb, low fat, drugs or,
bariatric surgery), weight loss failed without a negative energy balance. Many trends like
gene-based or microbiome-based dietary recommendations still lack conclusive scientific
evidence. In general, weight loss studies often have methodological limitations (e.g., study
design or duration), leading to results not being comparable, and they therefore should
be interpreted with caution. With lifestyle changes, a moderate weight loss after one
year is possible. Other approaches, such as bariatric surgery, lead to greater weight loss,
but are proven only for specific target groups. More research, especially by long-term
intervention studies, is needed to evaluate weight loss concepts and to obtain evidence-
based tailored recommendations.
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Abstract: Nowadays, obesity represents one of the most unresolved global pandemics, posing
a critical health issue in developed countries. According to the World Health Organization, its
prevalence has tripled since 1975, reaching a prevalence of 13% of the world population in 2016.
Indeed, as obesity increases worldwide, novel strategies to fight this condition are of the utmost
importance to reduce obese-related morbidity and overall mortality related to its complications.
Early experimental and initial clinical data have suggested that endovascular bariatric surgery (EBS)
may be a promising technique to reduce weight and hormonal imbalance in the obese population.
Compared to open bariatric surgery and minimally invasive surgery (MIS), EBS is much less invasive,
well tolerated, with a shorter recovery time, and is probably cost-saving. However, there are still
several technical aspects to investigate before EBS can be routinely offered to all obese patients.
Further prospective studies and eventually a randomized trial comparing open bariatric surgery vs.
EBS are needed, powered for clinically relevant outcomes, and with adequate follow-up. Yet, EBS
may already appear as an appealing alternative treatment for weight management and cardiovascular
prevention in morbidly obese patients at high surgical risk.

Keywords: bariatric surgery; cardiovascular disease; endovascular bariatric surgery; obesity; prevention

1. Introduction

Nowadays, obesity represents one of the most unresolved global pandemics, posing a
critical health issue in developed countries. According to the World Health Organization, its
prevalence has tripled since 1975, reaching 13% of the world population in 2016. Obesity is
defined as a body mass index (BMI) greater than 30 kg/m?, while morbid obesity is defined
as BMI > 40 kg/m?. Numerous comorbidities such as major stroke, acute myocardial
infarction, hypertension, type 2 diabetes, hyperlipidemia, obstructive sleep apnea, and
all-cause mortality are strongly associated with this disease [1]. As a result, approximately
2.8 million deaths per year may occur in adult populations affected by obesity.

Given the tremendous impact on public health with an approximate attributable cost
of nearly 150 billion dollars per year in the United States, obesity treatments have become of
critical importance for the healthcare system, the medical community, and policymakers [2].

The cornerstone of obesity treatment is represented by behavioral modifications (i.e., diet
and physical exercise), ideally in a highly motivated patient that should be followed by
a multidisciplinary team of healthcare professionals. If successful, this strategy consents
modest and durable weight loss reduction of 5% to 10% [3]. The long-term efficacy of all
behavioral therapies is limited. For those unable to reach these goals, few drugs (orlistat,
lorcaserin, phentermine/topiramate, nartrexone/bupropion, semaglutide and liraglutide)

Nutrients 2021, 13, 2541. https:/ /doi.org/10.3390/nu13082541 17

https:/ /www.mdpi.com/journal/nutrients



Nutrients 2021, 13, 2541

are available as adjuvant therapy, but in general, are not free of side effects, usually dose-
dependent, have limited adherence (frequently due to arbitrary withdrawal of the drug),
and with suboptimal outcome in obtaining the goal of weight-reduction. Recently, non-
surgical endoscopic bariatric therapies such as intragastric balloons, endoscopic gastric
plication, and endoluminal duodenal-jejunal sleeve have been implemented in patients
not willing to undergo conventional bariatric surgery. However, potentially severe compli-
cations have been reported with these techniques (gastric perforation, bowel obstruction,
and gastrointestinal bleeding), and for these reasons they are currently performed only in
highly experienced centers.

Surgical approaches, mainly represented by Roux-en-Y gastric bypass, adjustable
gastric banding, sleeve gastrectomy, and biliopancreatic division (Figure 1) are reserved
to morbidly obese individuals or obese individuals with one or more obesity-related
comorbidities (or even lower for uncontrolled diabetes) who have not been able to reach
the aforementioned goals with behavioral modifications and drug therapy.

Roux-en-Y Gastric Bypass.

Vertical Sieeve Gastrectomy

Billopancreatic Diversion

Biliopancreatic Diversion
with Duodenal Switch

Adjustable Gastric Banding (1,

)

Common Bariatric Surgery Procedures

Figure 1. Overview of different bariatric surgery options. The most effective options in weight
reduction are the Roux-en-Y gastric bypass and sleeve gastrectomy. Arrow indicates an increase
in efficacy.

Well-known short- and long-term complications, even if uncommon, including bleed-
ing, infections, deep venous thrombosis, gastric dumping syndrome, and internal hernia
have been reported with different surgical techniques.

Another frequent eventuality is post-bariatric surgery anemia: it is in most cases
due to iron deficiency, along with vitamin B12 deficiency as a secondary cause. Iron
deficiency is expressed by low serum ferritin and it occurs because of its lower absorption
secondary to hypocloridria and the bypassing of the duodenum and proximal jejunum [4].
In addition to anemia, vitamin B12 deficiency (resulting from inadequate secretion of
intrinsic factor, limited gastric acidity and the bypassing of the duodenum) can lead to
neurological disorders [4]. In the absence of adequate vitamin B12 supplement, up to 30%
of patients will be unable to maintain normal levels of plasma B12 at 1 year [5].

Bariatric surgery results in calcium/vitamin D malabsorption (results from bypassing
the duodenum and proximal jejunum) with secondary hyperparathyroidism, changes in
fat mass and alterations in fat- and gut-derived hormone; the final effect is an accelerated
bone loss [4]. Patients affected by secondary hyperparathyroidism should obtain bone
benefits from oral supplementation of vitamin D [5,6]. In fact, the European Association
for Endoscopic Surgery (EAES) Clinical practice guidelines on bariatric surgery strongly
recommend vitamin D supplement post-surgery because the anticipated benefits outweigh
the potential risks of vitamin therapy [7].

Poor protein digestion and absorption, secondary to altered biliary and pancreatic
function, is involve in protein malnutrition and can be observed after bariatric surgery [4];
albumin levels can be considered as marker of protein deficiency [6].

Low serum levels of fat-soluble vitamins (vitamin A, K and E) usually occur after
bariatric procedure [4,5].
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As a “treatment gap” option, a novel minimally invasive procedure, i.e., endovascular
embolization of the gastric fundus arterial supply (endovascular bariatric surgery -EBS),
has been proposed as a supplementary technique with successful results in animal models
and a few recently published small clinical trials [8-13].

We report herein an updated review on the rational, pathophysiology, experimental,
and clinical outcomes with this procedure in obese patients.

2. Pathophysiological Basis for EBS

Gastric fundus is mainly supplied by the left gastric artery (LGA) and sometimes
by the gastroepiploic artery. The stomach has a neurohumoral role on hunger regulation
through ghrelin: this is the rationale for gastric fundus embolization. Ghrelin is a ligand of
the growth hormone secretagogue receptor (GHS-R) in neuropeptide Y (NPY) and agouti-
related peptide (AgRP) in the arcuate nucleus of the hypothalamus with a downstream
effect to inhibit the release of the a-melanocyte-stimulating hormone. Therefore, ghrelin
acts to increase appetite and food intake, increasing weight gain (Figure 2). Practically,
ghrelin plasma level rises sharply shortly before meals, which correlates with hunger
sensation that occurs before consuming food. Conversely, ghrelin falls immediately after
eating, which correlates with the sense of satiation after eating [14,15]. In addition, ghrelin
downregulates anorexigenic hormone receptors for PYY, GLP-1, and cholecystokinin and
reduces the sensitivity of gastric distension by selectively inhibition of gastric subpopula-
tion of mechanically sensitive vagal afferent nerves [16,17]. Nearly 90% of body ghrelin is
produced in the ghrelin-secreting cells of the stomach, mainly in the gastric fundus with
fewer amounts produced in the small intestine, brain, and pancreas. Therefore, the main
goal of the EBS procedure is to reduce ghrelin production by the stomach.

GHSR  AgRP | FastingvsFed |
Receptors Neurons S —
. AHypothalamus ) —> Hunger _/ Hypothalamus Satiety
Binding (-5 - (increased appetite) ([ (@ oy (decreased appetite)
4 Nt Solitari N /
NPY (Y1/Y5) 3 “’m,", ot
MC3/4 \r Adipose Cell
on POMP and
CART Neurons Lot iatri =
SUPPRESSED Bariatric STIMULATED
[Inhib]tion o~ )
“Ghrelin Ghrelin
““STIMULATED \ Soppressed
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Figure 2. Hormonal changes and diagram of the ghrelin signal pathway. (A) The “hunger hormone”
ghrelin is secreted by the gastric fundus, whereas peptide YY (PPY), cholecystokinin (CCK), and
glucagon-like peptide (GLP-1) are secreted in the gut from L cells. Adipocytes produce leptin (LPT).
In the fasting state, decreased food intake suppresses the release of PPY, GLP-1, CCK, and LPT, while
stimulates ghrelin production from the stomach. Ghrelin binds in the hypothalamic arcuate nucleus to
growth hormone secretagogue receptor (GHSR) in neuropeptide Y (NPY) and agouti-related peptide
(AgRP) neu-rons. NPY and AgRP bind subsequently to NPY subtype 1 and 5 (NPH Y1/Y5) and
melacortin-3 and-4 (MC3/4) receptors on proopiomelanocortin (POMP) and cocaine-amphetamine-
regulated transcript neurons (CART), inhibiting the release of &- melanocyte-stimulating hormone
(«-MSH). By inhibiting x-MSH, ghrelin acts to increase hunger and food intake. (B) BES procedure
reducing ghrelin production in the stomach fundus area, mimics a fed state characterized by PYY,
GLP-1, CCK, and LPT hormone increases. As a result, appetite decreases and an increase in the
feeling of satiety occurs.
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It has been previously reported in small retrospective studies [18,19] that patients with
gastrointestinal bleeding treated with LGA embolization had significant weight loss after
the procedure. Although these studies are difficult to interpret due to the small sample
size, associated comorbidities, high-risk profile of the population included, and variable
follow-up, they proved the concept and set the basis for gastric fundus embolization as a
possible treatment for obesity.

3. EBS Procedure

The celiac trunk branches from the aorta at the level of the twelfth thoracic vertebra
(T12). The LGA is the first and smaller branch of the celiac trunk, even if there are less
common possibilities of independent origins from the aorta, splenic artery, common hepatic
artery, gastroduodenal artery and superior mesenteric artery. It runs along the superior
portion of the lesser gastric curvature and anastomoses with the right gastric artery that
arises from the common hepatic artery. The left gastroepiploic artery (GEA) is the largest
branch of the splenic artery and gives gastric branches to both surfaces of the stomach.
It anastomoses with the right GEA that arises from the gastroduodenal artery (Figure 3).
Normal anatomic variants are frequent and can be present in up to 30% of patients.

Conventional Gastric Arterial Anatomy
and Target Vessels for Bariatric Embolization

@ Left Gastric Artery

9 Irroration of Celiac Trunk
\ Lesser Curvature
Fundus

and Gastric Fundus | Common Hepatic Artery

Right Gastric Artery

. ¢ L
- /
5 \) @ Left Gastroepiploic Artery

Left gastroepiploic a. /" y I
/* 7/ =
Irroration of SpienicATiery

A / Greater Cuvature  [Gastroduodenal Artery

Right Gastrioepiploic Artery

S0

Figure 3. Voxel Gradient Angio-CT 3D reconstruction (A) and schematic drawn (B) of left gastric artery and left gastroepi-
ploic artery normal anatomy. Most commonly the left gastric artery originates from the celiac trunk. Less frequently, the

artery may arise directly from the aorta, splenic artery, common hepatic artery, and superior mesenteric artery. The superior
part of the greater curvature of the stomach is supplied by the left gastroepiploic artery while the inferior part of the greater
curvature by the right gastroepiploic artery. T indicates target for BES procedure.

Although there is no standard bariatric embolization procedure, similar approaches
have been used in the majority of studies done so far. Through the femoral or radial artery,
a selective digital subtraction angiography (usually in AP, LAO 60°, or LAO 90° projections)
of the celiac trunk is performed to identify the LGA and other potentials embolization
targets (all arteries supplying the gastric fundus and potential accessory gastric arteries);
the decision to embolize other vessels, especially the gastroepiploic artery, is based on
their contribution to fundal blood supply (assessed angiographically). Different types of
diagnostic catheters can be used for this purpose (JR, Simons, Cobra, SOS, among others)
depending on the operator’s preference and experience. Cone beam CT has also been used
by some authors for best determining fundal perfusion and the eventual need to embolize
other arterial territories. After targets have been identified, selective cannulation and
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angiography using the same catheter or a microcatheter are performed. Embolic material
choice has been variable throughout trials with 300-500 pm and 500-700 pm microspheres
and 300-500 pm or 500-700 um polyvinyl alcohol (PVA) particles used. LGA embolization
can also be performed with an occlusion balloon microcatheter (OBC) advanced into the
target artery over a standard guidewire: a subsequent balloon inflation at the OBC tip can
be used to prevent retrograde reflux, with tip pressure/resistance monitored to prevent
overembolization and antegrade reflux. Embolization is taken to stasis, which was defined
as the visual absence of the flow of contrast after five heartbeats; postembolization DSA is
usually acquired to confirm the success of embolization (Figure 4). Unfortunately there are
no consensus statements to standardize this procedure.

Figure 4. Case example of a left gastroepiploic artery (arrow) embolization in a 55 years old male with
a BMI of 43.2. (A) Selective angiography by multipurpose 6F 125 cm into the splenic artery (asterisk).
(B): A Rebar 0.27' microcatheter (Medtronic, Santa Rosa, CA, USA—asterisk) was advanced into
the multipurpose catheter selectively engaging the gastroepiploic artery. (C) Three contour spirals
(Medtronic, Santa Rosa, CA, USA) of different size and length (4 x 40 mm; 4 x 40 mm; 5 x 30 mm)
were subsequently released (arrow). (D) Final angiography with target fundus zone indicated by
dashed circle.

4. EBS Preclinical Evidence

In 2007, Arepally and coauthors published the first experience of catheter embolization
of the LGA to reduce systemic plasma levels of ghrelin in a swine model [20]. The study
showed a reduction in ghrelin but no significant weight change. Micro-ulcers at the
gastroesophageal junction were also observed in the euthanized animals. A follow-up
study with a sham procedure in the control group evaluated ghrelin levels and natural
weight gain in 4 weeks follow-up. A significant decrease in weight (7.8%) compared to the
control group (15.1%) was shown [21].

In a canine model, Bawudun et al. [22] showed a significant decrease in plasma levels
of ghrelin, abdominal subcutaneous fat, and body weight in Lipiodol-embolized (or a
combination of Lipiodol and polyvinyl-alcohol) animals compared to control group. Peak
effect was obtained between weeks three and four and compensatory rise in plasma levels
of ghrelin was observed at seven weeks after embolization. According to the author, this
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result may suggest the compensatory production of ghrelin that occurred in the gastric
fundus after the embolization.

Paxton and colleagues obtained 55% of ghrelin reduction associated with significant
weight loss at eight weeks in a swine model using 40 pm microsphere as embolizing
agent [23]. The same author evaluated by histology the gastric mucosa of swine after the
procedure and demonstrated healed or healing ulcers in 50% of the gastric body of treated
animals [24].

In 2016, to assess whether the number of fundal arteries embolized could impact the
ghrelin reduction and gastric ulceration rate, the same authors utilized embolic micro-
spheres into four arteries supplying the gastric fundus, vs. two arteries vs. one artery. Only
the group of swine undergoing complete embolization demonstrated significant ghrelin
reduction compared to sham control animals. Gastric ulcers were present in 50% of animals
that embolized four arteries compared to 40% in the other groups [25].

In 2017, Kim et al. [26] performed EBS in five swine by selectively infusing 50-150 or
150-250 pm PVA particles into the gastric arteries while five animals were treated with
saline infusion as a sham procedure. Endoscopy was performed three weeks after EBS to
see whether any gastric ulcer occurred. Celiac trunk angiography was performed eight
weeks after EBS [27]. No statistically significant differences in ghrelin levels were observed
after eight weeks despite a reduction compared to the control group. In the embolized
group, ulcerations were identified in three animals (60%). Re-canalization of the embolized
arteries was identified on follow-up angiography in three animals (60%), respectively,
suggesting that EBS procedure with PVA particles can transiently suppress ghrelin levels
in embolized animals. However, ulcerations of gastric fundus and recanalization of the
embolized arteries are present in the long-term follow-up.

A comparison of the studies involving animal models is reported in Table 1.

Table 1. Experimental studies evaluating BES procedure for weight reduction.

Author/Year/REE

Animal Model N of Animals Follow-Up

Absolute Weight ~ Absolute Ghrelin

Change (%) Change (%)
2 C?FRL 8.6 increase 15% increase
Arepally 2007 [20] Swine 41LDSM 4 weeks 1.4 increase 130% increase
3 0,
4 HDSM 1.4 increase 60% decrease
10 . .
Arepally 2008 [21] Swine 5CTRL 4 weeks 15.8-1ncrease 10.1 increase
7.8 increase 12.9 decrease
5SM
15 . .
5 CTRL 5 increase 13.6 increase
Bawudun 2012 [22] Dog 5EO 8 weeks 5 decrease 15.8 decrease
5 PVA 10 decrease 30.1 decrease
12 28 increase 30 increase
Paxton 2013 [23] Swine 6 CTRL 8 weeks .
10 increase 30 decrease
6 MS
12
Paxton 2014 [24] Swine 6 CTRL 8 weeks Not Reported Not Reported
6 EO Not Reported Not Reported
22 26.5 increase 19.9 increase
. 6 CTRL 8.7 increase 29.9 decrease
Paxton 2016 [25] Swine 6 EA [8]5 EA [2]5 4-8 weeks 19.7 increase 18.2 increase
EA [1] 23.0 increase 234 increase
10 o :
Kim 2017 [26] Swine 5CTRL 2 mos 30% increase No change
5 PVA 27% increase 40% decrease

CTRL = control; LDSM = low dose sodium morrhuate; HDSM = high dose sodium morrhuate; EO = ethiodized oil (Lipiodol);
PVA= polyvinyl-alcohol; MS = microspheres; EA (1) = number of embolized arteries.
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5. EBS Human Clinical Evidence

The available clinical evidence on bariatric embolization has been thoroughly de-
scribed in previous reports [10,27,28]. The first human experience was published in 2013
by Kipshidze and colleagues [11] with its two years follow-up published in 2015. In this
five-patient series (mean age 44.7 £ 7.4), the average weight decreased from 128.1 £ 24.4 to
106 £ 21 at two years. All procedures were performed through femoral access using 6F JR
4 catheters for angiography and Excelsior 1018 Microcatheter (Boston Scientific Corp., Cork,
Ireland) for selective cannulation. Embolization was done with 300 to 500 um embospheres
(Biocompatibles UK Limited, Surrey, United Kingdom). There were no major procedural
complications. Three of the five patients complained of abdominal discomfort after the
procedure, all with unremarkable follow-up gastroscopies.

The GET LEAN trial [13] (Gastric Artery Embolization Trial for the Lessening of
Appetite Nonsurgically) published in 2016 analyzed the safety and efficacy of LGA em-
bolization at six months. With four patients included (mean age 41 years, range, 30-54),
average weight loss was 9.2 kg (range 2.7-17.2) at six months follow-up. Ultrasound (US)
guided right femoral or left radial access and 4-5 F Simmons 1 catheter for angiography
were use and embolization was performed with 300 to 500 um microspheres through a mi-
crocatheter. No major complications were reported. Three of the five patients complained
of mild nausea, occasional vomiting, and mild epigastric discomfort immediately following
the procedure that were resolved within 24 h for two patients and within 3—4 days for
the other.

In another series published by Bai [8] in 2018 that included five patients with a mean
age of 42.8 £ 13.9, weight loss was on average 12.9 + 14.66 kg at nine months follow-up.
Operators used US guided femoral access in all patients, 5F standard catheter for angiogra-
phy, Progreat 2, 7 F microcatheter (Terumo) for selective cannulation, and embolization
was done with 500-710 um PVA particles (COOK Incorporated, Bloomington). No major
complications were reported: four patients experienced slight epigastric discomfort in the
first hours after the procedure, which resolved within 48 h. One patient developed a small
ulceration (3 mm in length) below the cardia (grade II according to CTCAE v4.0), which
endoscopically healed 30 days later after treatment with omeprazole (20 mg).

Pirlet in 2019 [12] studied seven morbid-obese patients (mean age 48 & 7 years, mean
BMI of 52 + 8 kg/m?) who were referred for coronary angiography. Weight loss was
on average was 13 + 17 kg (median loss: —11 kg [0, —25]) at up to 12 months after the
procedure. The procedures were done through 5-6F right radial access, and selective
cannulation of the LGA was done by 5F JR catheter in all but one patient where a 3F
Renegade Microcatheter (Boston Scientific Corp., Cork, Ireland) was used. Embolization
with 300-500 um PV particles (Cook Medical, Bloomington, Indiana, USA) was performed.
No major complications were observed in this series. Six patients had transient epigastric
discomfort resolved with pro-ton pump inhibitors (PPIs).

In a retrospective series published by Elens and colleagues [9] in 2019 that included
16 patients who underwent embolization of the LGA the mean weight loss was 8 & 5.12 kg.
The procedure was successful in all but one patient. Four patients (25%) were lost in
follow-up. Femoral access was used in all patients; celiac trunk angiogram was done with
a 5F cobra catheter (Cook Medical, Bloomington, Indiana, USA), LGA angiography with 5F
MP catheter, selective cannulation with Progreat 2.7F (Terumo, Tokyo, Japan) microcatheter
and embolization was performed with 300-500 pm embospheres (Merit Medical) in the
first patient and 500-700 um embospheres in the remaining patients. The patient treated
with 300-500 um embosphere had gastric ulceration on control endoscopy that resolved at
three months. One major complication was reported in this series of a patient that ended in
the intensive care unit for pancreatitis, splenic infarct and late gastric perforation.

The BEAT trial [29] (Bariatric Embolization of Arteries for the Treatment of Obesity)
1-year results included 20 patients (mean age of 44 years 6 +/— 11 years) and the proce-
dure was successful in all of them. The mean excess weight loss at one year was 11.5%
(95% CI: 6.8%-16%; p < 0.001). In this series, patients underwent two-weeks pre-treatment
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with omeprazole and sucralfate that continued up to 6 weeks post-procedure. Operators
used femoral access, celiac trunk angiography plus cone-beam CT to evaluate the gastric
arterial distribution. Catheterization was performed with a 5-F SOS guiding catheter (An-
giodynamics, Latham, NY), and a 2.9-F high-flow microcatheter (Maestro; Merit Medical)
was utilized for selective cannulation. After administration of 200 mg of nitroglycerin and
2.5 mg of verapamil (only into the LGA), embolization was performed with 300-500 pm
embospheres (Merit Medical). No major complications were reported on this trial. Eleven
minor adverse events occurred in eight participants. One participant had subclinical pan-
creatitis, evident by transient elevation of lipase levels during the hospital stay that was
treated with supportive care and discharged within 48 h, with no further clinical sequels.

Zaitoun and collaborators recently published a pilot study of EBS in 10 patients with
obesity (BMI > 30 kg/m?) and prediabetes (hemoglobin Alc (HbA1c) level 5.7%—6.4%) [30].
A statistically significant reductions in HbAlc (from 6.1% =+ 0.2 to 4.7% =+ 0.6; p < 0.0001),
mean body weight (from 107.4 kg + 12.8 to 98 kg & 11.6; p < 0.0001), and mean BMI (from
37.4 kg/m? & 3.3 to 34.1 kg/m? =+ 3; p < 0.0001) was observed at 6 months follow-up.
Embolization was performed with 300-500 pm microspheres. The authors also reported
a significant positive correlation between BMI and HbAlc levels (r = 0.91; CI, 0.66-0.98;
p = 0.0002).

In 2020 the LOSEIT group, led by Vivek Reddy of the Icahn School of Medicine at
Mount Sinai in New York City, published the first in-human, sham-controlled, randomized
clinical trial about EBS [31]. In this trial 40 patients (BMI of 35.0 to 55.0 kg/m? and age
21 to 60 years) underwent randomization in 1:1 to either sham or transcatheter bariatric
embolotherapy (TBE) targeting the left gastric artery; patients randomized to sham were
unblinded at 6 months and crossover to TBE was allowed. Patients of both groups re-
ceived a lifestyle support (diet and behavioral education for weight loss). TBE has been
performed via femoral arterial access using standard 6-F guiding catheters for celiac artery
angiography. In a case the gastroduodenal artery was the origin of the left gastric artery
which supplied the gastric fundus and in one patient the embolization target vessel was
the left hepatic artery. An occlusion balloon microcatheter (Endo-bar Solutions LLC, Or-
angeburg, New York) was advanced into the target artery and a balloon at the tip was
inflated to prevent retrograde reflux. The embolization was achieved by using 300- to
500-mm microspheres (BeadBlock, Biocompatibles Ltd., Farnham, United Kingdom) into
the LGA. The procedure was repeated until adequate angiographic stasis was achieved
with the balloon deflated over 5 cardiac cycles. Patients randomized to sham received
propofol only, without arterial access. At 6 months, in both the intention-to-treat and
per-protocol populations, the total body weight loss was greater with TBE (7.4 kg/6.4%
and 9.4 kg/8.3% loss, respectively) than sham (3.0 kg/2.8% and 1.9 kg/1.8%, respec-
tively; p 174 0.034/0.052 and p 1/4 0.0002/0.0011, respectively); the total body weight loss
was maintained with TBE at 12 months (intention-to-treat 7.8 kg/6.5% loss, per-protocol
9.3 kg/9.3% loss; p 174 0.0011/0.0008, p 14 0.0005/0.0005, respectively). After 1 week, all
the patients underwent endoscopic examination: 5 cases of asymptomatic ulceration in
the treatment group occurred (4 small superficial ulcers in the sub-cardiac region of the
stomach and 1 superficial ulcer in the greater curvature).

Bariatric Embolization of Arteries With Imaging Visible Embolics (BEATLES) (BAE2)
is an on-going, randomized, sham-controlled study sponsored by Johns Hopkins Univer-
sity [32]. The aim of the trial, with an estimated enrollment of 59 participants, is to evaluate
the change in body weight 12 months after randomization in the bariatric embolization
procedure arm versus the control (sham) arm; the estimated study completion date is
December 2023.

A comparison of the studies involving humans is reported in Table 2.
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Table 2. Clinical Studies Evaluating BES procedure for Weight Reduction.

Author/Year/REF Study Design Nofpts  Follow-UpLength To{ilsxi;g)ht Embolic Material
s . o 300-500 pm BeadBlock
Kipshidze 2015 [11] Prospective 5 2 years 22 kg (17.1%) embospheres
GET-LEAN 2016 [13] Prospective 4 6 months 9.2 kg (8.5%) 300-500 m BeadBlock
embospheres
Bai 2018 [8] Prospective 5 9 months 12.9 kg (12.6%) 500-710 um PVA particles
Pirlet 2019 [12] Prospective 7 12 months 13 kg (4.7%) 300-500 pm PVA particles
Elens 2019 [9] Prospective 16 12 months 8 kg (10%) 500700 pm Merit Medical
embospheres
BEAT 2019 [29] Prospective 20 12 months 7.6 kg (11.5%) 300-500 pm Merit Medical
embospheres
. Prospective o 300-500 pm Merit Medical
Zaitun 2019 [30] (pre-diabetic) 10 6 months 9 kg (8.9%) embospheres
LOSEIT 2020 [31] Randomized, 40 12 months 9.3 Kg (9.3%) 300-500 pm BeadBlock
sham-controlled microspheres
BEATLES 2023 Randomized, . . 100-200 pm radiopaque
[32]On-going Trial sham-controlled 56 12 months On-going trial microspheres

6. Current and Future Perspectives

Considering the huge impact of obesity in public health worldwide, novel treatments
are of utmost importance to reduce associated morbidity and mortality related to this
condition and its complications. Early experimental and initial clinical data have suggested
that BES may be a promising technique to reduce weight and hormonal imbalance in the
obese population. Compared to bariatric surgery, BSE seems to be less invasive, well-
tolerated, with shorter recovery time, and is probably cost-saving; further randomized
clinical trials are needed to confirm this hypothesis and to evaluate eventual consequences
regarding metabolic and nutritional status of patients underwent EBS. The duration of
BES procedure varies from 80 to 100 min, with a fluoroscopy time of 32 &+ 14 min. Current
human clinical evidence shows that bariatric LGA embolization is an effective treatment
that is associated with statistically significant weight loss during follow-up. In addition
to weight change, some clinical series have also demonstrated a reduction in serum level
of ghrelin and/or leptin [8,11,29,31] and in the level of hemoglobin Alc [29,30] and mean
total cholesterol [29]; a statistically significant mean decrease in diastolic blood pressure
in the embolization arm was observed in one trial [31]. Furthermore, the procedure is
associated with improvements in quality-of-life after embolization, especially regarding
the domains of physical function, self-esteem, sexual life, and public distress. The most
frequent side effects after the procedure are nausea, vomiting and epigastric pain, and
minor complications such as transient superficial mucosal ulcers are common after LGA
embolization (usually treated with proton pump inhibitors and spontaneous healing within
4 weeks to 3 months without the needed of further hospitalization); only one case of major
complications after the procedure (pancreatitis, splenic infarct and late gastric perforation)
was reported by Elens et al. [9].

Distal embolizing agents (mostly embospheres and PVA particles) have been the
main embolic material used in recent trials. Although bariatric embolization seems to
be safe in this initial phase and results in terms of weight loss are promising, we need
further data on patients subsequently treated with conventional bariatric surgery (given
that the gastroesophageal junction is de-vascularized) to establish if BES can be utilized
as bridge-therapy to surgery in this population. The ideal embolic material remains to be
elucidated to achieve what seems to be a perfect safety-efficacy balance mostly on the long
term. A larger well designed RCT ideally with a sham-controlled group is eagerly expected
to establish the future role of BES in favoring weight loss and hormone homeostasis and
for prevention of obese-related morbidity and overall mortality. There is also the needed
of a trial of comparison between BES and optimal medical therapy, including new drugs
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like Semaglutide [33]. At last there are not data of comparison between BES and surgical
techniques to evaluate if BES should be considered as an alternative in those patients who
are not passible of surgery (multimorbid patients).
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Abstract: Unhealthy behaviours, including diet and physical activity, coupled with genetic predispo-
sition, drive type 2 diabetes (T2D) occurrence and severity; the present review aims to summarise the
most recent nutritional approaches in T2D, outlining unmet needs. Guidelines consistently suggest
reducing energy intake to counteract the obesity epidemic, frequently resulting in sarcopenic obesity,
a condition associated with poorer metabolic control and cardiovascular disease. Various dietary
approaches have been proposed with largely similar results, with a preference for the Mediterranean
diet and the best practice being the diet that patients feel confident of maintaining in the long term
based on individual preferences. Patient adherence is indeed the pivotal factor for weight loss and
long-term maintenance, requiring intensive lifestyle intervention. The consumption of nutritional
supplements continues to increase even if international societies do not support their systematic use.
Inositols and vitamin D supplementation, as well as micronutrients (zinc, chromium, magnesium)
and pre/probiotics, result in modest improvement in insulin sensitivity, but their use is not systemat-
ically suggested. To reach the desired goals, patients should be actively involved in the collaborative
development of a personalised meal plan associated with habitual physical activity, aiming at normal
body weight and metabolic control.

Keywords: behaviour; diet; lifestyle; nutrition supplements; sarcopenia; type 2 diabetes

1. Introduction

Diabetes mellitus, namely type 2 diabetes (T2D), constitutes a significant challenge
for health systems worldwide. According to the 2019 Diabetes Atlas of the International
Diabetes Federation [1], 463 million adults are currently living with diabetes (1 on 11
individuals worldwide, but 1 in 5 are aged over 65). The total number is expected to
increase further by 700 million in 2045. The economic impact is huge—driven by the direct
costs of treatment and complications, the indirect costs of disability and premature death,
and the intangible costs of poor quality of life.

Despite its characterizations as a disease of affluence, nutritional problems are frequent
in T2D. Unhealthy lifestyles expressed by overnutrition and/or scarce physical activity,
leading to overweight and obesity, add to genetic defects in the pathogenesis of the disease.
Dietary restrictions are prescribed to reduce the incidence of T2D as well as to improve
metabolic control [2], but weight loss is burdened by the loss of muscle mass [3] and
sarcopenia adds to age-dependent muscle wasting [4], increasing frailty [5]. These two
opposite needs make a correct nutritional approach mandatory to reduce disease burden,
improve metabolic control, limit pharmacologic treatment and reduce the risk of impending
cardiovascular disease.
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National and international guidelines for nutritional and lifestyle recommendations
are available [5-9], together with protocols to guide weight loss to produce long-term T2D
remission [10]. The proposed strategies (dietary prescription, lifestyle counselling, cogni-
tive behaviour therapy), although all-inclusive of nutritional components, are markedly
different in their approach and goals and should be known by clinicians approaching
patients with T2D (Table 1) [11]. The present review is intended to summarize the most

recent nutritional approaches in T2D, also outlining unmet needs.

Table 1. Comparison of strategies and goals of different dietary interventions.

Dietary Prescription

Dietary Counseling

Behaviour Therapy

1-4
Dietary program

Patient role

Role of therapist

Treatment goals

Temporal terms

Additional components

Psychological support

e Based on rigid meal
prescription (food weight,
substitution schedule)

e Passive adherence to the
prescriptive plans

e Active-gives the solution
e The planned calorie intake
is mandatory for patients

e Strong focus on weight
loss or HbAlc targets

o Usually limited to weeks,
with frequent changes

e Proposed food choices
with templates of daily meals

e Acquires competence in
healthy diet strategies

e Provides education on
healthy lifestyles

e Helps in identifying best
practices according to patients
preferences and individual
status

’

e Set realistic expectations
and acceptable body weight

e Life-long adherence to
healthy lifestyles

o Integration of dietary and
physical activity counselling

e Support by family,
significant others, both on
food choices and in habitual
physical activity

e Food choices proposed within
the frame of a healthy diet

e Meals and physical activity
planned according to personal
preferences

e Communicates empathically
e Supports patients’ activities,
success and failures to stimulate
self-efficacy

e Helps in identifying obstacles
and presents possible solutions

e Behavioural changes are the
main targets, independent of the
amount of weight loss

o Life-long adherence to healthy
lifestyles

e Generation of a mindset
favouring lifestyle targets

e Implementation of a pro-active
problem solving

e Stimulus control aimed at
modifying the environment

e Strategies of cognitive
restructuring to address

dysfunctional thoughts

Note that enrolment into counselling and behaviour therapy may be facilitated by motivational interviewing. Treatment may be provided
either in individual or in group settings; group strategies are likely to enhance the coping skills of the participants, via relational and
interpersonal communication with people experiencing similar difficulties.

2. Methods and Areas of Research
2.1. Literature Search

The literature on T2D is immense. A PubMed search of June 2021, limited to the period
2016-2021 using the string “Type 2 diabetes” [MeSH Terms] AND “nutrition” [All Fields]
AND “human” [MeSH Terms], retrieved 4865 references, including 887 review articles
(234 systematic reviews), 255 meta-analyses and 760 clinical trials. The authors used the
search to enucleate the most relevant data and unmet treatment needs. The reference lists
of selected articles were used to retrieve older documents in order to provide a complete
overview of present problems.

2.2. Diabetes, Obesity and Sarcopenia

The association between T2D and obesity is so strict that the term “diabesity” was
originally used to indicate the dreadful association of the two conditions in a JAMA
editorial in 1980 [12]. The term was finally proposed by Astrup and Finer [13], as well
as by Zimmet et al. [14] and it is largely accepted inside the metabolic community. The
accumulation of body fat characterizes obesity, but it is measured by a formula (the body
mass index, i.e., weight (kg)/height? (m)), not at all considering body fat. Muscle mass
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is frequently increased in obesity but might be relatively scarce in quantity and quality
compared to body fat.

Sarcopenia is particularly common in older patients, synergistically driven by age and
obesity; body fat increases until the seventh decade of life (the median age of patients with
diabetes attending diabetes centres) and decreases thereafter [15]. At the same time, seden-
tariness progressively reduces muscle mass, finally resulting in sarcopenic obesity [16],
frequently associated with cardiometabolic disorders [17].

By definition, sarcopenia implies a quantitatively reduced muscle mass, as measured
by dual-energy X-ray absorptiometry (DXA), the commonly accepted gold standard. Sev-
eral studies have validated the use of bioelectrical impedance analysis (BIA), an easy,
time-saving, and cost-effective bedside technique for assessing regional muscle mass and
body composition [18,19]. BIA-assessed sarcopenia is defined by the skeletal muscle mass
index (SMI), calculated as total appendicular skeletal mass (ASM, kg) divided by body
weight (kg) x 100. These measurements do not consider qualitative muscle mass, and
most recent guidelines suggest that functional measurements (e.g., low muscle strength by
handgrip) should be primarily used to characterize sarcopenia, with quantitative data as
supportive measures [20].

The prevalence of sarcopenia in diabetes has been extensively investigated. In a recent
narrative review, the prevalence of sarcopenia varied between 7% and 29% [21], according
to age and metabolic control, but higher figures are frequently reported. A systematic
review with meta-analysis including 15 studies confirmed a prevalence varying up to
50% [22], again driven by age and metabolic control. A study with BIA concluded that
patients with T2D have an enlarged ectopic fat at the expense of skeletal muscle, i.e., relative
sarcopenia [23], and lower muscle mass is coupled with decreased muscle strength [24],
also predicting diabetes in the general population [25]. The contribution of diabetes
duration remains controversial [21,22], but older patients with T2D, with an expected longer
duration of disease, show a larger decline in appendicular lean mass, muscle strength, and
functional capacity compared with normoglycemic controls [26]. Notably, when compared
with matched control populations, the risk of sarcopenia increased systematically in the
presence of T2D (odds ratio (OR) 1.55; 95% confidence interval (CI) 1.25-1.91; p < 0.001 [22]
and OR 1.63; 95% CI 1.20-2.22; p = 0.002 [27]). This indicates a need for preventive measures
to limit quantitative and qualitative muscle defects by effective nutritional treatments.

2.3. Metabolic Control

The primary defect in T2D is insulin resistance, a condition where normal insulin
levels are associated with lower metabolic effects or where higher than normal insulin
levels are needed to elicit a normal metabolic response. Insulin resistance accounts for
diffuse impairment in whole body, as well as in selective defects in different organs and
tissues (liver, muscle, adipose tissue).

Whole-body insulin resistance mainly reflects muscle insulin resistance [28], reducing
glucose and amino acid uptake in the postprandial phase, as well accelerating glycogen and
amino acid release in the post-absorptive state, also accelerated by glucagon release [29].
Glucagon constitutes the link between muscle and liver in substrate disposal; by stimulating
hepatic glucose production and ketogenesis, glucagon favours the utilization of substrates
released in the periphery, whereas high insulin concentrations favour hepatic fat deposition.
In both obese and nonobese subjects, higher plasma insulin levels have been associated
with a linear increase in the rates of hepatic de novo lipogenesis [30], as supported by the
hypoglycaemic effects of glucagon suppression of glucagon-receptor antagonists [31,32]. In the
hepatocytes, fatty acids may be derived from de novo lipogenesis, uptake of non-esterified
fatty acids and low-density lipoproteins, or lipolysis of intracellular triacylglycerol. Their
accumulation due to higher synthesis and decreased export in the presence of high insulin
concentrations in the portal vein is the likely cause of fatty liver disease, occurring in up to
73% of patients with T2D [33].
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Low insulin sensitivity
High glucagon secretion

High lipolysis

High free fatty Acids

High pro-inflammatory
adipokines

The link between muscle tissue and the liver is exerted by amino acids (Figure 1) [34].
Branched-chain amino acids, bypassing the liver in the post-prandial state, serve as nitrogen
carriers to the periphery, whereas alanine and glutamine are used to carry nitrogen from
the periphery to the liver, intestine and kidney. In insulin-resistant states, including
obesity [35], the post-load uptake of branched-chain amino acids is impaired, possibly
leading to defective amino acid supply to the muscle tissue and sarcopenia. In summary,
the complex trafficking of glucose, lipid and amino acid in response to insulin resistance
should be considered in the treatment of diabetes.

):\ <7 Amino acids
4 r”(\ Fatty acids
’ﬁ\/; P, Glucose
Alanine Whole-body
proteins

Glutamine

High glucose
production

BCAA

Alanine

Figure 1. Interorgan amino acid exchange in the postabsorptive state and after meals in diabetes. Note the importance of
BCAAs (valine, isoleucine and leucine) as nitrogen carriers to the muscle tissue (lean mass) in the post-prandial period (blue
arrows) and the reverse importance of alanine and glutamine as nitrogen carriers to central organs in the post-absorptive
state (liver, kidney, intestine) (green arrows). In this context, the regulatory role of the pancreas (altered secretion of insulin
and glucagon) and the adipose tissue (lipolysis, release of free fatty acids and inflammatory adipokines in the general
circulation, particularly in the post-absorptive state) is pivotal for the regulation of hepatic and whole-body homeostasis

(red arrows).

3. Medical Nutrition Therapy for Type 2 Diabetes

The foundation of medical nutrition therapy (MNT) of T2D is to achieve glucose, lipids,
and blood pressure within the target range to prevent, delay or manage microvascular and
macrovascular complications [36,37].

MNT plays a pivotal role in the overall management of diabetes, and patients with T2D
should be actively involved with their healthcare team for the collaborative development
of a personalized meal plan. If these patients are referred to a registered dietitian or
a nutritionist proficient in providing diabetes-specific treatment, an absolute reduction
of glycated A1C haemoglobin of up to 1.9% may be observed [8]. Continuous dietary
counselling integrated with mobile apps and wearable devices has also been advocated to
facilitate the real-time assessment of dietary intake, to strengthen adherence, and support
motivation and self-efficacy [38].
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3.1. Comparison between Different Guidelines

Table 2 summarizes the main nutritional recommendations for patients with T2D,
derived from guidelines, and the dietary patterns with a high degree of evidence [5-9].
All proposed interventions are designed to reduce energy intake and promote 5-10% loss
of initial body weight, leading to improved insulin sensitivity, blood glucose and blood
pressure control, and reduced lipid levels [39]. Regular mealtimes and a healthy diet should
be combined with increased physical activity [4].

Table 2. Summary of nutritional recommendations for type 2 diabetes, as derived from international guidelines.

Nutrients

Recommendations

1-2
Calorie intake

e Reduce energy intake in all individuals with overweight/obesity (calorie deficit of
250-500 kcal/day) to promote weight loss (0.5-1.0 kg/week) to a final body weight within
the normal range

o There is insufficient evidence to recommend specific macronutrient distribution, but a

1-2 Macronutrient distribution moderate carbohydrate reduction might favour glucose control and promote a moderate

1-2 Carbohydrates

weight loss

o Prefer low glycaemic index foods (whole grains, fruits, legumes, green salad with olive
oil dressing and most vegetables). Limit refined carbohydrates (pasta, white bread, rice,
white potatoes, etc.)

e Limit intake of sucrose-containing foods and sugary drinks
e Prefer non-nutritive sweeteners as substitutes of sugar

1-2 Sugars e Low calorie or unsweetened beverages should be preferred, but their consumption
limited
1-2 Fibers e 30-50 g/day of dietary fibres (at least one-third of soluble origin)
1-2 Proteins e Asin the general population, 1.0-1.5 g/kg ideal body weight
o Reduce protein intake to 0.8 g kg/b.w. or lower in patients with chronic kidney disease
e Asin the general population, 20-35% of total kcal/day
12 Fats e Avoid trans-fatty acids and limit saturated fatty acids (SFAs) to 7-9%. Increase foods
enriched in long-chain omega-3 polyunsaturated fatty acids (PUFAs) and monounsaturated
fatty acids (MUFAs).
o Correct micronutrient and vitamin deficiencies
1-2 Micronutrients & Vitamins o Consider vitamin supplementation (B-group vitamins or folic acid) in metformin-treated
patients
122 Sodi e Limited as in the general population; consider additional limitations in those with
-2 Sodium .
hypertension
1-2 Alcohol e Limited as in the general population

1-2 Dietary pattern

e Favour a dietary model based on Mediterranean-style

The optimal distribution of macronutrients as a percentage of total energy is highly
variable, from 45 to 60% for carbohydrates, from 15 to 20% for proteins and 20 to 35% for fats,
suggesting no ideal percentage of calories from macronutrients [7]. As to carbohydrates,
high-fibre sources (30-50 g/day of dietary fibre, >30% as soluble fibres) and minimally
processed, low-glycaemic index carbohydrates should be preferred to improve glycaemic
control, LDL-cholesterol and cardiovascular (CV) risk. Overall, reducing carbohydrate
intake for individuals with T2D has been shown to improve blood glucose [6]; a systematic
review and meta-analysis (9 studies with 734 patients) confirmed a beneficial effect of low-
carb diets vs. normal-or high-carb diets on HbAlc and on short-term weight loss, not on
long-term weight loss [40]. Food plans should emphasize the consumption of non-starchy
vegetables, with minimal added sugars, fruits, whole grains, and dairy products [41].
Using non-nutritive sweeteners as substitutes for added sugar (sucrose, high fructose corn
syrup, fructose, glucose) can reduce daily calories and total carbohydrates. For those who
regularly consume sugary drinks, consuming a low calorie or unsweetened drink can be
an alternative, but both should be consumed with caution.

Additionally, recommendations on protein intake do not differ from the general
population (1.0-1.2 g/kg body weight or corrected body weight for patients with over-
weight/obese); protein intake should be reduced to 0.8 g/kg body weight in subjects with
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chronic diabetic nephropathy [36]. At present, there is some inconsistency across guidelines
from different countries as to protein sources (some do not limit animal proteins) and as to
allowed maximal amount of protein intake (1.2-1.5 g/kg/day) [42]. A recent meta-analysis
of 54 RCTs (4344 participants) showed a significant effect of moderate high-protein diets
(20-45% of total energy) vs. low-protein diets (10-23%) on weight loss and weight loss
maintenance, total fat mass reduction and cardiometabolic risk [43]. The authors suggest
that the effects might also be due to the blood-pressure-lowering effect of bioactive peptides
that inhibit the angiotensin-converting enzyme activity observed in protein isolates [44].

Among dietary fats, it is recommended to avoid trans-fatty acids as much as possible
and to consume less than 7-9% of the total daily energy from saturated fatty acids (SFAs).
SFAs should be replaced with polyunsaturated fatty acids (PUFAs), mainly mixed sources
of omega-3/omega-6, and with monounsaturated fatty acids (MUFAs) of vegetable origin
whole grains, nuts and seed (rich in alpha-linolenic fatty acid) [36,45].

The recommendations have largely focused on the quality of the diet and the impor-
tance of a healthy eating pattern that contains nutrient-rich foods, with less attention to
the percentage of specific nutrients, with a reduction in daily caloric intake (250-500 kcal)
for subjects with overweight and obesity [6]. Several dietary patterns have been studied
and proposed, but no single dietary pattern should be preferred [8]. Individual preferences
and treatment goals will determine the long-term use of these models; systematic reviews
and meta-analyses have shown that a Mediterranean-style dietary pattern significantly
improves hard outcomes such as glycaemic control, systolic blood pressure, total choles-
terol, HDL-cholesterol and triglycerides [46]. The Mediterranean diet is characterised by a
moderate-to-low carbohydrate intake, entirely covering the micronutrient needs [47]. Ad-
ditionally, a low fat diet, i.e., the DASH-diet, promoted in the prevention of cardiovascular
disease and the treatment of high blood pressure [48], has also reached consensus [49]. In a
review comparing low-carbohydrate and ketogenic diets, the vegan diet, and the Mediter-
ranean diet, all diets improved glycaemic control and weight loss, but patient adherence
and long-term manageability were pivotal factors for the efficacy of each diet [50].

3.2. Intensive Lifestyle Intervention

Intensive lifestyle intervention (ILI) that supports behaviour changes, as initially
experienced in the Finnish Diabetes Prevention Study and the U.S. Diabetes Prevention
Program [51,52], represents the recommended approach to prevent and/or delay the onset
of T2D in prediabetic patients [5]. The ILI behaviour approach combines diet and physical
activity interventions with the goal to achieve and maintain a 7% loss of initial body weight
and to increase moderate-intensity physical activity to at least 150 min/week. The effect of
ILI has also been investigated in the treatment of T2D. The Look AHEAD study randomized
5145 individuals with T2D and associated overweight or obesity to either ILI or diabetes
support and education (as control group), having cardiovascular outcomes as primary goal.
Weight loss was achieved by reducing caloric intake to 1200-1800 kcal/day depending
on baseline weight using portion-controlled meal plans, calorie-counting techniques, and
meal replacements combined to moderate physical activity to >175 min/week. ILI was
delivered as individual and group sessions over the first year, with a median follow-up of
9.6 years. [53]. After one year, the average weight loss in the ILI group was 8.6%, compared
with 0.7% in the control group, with 55% of ILI participants having lost >7% of their initial
b.w. vs. 7% of controls. This led to remission of T2D in 11.2% of ILI participants vs. 2.0% in
controls. However, by the fifth year of follow-up, ILI participants had regained half of their
initial weight loss, and the study was closed at the end of the follow-up (10-years) after an
interim analysis had shown that the intervention had failed its primary outcome [54]. Thus,
the critical point becomes how to achieve long-term weight loss maintenance, a difficult
task in the general population [55], and a core problem in T2D treatment with approaches
based on lifestyle changes. Although more effective than behaviour change in inducing
and sustaining remission of T2D, bariatric surgery also suffers from reduced durability
over time [56].
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A novel approach was tested in the DIRECT trial, a primary care-led management
intervention in patients with T2D diagnosed by less than 6 years and not receiving insulin.
The ILI strategy was preceded by a commercial very-low-calorie diet followed by stepwise
food reintroduction. Primary outcomes were weight loss >15 kg and T2D remission. At
12 months, almost half of participants achieved T2D remission off all glucose-lowering
medications [57]; this percentage dropped to 36% at 24 months [58]. Notably, the main-
tenance of diabetes remission paralleled weight loss maintenance and particularly fat
removal from the liver and pancreas, suggesting recovered insulin secretion [59]. With the
limits of durability, all these data support the use of IL, including dietary interventions, as
an effective adjuvant treatment to improve glycaemic control [60].

Another approach is the so-called intermittent fasting, which has gained increased
popularity for treating T2D based on very limited literature [61]. This term encompasses
various eating behaviours that avoid (or limit) nutrient and energy intake for a significant
amount of time (a full day or a time-restricted feeding between 6 to 8 h) on a regular
intermittent schedule. Intermittent fasting is claimed to improve glucose control, insulin
resistance and to induce weight loss by generating a ‘metabolic switch’, i.e., a sort of reju-
venation of the metabolic homeostasis, leading to increased health span and longevity [62],
but no advantage over conventional caloric restriction has been proven. Moreover, this
regimen could carry the risk of hypoglycaemia even when following a medication dose-
change protocol and should only be used under strict medical control and/or continuous
glucose monitoring [63].

Finally, the use of mobile apps and wearable devices has recently gained consensus
to facilitate weight loss. The use of these devices allows a direct analysis of daily calorie
intake and physical activity (daily steps), translated into calorie consumption [64]. This
provides immediate feedback and is likely to support long-term adherence to well-defined
goals [38]. Several commercial apps are available, and have been tested in the prevention
and treatment of diabetes in trials mimicking the U.S. Diabetes Prevention trial [52]. Toro-
Ramos et al. confirmed a modest efficacy of weight loss for app users after 6 and 12 months
of systematic use in subjects with prediabetes compared with usual care [65], and similar
studies are available with the most recent apps that also support by tailored messages
interactivity [66]. Although all these supports are expected to improve long-term weight
loss, and a few patients may really reach impressive results [67], their use is biased by
higher attrition rates [68]. Nonetheless, the possibility to reach a larger audience makes
this approach a useful opportunity.

4. Nutritional Supplements for Metabolic Control

International diabetes societies do not support the use of nutritional supplements in
diabetes, but their use continues to increase in several countries, despite lack of evidence
and uncertainty on safety [36]. A complete analysis of available products (combinations
may account for several hundreds) is outside the scope of this review, but a few of them
are of interest. Their putative mechanism(s) of action are summarized in Table 3 [69-89].
They are not expected to replace diet and glucose-lowering drugs but might be confidently
used, provided their safety is proven.
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Table 3. Putative mechanism(s) responsible for the beneficial effects of nutrition supplements and micronutrients on
diabetes risk and glycaemic control.

Product Mechanism of Action
Myo-inositol (MI) and D-chiro-inositol (DCI) act as insulin second messengers. MI takes part in cellular
glucose uptake and is high in the brain and heart, where high rates of glucose utilization occur

1-2 MI prevents the release of free fatty acids from adipose tissues; on the contrary, DCI is involved in

Inositols [69-71]

glycogen storage, being elevated in the liver, muscle, and fat tissue
DCI may be preferred to MI to restore insulin sensitivity and glycogen synthesis because it bypasses the
defective epimerization of MI to DCI in the presence of insulin resistance

1-2 Vitamin D [72-75]

1-2 Niacin [76]

Serum levels of 25(OH)D are significantly lower in patients with T2D compared with values measured in
healthy people, with a negative correlation with HOMA-IR and adipokines

Direct effect on insulin secretion, mediated by nuclear vitamin D receptors also present in pancreatic
f-cells, but the effects on insulin sensitivity have long been conflicting

Vitamin D deficiency is associated with vascular inflammatory responses by promoting the secretion of
inflammatory cytokines

This compound mediates hundreds of oxidation-reduction redox reactions, which are essential sources of
energy for a myriad of cellular functions, finally known to improve lipid profile and to reduce
cardiovascular risk

Restoration of C-peptide release, but unexplained negative results on glycaemic control

1-2 Resveratrol [77,78]

Activator of the sirtuin pathway, regulating several cellular functions related to metabolism, oxidation,
and aging
Anti-oxidant activity

1-2 Pre/probiotics
[79-83]

Effects on insulin sensitivity by modification of gut microbiota

1-2 Zinc [84,85]

Participation in insulin synthesis, storage, crystallization, and secretion in the pancreatic 3-cell, as in well
as in insulin action and translocation inside the cells

Stimulation of insulin sensitivity through the activation of the phosphoinositol-3-kinase/protein kinase B
cascade.

Stimulation of glucose uptake in insulin-independent tissues (insulin-mimetic action)

Suppression of proinflammatory cytokines (interleukin-1 and nuclear factor k), thus avoiding 3-cells
death and protecting insulin

1-2 Chromium [86,87]

Effects on insulin signalling
Insulin sensitising activity in experimental animals

1-2 Magnesium [88,89]

Possible effects of Mg?* deficiency on the tricarboxylic acid cycle, increasing the risk of hyperinsulinemia
and insulin resistance

Modulation of insulin action and oxidative glucose metabolism

Alteration of lipid metabolism and the antioxidant system

Abbreviations: HOMA-IR, homeostasis model assessment of insulin resistance; IL, interleukin; TNF, tumor-necrosis factor.

4.1. Inositols

Several reviews and meta-analyses have been published on the treatment of gestational
diabetes with myo-inositol (MI) or D-chiro-inositol (DCI) [70,90-93]. A Cochrane review
was inconclusive [94]; MI supplementation did not reduce the need for insulin or produce
any significant effect on blood glucose. Conflicting data have also been reported using DCI
or the combination of MI and DCI, and the optimum dosage to achieve a significant effect
on glucose metabolism remains unsettled [91]. A position statement of the two largest
Italian diabetes societies concluded that MI (at the dose of 4 g/day) might be safely used
for the prevention and treatment of gestational diabetes [95], but the level of evidence
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and the strength of recommendations are low. No data are available on the use of MI or
DCT to treat insulin resistance outside gestational diabetes. Studies are in progress on the
combined use of MI and myo-inositol hexa-phosphate (IP6), or phytic acid, showing more
effective anti-oxidant and glucose-lowering activity in experimental animals [96], but no
clinical data are available.

The use of inositol(s) in polycystic ovary syndrome is not considered in the present
review; in that setting, specific hormonal activity is likely to produce clinical effects [97].

4.2. Vitamin D

Vitamin D levels are frequently suboptimal in T2D, probably driven by overweight/
obesity, and specifically by visceral adiposity [98], and have been associated with chronic in-
flammation and insulin resistance, as well as impaired insulin release [99]. Epidemiological
studies support the existence of a relationship between low vitamin D levels and the pres-
ence of T2D, metabolic syndrome [100,101], nonalcoholic fatty liver disease (NAFLD) [102],
cardiovascular risk factors [103] and insulin resistance, also tested by glucose clamp [75].
However, a clear association between vitamin D levels, insulin and glucose metabolism
has not been systematically confirmed by intervention studies, and a causal association
has never been established [104]. In a subset of the RECORD trial, a placebo-controlled
trial of oral vitamin D3 and/or calcium supplementation for the secondary prevention
of osteoporotic fractures in older people, vitamin Dj at the daily dose of 800 IU with or
without 1000 mg of calcium did not prevent the development of T2D and did not reduce
the need for glucose-lowering drugs in T2D patients [105]. Although the effects on insulin
sensitivity have long been conflicting [73], a recent systematic review with metanalysis con-
firmed that vitamin D supplementation resulted in a significant improvement in HOMA-IR
(standardized mean difference = —0.57; 95% CI: —1.09 to —0.04), particularly when vitamin
D was administered in large doses and for a short period of time to nonobese, vitamin D
deficient patients, or to individuals with optimal glucose control at baseline [106]. Data
have been confirmed in another recent study in vitamin D-deficient adults randomized
to high dose vitamin D supplementation. The HOMA value of insulin resistance was
significantly reduced, and a lower rate of progression toward diabetes was observed vs.
the control group (3% vs. 22%; p = 0.002) [107].

Of note, vitamin D has been extensively used also to treat sarcopenia, considering the
role of insulin resistance extending from glucose metabolism to protein and amino acid
metabolism, as discussed below.

4.3. Niacin

Niacin is a water-soluble derivative of pyridine, present in several forms (namely as
nicotinic acid or nicotinamide), also named as vitamin B3. It is a derivative of vitamin
B, frequently associated with inositols as inositol hexanicotinate. The effects on insulin
release from islet 3-cells have been extensively investigated in T2D with secondary failure
of sulfonylureas, where niacin at the daily dose of 1.5 g significantly restored C-peptide
release [108]. However, a meta-analysis of eight trials where niacin was used to treat hyper-
lipidemia in 2110 T2D patients showed no significant effects on plasma glucose (weighted
mean difference (WMD), 0.18 mmol/L; 95% CI, —0.14 to 0.50) and HbA1c levels (WMD,
0.39%; 95% CI, —0.15 to 0.94) [109]. Niacin appeared to cause a deterioration of glucose
control, in keeping with data observed in a meta-analysis of 11 trials in patients without
diabetes at entry, where niacin was used to treat dyslipidaemia and prevent cardiovascular
events [110] (relative risk of de novo T2D: 1.34 (95% CI 1.21-1.49)). Similar results were
provided by the large trial of combination treatment with niacin plus laropiprant [111],
where niacin treatment (2 g/day for a median of 3.9 years) was associated with an in-
creased incidence of de novo T2D (rate ratio, 1.32; 95% CI 1.16-1.51) and deterioration
in metabolic control in subjects with diabetes (1.55; 1.34-1.78) [112]. This deleterious ef-
fect is similar to the well-known, mild negative effect of statins on glucose metabolism.
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It adds to the well-known poor tolerability of niacin because of flushing, occurring at
pharmacologic doses.

4.4. Nutraceuticals

Natural compounds derived from plant extracts, spices, herbs, and essential oils have
been tested for alleged benefits in managing patients with metabolic syndrome [77,113]. They
include Mediterranean diet components, olive oil and its anti-oxidant components, natural
legumes and cereals, as well as specific compounds, alone or in combination. Curcumin [114],
cinnamon [115,116], berberine [117,118], citrus flavonoids [119,120], quercetin [121,122], the bioac-
tive compounds of garlic [123,124], red yeast rice [125] and neem extracts [126] have
all demonstrated some activity on insulin sensitivity, but studies are usually of poor
quality and very few received extensive validation, although supported by systematic
reviews [119]. They may be included in dietary recommendations but should never replace
pharmacologic treatment.

Resveratrol, a polyphenol present in plants such as grapes and nuts and mainly in
derivatives (wine), merits a specific citation [127-129]. A recent Cochrane review identified
three RCTs with a total of 50 participants who received graded doses of daily oral resver-
atrol for 4-5 weeks vs. placebo. Studies had a low risk of bias, but the analysis did not
demonstrate any significant effect on glucose and HbA1lc levels, with the limit of a short
observation period. The authors found eight more ongoing RCTs with approximately 800
participants, likely to contribute more solid results [128]. Clinical studies in patients with
insulin resistance and NAFLD have shown promising results [130], but even moderate
alcohol intake is questioned in these patients due to the negative effects of alcohol on
hepatic and extrahepatic cancers, which outweigh the possible beneficial effects on the
cardiovascular system, largely derived from retrospective studies [131]. Finally, alcohol
provides extra calories that should be considered in patients on dietary restriction, the
pivotal intervention to reduce body weight and NAFLD burden.

Probiotics and/or prebiotics could be a promising approach to improve insulin sen-
sitivity by modification of gut microbiota. Clinical data are specifically referred to ges-
tational diabetes [132,133]; in these women four high-quality RCTs (288 participants)
showed that treatment was associated with a significant reduction in insulin resistance
(HOMA-IR: —0.69%; 95% CI —1.24, —0.14, p = 0.01), not in fasting glucose (—0.13 mmol/L;
95% CI —0.32, 0.06, p = 0.18) or LDL-cholesterol (—0.16 mmol/L; 95% CI —0.45, 0.13,
p = 0.67) [133]. In the general diabetes population, the most recent review identified 38
studies totalling 2086 participants fitting pre-defined criteria to be included in a meta-
analysis [134]. Overall, the use of prebiotics, probiotics or synbiotics reduced fasting
glucose (—0.58 mmol/L; 95% CI —0.86, —0.30; p < 0.01), total cholesterol (—0.14 mmol/L;
95% CI —0.26, —0.02, p = 0.02) and triglyceride levels (—0.11 mmol/L; 95% CI —0.20, —0.02,
p = 0.01) and increased HDL-cholesterol (0.04 mmol/L; 95% CI 0.01, 0.07, p < 0.01), but
failed to reach the significance threshold in HbAlc (—2.17 mmol/mol; 95% CI, —4.37 to
0.03; p = 0.05) and had no effect on LDL-cholesterol [134].

Fructans are compounds acting as prebiotics, i.e., non-digestible food ingredients
neither metabolized nor absorbed while passing through the upper gastrointestinal tract
and fermented by bacteria in the colon. They include fructo-oligosaccharides, galacto-
oligosaccharides, lactulose and large polysaccharides (inulin, resistant starches, cellulose,
hemicellulose, pectin and gum) [135,136]. Diets rich in fructans might improve glucose
metabolism in T2D also via decreased intake and intestinal absorption of food, adding
to modifications of gut microbiota [137,138]. A systematic review with meta-analysis
of 25 studies did not provide evidence for a beneficial effect on BMI, but inulin-type
carbohydrate supplementation reduced fasting glucose (—16.4 mg/dL; 95% CI, —17.6
to —15.2), HbAlc (—0.58%; 95% CI, —0.78 to —0.39), and HOMA-IR (—0.99%; 95% CI,
—1.76 to —0.2). However, a large heterogeneity was demonstrated, raising doubts on data
validity [139].
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4.5. Other Micronutrients
4.5.1. Zinc

Zinc deficiency is common in T2D [140], likely as an effect of both hyperzincuria [141]
and reduced intestinal absorption [142], resulting in insulin resistance [143]. Its antioxidant
role further strengthens the importance of zinc levels for diabetes control and the prevention
of microvascular complications [144].

In the clinical setting, a systematic review with meta-analysis of 12 studies in T2D
patients showed that zinc supplementation resulted in a significant reduction of fasting
blood glucose (pooled mean difference, —18.1 mg/dL; 95% CI —33.8 to —2.41) and HbAlc
(—0.54 %; 95%CI, -0.86 to -0.21), accompanied by a systematic reduction of total and
LDL-cholesterol levels [145]. Among diabetes-related complications, zinc supplementation
was shown to reduce lipoperoxidation [146] and to decrease urinary albumin excretion,
independently of glucose control [147,148]. However, a few studies failed to demonstrate
any positive effect of zinc supplementation in the metabolic control of T2D patients [146],
also in the presence of long-term supplementation and low zinc levels at baseline [149]. Zinc
supplementation might prove useful only in specific settings. In zinc-deficient patients with
cirrhosis, independently of diabetes status, zinc treatment (zinc sulfate, 200 mg three times
per day) was associated with improved non-insulin-mediated glucose disposal (so-called
glucose effectiveness) [150], as well as improved alanine stimulated urea synthesis rate,
a measure of amino acid utilization in tissues [151], also resulting in decreased ammonia
levels and improved mental state. All these complementary effects might be important in
subjects with T2D progressed to NAFLD-cirrhosis [152].

No relevant side effects of zinc supplements have been reported in chronic dis-
eases [153].

4.5.2. Chromium

A possible role of deficient chromium levels as risk factor T2D has long been suggested
based on its insulin-sensitising activity, but the effects on human disease remain uncertain.
In a large case-control study involving 4443 Chinese individuals (nearly half with either
newly diagnosed T2D or newly diagnosed pre-diabetes), plasma chromium levels were
approximately 10% lower in the T2D and pre-diabetes groups vs. controls, and the risk
of T2D and pre-diabetes decreased across quartiles of chromium [154]. This evidence fits
with smaller studies reporting decreased chromium levels and/or increased chromium
excretion in T2D [141,155].

The effects of chromium supplementation have been tested in multiple review articles
with pooled analysis or metanalysis [156-159]. Based on 25 RCTs of chromium supplemen-
tation, Suksomboon et al., concluded for positive effects of chromium supplementation
on glucose control in patients with diabetes, with no increased risks of adverse events
compared with placebo [156]. On the contrary, Yin et al., in a meta-analysis of 14 trials (875
participants, mean age range: 30 to 83 years old, 8 to 24 weeks of follow-up) did not demon-
strate any significant effect of chromium, either as Cr chloride, or Cr picolinate, or Cr yeast)
on HbAlc levels [157]. In a review limited to patients with T2D, very few studies reached
clinically meaningful goals, defined as fasting plasma glucose (FPG) <7.2 mmol/dL, a
decline in HbA1lc to values <7%, or a decrease of >0.5% in baseline levels [158]. Finally, in
the most recent and largest analysis in T2D (28 studies, 1295 participants, heterogeneous
chromium supplements with daily intake ranging up to 3000 pg for 6-24 weeks), the
authors concluded for a positive effect of Cr supplements on glucose metabolism [159] and
include chromium supplements into the treatment of T2D [159], despite uncertainty about
long-term use. Treatment reduced fasting glucose (WMD, —0.99 mmol/L; 95% CI, —1.72
to —0.25), HbAlc (WMD, —0.54 %; 95% CI, —0.82 to —0.25), triglycerides and increased
HDL-cholesterol. The effects were mainly reported using both chloride and picolinate
formulations and were independent of treatment duration.
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4.5.3. Magnesium

Insulin modulates the shift of magnesium from extracellular to intracellular space;
in turn, intracellular Mg?* concentration modulates insulin action, as well as blood pres-
sure [160]; thus, low magnesium induces insulin resistance, and insulin resistance further
decreases magnesium levels [161]. In the past 20 years, several epidemiological and clinical
studies have demonstrated the protective role of magnesium on the risk of diabetes. In
U.S. women aged >45 years (Women’s Health Study) with no previous history of T2D, an
inverse association was found between dietary magnesium and incident T2D, which was
significant among women with increasing grades of overweight/obesity (P for trend, 0.02).
It was associated with a progressive decline of insulin levels (P for trend, 0.03) [162]. Data
were confirmed in 1122 individuals (20-65 years of age) enrolled between 1996 and 1997
and re-examined about 10 years later. The relative risk of new-onset prediabetes and T2D
were increased in the presence of low magnesium levels at baseline [163].

Oral magnesium supplementation in subjects with T2D and low magnesium levels
have been reported to improve insulin sensitivity and metabolic control [164-166]. In a
meta-analysis of 40 prospective cohort studies enrolling more than 1 million participants
and follow-up periods ranging from 4 to 30 years, dietary magnesium intake was associated
with a 19% reduction in the relative risk of T2D (RR 0.81; 95% CI, 0.77-0.86 per 100 mg/day
increment) [167]. In a different analysis of 28 studies involving 1694 subjects (834 in the
treatment arm and 860 in the placebo arm), magnesium supplementation was demonstrated
to produce favourable effects on blood glucose (WMD, —4.64 mg dL, 95% CI —7.60 to
—1.68), as well as on HDL- and LDL-cholesterol, triglycerides and systolic blood pressure,
also reducing cardiovascular risk [168].

Additionally, for magnesium supplements, no safety concerns have been raised; Verma
and coll. argue that large trials should be performed to validate the use of magnesium
supplements to prevent and treat T2D [168], but no consensus exists in the community [169].

5. Prevention and Treatment of Diabetes-Related Sarcopenia

Optimal energy intake, healthy food choices and sufficient protein intake, coupled
with habitual physical activity, especially resistance training, are the cornerstones for
metabolic control and the prevention of frailty in T2D. Despite the mounting evidence of
the negative impact of sarcopenia on the natural history [170] and quality of life of T2D
patients [171], there is a surprising dearth of intervention studies addressing T2D-related
sarcopenia. Therefore, we must rely on findings from general intervention studies on
sarcopenia and/or sarcopenic obesity.

Resistance training represents the most effective intervention for prevention and
treatment and can be safely carried out even in fragile patients [172]. High protein
(1.2-1.4 g/kg) hypocaloric diets—either exclusively food-based or including protein sup-
plements, both as an adjunct to resistance training—have proven effective for preventing
muscle mass loss during weight-reduction diets in women with obesity [173]. To reach
the anabolic threshold, the protein supplement should be provided at meals rather than
between meals in the elderly. The optimal protein dose (including food protein and proteins
from supplements) should be 3045 g of proteins per serving in the elderly [174]. However,
high protein load cannot be recommended to T2D patients with chronic kidney disease
(CKD) [175].

Whey proteins, rich in the anabolic amino acid leucine, represent the most frequently
used protein supplements. Additionally, BCAA supplement or the leucine metabolite
B-hydroxy-B-methyl butyrate have been proposed. These supplements are generally
ineffective as sole treatment in patients without diabetes [173,176,177] and must be added
to resistance training to improve already-established sarcopenia (associated or not to
obesity). Leucine has strong insulinotropic properties, and leucine-rich supplements may
increase the availability of amino acids for protein synthesis and reduce protein breakdown
in the muscle, at the same time enhancing glucose disposal and glycaemic control, but
solid data are lacking [178]. A noteworthy issue is that BCAA treatment has proven
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effective both in preventing and in improving sarcopenia in patients with liver cirrhosis,
also independently of physical exercise/resistance training [179,180].

Finally, vitamin D was also proposed as a nutritional supplement to control sar-
copenia. The activation of the vitamin D receptor present in muscle cells promotes their
differentiation, proliferation and hypertrophy. Vitamin D deficiency is associated with
reduced muscle mass and strength in the elderly [181], and vitamin D supplementation
increased muscle strength, particularly in vitamin D-deficient cases and in the elderly [181].
Data were not confirmed by a Cochrane review in patients with liver disease; no data are
available in T2D [182] and trials are eagerly warranted.

6. Management of Other Comorbidity in Patients with T2D
6.1. Cirrhosis

Nutrition therapy in cirrhosis has already been discussed in this Special Issue of
Nutrients. Nonetheless, its association with T2D deserves a special focus considering the
high prevalence—up to two-thirds of patients with cirrhosis listed for liver transplantation
have T2D [183]—and its importance as a risk factor for the development of complications
(ascites, hepatic encephalopathy, bacterial infections, renal insufficiency, hepatocellular
carcinoma) [184]. Nutrition treatment becomes extremely challenging since additional
determinants of malnutrition may be present, including reduced food intake and/or
defective absorption of nutrients and impaired albumin synthesis. Sarcopenia—accelerated
by upregulation of myostatin due to hyperammonaemia—becomes a predictor of morbidity
and mortality, aggravated by obesity (sarcopenic obesity) [185,186], and is difficult to treat.
Bariatric surgery is frequently contraindicated [187]; also pharmacologic treatment with
GLP-1 agonists favouring weight loss [188], such as liraglutide, may be contraindicated
by the presence of varices at risk of bleeding [189], and dietary treatment remains the
sole possibility.

Unfortunately, there are no specific guidelines for the nutritional treatment of T2D as-
sociated with cirrhosis, and individualized, structured nutritional programs are suggested
to accomplish the need for restriction of sodium and fluids [190]. Due to the accelerated
depletion of glycogen stores, it is important to provide frequent (3 to 5) meals contain-
ing carbohydrates, plus a late evening carbohydrate snack to prevent muscle protein
catabolism [191,192].

Protein restriction is not systematically advocated, as these patients usually tolerate a
normal protein intake. Besides hypoalbuminemia, potentially requiring a higher protein
intake, albumin glycation is present in T2D [193]. The structurally damaged albumin
molecule is also dysfunctional, and albumin administration may be required to reduce
ascites. Although the specific indications for use are clearly defined by international
guidelines [194], albumin is frequently administered outside evidence-based indications,
including nutritional support [195]. At present, no studies showed a direct link between
albumin administration and nutritional correction in decompensated cirrhosis; it can only
be hypothesized that the clinical improvement seen with long-term albumin treatment
could indirectly improve the nutritional status through different mechanisms, which
include the control/resolution of ascites and whole body edema, or the reduction of
systemic inflammation [196].

6.2. Renal Failure

In T2D patients with CKD, protein restriction may be advised; low protein diets (daily
protein intake reduced to 0.8 g/kg b.w.) showed a beneficial impact on the trajectory of
renal function leading to an attenuation in the progression of CKD and delayed initiation
of dialysis treatment, an important goal for patients [197-199]. However, protein restriction
may worsen sarcopenia and should be limited as long as possible. According to the
National Kidney Foundation/Kidney Disease Outcomes Quality Initiative (NKF-KDOQI)
Guidelines, protein intake must actually be increased up to 1.2 g/kg body in patients
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undergoing maintenance dialysis due to important additional amino acid losses occurring
in dialysate [200,201].

Different sources of dietary protein may have a different impact on CKD-related
complications; meat intake increases the production of nitrogenous end products, worsens
uraemia and may increase the risk of constipation with consequent hyperkalaemia associ-
ated with the low fibre intake [199]. A predominantly plant-based diet, fibre-rich and low
in protein content (0.6-0.8 g/kg/day), can produce favourable changes in the intestinal
microbiome, thus modulating the generation of uremic toxins and slowing down the pro-
gression of CKD, finally reducing cardiovascular risk [202]. Carbohydrates from sugars
should be limited to less than 10% of the energy intake [203], and saturated fatty acids,
trans fats, and cholesterol should be replaced by polyunsaturated and monounsaturated
fats, associated with more favourable outcomes [204]. Dietary sodium restriction should
be considered, but a deficient sodium intake (to less than 1.5-2.0 g/day) carries the risk of
hyponatremia, leading to reduced insulin sensitivity and prediabetes [205]. T2D patients
with advanced CKD progressing to end-stage renal disease may be prone to the “burnt-
out diabetes” phenomenon (i.e., spontaneous resolution of hyperglycaemia and frequent
hypoglycaemic episodes); further studies in this frail population in chronic hemodialysis
treatment are particularly needed to determine the safety and the effectiveness of dietary
manipulations [206].

7. Conclusions

T2D is the paradigm of conditions where genetic, behavioural and individual factors
drive disease occurrence and severity. Despite decades of epidemiological studies and
randomized trials, several unmet needs remain (Table 4). The goal of optimal nutritional
approach is to maintain or regain a body weight within the normal range, providing ade-
quate intake of macronutrients and micronutrients to reduce the risk of sarcopenia. Various
dietary approaches have been proposed to improve outcome, with the Mediterranean diet
supported by solid evidence. However, as long-term adherence is the main goal to be
achieved, the dietary plan and the calorie restriction that patients feel confident to maintain
life-long should always be preferred. At present, supplementation with inositols, vitamin
D and micronutrients (zinc, chromium, magnesium) is not systematically suggested, but
might be considered in individual patients.

Table 4. Principal unmet needs for optimal nutritional treatment of patients with type 2 diabetes.

Target Unmet Needs

Define the best dietary plan to support weight loss and weight loss maintenance
122 Define the role of psychological support in individual, difficult cases
Weight control Define the role of e-health technology and individual apps to improve long-term

Prevention and treatment of sarcopenia

adherence to dietary recommendations

Define the optimal protein intake to prevent sarcopenia
How to integrate physical activity in the daily life of frail patients
Assess the relative role of resistance vs. aerobic exercise

Are they really needed (if, when, to whom)?
Who should be screened for micronutrient deficit

Vitamins and nutritional supplements Define the role of nutritional supplements in the prevention of sarcopenia

Define the possible interaction of vitamins and nutrients with drug treatment

Although advances in nutrigenomics and metabolomics offer the rationale for tailored
precision medicine, a personalized meal plan, supported by continuous dietary counselling
by registered dietitians remains at present the key strategy for long-term success in weight
and glycaemic control [37], particularly in individual high-risk cases [38].
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Abstract: Current treatment recommendations for non-alcoholic fatty liver disease (NAFLD) rely
heavily on lifestyle interventions. The Mediterranean diet and physical activity, aiming at weight
loss, have shown good results in achieving an improvement of this liver disease. However, concerns
related to compliance and food accessibility limit the feasibility of this approach, and data on the
long-term effects on liver-related outcomes are lacking. Insulin resistance is a central aspect in the
pathophysiology of NAFLD; therefore, interventions aiming at the improvement of insulin sensitivity
may be preferable. In this literature review, we provide a comprehensive summary of the available
evidence on nutritional approaches in the management of NAFLD, involving low-calorie diets,
isocaloric diets, and the novel schemes of intermittent fasting. In addition, we explore the harmful
role of single nutrients on liver-specific key metabolic pathways, the role of gene susceptibility and
microbiota, and behavioral aspects that may impact liver disease and are often underreported in
clinical setting. At present, the high variability in terms of study populations and liver-specific
outcomes within nutritional studies limits the generalizability of the results and highlights the
urgent need of a tailored and standardized approach, as seen in regulatory trials in Non-Alcoholic
Steatohepatitis (NASH).

Keywords: insulin; lifestyle; non-alcoholic; steatohepatitis; fibrosis; metabolic syndrome; weight loss;
time-restricted feeding; intermittent fasting; low-carb diet; liver disease

1. Introduction: Rationale for Lifestyle Interventions in NAFLD

Non-alcoholic fatty liver disease (NAFLD) represents the leading form of chronic liver
disease, with a worldwide prevalence of 25% [1] and a disease burden which is projected
to dramatically increase by 2030 [2], in parallel with the pandemic of metabolic-related
affections, mainly obesity and type 2 diabetes (T2DM). Overall, the economic and social
burden of NAFLD in Europe is high [3].

NAFLD is a multi-systemic disease which involves multi-directional metabolic de-
rangements [4]. The term NAFLD covers different disease activities and disease stages,
ranging from simple steatosis (non-alcoholic fatty liver, NAFL), to the histological evidence
of lobular inflammation and ballooning (non-alcoholic steatohepatitis, NASH), which
represents the progressive form of the metabolic-related liver damage that can potentially
lead to cirrhosis and further complications, including hepatocellular carcinoma (HCC) [5].
Progression along this disease continuum is driven by alternating inflammatory bouts
that foster excessive fibrogenesis and promote scars inside the liver parenchyma. Pro-
gression through the histological fibrosis stages to cirrhosis has been recognized as the
most relevant prognostic factor in NAFLD [6]. In addition, resolution of NASH is more
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difficult to achieve when compared to NAFL, where no inflammatory activity is detected
upon histology. Presently, liver biopsy is the reference standard to reliably grade NASH
and stage fibrosis. Hence, in the absence of accepted non-invasive markers, an accurate
assessment of treatment efficacy requires liver biopsy. This is frequently not performed
in lifestyle intervention trials and thus results are not directly comparable with current
registration studies exploring pharmacotherapy options.

Currently, no liver-directed pharmacological therapy is approved for the treatment of
NAFLD, and the management relies on lifestyle interventions. The majority of individuals
with NAFLD are overweight or obese and suffer from T2DM [7]. Therefore, weight
loss, aiming at ameliorating the liver injury and decreasing fibrosis, is suggested by all
guidelines. However, NAFLD can also occur in lean individuals, where other factors, such
as an unfavorable genetic background, may lead to a comparable liver phenotype. The
patients considered as lean NAFLD can develop all disease stages of NASH, supporting the
concept that even in the absence of overt obesity, steatohepatitis and fibrosis can occur. [8].
In all NASH patients, a balance between harmful (metabolic) co-factors, intrinsic genetic
factors, and extrinsic lifestyle choices impact on the clinical phenotype. This variability
also adds to the inhomogeneity of responses observed in lifestyle interventions.

The seminal studies conducted by Vilar-Gomez et al. on 293 NAFLD individuals
undergoing intensified lifestyle changes (low-fat hypocaloric diet) with psychological
coaching for 52 weeks highlighted the results that nutrition and physical activity can have
on liver histology: weight loss of more than 10% of the initial body weight led to a resolution
of NASH in 90% of cases, and a regression of fibrosis in 45% of cases [9]. Unfortunately,
only 10% of all intensively guided participants could reach this endpoint. Similar data
resulted from another randomized, controlled trial conducted on 31 overweight or obese
patients with biopsy-proven NASH undergoing lifestyle intervention for 48 weeks, with
significant improvements in histological inflammatory activity in those who could reach
at least a 7% reduction in weight loss [10]. In a routine clinical setting which offers less
intensive counseling, the effects of lifestyle modifications are clearly lower, which is linked
to the lower rate of adherence.

Evidence coming from morbidly obese patients undergoing bariatric surgery have
provided insightful results on the impact of rapid weight loss on liver damage. Despite
differences of NAFLD in bariatric cohorts with typically lower disease activity and stages,
the pronounced and sustained weight loss that occurs highlights the degree of effect that
can be achieved in a short time frame. Studies conducted by Lassailly et al. showed that
NASH resolves in 85% of cases at 1 year after bariatric surgery [11], and an additional
beneficial effect on fibrosis can be observed across 5 years following surgery [12].

Histological improvements resulting from weight loss are also observed across clinical
trials with investigational drugs. In a phase II trial conducted on patients with NASH,
liraglutide, a synthetic agonist of glucagon-like peptide-1 (GLP-1) approved for the treat-
ment of T2DM, showed a resolution of inflammatory activity in 39% of cases along with
a weight reduction of 15% from the initial value [13]. Empagliflozin, a sodium—glucose
co-transporter-2 (SGLT2) inhibitor used for the treatment of T2DM, showed a 20% resolu-
tion of liver fat content as measured by magnetic resonance spectroscopy, accompanied
by a reduction in a placebo-corrected 2.5 kg of weight [14]. On the contrary, pioglitazone,
a peroxisome proliferator-activated receptor (PPAR)-y agonist, has been shown to improve
NASH in up to 34% of cases with a mean weight gain of 4.7 kg [15].

In addition, data extrapolated by clinical trials have also demonstrated the significant
influence of lifestyle interventions in modulating the course of NAFLD. Dietary recommen-
dations and physical activity are suggested for all participants in experimental studies, in
which proper, systematic designs may help to identify strong endpoints, limit heterogeneity,
and predict the size of placebo responses [16]. Therefore, results emerging from placebo
arms mirror the effective action of lifestyle modifications, which are strengthened by higher
compliance in the setting of close clinical visits. One recent meta-analysis of the placebo
groups from 39 randomized controlled trials of adults with NASH showed a significant re-
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sponse: up to 25% of patients given a placebo had improvements in all the histology scores,
including fibrosis, with moderate heterogeneity among the different studies. Moreover,
patients given the placebo had a significant reduction in steatosis, as measured by proton
magnetic resonance spectroscopy, and a significant decrease in serum transaminases [17].

2. Response to Lifestyle Intervention between Genes and Environment

Diverse genetic susceptibility, as expressed by different single nucleotide polymor-
phisms (SNPs) in targeted genes, as well as the additional impact of metabolic co-morbidities
and lifestyle habits, are together responsible for the high variability in the efficacy of
lifestyle interventions.

Genome-wide association studies (GWAS) have identified vulnerable sites in many
gene loci, such as Patatin-like phospholipase domain-containing protein 3 (PNPLA3) [18],
Membrane-bound O-acyltransferase domain-containing protein 7 (MBOAT?) [19] and
Transmembrane 6 Superfamily Member 2 (TM6SF2) [20], which are related to a more
aggressive disease phenotype, leading to a major risk for developing advanced liver
disease. However, post hoc analyses conducted in a randomized controlled trial of lifestyle
modifications in NAFLD populations have shown that variants in PNPLA3 were associated
with better improvements in weight loss, better impacts on dyslipidemia, and greater
reductions in intrahepatic fat, as evaluated by proton magnetic resonance spectroscopy [21].
These data suggest that the presence of the PNPLA3 variant may induce a better response
to lifestyle intervention, and favorable results also come from a study from Sevastianova
et al., where the same variant did not prevent the decrease in liver fat upon undertaking a
hypocaloric low-carbohydrate diet for 6 days [22].

This evidence may lead to a reduced need for drug therapy in patients with PNPLA3
variants, and further studies investigating the role of other variants would potentially bring
stronger results. Currently, polygenic risk scores are being evaluated, putting together dif-
ferent gene variants, in order to assess their potential role in preventing hard endpoints [23],
and response to lifestyle interventions might be included in this novel approach.

In addition, gene expression is continuously shaped by environmental agents, which
act as epigenetic modulators of specific protein translation and synthesis. In one study
conducted on mice, a high-cholesterol diet was associated with a down-regulation of key
genes involved in cholesterol metabolism, such as farnesoid-X receptor (FXR), which exerts
ani-inflammatory and anti-fibrotic effects upon the liver [24]. Hence, the unhealthy dietary
environment may predispose the liver to unfavorable gene expression, with relevant
implications in clinical settings.

The close connection between the liver and the gut supports the concept that gut
microbiota (GM) correlate with the liver disease. However, these interactions are multidi-
mensional and complex. Alterations of the gut vascular barrier and intestinal epithelial
barrier are in reciprocal interaction with the GM composition and contribute to liver in-
jury in murine models [25]. Gut integrity—a function of intestinal epithelium and dietary
composition—also affects the balance between bacterial species and microbial gene richness,
which may give rise to hepatic inflammation [26]. Obese people present with low microbial
gene richness, and dietary intervention has been shown to improve this pattern [27]. Addi-
tionally, reductions in GM heterogeneity lead to a decrease in short-chain fatty acids and
increased lipopolysaccharide (LPS)—both factors are associated with insulin resistance [28].
To add to this evidence, one longitudinal study conducted in 307 males observed a reduced
risk of cardio-metabolic disease in those individuals who adhered to a Mediterranean-style
dietary pattern, and this was associated with a specific GM taxonomy [29].

When considering the diverse response on a lifestyle treatment, ethnicity plays a
relevant role. A recent meta-analysis of over two million Chinese individuals highlighted
a dramatic increase in the prevalence of NAFLD, reaching 29% in the 2010s. A greater
predominance of PNPLA3 variants was observed, partly explaining the 10% of NAFLD
diagnosed in non-obese individuals. This might also impact on the response from lifestyle
treatment. On the other hand, a major prevalence of NAFLD was observed in Westernized
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areas of Asia, underlying the combining impact of environmental factors [30]. The balance
between genes and environment with regard to response to lifestyle treatment is still
underreported in NAFLD. Randomized control trials of lifestyle interventions in Asian
NAFLD populations have shown that both aerobic and resistance training, alone or in
combination with dietary changes, have a positive impact on weight loss and reductions
in liver fat and inflammation, however with substantial heterogeneity among studies
involving different ethnicities [31]. Therefore, ethnic differences may be responsible for
different outcomes for lifestyle interventions and may affect the interpretation of data.

3. Improving Insulin Resistance as Metabolic Endpoint for Lifestyle Intervention

Insulin resistance has been widely assessed as the major trigger of liver damage in
NAFLD [32,33]. Defective action of insulin in peripheral tissues causes a reduced insulin-
mediated glucose uptake in skeletal muscle, resulting in persistent hyperglycemia, and
enhances lipolysis in adipose tissue, with increased levels of free fatty acids. The liver is
responsible for the capture of the overflow of free fatty acids, accumulating esterified fats in
lipid droplets inside the cytoplasm of hepatocytes. Insulin resistance inside the liver, linked
to the alterations in post-receptor insulin signaling, leads to increased gluconeogenesis,
with further harmful impacts on glycemic homeostasis.

A mechanistic link between insulin resistance and chronic liver inflammation has been
explored in studies conducted on animal models. In mice, overexpression of cytochrome
P450 2E1 (CYP2EL1) as a result of oxidative stress-derived liver inflammation, impairs intra-
hepatic insulin signaling, by decreasing the tyrosine phosphorylation of insulin receptor
substrates (IRS), one key passage in the insulin metabolic pathway [34]. Hence, this inter-
ference prevents the liver from implementing a proper response to insulin. Interestingly,
CYP2E1-derived inhibition of insulin signaling was partially mediated by downstream
c-Jun N-terminal kinase (JNK), tightly connected to the activation and apoptosis of signal-
regulating kinase 1 (ASK1). These are two major components of the hepatic inflammasome
that promote apoptosis, inflammation and fibrosis, and their inhibition has been shown to
improve liver damage [35], potentially acting as a target to treat insulin resistance [36].

Moreover, it has been shown that the crosstalk between adipose tissue and the liver,
mediated by free fatty acids, results in the activation of Kuppfer cells, promoting inflam-
mation and fibrogenesis. This pathophysiological milieu develops in the absence of obesity
and T2DM, as an independent mechanism of disease [37]. One study conducted on non-
obese, non-diabetic NASH individuals showed a direct association between saturated fat
intake, derived indices of insulin resistance, and the postprandial rise of triglycerides,
suggesting a shared pathological ground between nutrition, fats, and insulin activity, in
the absence of overt metabolic-related morbidities [38].

Moreover, a high heterogeneity was observed in the obese population with NAFLD.
Obesity is not a unique phenotype and the different compartments of adipose tissue, e.g.,
subcutaneous tissue versus abdominal/visceral adipose tissue, contribute differently to
the disease. Visceral adipose tissue is characterized by proinflammatory activity and con-
tributes to insulin resistance in peripheral tissues, in particular, in skeletal muscle. Muscle
insulin resistance is linked to a worse metabolic phenotype. Overall, these individuals
have a different clinical phenotype compared to obese patients that do not exhibit visceral
adiposity and accompanying insulin-resistance. These patients are currently considered
metabolically healthy obese patients. This difference may also have important implications
in terms of prognosis, as well in the response to lifestyle treatment.

High insulin levels are therefore the results of multiple drivers, involving both envi-
ronmental and genetic factors, of which balance determines the phenotype and the natural
history of liver disease. A diet rich in saturated fats, sucrose-enriched beverages, refined
carbohydrates, high glycemic index foods, high fructose intake, high caloric foods, inserted
in the picture of the Western diet, as well as harmful eating habits and sedentary lifestyles,
promote hyperinsulinemia and NAFLD [39]. In particular, the detrimental effect of fructose
in the context of a hypercaloric diet leads to increased de novo lipogenesis and lipotoxicity.
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These two major factors are involved in the progression of NAFLD to fibrosing NASH [40].
Hence, the improvement of insulin resistance would be the preferable endpoint for lifestyle
interventions, with consequent beneficial effects on lipid profiles, cardio-metabolic parame-
ters, and anthropometric measures. This complex crosstalk may be influenced by genes, as
well as the co-presence of metabolic affections that would likely confer variable responses
to the dietary approach.

The importance of insulin resistance in the clinical setting is supported by lifestyle
interventions examining the improvement of NAFLD. Secondary or co-primary endpoints
of most interventional studies are linked to the evaluation in changes of insulin resistance
indices. In one randomized crossover trial conducted on obese non-diabetic biopsy-proven
NAFLD individuals, lifestyle interventions using a Mediterranean diet led to a significant
improvement in insulin sensitivity, as determined by a euglycemic clamp, in parallel to
a reduced liver fat content, without relevant weight loss [41]. Another study conducted
on adolescents with NAFLD undergoing a low-fructose diet led to a reduction in liver
transaminases, accompanied by a significant improvement in systolic blood pressure and
the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) [42]. The emerging
role of the tight connection between liver outcomes and improvements in insulin resistance
across the clinical studies suggest that insulin sensitivity should be addressed as a solid
endpoint of lifestyle interventions.

4. Quantitative and Qualitative Aspects of Nutrition

Although association studies have highlighted a link of nutritional components, and
in particular, hypercaloric diets, to liver injury in NAFLD, the specific dietary patterns or,
more generally, the type of lifestyle intervention, that will reverse the disease phenotype
beyond adherence to a hypocaloric diet is less clear. Resolution of steatohepatitis and
regression of fibrosis are viewed as the most relevant endpoint in clinical trials. However,
data on long-term outcomes, including the different incidence of metabolic concomitant
affections and overall mortality, are lacking. Hence, most data are extrapolated from the
efficacy of some dietary patterns in clinical trials, as well as the diverse harmful impact of
different micro or macronutrients in animal models or surrogate endpoints in humans.

Recently, the evaluation of these interconnected pathways has been explored through
the approach of the Geometric Framework of Nutrition (GFN), a dimensional model
that graphically integrates key aspects of nutritional systems and maps the relationship
between nutrient intake and health outcomes [43]. One experimental study conducted
in mice showed, with the GFN model, that a carbohydrate intake of less than 25 kj/day
and protein intake of more than 10 kj/day was associated with a lower probability of
developing fatty liver disease, while increased fat content was positively associated with a
fatty liver [44]. This evidence suggests that not only the reduction in calories, but rather
the quality and the energy content of nutritional components, can add to a successful
dietary intervention.

4.1. Mediterranean Diet versus Western Diet

Dietary patterns that approximate the Mediterranean diet have been repeatedly as-
sessed in patients with metabolic diseases. In a large meta-analysis of 50 studies comprising
534,906 individuals, adherence to the Mediterranean diet was associated with a reduced
risk of metabolic syndrome and, importantly, overall mortality. This was accompanied
by a lower waist circumference, higher glucose tolerance, higher levels of high-density
lipoprotein (HDL) cholesterol, and better levels of systolic and diastolic blood pressure [45].

In treating NAFLD, it is likely that easy and simple dietary patterns will be most bene-
ficial for patients. One recent Italian randomized controlled trial, conducted by Franco et al.
in 144 non-diabetic NAFLD patients, showed that a low glycemic index Mediterranean diet
significantly improved hepatic steatosis, assessed by a control attenuation parameter (CAP),
as well as markers of insulin resistance, as determined by HOMA-IR [46]. Interestingly,
this pattern of diet ameliorates insulin resistance even in the absence of weight loss, acting
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on a pathophysiological level [41], and improves blood levels of transaminases (alanine
aminotransferase, ALT) as surrogate markers of hepatic necroinflammatory activity, but
also liver stiffness at elastography after 6 months of treatment [47].

One European prospective population study conducted on 2288 Swiss individuals
without baseline hepatic steatosis for a mean time of 5.3 years has confirmed the previous
evidence on a larger scale, because higher adherence to Mediterranean diet was associated
with a reduced risk of developing NAFLD [48].

The Mediterranean food pattern comprises the high consumption of vegetables, fruits,
mainly unrefined grains, low-fat milk, nuts; low glycemic index carbohydrates; higher
proportions of monounsaturated fatty acids (MUFA) or polyunsaturated fatty acids (PUFA)
with minimal saturated fats; a weekly consumption of fish, legumes, poultry and eggs; daily
consumption of olive oil and a moderate consumption of red wine with meals as sources
of polyphenols; and a more sporadic consumption of potatoes, red meat, sweets [49]. The
model of the Mediterranean diet is based on low-glycemic index foods, which favor low lev-
els of insulin and, more generally, a lower risk of developing insulin resistance. Therefore,
the beneficial effect of the Mediterranean diet on NAFLD is likely to be dependent on the
improvement of insulin sensitivity. However, any excessive intake of nutrients should be
avoided, regardless of the beneficial impact on health. For instance, the anti-inflammatory
benefits derived from PUFA are linked to extra-virgin olive oil, which is widely used in
this dietary pattern. At the same time, an excessive intake of fatty acids (including PUFA)
is associated with increased fat deposition, with harmful effects on health, highlighting the
importance of balance in a dietary pattern.

Notably, the spread of the Western diet has counterbalanced the original paradigms
of the Mediterranean diet, leading to less strict adherence in recent decades. In one study
conducted on an Italian population, a greater use of animal proteins, processed and sugary
foods, and higher intake of simple sugars and saturated fats was observed among young
individuals, with respect to old subjects that continued on the original pattern of the
Mediterranean diet [50].

In general, a lower intake of fibers and a higher intake of carbohydrates, saturated
fats, fructose, and animal proteins favor the onset of NAFLD, in particular, in the picture of
the Western diet. One prospective study conducted on 14-year-old adolescents reported
a higher incidence of fatty livers at the age of 17 in those who followed a Western diet
pattern, rich in take-away foods, refined cereals, and processed meats [51].

4.2. Behavioral Aspects That Contribute to Liver Damage

Regardless of the type of diet, behavioral aspects need to be considered. When
approaching food intake, several mechanisms involve the frequency and the number of
meals, and in many cases the psychological underlying background is not fully investigated.
Conceiving food either as a reward, or as one way to adapt to recurrent frustrations, can
result in altered nutritional behavior: craving of carbohydrates, sweet-eating, night-eating,
and emotional eating are some of the labels used to identify these patterns. In particular,
attitude to snacking increases intrahepatic and abdominal fat, independently from caloric
contents of meals [52]. Eating before bedtime seems to be associated with a higher risk of
developing NAFLD in otherwise healthy individuals [53], as does the highly perceived
stressfulness [54]. Fast eating leads to an increase in total calorie intake, in particular with
regard to carbohydrates, impacting on the incidence of NAFLD [52,55], and should be
investigated as a potential driver of liver disease in lean individuals as well [56]. Moreover,
sleep disorders are common in NAFLD population, with delayed sleep onset, poor sleep
quality, and shortened sleep duration, with subsequent daily sleepiness and diminished
quality of life. In one study, food intake times were switched towards the night, and was
partially responsible for the sleep disturbances [57]. On the contrary, binge eating disorder
was not associated with the severity of liver disease, with respect to NASH and fibrosis [58],
although a higher prevalence of binge eating has been observed in NAFLD populations [59].
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As for alcohol reporting, of which correct estimations in clinical setting are often
challenging, dietary misbehavior is frequently underreported among obese individuals.
This may be a reason of concern when approaching a failure in lifestyle intervention,
possibly caused by the discrepancy between effective and reported calorie intake [60]. In
recent years, mobile technology has offered novel approaches to reduce underreporting,
in particular with the help of image-assisted methods that can improve the accuracy of
dietary assessment [61]. With this system, food information is directly extracted from the
images and the calorie content is automatically calculated through portion size estima-
tion [62]. In one study, eating pattern among healthy individuals was monitored with
the use of a mobile app. Most subjects ate frequently and irregularly for more than 14 h
during the day. Regulation of eating pattern and restriction of eating duration, assisted
by a novel system of data visualization (“feedogram”), resulted in reduced body weight
and increased wellness [63]. These approaches might help clinicians to gather comprehen-
sive reports of dietary patterns and habits, with the possibility of defining more precise
lifestyle interventions.

5. Diverse Impact of Nutrients on NAFLD

Dietary patterns are highly conditioned by the geographical area, with subsequent
differences in nutrient availability, but also cultural heritage, socio-economic status, and
food accessibility as determined by local institutions. Moreover, the variability of the
outcomes across the clinical studies, as well as the unknown effect of single nutrients on
liver histology, make it hard to assess the harmful size of one specific reported dietary
pattern. This aspect seems of crucial relevance in clinical practice, because it would lead to
a tailored dietary pattern after addressing potentially harmful nutrients (Figure 1).
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Figure 1. Impact of gut microbiota, behavioral aspects and specific nutrients on features of liver damage leading to Non

Alcoholic Fatty Liver Disease/Non Alcoholic Steatohepatitis (NAFLD/NASH). Abbreviations: AGEs, advanced glycation
end-products; LPS, lipopolysaccharide.

5.1. The Harmful Effect of Fructose Intake

For instance, in one cross-sectional study conducted on 789 individuals undergoing
screening colonoscopy, the consumption of red and processed meat was associated with
both NAFLD and insulin resistance [64]. Similarly, a high amount of fructose or high
glycemic index foods lead to enhanced hepatic fat synthesis, while a high intake of saturated
fats predisposes the liver to fat accumulation. The subsequent lipid-driven toxic damage
represents the main driver of hepatic insulin resistance that arises along with NAFLD.
Exogenous and endogenous advanced glycation end-products (AGEs) represent a further
source of oxidative stress that might interfere with hepatic glucose metabolism in the onset
of liver inflammation. Likewise, low fiber intake negatively shapes intestinal bacterial
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species to dysbiosis, increasing proinflammatory bacterial products that directly impact on
liver metabolism.

Fructose is among the main drivers of liver disease, because it feeds into hepatic
de novo lipogenesis, thus increasing the amount of steatosis and consequent lipotoxicity,
and moreover promoting insulin resistance in the context of a hypercaloric diet. One
study conducted on NAFLD adolescents showed how a 6 month reduction in overall
fructose intake, together with low glycemic index diet, improved both metabolic parameters
(systolic blood pressure and HOMA-IR) and liver biochemistry (ALT) [42]. However,
specific patterns of fructose intake have been investigated; not fructose ingestion per
se, but rather its addition in sweet beverages, which has been attributed to metabolic
derangements. Indeed, one recent randomized, double blind, placebo-controlled trial
evaluated the impact of beverage consumption: containing fructose, sucrose (glucose-
fructose disaccharide) or glucose. Interestingly, fructose- and sucrose-, but not glucose-
containing beverages increased the hepatic synthesis of fatty acids, even in basal state
and at a stable average total energy intake. These findings support the hypothesis of
long-term fructose-induced intrahepatic metabolic changes, leading to adaptive pathways
and increased basal lipogenic activity. During the 7 weeks of intervention, the authors did
not detect any differences in metabolic outcomes (fasting plasma triglycerides, glucose and
insulin concentrations, HOMA-IR modifications, arterial hypertension rates), concluding
that chronic exposure to fructose-containing beverages impacts only on liver lipogenesis,
the first hallmark in the onset of metabolic liver disease [65].

5.2. Exploration of High-Glycemic Index Nutrients

The detrimental effect of high glycemic index nutrients on NAFLD has been shown
in multiple studies. High glycemic index foods (potatoes, white rice, white bread, honey)
rapidly increase insulin blood levels, with a subsequent harsh decrease in blood glucose
levels. This metabolic pattern is linked to two main aspects: the hyperinsulinemia involved
in the long-term deleterious adaptation in insulin-sensitive tissues, and the quick onset of
starvation caused by hypoglycemia, causing an increase in caloric intake and potentially
leading to eating disorders. This eating pattern leads to hepatic fat accumulation and higher
glycogen stores [66]. As with fructose consumption, a high glycemic index food pattern
acts on an early step of the liver disease, without impacts on other metabolic parameters
(namely, blood glucose levels, triglycerides, high-density lipoprotein cholesterol) [67].
However, longitudinal studies are needed to assess the long-term impacts of this eating
pattern on the multiple components of the metabolic syndrome, as well as on the evolution
of NAFLD.

In a diabetic population, high glycemic index food patterns are particularly unfa-
vorable, and a long-term low glycemic index diet has been shown to improve glycated
hemoglobin and fasting blood glucose, with respect to controls [68]. This nutritional strat-
egy may therefore be tailored to diabetic NAFLD patients, in order to improve overall
metabolic disruption.

5.3. AGEs and Oxidative Stress

Oxidative stress, induced by reactive oxygen species (ROS), is part of the pathophysi-
ology in NAFLD [69]. Overproduction of ROS occurs when the mitochondrial oxidative
capacity is exhausted by an excess of substrates, including saturated fats undergoing f3-
oxidation. This leads to impaired mitochondrial phosphorylation, which is associated with
reduced ATP synthesis and caspase-mediated apoptosis. Excessive ROS can also cause
lipid peroxidation, which is a strong driver of lipid-derived liver inflammation.

The susceptibility to ROS-driven hepatic oxidative stress is also influenced by the
reduced availability of antioxidant molecules, such as glutathione (GSH). GSH is an ROS
scavenger that enables activity of the key antioxidant enzyme GSH peroxidase. In mice
fed with a high fat diet, a reduction in GSH and GSH peroxidase was detected, with
reduced ability to control the inflammation and mitochondrial-derived oxidative stress,
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perpetuating the damage. Diet-induced weight loss reduced hepatic fat content and
restored the regular transcription and synthesis of antioxidant enzymes [70]. Similar results
have been observed in NAFLD patients undergoing bariatric surgery. One year after the
intervention, significant differences in plasma and liver markers of oxidative stress were
detected, in comparison with baseline evaluations [71].

In addition, one source of oxidative stress is AGEs. These are a biologically active
group of molecules that are formed through no-enzymatic reactions between reducing
sugars and proteins, lipids and nucleic acids [72]. Their synthesis greatly depends on the
concentration of reactants and the half time of the proteins involved; the longer the time,
the more prone to develop AGEs. Low rates of AGE formation are normal in metabolism
in healthy individuals, but increased production occurs in the presence of carbohydrate
overload. Hence, in the context of T2DM, these products are increasingly synthesized.
In addition, a Western dietary pattern, in particular with high consumption of red meat
and refined grains, sustains the onset of pro-inflammatory activity [73] and hence the
development of oxidative stress, which favors AGE formation. In addition, AGEs can be
synthesized at an exogenous level, in processed foods (heat treatment, caramel production,
bread baking) which are prevalent in Western diets [74].

Accumulation of AGEs results in the activation of pro-inflammatory and pro-fibrotic
pathways. In fact, the liver is responsible for the clearance of AGEs, through the interaction
between specific receptors (RAGEs) expressed by Kuppfer cells and endothelial cells [75].
This link activates intracellular signaling involved in oxidative stress, thus perpetuating
the damage.

Interestingly, AGEs have been shown to potentially discriminate between healthy
individuals and NAFLD [76], as well as to distinguish between minimal steatosis versus
moderate steatosis; therefore, they may likely be non-invasive biomarkers in high-risk
populations [77]. In one randomized, placebo-controlled trial, the simple restriction of oral
AGE intake was shown to ameliorate insulin resistance in obese individuals, suggesting that
this could be a valuable nutritional intervention acting on a pathophysiological level [78].

5.4. Contribution of Lipids to Liver Damage

The exploration of the impact of lipid profiles in NAFLD has provided notable results.
As discussed above, carbohydrates mainly act by increasing hepatic de novo lipogenesis,
whereas the excessive intake of saturated fats increases intrahepatic triglyceride content,
as compared to unsaturated fats, and increases the rate of lipolysis. Moreover, saturated
fats seem to have the highest impact on insulin resistance and stimulate the synthesis of
ceramides, which are mainly involved in the process of lipotoxicity and oxidative stress [79].
Similarly, diacylglycerols (DAGs) are intermediates of dietary fat oxidation directly implied
in the disrupted hepatic glucose metabolism. By interfering with downstream regulat-
ing factors of the insulin pathway, DAGs promote insulin resistance and lipid-mediated
hepatocellular damage [80].

In patients with NASH, long-term supplementation of PUFA was shown to decrease
blood triglyceride levels and to improve or stabilize intrahepatic inflammatory activity [81],
as well as to increase circulating levels of adiponectin, which is an adipose tissue-derived
anti-inflammatory hormone [82]. The effect of non-saturated fats is mostly evident in
the setting of the Mediterranean diet; nonetheless, one study conducted on an Asian
Indian population showed an improvement in the grading of fatty livers and HOMA-IR in
NAFLD patients consuming MUFA from vegetable oil, regardless of the overall alimentary
pattern [83]. In addition, fish oil, which has been widely used as a source of unsaturated
fats for the modulation of dyslipidemia and inflammation, has shown benefits in the setting
of liver disease. In a randomized, double blind, placebo-controlled trial of patients with
NAFLD and dyslipidemia, fish oil intake was associated with a significant improvement in
glucose, cholesterol and triglyceride levels, as well the normalization of transaminases and
increases in adiponectin levels. Moreover, a further beneficial effect on inflammation was
reported from reductions in prostaglandins and tumor necrosis factor-oc (TNF) [84].
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5.5. Current Evidence on the Role of Fiber Supplementation

One further aspect that needs to be highlighted is the contribution of fiber intake to
metabolic equilibrium. Fibers modulate gut microbiota, which is a substrate for producing
short-chain fatty acids (acetate, propionate and butyrate), improving intestinal motility and
enterocyte function [85]. Moreover, their positive effects on satiety lead to a better control
of body weight [86]. The Western diet is characterized by a lower intake of fibers, and
the subsequent reduced modulation of gut microbiota may lead to altered metabolic host
status and impaired regulating pathways of enteric hormones, favoring the onset of obesity
and T2DM [87]. Despite these two conditions being the key metabolic factors inducing
NAFLD, evidence of the direct impact of fibers of NAFLD are lacking, due to the low
level of scientific evidence [88]. Fiber supplementation seems to improve NAFLD-related
surrogate outcomes, namely, Body Mass Index (BMI), HOMA-IR and transaminases [89],
although prospective studies are needed to evaluate the long-term impact of fibers on hard
NAFLD outcomes.

5.6. Alcohol and NAFLD: What Are the Proper Recommendations?

Alcohol consumption is a co-factor that exerts an injurious action on liver health.
A small intake of red wine with meals (with a threshold of 30 g/day for men and 20 g/day
for women) has been considered safe, with regard to substantial harm for chronic liver
disease. Additionally, the regular intake of red wine is promoted, due to its beneficial effect
related to the antioxidant action of resveratrol. However, when considering individuals
presenting NAFLD, the beneficial action of red wine becomes challenging. Cross-sectional
studies have suggested that modest consumption of alcohol is associated with a reduced
degree of severity (comprising histological necroinflammation and fibrosis), with respect
to abstinence [90,91]. However, in the complex metabolic scenario in which NAFLD
is imbricated, the compound effect of the concomitant conditions has to be considered,
because some features of alcohol metabolism (e.g., oxidative stress, hypertriglyceridemia)
may have impacts in a considerable and unique manner. One large prospective population
study involving 6732 individuals with metabolic syndrome and different grades of alcohol
consumption showed that even low amounts of alcohol independently predict a severe
phenotype of NAFLD [92]. Currently, less than moderate levels of alcohol, defined as
210 g/week for men and 140 g/week for women, are recommended most frequently, with
absolute abstinence in patients with cirrhosis.

6. Alternative Dietary Approaches: Which Best Strategy?

The Mediterranean diet, despite its comprehensively beneficial action on NAFLD and
metabolic syndrome, has several limitations, due to geographical and ethnical disparities
throughout the globe. Therefore, different approaches have been evaluated in order to
assess the benefit of a specific dietary pattern on the glycometabolic profile, regardless of
the actions of single nutrients (Table 1).

Reducing overall daily calories leads to weight loss due to the negative energetic bal-
ance, strengthened by adding aerobic physical activity. In one prospective study conducted
on obese individuals, a low-fat restricted-calorie diet, Mediterranean restricted-calorie diet,
and low-carbohydrate non-restricted diet were randomly assigned for 2 years. The impact
of a specific dietary pattern on weight loss varied according to gender, being higher for
the low-carbohydrate group in males (mean reduction of 4.9 kg in men versus 2.4 kg in
women) and for the Mediterranean diet group in women (mean reduction of 4.0 kg in
males versus 6.2 kg in women). Low-fat diet resulted in smaller changes (3.4 kg in males
and 0.1 kg in women). The low-carbohydrate diet showed the best rate of reduction in total
cholesterol/HDL ratio (20% versus 12% in the low-fat arm), whereas the best impact on
the glucose and insulin levels, in particular in the subgroup of diabetic individuals, was
observed in the Mediterranean diet group [102]. These results suggest that a reduction in
carbohydrates may be the preferable strategy in dietary patterns. In addition, the different
impact on metabolic parameters emphasizes the importance of a tailored approach.
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Therefore, the common strategy, given the impact of weight loss in ameliorating liver
histology, has been so far the hypocaloric diet (approximately 1000 kcal/day or less). In
particular, the model of the very low calorie diet (800 kcal/day), of which benefits have
been well-assessed in diabetic populations, was applied in 45 patients with NAFLD, and
comprised 19.4% fat, 43.4% carbohydrate and 33.7% protein. Overall, 34% of participants
achieved a 10% weight loss, while 51% of participants achieved a more than 7% weight
reduction. Notably, this dietary pattern was well tolerated and provided long-term ben-
efits after interruption of the study. Concomitant significant improvement of HOMA-IR,
transaminases and liver stiffness were observed [98].

Reducing carbohydrates results in significant improvements in intrahepatic triglyc-
erides, hepatic insulin sensitivity and glucose production, when compared to an approach
based on reducing fats, despite long-term evaluations not showing differences between the
two approaches [103]. It would seem that mere calorie restriction helps in achieving the
endpoint, regardless of the nutrient composition. In fact, one randomized controlled trial
conducted on 60 overweight or obese NAFLD patients showed the impact of a food pattern
with low saturated fat and low dairy products (called DASH, Dietary Approaches to Stop
Hypertension, with less than 1000 kcal/day). After 8 weeks of intervention, a greater
reduction in weight loss was observed in the DASH group as compared to the control arm
(3.8 kg versus 2.3 kg), and BMI (—1.3 points versus —0.8 points). A significant reduction in
HOMA-IR was observed in the DASH group (—0.8 points versus —0.2 points in the control
arm). Accordingly, serum triglycerides, total cholesterol/HDL ratio, transaminases and
markers of oxidative stress improved significantly in the interventional arm. In this study,
the proportion of nutrients was almost the same (55% carbohydrates, 15% proteins, 30%
fats), with sole differences in fat compositions [97].

Alternatively, isocaloric approaches have been proposed, aiming at modifications
in the proportion of nutrients, but keeping average daily calories. Increasing protein
intake (30% of the total), either animal- or plant-derived, has been shown to reduce liver
fat independently of body weight, and to improve insulin resistance [100]. The relative
reduction in carbohydrate intake might also have contributed to the outcome. Moreover, a
reduction in fat intake inside the isocaloric dietary pattern has been shown to positively
impact on liver fat, as evaluated by proton magnetic resonance spectroscopy: limiting fat
intake to less than 16% of the total daily calories led to a 20% reduction in liver fat [104], and
similar results were achieved when combining low saturated fats with low glycemic index
foods [101]. Furthermore, one 12 week interventional study compared the impacts of a
low-fat diet or Mediterranean diet on hepatic steatosis, and showed no differences between
the two strategies in terms of benefits, with stronger adherence among the latter [94].
However, one isocaloric low-carbohydrate approach with a relative increase in protein
intake seemed to provide the same results, with further evidence of the improvement in
beta-oxidation and de novo lipogenesis [99].

Overall, two assumptions could be made. Firstly, there seems to be no clear evidence
of preferring one nutrient reduction in respect to others, and the heterogeneity of the studies
does not allow for reliable conclusions to be drawn. Moreover, compound modifications in
nutrient proportions show that the endpoint is rather achieved with a varied and balanced
diet. One large, prospective, interventional study showed, with proton magnetic resonance
spectroscopy, that a resolution of hepatic fat could be obtained after 12 months of a dietary
approach based on a variety of foods, with emphasis on fruits and vegetables, and with
moderate carbohydrate intake, low fats, low glycemic index foods and appropriate portions
of meals [93].

Secondly, the short durations of the studies do not provide strong evidence for the
impact on metabolic health and liver outcomes. This last point is of crucial relevance
when approaching clinical management of the disease. Long-term adherence to a dietary
approach may be difficult to achieve, and solid outcomes need to be addressed. One large
multicenter study conducted in the United States (the Look Action for Health in Diabetes
(AHEAD) Study) enrolled diabetic overweight or obese patients with T2DM and randomly
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assigned them to either an intensive lifestyle intervention aiming at weight loss (with
both decreased caloric intake and increased physical activity), or to diabetes support and
education. The primary endpoint was death from cardiovascular causes and incidence of
cardiovascular events for a maximum follow-up of 13.5 years. The study was interrupted
early at 10 years for futility: no difference between the two groups in the primary outcome
occurrence was observed [105]. Again, this evidence highlights the still-unmet need for
clear outcomes in dietary patterns, associated with specific, disease-related hard endpoints.

7. Intermittent Fasting to Improve Metabolic Health

Metabolic modifications with regard to lipid and glycemic profiles can also be achieved
with other manipulations, in particular by acting on the mealtime, rather than on its
composition. Protracted fasting, in particular, causes deep modifications in metabolic
pathways that persist over the refeeding time and thus may be one valuable alternative for
shaping energy intakes. With this approach, energy restriction is not required to obtain
metabolic improvement, nor is weight loss regarded as a key endpoint [106].

This approach is defined as intermittent fasting (IF), and covers different strategies,
including alternate-day fasting, the 5:2 diet, or the fast-mimicking diet. In particular, the
model of time-restricted feeding (TRF) [107] looks attractive for the liver and metabolic
health prospective. TRF allows food intake within a definite interval of hours, following
hormone circadian rhythms. The concept of “chrononutrition” has progressively gained
attention, because daily metabolic rhythms were found to be dictated by molecular “clocks”
acting on specific subsets of genes [108]. This complex metabolic crosstalk is hierarchically
overseen by the hypothalamus, in response to exogenous and endogenous stimuli (the
sleep-wake cycle according to light-dark courses as a paradigm). Peripheral organs,
such as the liver, pancreas, skeletal muscle and adipose tissue, the key drivers of the
systemic metabolic homeostasis, allow the perfect coordination (a true “synchronization” )
between the environment and the biochemical processes. Glucose homeostasis and insulin
sensitivity are examples of time-related regulation; mealtimes, in return, regulate adiposity
and body weight [109,110].

Animal studies conducted in rodents experiencing TRF have been shown to attenuate
the harm of obesogenic diets [111], proportional to the fasting duration, reversing or stabiliz-
ing preexisting obesity, insulin resistance [112], as well as improving hepatic steatosis [113]
and inflammatory markers [114]. Furthermore, TRF seems to have a modulating effect on
GM, contributing to cyclical changes and diversity that impact on host metabolism [115].
Moreover, a long-term protective impact of TRE, related to the underlying gene regulation
that provides durable effects, was detected even when it was temporarily interrupted in
favor of unlimited access to food [116].

In humans, biological clocks suggest that metabolism is optimized for food intake
in the morning, with insulin sensitivity and beta-cell responsiveness being higher in the
morning than in the afternoon or evening. Individuals with T2DM who follow this pattern
show a significant reduction in postprandial hyperglycemia [117], whereas insulin-resistant
individuals show significant improvements in insulin sensitivity and, interestingly, a reduc-
tion in hunger [117]. In addition, overweight or obese individuals are more prone to weight
loss following this alimentary timing [118], and a better modulation of adipokines (increase
in adiponectin and decrease in leptin) has been reported [119]. Sutton et al. performed one
elegant proof-of-concept study to show the benefits of an early TRF (allowing food intake
for 6 h before 3 p.m.). This was one 5-week, randomized, crossover, isocaloric end eucaloric
controlled feeding study conducted on overweight and pre-diabetes individuals. TRF
improved insulin levels, insulin sensitivity, beta-cell responsiveness, blood pressure and
oxidative stress, even in the absence of weight loss [120]. In particular, the improvement in
blood pressure, even though participants had mean values in the pre-hypertensive range,
is of great interest in terms of endpoints, as well as the smaller importance given to weight
loss in the amelioration of metabolic health. Given the central role of insulin resistance in
the pathogenesis of NAFLD, the TRF approach might provide interesting results.
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8. Outlook and Summary—Open Issues in the Clinical Setting

The wide heterogeneity of lifestyle intervention approaches, together with the diverse
endpoints assessed by the clinical studies and the high variability in study populations
and duration of treatment, have considerable impacts in clinical practice.

In addition, a uniform effect to specific lifestyle intervention can hardly be achieved.
One large study evaluated changes in glucose levels in 800 overweight and obese non-
diabetic individuals following identical meal intakes. Here, a high variability in post-
prandial glucose levels was observed, highlighting that individual recommendations might
be required [121].

More than one approach seems beneficial in NAFLD populations, but a lack of stan-
dardization prevents clinicians from making reliable decisions, in particular with regard
to the short-term assessment of either compliance or success of the chosen intervention.
Weight loss would still be the primary endpoints of “bedside” recommendations, but more
appropriate, tailored outcomes are required. In particular, in the absence of long-term
hard endpoints in NAFLD populations, validation of simple tools may help in handling
successes or failures in clinical settings. Reductions in CAP after 12 weeks of treatment is
one example explored in the above-mentioned studies [46], as was the remission of steato-
sis through proton magnetic resonance spectroscopy after 12 months of intervention [93].
Alternatively, surrogate measures of insulin resistance, such as short-term improvements
in HOMA-IR, might be used to assess the benefit of the intervention, even though the size
effect may vary according to the chosen approach [97,103].

In fact, the assessment of one endpoint seems critically associated with the interven-
tional strategy. The fatty liver index (FLI) and the NAFLD-liver fat score (NAFLD-LFS) are
non-invasive liver fat indices introduced in clinical practice aiming for the early detection
of NAFLD and are best validated for purposes in cross-sectional studies. However, their
longitudinal accuracy has been proven to be diet-specific: changes in liver fat, obtained
by a low-fat diet intervention, moderately correlate to changes in FLI and NAFLD-LFS,
but this does not happen when undertaking a low-carbohydrate diet approach [96]. Addi-
tionally, one 6-month clinical trial on NAFLD patients undertaking a Mediterranean diet
has shown significant improvements in FLI and NAFLD-LFS [95]. The impact of lifestyle
interventions on fibrosis is less well-established, although long-term histologic evaluation
has provided evidence of fibrosis amelioration [11]. In one cross-sectional study conducted
on biopsy-proven NAFLD patients with T2DM, liver fibrosis was inversely associated with
adherence to the Mediterranean diet at multivariate analysis, including multiple putative
factors (age, gender, BMI, glycated hemoglobin) [122]. In addition, one prospective obser-
vational Greek study reported the same inverse association when evaluating liver fibrosis
with non-invasive scores (namely, fibrosis-4 score (FIB-4), AST-to-platelet ratio (APRI) and
BARD (BMI, AST/ALT Ratio, Diabetes) index) through cross-sectional analysis [123]. An
inverse association between the Mediterranean diet and liver fibrosis also emerged through
elastography after 6 months of intervention, suggesting a possible role for liver stiffness,
together with CAP, in the assessment of treatment progress [47].

In conclusion, the nutritional landscape of interventional approaches for NAFLD
treatment is burdened by the heterogeneity in study populations, duration of treatments,
and the diversity of selected endpoints. The lack of longitudinal studies in nutritional
patterns on the natural history of NAFLD makes it hard to assess strong benefits of ei-
ther nutrients or dietary approaches, of which evidence relies on surrogate markers or
short-term evaluation. The complex picture of the metabolic syndrome requires a careful,
multidisciplinary method, because multiple causal agents impact on liver disease, and sys-
temic morbidities are in return worsened by liver damage. The relative strong evidence of
beneficial effects of the Mediterranean diet is counterbalanced by a lack of studies in other
dietary models, of which usefulness is crucial for populations where the Mediterranean
diet would be undertaken with difficultly, due to geographical and cultural discrepancies
in food accessibility.
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In addition, evidence of the harmful effect on liver fat content of late eating, rushed
eating and attitude to snacking has highlighted the importance of behavioral aspects
in nutrition, which are often underreported and thus require proper investigation. It is
likely than more than one approach would ameliorate liver and systemic metabolism, and
good communication with patients with respect to harmful nutrients, time of meals, and
proper behavior might produce better results per se, as well as increase compliance and
understanding. Aiming for improvements in insulin sensitivity can be the fil rouge of
different approaches, which would not potentially be limited to restrictions of food, but
also to eating times. In fact, the positive results on insulin sensitivity coming from the novel
approaches of intermittent feeding have corroborated the concept of quality and timing of
eating, with important implications in clinical management. The need for associating one
nutritional intervention with inexpensive, non-invasive scores of either steatosis or fibrosis
is essential in clinical settings, in order to assess benefits or futility. These algorithms should
be included in future studies, with particular regard to liver fibrosis, which is the hardest
prognostic factor in the setting of chronic liver disease.
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Abstract: Liver cirrhosis is an increasing public health threat worldwide. Malnutrition is a serious
complication of cirrhosis and is associated with worse outcomes. With this review, we aim to describe
the prevalence of malnutrition, pathophysiological mechanisms, diagnostic tools and therapeutic
targets to treat malnutrition. Malnutrition is frequently underdiagnosed and occurs—depending on
the screening methods used and patient populations studied—in 5-92% of patients. Decreased energy
and protein intake, inflammation, malabsorption, altered nutrient metabolism, hypermetabolism,
hormonal disturbances and gut microbiome dysbiosis can contribute to malnutrition. The stepwise
diagnostic approach includes a rapid prescreen, the use of a specific screening tool, such as the
Royal Free Hospital Nutritional Prioritizing Tool and a nutritional assessment by dieticians. General
dietary measures—especially the timing of meals—oral nutritional supplements, micronutrient
supplementation and the role of amino acids are discussed. In summary malnutrition in cirrhosis
is common and needs more attention by health care professionals involved in the care of patients
with cirrhosis. Screening and assessment for malnutrition should be carried out regularly in cirrhotic
patients, ideally by a multidisciplinary team. Further research is needed to better clarify pathogenic
mechanisms such as the role of the gut-liver-axis and to develop targeted therapeutic strategies.

Keywords: malnutrition; cirrhosis; nutritional screening; nutritional assessment; gut-liver axis;
macronutrients; micronutrients; dysbiosis

1. Introduction

The Hepahealth report from 2018 reported a prevalence of chronic liver disease and
cirrhosis in Europe between 500 and 1100 cases per 100.000 inhabitants [1]. Data from the USA
show a 65% increase in cirrhosis associated mortality between 1999 and 2016 [2]. Cirrhosis is a
systemic disease and malnutrition is a key feature as well as an important complication of the
disease. This implicates that malnutrition diagnosis is not only relevant as one of the clinical
characteristics of cirrhosis, but also needs to be considered as an important complication, that
warrants timely and appropriate therapy to improve prognosis. Our review should highlight
the importance of early diagnosis, should help to understand the pathophysiology and define
appropriate therapeutic measures. Additionally, knowledge gaps are identified. In this review
the term malnutrition is used to describe undernutrition. The discussion of overnutrition in
liver disease is beyond the scope of this review.

The reported prevalence of malnutrition in cirrhosis is highly variable, ranging from
5-92%, indicating either a knowledge gap or difficulties in diagnosing malnutrition or both.
The knowledge gap is underpinned by a survey, in which only 20% of gastroenterologists
gave correct answers regarding the prevalence of malnutrition in cirrhotic patients [3]. The
problem of underdiagnosis can be derived from two very large studies from the USA using
the national inpatient sample, that showed a much lower prevalence of 6-12%, whereas
studies that used active screening for malnutrition exhibit higher rates of detection [4,5].
Supplementary Table S1 summarizes studies describing the prevalence of malnutrition
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in cirrhosis over the past five years, depicting the large differences depending on the
study design and the tools used for diagnosis. Malnutrition should therefore be routinely
screened for and assessed among this group of high-risk patients to avoid underdiagnosis.
However, screening of malnutrition in liver cirrhosis patients is challenging because of
the influence of fluid retention, ascites and peripheral edema [5]. Malnutrition prevalence,
as a key feature of cirrhosis, increases with increasing disease severity [6,7]. However,
frequently also patients with compensated liver disease are malnourished and malnutrition
is a considerable risk factor for mortality even in patients with a model of end-stage liver
disease (MELD) score < 15 [8]. Furthermore, patients with chronic liver disease but without
cirrhosis are also frequently malnourished [9]. In this population, malnutrition may often
be masked by obesity [9]. Malnutrition can also be seen as a complication of cirrhosis, since
it has a negative impact on disease progression and outcome. Rate of hospitalization and
mortality is doubled in malnourished compared to adequately nourished patients and
malnutrition is an independent predictor of outcome [10-12]. Malnutrition is a predictor of
other complications of cirrhosis [13]. Especially infections and hepatic encephalopathy are
associated with malnutrition [14,15]. Furthermore, other malnutrition related diagnoses,
namely sarcopenia, hepatic osteodystrophy and frailty are commonly found in liver cirrho-
sis. The presence of sarcopenia further impairs prognosis [16-25]. The interplay between
malnutrition, sarcopenia and frailty has recently been reviewed [26].

This review summarizes the current knowledge on pathogenesis of malnutrition in
cirrhosis and discusses the best clinically applicable strategies to diagnose malnutrition in
order to raise awareness for this still often underappreciated complication of cirrhosis. Treating
malnutrition by a multidisciplinary team improves survival rates and quality of life in patients
with liver cirrhosis [27] and nutritional education leads to more nutrition consultations and a
lower 90-day readmission rate in cirrhosis [28]. Therefore this review also discusses current
and potential future therapeutic options to treat malnutrition in cirrhosis.

2. Pathogenesis

The etiology of malnutrition in liver cirrhosis is multifactorial (Figure 1). Decreased
energy and protein intake, inflammation, malabsorption, altered nutrient metabolism,
hormonal disturbances, hypermetabolism and gut microbiome dysbiosis can contribute to
malnutrition. Additionally, fasting periods and external factors such as alcohol consump-
tion have impact on malnutrition.
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Figure 1. Factors contributing to malnutrition in cirrhosis. Created with BioRender.com.
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2.1. Decreased Energy and Protein Intake

In patients with liver cirrhosis, decreased energy and protein intake are the common-
est reason leading to malnutrition [29-35]. The percentage of patients with inadequate
energy intake ranges from 9.2% to 100% in different studies, depending on the method of
assessment and the patient population. Energy intake is reduced by 13-34%, indication a
large variation in different studies. Supplementary Table S2 shows the design and results
of different studies assessing nutritional intake. Several upstream mechanisms are known
as reasons for decreased energy and protein intake (Figure 2). Impaired gastric motility and
relaxation due to portal hypertension leads to reduced nutritional intake [36,37]. The pres-
ence of ascites can reduce food intake due to early feeling of fullness [38]. A decreased sense
of smell and/or dysgeusia, which can be caused by micronutrient deficiencies can also be
responsible for a decreased intake [39,40]. Additionally, recommended dietary restriction
like a low-salt diet are discussed as possible factors for inadequate nutritional intake [41,42].
In cirrhosis, interestingly, high levels of ghrelin were observed [31,43,44]. Ghrelin is the
only known peripherally-derived orexigenic hormone that normally increases appetite and
food intake. However, despite high ghrelin levels, appetite is not increased in cirrhotic
patients. High ghrelin levels can therefore be considered as an ineffective compensatory
mechanism in cirrhosis [31]. To date, it is unknown, which of these factors plays the
most important role. Therefore, all factors should be considered during the assessment of
nutritional intake in each patient as a personalized approach to detect and adequately treat
the most likely reasons for reduced nutritional intake.

vitamins .
minerals

trace

W elements

micronutrients deficiency loss of appetite

salt restriction despite

increased ghrelin

portal hypertension

Decreased energy and protein intake

Figure 2. Reasons for decreased energy and protein intake in cirrhosis. Created with BioRender.com.

2.2. Malabsorption and Altered Metabolism of Macro- and Micronutrients

Fat malabsorption is commonly seen in cirrhosis [45,46]. Impaired bile acid metabolism
which affects the formation of micelles that are necessary for fat digestion and absorption
of fat-soluble vitamins, [47,48] small intestinal bacterial overgrowth, which is common
in liver cirrhosis patients, [49] can lead to fat malabsorption via deconjugation of bile
acids [50]. Chronic pancreatitis, secondary to alcohol abuse and common in liver cirrhosis
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patients, may contributes to fat malabsorption as well [51,52]. Protein loss due to portal
hypertensive enteropathy has been described [53-55]. No data is available regarding im-
pairment of carbohydrate absorption in cirrhosis. Malabsorption needs to be considered in
the nutritional assessment and diagnosed, using biomarkers such as fecal elastase or fecal
alpha-1-antitrypsin and tests for micronutrient deficiencies (see below). A useful stepwise
diagnostic algorithm, starting with noninvasive routine blood tests and specific biomarkers
has been proposed by Nikaki K. in 2016 [56].

In addition to altered absorption, also fat, protein and carbohydrate metabolism
are altered in cirrhosis, with differing mechanisms depending on the etiology. Much re-
search has been done to elucidate the mechanisms: chronic alcohol consumption alters
lipid metabolism by stimulating lipogenesis, decreasing the export of very low-density
lipoprotein, activate de novo lipogenesis and inhibiting fatty acid oxidation which also
contributes to alcoholic fatty liver disease [57-61]. Alcohol consumption also impairs fatty
acid catabolism predominantly through inhibition of mitochondrial 8-oxidation, which is
the most significant contribution to alcohol-induced hepatic lipid accumulation and leads
to triglyceride accumulation in the liver [62-64]. Also in non-alcoholic fatty liver disease,
adipose tissue and hepatic triglyceride metabolism is altered [65]. Protein metabolism is im-
paired due to increased protein catabolism and decreased protein synthesis. Furthermore,
decreased serum branched chained amino acids (BCAA) concentration and increased levels
of aromatic amino acids are observed in cirrhosis, which play a role in the pathogenesis
of hepatic encephalopathy and muscle wasting [66—70]. Glucose metabolism is severely
altered as well: peripheral insulin resistance but normal or enhanced uptake into the liver
as well as alterations in glycolytic enzymes and changes in glucose and insulin transporters
have been described. This contributes to decreased hepatic glucose production and lower
hepatic glycogen reserves, associated with increased gluconeogenesis from amino acids
and secondary protein breakdown. The above described metabolic abnormalities in carbo-
hydrate metabolism also lead to a state of accelerated starvation already after an overnight
fast [71-76]. The role of portal hypertension and portosystemic shunting in protein energy
metabolism is not fully elucidated yet: on the one hand, the placement of a transjugular
intrahepatic portosystemic shunt can lead to improvement of fat free mass and thereby
prognosis [77-79]. On the other hand, there is also evidence that portosystemic shunting
may have deleterious nutritional effects due to a reduction in hepatic nutrient flow [80].
While the molecular principles of changes in macronutrient metabolism in cirrhosis are
already well described, the direct therapeutic implications of these findings are not well
defined yet. Timing and composition of meals as therapeutic measures to account for
changes in macronutrient metabolism are described below. Further research is needed to
understand the effect of portal hypertension and portosystemic shunting in humans on
protein anabolism and catabolism including the role of the gut-liver axis.

But not only macronutrient metabolism is altered in liver cirrhosis patients. Defi-
ciencies in trace elements, minerals and vitamins are common, due to fat malabsorption,
diuretic use and inadequate intake. In addition, liver dysfunction itself can lead to al-
terations in trace element metabolism [81,82]. Zinc, selenium, iron and magnesium are
commonly decreased in liver cirrhosis [83-88] whereas copper and manganese can be
increased [81,89]. Fat-soluble vitamin deficiencies are common in liver cirrhosis [90] which
can in turn impair absorption of other nutrients, such as protein and fat [91]. For the ab-
sorption of fat-soluble vitamins, bile acids are required to form micelles which are absorbed
by enterocytes into the circulation. If there is inadequate delivery of bile acids, as it is
common in liver cirrhosis patients, this can lead to a deficiency of fat-soluble vitamins,
especially in jaundiced patients [92,93]. Trace element and vitamin deficiencies can in turn
impact negatively on nutrition intake indicating a vicious cycle of malnutrition in cirrhosis:
zinc and vitamin A deficiency can impair taste and olfaction and therefore impair food
intake. [39,94] Vitamin D deficiency is of prognostic relevance, since it is associated with
poor outcome, increased mortality and higher complications rate, however it is yet unclear
whether vitamin D levels are a mere surrogate of advanced liver disease or if there exists a
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direct pathophysiological relation [95-98]. Water-soluble vitamins, especially vitamins C,
B1, B2, B6 and folic acid [99-101] are decreased whereas vitamin B12 levels can be falsely
increased in liver cirrhosis, possibly due to a flooding of vitamin B12 from damaged liver
cells into the circulation [102,103]. For a summary of changes of micronutrients in cirrhosis
see Supplementary Table S3.

Not only are absorption and metabolism altered, but also energy expenditure con-
tributes to malnutrition: 15-30% of cirrhotic patients are hypermetabolic with a resting
energy expenditure of >120%, which negatively effects nutrition status [104-107]. Hyperme-
tabolism compromises overall transplant-free and early post-transplant survival [108-110].
The cause of hypermetabolism in liver cirrhosis is not yet clarified in full detail. From
rheumatoid disease it is known that inflammation drives hypermetabolism [111]. Elevated
levels of interleukin-1, interleukin-6 and transforming growth factor are also common
in chronic alcoholic liver diseases [112-116]. Therefore, inflammation can be considered
as a contributing factor to hypermetabolism and malnutrition [117], alongside with in-
creased beta-adrenergic activity [72]. Additionally, elevated levels of proinflammatory
cytokines may be directly responsible for decreased appetite [118,119]. Since inflammation
in cirrhosis is tightly linked to changes in the gut-liver axis, [120-122] the relation to hy-
permetabolism needs further research to elucidate pathophysiology and define possible
therapeutic interventions.

Hormones, as superordinate control of nutritional intake and metabolism also impact
on nutrition in cirrhosis. The role of ghrelin in appetite regulation was already described
above. In addition, ghrelin has a wide spectrum of other metabolic functions in glucose
metabolism and weight control and posttranslational modification is essential to exert
its metabolic function. The diverse roles of ghrelin in liver disease has recently been
extensively reviewed [123]. Ghrelin as well as leptin are known to influence energy
expenditure [124,125]. Leptin, which helps to regulate energy balance, circulates in free
and bound form. The basal concentrations of leptin are higher in patients with liver
cirrhosis and can lead to inadequate energy expenditure [126]. Hyperinsulinemia and
insulin resistance are also common in liver cirrhosis; increased insulin levels induce satiety,
leading to a reduction in energy intake [127]. Testosterone is reduced in about 90% of
men with liver cirrhosis [128] and plays an important role in protein synthesis and protein
breakdown [129].

2.3. Gut Microbiome Dysbiosis as Potential Contributor to Malnutrition

Altered nutritional status is associated with distinct gut microbiome dysbiosis in
cirrhosis [130]. The gut microbiome is a nutrient signal transducer with the capacity to
synthesize or modify nutrient signaling molecules such as short-chain fatty acid (SCFA)
and branched chain amino acid (BCAA) [131,132]. Several bacterial genera are known to
produce SCFA, such as Bacteroides, Faecalibacterium, Succinivibrio and Butyricimonas among
others [133,134]. Undernourished children for example showed a lower abundance of
different Bacteroides species, suggesting a loss in SCFA-producing species [135,136]. In
cirrhosis, SCFA-producing bacterial species are reduced [137]. The observed alteration in
the gut microbiome composition in cirrhosis is associated with increased protein catabolism
mediated by inflammatory responses leading to muscle loss [138]. Gut microbiome dys-
biosis is further associated with increased gut permeability and bacterial translocation,
which is associated with inflammation [122] and complications of cirrhosis [122,139,140].
It is not known to date whether gut microbiome dysbiosis precedes the development of
malnutrition in cirrhosis or if it is a consequence of the disease and the drug treatment
of the disease. This question would be of high relevance to answer, in order to develop
microbiome targeted therapeutic strategies to improve malnutrition in the clinical setting.
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3. Diagnosis

Since malnutrition is a common key feature and a complication of liver cirrho-
sis and related to a poor prognosis, early diagnosis is important. Unfortunately, the
common models to determine the prognosis in patients with liver cirrhosis, such as
the model of end-stage liver disease (MELD) [141] and the Child-Pugh score [142],
do not include nutritional screening or assessment. Of note, the original score de-
veloped by the surgeons Child and Turcotte, contained malnutrition as a variable,
which was later substituted by prothrombin time [143]. All liver cirrhosis patients
should be rapidly prescreened for the risk of malnutrition at each contact by assessing
Child-Pugh score and BMI and when at high risk (Child-Pugh score C irrespective
of the BMI or BMI < 18.5 kg/m2 irrespective of the Child-Pugh score) a nutritional
assessment, including assessment of sarcopenia as a complication of malnutrition,
should be completed immediately to confirm the presence and determine the severity
of malnutrition [144-146]. This prescreening can be done by skilled personnel from dif-
ferent disciplines, since it contains routine clinical data, which are normally collected at
each outpatient visit or at hospitalization. In the future, automated prescreening com-
bining routinely assessed data from electronic patient records, is thinkable. A specific
screening tool, which is validated for patients with liver cirrhosis, is advised to account
for special circumstances such as fluid retention in cirrhosis. The Royal Free Hospital—
Nutritional Prioritizing Tool (RFH-NPT) fulfills this requirement [145,147]. Common
malnutrition screening tools for the general hospital population do not perform well in
cirrhosis [148]. If a general malnutrition tool is intended to be used in cirrhosis, it needs
to be validated first. In patients with medium or high risk in the RFH-NPT (1 point or
more), a detailed nutritional assessment using cirrhosis specific assessment tools such
as the Subjective Global Assessment or the Royal Free Hospital Global Assessment as
well as a detailed assessment of dietary intake are required [145,147]. In patients, who
are at high risk for malnutrition, the assessment of sarcopenia in addition to a detailed
nutritional assessment is recommended to confirm and characterize complications of
malnutrition and identify modifiable variables for nutrition support. Methods for the
assessment of sarcopenia in liver cirrhosis have recently been reviewed [149]. In obese
patients with cirrhosis Child-Pugh A or B (BMI > 30 kg/m?), a nutritional and lifestyle
intervention targeting obesity is indicated [145,147]. As nutritional assessment is
more comprehensive, time consuming and requires interpretation of multiple nutrition
indicators, it should be performed by a dietitian [150]. In patients with low risk of
malnutrition, rescreening should be performed every year, in all other patients the
assessment should be repeated every one to six months in the outpatient setting and
at admission and for inpatients periodically during the hospital stay [145]. Figure 3
shows a comprehensive algorithm to screen for and assess malnutrition in cirrhosis,
adapted from the European Association for the Study of the Liver (EASL) clinical
practices guidelines [145].
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Figure 3. Algorithm to screen for and assess malnutrition in cirrhosis, adapted from the European Association for the Study
of the Liver (EASL) clinical practices guidelines [145]. Created with BioRender.com.
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4. Therapeutic Strategies
4.1. Diet

The positive effect of dietary interventions on prognosis in cirrhosis has been clearly
shown: optimizing the nutritional status of liver cirrhosis patients improves morbidity
and mortality [13,17,151-153] even in patients with acute on chronic liver failure [154].
Nutritional therapeutic interventions by a multidisciplinary team, especially through
dietary counseling from dieticians, improves biomarkers of malnutrition, [155,156] quality
of life [27,157] and survival rate [27].

The recommended macronutrient composition in cirrhosis mainly focusses on protein
intake. Cirrhotic patients have an increased protein requirement based on the increased
protein turnover and catabolism [158,159]. A high protein intake improves in nutritional
status [155,160]. Even patients with hepatic encephalopathy, where in the past protein re-
striction was advocated, [161] benefit from normal to high protein intake [157,162-165]. The
recommendations regarding protein intake differ slightly, but not relevantly, between dif-
ferent guidelines, depending on the nutritional status and range from 1.2-1.5 g protein/kg
bodyweight (Table 1). There are no specific recommendations regarding carbohydrate and
fat intake for patients with liver cirrhosis.

Table 1. Summary of dietary recommendations in cirrhosis from different populations.

General cirrhosis patients >35 kcal /kg bodyweight !
Energy Malnourished cirrhosis patients 30-35 kcal/kg bodyweight 3
Cirrhosis patients with HE 35-40 kcal/kg bodyweight 124
General cirrhosis patients 1.2-1.5 g/kg bodyweight 1
Replenish ma]pourls:hed e!nd /or sarcopenic 15 g/kg bodyweight ®
. cirrhosis patients
Protein
Nonmalnourished cirrhosis patients 1.2 g/kg bodyweight per day 3
_ oht 124
Cirrhosis patients with HE 12-15 g/kg bodyv've%ghts
no protein restriction
Fat No specific recommendations
No specific recommendations
Carbohydrates . . . . 25-45 g of fiber *
Cirrhosis patients with HE Late evening snack with 50 g
complex carbohydrates 4
. . . 3-5 meals a day 3
General cirrhosis patients Late evening snack >
Dietary pattern Malnourished decompensated cirrhotic Late evening ONS and breakfast !

patients

Small meals evenly distributed
Cirrhosis patients with HE throughout the day 24
Late- night snack 2*

“No added salt” diet with 5-6 g salt per

Salt day, care should be taken when salt
reduction leads to reduced palatability 13

HE, hepatic encephalopathy; ONS oral nutritional sugplements. 1 European Association for the Study of the Liver (EASL). 2 American

Association for the Study of Liver Diseases (AASLD). ° European Society for Clinical Nutrition and Metabolism (ESPEN). 4 International
Society for Hepatic Encephalopathy and Nitrogen Metabolism Consensus (ISHEN).

Current evidence suggests that timing and frequency of meals is of importance to
improve malnutrition in cirrhosis. After overnight fasting, glycogen stores in cirrhotic
livers are emptied [74]. A late evening snack with 50 g complex carbohydrates can improve
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nitrogen metabolism, increase lean body mass and reverse anabolic resistance and sarcope-
nia [166-169]. Eating breakfast improves cognitive function in cirrhosis, indicating that,
depending on personal preferences in dietary habits, an individualized approach for timing
of meals should be developed during dietary counselling [170]. A higher frequency of
5-6 meals/day also shortens episodes of catabolism during the day [171]. It is particularly
important to pay attention to the timing and frequency of meals in hospitalized patients to
avoid long and often unnecessary “nil per os” periods due to planned diagnostic tests.

The main emphasis in dietary counselling should be to ensure adequate oral intake.
If oral intake including oral nutrition supplements (see below) is insufficient despite
adequate nutritional advice, enteral tube feeding may be considered for cirrhotic patients
to achieve their nutritional and energy goals [172]. Nonbleeding esophageal varices are
no contraindication for the placement of a nasogastric tube [163,173]. An endoscopic
gastrostomy, on the other hand, is associated with a higher risk of complications, especially
bleeding, and is therefore not recommended for patients with advanced chronic liver
disease [174]. In moderately or severely malnourished cirrhosis patients, who are unable to
eat oral food or cannot be fed sufficiently enterally, parenteral nutrition should be started
according to the ESPEN recommendations [175]. Additionally, parenteral nutrition should
be given when fasting periods last longer than 72 h [175]. Since cirrhotic patients are more
prone to sepsis or infections, care should be taken to avoid infections from central venous
lines [176].

When ascites is diagnosed in patient with liver cirrhosis, a “no added salt” diet re-
stricted to 90 mmol salt per day (5.2 g) is recommended by many guidelines. However,
as we recently reviewed in detail, a low-sodium diet, although leading to a faster disap-
pearance of ascites and less need for diuretics can lead to poor diet adherence because
of impaired taste of the meals, reduced energy and protein intake and increased risk of
malnutrition [42]. Therefore the risks and benefits of salt restriction have to be weighed
carefully in each patient, again showing the necessity of a multidisciplinary team approach
to treat malnutrition in cirrhosis.

4.2. Oral Nutritional Supplements and Micronutrients Supplementation

Oral nutritional supplements can help to achieve nutritional goals in cirrhosis. A
significant improvement in anthropometric nutritional parameters such as lean muscle
mass and body mass index as well as serum proteins can be achieved by oral nutritional
supplements [160,177]. A meta-analysis concluded that oral nutritional supplements may
also improve outcome [152]. Furthermore, an improvement in quality of life, functional
status and rehabilitation of malnourished cirrhosis patients can be achieved [157,178].
In terms of administration time, nocturnal oral nutritional supplements have a better
effect in improving the total body protein status than at daytime [166] (Table 2). Since
oral nutritional supplements also contain micronutrients and vitamins, this may be of
additional benefit in patients with cirrhosis, however, so far no clear benefit of micronutrient
supplementation could be shown [179]. Moreover, no clinical data comparing different
products are available, therefore choice can be based on personal preference and price.

Although some studies demonstrate the positive effect of micronutrients supplemen-
tation, due to the lack of robust data, no clear recommendations can be made. Additional
supplementation is currently only recommended in cases of confirmed or clinically sus-
pected deficiency. Data on zinc supplementation is conflicting: some studies report positive
effects on zinc supplementation in hepatic encephalopathy [180-182], while others re-
port no significant improvements [183,184]. Zinc supplementation in case of deficiency
improves liver function and nutritional status [185,186] and may even impact positively
on clinical outcome [187,188]. Normalizing zinc and vitamin A levels can also indirectly
improve the nutritional status by a positive effect on sense of taste and thereby increased
food intake [94,189]. A meta-analysis found no evidence to support or refute antioxidant
supplements such as beta-carotene, vitamins A, C, E and selenium in liver disease [179].
Also, for vitamin D supplementation, evidence is not sufficient. Vitamin D deficiency is

85



Nutrients 2021, 13, 540

common in cirrhosis and associated with increased mortality [190] and deficiency can be
corrected by oral supplementation in cirrhosis [191,192]. However, due to inadequate over-
all data quality, there is not sufficient evidence to prove or disprove an effect on morbidity
and quality of life of vitamin D supplementation [193] (Table 2).

Table 2. Summary of recommendations for oral nutritional supplements, micronutrient supplementation and branched

chain amino acid (BCAA) supplementation from different populations.

Oral nutritional supplements

General cirrhosis patients Late evening oral nutritional supplement 1

Liquid nutritional supplements evenly distributed

Cirrhosis patients with HE throughout the day 2

Micronutrient supplements

Administration of micronutrients to treat confirmed or
clinically suspected deficiency'~
General cirrhosis patients Assessment of vitamin D levels based on frequent
deficiency and supplement at vitamin D levels < 20 ng/mL,
to reach serum vitamin D (25(OH)D) > 30 ng/mL !

For patients with decompensated cirrhosis or those at risk
for malnutrition a 2-week course of a multivitamin
Cirrhosis patients with HE preparation could be justified 4
Specific treatment of clinically apparent
vitamin deficiencies

Amino acids

Decompensated cirrhosis: BCAA supplements and leucine
enriched amino acid supplements when inadequate
nitrogen intake by oral diet 1
Oral vegetable proteins or BCAA (0.25 g/kg
General cirrhosis patients bodyweight/day) for cirrhosis patients who are protein
“intolerant” to facilitate adequate protein intake 3
Long-term oral BCAA supplements (0.25 g/kg
bodyweight/day) in patients with advanced cirrhosis in
order to improve event-free survival or quality of life 3

BCAA supplementation for improving neuropsychiatric
performance and to reach the recommended
nitrogen intake !

Oral BCAA supplementation for cirrhosis patients who are
“intolerant” of dietary protein to achieve and maintain
recommended nitrogen intake >4

Cirrhosis patients with HE

HE, hepatic encephalopathy; BCAA, branched chain amino acids. ! European Association for the Study of the Liver (EASL). > American
Association for the Study of Liver Diseases (AASLD). 3 European Society for Clinical Nutrition and Metabolism (ESPEN). # International
Society for Hepatic Encephalopathy and Nitrogen Metabolism Consensus (ISHEN).

4.3. Amino Acids

BCAA serum levels are low in cirrhosis because they are preferentially used as energy
substrates, but are also essential for protein synthesis and ammonia detoxification [194].
BCAA supplementation has been shown to prevent lipolysis and proteolysis and improves
nitrogen balance, muscle mass, nutritional status, complication free survival, quality
of live and hepatocellular carcinoma risk [194-202]. However, despite this quite clear
evidence of positive effects, current guidelines recommend BCAA supplementation only
in decompensated cirrhosis, when adequate protein intake cannot be achieved by oral diet
or in case of complications. For hepatic encephalopathy, vegetarian protein, which is rich
in BCAA, is considered to be the ideal protein source, not only because it is better tolerated
than animal protein [164,203,204] but also because vegetarian protein may positively
influence gut microbiome composition [205]. BCAA can also be used as late evening snack
to improve nutritional status [73] especially in protein-intolerant patients [144-146,206]
(Table 2).

5. Summary

Malnutrition is a common and dangerous key feature and complication of liver cirrho-
sis. Diagnosis is challenging and often overlooked. A repetitive diagnostic workup with
a rapid screening for malnutrition using the Child—Pugh score and BMI, and in selected
patients the RHF-NPT to stage patients in low, medium and high risk and conducting
a detailed nutritional assessment including assessment of complications of malnutrition
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in patients at medium and high risk should be implemented in every center. Education
on malnutrition in cirrhosis for all health care professionals who treat patients with liver
cirrhosis and the availability of trained dieticians seem crucial in the future management
process of malnutrition in cirrhosis, to account for the complexity of the disease and the
need for individualized management. From a pathophysiological point of view, more
work is needed to identify the drivers of malnutrition, especially considering the complex
interplay between the gut microbiome and nutrient metabolism. Therapeutic efforts should
consider alternative pathophysiological mechanisms in the development of malnutrition
such as the role of inflammation and dysbiosis to identify potential therapeutic targets
beyond the pure increase of nutritional intake. Further clinical studies, ideally as multicen-
ter, multidisciplinary initiatives are needed to diagnose and adequately treat malnutrition
in cirrhosis.
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Abstract: Despite recent advances, the causes of and effective therapies for pediatric chronic
cholestatic diseases remain elusive, and many patients progress to liver failure and need liver
transplantation. Malnutrition is a common complication in these patients and is a well-recognized,
tremendous challenge for the clinician. We undertook a narrative review of both recent and relevant
older literature, published during the last 20 years, for studies linking nutrition to pediatric chronic
cholestasis. The collected data confirm that malnutrition and failure to thrive are associated with
increased risks of morbidity and mortality, and they also affect the outcomes of liver transplantation,
including long-term survival. Malnutrition in children with chronic liver disease is multifactorial
and with multiple potential nutritional deficiencies. To improve life expectancy and the quality of
life, patients require careful assessments and appropriate management of their nutritional statuses by
multidisciplinary teams, which can identify and/or prevent specific deficiencies and initiate appro-
priate interventions. Solutions available for the clinical management of these children in general, as
well as those directed to specific etiologies, are summarized. We particularly focus on fat-soluble
vitamin deficiency and malnutrition due to fat malabsorption. Supplemental feeding, including
medium-chain triglycerides, essential fatty acids, branched-chain amino acids, and the extra calories
needed to overcome the consequences of anorexia and high energy requirements, is reviewed. Future
studies should address the need for further improving commercially available and nutritionally
complete infant milk formulae for the dietary management of this fragile category of patients. The
aid of a specialist dietitian, educational training regarding nutritional guidelines for stakeholders,
and improving family nutritional health literacy appear essential.

Keywords: cholestasis; chronic liver diseases; malnutrition; nutritional needs; pediatrics

1. Introduction

Cholestasis is regarded as reduced bile formation or flow, leading to a decreased
concentration of bile acids in the intestine, and the retention within the blood and the
liver of biliary substances which are normally excreted into bile [1]. In the pediatric
population, cholestasis predominantly affects neonates and infants, around 1 in every
2500 term infants [2]. A substantial proportion have chronic courses of disease (chronic
cholestatic liver diseases (CCLD)). Despite recent advances, effective therapies remain
elusive, so that many conditions progress to liver failure and may necessitate early liver
transplantation. The most common causes of prevalently extrahepatic (surgical) cholestatic
jaundice are biliary atresia (BA) (25-40%) and choledochal malformations. As shown in
Figure 1, the etiologies of intrahepatic (medical) disorders are more numerous and include
a mounting group of genetic disorders related to bile acid transport or synthesis, inborn
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errors of protein and carbohydrate metabolism, syndromes, mitochondrial and endocrine
diseases, hepatic infections, and parenteral nutrition-associated cholestasis (PNAC)) [3-5].

{ MAIN CAUSES OF CHRONIC CHOLESTASIS IN CHILDREN ‘

‘l «SURGICAL» CHOLESTASIS | ‘ «MEDICAL» CHOLESTASIS

- Biliary atresia - Disorders related to bile acid transport
- Choledochal cyst or synthesis (e.g., PFIC)
- Proteic and glucidic metabolism (e.g.,
tyrosinemia type |, galactosemia)
- Genetic syndromes (e.g. Alagille
syndrome)
- Mitochondrial and endocrine disease
- Hepatic infections
- Parenteral nutrition — associated
cholestasis (PNAC)

Figure 1. Main etiologies of prevalently extrahepatic (“surgical”) or intrahepatic (“medical”) pediatric
chronic cholestatic liver disease. HFI, hereditary fructose intolerance; PFIC, progressive familial
intrahepatic cholestasis.

Malnutrition is a common complication of CCLD, which may increase morbidity and
mortality at all ages, particularly in pediatric patients due to their specific developmental
aspects. The proportion of malnutrition due to intensely reduced bile acid-dependent
absorption of fats and fat-soluble nutrients is, however, difficult to quantify compared to
that caused by fibrosis/cirrhosis per se.

Chronic enteropathy secondary to associated portal hypertension, poor nutrient in-
take, increased energy needs, and endocrine dysfunction are further mechanisms [6,7].
Pediatricians and dietitians should be specifically experienced in pediatric CCLD. Data
show that improved nutritional consultations after stakeholders’ educational training on
nutritional guidelines were associated with lower readmissions of adult patients [8]. Simi-
larly, parental health illiteracy necessitates appropriate interventions targeting social and
cultural family circumstances [9].

In this context, we performed a comprehensive review of the literature in the PubMed
and Google Scholar databases for studies published during the past 20 years linking
nutrition to pediatric chronic cholestatic liver disease. This search was completed by
personal knowledge, a snowball strategy by searching for any relevant previous studies
within the list of references of analyzed articles and/or citation tracking by a computer
aided manual search (Figure 2). Here, we report and put together the multiple pieces of the
malnutrition puzzle in children and summarize solutions that are available in everyday
clinical practice.

98



Nutrients 2021, 13, 2785

Records identified Additional records
through database identified through =
(PubMed) searching for other sources e
the free text words n=203 =3
«nutrition, cholestasis, §,_
children» 8
n=943
Total records Duplicates
n=1146 n=17

17

3

899 excluded E

based on: 7

Records screened ) lation
on title and abstract popu
n=1129 (aduls,
animals)
- non pertinent

Records assessed on 72 excluded =

full text for eligibility —>| based on quality &

n=230 assessment g

%

v g

Articles included g

n=158 &

Figure 2. Flow chart showing the selection process to identify studies included in the article.

2. Causes of Malnutrition in Cholestatic Children

As outlined earlier, malnutrition in CCLD depends on several cooperating factors
(Figure 3).

POOR NUTRIENT
INTAKE

* Anorexia
* Nausea
» Vomiting

MALABSORPTION
AND/OGR
MALDIGESTION OF
MULTIPLE NUTRIENTS

MALNUTRITION IN
CHOLESTATIC DISEASES

ENDOCRINE

DYSFUNCTION

* |GF-1and IGFB3P
reduction

* Impaired GH/IGF-1 axis

INCREASED
ENERGY NEEDS

Figure 3. Main factors that determine malnutrition in pediatric chronic cholestatic liver disease.
GH, growth hormone; IGFB3P, insulin-like growth factor binding protein 3; IGF-1, insulin-like
growth factor-1.
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2.1. Metabolic Changes

The liver plays an important role in the regulation of nutrient metabolism. Therefore,
when the liver is damaged by any type of injury, nutrient digestion, absorption, storage,
and utilization are affected. The decrease in hepatic and muscular glycogen reserves results
in the activation of alternative metabolic pathways with an increased release of amino
acids (and hyperammonemia), increased fat oxidation, and rapid use of fat, resulting in
hypercholesterolemia and low triglyceride levels. The associated cholestatic component
results in further specific problems.

2.2. Poor Nutrient Intake

The reduced dietary intake in cholestatic children may result from anorexia, nausea,
vomiting, changes in taste perception, and early satiety [10].

Anorexia may presumably be the result of a change in amino acid metabolism with
increased tryptophan levels and ensuing increases in brain serotonergic activity, which
are reportedly involved in the regulation of eating behavior [11]. Nausea and vomiting
are triggered by increased pro-inflammatory cytokines [12], organomegaly, and ascites,
resulting in reduced gastric capacity and consequent early satiety [13].

Chronic pruritus, due to accumulation of bile acid (BA) and other pruritogenic sub-
stances, may be particularly severe and disturbing especially in PFIC and Alagille syn-
drome. It may dramatically reduce patients” quality of life and therefore warrants serious
and prompt attention with adequate treatment [1,14-18].

Finally, a deficiency in zinc or magnesium contributes to a change in taste perception,
which may be further aggravated by the use of poorly palatable special formulas [8] and /or
dietary modifications with sodium, fluid, or protein restrictions.

2.3. Increased Requirements or Malabsorption/Maldigestion of Multiple Nutrients
2.3.1. Increased Energy Needs

Children with cholestatic disease have often (but not unanimously) [19] been reported
to suffer from a hypermetabolic state, with increased energy expenditure, probably due to
the intracellular activation of thyroid hormone by bile acids [20,21]. In biliary atresia, a 29%
increase in energy requirements, compared to healthy controls, has been calculated [20]. In
children with end-stage liver disease, the energy demand may further increase up to 150%
of that of predicted normal for a given height and weight, especially in cases of complica-
tions such as episodes of sepsis from peritonitis, cholangitis, or variceal bleeding [10,22].

Because the equations commonly used to predict resting energy expenditure (cREE),
i.e., the Food and Agriculture Organization/World Health Organization/United Nations
University Schofield (weight, and weight and height) equations [23] (Table 1) perform in-
adequately, especially in the case of end-stage liver disease cholestasis, indirect calorimetry
should be used when available to guide energy provisions, particularly in children who
are already malnourished [24].

Table 1. Weight-based equation for calculating energy requirements (kcal/day) according to the
FAO/WHO/UNO [23].

Age Males Females
3-10 years 22.7 (Weight) + 495 22.5 (Weight) + 499
10-18 years 17.5 (Weight) + 651 12.2 (Weight) + 746

2.3.2. Water and Electrolytes

The fluid and electrolytes requirements are normal for maintaining weight, un-
less restriction is needed because of ascites or edema. In infancy, a sodium intake of
at least 1 mmol/kg/day and potassium intake of about 2 mmol/kg/day are usually
appropriate [6].
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Sodium should not be added to correct hyponatremia due to the systemic vasodilation
and arterial underfilling in patients with advanced liver disease who have developed ascites.

2.3.3. Carbohydrates

For CCLD patients, carbohydrates are a major source of energy (about two-thirds
of non-protein energy) as they are better accepted than lipids or proteins due to a more
pleasant taste [25]. They can be given as monomers, polymers, and starch. Short-chain
polymers (maltodextrin) are generally used because of their low osmotic load, which
prevents the onset of diarrhea. Starch is a possible alternative, but it can cause abdominal
bloating and diarrhea because it has poor digestibility due to the enzymatic immaturity of
amylases at an early age.

2.3.4. Proteins

In patients with biliary atresia, increased oxidation of both exogenous and endogenous
proteins has been shown, which results in zero nitrogen balance oxidation leading to
muscle proteolysis [20,25,26]. Children with advanced CCLD require a higher protein
intake for catch-up growth (a protein/energy ratio of 10%). Currently, the specific needs
in cholestasis are not known; infants with severe cholestatic liver disease have a daily
protein intake need of approximately 2-3 g/kg/day to ensure a positive nitrogen balance
and proper growth [27]. In childhood, the requirement becomes progressively lower,
except when complications (e.g., cholangitis) increase proteolysis and lead to negative
protein balance [28].

In the absence of encephalopathy, hyperammonemia up to 120 mmol is well tolerated,
without evident side-effects, and does not require protein restriction [29]. Protein restriction
is rarely needed in children with cholestatic liver disease, unless there is a urea cycle
disorder (UCD) related-cholestasis. Protein restriction can be considered if encephalopathy
occurs as a result of liver failure and of portal hypertension-related portosystemic shunts.
In this case, protein intake should be limited to 0.5-1.0 g/kg/day although restriction
to <2 g/kg/day should not be continued in the long term, as it can induce endogenous
muscle protein consumption. If unresponsive, patients may benefit from branched-chain
amino acid (BCAA) supplementation [27].

Children with cholestatic liver disease have low levels of serum BCAAs and elevated
ratios of aromatic amino acids to BCAAs, due to an alteration in amino acid kinetics and
increased expenditure of BCAAs in the muscle [30]. In other words, low levels of BCAAs
reflect increased BCAA utilization in muscle. Therefore, diets rich in BCAAs may have
significant advantages. In experimental biliary atresia, a formula enriched with BCAAs
improved weight gain, protein mass, muscle mass, nitrogen balance, body composition, and
bone mineral density [31]. In addition, a diet enriched in BCAAs in children with end-stage
liver disease resulted in an improvement in nutritional status and total body potassium [32].
To improve palatability without reducing energy intake, an ideally formulated product
should preferably include whey protein (3 g/kg/day), at 2.6 g/100 mL in reconstituted
formula, enriched in BCAAs to 10% [32-35].

2.3.5. Lipids and Bile-Acid-Dependent Absorption of Fats and Fat-Soluble Nutrients

Lipids are the main source of energy supplied through breast milk. During the
first years of life, lipids are necessary for growth, development, and providing essential
polyunsaturated fatty acids (PUFAs) and fat-soluble vitamins [36]. Although lipids are
less palatable than other macronutrients, they are an important supplement because of
their high energy, low osmolarity, and content of essential PUFAs [23,37]. In cholestasis,
the considerable decrease in long-chain triglyceride absorption due to impaired micel-
lization requires balancing energy losses with extra energy supply. Despite the possible
development of steatorrhea, animal studies suggest that overall nutritional status benefits
from a high rather than a restricted fat intake [38]. Oral bile salt substitution therapy
would be cumbersome and impractical. However, some cholestatic diseases are treated
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with ursodeoxycholic acid (UDCA) (20-30 mg/kg/day), as it increases bile formation and
counteracts the hydrophobic effect of retained bile acids on cell membranes. However, it
has no effect on micelle formation and lipid absorption.

2.3.6. Medium Chain Triglycerides and Long-Chain Triglycerides

Although medium-chain triglycerides (MCTs; C-8 to C-12 fatty acids) have a lower
energy content (about 16% lower than long-chain triglycerides LCTs), they are used as
a lipid supplement (MCT-enriched formula) because their shorter chains allow them to
spread passively (bound to albumin) through the gastrointestinal tract and be directly
absorbed into the portal circulation. In fact, unlike LCTs, MCTs do not require micellar
solubilization and re-esterification [39] because they completely bypass the lymphatic
system [40], with approximately 95% bioavailability, even in very cholestatic children [41].
Unless the levels of MCT exceed the metabolic capacity of the liver, they undergo liver
metabolism, with energy release. This happens independently of carnitine, which is
required for the transport of long-chain fatty acids through the mitochondrial membrane.
However, MCTs may reduce appetite, probably due to interaction with the peptides YY
and cholecystokinin, with possible interference with the metabolism of adipose tissue [42].

In CCLD children, the ideal fat content and ratio of MCT to LCT are difficult to
determine. The optimal proportion of total lipids as MCTs for nutritional management is
between 30 and 50% [10,43]. Much higher MCT content in the diet (i.e., >80%) without
adequate supplementation of PUFA should be avoided since it can lead to a deficiency in
essential fatty acids [44]. Limited data have shown that infants fed with 30 or 70% MCT
instead of a 50/50% mixture of MCT/LCT have better fat solubilization and growth [45,46].
For these reasons, most infant formulae with MCTs have an MCT/LCT ratio of about 1/1
and are supplemented with essential fatty acids. Lipid intake and the MCT ratio should be
tailored for optimal weight gain and growth. [46].

2.3.7. Essential Fatty Acids

Essential fatty acids (EFAs) are macronutrients that must necessarily be included
in the diet because humans cannot synthesize their precursors. Linoleic acid (C18:2n-6)
and linolenic acid (C18:3n-3) are the two main EFAs. They undergo hepatic and cerebral
elongation into long-chain polyunsaturated fatty acids (LCPs, PUFAs, i.e., arachidonic
acid (AA) and docosahexaenoic acid (DHA)). The latter are important for the growth
and development of membrane-rich tissues such as the brain and retina [44]. PUFAs
are also precursors of eicosanoids, which improve immune function, reduce systemic
inflammation [47], and participate in platelet aggregation. These important biological roles
make PUFA deficiency in cholestatic liver disease a concern. PUFA and EFA deficiency
may derive from low intake, fat maldigestion/malabsorption, and inefficient elongation
of EFA precursors secondary to dysfunctional hepatocytes and enhanced peroxidation
of lipids [6]. It can also be iatrogenic, when diets are exceedingly high in MCT and low
in LCT [48]. Clinically, PUFA and EFA deficiencies present with dry and rough skin,
poor growth, numbness, paresthesia, and vision impairment. These clinical signs may
go unrecognized or be misdiagnosed as vitamin deficiencies [49]. Testing for PUFA and
EFA deficiency, which requires the total fatty acid profile in red blood cells, is costly and
not commonly available. It is recommended every 3-6 months especially in the case of
severe maldigestion/malabsorption or if the diet comprises exclusive MCT lipids (>80%),
or lower in severe cholestasis [6]. Attention is required when linoleic acid, a-linolenic acid,
eicosapentanoic acid, and/or docosahexaenoic acid levels are low and either clinical signs
or severe deficiencies in fat-soluble vitamins are resistant to supplementation. Importantly,
the classic marker of a ratio of triene/tetraene >0.2 is not a sufficient marker when testing
for PUFA and EFA deficiency [50]. Unlike in breast milk, formulae contain little LCP [51],
and this can lead to possible malnutrition unless egg yolks or fish oil are administered
at weaning [22,51].
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Estimating appropriate PUFA and LCP intakes for healthy infants and children is
not easy and is even more difficult for children with cholestasis. Supplementation should
exceed 10% of total energy, but even this may not be sulfficient. In fact, when liver damage
increases, hepatic PUFA conversion to LCPs is impaired, and LCP deficiency occurs even
with an adequate EFA supply. In advanced CCLD, LCP deficiency is difficult to correct; it
has been documented that even 1 year after liver transplantation, the LCP status may still
not be entirely reversed [52].

That said, there are currently no studies showing the functional effects of LCP supple-
mentation in cholestatic children based on which exact recommendations can be provided.
In infants, breast milk can be supplemented with breast milk fortifiers. If breastfeeding is
not possible, an MCT-enriched formula should be used. To better meet the energy needs of
infants, another option is to increase the caloric density of the formula to 0.8-1 kcal/mL [53].
Older children can improve their EFA intake by adding canola oil, sunflower oil, soybean
oil, fish oil, and egg yolks to their diet [22,54].

2.3.8. Fat-Soluble Vitamins

In cholestasis, the reduced secretion of bile acids into the intestinal lumen also induces
the malabsorption of fat-soluble vitamins (FSVs) (vitamins A, D, E, and K). This is more
frequent when direct-reacting (i.e., conjugated) bilirubin serum levels are greater than
2 mg/dL [55]. In infants with biliary atresia, total serum bilirubin appears to be a better,
although still imperfect, predictor of FSV deficiency [56]. The role of serum bile acid as
a surrogate marker for guiding the monitoring of FSV deficiency in chronic intrahepatic
cholestasis is still undefined.

When cholestasis begins in infancy, vitamin stores present at birth are rapidly depleted;
this results in biochemical and clinical signs of fat-soluble vitamin deficiency as early as
4-12 months of age if supplementation has not begun [27]. The serum levels of vitamins
and prothrombin time should be monitored to allow the proper adjustment of dosages to
the patient’s specific needs and the prompt treatment of possible side effects. In particular,
vitamin A levels must be closely monitored during supplementation because high levels
may cause neurologic and hepatic damage [1].

Vitamin D insufficiency, defined as 25-OH vitamin D less than 30 ng/mL, is present
in more than half of cholestatic patients, and this is positively correlated with serum
calcium [57]. Decreased bone mineral density (BMD) was present in more than half of the
studied cholestatic patients and was correlated with low serum calcium rather than vitamin
D levels. Decreased BMD and dental disorders in cholestatic children are related to the level
of hyperbilirubinemia [57]. Table 2 synoptically summarizes the effects of individual fat-
soluble vitamin deficiencies and toxicities as reported in pediatric practice [25,27,33,57,58].

Table 2. Synopsis of fat-soluble vitamin deficiencies and toxicities.

Vit  Signs and Symptoms of Deficiency How to Monitor Supplementation Toxicity
Plasma retinol/retinol
binding protein molar ratio
>0.8
ke dose e sty
. . <10 kg: 5000 UI/day, Oral Hepatic and neurologic
Dry skin <20 pg/dL, RDR test is . ..
. Lo . >10 kg: 10,000 Ul/day, toxicity
A Xerophthalmia indicative of Vit A
Night blindness. deficiency when the Oral Development of long
g : . 50,000 UI/1-3 monthly, bone fractures
plasma retinol ™

concentration increases
after exogenous
administration of Vit A
dose.
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Table 2. Cont.

Vit  Signs and Symptoms of Deficiency How to Monitor Supplementation Toxicity
. . Serum 25-OH-D
Hi’iz;i%giﬁ‘;gs& };(:gll:ﬁ:tlf:;a/ (Vit D deficiency < 20 Hypercalcemia leading
History of reduced intake, decreased ng/mL; 1251;12}11;3 ncy <30 Cholecalciferol: Cetr(l)t;iaelprf:\slt)olils Zf Z}tl::m
D cutaneous synthesis, altered CaP AIg’ PTH. Bone 800-5000 IU/day, Oral and ecto icy
absorption/impaired metabolism in the T ! 1.25-OH cholecalciferol: o p
radiography/Bone calcification.

liver (i.e., where Vit D2 and D3 undergo
25-hydroxylation).
Phenobarbital treatment. Breastfeeding

densitometry used to
identify osteomalacia,
osteopenia or rickets

0.05-0.2 ug/kg/day, Oral

Hypercalciuria leading
to nephrocalcinosis

Hypo- or a-reflexia

Vit E/total lipids ratio
(increased lipoprotein

Alpha-tocopherol acetate:

Ataxia R ) 15-25 to 25-200 Potentiation of Vit K
. . . levels in cholestasis may -
Impaired vibratory sensation . Ul/kg/day, deficiency
. falsely elevate serum Vit E
Proximal muscle weakness . . . . Oral coagulopathy
E X levels in a patient with Vit >
Ophthalmoplegia - TPGS (tocopheryl Diarrhea
- - . E deficiency) .
Degenerative lesions of the retina . .. polyethylene glycol-1000 Hyperosmolality
. . g Vit E deficiency: )
Irreversible neurological lesions if Vit E <0.6 mg/g (age <1 year) succinate): (TPGS)
deficiency remains untreated O me/ & 128 Y 15-25 UI/Kg, Oral
<0.8 mg/g (age >1 year)
Prothrombin time
Hemorrhagic disease Internahor\al.normahzed 2.5-5.0 mg/day from . -
. . ratio . Hemolytic anemia in
(other risks of bleeding: portal - J— twice a week to every day
. . 2 Protein induced in Vit K glucose 6-phosphate
hypertension gastrointestinal bleeds, 5-10 kg: 5 mg, oral
K . . absence II (PIVKA 1I) dehydrogenase-
thrombocytopenia, platelet dysfunction, . >10 kg: 10 mg, oral .
reduced hepatic synthesis of other <3 ng/mlL Deficiency can 5-10 mg/day every two deficient
P 4 be diagnosed if these s/aay y infants

coagulation factors

. weeks, IM
values improve after a dose

of parenteral vitamin K

AP, alkaline phosphatase; IM, intramuscular; PTH, parathyroid hormone; Vit, vitamin.

2.3.9. Water-Soluble Vitamins and Minerals

Cholestatic children may also present with malabsorption of water-soluble vitamins
and minerals. Therefore, it is necessary to supplement vitamins normally present in the diet,
using standard pediatric multivitamins. The doses recommended are twice the RDAs [59].

The liver and gut microbiota play important roles in regulating most trace ele-
ments; therefore, the impairment of liver function and/or dysbiosis can negatively affect
metabolism. In addition, the administration or depletion of these trace elements may also
cause liver dysfunction [60] Zinc, selenium, calcium, phosphate, magnesium, and iron
may be deficient as well, and they should be supplemented according to the plasma levels.
Zinc and selenium are important antioxidants. Reduced zinc concentrations lead to poor
linear growth, hypogeusia, anorexia, impaired immune function [42], skin rashes, and
diarrhea [61,62]. Identifying zinc deficiency may be difficult because plasma zinc levels
do not correlate with tissue zinc content; thus, clinicians should suspect zinc deficiency in
patients on the basis of gastrointestinal and dermatological manifestations [63].

Calcium and phosphate deficiency may also develop during cholestasis, leading to
bone abnormalities that are unresponsive to the normalization of vitamin D status [27].
Magnesium deficiency may occur as well, contributing to the metabolic bone disease of
CCLD. Liver transplantation has favorable effects on osteopenia and vitamin D deficiency.
It has been shown that in infants and children <2 years of age, the bone mineral content
normalizes approximately 11 months after transplantation, provided there is a sufficient
period of normal serum 25-OH-D levels [64].

Iron deficiency is uncommon in chronic liver disease. It may occur, however, in cases
of reduced intake and chronic blood loss from gastrointestinal bleeds (esophageal varices or
portal hypertensive gastropathy) [22]. As iron can promote oxidative stress, carcinogenesis,
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and fibrogenesis, it should not be supplemented on a regular basis [65]. On the contrary,
chronic cholestasis may be accompanied by the excessive accumulation of copper in the
liver [66] and possibly contribute to its further damage.

2.4. Endocrine Dysfunction

The liver is the main source of insulin-like growth factor (IGF-1) and its major circulat-
ing binding protein, IGF binding protein 3 (IGF-BP3). IGF-1 stimulates the anabolic actions
of growth hormone (GH). In cholestatic liver diseases, IGF-1 and IGF-BP3 formation is
reduced, resulting in an impaired GH/IGF-1 axis. IGF-1 levels further decrease due to GH
resistance, caused by the downregulation of GH receptors [22]. This condition contributes
to aggravating growth failure in these children, who may already have an underlying
predisposition to short stature (e.g., Alagille Syndrome) [67].

3. Issues in the Nutritional Management of Children with Cholestasis

According to the above considerations, it is evident that CCLD negatively affects the
nutritional status in infancy (i.e., when growth rates are the highest), thus compromising
clinical outcomes for cholestatic children who have end-stage liver disease [68], and is
present in about 80% of cases [69]. CCLD increases the mortality and morbidity associated
with underlying diseases and significantly influences the outcomes of liver transplantation
in children [70]. It is therefore necessary to ensure proper nutritional support to prevent
further liver damage and improve the likelihood of successful liver transplantation [36].
All children with cholestatic liver disease should have a clinical nutritional evaluation
with an intervention and follow-up plan reported in their care records, with a frequency
appropriate for the patient’s clinical course. The evaluation of the nutritional status of
these patients is based on anthropometric, biochemical, and instrumental indicators [71,72],
as summarized below and in Figure 4.

NUTRITIONAL ASSESSMENT OF CHILDREN WITH CHOLESTASIS

ANTHROPOMETRIC BIOCHEMICAL MARKERS INSTRUMENTAL

MEASUREMENTS

- Length

(in association with INVESTIGATIONS
other parameters)

- Dual-energy X-ray

{children <2 years) Absorptiometry

- Height

- Serum protein levels - Bioelectrical

(children >2 years) - Albumin impedance

- Mid upper arm
circumference
- Triceps skin fold

- Prealbumin - Indirect calorimetry
- Transferrin

- Retinol-binding protein
- etc

Figure 4. Nutritional assessment of pediatric chronic cholestatic liver diseases.

3.1. Anthropometric Measurements

In children with cholestatic liver disease, the use of weight-for-age and weight-for-
height measurements can be inaccurate for nutritional evaluation, owing to visceromegaly,
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subclinical edema, and/or ascites as a result of excessive tissue sequestration of water,
which results from an abnormal intravascular colloid osmotic status, renal retention of salt
and water, and hyperaldosteronism [1,73].

Stunting is determined by serial measurements of the height-age index (height-for-
age < —2 SD of the WHO child growth standards median). Length (for children < 2 years)
or height (for children > 2 years) may be a good indicator of chronic malnutrition, while
short-term changes in nutritional status need to be tracked using other parameters such as
the mid upper arm circumference (MUAC) and triceps skin fold (TSF). These measures
provide information regarding the patient’s body composition and are less affected by fluid
overload or other complications of end-stage liver disease [10], and they are reported to
decline before changes in weight or height become apparent [74].

The MUAC captures both muscle and adipose tissue mass, and it is relatively stable
in the first years of life. An absolute value < 12.5-13.0 cm [75] or a Z score < —2 [76]
indicate moderate to severe malnutrition. Therefore, by using the MUAC as a screening
tool, it is possible to quickly identify children with moderate to severe malnutrition, who
are at increased risk for death and need nutrient supplementation and treatment for their
underlying disease [36]. The TSF reflects adiposity and is a good indicator of energy reserve
depletion during cholestatic liver disease [77]. It has been shown to be more sensitive for
acute malnutrition and wasting than weight-for-height Z scores [78].

Globally, children with cholestatic liver disease have decreased MUAC, TSE, and
mid-upper arm muscle area Z scores than healthy controls [79]. The frequency of the
measurement is variable, depending on the grade of nutritional status, and can range from
every 2 weeks to every 3 months [6].

3.2. Biochemical Markers

Serum protein levels (albumin, prealbumin, transferrin, and retinol-binding protein)
alone cannot be used as an indicator of malnutrition, as their production is influenced by
hepatic disease, sepsis, inflammation, and hydration status [80]. Albumin is not sensitive
to acute changes in the nutritional statuses of children with chronic liver disease, as it
has a long half-life (18-20 days). In addition, it may be depressed due to inflammation
or acute physiologic stress [81]. Prealbumin is a more sensitive marker for the severity of
malnutrition and/or adequacy of nutritional support [74]; it has a half-life of 2 days [15],
low body reserves, responds quickly to nutritional status [80], and its production in the
liver is maintained until late in liver disease [82]. Retinol-binding protein has a half-life of
12 h, which makes it the best indicator of recent dietary changes [80].

3.3. Other Investigations

The evaluation of nutritional status in cholestatic children also includes instrumental
investigations that assess body composition: dual-energy X-ray absorptiometry (DXA),
bioelectrical impedance (BIA), and indirect calorimetry. DXA and BIA provide a measure
of fat and free-fat mass, which are helpful when designing a nutritional rehabilitation
approach, although the accuracy of these tools can decrease due to fluid overload [83].

Indirect calorimetry measures oxygen consumption and can be used to estimate resting
energy expenditure (REE), which increases in children with chronic liver disease. Although
non-invasive, it is a technically difficult procedure and may not be easily performed in
uncooperative children [80].

The above predictive equations, however, appear to perform poorly in infants and
young children with ESLD. Efforts should be made to guide energy provisions with the aid
of indirect calorimetry, especially when malnutrition is already present [24].

Accurately monitoring the nutritional status of these patients is essential in early
interventions to correct deficiencies, thus improving growth and reducing both morbidity
and mortality.

Oral nutrition should always be encouraged whenever possible because it is physio-
logic, maintains gastrointestinal tract immunity and gut barrier integrity, and reduces bac-
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terial overgrowth [41]. As discussed in detail above, ready-to-use commercial preparations
for infants with chronic liver disease should contain higher calorie amounts, MCT fat con-
tents of about 50%, and branched-chain amino acids. Powder formulations allow one to cus-
tomize the nutritional contributions in relation to the patient’s needs. More concentrated for-
mulae containing maltodextrin may be useful for improving carbohydrate intake [25,53].

A commercially available and nutritionally complete powdered infant milk for the
dietary management of acute and chronic liver disease is composed of dried glucose syrup,
49% MCT, soya and canola oil, whey and casein, vitamins, minerals and trace elements.
The formula contains a higher-than-average content of branched-chain amino acids (30%
of total protein) and lower-than-average sodium content (0.56 mmol/100 mL) than any
other infant formula. The low lactose content, avoiding the saturation of the intestinal
lactase capacity, is also an advantage of this formula when it is necessary to administer
high amounts to increase the caloric input (e.g., by enteral feeding). There are no available
published studies on this product, other than one report on its safety and tolerability, and
there was no evidence of increased growth parameters when cholestatic children were
given the product as their primary energy source [84].

Oral feeding is preferable only if sufficient energy and nutrient supply can be secured.
In infants, except in some cases such as those due to galactosemia, breastfeeding should be
encouraged for its numerous advantages, provided that supplementation with a breast milk
fortifier containing MCT and proteins assures adequate intake of calories and nutrients.
Later in life, children with CCLD require a complete nutritional assessment and nutritional
therapy. Again, besides some rare inborn errors of metabolism (IEM) that may need special
treatment, a standardized, hypercaloric diet with MCT should be used for preventing
and/or correcting malnutrition. Small and frequent feeding may be useful to reduce
anorexia and early satiety, prevent hypoglycemia, and avoid muscle catabolism.

When oral nutrition does not guarantee an adequate nutritional intake and causes
poor growth because of intolerance to a large intake via the oral route, thus necessitating
moderate calorie and high protein intake, patients should start nutritional supplementation.
In this case, constant attention to palatability, osmolarity, or exceedingly high lipid levels is
necessary When rapid growth is needed (e.g., before liver transplantation), enteral feeding
with a nasogastric tube may be the best option. Bolus feeding is preferred in the first
instance because it is physiological. When bol