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lll. Glossary

Fasting = extreme caloric restriction: very low-calorie intake due to voluntary
abstinence from solid food for a restricted period; leads to a scarcity of glucose
availability and hence to a metabolic switch from mostly glucose utilization to the

generation of ketones as a substitutional energy source for, e.g., the brain

Intermittent fasting: a time restricted eating pattern (e.g., restricted food intake for 10

h/day, followed by abstinence of solid foods for 14 h/day)

Ketogenic diet = extreme carbohydrate restriction: a diet mimicking a fasting state
through a very low-carbohydrate intake; leads to a scarcity of glucose availability and
hence to a metabolic switch from mostly glucose utilization to the generation of ketones

as a substitutional energy source for, e.g., the brain

Beta-hydroxybutyrate (BHB): main circulating ketone body of the three metabolically
related molecules (acetone, acetoacetate, and beta-hydroxybutyrate) that can be used
as an alternative energy source by, e.g., the brain, when blood glucose concentrations

are low; elevated levels of BHB in the blood are indicative of a state of ketosis

Oxidative stress: an imbalance of reactive oxygen species (ROS) productions and
antioxidants causes oxidative stress; oxidative stress is suggested to play a major role
in chronic inflammation, neurodegeneration, and aging; ROS physiologically function

as signalling molecules and defence against pathogens

Inflammatory cytokines: cytokines are secreted proteins with activator or suppressor
functions that regulate immune responses; cytokines may play an important role in the
development of MS lesions, and probably in peripheral immune activation in MS;
peripheral pro- and anti-inflammatory cytokine concentrations were shown to correlate

with MS disease activity



V. Graphical and written abstract
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Introduction: Multiple sclerosis (MS) is the most common non-traumatic, debilitating
disease of the central nervous system in young adults, with neuropsychiatric symptoms
among the most disabling symptoms. Existing pharmacological treatments are not
consistently effective, have side effects, and rarely target neuropsychiatric symptoms.
In contrast, new approaches such as specific diets have been shown to improve
neuropsychiatric symptoms including fatigue, cognitive impairment, and depressive
symptoms in some neurodegenerative diseases. Examples of these dietary
approaches are ketone-based diets. Ketone bodies are generated during low-
carbohydrate intake or very low-calorie intake also referred to as ketogenic diet (KD)
respectively fasting (FD). They deliver an alternative energy substrate for the brain.
This work investigates the effects of a KD and FD on neuropsychiatric outcomes
compared to a standard healthy diet (SD) and examines the potential mediation of
effects via changes in nutritional status, inflammation, and oxidative stress.

Methods: This is an exploratory sub-cohort analysis of the NAMS study (Nutritional
Approaches in MS, NCT03508414), a single-center, randomized controlled study. This

analysis investigates data of 71 patients over 9 months who were included in the larger
10



NAMS study (105 patients randomized, study duration 18 months). Patients were
randomized to 1 of 3 dietary interventions: a KD with a restricted carbohydrate intake
of 20-50 g/day, a FD with 7-day fasts every 6 months and, 14-h daily intermittent fasting
in between, and a SD as recommended by the German Nutrition Society.

Results: Body fat mass and body mass index (BMI) improved in the KD and FD group.
Blood lipids improved in different ways in all groups. Pro-inflammatory leptin decreased
significantly, and blood glucose decreased slightly in the KD and FD group. Plasma
micronutrients increased in the KD and FD group, while oxidative stress markers did
not change. Minimal depressive symptoms improved by 17% in the FD group (higher
baseline values in the FD group must be considered). There was an increase of 2.5
points in the cognition score in the FD group. In the KD group, the cognition score
increased by 3.9 points, but only in patients who had a relevant ketosis. Certain plasma
micronutrients were positively, blood lipids and blood glucose inversely, associated
with cognition, suggesting mediation of effects. The diets did not have a relevant effect
on fatigue symptoms. Adherence in the KD group was low compared to the FD group.
Conclusion: A KD and FD were efficient in improving BMI, body composition,
inflammatory and metabolic markers, parameters that are commonly altered in MS
patients and associated with a poor disease course. The KD was less feasible and
improved cognition only in a subgroup of patients. The FD was feasible and improved
cognition and minimal depressive symptoms in our cohort. A healthy diet combined
with fasting interventions may be a low-risk, multi-target approach that could be
recommended to MS patients to improve their cardiometabolic risk profile and mild

neuropsychiatric symptoms, and thus complement MS treatment.

V. Zusammenfassung

Einleitung: Multiple Sklerose (MS) ist die haufigste nichttraumatische Erkrankung des
zentralen Nervensystems bei jungen Erwachsenen. Neuropsychiatrische Symptome
gehoren zu den am starksten beeintrachtigenden Symptomen. Pharmakologische
Therapien sind nicht gleichermallen wirksam, haben Nebenwirkungen und zielen
kaum auf neuropsychiatrische Symptome ab. Diatetische Ansatze haben
neuropsychiatrische Symptome wie Fatigue, kognitive Beeintrachtigung und

depressive Symptome bei einzelnen neurodegenerativen Erkrankungen verbessern
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kénnen. Ketonkorper, die wahrend einer kohlenhydratreduzierten ketogenen Diat (KD)
und bei drastischer Kalorienreduktion, dem Fasten (FD), gebildet werden, stellen eine
alternative Energiequelle fur das Gehirn dar. Hier werden die Effekte einer KD und FD
im Vergleich zu einer Standarddiat (SD) auf neuropsychiatrische Symptome
untersucht, und die mdgliche Vermittlung tGber Erndhrungsstatus, Inflammation und
oxidativen Stress.

Methoden: Es handelt sich um eine explorative Sub-Kohorten Analyse der NAMS-
Studie (Nutritional Approaches in MS, NCT03508414), einer monozentrischen,
randomisierten kontrollierten Studie. Die Analyse umfasst 71 Patienten Gber 9 Monate,
die in die groflere NAMS-Studie (105 Patienten, Dauer 18 Monate) eingeschlossen
wurden. Die Patienten wurden in eine der drei Ermahrungsinterventionen randomisiert:
eine KD mit einer Kohlenhydratzufuhr von 20-50 g/Tag, eine FD mit 7-tagigem Fasten
alle 6 Monate und 14-h intermittierendem Fasten sowie eine SD nach Empfehlungen
der Deutschen Gesellschaft fur Ernahrung.

Ergebnisse: Korperfettanteil und Body-Mass-Index verbesserten sich in der KD- und
FD-Gruppe. Blutfette verbesserten sich in allen Gruppen auf unterschiedliche Weise.
Leptin und Blutglukose verringerten sich in der KD- und FD-Gruppe. Einige
Plasmamikronahrstoffe stiegen in der KD- und FD-Gruppe an, wahrend sich Marker
fur oxidativen Stress nicht veranderten. In der FD-Gruppe verbesserten sich minimal-
ausgepragte depressive Symptome um 17 % (héhere Ausgangswerte in der FD-
Gruppe mussen berucksichtigt werden). Der Kognitionswert stieg in der FD-Gruppe
um 2,5 Punkte an. In der KD-Gruppe stieg der Kognitionswert um 3,9 Punkte, jedoch
nur in Patienten, die eine relevante Ketose aufwiesen. Einige Plasmamikronahrstoffe
waren positiv, Blutfette und -glukose invers, mit der Kognition assoziiert, was auf eine
Mediation der Effekte hindeutet. Die Diaten zeigten keinen relevanten Effekt auf
Fatigue Symptome. Die Adharenz in der KD-Gruppe war im Vergleich zur FD-Gruppe
gering.

Schlussfolgerung: KD und FD verbesserten BMI, Koérperzusammensetzung,
inflammatorische und metabolische Marker - Faktoren, die bei MS oft ungunstig
verandert und mit einem progressiveren Krankheitsverlauf assoziiert sind. Die KD war
weniger praktikabel und verbesserte die Kognition nur in einer Subgruppe. Die FD war
praktikabel und verbesserte Kognition sowie depressive Symptome. Eine gesunde

Ernahrung mit regelmaligem Fasten ist ein risikoarmer Multi-Target Ansatz der MS-
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Patienten empfohlen werden kann, um ihr kardiometabolisches Risikoprofil sowie
milde neuropsychiatrische Symptome zu verbessern und so das Behandlungs-

Angebot zu erganzen.
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1 Introduction

1.1 Burden of disease

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS), and
one major cause of gradually progressive neurological impairment as well as early
retirement in young adults (1-3). Prevalence is estimated at 2.8 million worldwide and
has risen in every world region since 2013 (4). With a mean age of 32 years, the
disease onset usually occurs in the most productive phase of life, imposing a high
financial burden and loss of quality of life. Further, there is a strong female
preponderance, affecting women in child-bearing age and family planning (5). Most
patients initially have reversible symptoms, the relapsing-remitting MS (RRMS), with
progression of symptoms developing over time, leading to non-reversible symptoms
(secondary-progressive MS). A minority of patients suffers from non-reversible
symptoms from the onset of the disease (primary-progressive MS) (6).

Neuropsychiatric symptoms such as fatigue, cognitive impairment and depressive
symptoms occur in more than 60% of MS patients (7) and are a relevant reason for
early retirement and unemployment (8-10). By now, there are over a dozen different
disease modifying therapies (DMT) available, which are associated with improved
clinical and radiological outcomes (11). However, all of them have substantial side
effects, barely target neuropsychiatric symptoms and in the case of the widely used
DMT interferon-beta, associations with depressive symptoms were even found (12).
One problem that hampers the development of more targeted therapies is the fact that
the initiating antigen and other etiological factors are still unknown or incompletely
understood. Hence, many MS patients are interested in complementary therapies such
as diets. A review suggests that up to 70% of MS patients have tried one or more
complementary treatments to improve their MS including diets and nutritional
supplements (13). A survey of 416 MS patients showed that low-fat, low-sugar and

gluten-free diets are the most applied dietary approaches (14).

1.2 MS etiology, environment, and diet

Even though the exact MS disease etiology remains unknown, it is widely accepted
that a combination of factors contributes to MS pathology: immune dysregulation due

to a combination of genetic susceptibility and environmental factors appears central
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(15, 16). Genetic susceptibility must occur simultaneously with non-genetic factors to
trigger the disease onset. Evidence comes from epidemiological studies showing that
MS is not evenly distributed across regions and ethnicities worldwide (15). There is a
geographical gradient: disease prevalence is higher in northern and moderate climate
zones, and decreases as the equator is approached (15). Further, migration studies
have shown that people migrating from a high-risk to a low-risk area before
adolescence, assume the lower risk of their destination. In contrast, adults continue to
carry the risk of the country they originated from, indicating a role of environmental
factors in disease etiology (17).

More evidence for a genetic and environmental component is coming from twin studies.
Compared to dizygotic twins, the concordance rate in monozygotic twins is 30%
(compared to 5% in dizygotic twins)(18). The elevated concordance rate in
monozygotic twins compared to dizygotic twins, on the one hand emphasizes genetic
risk factors, but on the other hand, as about 70% of monozygotic twins are discordant,
stresses the role of non-genetic environmental risk factors (15, 18).

Environmental influences contributing to disease formation besides latitude, include
smoking, viruses (16) and nutritional factors (19). A review by Riccio et al. describes
the plausible involvement of dietary and lifestyle factors in the MS etiology. Apart from
lower vitamin D availability in latitudes, were MS is more prevalent (20), higher serum
levels of vitamin D were shown to be associated with a decreased risk for MS (21).
Moreover, higher vitamin D levels are associated with lower disease activity (22).
However, to this date, randomized-controlled trials (RCTs) failed to prove a beneficial
effect of vitamin D supplementation on the disease course of MS patients (23, 24). The
geographical distribution shows the highest prevalence in high-income countries that
are most distant from the equator. Riccio and Rossano conclude that typical “features
of these countries are sedentary lifestyle, high-calorie diet rich in saturated fats of
animal origin (Western diet) and low sunshine exposure” (20). Typical Western diets
are indeed characterized by high intakes of animal fats and high intakes of refined
carbohydrates that may drive postprandial inflammation and insulin resistance (25, 26).
In line with this, a high body mass index (BMI) of > 27 kg/m? before the age of 20 has
been shown to double the risk for MS development (27). Moreover, a recent Mendelian
randomization study including 14.498 cases and 24.091 controls concluded that there

are several nutrition- and lifestyle-related modifiable risk factors for MS: “Childhood
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and adulthood BMI were positively associated with MS, whereas physical activity and
serum 25-hydroxyvitamin D levels were inversely associated with MS. There was
evidence of possible associations of type 2 diabetes, waist circumference, body fat
percentage (...) and high-density lipoprotein cholesterol (28).” Riccio and Rossano
suggest dietary components to trigger inflammatory processes in MS, especially
saturated fats, unsaturated trans fats, red meat, sweetened drinks, increased salt
intake and cow’s milk proteins and anti-inflammatory components such as
polyunsaturated fats, polyphenols, antioxidants and certain dietary regimens to be
potentially useful in MS (20). To this date there is, however, no proof for causality of
diets to directly affect MS incidences (29, 30).

1.21 Suspected pathogenesis

MS is characterized by neuroinflammation, demyelination and axonal degeneration in
the central nervous system (CNS) (16). MS is classified as an autoimmune disease,
with autoreactive T cells crossing the leaky blood-brain-barrier and attacking the
neuron-encasing myelin sheaths that are essentially required for a rapid signal
transduction. Further, T cells, via interacting with microglia - the CNS-based immune
cells - are initiating the release of cytokines and induce auto-antibody production by B

cells, promoting an inflammatory environment (Figure 1) (16).

Pathogenesis of Multiple Sclerosis (MS)
MS is currently classified as an autoimmune disease of the central nervous system (brain, spinal cord, and optic nerves). The disease
attacks myelin, the protective covering of the nerves, causing inflammation and damages the myelin (MS Society of Canada, 2020)
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Figure 1: Reprinted from “pathogenesis of multiple sclerosis (MS)”, by Biorender.com 2021. Retrieved
from https://app.biorender.com/biorender-templates
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Autoantigen specificity of the misguided immune response remains unknown. Further,
whether the antigen-priming occurs in the periphery and a molecular mimicry takes
place in the CNS or the antigen is presented in the CNS and leads to an activation and

migration of T cells into the CNS, is not completely understood (31).

1.2.2 The role of oxidative stress and antioxidants

Studies in mice and humans demonstrate that oxidative stress or reduced antioxidative
responses, play an important role in MS progression (32) and MS pathogenesis (33,
34). Even in the early stage of the disease - the Clinical Isolated Syndrome — plasma
markers of oxidative stress such as advanced oxidation protein products were found
to be elevated (35). A recent meta-analysis of 31 studies including 2001 MS patients
and 2212 healthy controls concluded that MS patients had significantly increased blood
concentrations of oxidative stress markers, above all malondialdehyde (MDA) (36).
Even in the saliva of MS patients, elevated markers of oxidative stress and lower levels
of antioxidants, compared to healthy controls, were found (37). MS has been
characterized as a mainly inflammatory disease and neurodegenerative processes in
the disease development have been neglected in the past. This view has been
challenged by observations, arguing that reducing inflammation and even relapses,
does not stop disease progression (38).

Just recently, a study confirmed that oxidative stress markers, known also to be
involved in Alzheimer’s disease, are elevated up to five years before disease onset,
indicating that they are rather a cause of neurodegenerative processes than a
consequence (39).

Generally, a state of oxidative stress is reached if reactive oxygen species (ROS)
outbalance neutralizing antioxidant agents. ROS are generated physiologically and
function as a substantial defense mechanism against pathogens. In case of an
increased generation of these ROS, oxidative stress responses are, among other
pathways, controlled by the counter-regulative antioxidative Nrf2 pathway
(40). Interestingly, activation of Nrf2 and its mediation of mitochondrial biogenesis is
one main mechanism of action of the well-established DMT agent dimethyl fumarate
(41). As pointed out in the next chapter, ROS regulate immune responses and may

further play a role in inducing a functional hypometabolism and mitochondrial
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dysfunction, which may have implications in MS pathophysiology, described later in
1.4. ROS such as superoxides and hydroxyl radicals are, as the name implies, very
reactive, due to unpaired electrons (40). Hence, they are unstable and can hardly be
measured. Oxidation-induced damage to lipids, proteins, carbohydrates are therefore

typically assessed as indirect markers of oxidative stress.

1.23 The role of peripheral and central inflammation

Inflammation and oxidative stress are closely linked. A review describes that
inflammatory diseases rapidly deteriorate if mice were lacking antioxidant defense
mechanisms such as Nrf2 (40). With regards to MS, a dysregulation of pro-
inflammatory responses via Th1 and Th17 cells and anti-inflammatory responses via
regulatory T cells or Th2 cells appears central for disease pathogenesis: Increased
Th1 cytokines are present in peripheral blood mononuclear cells (PBMCs) from MS
patients during relapses, while increased Th2 cytokines are found during remission
(42). Similar to the balance of ROS and antioxidant agents, to maintain homeostasis,
a balance between pro- and anti-inflammatory cytokines must be maintained (43).
Pathologically reduced concentrations of anti-inflammatory cytokines can result in an
imbalance in favour of pro-inflammatory responses, which may drive autoimmune
diseases. In contrast, excessive anti-inflammatory cytokine concentrations may
dampen defence against pathogens (44).

Generally, studies on cytokines in MS patients deliver indistinct results, e.g., TNF-
alpha, a pro-inflammatory cytokine, was shown to be elevated in MS (43). Moreover,
high numbers of TNF-alpha, interferon-gamma and interleukin-6 (IL-6) are present in
active lesions (45) (46) and increased expressions of TNF-alpha mRNA were found in
active demyelinating lesions from brain biopsies, compared to remyelinating lesions
(47). In line with this, cytokines, including interferon-gamma, TNF-alpha and IL-1 can
activate the CNS-based immune cells microglia and macrophages that can in turn
further damage myelin (43). However, in contrast to another autoimmune disease,
rheumatoid arthritis, a RCT with a TNF-alpha inhibitor was not successful in MS
patients (48).

Even though, there is evidence for a role of cytokines in the MS pathogenesis, studies
deliver heterogenous results on the relationship between clinical disease outcomes

and cytokines, even in untreated MS patients (49). This may be influenced by
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methodological issues, biological complexity of cytokines and a short half-life of
cytokines (49), but also due to the complexity of predicting the right time point for
cytokine assessment (43). However, studies do suggest associations between
cytokine concentrations in the cerebrospinal fluid or periphery with the MS disease
course (50, 51).

1.24 The role of the gut-immune-brain axis

To date, the initial trigger of a potential peripheral autoimmune activation remains
unknown. Within the last decade, the gut-immune-brain axis has gained attention and
importance. It was shown that gut dysbiosis plays a role in enhancing inflammatory
immune responses in Alzheimer's disease and MS (52). A review by Rossi et al.
concluded that the gut microbiome along with its produced metabolites further
regulates T cell-mediated immune responses, e.g., distinct bacterial species correlate
with  MS and induce a pro-inflammatory T cell environment that preserves
autoimmunity (52). In contrast, neuroinflammation and demyelination during the MS-
like experimental autoimmune encephalomyelitis (EAE) is repressed by the gut
microbiome enriched in certain bacteria (53). Remarkably, human-derived gut
microbiota from for MS discordant identical twins transplanted into germ-free mice
were able to spontaneously induce the MS-like autoimmune encephalomyelitis,
significantly more often in the mice that received the microbiota from the MS-affected
twin (54). Moreover, defects in gut barrier function were described to play a role in MS
pathophysiology (55). Increased intestinal permeability, due to tight junction
dysfunction among epithelial cells, may lead to a low-grade bacterial translocation from
the gut to the periphery which may trigger misguided immune responses. An increase
in intestinal permeability, the so-called leaky gut syndrome, has been found to be
common in MS — as evidenced by increased levels of bacterial lipopolysaccharides,
non-metabolized sugars and the tight junction regulating protein zonulin in urine,
plasma or sera of MS patients (56-58). Lipopolysaccharides further stimulate the
generation of inflammatory cytokines (59). Finally, zonulin was even associated with
MS disease progression in a clinical trial and suggested to mediate disruption in both

the intestinal barrier and blood-brain barrier (58).
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1.3 History of nutritional research in MS

Diet, especially dietary fiber and dietary fats, as well as antibiotics and other
environmental factors shape the gut microbiota and their associated microbial
metabolites as well as intestinal permeability. Ultimately, specifically Western diets
were shown to induce gut microbiome dysbiosis (19). Moreover, postprandial glycemic
peaks, increased caloric intake and specific lipid patterns were shown to further drive
inflammation and oxidative stress, and via these mechanisms suggested to play a role
in MS pathophysiology (20, 60). The role of diet has therefore been subject of research
since the 1950s (61-63) and several dietary factors were found to be associated with

MS incidence, disease course and symptomatology (20, 64-66).

1.3.1 Nutritional neuroepidemiology

Swank et al. described already in 1952 the incidence of MS to be varying across
different regions in Norway (61). They found a higher incidence in inland areas
compared to coastal areas, where more fish and less butterfat were consumed than in
inland areas. Further, Agranoff and Goldberg described dairy consumption to be
correlated positively with MS, whereas vegetable fat consumption correlated inversely
with MS (67). Alter et al. looked at epidemiological data of 22 countries and found MS
prevalence to be strongly positively associated with animal fat consumption (68).
Moreover, Esparza et al. analysed epidemiological data from 36 countries and
concluded high animal fat (minus fish fat) and saturated fatty acid consumption to
correlate independently and positively with MS mortality (69). In line with this, a positive
correlation between MS prevalence and total fat, meat and pork consumption was
further found by Nanji and Narod (70), between MS prevalence and milk as well as
butter consumption in data obtained from 27 countries by Malosse et al. (71) and
between MS prevalence and pork meat consumption by Lauer (72).

Summarizing the results of studies, there is, however, no consistence: whereas there
are numerous indications of an association between the disease risk and the
consumption of saturated fats from animal origin from epidemiological studies, a review
from 2005 reports that most case-control studies could not confirm these results (30),
concluding that there is no proof of evidence for a causal relationship between MS

prevalence and diet, yet.
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1.3.2 The role of the nutritional status in MS

Studies on nutritional status in MS patients are showing heterogeneous results,
depending on the assessment method and patient population. In a study population
with many newly diagnosed patients, the prevalence of malnutrition was rather low
(73). In contrast, other studies with MS patients show a higher prevalence of poor diets
(74) and intake deficiency of polyunsaturated fatty acids, fiber and vitamin D (75),
especially in more severely affected MS patients. The BMI was found to be lower
during the course of the disease compared to healthy controls in a meta-analysis (76).
However, it was found that the BMI seems to underestimate obesity in MS (77). One
study showed that body composition and adipose tissue distribution was unfavorably
altered in male MS patients, compared to age-matched healthy controls (78) and total
body fat was associated with greater disability in another study with MS patients (79).
In line with this, another study reported that body composition showed the same strong
associations with disability as functional assessments such as the six-minute walk test,
while the BMI did not (80). As mentioned in 1.2.2, micronutrient deficiency, reflected
by a reduced antioxidative capacity or elevated oxidative stress parameters, was found
to be prevalent in the sera, plasma and cerebrospinal fluid of many MS patients (35,
81, 82) and was even predictive for MS disease progression (83).

Many diet-related cardiovascular disease (CVD) risk factors such as
hypercholesterinemia and hyperinsulinemia are common among MS patients (84-86).
Moreover, diet-related comorbidities such as obesity, insulin resistance and other CVD
risk factors are associated with increased MS susceptibility and/or poor disease course
(85, 87, 88). Growing evidence further suggests that CVD risk factors increase the risk
of disability progression and present associations with increased lesion burden and
brain atrophy (89-91). In line with this, a 5-year study proposed that overweight and
obesity significantly elevate the risk of MS progression (92). In accordance, a potential
role for leptin has emerged. The adipocyte-derived hormone regulating energy
expenditure and satiety, was found to have pro-inflammatory functions and was
suggested to be an important link between nutrition and immune function, balancing
Th1/Th2 immune homeostasis (93). Conformingly, Matarese et al. found high levels of
leptin to be associated with reduced regulatory T cells in sera of MS patients (94) -

cells that are crucial to keep autoreactive T cells at bay.
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1.3.3 Dietary approaches in MS

A recent Cochrane review concludes that evidence for efficacy of dietary interventions
in MS is still uncertain (95). However, the idea that a modification of dietary intake may
have a beneficial effect on the course of the disease or comorbidities appears plausible
against the body of evidence from epidemiological studies and is attractive to many
patients. A recent survey with 1014 MS patients concludes that 81% used
complementary medicine and 41% followed a specific diet to manage their MS
symptoms (96). Current “MS-diets” are based on pathophysiological considerations

and on findings from animal or epidemiological studies as described above.

Dietary polyunsaturated fatty acids

The strong associations between dietary fats and MS risk have put a spotlight on
dietary fats. Polyunsaturated fatty acids, especially omega-3 fatty acids, have
numerous anti-inflammatory effects, which may have an impact on autoimmunity, a
review concludes (97). A small clinical study has shown that supplementation with
omega-3 fatty acids decreases cytokines in the PBMCs of MS patients (98). In line with
this, a recent systematic review concluded that omega-3 fatty acid supplementation
improves quality of life, inflammatory markers and even reduces relapse rates in MS
patients (99). However, other recent systematic reviews including a Cochrane review
concluded that there may be no clinically relevant impact of omega-3 fatty acid
supplementation on disability or inflammatory markers (100) and there may be little to

no effect of polyunsaturated fats with regards to improving MS outcomes (95).

The Fratzer diet

The so-called Fratzer diet, invented by the German physician Uwe Fratzer, also
focused on the modification of dietary fats (101). The diet aims to change the relation
of omega-3 and omega-6 fatty acids, to reduce the generation of pro-inflammatory
arachidonic acid: to achieve that, dietary linoleic acid intake is aimed to be reduced -
in order to enhance compensatory endogenous production of the competing omega-3
fatty acids, which are thought to be generated in greater amounts, in dependence of
omega-6 linoleic acid reduction (102). Furthermore, supplementation with cost-

intensive fish oil capsules and corticoids is recommended to build up an anti-
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inflammatory environment (30). Dietary linoleic acid and arachidonic acid are
supposed to be drastically reduced by limiting food intake of plant fats, oily fruits, meat,
and milk products. A self-reported survey with 414 MS patients following the diet claims
that there was no disease progression in 82% and improvement in neurological
disability in 36% of the surveyed within 5.6 years of dietary treatment (103). However,
there is no rigorous scientific evidence for the diet to improve MS outcomes. Schwarz
and Leweling further emphasize in their review that the simplified view on the essential

omega-6 fatty acids to function entirely pro-inflammatory cannot be upheld (30).

The Swank diet

Roy Swank observed that a diet with high amounts of saturated fats is associated with
an accelerated disease progression. He followed 146 patients with mild to more severe
disability over in average 17.1 years. They consumed the Swank diet containing less
than 20 g of saturated fats per day. Swank compared the 146 patients regarding their
disease course with untreated cases from the literature (104). In this study, the number
of relapses and disability progression correlated strongly with intake of saturated fats.
It was claimed that fatigue has improved substantially during the third year of dietary
adherence. Further, according to the author, there was a significant reduction in death
rates, frequency of relapses and disability in the treated group. Moreover, it was stated
that many early treated patients remained stable for up to 20 years (104). The Swank
study, however, did neither run independently nor rigorously. A randomized control
group design is missing, and the lack of brain imaging is another limitation. Moreover,
a selection bias must be considered - as patients, who did not improve on the diet,
most probably did not continue the study. A study, just recently published, found
clinically significant within-group improvements regarding fatigue in MS patients
following a Swank diet. However, the study found similar fatigue improvements in the

control group that followed a paleo diet (105).

Vegetarian diets

In 2016, a very low-fat plant-based diet was shown to improve blood lipids, insulin,
BMI, and fatigue in a RCT with MS patients (106), but did not show effects on brain
magnetic resonance imaging (MRI) outcomes, relapses, or disability. The authors of

the study claimed to interpret the improved fatigue outcomes with caution because the

23



applied waitlist-control design does not fully prevent placebo effects. Further, baseline
differences of questionnaire-derived fatigue scores between the groups were observed
(106). However, semi-vegetarian diets have been recommended for other chronic
inflammatory diseases, such as rheumatoid arthritis and inflammatory bowel disease
before (107, 108). A lacto-vegetarian diet to specifically reduce dietary intake of the
pro-inflammatory arachidonic acid, which is present in animal-products, has been
developed by the German physician Olaf Adam (109), who on the same basis wrote
popular dietary recommendations for MS patients, first published in 2003 (110). Olaf
Adam and colleagues, however, have studied the effects of this anti-inflammatory diet
only in patients with rheumatoid arthritis (109), showing ameliorated clinical signs of

inflammation in the diet group.

Ketogenic diets

Ketogenic diets became very popular within MS communities recently. This may be
due to successful single case studies of MS patients who improved disability and other
symptoms rapidly on a ketogenic diet (111). Another reason for the rise in popularity
of ketogenic diets might be popular-science media promoting books such as “The
Wahls Protocol”, a book written by an MS-affected physician who self-claimed that she
reversed her symptoms by a ketogenic-like paleolithic diet among other interventions
and on this basis ran a first pilot study in 2015 (112). In the medical community,
ketogenic diets are known for their 100-year-old history of successful application
especially in children suffering from epilepsy (113-115) and the interest in ketogenic
diets for treatments of other neurodegenerative diseases is rising. Recently, ketone-
based therapies have been shown to successfully improve cognition in Alzheimer’s
disease, mild cognitive impairment (116, 117) and Parkinson’s disease (118). Some
pilot studies have investigated ketogenic diets and the related paleo diet in MS and
reported improved fatigue, depressive symptoms, oxidative stress, and inflammatory
markers (119-121). However, validity of these studies is limited due to small sample

sizes or missing control groups.
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Fasting diets

Besides ketogenic diets, fasting interventions have been successfully applied in
chronic inflammatory diseases such as psoriasis, psoriatic arthritis or asthma in some
studies (122-124). The strongest evidence is coming from clinical studies with
rheumatoid arthritis, in which fasting reduced pain symptoms, tender/swollen joints,
white blood counts, pro-inflammatory IL-6, and levels of C-reactive protein (125-127).
Different intermittent fasting regimens aiming to mimic fasting effects have been
investigated in MS patients and showed that restricted caloric intake is less feasible
compared to time-restricted eating and intermittent drastic caloric restriction (75%
reduction of daily caloric needs at 2 days a week) to be less feasible compared to daily
moderate caloric restriction (22% reduction of daily caloric needs) (128, 129). The
study by Fitzgerald et al. shows, however, improvements in depressive symptoms in

MS patients, in both fasting regimens, intermittent and daily caloric restriction (129).

As MS is a disease with chronic inflammatory and neurodegenerative features,
ketogenic diets and fasting diets that are both based on ketone body generation may

be promising approaches.

1.4 Ketone-based diets in MS

1.4.1 Evolutionary aspects of the state of ketosis

Ketogenic diets and fasting, through either carbohydrate or caloric restriction, both lead
to a hepatic production of ketone bodies from fats. Specifically, low insulin and high
glucagon levels initiate lipolysis and ketone production via beta-oxidation of free fatty
acids in the liver to acetyl-coA, which is the precursor of ketone bodies (130).

Upon fasting, glycogen storages in muscle and liver are depleted first and then fatty
acids are mobilized and transported to the liver for ketone body production. Ketone
bodies are then circulated and allocated to metabolically active tissues. At the target
organs, the ketone bodies are converted back to acetyl-CoA (131).

Ketone bodies provide an alternative energy source for the brain if glucose is scarce
and can compensate for up to 60% of the brain’s energy needs (132). The brain, even
though just 2% of the adult body weight, demands 20% of the body’s energy (133).

Under usual carbohydrate-containing dietary intake conditions, glucose is the main
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physiological fuel for the brain and is required for the highly efficient energy-demanding
synaptic transmission (134).

However, episodic starvation was a common occurrence during human evolution,
especially in hunter-gatherer times when food availability was limited. The production
of ketone bodies is a critical evolutionary survival mechanism to spare muscle mass
and provide energy to the brain from energy-dense storage fats when external nutrient
availability is disrupted. As ketone bodies provide more energy per unit oxygen
compared to glucose, they are a very efficient fuel (135).

There are three ketone bodies: beta-hydroxybutyrate (BHB), acetoacetate and acetone
with BHB constituting 70% of available circulating ketone bodies (136). In humans,
blood ketone concentrations are normally at around 0.1 mmol/l and begin to rise after
12 hours of fasting to up to 0.3 mmol/l (137). Blood ketones can reach 2-3 mmol/l after
2 days of fasting or during liberalized ketogenic diets and can increase to about 5-7
mmol/I during prolonged fasting or starvation (137-139). Under pathological conditions
such as untreated diabetes, when insulin is deficient, ketones can rise up to 25 mmoll/l,
inducing a diabetic ketoacidosis (137).

Ketogenic diets are not necessarily energy-restricted but mimic fasting states and
share many biochemical characteristics with caloric restriction such as cell- and
neuroprotective pathways. Fasting therapies have been applied as anticonvulsive
therapies since ancient times with early recordings in the Hippocratic collection (140),
and the ketogenic diet has been in clinical use for epilepsy patients for over a century
(115).

14.2 Main cellular mechanisms of action of ketone bodies

Ketone bodies do not only provide an alternative energy substrate for the “starving”
brain when blood glucose is scarce, but may directly ameliorate energy production
within the neuron, by enhancing adenosine triphosphate (ATP) production, decreasing
ATP degradation products, enhancing mitochondrial biogenesis and stabilizing
mitochondrial membranes by inhibiting the formation of mitochondrial permeability
transition pores (38, 141-143). Further, ketones may increase mitochondrial
uncoupling proteins that correspond with a reduction of oxidative stress (144).

Moreover, the ketone body BHB is suggested to improve the mitochondrial redox state
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via activating the antioxidative Nrf2-pathway (145), inhibiting the pro-inflammatory NF-
kB-pathway (146) and NLRP3 inflammasome (147) as well as their associated pro-

inflammatory cytokine secretion (38) (Figure 2).
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Figure 2: Anti-inflammatory properties of the main circulating ketone body beta-hydroxybutyrate (BHB),
figure by Stubbs et al. Investigating Ketone Bodies as Immunometabolic Countermeasures against
Respiratory Viral Infections. Med. 2020 (148). License for reprint provided by Elsevier and Copyright
Clearance Center.

Caloric restriction and ketogenic diets may also have effects on the main cellular
recycling mechanisms - autophagy and the proteasome. The diets were shown to
influence autophagy and proteasome pathways in studies with rodents (149-152).
The proteasome degrades more than 80% of the cellular damaged and unneeded
proteins. Moreover, the proteasome highly depends on ATP and its function may be
diminished when mitochondria function is impaired (153). Impaired autophagy and
proteasomal activity have been suggested to play a role in the pathogenesis of
neurodegenerative diseases (154).

Another mechanism of action of ketones may be via BHB influencing epigenetic
processes by inhibiting histone deacetylases, regulating a variety of pathways

implicated in longevity and age-related disease (38, 155).
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Ultimately, it is important to note that fasting and ketogenic diets are not entirely anti-
inflammatory or immune suppressive in their mechanisms of action. A recent review
described that ketone-based interventions can rather modulate protective and
pathogenic immune functions and improve chronic inflammation without impairing the

host defense against parasitic or viral infections (156).

14.3 Potential targets of ketone-based diets in MS

Studies have shown that MS patients, as well as patients with other neurodegenerative
diseases, have a decreased cerebral glucose metabolism, which was even partly
correlated with lesion load and cognitive dysfunction in MS patients (157-161).
Specifically in MS patients, glucose hypometabolism was associated with cognitive
impairment compared to non-impaired MS patients (162). Moreover, fatigue symptoms
of MS patients were strongly associated with a reduced cerebral metabolism in one
study (163). Furthermore, signs of an impaired peripheral glucose metabolism, such
as increased lactate productions, were found to be prevalent in MS patients compared
to healthy controls (164).

Increased lactate concentrations may be indicators for a mitochondrial dysfunction.
Lactate concentrations in the serum and in the cerebrospinal fluid have even been
suggested to serve as biomarkers as they were found to be associated with clinical
outcomes in MS (165-167). Lactate production occurs when the pyruvate from
glycolysis is unable to be oxidized in the mitochondria by oxidative phosphorylation,
e.g., when oxygen is lacking. If the mitochondria can no longer oxidize glycolysis-
derived pyruvate, the cell is forced to reduce pyruvate to lactate via lactate
dehydrogenase — a process referred to as lactate fermentation (168). In some cases,
however, a metabolic switch to the less efficient lactate fermentation occurs, even
when enough oxygen is present for oxidative phosphorylation - a condition which is
also known as “Warburg effect” or aerobic glycolysis (169).

During lactate fermentation, only two molecules of ATP are produced for every
molecule of glucose metabolized anaerobically in glycolysis to lactate, compared to 36
ATP molecules that are produced through efficient mitochondrial oxidative
phosphorylation (170). As lactate fermentation is relatively inefficient, the Warburg
effect may be a result of a pathological mitochondrial dysfunction (171). Further

indicators of an impaired mitochondrial metabolism are elevated markers of oxidative
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stress such as oxidized molecules due to reactive oxygen species reflecting a
disturbed oxidative phosphorylation (172).

Neurodegenerative processes are highly driven by oxidative stress and mitochondrial
dysfunction (173) and ketone bodies were suggested to improve several relevant
pathways regarding cellular energy production (38). Specifically, ketone-based diets
have been suggested to decrease oxidative stress in cell, animal, and small pilot
studies with MS patients (120, 174, 175), possibly mostly via mechanisms described
in 1.4.2. Further, ketones were suggested to have the potential to compensate for a

deteriorating cerebral glucose hypometabolism in Alzheimer’s disease (176-178).

144 Ketone-based diets in experimental murine MS models

Animal studies with the well-established MS-model EAE have shown that fasting
interventions can slow disease progression via reducing the infiltration and amount of
autoreactive T cells, stimulating remyelination through promoting proliferation of
myelin-producing oligodendrocytes and increasing anti-inflammatory pathways such
as corticosterone production and enhancing regulatory T cell function (179, 180). One
study further showed that EAE mice fed a ketogenic diet had fewer lesions, less brain
atrophy and decreased production of ROS (174). Moreover, studies with cuprizone-
induced mouse models investigating a ketogenic diet showed reductions of oxidative
stress parameters such as MDA, upregulation of antioxidative glutathione, while
enhancing expression of oligodendrocytes, decreasing autoreactive astrocytes, and

improving motor abnormalities (181, 182).

14.5 Effects of ketone-based diets on gut, metabolism and body weight

Ketogenic diets have been shown to reduce Th17 cell produced IL-17 (183) probably
via modulating the gut microbiome by reducing Bifidobacteria (184). Intermittent fasting
and fasting mimicking diets have been shown to similarly affect the microbiome: both
regimens ameliorated the clinical course of EAE by reducing IL-17 producing T cells
and increasing protective regulatory T cells (179, 185). Specifically, “fecal microbiome

transplantation from mice on intermittent fasting ameliorated EAE in immunized
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recipient mice on a normal diet, suggesting that intermittent fasting effects are at least
partially mediated by the gut flora” (185).

Ketogenic diets and fasting diets have a strong potential to reduce body weight, lower
blood lipids, blood glucose and insulin. A recent meta-analysis including 14 RCTs with
overweight patients, with or without diabetes type 2, undergoing a ketogenic diet,
concludes that ketogenic diets “were more effective in improving metabolic parameters
associated with glycaemic, weight, and lipid controls in patients with overweight or
obesity, especially those with pre-existing diabetes, as compared to low-fat diets”
(186). Ketogenic diets have been shown to even improve blood lipids long term (> 12
months) in obese subjects (187). Similar results were found for different fasting
interventions that have also been shown to be effective regarding weight loss,
improving blood lipids and body composition in obese adults (188). One study shows
improvements in cardiovascular biomarkers in normal weight persons and independent
of weight loss due to a ketogenic diet (189). Fasting interventions, on the other hand,
have shown beneficial effects regarding optimizing blood pressure and body weight

(190) and even intermittent fasting to be sufficient to improve overweight (191).

1.4.6 Effects of ketone-based diets on neuropsychiatric symptoms
Neuropsychiatric symptoms, such as fatigue, impaired cognition, and depressive
symptoms, are prevalent in MS and among the most disabling symptoms - severely
affecting employment and quality of life. Neuropsychiatric symptoms are difficult to
diagnose and treat as symptoms often overlap. As of today there is no efficient
treatment for fatigue and impaired cognition, while treatment for depression is
accompanied by side effects (192).

Ketogenic diets or ketone-supplements have been investigated for their effects on
cognition in several neurodegenerative diseases. A recent systematic review has
investigated ketogenic diets in Alzheimer's disease, Parkinson's disease, refractory
epilepsy, and type 1 glucose deficiency syndrome and concludes that ketogenic diets
are effective in improving cognitive impairment, even though the authors concede that
many studies lack scientific rigor (193). Another review concluded that ketogenic diets
have a positive effect on cognitive function in children and adolescents with refractory
epilepsy. Specifically improved mood, sustained attention, and improved social

interactions were observed (194). Supplementation with ketones or ketogenic middle
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chain triglyceride oil was shown to improve cognition in patients with Alzheimer’'s
disease (116, 195).

Moreover, fatigue is currently discussed to be a potential target for ketone-based
interventions. Ketone-based diets have been suggested for chronic fatigue syndrome
(196) and investigated in fatigued cancer patients (197, 198), patients with Parkinson’s
disease suffering from fatigue (118) and MS patients with fatigue (105, 119). As
described in 1.4.3, studies have shown that patients with certain neurodegenerative
diseases may have a decreased cerebral glucose metabolism, which is correlated with
MRI changes. In MS, a glucose hypometabolism was found to be associated with
fatigue (163). Ketones may be able to compensate for an insufficient cerebral glucose
uptake (176) and improve brain energy metabolism as shown in Alzheimer’s disease
patients (178).

Furthermore, ketone-based approaches are widely discussed as potential additional
therapies for depressive symptoms — which are highly prevalent in MS patients (199).
Small RCTs have already shown improved mood or depressive symptoms due to
fasting and low-carbohydrate diets (200-202).

Remarkably, it was shown that depressive symptoms, fatigue, and cognitive
impairment are accompanied by peripheral inflammation and/or oxidative stress in MS
(203-207) and ketone-based diets were shown to address these targets. A detailed
overview of all potentially relevant effects of ketone-based diets are displayed below

in Figure 3.
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Figure 3: Observed effects of ketones in the nervous system. Figure by Puchalska P, Crawford PA.
Metabolic and Signaling Roles of Ketone Bodies in Health and Disease (208). Annu Rev Nutr. 2021 Oct.
Figure adapted from images created with Biorender.com. Glc = glucose, KB = ketone body, TCA =

tricarboxylic acid. License for reprint provided.

1.4.7

study was also conducted at our study center at Charité — Universitatsmedizin Berlin.
The study proved that a ketogenic and a fasting diet are safe and feasible over six
months and that both diets improved health-related quality of life, including physical
and mental health, in 60 MS patients. Further, in the fasting and ketogenic diet group,

compared to a control group, a mild reduction of the Expanded Disability Status Scale

(EDSS) score was observed (179).
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The NAMS study is the first RCT to investigate ketone-based dietary interventions in
MS patients with a medium sample size and with disease-relevant MRI endpoints over
a long period of time of 9 and 18 months (209). Moreover, this analysis, which follows
patients for 9 months, aims to investigate the patient-relevant neuropsychiatric
outcomes fatigue, depression, and cognition. Further, this analysis intents to
investigate mechanisms of action of the ketone-based diets, especially potentially

mediative nutrition-related, inflammatory, and oxidative stress pathways.

1.5 Study hypotheses
Against this body of evidence, | hypothesize

1. that the ketone-based dietary interventions, fasting and ketogenic diet, are effective
in improving neuropsychiatric outcomes including fatigue, depressive symptoms, and
cognition in our MS cohort.

2. that effects of fasting and ketogenic diets are driven by changes in nutritional status,

inflammatory cytokines, and oxidative stress.
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2 Ethics, recruitment, study design and study conduction

This dissertation is based on a sub-cohort of the NAMS study, a single center,
randomized, controlled, three-armed study conducted at Charité — Universitatsmedizin
Berlin. The study protocol has been published (209). Patient recruitment started in April
2017 and last patient out was in October 2021. The NAMS study has been registered
at ClinicalTrials.gov (identifier: NCT03508414). Patients were recruited via flyer
distribution in medical practices, social media presentations and information lectures.
Patients were further informed about the study via the website of the German Multiple
Sclerosis Society (DMSG) as well as the Charité website. The study has been
approved by the institutional review board of the Charité — Universitatsmedizin Berlin.
The study followed the currently applicable form of the Declaration of Helsinki, the
guidelines of the International Conference on Harmonization of Good Clinical Practice
(ICH-GCP) and relevant German laws.

Due to the Corona virus pandemic and the associated protective measures in clinical
research and governmental-ordered travel restrictions, recruitment stopped

prematurely in March 2020, which resulted in an overall reduced sample size.

2.1 Participants, inclusion, and exclusion criteria

According to the guidelines of the institutional review board of Charité -
Universitdtsmedizin Berlin, study material including study information and informed
consent was provided. The study documents were handed out to potential participants
before the consultation with a study physician. After explanation of the study
procedures by the study physician, the potential participant had time for questions. If
willing to participate, a written informed consent was given, and inclusion and exclusion
criteria were queried. Relevant inclusion criteria were a definite diagnosis of RRMS
according to the 2017 revised McDonald criteria (210) and a stable DMT or no DMT
for at least six months at study entry. Further, the EDSS score had to be below 4.5
(211). Moreover, a disease activity defined as at least one new lesion in the brain MRI
or at least one relapse within the last two years prior to enrolment, had to be ensured.
Participants were recruited in cohorts of 15 - 25 patients, to keep group sizes for the
nutritional counselling relatively small. The complete list of inclusion and exclusion

criteria is listed below and was published within the study protocol publication (209):
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Inclusion criteria

e Diagnosis of RRMS according to revised McDonald criteria

e 18 - 65 years of age

¢ Disability status according to EDSS <4.5

e Stable DMT or no DMT =6 months before study entry

e =1 relapse or 21 new T2 lesion or =21 contrast-enhancing lesion on MRI within
the last 2 years prior enrolment

¢ Agreement that possible incidental findings will be communicated

e BMI between 19 and 45 kg/m?

o Ability to give verbal and written consent

e Health insurance

Exclusion criteria

e Start or change of DMT < 6 months before or during the study

o Relapse or cortisone treatment within 30 days before study entry

¢ Clinically relevant metabolic, progressive, or malignant diseases

¢ Intake of > 1 g/day omega-3 fatty acid supplements

¢ Significant cognitive-cooperative impairment

¢ Insulin-dependent diabetes mellitus

e Participation in other interventional studies

¢ Weight loss diet or loss of more than 5 kg within 2 months before study entry
¢ Insufficient mental ability for cooperation

e Eating disorders

¢ Kidney stones

e Therapy with oral anticoagulants

e Pregnancy and breastfeeding

e Suspected lack of compliance

e Smokers (> 5 cigarettes per day)

¢ Known alcohol and drug abuse

¢ Inability to give informed consent or to adhere to the study protocol
¢ Contraindications for MRI

2.2 Randomization

Randomization was applied considering three strata to distribute potential confounders
evenly to the three dietary interventional groups. The chosen strata were sex (male or
female), DMT (yes or no) and lesion load (low / < 15 or high / =15 T2 lesions) according
to the baseline MRI scan. An external statistician carried out the randomization, using
a block randomization with a variable block length for a homogeneous distribution

(209).
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2.3 Study design and dietary interventions
Patients were recruited from all over Germany. In this analysis 98 RRMS patients were
randomized to one of the following dietary interventions that were also described in the

study protocol publication before (209):

¢ a ketogenic diet (KD) with a carbohydrate intake restricted to 20 - 50 g/day

o afasting diet (FD) with a 7-day fast every 6 months and 14-h daily intermittent fasting
in between at 6 out of 7 days a week

e a standard healthy diet (SD) with a vegetarian focus as recommended by the
German Nutrition Society (DGE)

Nutritional counseling was run in seven sessions within the nine months study duration
(five sessions in the first three months, two sessions in month four to nine). The group
setting was chosen to encourage exchange of experiences between patients, and to
carefully observe compliance as well as to document dietary challenges and adverse
events. Apart from the group sessions, study participants were encouraged to contact

their nutritional counselor at any time.

= KD. The KD was initiated by instructing the patients to reduce their carbohydrate
intake to 20 g/day for four weeks. Afterwards, patients were allowed to increase their
carbohydrate intake by 5 g each week up to a maximum of 40 - 50 g/day depending on
the individual carbohydrate intake limit that still allowed a stable ketosis. Ketosis was
defined as values = 0.5 mmol/l of blood ketone BHB. Specifically, carbohydrates that
elevate blood glucose — meaning, excluding fibers and sugar alcohols — were
supposed to be limited to 40 - 50 g/day. Patients had to research their foods for their
carbohydrate content in online databases. Foods were weighed and calculations were
performed to not exceed the daily carbohydrate-allowance. To determine the individual
carbohydrate intake limit, participants received a hand-held ketone-meter to document
blood ketone concentrations at given intervals (data not presented). Ketones were
supposed to be measured in the late morning to bypass a potential Cortisol Awakening
Response. Ketones were additionally measured at the regular study visits in the
accredited central laboratory (Labor Berlin - Charité Vivantes GmbH) of the study
center. This KD design follows a traditional KD pattern, but with a more flexible
macronutrient composition of 70 - 80% fats, 15 - 20% proteins and 5 - 10%

carbohydrates (a strict traditional KD contains of 90% fat, 6% proteins and 4%
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carbohydrates). Due to this liberalized approach with up to 40 - 50 g
carbohydrates/day, this KD was more similar to a modified Atkins diet or low glycemic
index treatment (212). Similar to the FD and SD group, a vegetarian focus was set in
the KD group (reduced meat consumption of 1 - 2 portions/week). Patients were
allowed to have two “cheat days” per month at which they followed the rules less
strictly.

» FD. Patients in the FD group fasted for seven days every six months. Unsweetened
tea and water consumption were not restricted. Patients were not allowed to eat solid
foods but were supposed to consume liquids such as juices or broth, not exceeding a
daily calorie intake of 200 - 350 kcal. Two days before and three days after fasting,
patients were instructed to follow a low-calorie vegetarian-based diet to ensure a
gradual preparation and aftercare. Before fasting, an intestinal cleansing with laxatives
(e.g., Glauber’s Salt by FX-Passage) was recommended. Between the fasting weeks,
patients ate ad libitum for 8 - 10 h and fasted for 14 - 16 h on six days per week.
Further, patients were instructed to adhere to a diet following the recommendations of
the DGE, equivalently to the SD group. Patients had to attend dietary counseling within
group sessions every second day during the fasting periods that were monitored by a
physician and a dietician. Blood ketones were not self-measured during the study, as
it is not expected that patients have a relevant ketosis due to intermittent fasting (137).
Ketones most certainly would have been increased during the 7-day fasting periods
but were not measured during this time. However, blood ketones were assessed at the
study center during regular study visits. To enhance compliance, participants were
allowed to take one “cheat day” per week at which they were allowed to skip
intermittent fasting.

= SD. Patients were instructed to adhere to a standard healthy diet according to the
recommendations of the DGE and according to epidemiological results on dietary fats
as described under 1.3.1 and 1.3.3. This diet had a vegetarian focus. Patients were
instructed to reduce consumption of meat, animal fats, eggs, and egg products, similar
to a Mediterranean diet. Dairy products were recommended to prevent deficient
calcium intake. Dietary recommendations further included modifications of the omega-
6 to omega-3 fatty acid ratio to achieve an approximate 5:1 ratio to also set an anti-
inflammatory approach (monitoring based on food records, data not shown).

Study visits were conducted at baseline and after nine months (Figure 4).
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Figure 4: Study design of this sub-cohort of the NAMS study. All data assessments and blood sampling
took place in a standardized way at baseline and after nine months. Figure created with Biorender.com.

24 Protocol deviations, compliance, and adverse events

No major risks were expected to be caused by participating in this study. All adverse
events were continuously and thoroughly documented during study visits and group
sessions. Retention of patients was actively encouraged by the study team via several
channels including telephone, email, and during study visits. Discontinuation criteria
were subsequently arising exclusion criteria (start or change of DMT, pregnancy),
suspected or proven lack of compliance or medical reasons for discontinuing the
dietary intervention. Patients who attended at least eight of ten group sessions and
each of the main study visits, were defined as compliant to the study protocol.
Additionally, in the KD group, 75% of the self-measured blood ketone concentrations
were supposed to be =0.5 mmol/l. Patients in the FD group had additional group
meetings during their two 7-day fasting periods (209). This investigation is based on a
sub-cohort of 71 patients who followed the study protocol (per protocol analysis) and
analysed the longitudinal data from baseline to the nine-month follow-up visit (Figure
5).
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Figure 5: CONSORT flow diagram of this sub-cohort analysis of the NAMS study. Figure created with
biorender.com, DMT=disease modifying therapy

3 Applied methods

This analysis investigated secondary endpoints of the NAMS study, such as
neuropsychiatric outcomes, nutritional status, inflammatory status, and oxidative stress

parameters.

3.1 Assessment of anthropometry and body composition

Body weight was assessed on a standard scale (seca GmbH and Co.kg, Hamburg,
Germany). Body height was asked at baseline and the value transferred to the follow-
up study visit. BMI was calculated from body weight divided by height squared in
meters. BMI is divided into five categories according to the World Health Organization
classification: underweight (< 18.5 kg/m?), normal weight (18.5 - 24.9 kg/m?),
overweight (25 - 29.9 kg/m?), obesity (30 - 39.9 kg/m?), morbid obesity (= 40 kg/m?)

(213). Body composition was measured by bioelectrical impedance analysis
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(BIACORPUS RX 4004M, MEDICAL HealthCare GmbH, measuring accuracy 3% for
reactance, 1% for resistance)(214). Body fat and fat-free mass were calculated with
the associated software (Body Comp 9.0, MEDICAL Healthcare Gmbh) from the

measured raw data according to the formula by Sun et al. (215).

3.2 Assessment of metabolic parameters

Metabolic parameters such as blood glucose, insulin, adiponectin, leptin, haptoglobin,
BHB and blood lipids were measured after an overnight-fast in the accredited central
laboratory Labor Berlin - Charité Vivantes GmbH of the Charité — Universitatsmedizin
Berlin, using standard procedures. Blood lipids (total cholesterol, LDL-cholesterol,
HDL-cholesterol, triglycerides) were measured using a homogeneous enzymatic color
test. Blood glucose was measured photometrically, BHB potentiometrically and insulin
with an electro chemiluminescence immuno-assay. Haptoglobin was measured by
using turbidimetry. All markers were assessed via the Roche Cobas systems
c501/c701 and c8000 by Roche diagnostics (216, 217). Leptin and adiponectin were
measured in the collaborating laboratory Labor 28 (Medizinisches
Versorgungszentrum Labor 28 GmbH) using enzymatic immunoadsorption and
radioimmunoassay methods. Further, in a subgroup of patients, we evaluated daily
blood glucose fluctuations by applying continuous glucose monitoring sensors
(FreeStyle Libre Sensors; Abbott) that assessed glucose concentrations in the

interstitial over the first 14 days after onset of the dietary interventions (218).

3.3 Assessment of plasma micronutrients and oxidative stress

Markers of oxidative stress, respectively reaction products of antioxidative enzymes,
status of antioxidative micronutrients and oxidized molecules were analysed in plasma
samples and PBMC samples in collaboration with the molecular toxicology group of
the German institute of nutritional research (Deutsches Institut flr
Ernahrungsforschung). Oxidative stress marker MDA and the micronutrients retinol,
alpha-tocopherol, gamma-tocopherol, alpha-carotene, beta-carotene, lycopene,
lutein/zeaxanthin, and beta-cryptoxanthin in plasma samples were analysed by high-
performance liquid chromatography described here (219, 220). Moreover, the markers
of oxidative stress protein carbonyl and protein-bound 3-nitrotyrosin in plasma samples
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were analysed by using non-commercial in-house ELISA methods as described by
Weber et al. (220, 221). Plasma 3-methlyhistidine and 1-methlyhistidine concentrations
were assessed by ultra-performance liquid chromatography-tandem mass
spectrometry (222). 25-Hydroxy-Vitamin D3 was measured by isotope-dilution liquid
chromatography tandem-mass spectrometry as described by van den Ouweland et al.
with minor modifications concerning sample volume (50 pL) and solid phase extraction
cartridge used (Oasis Prime HLB 1cc) (223). 26S-proteasomal activity was measured
in PBMCs in a 96-well format via fluorescence detection as described by Reeg et al.
with modifications concerning incubation time (60 minutes) and adjusted for protein

concentration (224).

3.4 Assessment of plasma cytokines

Cytokine concentrations in plasma samples were assessed in collaboration with the
immunological study laboratory at Charité — Universitatsmedizin Berlin. The following
cytokine concentrations were measured with multiplex technology (Luminex Bio-Plex®
200) from 600 microliter plasma samples at baseline and after nine months: GM-CSF,
IL-12p40, IL-15, IL-16, IL-17, IL-1alpha, IL-5, IL-7, TNF-beta, VEGF, Interferon-
gamma, IL-10, IL-12p70, IL-13, IL-1beta, IL-2, IL-4, IL-6, IL-8, TNF-alpha. The
cytokines were analysed in parallel on a bead-based sandwich ELISA principle,

described in detail elsewhere (225).

3.5 Assessment of fatigue symptoms

Fatigue was assessed with the Fatigue Severity Scale (FSS) that was developed in
1989 (226). The FSS is a nine-item self-report questionnaire evaluating the severity of
MS fatigue symptoms. Study participants rate nine fatigue-related items on a seven-
point scale with response options between “strongly disagree” [1] and “strongly agree”
[7] depending on their experiences in the previous week. The total fatigue score is
calculated as the mean of the summed item scores and can lay between one and
seven. A score of four or above implies moderate to severe MS-related fatigue (227).
1.5 - 2.0 points were defined as the minimum detectable change respectively as a

clinically important change, irrespective from time frame (228).
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3.6 Assessment of depressive symptoms

Depressive symptoms were assessed with the Beck Depression Inventory-Il (BDI-II)
that was developed in 1961 and revised in 1996 (229). The BDI-Il is a 21-item self-
report inventory evaluating depressive symptoms. Individual items are rated from zero
to three depending on symptom severity. Scores from 0 - 8 indicate no depression; 9
- 13 minimal depression; 14 - 19 mild depression; 20 - 28 moderate depression; and
29 - 63 indicate severe depression (230). The BDI-Il was evaluated as a reliable and
valid tool to detect and grade depressive symptoms in MS patients (231). Clinically
relevant changes depend on baseline severity. In patients with moderate baseline
severity a threshold of -3.5 points or 20% reduction of their baseline scores was
associated with reported improvement. The authors note that “patients with milder
symptoms require much larger reductions as percentage of their baseline to endorse
improvement” (232). However, another study suggests a minimal clinically important
difference of 17.5% from baseline values (233), noting the opposite: that patients with

higher baseline scores require larger changes in BDI-II scores to feel better.

3.7 Assessment of cognition

Cognition was assessed with the Symbol Digit Modalities Test (SDMT) that was first
published in 1982 (234). The SDMT score aims to reflect information processing speed
and efficiency by performing a symbol-digit substitution task: study participants had 90
seconds to match specific symbols with assigned digits and verbally translate them by
using a reference key. For every substitution of a symbol-to-digit (Figure 6), a point
was given, and the number of correct substitutions was summed to the score. The
SDMT has been evaluated as sensitive as well as superior to other established
cognition-tools in terms of feasibility and validity. It was recommended to be used in
clinical trials with MS patients (235, 236). Parmenter et al. describe a total score of 55
or lower to classify cognitive impairment in MS patients (237). A responder definition
of a clinically meaningful improvement was defined as = 4 points or 10% increases of
the baseline score (236), respectively a stable cognitive status with < 4 points of
change and cognitive deterioration with = 4 points decrease (238). Another study
defined a change of 3 points as a clinically meaningful change within a 96-weeks

pharmaceutical intervention in MS patients (239).
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Figure 6: Symbol Digit Modalities Test excerption. Figure created with Biorender.com

3.8 Assessment of disability status

Disability was assessed with the Expanded Disability Status Scale (EDSS) (211). The
EDSS scale ranges from 0 to 10 in 0.5 units with higher scores reflecting more severe
disability. The scoring is carried out by neurologists during a clinical examination. The
EDSS will not be analysed as an outcome parameter but will be referred to, in order to
compare baseline disease severity between the groups, and for correlations

respectively as a covariate in this analysis.

4 Data analysis

This analysis is based on a sub-cohort of 71 patients of the per-protocol population of
the NAMS study. Descriptives are given using the mean value and standard deviation
for normally distributed metric data. Skewed metric or ordinal data are presented with
the median and interquartile range ((IQR): 25th and 75th percentiles). Absolute and
relative frequencies were considered for count data. T-tests have been applied to
detect within-group differences over time and the analysis of variance (ANOVA) to
detect between-group differences, when assumptions including normal distributions of
data were fulfilled. Otherwise, the non-parametric Wilcoxon test and Kruskal-Wallis
tests have been applied. To investigate influencing factors for health outcomes, linear
regressions were applied, based on normally distributed continuous data. The 95%
confidence interval was given for unstandardized coefficients. For correlations,
depending on the distribution of data, Spearman or Pearson correlations were used.
All correlations were applied in all patients regardless of the interventions, except

explained otherwise.
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A level of significance with 5% was applied for all statistical tests. Data analysis has
been conducted with SPSS (version 26) and graphics in the results section were
created with GraphPad prism (version 9.0.0). This analysis is exploratory and aims to
investigate secondary endpoints. No sample size calculation or associated power
analysis was done in advance on this sub-cohort; hence p-values must be interpreted
with caution. No complete adjustment regarding multiple testing was done. To account
for missing values, adapted sample size numbers are displayed. Missing values were

excluded in a pairwise manner in statistical tests.

5 Results

5.1 Baseline characteristics

There was no relevant age-difference between the interventional groups. In the SD
group, there were about 10% more male participants, compared to the KD and FD
group. There is a relevant gap, comparing disease duration since first manifestation
vs. since diagnosis, with a longer disease duration in the KD group, when looking at
disease duration since manifestation. There was no difference between the groups
regarding disability status (EDSS). Half of the patients did not receive a DMT. There
were no relevant baseline differences between the groups regarding blood pressure,
BMI, and most metabolic parameters. There were slight differences regarding blood
lipids between the groups, with the FD group showing slightly higher values of total
cholesterol, LDL-cholesterol, and triglycerides, compared to the KD and SD group. At
baseline, 38% of the study participants had high total cholesterol (> 200 mg/dl) (Figure
7), even though patients with clinically significant hyperlipidaemia were excluded from

the study.

Il 38.03% >200 mg/dl
= 61.97% <200 mg/dl

Figure 7: Prevalence of high total cholesterol (> 200 mg/dl) at baseline in the study population (n = 71)
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The cognition score (SDMT score) was slightly higher in the KD group, compared to
the FD and SD group. The fatigue score (FSS score) was slightly higher in the FD
group, reflecting moderate fatigue (a score of four is the cut-off). The FD group showed
higher median baseline values for depressive symptoms, indicating minimal
depressive symptoms (a score of nine is the cut-off), compared to the KD and SD

group, showing no depressive symptoms (Table 1).

Table 1: Baseline characteristics of study participants

Baseline characteristics Total KD o sP
n=71 n =20 n=31 n =20
Age (years) Mean 42 (10) 42 (11) 42 (9) 43 (10)
(StD)
Gender (female) (:/:) 58 (82) 17 (85) 26 (84) 15 (75)
i i Mean
m:n"i';‘e’::;’i’;:'&‘;ears) D) 9(7) 11(9) 8 (6) 8 (7)
cnini:gdnl:::it:)(;:ail'r‘;e N:::::)n 3(10-1) 3(12-1) 4(11-2) 2(5-1)
g‘if:'g)""y GEID (30 N:;:;n 2.0(2.5-15) | 20(3.4-1.5) | 2.0(25-1.5) | 2.0 (2.5- 1.5)
DMT (yes) 37 (52) 9 (45) 18 (58) 10 (50)
Interferon beta (1a/1b) 7 (10) 3 (15) 3 (10) 1 (5)
Glatiramer acetate 7 (10) 1(5) 2(7) 4 (20)
Dimethyl fumarate 11 (16) 5 (25) 5 (16) 1(5)
Fingolimod n (%) 5(7) 5(16)
Teriflunomide 2 (3) 2 (10)
Natalizumab 34) 2(7) 1(5)
Cladribine 1(1) 1(3)
Immunoglobulins 1(1) 1(5)

Blood pressure
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Mean

Systolic (mmHg) (StD) 123.4 (15.7) | 125.5(18.0) | 121.2(14.9) | 124.5(14.8)
Mean
Diastolic (mmHg) 80.2 (10.4) | 79.4(11.8) 80.9 (11.0) 80.0 (8.3)
(StD)
BMI
BMI (kg/m?) Median 23.7(26.3- | 238(263- | 236(26.3- | 23.9(26.8-
(kg/m (IGR) 22.3) 22.5) 21.6) 21.9)
18.0 - 24.9 / normal weight 45 (63) 13 (65) 20 (65) 12 (60)
25.0 - 29.9 / overweight n (%) 19 (27) 4 (20) 8 (26) 7 (35)
> 30 / obese 7 (10) 3 (15) 3 (10) 1 (5)
Metabolism
Mean
Blood glucose (mg/dl) (StD) 83.5 (8.4) 82.8 (8.9) 82.4 (8.1) 85.6 (8.4)
Insulin (mg/di) Median | 7.4(101- | 67(100- |, g6 46 | 78(109-
(IQR) 5.5) 6.1) e ' 5.4)
Median 195.5 (213.5 | 186.0 (204.3 | 202.0 (221.3 | 189.0 (215.3
Total cholesterol (mg/di) (IQR) - 176.8) - 157.3) -177.3) -179.8)
Mean
HDL-cholesterol (mg/dl) - 72.1(16.3) | 69.6 (15.1) 74.1(19.2) | 72.0(13.4)
Median 123.0 (144.5 | 120.5(142.3 | 127.0 (145.3 | 110.0 (145.0
LDL-cholesterol (mg/dl) (IQR) - 99.5) - 95.0) -99.8) -101.5)
. . Median | g0.0(102.5- | 75.0(83.0- | 91.0(127.3- | 78.0(107.5-
U]l 65 o ) (IGR) 64.5) 61.0) 66.3) 59.3)
Median 9.4 (14.3 - 9.1 (17.0 - 9.6 (15.0 - 8.1(11.9-
Leptin (ug/l AN At A A
eptin (ugfl) (IGR) 4.4) 3.4) 4.8) 4.4)
Median 8.4 (11.4 - 8.9 (12.9 - 8.7 (11.3. - 7.1(10.1 -
. o (efi] 4 (11. 9(12. 7 (11.3. 1 (10.
iponectin (ug/ml) (IGR) 5.6) 5.9) 5.2) 5.0)
Neuropsychiatric assessment
Mean
Fatigue (FSS score) 3.7 (1.7) 3.2 (1.5) 4.0 (1.7) 3.6 (1.8)
(StD)
Portion of moderately to
severely fatigued patients n (%) 26 (37) 4 (20) 14 (45) 8 (40)

(FSS score 2 4)
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Depressive symptoms (BDI- Median 7.0(12.0 -
Il score) (IQR) 3.8)

9.0 (13.0 - 6.5(14.3 -

5.5 (9.8 - 2.3) 5.8) 23)

Portion of minimally to

severely depressed patients n (%) 31 (44) 6 (30) 16 (52) 9 (45)
(BDI-Il score 29)

Mean

Cogpnition (SDMT score) o) 57.0(11.2) | 58.0(136) | 56.3(10.0) | 57.0(10.6)
Portion of cognitively
T [ n (%) 32 (44) 8 (40) 14 (45) 10 (50)

(SDMT score < 55)

BDI-Il = Beck Depression Inventory-Il, BMI = body mass index, DMT = disease modifying therapy, EDSS =
Expanded Disability Status Scale, FD = fasting diet, FSS = Fatigue Severity Scale, HDL = high-density lipoprotein,
IQR =interquartile range, KD = ketogenic diet, LDL = low-density lipoprotein, MS = multiple sclerosis, SD = standard
healthy diet, SDMT = Symbol Digit Modalities Test, StD = standard deviation

5.2 Dietary adherence

5.2.1 Protocol deviations and adverse events

Adherence differed between the groups: twelve participants in the KD group deviated
from the study protocol, nine in the SD group and one participant in the FD group
(Figure 5). Number of adverse events differed between the groups, with 52 in the SD,
64 in the KD group and 100 in the FD group. Adverse events were mostly mild. There
was one unrelated serious adverse event in the FD group (hospitalisation). The most
frequent symptoms were the common cold, especially in the SD group (13 cases vs. 9
in the KD and 7 in FD group). Nausea and herpes labialis (occurrence mainly in one
patient) as well as vertigo were frequent in the FD group and headache in the KD
group. All adverse events were transient. Generally, infections were more frequent in
the SD, compared to the KD and FD group. Pain and perceptual disturbances were
frequent in the KD and FD group compared to almost non-existent in the SD group.
Vision impairment only occurred in the FD group. Depressive symptoms occurred in
the KD and SD, but not in the FD group. A detailed overview of all adverse events can

be found in Table 9 in the appendix.
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5.2.2 Ketone elevation

Adherence in the KD group was assessed by monitoring blood ketone bodies. Plasma
blood ketones (BHB) were significantly higher after nine months compared to baseline
in the KD group: interquartile range was within a physiological range, between 0.3 and
0.9 mmol/l with a median at 0.7 mmol/l. In the SD and FD group median BHB
concentrations did not change as expected and remained below 0.1 mmol/l (Figure 8).
Twelve of twenty patients (60%) in the KD group achieved a relevant ketosis — defined

as BHB concentrations = 0.5 mmol/l — at the nine-month study visit.

s p<0.0001
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Figure 8: Plasma beta-hydroxybutyrate (BHB) concentrations before (V1) and after nine months (V2)
of a ketogenic diet (KD, n = 19), fasting diet (FD, n = 30) and standard healthy diet (SD, n = 20). Single
values, median and interquartile range. P-value by Wilcoxon test.

BHB values in the KD group after nine months were positively associated with leptin,
but not with leptins counterpart adiponectin. Further, BHB values were positively

correlated with body fat mass, but not with body weight (Figure 9).
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Figure 9: Correlations of plasma beta-hydroxybutyrate (BHB) with a) leptin, b) adiponectin, c) body
weight, and d) fat mass after nine months in the ketogenic group (n = 20). Single values. P-values by
Spearman correlations, r = correlation coefficient.

Further, bivariate Spearman correlations have shown that blood glucose
concentrations (r = -0.528, p = 0.017), but not insulin concentrations (r = 0.381, p =

0.108), were inversely correlated with BHB concentrations after nine months of a KD.

5.3 Effects of the diets on BMI, body composition and metabolism

While the median BMI in the SD group slightly increased, the BMI decreased
significantly in the FD and KD group (Table 2). Fifty percent of participants in the SD,
60% in the KD and 67% in the FD group experienced weight loss (= more than 1 kg
reduction of weight during nine months). Weight loss was highest in the KD group with
a mean (and standard deviation) of 6.9 (5.6) kg, followed by the FD group with 5.6 (5.0)
kg and SD group with 2.9 (1.1) kg. In the KD and FD group, percentage of body fat
mass decreased significantly (Table 2) while there was no change in the SD group.

However, patients in the KD and FD group started with slightly higher baseline values
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compared to the SD (29.6% and 30.0% vs. 27.4% in the SD group). In the KD and FD
group 85% and 84% were female vs. only 75% in the SD group (Table 1), which could
have contributed to the overall lower body fat mass in the SD group at baseline. Mean
change (and standard deviation) of body fat mass in the KD and FD group was -2.7%
(2.9) and -2.0% (3.6) compared to -0.5% (2.5) in the SD group. However, these

between-group differences missed statistical significance (Figure 10).
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Figure 10: Delta of body fat mass in % between baseline and after nine months of a ketogenic diet (KD,
n = 19), fasting diet (FD, n = 30) and standard healthy diet (SD, n = 20), assessed with bioimpedance
analysis. Lower values indicate greater loss of body fat mass. Single values, mean value, and standard
deviation. P-value by one-way analysis of variance.

Fat-free mass decreased only in the FD group (Table 2), while remaining stable in the
KD and SD group.

To evaluate to what extent the KD and FD influenced metabolism, the effects on blood
glucose, blood lipids and adipokines were assessed. Comparing the overnight-fasted
glucose concentrations at baseline with the concentrations after nine months, there
were no significant within-group changes in the KD and FD group, but a statistically
significant increase in the SD group (Table 2).

A subgroup of 15 study participants agreed on wearing a continuous glucose
monitoring (CGM) sensor within the first 14 days of the dietary interventions to assess
short-term effects of the diets. The CGM showed distinctive lower median glucose
values in the KD and FD group compared to the SD group, with a significant between-
group difference comparing FD and SD group, and a trend to significance comparing
KD and SD (Figure 11a). Itis important to note that the CGM sensor was applied during

the actual fasting week, while the blood samples for assessing long-term blood glucose
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concentrations (Figure 11b) (Table 2) were collected three months after the last fasting
week, at the nine-month study visit. Comparing the deltas of these blood glucose
concentrations, a slight decrease of blood glucose in the KD and FD group can be
observed, while there was an increase in the SD group (Figure 11b). In line with the
CGM results, the deltas also show a significant between-group difference comparing
FD and SD group (Figure 11b).
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Figure 11: a) Median glucose concentrations in the interstitial obtained from a subgroup of 15 patients
with a continuous glucose monitoring sensor that was worn the first 14 days of a ketogenic diet (KD, n
= 4), fasting diet (FD, n = 3), and standard healthy diet (SD, n = 8). Single values, group median value
and interquartile range. Global p-value by Kruskal-Wallis test. P-values of pairwise comparison after
Bonferroni correction for multiple tests. b) Delta of glucose concentrations between baseline and after
nine months of a ketogenic diet (KD, n = 18), fasting diet (FD, n = 24) and standard healthy diet (SD, n
= 16). Lower values indicate a decrease, higher values an increase of glucose concentrations over time.
Single values, mean value, and standard deviation. Adjusted p-value by one-way analysis of variance,
Tukey’s multiple comparison test.

A linear regression (adjusted R square: 0.232, p (ANOVA): 0.016) showed that the
baseline BMI (B = 0.921, p = 0.043), and proteasomal activity (B = 0.055, p = 0.005)
were predictive for glucose concentrations at nine months. IL-13 (B =2.341, p = 0.073),
an anti-inflammatory cytokine, which is involved in glucose metabolism, was

borderline-significantly predictive for glucose concentrations at nine months.

Total cholesterol and LDL-cholesterol significantly decreased in the FD and SD group,
and non-significantly in the KD group. There was a slight increase in HDL-cholesterol
in the KD and no change in the FD group. In the SD group, HDL-cholesterol
unfavorably significantly decreased (Table 2). Comparing the mean changes in HDL-

cholesterol between baseline and after nine months, there is a significant between-
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group difference comparing the KD and SD group (Figure 12), mostly due to the

unfavourable decrease of HDL-cholesterol in the SD group.
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Figure 12: Delta of HDL-cholesterol concentrations between baseline and after nine months of a
ketogenic diet (KD, n = 18), fasting diet (FD, n = 24) and standard healthy diet (SD, n = 18). Lower
values indicate a greater decrease of HDL-cholesterol. Single values, mean value, and standard
deviation. Adjusted p-value according to one-way analysis of variance including Tukey’s multiple
comparison test. HDL = high-density lipoprotein.

Triglycerides significantly decreased in the KD group and borderline-significantly in the
FD group, while there were no changes in the SD group. Triglycerides were strongly
correlated with body weight (r = 0.32, p = 0.007) after nine months in a Spearman
correlation, whereas total cholesterol, LDL-cholesterol and HDL-cholesterol were not.
KD and FD have shown significant effects on the inflammatory adipokines leptin and
adiponectin. Pro-inflammatory leptin decreased significantly in the KD and borderline-
significantly in the FD group, while there was no change in the SD group. Adiponectin
significantly increased in the KD and FD group and did not change in the SD group
(Table 2). There was a strong positive correlation between leptin and body fat mass at
nine months (Spearman correlation, r = 0.793, p < 0.001). Insulin did not relevantly
change in any of the groups. The acute-phase protein haptoglobin decreased equally

and significantly in all three groups. All parameters are displayed in Table 2.

Table 2: Changes of nutritional status - BMI, body composition, blood lipids,
metabolic parameters

Nutritional KD FD SD
status

Mean (StD) / Median (IQR)
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Paired-sample t-test?/ related-samples Wilcoxon test®
V1 V2 p V1 V2 p V1 V2 p
23.8 22.9 23.6 23.1 23.9 24.4
(26.3 - (24.1 - (26.3 - (24.7 - (26.8 - (26.6 -
BMI (kg/m?)® 22.5) 22.2) 0.005 21.6) 21.0) <0.001 21.9) 22.3) 0.279
n=19 n=19 n =231 n=31 n=20 n=20
29.6 27.3 30.0 27.9 27.4 27.0
Body fﬁ\t (9.3) (8.3) 0.004 (6.4) (5.4) 0.001 (7.6) (6.7) 0.366
mass (%)?
n=19 n=19 n =28 n =28 n=19 n=19
17.0 16.9 17.0 16.2 17.3 17.0
Fat-free (17.9 - 17.4 - (18.2 - (17.5 - (19.8 - (19.7 -
mass 16.3) 16.0) 0.376 16.2) 15.7) 0.040 15.8) 16.3) 0.936
(kg/m?)®
n=19 n=20 n =28 n =31 n=19 n=20
186.0 175.5 202.0 189.5 189.0 172.0
Total (204.3 - | (206.3 - (219.5- | (213.0 - (212.0- | (189.0 -
cholesterol 157.3) 160.0) 0.586 178.5) 168.0) 0.012 180.0) 156.0) 0.004
(mg/dl)®
n=18 n=18 n=24 n=24 n=18 n=18
HDL- 69.6 73.7 74.1 72.2 72.2 63.2
cholesterol (50) | @37) | ggag | (192) | (180) | 347 | (134) | (92) | g9
(mg/di)? n=18 | n=18 n=24 | n=24 n=18 | n=18
120.5 111.5 127.0 109.5 110.0 102.0
LDL- (141.0- | (131.0 - (1445- | (128.5- (145.0- | (123.0 -
cholesterol 95.0) 98.0) 0.647 100.5) 91.0) 0.003 103.0) 93.0) 0.008
(mg/dl)®
n=18 n=18 n =24 n =24 n=18 n=18
75.0 59.5 91.0 79.5 78.0 78.5
Trialvcerides (82.0 - (79.0 - (124.5- | (109.0 - (103.0- | (90.0 -
gy b 64.0) 49.0) 0.021 66.5) 64.0) 0.061 60.0) 68.0) 0.177
(mg/dl)
n=18 n=18 n=24 n=24 n=18 n=18
82.8 80.8 82.4 80.4 85.6 89.3
Glucose (8.9) (6.5) 0.405 (8.1) (9.0) 0.093 (8.9) (6.5) 0.044
(mg/dl)2
n=18 n=18 n =24 n =24 n=16 n=16
9.5 7.6 9.6 59 8.1 7.7
(17.0- [(9.9-4.2) (14.8 - (12.6 - (11.8 - (11.9 -
Leptin (ug/l)® 3.6) 0.024 5.0) 4.4) 0.063 4.6) 4.4) 0.911
n=18 n=18 n =29 n =29 n =20 n =20
8.9 12.4 8.7 10.1 71 7.8
. . (12.5 - 17.1 - (11.3 - (11.8 - (10.0- ((9.9-6.0)
Adiponectin
(Hg/ml)° 6.3) 8.2) 0.041 5.4) 6.5) 0.012 5.3) 0.881
n=19 n=19 n =30 n =30 n =20 n =20
6.5 71 7.4 6.8 8.5 8.2
Insulin 9.1 - (10.5 - (9.3-4.8)|(8.9-4.6) (10.8 - (11.0 -
(mg/dl)® 6.2) 5.9) 0.717 0.126 5.5) 5.5) 0.777
n=19 n=19 n=31 n =31 n=19 n=19
74.9 71.8 741 71.9 75.2 71.5
(I-"I;le;lp;:oglobm (5.6) (5.1) 0.040 (5.1) (3.5) 0.002 (3.1) (3.1) 0.001
n=17 n=17 n=22 n=22 n=18 n=18

BMI = body mass index, FD = fasting diet, HDL = high-density lipoprotein, IQR = interquartile range, KD = ketogenic
diet, LDL = low-density lipoprotein, SD = standard healthy diet, StD = standard deviation, V1 = baseline, V2 = after
nine months
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5.4 Effects of the diets on plasma micronutrients and oxidative stress

The antioxidant cryptoxanthin, a carotenoid found in fruits and vegetables, decreased
in the KD group, and increased in the FD group. Lutein/zeaxanthin, an antioxidative
secondary phytochemical and marker for consumption of vegetables, increased in the
KD and FD group, but did not change in the SD group.

3-methylhistidine, a marker for protein-turnover, decreased in the FD group, only.
Plasma 3-methylhistidine after nine months was positively correlated with fat-free mass
in a Spearman correlation (r = 0.288, p = 0.015) and with body weight (r = 0.287, p =
0.016) at nine months in all patients. Further, after nine months, 3-methylhistidine was
positively associated with baseline proteasomal activity (r = 0.234, p = 0.064). 3-
methylhistidine at nine months was further correlated with leptin (r = 0.229, p = 0.058),
LDL-cholesterol (r = 0.281, p = 0.018), total cholesterol (r = 0.262, p = 0.028) and the
oxidative stress marker MDA at nine months (r = 0.313, p = 0.008) in Spearman
correlations in all patients.

MDA and plasma protein concentrations increased in the SD group only and remained
stable in the KD and FD group. Antioxidative gamma-tocopherol increased, while
alpha-tocopherol decreased in the SD group only. MDA (r = 0.301, p = 0.011) and
plasma protein concentrations (r = 0.222, p = 0.063) at baseline correlated positively
with the EDSS disability score at baseline in Spearman correlations in all patients. All

plasma micronutrients and markers of oxidative stress are displayed in Table 3.

Table 3: Changes of plasma micronutrients and oxidative stress

Micronutrients, KD FD SD
Oxidative stress n =20 n=31 n=20
Mean (StD) / Median (IQR)
Paired-sample t-test?/ related-samples Wilcoxon test®
Vi V2 p Vi V2 p Vi V2 p

S 0.23 0.16 0.25 0.31 0.25 0.23

ryp i (0.36- | (0.24- | 0.004 | (0.31- | (0.38- | 0.041 | (0.33- | (0.35- | 0.765
(pmol/l) 0.18) | 0.11) 0.18) | 0.21) 0.16) | 0.17)

. | 034 0.37 0.30 0.35 0.29 0.33
L”te':;{zfaxa“th'“ (0.38- | (0.47- | 0.012 | (0.39- | (0.44- | 0.009 | (0.43- | (0.43- | 0.185
(pmol/l) 0.25) | 0.24) 0.22) | 0.27) 0.23) | 0.27)
Alpha-carotene 0.15 0.08 0.13 0.15 0.17 0.17
(umoll)s (0.19- | (0.15- | 0.005 | (0.20- | (0.22- | 0.624 | (0.24- | (0.30- | 0.550

H 0.09) | 0.06) 0.10) | 0.10) 0.11) | 0.11)

AR 0.64 0.52 0.65 0.63 0.93 0.92
P (0.96- | (1.00- | 0.086 | (0.89- | (1.00- | 0210 | (1.07- | (1.16- | 0.737

0.41) | 0.38) 0.48) | 0.50) 0.56) | 0.66)

Lvconene 0.52 0.51 0.58 0.58 0.58 0.51
y ';'“ n (0.65- | (0.71- | 0.881 | (0.77- | (0.78- | 0.860 | (0.70- | (0.70- | 0.911

e 0.45) | 0.33) 0.44) | 0.45) 0.43) | 0.42)
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Vitamin D 8525 | 98.25 98.70 | 100.00 101.10 | 102.90
e (115.10-|(134.30-| 0.332 |(127.05-|(132.50-| 0.739 |(119.20-|(119.40-| 0.240
69.50) | 78.55) 66.00) | 78.80) 83.50) | 85.50)
Retinol 155 | 1.36 180 | 1.76 172 | 173
(umol/l)? ©025) | (0.24) | 999 | 043) | (038) | %4 | (037) | (0.30) | 98
Gamma- 276 | 2.16 201 | 238 210 | 244
tocopherol 323- | (3.18- | 0627 | (265- | (293- | 0248 | (286- | (2.90- | 0.040
(umol/l)® 178) | 182) 172) | 103) 173) | 2.07)
31.69 | 3046 3202 | 3285 3112 | 28.71
A'phal'/'lt‘;°°phe’°' (35.23- | (35.06- | 0.709 | (37.22- | (36.69- | 0.638 | (34.36- | (30.71- | 0.006
(pmol/l) 29.96) | 27.50) 28.46) | 28.77) 27.61) | 26.37)
smethylhistidine | 267 | 252 292 | 253 280 | 267
e, 3.19- | 326- | 0709 | (3.36- | (3.10- | 0.013 | (348- | (358- | 0.575
W 222) | 1.99) 233) | 202) 2.15) | 2.22)
r-methylhistidine | 0% | 122 068 | 1.13 084 | 2.08
e 207- | 367- | 0179 | (213- | (3.00- | 0597 | (271- | (403- | 0526
W 0.41) | 0.61) 0.34) | 0.26) 047) | 0.32)
VDA 050 | 059 055 | 0.60 053 | 066
e 059- | (0.78- | 0.117 | (0.65- | (0.65- | 0.465 | (0.71- | (1.01- | 0.001
0.41) | 0.42) 0.45) | 0.50) 0.43) | 0.54)
orotein 98.00 | 99.10 96.00 | 96.30 96.35 | 99.40
sl (106.75-|(103.20-| 0.681 |(100.45-| (99.40- | 0.695 | (99.60- |(105.50-| 0.006
93.25) | 93.70) 90.40) | 91.25) 90.30) | 94.70)
Proteincarbonyl 1.35 1.41 1.35 1.33 1.29 1.30
(nmolimg)® ©016) | ©013) | 9997 | 017y | ©011) | %% | (0.12) | (009) | 38
EYT— 535 | 6.04 543 | 595 436 | 4.79
AR (7.56- | (9.39- | 0502 | (10.61- | (11.56-| 0.953 | (6.20- | (7.02- | 0.198
3.00) | 2.48) 3.40) | 3.95) 225) | 2.75)
Proteasomal 198.89 | 176.32 178.95 | 181.04 199.84 | 167.19
activity (22470 -| (287,54 -| 0.877 |(226.73-|(248555-| 0.820 |(225.09-|(197.77-| 0.159
[NM/(mg*min)]> | 157.35) | 135.15) 152.29) | 145.86) 166.36) | 147.52)

FD = fasting diet, IQR = interquartile range, KD = ketogenic diet, MDA = malondialdehyde, SD = standard healthy
diet, StD = standard deviation, V1 = baseline, V2 = after nine months

5.5 Effects of the diets on plasma cytokines

To assess the effects of the dietary interventions on peripheral inflammation, plasma
cytokine concentrations were analysed at baseline and after nine months. The dietary
interventions did not show major significant effects on most of the anti- and pro-
inflammatory cytokines. Green-marked cytokines represent rather anti-inflammatory
cytokines, yellow-marked cytokines rather pro-inflammatory ones. There was a
significant decrease of IL-4 and IL-13 in the KD group. According to a Kruskal-Wallis
test, the changes of IL-13 between the groups are statistically significant (Figure 13).
IL-7 and VEGF-A decreased significantly in the SD group and the two cytokines were
strongly correlated in a Spearman correlation (r = 0.570, p < 0.001). There was a slight
trend of a decrease of IL-7 in the KD group. There were within-group changes
regarding IL-16 and IL-12 in all three groups and decreases of pro-inflammatory IL-1a
in the KD group (Figure 13), however, all non-significant. Interestingly, there were no
statistically significant changes in the FD group. All plasma cytokine changes are

displayed in Table 4.
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Table 4: Changes of plasma cytokines

Plasma KD FD SD
cytokines n=20 n=231 n=20
Median (IQR)
related-samples Wilcoxon test
in pg/ml V1 V2 p V1 V2 p V1 V2 p
2.334 2.967 3.477 4.014 3.867 3.845
IFN-y (3.396 - | (4.038 - 0.243 (4.533- | (5.199 - 0.153 (5.551- | (6.158 - 1.000
1.750) 1.896) 2.599) 2.857) 2.304) 2.722)
IL-2 0.141 0.144 0.171 0.119 0.349 0.149
(0.251- | (0.213 - 0.861 (0.243 - | (0.248 - 0.184 (0.416 - | (0.280 - 0.158
0.064) 0.067) 0.127) 0.058) 0.094) 0.069)
0.010 0.006 0.007 0.008 0.011 0.009
IL-4 (0.013- | (0.010 - 0.007 (0.013- | (0.011 - 0.986 (0.014 - | (0.011 - 0.109
0.005) 0.002) 0.003) 0.006) 0.008) 0.005)
0.319 0.338 0.558 0.713 0.508 0.499 1.000
IL-6 (0.442 - | (0.516 - 1.000 (0.877 - | (0.870 - 0.230 (0.707 - | (0.769 - '
0.232) 0.231) 0.339) 0.326) 0.233) 0.386)
2.667 2.902 2.164 2.561 2.818 2.061 0.070
IL-8 (3.103- | (3.151 - 0.520 (3.437- | (3.105 - 0.813 (4.588 - | (2.785 - '
1.894) 2.144) 1.885) 1.972) 2.114) 1.956)
0.758 0.481 0.008 0.707 0.627 0.612 0.439
IL-13 (1.614- | (0.724 - ’ (0.829 - | (0.955 - 0.407 (1.473- | (1.532 - 0.173
0.272) 0.250) 0.371) 0.368) 0.317) 0.119)
2.427 1.917 1.483 1.615 1.870 1.953
TNF-a (2.810- | (2.573 - 0.107 (2.588 - | (2.497 - 0.734 (2.624 - | (2.593 - 0.936
1.050) 1.393) 1.165) 1.207) 1.467) 1.373)
0.161 0.110 0.130 0.173 0.098 0.039
IL-1b (0.302- | (0.234 - 0.285 (0.285- | (0.475 - 0.925 (0.259 - | (0.124 - 0.173
0.039) 0.031) 0.359) 0.025) 0.034) 0.021)
0.228 0.219 0.188 0.195 0.236 0.234
IL-10 (0.335- | (0.265 - 0.573 (0.295- | (0.309 - 0.871 (0.363 - | (0.276 - 1.000
0.189) 0.184) 0.122) 0.138) 0.172) 0.148)
0.128 0.101 0.106 0.100 0.157 0.090
IL-12p70 (0.120 - | (0.204 - 0.845 (0.166 - | (0.185 - 0.572 (0.242 - | (0.248 - 0.420
0.073) 0.053) 0.064) 0.052) 0.069) 0.061)
0.295 0.284 0.242 0.244 0.265 0.252
GM-CSF (0.407 - | (0.386 - 0.334 (0.312- | (0.351 - 0.572 (0.365- | (0.334 - 0.396
0.199) 0.206) 0.192) 0.206) 0.206) 0.206)
IL-12/IL- 104.368 | 96.136 0.243 92.857 93.330 106.689 | 88.357
23p40 (115.611 -|(108.128 - ) (156.001 -|(147.172-| 0.280 |(136.733-{(125.190-| 0.334
64.666) | 56.572) 61.496) | 59.901) 77.851) | 77.035)
1.975 1.940 1.974 1.959 2.067 2.068
IL-15 (2.188- | (2.116 - 0.604 (2.298 - | (2.496 - 0.754 (2.454 - | (2.346 - 0.421
1.535) 1.528) 2.496) 1.586) 1.458) 1.490)
311.297 | 309.694 287.823 | 288.034 328.397 | 326.646
IL-16 (344.289 -|(377.555 -| 0.658 |[(324.508 -|(324.087 -| 0.517 |(405.697 -|(436.852-| 0.841
235.885) | 269.912) 250.781) | 229.060) 275.645) | 276.861)
1.192 1.154 1.192 1.241 1.243 1.215
IL-17A (1.404 - | (1.304 - 0.546 (1.387 - | (1.490 - 0.262 (1.550- | (1.366 - 0.314
1.049) 1.015) 1.065) 1.102) 1.154) 1.068)
0.585 0.359 1.502 0.583 2.342 0.735
IL-1a (7.501 - | (1.237 - 0.285 (5.675- | (1.050 - 0.182 (4.050- | (2.118 - 0.169
0.145) 0.069) 0.437) 0.245) 0.633) 0.129)
0.420 0.398 0.373 0.390 0.361 0.378
IL-5 (0.635- | (0.481 - 0.778 (0.471 - | (0.545 - 0.861 (0.556 - | (0.465 - 0.936
0.268) 0.278) 0.294) 0.256) 0.311) 0.332)
3.605 2.623 2.580 3.245 3.637 2.866
IL-7 (5.166 - | (3.739 - 0.099 (5.444 - | (4.423 - 0.845 (5.024 - | (4.390 - 0.040
2.290) 1.757) 2.329) 2.215) 2.606) 1.844)
0.163 0.142 0.130 0.141 0.147 0.142
TNF-B (0.186 - | (0.162 - 0.355 (0.160- | (0.153 - 0.688 (0.196 - | (0.176 - 0.446
0.122) 0.121) 0.118) 0.120) 0.129) 0.128)
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20.666 | 20.480 25.062 | 27.537 30.351 25.865
VEGF-A (34.306 - | (33.185-| 0.494 | (40.080-|(38.773-| 0.910 |(39.811-|(34.756-| 0.027
17.692) | 18.663) 16.826) | 15.557) 21.205) | 13.905)
FD = fasting diet, GM-CSF = granulocyte macrophage colony-stimulating factor, IFN = interferon, IL = interleukin,
IQR = interquartile range, KD = ketogenic diet, SD = standard healthy diet, TNF = tumor necrosis factor, VEGF =
vascular endothelial growth factor, V1 = baseline, V2 = after nine months

IFN-y 0.202444  0.560716 0.111999
IL-2 -0.029511 -0.046481 -0.052451
IL-4 -0.002862 0.001304 -0.001808
[ 0.000000 0.076883 0.067065
IL-8 0.200272 -0.050300 -0.523800
IL-13 -0.232132 ¢ 0.060608 -0.206885
TNF-a -0.152075 0.011754 -0.086823
IL-1b -0.050027 -0.005743 -0.027865
IL-10 -0.002852 0.005016 0.001112
IL-12p70 0.005548 -0.004310 -0.003222
GM-CSF -0.047322 0.001763  0.000000
IL-12/IL-23p40 | -8.693123 -6.875383 -3.929286
IL-15 0.070582 0.021310 -0.025760
IL-16 17.567644 14.734519
IL-17A -0.015773 0.024448 -0.014789
IL-1a -5.550753 @ -0.491953 -0.992918
IL-5 0.010398 -0.005199 0.017817
[ -0.564357 -0.005787 -0.654505
TNF-R 0.008530 0.001159 0.000000
VEGF-A -1.207013 -0.007417 -6.453798

KD FD SD

Figure 13: Heatmap presenting deltas of plasma cytokine concentrations (in pg/ml) between baseline
and after nine months of a ketogenic diet (KD, n = 20), fasting diet (FD, n = 31) and standard healthy
diet (SD, n = 20) with a significant difference (*, p = 0.005) between the KD vs. FD group regarding IL-
13. P-value by Kruskal-Wallis test. GM-CSF = granulocyte macrophage colony-stimulating factor, IFN =
interferon, IL = interleukin, TNF = tumor necrosis factor, VEGF = vascular endothelial growth factor

5.6 Effects of the diets on neuropsychiatric outcomes

5.6.1 Fatigue symptoms

When comparing the mean fatigue scores, there was no significant difference within
any of the groups after nine months (Figure 14). Comparing the deltas of fatigue scores
between the groups, no significant differences were seen either according to a one-
way ANOVA (p = 0.402).
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Figure 14: Fatigue scores according to Fatigue Severity Scale (FSS) at baseline (V1) and after nine
months (V2) of a ketogenic diet (KD, n = 20), fasting diet (FD, n = 29) and standard healthy diet (SD, n
= 20). Higher values at V2 indicate deteriorated fatigue symptoms. Single values, mean value, and
standard deviation. Paired sample t-test. Ns = non-significant.

When analyzing only patients who had moderate to severe fatigue at baseline (FSS
score at baseline = 4), there was a trend for improved fatigue in the FD group (Figure
15a). The strongly reduced sample size, however, needs to be considered here (KD
group, n = 4; SD group, n = 8), which also emphasizes that the majority of patients in
the KD and SD group were not fatigued at baseline, compared to the FD group (n =
14). In contrast, filtering the patients according to no or mild fatigue symptoms at
baseline (FSS score at baseline < 4), there was no relevant change observed after
nine months in the KD and FD group, but a significant increase of the FSS score in the
SD group. This reflects a deterioration of fatigue symptoms in the SD group, even

though the mean value remains under the cut-off of 4 (Figure 15b).
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Figure 15: a) Fatigue scores of patients reporting moderate to severe fatigue symptoms (FSS scores =
4) at baseline (V1) and their fatigue scores after nine months (V2) of a ketogenic diet (KD, n = 4), fasting
diet (FD, n = 14) and standard healthy diet (SD, n = 8). Lower values at V2 indicate improvement. Single
values, median and interquartile range. P-value by related-samples Wilcoxon test. b) Fatigue scores of
patients reporting no or mild fatigue symptoms (FSS scores < 4) at baseline (V1) and their fatigue scores
after nine months (V2) of a ketogenic diet (KD, n = 16), fasting diet (FD, n = 15) and standard healthy
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diet (SD, n = 12). Higher values at V2 indicate deterioration. Single values, mean value, and standard
deviation. P-value by paired-sample t-test. Fatigue scores derived by FSS (Fatigue Severity Scale
questionnaire).

Predictors for fatigue symptoms

As none of the interventions showed a major effect on fatigue, regressions were
applied in all study participants, regardless of the dietary intervention, to identify
potential determinants. A linear regression showed that 36% of the changes in the
fatigue score after nine months depend on the disability status (assessed with the
EDSS), depressive symptoms (assessed with the BDI-Il) and on taking DMT at
baseline (Table 5).

Table 5: Linear regression analysis with the fatigue score at nine months as a
dependent variable and different independent variables at baseline

Dependent variable (outcome):

Fatigue symptoms at V2 (FSS score) Unstandardized Beta (95% ClI) p-value
Independent variables (predictors):

Depressive symptoms at V1 (BDI-Il score) 0.107 (0.064 - 0.154) <0.001
Disability status at V1 (EDSS score) 0.573 (0.139 - 0.994) 0.010
DMT at V1 (yes) -0.710 (-1.312 - (-0.004)) 0.039
Cognition at V1 (SDMT score) 0.018 (-0.019 - 0.049) 0.300
Age at V1 (years) 0.014 (-0.028 - 0.055) 0.512
Disease duration since first manifestation (years) -0.009 (-0.070 - 0.45) 0.757

Linear regression. Adjusted R-square: 0.356, p < 0.001, n = 68, BDI-Il = Beck Depression Inventory-Il, Cl = 95%
confidence interval, DMT = disease modifying therapy, EDSS = Expanded Disability Status Scale, FSS = Fatigue
Severity Scale, SDMT = Symbol Digit Modalities Test, V1 = baseline, V2 = after nine months

Further regression analyses showed that neither oxidative stress parameters nor
micronutrient levels, BMI, body composition or inflammatory cytokines were associated
with the fatigue score (data not shown). However, adiponectin, which increased in the
KD and FD group (Table 2), was inversely associated with the fatigue score after nine

months. Interestingly, insulin was also inversely associated with fatigue symptoms.
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Haptoglobin, which decreased in all groups (Table 2), was positively associated with

the fatigue score after nine months (Table 6).

Table 6: Linear regression analysis with the fatigue score at nine months as a
dependent variable and different independent variables at nine months

Dependent variable (outcome):

Fatigue symptoms at V2 (FSS score) Unstandardized Beta (95% CI) p-value
Independent variables (determinants):

Haptoglobin at V2 (g/l) 0.164 (0.060 - 0.269) 0.003
BHB at V2 (mmol/l) 0.157 (-0.901 - 1.216) 0.767
Glucose at V2 (mg/dl) -0.006 (-0.063 - 0.052) 0.842
Adiponectin at V2 (ug/ml) -0.075 (-0.148 - (-0.001)) 0.046
3-methylhistidine at V2 (umol/l) 0.228 (-0.181 - 0.637) 0.270
Leptin at V2 (ug/l) 0.040 (-0.048 - 0.127) 0.372
Insulin at V2 (mU/1) -0.142 (-0.265 - (-0.019)) 0.024

Linear regression. Adjusted R-square: 0.196, p = 0.006, n = 64, BHB = beta-hydroxybutyrate, Cl = 95%
confidence interval, FSS = Fatigue Severity Scale, V2 = after nine months

5.6.2 Depressive symptoms

Depressive symptoms were more frequent in the FD group at baseline, compared to
the other groups (Figure 16a). The BDI-Il score decreased significantly in the FD group
after nine months (Figure 16b). The BDI-Il score decreased by 1.5 points (17%) from
a baseline median of 9.0 (IQR: 13.0 - 5.8) to 7.5 (IQR: 12.3 - 2.8) in the FD group and
did not change in the KD group (baseline: 5.5 (IQR: 9.8 - 2.3), after nine months: 5.5
(IQR: 13.8 - 1.3)). However, the BDI-Il score increased by 2 points (31%) from a
baseline median of 6.5 (IQR: 14.3 - 2.3) to 8.5 (IQR: 11.0 - 2.0) in the SD group,
reflecting deterioration. Comparing the median changes between the groups, the
difference is borderline-significant between KD and FD group (Figure 16c). The change
of the BDI-Il score from a median of 9.0 to 7.5 in the FD group describes an

improvement from minimal depressive symptoms to none.
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Figure 16: a) Frequency of different BDI-Il severity categories of depressive symptoms at baseline (V1)
and after nine months (V2) on a ketogenic diet (KD, n = 20), fasting diet (FD, n = 29) and standard
healthy diet (SD, n = 20), presenting a higher frequency of depressive symptoms in the FD group at
baseline. b) Within-group changes of depressive symptoms according to BDI-1l scores between baseline
(V1) and after nine months dietary interventions (V2). Decreased values at V2 in the FD group indicate
improved depressive symptoms. Single values, median and interquartile range. P-value by related-
samples Wilcoxon test. c) Delta BDI-lIl scores. Decreased values indicate improved depressive
symptoms. Single values, median and interquartile range. Global p-value by Kruskal-Wallis test, p-value
of pairwise comparison after Bonferroni correction for multiple tests. BDI-Il = Beck Depression Inventory-
Il.

Predictors for depressive symptoms

The BDI-Il score at nine months was strongly inversely correlated with plasma VEGF-
A at nine months, which decreased significantly in the SD group only (Spearman
correlation, r = -0.319, p = 0.009). The CGM-measured glucose concentrations and
the baseline glucose concentrations were significantly (r = 0.845, p = 0.034)
respectively borderline significantly (r = 0.227, p = 0.082) correlated with the BDI-I
score at baseline in a Spearman correlation. However, looking at the BDI-II score after
nine months, these correlations lost significance (CGM: r = 0.314, p = 0.544, baseline
glucose concentrations: r = -0.029, p = 0.830). The BDI-ll score was positively
associated with body fat mass (r = 0.461, p = 0.010), but not with body weight at nine
months in the FD group in a Pearson correlation. The strongest correlation remained
between the FSS score at baseline with the BDI-II score at baseline (r = 0.509, p <
0.001) and the BDI-Il score at nine months (r = 0.325, p = 0.006). All correlations were

applied in all patients regardless of the interventions, except explained otherwise.
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5.6.3 Cognition
Although, the mean SDMT score, reflecting cognitive processing speed, slightly
increased over time in all three groups, the increase was statistically significant in the

FD group only (Figure 17) with a mean increase of 2.52 points. An ANOVA revealed

that this is no significant between-group effect (data not shown).
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Figure 17: Changes in cognition (SDMT score) between baseline (V1) and after nine months (V2) of a
ketogenic diet (KD, n = 20), fasting diet (FD, n = 29) and standard healthy diet (SD, n = 20). Increased
values indicate improved cognition. Single values, mean value, and standard deviation. P-value by

paired sample t-test. SDMT = Symbol Digit Modalities Test.

Not all patients achieved a relevant ketosis in the KD group — 40% of the KD group
patients did not show relevantly elevated plasma BHB concentrations at the nine-
month study visit (5.2.2). When considering only patients in the KD group who achieved
a relevant ketosis — defined as BHB concentrations = 0.5 mmol/l at nine months — the
mean SDMT score increased borderline-significantly by 3.9 points from 57.7 (12.8) to
61.6 (15.1) (Figure 18).
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Figure 18: Changes in cognition (SDMT score) between baseline (V1) and after nine months (V2) of a
ketogenic diet (KD, n = 12) in patients with successful ketosis, defined as plasma beta-hydroxybutyrate
concentrations = 0.5 mmol/l at V2. Increased values indicate improved cognition. Single values, mean
value, and standard deviation. P-value by paired sample t-test. SDMT = Symbol Digit Modalities Test.
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Micronutrients as predictors for cognition

Several baseline antioxidative micronutrients were predictive for the SDMT score after
nine months. Lutein/zeaxanthin (significant) and cryptoxanthin (trend to significance)
were positively correlated with cognition according to a linear regression (Table 7) and
both parameters increased in the FD group (Table 3). 3-methylhistidine, which
decreased in the FD group only (Table 3), showed a tendency of an inverse
relationship with the cognition score. Alpha-tocopherol and alpha-carotene showed
inverse correlations with cognition. Most of the correlations remained stable, when
looking at the same micronutrients after nine months in a linear regression, with
significant correlations of cognition and alpha-tocopherol (B = -0.651, p = 0.013, 95%
Cl: -1.161 - (-0.141)), lutein/zeaxanthin (B = 18.346, p = 0.032, 95% CI: 1.670 -
35.022), and alpha-carotene (B =-32.022, p = 0.016, 95% CI: -57.854 - (-6.190)).

Table 7: Linear regression analysis with the cognition score at nine months as a
dependent variable and micronutrients as independent variables at baseline

Dependent variable (outcome):

Cognition at V2 (SDMT score) Unstandardized Beta (95% ClI) p-value
Independent variables (predictors):

3-methyldistidine at V1 (umol/l) -2.297 (-4.942 - 0.349) 0.088
Alpha-tocopherol at V1 (umol/l) -1.055 (-1.590 - (-0.520)) <0.001
Gamma-tocopherol at V1 (umol/l) -1.699 (-4.968 - 1.570) 0.303
Retinol at V1 (umol/l) -0.071 (-8.769 - 8.628) 0.987
Lycopene at V1 (umol/l) 6.594 (-7.629 - 20.817) 0.358
Lutein/zeaxanthin at V1 (umol/l) 30.254 (10.568 - 49.940) 0.003
Cryptoxanthin at V1 (umol/l) 16.858 (-1.044 - 34.759) 0.064
Alpha-carotene at V1 (umol/l) -41.244 (-74.641 - (-7.848)) 0.016

Linear regression. Adjusted R-square: 0.280, p < 0.001, n = 71, Cl = 95% confidence interval, SDMT = Symbol
Digit Modalities Test, V1 = baseline, V2 = after nine months
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Metabolic predictors for cognition

To understand the role of metabolic parameters in cognition, another linear regression
was applied. Baseline blood lipids and blood glucose concentrations showed
significant inverse correlations with the SDMT cognition score after nine months (Table
8).

Table 8: Linear regression analysis with the cognition score at nine months as a
dependent variable and metabolic parameters as independent variables at baseline

Dependent variable (outcome):

Cognition at V2 (SDMT score) Unstandardized Beta (95% Cl) p-value
Independent variables (predictors):

Triglycerides at V1 (mg/dl) -0.128 ( -0.205 - (-0.050)) 0.002
LDL-cholesterol at V1 (mg/dl) -0.069 (-0.177 - 0.040) 0.210
Blood glucose at V1 (mg/dl) -0.535 (-0.938 - (-0.132)) 0.010
HDL-cholesterol at V1 (mg/dI) -0.259 (-0.450 - 0.068) 0.009
Insulin at V1 (mU/L) 0.467 (-0.351 - 1.285) 0.258

Linear regression. Adjusted R-square: 0.253, p = 0.001, n = 60, Cl = 95% confidence interval, HDL = high-
density lipoprotein, LDL = low-density lipoprotein, SDMT = Symbol Digit Modalities Test, V1 = baseline, V2 = after
nine months

When running a linear regression with the same independent variables from the nine-
month time point, the ANOVA remains significant (p = 0.010): Blood glucose remains
significantly predictive (B = -0.402, p = 0.042, 95% CI: -0.789 - (-0.015)). LDL-
cholesterol at the nine-month visit inversely correlates with the SDMT score (B = -
0.119, p =0.015, 95% CI: -0.213 - (-0.024)). In contrast, in a further linear regression,
body weight and body composition were not associated with the cognition score at nine
months. Baseline body weight showed only a tendency for a significant inverse
Pearson correlation with the cognition score at nine months (r = -0.204, p = 0.088).

Inflammatory plasma cytokines did not have any predictive value regarding cognition.
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6 Discussion

This sub-cohort analysis investigates effects of a KD and FD compared to a SD on
neuropsychiatric outcomes and potential nutritional, inflammatory and oxidative stress

mediators, over a nine-month study duration in MS patients.

6.1 Feasibility and adherence to the diets

6.1.1 Compliance and anecdotal evidence

Adherence to the diets differed between the groups, which is reflected by the study
protocol deviations: KD group with twelve, SD group with nine and FD group with one
(Figure 5). Reasons were lack of dietary compliance, lack of compliance to adhere to
the study procedures and change of DMT. In the KD group, the radical food choice
restrictions were present long-term over the whole study duration, while in the FD
group the radical changes were rather short-term (every six months, seven-day fasts).
Further, to follow an intermittent fasting pattern such as time-restricted eating, without
changing the actual dietary habits in a restrictive way — as done in the KD group —
appears more feasible and integrable into family and social life according to patient
reports. Time restricted eating patterns were shown before to be more feasible in
studies with MS patients and adherence to be decreased with increasing the number
of daily calories that are restricted (128, 129).

In the KD group, the demanded effort to follow the diet was high and laborious: meal
preparation was time-consuming, but essential, as it is quite difficult to purchase ready-
made suitable ketogenic foods. Further, foods had to be researched for their
carbohydrate content, weighed and calculations had to be performed to not exceed the
daily carbohydrate allowance. Some patients in the KD group with families had to cook
twice, which they reported to be exhaustive. Further, the social acceptability was a
major challenge. Patients in the KD group explained that they felt a social pressure to
justify their low-carbohydrate meal choices in groups and felt excluded at work and
social meetings when mostly carbohydrate-rich food was offered. Patients in the KD
group also reported to experience increased mental load due to the dietary restrictions.
In the SD group, the opposite seemed to be the case. Since many participants already
had a healthy habitual diet, they perceived the intervention as rather insufficient.

Hence, participants in the SD group were looking for more options to optimize their
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diets, e.g., with nutritional supplements or adding intermittent fasting, for which we had

to exclude them from this per-protocol analysis.

6.1.2 Adverse events

Regarding adverse events, we must consider a high risk for nocebo effects especially
for radical changes in diets that were tried out the first time such as a KD and FD: side
effects had to be explained in detail in advance and therefore might have been
expected by our study participants (240). Further, the higher number of adverse events
in the FD group could be due to frequent evaluations during fasting weeks. Adverse
events indeed occurred mostly during the fasting weeks and were transient. The
proven compliance in the FD group otherwise shows feasibility of a FD in our cohort.
Frequent expected adverse events were headaches in the KD group (241) and
nausea, vertigo, and temporary vision impairment in the FD group (242). Interestingly,
pain and perception disturbances such as paraesthesia were much more frequent in
the ketone-based diet groups compared to the SD group. Infections, on the other hand,
were more frequent in the SD group compared to the ketone-based diet groups (Table
9). Apart from anecdotal evidence from internet forums, perception disturbances and
pain as side effects following a KD or FD have not been described yet and may be
disease specific. Airway infections, such as the common cold, were the most frequent

adverse events in this cohort as well as in the precursor IGEL study (179).

6.1.3 Ketone elevation

The blood ketone BHB increased significantly in the KD group with a median of 0.7
mmol/l, with an interquartile range of 0.3 - 0.9 mmol/l (Figure 8). These values reflect
a physiological nutritional ketosis and prove a certain adherence to the diet in the KD
group. In the future, it would be meaningful to use continuous ketone sensors that were
recently developed (243) to reduce measurement burden for study participants and to
better understand daily fluctuations as well as individual responses to carbohydrate-
rich foods. As expected, 14 hours of daily fasting were not sufficient to raise BHB
concentrations in the FD group (Figure 8). Patients in the KD group, who presented
both low glucose and ketone concentrations, reported a subjective lack of energy. Forty

percent of the patients in the KD group showed BHB values < 0.5 mmol/l at the nine-
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month study visit, showing that not all patients achieved a stable and relevant ketosis,
although they reported thorough dietary adherence. In our cohort, body fat mass, but
not body weight; leptin, but not adiponectin; and glucose, but not insulin was
significantly predictive for ketosis after nine months of a KD (chapter 5.2.2). We
suggest using these variables to predict individual success and extent of ketosis

induction in dietary counselling.

6.2 Effects of the diets on BMI and body composition

BMI and body fat mass decreased in the KD and FD group

Median BMI decreased in the KD and FD, but not in the SD group. Further, there was
a reduction in body fat mass in the KD and FD group, but not in the SD group. However,
in our study neither BMI nor body fat were relevantly predictive for clinically outcomes
such as cognition, fatigue, or depressive symptoms, while baseline body weight
showed only a tendency of an inverse correlation with the cognition score (chapter
5.6.3). In the literature, especially central body fat has been shown to be associated
with disability in MS (244) and may be a better marker than BMI to estimate obesity in
MS patients (77). As shown by our data and supported by current literature, ketone-
based diets are suitable and efficient to achieve sustainable weight loss and to improve
body composition in MS (119, 120). As obesity and obesity-related metabolic
alterations are not only common in MS but also associated with a poor disease course,

optimizing body weight and body composition must be seen as highly desirable.

Fat-free mass decreased only in the FD group

In the FD group, there was a significant reduction of fat-free mass with a mean change
of almost 5% compared to baseline. A reduction of fat-free mass by 3 - 6% over a
longer study duration of six months due to different regimens of caloric restriction, with
or without exercise interventions, was demonstrated in a study before (245). During
ketone-based diets mitochondrial oxidative phosphorylation increases (246) for which
fatty acids are the main substrate. However, blood glucose homeostasis must be

maintained as well. As our data show, the FD induces greater reductions in blood
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glucose concentrations than the KD — which may be the reason for greater glycogen
storage depletion in the FD group, reflected by reduced fat-free mass.

During total caloric restriction, muscle glycogen breakdown may provide substrate for
maintaining blood glucose homeostasis to support liver glycogen breakdown. In
contrast, in the KD group, a critical amount of dietary glucose and glucose-forming
amino acids are supplied continuously, which may prevent muscle breakdown. A
reduction of fat-free mass due to prolonged fasting via greater muscle breakdown and
due to an overall energy deficit is unfavourable but was expected as described before
(247). In contrast - a KD was shown to prevent muscle loss (248).

MS can lead to muscle weakness and balance disturbances. Additionally,
glucocorticoid use, which is the established acute therapy during relapses, is
associated with a reduced bone and fat-free mass in MS patients (249). For those
reasons, fasting may be rather contraindicated in case of patients are already suffering
from muscle weakness and/or having a low BMI (< 18.5 kg/m?) and/or low fat-free
mass. Prevention of muscle loss should be in focus, e.g., by adding strategies such as

physical exercise to fasting regimens that may reduce the risk of muscle loss (247).

6.3 Effects of the diets on metabolism

Blood lipids improved in all groups

Total cholesterol was elevated in almost 40% of the study population at baseline, even
though patients with clinically significant hyperlipidaemia were excluded from the
study. High total cholesterol is common among MS patients and associated with
disease activity (88). Interestingly, greater increases in HDL-cholesterol were
suggested to be neuroprotective in MS, whereas greater increases in LDL-cholesterol
were associated with increases in new lesions in a 5-year longitudinal study (250). In
line with this, an adverse lipid profile was shown to correlate with increased
inflammation and was suggested to mediate negative effects of obesity on the clinical
course of MS (251). Total cholesterol decreased in our FD and SD group, while in the
KD group only triglycerides decreased significantly. HDL-cholesterol remained stable
in the FD group, slightly increased in the KD group, but unfavourably decreased in the
SD group. That a high-fat KD can actually improve HDL-cholesterol levels was shown

before as concluded by a meta-analysis (252). However, patients in most of the
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analysed studies were obese and lost a substantial amount of weight due to the
intervention. In line with this, our data show a strong correlation between body weight
and triglycerides, but interestingly not with total, LDL- and HDL-cholesterol (chapter
5.3), implying that weight loss is only a partial mediator of the diets blood lipid-reducing
effects. Here, composition of diets may play an important role. The KD in our study —
even though a high-fat diet — was counselled with a vegetarian focus: specifically, a
reduced meat consumption to 1 - 2 portions/week and increased fatty fish and plant oil
consumption was recommended, explaining the slightly increased HDL-cholesterol
and the slightly decreased LDL-cholesterol concentrations in the KD group. Due to a
very low-carbohydrate intake, a significant decrease of triglycerides was expected in
the KD group. Blood lipids were inversely correlated with the cognition score in our
cohort, explained in detail further down (chapter 6.7).

Already a 1% reduction in LDL-cholesterol or 1% increase of HDL-cholesterol is each
associated with a 1% risk reduction for cardiovascular events (253). Hence, a LDL-
cholesterol reduction of 14% in the FD group, 7% in the SD group and 8% in the KD
group as well as a 6% increase of HDL-cholesterol in the KD group and a 13%
decrease of HDL-cholesterol in the SD group (Table 2), must be interpreted as clinically

relevant.

Leptin decreased in the KD and FD group

Leptin, an adipocyte-secreted hormone that plays a dual role as a hormone and as a
pro-inflammatory cytokine, decreased significantly in the KD group and borderline-
significantly in the FD group. Leptin was found to be increased in MS patients
compared to healthy controls according to a meta-analysis (254). Further, leptin was
reported to be an independent risk factor for MS among young adults, suggested as a
biomarker for disease course in paediatric MS patients (255, 256) and expression of
leptin receptors to be involved in clinical relapses (257). That a KD has the potential to
lower leptin concentrations in MS is supported by results from a previous study (119).
Since KD and FD significantly decreased body fat, and body fat was strongly
associated with leptin (chapter 5.3), the improvement of body composition may have
mediated the reduction of leptin levels. In line with this, adiponectin, the counterpart of

leptin, was significantly elevated after nine months in the KD and FD group, but notin
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the SD group. However, the inflammatory potential of adiponectin and its role in MS is
less clear and has been discussed controversially. Recent studies suggest high
adiponectin levels to be more prevalent in MS compared to healthy controls and high
levels to be associated with MS progression (258, 259). Other studies, however, have
proposed lower concentrations of adiponectin to be prevalent in MS patients (260). A
review describes adiponectin to play a dual role in MS, exerting anti-inflammatory and
pro-infammatory effects. The review also reports that EAE mice deficient of
adiponectin develop a more severe disease type (261). Systematic reviews conclude
that higher adiponectin concentrations are associated with a lower risk for metabolic
diseases such as diabetes (262) and with lower circulating pro-inflammatory cytokines
(263), indicating increased concentrations to be desirable. Adiponectin, but not leptin,
was associated with fatigue symptoms in our cohort (chapter 5.6.1), described in detail
further down (chapter 6.5). The role of obesity in MS severity and especially the
mechanistic role of obesity-associated factors such as body fat and adipokines needs

more attention in future research.

KD and FD lowered blood glucose concentrations

A subgroup of 15 patients wore a CGM sensor over the first 14 days of the dietary
interventions. They showed significantly distinct blood glucose concentrations,
allowing to differentiate the groups, and allowing to evaluate acute effects of the diets
on blood glucose: the FD group with a median value of 63 mg/dl had the lowest blood
glucose concentrations, followed by the KD group with a median value of 75 mg/dl and
the SD group with 84 mg/dIl. Even though the small sample size must be considered,
especially in the FD group (n = 3), low blood glucose concentrations due to a FD and
KD were expected. Comparing the deltas - baseline vs. nine months - of the blood
glucose concentrations, a significant between-group difference was shown between
the SD (increased blood glucose concentrations) and the FD group (decreased blood
glucose concentrations) (Figure 11b), emphasizing long-term effects of the diets on
blood glucose concentrations. Lower blood glucose concentrations were expected in
the ketone-based diet groups and may be desirable, especially since glucose
concentrations were inversely associated with clinical outcomes such as cognition in

our data (chapter 5.6.3). Dietary interventions that regulate blood glucose
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concentrations are favourable for MS patients, since insulin resistance is prevalent in
this population and might contribute to metabolic alterations and disability (85). A study
concluded that even “early markers of dysglycemia should be sought for in these

patients to avoid additional deterioration of their quality of life” (264).

6.4 Effects of the diets on oxidative stress, plasma micronutrients, and

plasma cytokines

KDs and FDs have been shown to ameliorate inflammatory responses and oxidative
stress. Changes to these assumably pathological aspects comprise the main

suggested mechanisms of action of KDs and FDs.

Markers of oxidative stress remained stable in the KD and FD group, but
deteriorated in the SD group
Concentrations of the oxidative stress marker MDA were elevated in all three groups
within a similar range at baseline, compared to a study with 170 MS patients and 163
healthy controls (265). Interestingly, in the KD and FD group, MDA did not change over
the study period, while increasing significantly in the SD group. A study including 212
MS patients and 249 healthy controls aimed to investigate oxidative stress parameters
as potential biomarkers for disease progression. The authors found oxidative stress
markers to be predictive for cerebellar symptoms and other aspects of disease
progression (266). Against this background, stabilized markers of oxidative stress as
observed in the KD and FD group in our study, may be seen as favourable, even
though we could not confirm the often-proposed oxidative stress reducing effect of
ketone-based diets (38, 120, 174).
However, antioxidative micronutrients increased in the KD and FD group (but also
partly in the SD group) and were associated with clinical outcomes such as cognition
(chapter 6.7). Further, in line with previous data that show oxidative stress markers to
be associated with disability (267), MDA concentrations were strongly positively
correlated with the EDSS score in our cohort (chapter 5.4).
Moreover, proteasomal activity that accounts for degradation of unnecessary and
damaged proteins by proteolysis, decreased in the KD and to a greater extent — but
non-significantly — in the SD group (Table 3). In the FD group, proteasomal activity
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slightly increased (Table 3). Proteasome dysfunction has been discussed to play a role
in neurodegenerative diseases and the proteasome even suggested to be a major
autoantigen in MS (268, 269). Furthermore, activation of proteasomal activity through
glucose restriction and caloric restriction was shown before (270, 271). Whether a
rescue of proteasomal dysfunction or stabilizing the proteasome by, for instance a
KD/FD, may be beneficial regarding ameliorating MS disease activity, remains elusive.
In our cohort, proteasomal activity was not correlated with clinical outcomes. However,
proteasomal activity was significantly positively correlated with glucose concentrations
(chapter 5.3) and according to a study, high glucose concentrations may diminish the
proteasome (272). Against this background the blood glucose reducing effects of a
KD/FD appear desirable. The main NAMS study will additionally analyse the effects of
the KD and FD on autophagy inducing polyamines and hence will shed more light on

the diets potential to regulate cell-regenerative pathways.

FD and KD change plasma micronutrient concentrations

In the KD and FD group, plasma lutein/zeaxanthin, a dietary carotenoid derived from
dark green leafy vegetables, significantly increased. Lutein/zeaxanthin was shown to
have important antioxidative properties (273). In the FD group, cryptoxanthin also
increased significantly. The increased lutein/zeaxanthin and cryptoxanthin imply higher
fruit and vegetable intake in the KD and especially FD group (274). Lutein/zeaxanthin
and cryptoxanthin may be essential for long-term health and adequate levels might
play a role in preventing chronic disease and premature aging (275). In line with this,
both lutein/zeaxanthin and cryptoxanthin showed positive associations with cognition
outcomes (Table 7), referred to in detail in chapter 6.7. Of note, the antioxidants
cryptoxanthin, retinol and alpha carotene decreased in the KD group. This might be
due to inadequate micronutrient intake. Previous reports already discussed the
necessity of close monitoring of several micronutrients during KD interventions (276,
277).

FD decreased 3-methylhistidine
Plasma 3-methylhistidine is a post-translationally amino acid and is a sensitive

biomarker for protein degradation and skeletal muscle protein turnover (278). Even
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though dietary intake may have an influence on plasma 3-methylhistidine
concentrations, it was suggested that about 80% of plasma 3-methylhistidine,
assessed after an overnight fast, can be considered endogenous (279). According to
a review, there are some studies with chronic fatigue syndrome patients, a
neuroinflammatory disease that has many overlaps with MS (280), showing 3-
methylhistidine in the urine to be significantly elevated (281).

Interestingly, 3-methylhistidine only decreased significantly in our FD group. Studies
on the effects of a FD and KD on this biomarker are scarce. One study that has
investigated a three-week caloric restriction and has taken blood samples after four
weeks found — in contrast to our data — increased 3-methylhistidine (282), indicating
that the caloric restriction induced skeletal muscle protein turnover. Short-term effects
of caloric restriction may be indeed an enhanced skeletal muscle protein turnover
reflected by the increased 3-methylhistidine in this study. This may have occurred in
our study as well, as reflected by the reduced fat-free mass, which may be a direct
result of the prolonged fasting during the fasting weeks. Intermittent fasting alone, in
contrast, was shown to even prevent muscle loss, in a study (247).

Of note, our study data show long-term effects of fasting as blood samples were taken
three months after the last fasting episode. Hence, our data may rather show a
condition reflecting post-fasting compensatory growth where muscle protein
degradation is already downregulated (283) and therefore reduced 3-methylhistidine
concentrations.

Moreover, a study with Alzheimer’s disease patients showed increased levels of 3-
methylhistidine compared to healthy controls (284).

Comparing the 3-methylhistidine baseline values from our cohort with the study’s
healthy controls and Alzheimer’s disease patients (as both our studies were using
liquid chromatography techniques), elevated plasma levels of 3-methylhistidine in our
cohort must be noted: the baseline 3-methylhistidine values from our cohort are three
times higher, compared with healthy controls from this study, but still around 20% lower
compared to the Alzheimer’s disease patients (284).

Interestingly, 3-methlyhistidine was also borderline-significantly correlated inversely
with cognition after nine months in our data (Table 7), indicating that reduced

concentrations - as occurred in the FD group - may be rather beneficial.

73



Plasma 3-methylhistidine after nine months was positively correlated with fat-free
mass, body weight, leptin, LDL-cholesterol, and total cholesterol at nine months and
baseline proteasomal activity in Spearman correlations in all patients (chapter 5.4).
Thus, 3-methylhistidine appears to be a sensitive marker for fasting-induced outcomes
in our cohort. Moreover, 3-methylhistidine was positively associated with oxidative
stress marker MDA after nine months. Whether 3-methylhistidine additionally reflects
oxidative stress and/or inflammation is not certain but plausible, since oxidative stress
was discussed to be a relevant potential inducer of protein degradation (285) and 3-
methyhistidine has been shown to positively correlate with systemic inflammation
(286).

Interestingly, while fat-free mass and 3-methylhistidine decreased in the FD group
only, proteasomal activity was preserved in the FD group only.

It appears that in short-term, muscle protein degradation was probably increased due
to prolonged fasting - reflected as a sustained lower fat-free mass in the FD group. In
long-term, effects of fasting may be that protein degradation is downregulated -

reflected as preserved proteasomal activity and decreased 3-methylhistidine in the FD

group.

IL-13 and IL-4 decreased in the KD group

In our cohort, IL-13 and IL-4 significantly decreased only in the KD group. IL-13 and
IL-4 are two physiologically connected cytokines that have rather anti-inflammatory
properties. Increased expression of IL-13 and IL-4 plays an important role in type-2
immune responses, especially allergic inflammation (287). IL-13 is considered a Th2-
type cytokine, however, it was shown that IL-13 can be generated by Th1 cells and IL-
17+ Th17 cells (288), both that were described to have a pathogenic role in MS (289).
As the two interleukins IL-13 and IL-4 decreased simultaneously in our cohort, a true
effect of the KD on the two cytokines or their secretory T cells appears plausible. In the
current literature, a KD affecting IL-13 has not been described yet.

However, IL-13 has been shown to play a role in glucose metabolism and in cognitive
function (290). Our data also show a borderline-significant positive correlation of IL-13
with glucose concentrations and significant inverse correlations of glucose
concentrations with the cognition score (chapter 5.3 and Table 8). It appears plausible

that the KD lowered IL-13 concentrations via glucose reductions, as increased IL-13
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strongly correlated with  hyperglycaemia, insulin resistance and even
hypertriglyceridemia in one study (291). In this study, IL-13 appeared to be a biomarker
for metabolic alterations, but was not associated with low-grade inflammation,
emphasizing a rather metabolic function of this cytokine.

However, the role of IL-13 in MS is inconclusive. A study comparing 57 MS patients
with healthy controls, described IL-13 to be increased (and adiponectin decreased)
and suggested that these parameters might be involved in MS pathogenesis (260).
Another study found that patients during relapses had higher frequencies of IL-13
producing T cells than those in remission and these cells were positively correlated
with disability (EDSS score) (292). In line with this, a KD-mediated decrease of IL-13
and increase of adiponectin, as occurred in our study, appears beneficial. In contrast,
however, IL-13 was reported to be neuroprotective (293). Specifically, a correlation
analysis showed that levels of IL-13 in the cerebrospinal fluid were associated with
better scoring in the Multiple Sclerosis Functional Composite as well as with neuronal
integrity, concretely the retinal nerve fiber layer thickness (293).

Studies in animal models also show conflicting results. Whereas IL-13 seemed to be
neuroprotective in a rat model (294), an IL-13 knockout was associated with decreased
disease susceptibility in female EAE mice. IL-13 was suggested to be one pro-
inflammatory factor mediating gender differences: in the study, “females lacking IL-13
displayed lower incidence and milder EAE disease severity than males after
immunization  with myelin  oligodendrocyte  glycoprotein  (MOG)-35-55
peptide/CFA/pertussis toxin” (295). This shows that more studies are needed to
characterize the effects of IL-13 and to reproduce investigations of potentially I1L-13-
lowering effects of KDs. These results could also be relevant for type 2 immunity-
related diseases.

The KD also lowered IL-4 concentrations in our cohort. In line with our results, IL-4 was
reduced in mice fed a KD (296). However, there was no change in psoriasis patients
on a KD regarding IL-4 concentrations (297). Interestingly, IL-4 was found to be
elevated in MS and neuromyelitis optica patients (298). Remarkably, a gender-
dependent effect, such as just described for IL-13, was also observed for IL-4 in this
study, displayed as increased IL-4 serum levels in females with neuromyelitis optica
(298).
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In summary, even though IL-13 and IL-4 were suggested to act mainly anti-
inflammatory, most anti-inflammatory cytokines have at least some pro-inflammatory
properties and vice versa (43). The role of IL-13 and IL-4, especially with regards to a
potentially gender-specific susceptibility in neuroinflammation and the potential of

dietary modification of the cytokines needs more attention in future research.

IL-7 and VEGF-A decreased in the SD group

IL-7 has been suggested to play a role in MS pathogenesis and even as a response
marker of the DMT interferon-beta (299). A study investigating an anti-inflammatory
Mediterranean diet - comparable to our SD - also showed a reduction of IL-7 in 90
metabolic syndrome patients (300). In line with this, pro-inflammatory diets have been
shown to be associated with increased IL-7 concentrations (301). This implies that we
see a true cytokine-lowering effect of the SD in our cohort.

Vascular endothelial growth factor A (VEGF-A) activates angiogenesis and was shown
to have pro-inflammatory properties. In a recent study, VEGF-A was upregulated in
MS patients compared to healthy controls, suggesting a role in MS pathogenesis (302).
A Japanese study showed an upregulation of VEGF in MS patients during relapses,
compared to patients in remission and controls, suggesting a contribution to spinal cord
lesion formation by increasing vascular permeability (303).

Interestingly, VEGF-A and IL-7 showed a strong positive correlation in the SD group.
Further, VEGF-A was inversely correlated with the depression score after nine months
in our cohort - an association that has been investigated previously (304). In the SD
group, one major goal was to improve the relation of omega-3/omega-6 fatty acids, as
in Western diets a high consumption of omega-6 fatty acids and low consumption of
omega-3 fatty acids is common. The VEGF-A reduction in the SD group might be due
to increased omega-3 fatty acid consumption, as suggested by a mouse and a clinical
study (305, 306). Considering the existing literature, the joint decrease of IL-7 and
VEGF-A in our SD group appears to be an anti-inflammatory effect of the diet.

It remains questionable why these changes were not seen in the KD and FD group, as
they received — besides from the focus on caloric/carbohydrate restriction — the same
dietary recommendations as the SD group. Furthermore, as due to the inverse

correlation of VEGF-A with depression scores, and due to deteriorated depressive
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symptoms simultaneously with reduced VEGF-A in the SD group, the role of VEGF-A

remains unclear.

Surprisingly, there were no changes of plasma cytokines in the FD group. However,
blood samples were drawn three months after the last fasting week. It would be
interesting in the future to measure plasma cytokines within and shortly after the actual
fasting weeks and/or measure cytokine secretion of stimulated PBMCs. Cytokines are
usually produced in small amounts and “act mainly in a paracrine and autocrine
manner such that they are released and consumed locally at the site where the immune
reaction occurs. Therefore, they are seldom detectable in peripheral blood” (307),
which is why PBMC stimulation may be more relevant. Further, postprandial cytokine
response may differ from fasting states (308). We took blood samples after a 12-h
overnight fast, which precludes extrapolation to the postprandial phase. In our MS
cohort, there were hardly any consistent associations between cytokines and clinical
outcomes. However, a characteristic feature of MS is its clinical and
immunopathological diversity resulting in multiple, partly unpredictable disease stages.
This could lead to regular changes in local cytokine productions, which are not
necessarily detectable in the periphery. In contrast to our results, studies do show
associations between sera or plasma inflammatory cytokine levels and MS disease
severity (309, 310). Furthermore, there are DMTs targeting specific cytokines or their
receptors - such as interferon-beta - emphasizing the role of cytokines in MS. At the
same time, intake of the well-established DMT interferon-beta could have confounded

our cytokine results here.

6.5 Effects of the diets on fatigue symptoms

Although several patients reported improved fatigue during their counselling sessions,
we could not confirm this with the applied questionnaires. One reason for this might be
that the majority showed no or only mild fatigue symptoms at baseline according to
their FSS scores, leaving rather little room for improvement. When we excluded
patients with mild fatigue and only analysed those with moderate to severe baseline
fatigue, sample sizes were rather small, especially in the KD group (n = 4; Figure 15a).
However, we saw a trend for improved fatigue in the FD group in this adjusted analysis

(Figure 15a). Interestingly, patients in the SD group, who had only mild fatigue
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symptoms at baseline, rated that they were more fatigued after nine months (Figure
15b). A study by Tellez et al. including 227 MS patients found that 87% of the patients
who had fatigue at baseline still had fatigue at their 1-year-follow-up visit. Moreover,
25% of patients, who were not fatigued at baseline, had developed fatigue within 1
year (311). This raises the question if the increased fatigue score in the SD group
reflects disease progression. A study by Fox et al. confirms that fatigue progresses
over the life span of MS patients (312).

Patients, in particular in the KD group, anecdotally reported improved fatigue,
specifically described as prolonged attentiveness and mental performance. However,
the tool that assessed fatigue in our study, the FSS, even though being a well-
established tool for MS-related fatigue, focuses strongly on physical fatigue and
depression-like symptoms. This is corroborated by the strong correlations between
FSS and BDI-Il scores in our cohort (chapter 5.6.2).

Cognitive fatigue, however, is a severe symptom that is as debilitating for MS patients
as physical fatigue. Most importantly, cognitive fatigue remains poorly understood and
cannot be assessed with the FSS (313). A review by Hanken et al. further describes
that there is strong evidence for fatigue to be associated with a dysfunction of alertness
and vigilance, while there is no evidence for a relation with other cognitive dimensions
such as memory performance or cognitive processing speed — explaining why
cognitive fatigue cannot be assessed with the usual cognition tools either. The authors
further state that “areas with brain atrophy in fatigue patients overlap with brain regions
activated in healthy controls performing alerting/vigilance tasks”. Thus, the authors
suggest to include alerting/vigilance assessment into clinical routine of MS patients
who suffer from fatigue symptoms (314), to better account for cognitive fatigue.

As fatigue symptoms are associated with a reduced central glucose metabolism in MS
(315) and KDs possibly improve central hypometabolism (316), changes may rather
be detectable on a scale assessing cognitive fatigue rather than physical fatigue,
hence not by the FSS.

Since fatigue appears to be a progressive symptom (312) and may reflect disease
progression, it is relevant that fatigue symptoms did not deteriorate in the KD and FD
group within nine months and even slightly improved in patients in the FD group, who
were moderately to severely fatigued at baseline. However, the observed changes are

not considered clinically relevant, as a clinically relevant change has been defined as
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1.5 - 2 points change on the FSS before (228). The main NAMS study, which
additionally assessed fatigue symptoms after 18 months, will provide more insights on
this.

Further studies should use multidimensional fatigue scales that include cognitive
fatigue such as the Modified Fatigue Impact Scale or Fatigue Scale for Motor and
Cognitive Functions (313). Assessment of fatigue symptoms further needs to be
controlled for symptoms of sleep disorders, non-fatigue related tiredness and

fatigability, symptoms that cannot be distinguished by the FSS (317).

Predictors for fatigue

Depression and disability scores at baseline were strongly predictive for fatigue
symptoms after nine months study duration: the stronger the depressive symptoms
and the worse the disability status, the more severe the fatigue score (Table 5).
Depressive symptoms and disability were previously described to be reliable predictors
for increases of fatigue over time in MS patients (311, 318). Further, our patients on
DMT had lower fatigue scores compared to those without DMT (Table 5). Interestingly,
the highly sensitive acute-phase protein haptoglobin that decreased in all three groups,
was significantly predictive for the fatigue score after nine months (Table 6).
Associations between fatigue and haptoglobin are not yet described in the literature.
Contrarily to our data, a study investigating effects of Ramadan fasting even showed
a haptoglobin increase (319).

Interestingly, the metabolic cytokine adiponectin, which significantly increased in the
KD and FD group, was inversely associated with the fatigue score: every unit increase
of adiponectin was associated with a decrease on the FSS (Table 6). However, as
adiponectin significantly increased in the KD group as well, it must be assumed that
fatigue-improving effects are not primarily mediated via adiponectin, as fatigue scores
did not change relevantly in the KD group.

Research for improving fatigue, which is one of the most disabling symptoms for MS
patients, should receive more attention in the future, especially the mentioned overlap
of depressive and fatigue symptoms as well as cognitive fatigue. Haptoglobin and

adiponectin should be further investigated as possible biomarkers.

79



6.6 Effects of the diets on depressive symptoms

Depressive symptoms according to the BDI-Il score improved significantly in the FD
group (1.5 points decrease), did not change in the KD group, and deteriorated (2 points
increase) in the SD group. Previous literature proposes a clinically relevant change of
17.5% or 19% from baseline within six months (233, 320). Thus, a 1.5-point and 17%
decrease in our cohort represents a borderline clinically relevant improvement, and the
31% increase in the SD group, a clinically relevant deterioration of depressive
symptoms.

These tendencies deserve attention as depression is one major symptom of MS with
more than 30% of patients affected (199). Since the early 1970ies, FDs and KDs have
been investigated for their stabilizing potential in mood disorders including depression.
Interestingly, potential anti-depressive effects are thought to be mediated via leptin
reduction (321), which occurred in our KD and FD group. A RCT with 36 MS patients
investigated different intermittent fasting regimens and observed clinically meaningful
improvements regarding emotional health including depressive symptoms (129).
Another RCT with healthy older humans investigated the effect of a calorie-restricted
dietary regimen with intermittent fasting and has also shown improvements in different
mood states simultaneously with nutritional status (200). A review by Manchishi et al.
concluded that dietary supplementation produced “additive or synergistic effects when
administered with conventional drugs or in combination with other interventions” and
emphasised ketone body production, reduction of inflammatory cytokines and an
improved nutritional status among the main mechanisms of action (322). This can be
only partly confirmed by our data, as VEGF-A showed associations with the BDI-I
score as well as body fat mass, but not ketosis (chapter 5.6.2).

Importantly, our FD group reported more depressive symptoms at baseline, which may
have biased the result. In general, the prevalence of mild, moderate and severe
depressive symptoms was very low in the majority of our patients (Figure 16a). The
baseline median BDI-Il score of the FD group was highest with a score of nine among
the three groups, but still only indicated minimal depressive symptoms. We assume
that studies with mildly, moderately, or severely depressed patients might provide more
information on the anti-depressant potential of ketone-based diets.

Considering the median changes of depressive symptoms, it appears that in the KD

group depressive symptoms rather increased, while decreasing in the FD group and
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there was a trend for a significant group difference between the KD and FD group
(Figure 16c¢). Looking at the adverse events (Table 9), depressive symptoms were
reported twice in the KD and once in the SD group. It must be noted that we only
analysed the total BDI-Il score. However, the BDI-Il includes diet-specific questions,
such as questions on decreasing appetite. Choosing response options on decreased
appetite increases the BDI-Il score by 1-3 points — but probably does not reflect
deteriorated depressive symptoms — instead rather shows a physiological effect of a
KD. That a KD decreases appetite was shown before and is an expected and usually
desired effect (323).

Similarly, the BDI-II includes questions on sleep: response options such as ‘I sleep
much more than usual” or “I sleep much less than usual” increase the BDI-II score by
up to 2 points (229). However, it must be considered that ketone-based diets directly
influence sleep irrespective of depressive symptoms (324), which may lead to a false
interpretation of BDI-II score changes.

Additionally, it must be considered that patients in the KD group answered the BDI-II
questionnaire during their actual intervention, whereas patients in the FD group
answered three months after their fasting week. Thus, immediate post-fasting BDI-I
responses might have been different, especially responses on appetite and sleep.

In summary, the BDI-II tool could have biased the outcome of depressive symptoms,
especially in the KD group, and future studies with dietary interventions should rather
employ depression scales without diet-related questions.

It is possible that the larger sample size of the main NAMS study will have a more
balanced distribution of baseline depressive symptoms over the groups and, therefore,
allow for conclusions that are more robust. In addition, the 18-month time point will
allow the evaluation of possible fluctuations of depressive symptoms, which are
common in MS. In contrast to fatigue, depressive symptoms do not typically progress

over time and do not necessarily reflect disease progression (312, 325).

Predictors for depressive symptoms

Body weight, micronutrients, and most cytokines did not show predictive value for the
depression score. As mentioned above, VEGF-A concentrations, which may have
decreased due to higher vegetable oil consumption in the SD group, were inversely

correlated with the depression score after nine months.
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Interestingly, glucose concentrations were correlated with the BDI-Il score at baseline
but lost significance at nine months looking at the total study population. Body fat was
positively associated with the depression score after nine months in the FD group. The
strongest relation remains the one between fatigue and depressive symptoms,
highlighting their pathological overlap as well as overlaps due to assessment tools.
The potential marker properties of VEGF-A, body fat and glucose concentrations will

be further elucidated in the analysis of the main NAMS study.

6.7 Effects of the diets on cognition

The SDMT cognition score increased slightly over time in all three groups, which might
be the result of a practice effect (326). The FD group showed a significant increase of
2.52 points from baseline. According to a study by Benedict et al., a clinically
meaningful change can be defined as a three-point change from baseline (239).
However, the study duration of this reference study was 22 months, so an improvement
of 2.52 points within nine months could be interpreted as clinically meaningful.
Furthermore, it is important to note that — in contrast to normative age-matched data
presenting mean scores of =259 (327) — our cohort shows slightly lower baseline scores
across all three groups. Parmenter et al. describes a cut-off score of 55 or lower on the
SDMT to classify cognitive impairment in MS patients (237). Forty to fifty percent of our
patients had a SDMT score of 55 or lower at baseline among all three groups (Table
1), indicating that mild cognitive impairment was prevalent in half of the patients.

In the KD group, the SDMT score did not increase significantly. However, it must be
noted that not all patients developed a relevant ketosis — 40% of the KD group patients
did not show relevantly elevated BHB concentrations at the nine-month study visit
(5.2.2). When considering only patients in the KD group who did achieve a relevant
ketosis — defined as plasma BHB concentrations = 0.5 mmol/l at nine months — the
SDMT score increased by 3.9 points from a mean of 57.7 to 61.6 (Figure 18). Hence,
it can be assumed that ketosis has been the driver of improved cognition in the KD
subgroup. Moreover, the improved cognition in patients presenting ketosis may be
explained by simultaneously increased brain ketone uptake that correlates with
peripheral plasma ketones, as shown before (178).

It must be noted that — even though the per protocol population has been analysed

here — the 40% not developing a relevant ketosis at the time of their study visit,
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otherwise showed good dietary adherence. We therefore must critically appraise that
our carbohydrate recommendation of up to 50 g per day yielding ketone median levels
of 0.7 mmol/l might have been too liberal to achieve relevant sustained peripheral and
associated central ketone concentrations in all patients. Furthermore, the question is
raised, whether beneficial effects of KDs on cognition are as fluctuant and temporary
as ketosis itself. If so, a long-term application does not seem to be reasonable for
stable and reliable outcome improvement for many patients who have difficulties
developing ketosis or show high fluctuations.

Ketone-based therapies have been shown to improve cognition in Alzheimer’s disease,
epilepsy, and Parkinson’s disease, before (116, 118, 328, 329). It was further shown
that plasma ketones directly correlate with glucose utilization, showing linearly
decreased utilization of glucose with increased blood ketones (330). In patients with
mild cognitive impairment on a low-carbohydrate diet, urine ketones were positively
associated with memory performance. In this study, patients were only allowed to
consume 20 g of carbohydrates per day (331), compared to up to 50 g in our study.

It must be noted that anecdotal patient reports substantiate the common notion that
long-term adherence to a KD is challenging. This can be confirmed by the reduced
adherence to the KD as shown in our cohort (Figure 5). As an alternative for a
restrictive KD, the consumption of medium-chain triglycerides or ketone esters has
been investigated, specifically in Alzheimer’'s disease patients, for whom a KD is
supposed to be unreasonable. Those studies showed that supplementation-induced
increases of blood ketones improved cognitive dysfunction in Alzheimer’s disease
patients (116, 195, 328).

However, these studies also showed that a ketosis of approximately 0.5 mmol/l BHB
concentrations was sufficient to improve cognitive impairment, confirming our results.
It must be noted that our KD group had relatively high SDMT baseline values with a
mean SDMT score of 58, so the question arises whether KD-induced improvements in
cognition would have been more prominent with more pronounced cognitive
impairment at baseline. Ultimately, as in the FD group, ketone levels did not elevate
relevantly, the question is raised whether there are other factors that may have affected

cognition.
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Blood lipids and blood glucose as predictors for cognition

The analysis of predictors for cognition at follow-up showed strong inverse correlations
with HDL-cholesterol and triglycerides at baseline as well as with LDL-cholesterol after
nine months (chapter 5.6.3), i.e., lower blood lipids were associated with better
cognitive performance. Recent studies corroborate these results, showing inverse
correlations between triglycerides and cholesterol with cognition scores in MS patients
(332, 333).

Surprisingly, HDL-cholesterol was also inversely associated with cognition in our data.
In line with this, higher HDL-cholesterol was found to be associated with cognitive
decline in one longitudinal cohort study with 2514 participants, showing an inverted U-
shaped relation between cognitive processing speed and HDL-cholesterol (334).
However, there are other large cohort studies showing positive associations of higher
HDL-cholesterol with better cognitive function and inverse associations of higher HDL-
cholesterol levels with dementia and mild cognitive impairment (335, 336). Due to
these controversial findings, it was recently suggested to differentiate HDL-cholesterol
into subclasses to consider lipoprotein particle characteristics of HDL-cholesterol in
future studies (334). Furthermore, a wide confidence interval given for the coefficient
regarding HDL-cholesterol must be considered here, especially as the confidence
interval includes 0 (Table 8). Hence, the result of the main study needs to be waited
for more validity.

Interestingly, we found that blood glucose concentrations were inversely associated
with the cognition score (Table 8). Lower blood glucose concentrations at baseline and
after nine months were associated with a higher SDMT cognition score after nine
months. Associations between peripheral glucose concentrations and cognition scores
have not been investigated yet in MS. One study that investigates glucose tolerance
and cognition in MS is underway (NCT04748302). Accordingly, this is the first report
of an inverse association of blood glucose concentrations with cognition in MS patients.
In line with this, insulin resistance was shown to be more prevalent in MS patients
compared to healthy controls and to be associated with adverse MS outcomes (85). In
addition, insulin resistance is associated with cognitive impairment in different diseases
and age groups (337). A 4.4-year study with 3369 community-dwelling men aged 40 —
79 years showed that glycemia, but not the metabolic syndrome or inflammation, was

inversely associated with cognition, in particular processing speed (338).
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It may be valuable to assess blood glucose and cytokine concentrations postprandially
in future studies, as postprandial responses may provide insights on potentially
subclinical glycemia and inflammation (339, 340). Additionally, the hypothesis of
central glucose hypometabolism in MS patients and a potential peripheral reflection
via blood glucose concentrations requires more attention in the future. In conclusion,
our data show that a FD improved cognition and mildly lowered blood glucose and
blood lipids which is associated with improved cognition. A KD mildly lowered blood
glucose and triglycerides while improving cognition only in a subgroup of patients in

dependence of ketosis induction.

Body composition and BMI are no predictors for cognition

BMI and body fat were not predictive for cognition, implying that dietary effects on
cognition are not entirely mediated by weight loss. Another study confirmed that body
composition might not be a target for improving cognition in MS (341). Targeting blood
lipids may be more promising, even though evidence thus far only originates from
observational studies (332, 333, 342). However, there was a trend for an inverse
correlation between baseline body weight and the cognition score after nine months in

our data.

Plasma micronutrients as predictors for cognition

All three diets had effects on plasma micronutrients. Both ketone-based interventions
increased lutein/zeaxanthin (Table 3), an antioxidant carotenoid derived from dark
green leafy vegetables. Lutein/zeaxanthin was positively correlated with cognition
(Table 7). The role of lutein/zeaxanthin regarding cognition has been investigated since
1998 (343) and higher plasma lutein/zeaxanthin or higher estimated lutein/zeaxanthin
dietary intake was independently associated with better cognition in large studies (344-
346). RCTs confirmed causality and provided a rationale for lutein/zeaxanthin
supplementation for the improvement of cognition in young healthy adults and older
adults (347, 348). Lutein/zeaxanthin might enhance neural efficiency (349) and
influence white matter integrity, especially in regions that are susceptible to age-related
decline (350).
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Moreover, cryptoxanthin, which decreased in the KD group and increased in the FD
group, was borderline-significantly positively associated with cognition - even though
relatively wide confidence intervals must be considered (Table 7). Plasma
cryptoxanthin levels have been shown to be positively associated with cognitive
function in an untargeted metabolomics study with 736 adults (351). Remarkably, a
cohort study with 927 participants who were followed up for a mean of seven years
and who were free from Alzheimer’s disease at baseline, showed high carotenoid
intake including cryptoxanthin and lutein/zeaxanthin, to be associated with a 48% risk
reduction of developing Alzheimer’s disease, even after controlling for several risk
factors (352). Increased plasma micronutrients further imply a tendency to general
healthier dietary habits initiated through the dietary counselling. The observed
improvements of plasma micronutrients, adipokines, blood lipids, body weight and
body composition underline the efficacy of dietary counselling to improve nutritional
status in MS patients and shed light on effects of ketone-based diets besides ketone

production.

7 Limitations of the NAMS study and this sub-cohort

The NAMS study remains as of today the largest rigorously designed study
investigating ketone-based interventions in MS patients. Further, the study is not only
a controlled but also a randomized study, which is especially important, as most dietary
interventions cannot be blinded. MS is a rather slowly progressing disease and the
long study duration of nine months gives a realistic opportunity to follow-up the disease
course and enclose potential disease activity. However, the already mentioned bias
factors concerning the outcome tools FSS and BDI-Il must be considered, as the tools
do not distinguish between MS-related symptoms such as fatigue and depression and,
e.g., sleep disorders. The FSS further does not appear suitable for assessing cognitive
fatigue. The BDI-Il that includes diet-specific items does not appear suitable for dietary
interventional studies. Further, wide confidence intervals in our regression analyses
must be considered when interpreting results. Regarding the SDMT, practice effects
might have appeared and may have led to an increase in scores at the follow-up visit
among all three groups (326). Placebo and nocebo effects in the FD and KD group

might have influenced the results as the diets cannot be blinded.
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Evaluating the dietary adherence of patients remained somewhat challenging in
outpatient settings. As the patients in the KD group did not respond in the same way
as the patients in the FD group, it is questionable if dietary adherence was sufficient
over the complete study duration. However, such long intervention periods cannot be
conducted in inpatient settings and real-world application is more relevant for transfer
into dietary recommendations. Especially in the KD group, however, the dietary
adherence was difficult to assess within the outpatient setting and could be only
reviewed at fixed time points. App-supported dietary tracking for compliance
monitoring and continuous ketone/glucose monitoring may play a role in the future,
possibly improving compliance and monitoring in dietary studies as well as reducing
measurement burden for patients. Another limitation of the study is the long duration
between study visits. Relevant short-term effects of the diets may have occurred during
the first three to six months of the study and may have been missed by our study
design. Further, as mentioned above, the study visits including data assessment and
blood draws were not applied during the actual fasting weeks, but three months after
the last fasting week. Hence, acute fasting or temporary post-fasting effects are not
covered by our data.

The higher number of adverse events in the FD group may be biased as there were
quantitatively more group meetings during the fasting periods in the FD group
compared to KD and SD group, so more opportunities for reporting adverse events
were given. Due to the selection of the per-protocol population, insufficient
randomization as shown in the baseline table (Table 1) was caused: higher blood lipid
concentrations, and distinct baseline values that are indicative of more progressed
cognitive impairment (comparing the mean SDMT baseline scores between the three
groups), fatigue and depressive symptoms can be seen in the FD group, compared to
the KD and SD group. It is therefore not fully clear, whether the FD was superior to the
KD, or whether the FD appears more efficient due to its more impaired study
population. Besides, a healthy participant bias population must be presumed, meaning
that usually high proportions of healthier and well-educated patients enrol into clinical
studies who are already practicing a healthier lifestyle (353). This may explain why the
prevalence of severe fatigue and mild, moderate, and severe depression was low in
our cohort, compared to the general MS population. Hence, the evaluation of the diet’s

efficacy in improving these symptoms is limited as room for improvement has been
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rather low. Eventually, the exploratory approach of this analysis must be considered

when interpreting the results.

8 Main Conclusions

The ketone-based dietary regimens KD and FD improved body weight, body fat,
inflammatory adipokines, micronutrients, blood glucose, and blood lipids. Both
interventions can be considered safe. Although most adverse events occurred in the
FD group, the number of protocol deviations in the FD group was the lowest.
Remarkably, the FD ameliorated minimal depressive symptoms and cognition. Some
plasma micronutrients were positively, and metabolic markers (blood lipids, blood
glucose) were inversely associated with cognition, suggesting mediation of dietary
effects. Changes in markers for vegetable consumption and plasma micronutrients
further suggest that due to the FD, healthier eating patterns may have developed,
which in turn may have promoted these beneficial effects aside from caloric restriction.
The low adherence in the KD group indicates limited feasibility of this diet and even in
the patients who did adhere, following the KD did not necessarily induce substantial
ketosis at the nine-month study visit. However, ketosis induction appears to be the
driving mechanism of improving cognitive function due to KDs, as shown in previous
research, and confirmed by our results: in the KD group, only patients showing a
successful ketosis induction at their study visit, presented significant improvements in
cognition and their mean increase of 3.9 points on the SDMT score is clinically relevant.
Due to imbalanced baseline values in the relevant outcome parameters cognition,
fatigue, depressive symptoms, and potential mediators (blood lipid concentrations)
between FD and KD group - with the FD group including more progressed patients -
conclusions on the superiority of the FD against the KD cannot be drawn without
uncertainty. However, within-group effects in the FD group and KD subgroup regarding
cognition may be each clinically relevant. Furthermore, the improvements of minimal
depressive symptoms as observed in the FD group only, may be clinically relevant. In
line with these results, in at baseline moderately fatigued patients, a trend of
improvement was seen after nine months in the FD group, only. Ultimately, the greater

feasibility of the FD compared to the KD indicates a certain superiority of the FD.
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Clinical implications: Further rigorous interventional studies with greater sample
sizes and neuropsychiatric outcomes as primary endpoints are necessary to build on
our results. Additionally, the choice of outcome measuring tools, proper randomization,
and the role of other potential bias factors need to be considered in further studies.
However, against the background that pharmacological therapies have substantial side
effects and are not sufficient to improve neuropsychiatric symptoms in all MS patients,
regular fasting episodes combined with intermittent fasting may be a safe, feasible,
low-cost, multi-target approach. KDs, in contrast, appear more challenging, difficult to
adhere to, and may address only a narrow patient population. However, it must be
noted that patients who did manage to adhere and achieve relevant ketosis, benefited
from a KD. Nevertheless, fasting interventions are more feasible long-term, less
restrictive, and therefore more suitable for a broader population. Especially MS
patients with refractory obesity, metabolic alterations, and mild neuropsychiatric
symptoms, who are free from muscle weakness symptoms or other motor system
impairments might benefit from fasting. Of note, suitable patients should be identified
by trained physicians, who are qualified to instruct fasting interventions and guide
patients.

Conclusion: A healthy diet combined with regular prolonged fasting episodes with
subsequent intermittent fasting might be recommended to MS patients to improve their
cardiometabolic risk profile and mild neuropsychiatric symptoms, and thus complement

treatment options for MS.
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9 Appendix

Table 9: Adverse events

Adverse events and KD FD SD

organ systems / n=20 n=31 n=20
affected areas

Total number of 64 100 52
adverse events

Number of serious 1 (unrelated to the

none . i . none
adverse events dietary intervention)

Dermatological

Furuncle 1

Eczema on the neck 1

Urticaria 1

Skin changes 1

Gastrointestinal

Bloated stomach 1

Flatulence

Nausea 6

Stomach pain 1

Stomach cramps 1

Gastritis 2 1

Diarrhoea 3 1 1

Reflux 1

Vomiting 3

Other gastrointestinal
symptoms

Infectious

Flu 1

Fever

Sinusitis

Nail mycosis

PN = =N o]

Pinworms

Cold 9 7 13

Vaginal mycosis

Rota virus infection

Infection of upper
airways

Bronchitis 3

Herpes labialis 7

Musculoskeletal

Head trauma 1

Muscle weakness 1

Osteoporosis 1

Radius node fracture 1

External ligament
rupture

Tendinitis 1
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Lateral stitch

Rip bruise

Teeth

Teeth root treatment

Tooth root
inflammation

Neurological

Impaired walking
ability

Fatigue

Vertigo/dizziness

Increased perspiration

Tremor

Migraine

Disorders of the ear

Tinnitus

Hearing impairment

Otitis media

Cotton wool feeling

Psychiatric

Loss of drive/difficulties
concentrating

Depressive symptoms

Sleep disruption

Inner unrest and
shaking

Bladder disorder

Urinary tract infection

Miction disorder

Pollakiuria

Urinary incontinence

Micronutrients

Folic acid deficiency

Hypervitaminosis D

Hypovitaminosis D

1

Hypopotassemia

1

Vitamin B12
deficiency

1

Blood system and metabolism

Microhaematuria

1

Elevated uric acid

Elevated creatinine

Leukopenia

Hypoglycaemia

Alalalala

Lymphocytopenia

Eosinophilia

Pain

Facial pain
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Burning feeling on
scalp

Pain in elbow

Pain at multiple sites 3
Pain after tooth 1
extraction
Leg pain 1
Thoracic pain 1
Pain in the liver region 1
Neck pain 1
Headache 4 3
Trigeminal pain 1
Kidney pain 1
Shoulder pain
Backpain (prolapse) 2 3
Pain after twisted y
knee
Allergies

Allergic symptoms | 1 1

Perceptual disturbances
Feeling of heat in legs 1
Tingling in limbs 1 1
Stiffness in legs and 2 y
arms
Heavy feeling of the legs 1 3
Feeling of tension in
limbs 1
Paraesthesia 1

Lhermitte sign

Numbness of both hands 1

Cardiovascular

Tachycardia 1 1

Hypotonia 1

Hypercholesterinemia 1 1

Vision and eyes

Vision impairments

Flashlight vision

Itchy eyes

alalalN

Retinal tear

Other

Lower appetite

Weight loss

Hair loss

N| =2

Sweating

Appendicitis 1

Uterus myoma 1

FD = fasting diet, KD = ketogenic diet, SD = standard healthy diet
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