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Abstract 

Background: Dietary sulfur amino acid (SAA) restriction is an established animal model for increasing lifespan and 
improving metabolic health. Data from human studies are limited. In the study outlined in this protocol, we will evalu-
ate if dietary SAA restriction can reduce body weight and improve resting energy expenditure (REE) and parameters 
related to metabolic health.

Method/design: Men and women (calculated sample size = 60), aged 18–45 years, with body mass index of 
27–35 kg/m2 will be included in a double-blind 8-week dietary intervention study. The participants will be rand-
omized in a 1:1 manner to a diet with either low or high SAA. Both groups will receive an equal base diet consist-
ing of low-SAA plant-based whole foods and an amino acid supplement free of SAA. Contrasting SAA contents will 
be achieved using capsules with or without methionine and cysteine  (SAAhigh, total diet SAA ~ 50–60 mg/kg body 
weight/day;  SAAlow, total diet SAA ~ 15–25 mg/kg body weight/day). The primary outcome is body weight change. 
Data and material collection will also include body composition (dual X-ray absorptiometry), resting energy expendi-
ture (whole-room indirect calorimetry) and samples of blood, urine, feces and adipose tissue at baseline, at 4 weeks 
and at study completion. Measures will be taken to promote and monitor diet adherence. Data will be analyzed using 
linear mixed model regression to account for the repeated measures design and within-subject correlation.

Discussion: The strength of this study is the randomized double-blind design. A limitation is the restrictive nature of 
the diet which may lead to poor compliance. If this study reveals a beneficial effect of the  SAAlow diet on body com-
position and metabolic health, it opens up for new strategies for prevention and treatment of overweight, obesity 
and its associated disorders.
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Introduction
The past decade has seen the emergence of circulat-
ing amino acids as predictors of metabolic risk, and 
evidence implicates a role for sulfur-containing amino 
acids (SAA) in obesity-related metabolic disease [1, 
2]. SAA include the essential amino acid methionine, 
which via the transmethylation and transsulfuration 
pathways can be converted to cysteine, a condition-
ally essential amino acid [3]. Cysteine is a precursor of 
glutathione, taurine and  H2S, compounds with critical 
metabolic properties [4], including intracellular antiox-
idant defense, bile acid conjugation and cardiovascular 
function, vasodilation, immunomodulatory and signal-
ing functions, respectively [5].

The main sources of dietary SAA are animal-derived 
foods, the intakes of which are typically high in West-
ern societies [6]. A Western diet is associated with 
hypertension, heart disease, obesity, diabetes, and cer-
tain cancers. In animal models, dietary SAA restric-
tion has been demonstrated to induce several beneficial 
metabolic effects [7]. The first study dates back to 1993, 
in which methionine restriction was demonstrated 
to increase the lifespan of rats [8]. Subsequent stud-
ies have showed that SAA restriction results in higher 
energy expenditure, enhanced insulin sensitivity and 
lower adiposity [9, 10]. In addition, SAA restriction 
triggers metabolic adaptations leading to increased 
mitochondrial biogenesis and transcriptional remode-
ling of lipid and glucose metabolism with reductions in 
circulating and tissue lipids, hepatic steatosis, oxidative 
damage and inflammation [11–15]. In human obser-
vational studies, particularly circulating total cysteine 
linearly correlates with fat mass, independent of other 
SAA [16]. Collectively, dietary SAA restriction in ani-
mals and human observational data suggest that higher 
methionine and cysteine availability promotes fat gain 
[14, 17].

The substantial body of experimental data on the 
role of SAA as potentially causal risk factors for obe-
sity and its metabolic sequelae has not been trans-
lated into dietary recommendations in humans, mainly 
because of limited data from interventions in humans. 
One 16-week randomized controlled trial showed that 
fat oxidation was increased on a methionine restricted 
diet [18]. Recently, we showed that a 7-day study with a 
SAA restricted diet decreased plasma methionine, cys-
tathionine, urinary total cysteine, and increased serum 
fibroblast growth factor 21 (FGF21) and lipogenic 

mRNAs in adipose tissue [19]. Because of the limited 
human data available, effects of dietary SAA restric-
tion should be further addressed to translate beneficial 
findings from animal studies to human populations 
with overweight and obesity. In the trial branch of the 
Sulfur amino acids, energy meTAbolism and obesitY 
(STAY)-project we will perform a dietary interven-
tion in participants with overweight and obesity to (1) 
evaluate if 8  weeks of dietary SAA restriction reduces 
overweight and obesity, and improves body composi-
tion and energy expenditure, and (2) identify poten-
tial mechanisms by which lowering dietary SAA may 
change metabolism in humans. In this paper, we outline 
the study protocol of the trial according to the SPIRIT 
initiative: Standard protocol items: Recommendations 
for interventional trials [20] (see Additional file  1 for 
checklist).

Objectives
The overall objective of the trial is to establish effects 
of SAA restriction on body weight and related param-
eters of metabolic health including body composition 
(lean mass, total and compartmental fat mass [visceral 
fat mass, subcutaneous fat mass]) and resting energy 
expenditure (REE) in humans. Further, we aim to char-
acterize the response to SAA restriction in plasma bio-
markers and gene expression patterns related to amino 
acid, sulfur compounds, lipid and glucose metabolism as 
well as markers of appetite regulation, inflammation, adi-
pokines and markers of liver status. The overarching aim 
is to translate findings from previous animal experiments 
to humans. For a complete overview of the outcomes and 
their methods of measurement, see “Assessment of pri-
mary and secondary outcomes” and Table 1.

Methods and trial design
Study setting and design
The study will be conducted at the Centre for Clinical 
Nutrition (CCN) at Institute of Basic Medical Sciences, 
University of Oslo (Oslo, Norway). This randomized con-
trolled trial (RCT) will follow the Consolidated Stand-
ards of Reporting Trials (CONSORT) guidelines [21]. 
Both randomized groups will receive a full diet interven-
tion with provision of meals and snacks for the duration 
of the study. The intervention starts after a 7-day run-in 
period, and lasts for 8  weeks. Participants will attend 
the CCN at baseline (week 0) and at week 4 and at the 
final visit (week 8) after start of intervention for clinical 
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assessment, anthropometric measurements and for col-
lection of biological samples. Follow-up conversations 
will be conducted by telephone and e-mail on a regular 
basis.

Participants and eligibility
Recruitment is scheduled for March 2021 through 
March 2022 and men and women 18–45 years of age will 
be included. A timeline is illustrated in Table  2, and a 

Table 1 Primary and secondary outcomes

BUN blood urea nitrogen, DXA dual-energy x-ray absorptiometry, FGF21 fibroblast growth factor 2, WRIC whole-room indirect calorimetry, qPCR quantitative 
polymerase chain reaction, ELISA enzyme-linked immunosorbent assay, MS, LC–MS/MS liquid chromatography–mass spectrometry-tandem, MS, GC–MS/MS gas 
chromatography/mass spectrometry-tandem, ALAT alanine aminotransferase, ASAT aspartate aminotransferase, ɤ-GT gamma-glutamyltransferase, LD lactate 
dehydrogenase, ALP Alkaline phosphatase ALP, CK creatine kinase

Primary outcome Measured by

• Body weight • DXA

Secondary outcomes Measured by

• Resting energy expenditure, respiratory quotient, substrate oxidation • WRIC

• Changes in body composition including body fat compartments and lean mass • DXA
• Waist circumference
• Hip circumference
• Waist-hip-ratio

• Plasma and urine concentrations of SAA and related intermediates and compounds (sulfurome) • LC–MS/MS

• Plasma lipoprotein profile, total fatty acid profile, and glucose, c-peptide and insulin changes • LC–MS/MS, GC–MS/MS, ELISA, colorimetric and/or 
enzymatic methods

• Adipokines and satiety hormones • ELISA

• mRNA expression of enzymes involved in SAA, lipid and energy metabolism in adipose tissue 
and white blood cells

• qPCR and untargeted analysis (mRNA sequencing)

• Vitamin status, including plasma folate and B12 and methylmalonic acid • LC–MS/MS

• 24 h-urine urea nitrogen for nitrogen balance • Modified Kjelldahl method
• BUN-assay

• Changes in plasma biomarkers • Untargeted analysis (metabolomics)

• Serum changes in FGF21 • ELISA

• Changes in markers of liver status: ALAT, ASAT, ɤ-GT, LD, ALP, CK and bilirubin • Colorimetric and/or enzymatic methods

• Changes in gut microbiota • Sequencing of fecal samples

Table 2 Content for the schedule of enrolment, intervention and assessments according to SPIRIT requirements

STUDY PERIOD
Enrolment Allocation Post-allocation

Time point Pre-
intervention Run-in Week 0 Week 2 Week 4 Week 6 Week 8

ENROLMENT:
Eligibility screen X
Informed consent X

Allocation X
INTERVENTIONS:

SAAlow

SAAhigh

ASSESSMENTS:
DXA X X X

WRIC X X X
Blood, urine and adipose tissue X X X

Anthropometric measures X X X
Dietary assessment/Food diaries X X X

MONITORING COMPLIANCE:
Phone call and/or e-mail X X X X X

Questionnaires X X X X X

DXA dual X-ray absorptiometry, SAAlow diet low in methionine and cysteine, SAAhigh diet high in methionine and cysteine, WRIC whole-room indirect calorimetry
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flow chart outlining participant flow in Fig. 1. The upper 
age cut-off is set to avoid heterogeneity as blood concen-
trations of glutathione, which is closely associated with 
cysteine metabolism, decrease with increasing age, pos-
sibly due to higher requirements [22]. Healthy partici-
pants with overweight and obesity (BMI 27–35  kg/m2) 
will be recruited to participate in the trial. For screening 
purposes and in order to ensure that potential partici-
pants with BMI between 27 and 30 are not erroneously 
included due to high lean mass and low body fat percent-
age, they will be asked to additionally report their waist 
circumference (WC). Traditional WC cut-offs for the 
definition of overweight are > 80 and > 94 cm, for women 
and men respectively [23]. A follow-up phone call will be 
made to verify all the reported information. Screening 
will be performed 1–3 weeks prior to baseline. Exclusion 
criteria include smoking, suffering from any chronic dis-
ease, established co-morbidities, veganism (≥ 1  month), 
pregnancy or breastfeeding the last 3  months, signifi-
cant weight loss (≥ 5%) over the last 3 months and high 

intensity training (interval running, crossfit, heavy 
strength training) more than 3 session per week. An 
overview of the inclusion and exclusion criteria is given 
in Table 3.  

Recruitment of participants will primarily occur 
through social media campaigns accompanied by an 
informative web article about potential benefits of plant-
based diets with low SAA content, and a screening ques-
tionnaire. If eligible, a follow-up phone call will be made 
to confirm and clarify information regarding inclusion 
and exclusion criteria. Eligible participants will sign an 
informed consent (Additional file 2, in Norwegian) where 
project design and measures for data collection, storage 
and future use are described. Data will be stored safely 
in an encrypted space provided by Services of Sensitive 
Data at the University of Oslo. A biobank for long-term 
storage of biological material will be created for future 
exploratory analyses. The study will be conducted accord-
ing to the guidelines in the Declaration of Helsinki, and 
has been approved by the Regional Ethics Committee for 

Fig. 1 Flowchart of the study. SAA sulfur amino acids
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Medical Research in South East Norway (Reference No: 
123644) and the Norwegian Centre for Research Data 
(Reference No: 723047) in line with the current regula-
tions on data protection.

Procedures for run‑in and prior to study visits
During the run-in week, participants will be asked to do 
the following: limit alcohol intake to comply with the 
Nordic Nutrition Recommendations (NNR, max. 5  g/
days for women, max. 10 g/days for men); maintain their 
level of habitual physical activity with no more than 3 
high-intensity sessions per week; and cease dietary sup-
plementation. The participants will be encouraged to fol-
low these general guidelines for the duration of the study. 
Twenty-four hours prior to the study visits, participants 
will be asked to avoid strenuous physical activity as well 
as caffeine and alcohol intake to comply with protocols 
for measurements of REE in the whole room indirect 
calorimeter (WRIC). In addition, they will be asked to 
avoid all food and liquid (except water) intake 12 h prior 
to study visits. Participants will be instructed to collect 
24  h-urine, spot urine and a fecal sample prior to each 
visit.

Randomization and methods against bias
Recruited participants will be randomized in a strati-
fied block fashion to one of the two intervention arms 
to ensure similar numbers of participants in each group 
(Fig. 1). Block sizes will be random and a multiplicative 
of two (the number of intervention arms). Because body 
composition and SAA metabolism differ by sex [24], the 
randomization will be stratified to ensure equal number 
of males and females in each intervention arm. Randomi-
zation will be performed by a researcher unrelated to the 
study using the “blockrand” package in the R software (R 
Foundation for Statistical Computing, Vienna, Austria). 
The randomization code will be kept separate from the 
researchers and analysts until the end of study.

Blinding of the study participants and investigators is 
usually not possible in a dietary intervention. However, 
this trial will be double blind, since the base diet is iden-
tical for both groups and the only difference is whether 
they receive capsules with or without methionine and 
cysteine. Data analysts will be blinded to the group allo-
cation during analysis of the primary outcome.

Dietary interventions
Base diets and amino acid supplement
The base diet is identical in both intervention groups 
and consist of low-SAA plant-based whole foods and 
an amino acid powder without methionine and cysteine 
(XMET XCYS Maxamaid, Nutricia Norway AS, Oslo, 
Norway). The amino acid powder is used to achieve ade-
quate protein intakes as the whole foods in the diet are 
relatively low in protein. The base diet including the pow-
der provides approximately 15–25  mg/kg body weight 
of SAA per day. SAA content will be adjusted accord-
ingly using capsules (see Controlling the SAA content of 
the intervention for details). The total energy content is 
10460 kJ (2500 kcal) for men, and 9200 kJ (2200 kcal) for 
women. Nutrient and energy intakes are in line with the 
NNR [25], and calculated to not be hypocaloric. The total 
amount of energy/protein and SAA in the diets only dif-
fer by sex and not individual body weight. The protein 
intake will be ~ 0.8–1.2 g/kg body weight depending on 
the body weight of the participant.

A typical daily menu is given in Table 4. Methionine 
and cysteine are abundant in animal-derived protein 
and in certain fruits, grains, nuts and vegetables. Thus, 
the base diet is vegan-based without meat, fish, eggs, 
dairy products and certain plant-based foods. A list of 
low SAA-containing foods will be provided for the par-
ticipants with the option for extra or ad libitium con-
sumption of foods (Table  5). The foods from this list 
may also be used to supplement all recipes in the meal 
plan. Approximate daily energy content of the base 
diets including the powder will range from 45–60 E% 

Table 3 Inclusion and exclusion criteria

Inclusion Exclusion

Age 18–45 Smoking

BMI 27–35 kg/m2 Chronic disease + co-morbidities

Healthy participants Veganism (≥ 1 month)

Pregnancy

Breastfeeding the last 3 months

Significant weight loss (≥ 5%) over the last 3 months

High intensity training (interval running, Crossfit, heavy 
strength training) more than 3 sessions per week

Waist circumference > 80 cm for women and > 94 cm for men
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from carbohydrates; 25–40 E% from fats and 10–20 E% 
from protein which is in line with the NNR. Regard-
ing intake of alcohol, the participants will be advised 
to not exceed intake of 10 g/days for men and 5 g/days 
for women which is recommended by the NNR.

Animal-derived foods are major sources of vitamin 
B12, and thus vitamin B12 depletion in persons follow-
ing a vegan or vegetarian diet is always a concern [26]. 
To ensure sufficient intake of both macro and micro-
nutrients, both groups will in addition receive a pow-
dered drink mix without methionine and cysteine. The 
powder contains a balanced amount of essential and 
non-essential amino acids, carbohydrates, vitamins, 
minerals and trace elements. Flavor enhancers (Fla-
vour Modjul® from Nutricia or an alternative enhancer 
selected from a pre-defined list) may be added to the 
drinks to mask the unpleasant taste of the mix.

Controlling the SAA content of the intervention
To regulate SAA content of the diets, capsules with 
 (SAAhigh) or without  (SAAlow) methionine and cysteine 
will be provided in a double-blind manner. The  SAAlow 
group will receive capsules with no SAA (3000 mg/days 
maltodextrin) (capsules: Capsuline, Florida, USA; malto-
dextrin: (Star Nutrition, Sweden), whereas the  SAAhigh 
group will receive capsules with methionine (1125  mg/
days) and cystine (2500  mg/days) (Jo Mar Laboratories, 
Scotts Valley, CA, USA).

Total intake of SAA from base diet, powder and cap-
sules is 50–60  mg/kg/days SAA and 15–25  mg/kg/days 
in the  SAAhigh and  SAAlow group, respectively. In human 
and animal studies, SAA restriction has usually involved 
~ 80% reduction of SAA intake compared to the control 
group [7]. Notably, data on the normal range of SAA 
intakes in humans are limited. One paper by Nimni et al. 
estimated that Western and high-protein diets contain up 
to 50–70 mg/kg body weight/day of SAA in total, in com-
parison with ~ 20–30 mg/kg body weight/day in vegans/
vegetarians [6]. The SAA restricted diet in our planned 
intervention will meet the WHO recommendations of 
SAA content of a minimum of 15 mg/kg body weight/day 
[27].

Assessment of primary and secondary outcomes
The primary outcome is between-group change in body 
weight (Table 1). Body weight is measured by the Dual-
energy x-ray absorptiometry (DXA) procedure (Lunar 
iDXA, GE Healthcare Lunar, Buckinghamshire, United 
Kingdom) giving total body mass in kilograms. The sec-
ondary outcome measures include energy expenditure 
measured in a WRIC to calculate REE [28], body compo-
sition by DXA, body anthropometry (WC, hip circumfer-
ence, height) and a range of metabolites related to SAA 
metabolism, other amino acids, lipid parameters, appe-
tite hormones and gene expression profiles in adipose 
tissue to explore additional potential benefits of an SAA 
restricted diet. Methods and validation for measure-
ments have been published for amino acid profiles [29], 
sulfur metabolite/aminothiol analyses including hydro-
gen sulfide  (H2S) [30], total fatty acid profile [31], appetite 
hormones and adipokines [32, 33]. Glucose and insulin 
will be measured as part of the routine clinical labora-
tory panel for calculation of Homeostatic Model Assess-
ment for Insulin Resistance (HOMA). This panel also 
includes C-peptide. Liver biomarkers including alanine 
aminotransferase (ALAT), aspartate aminotransferase 
(ASAT), lactate dehydrogenase (LD), creatine kinase 
(CK), alkalic phosphatases (ALP), gamma-glutamyltrans-
ferase (ɤ-GT) and the fatty liver index (based on BMI, 
WC, triglycerides and ɤ-GT) will be assessed to evaluate 

Table 4 Example of a daily menu

2–4 amino acid powder free of methionine and cysteine is to be consumed as 
drinks throughout the day

Meal Ingredients/foods

Breakfast Oat meal and/or bread with fruits

Lunch Salad with beans, different fruits and vegetables and 
vegetable oil and bread

Dinner Vegetable casserole/vegetable soup/bean salad and bread

Supper Vegetable soup or salad with bread

Snack Nuts/fruits

Table 5 List of extra foods

Foods

Vegetables Fruit Spice/herbs/sweeteners

Iceberg lettuce Pear Dill, raw

Celery sticks Plum Chili red, raw

Tomato Nectarine Chilipowder

Onion Strawberries Pepper seasoning

Cabbage Apricot Curry powder

Mushroom Watermelon Basil, dried

Cucumber Apple (2 apples/day) Basil, raw

Eggplant Oregano, dried

Asparagus Apple cider vinegar

Sweet pepper, red Lime/lime juice

Radish Figs (as a sweetener)

Cauliflower (1 serving/
day)

Olives (10 pieces/day)

Spinach
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liver function and hepatic steatosis [34]. Nitrogen bal-
ance will be assessed using established methods [35, 36]. 
Outcome information will be collected at baseline, after 4 
and at the final visit.

Assessment of baseline diet
To obtain an estimate of the habitual diet of the partici-
pants and the magnitude of change in foods and nutri-
ent composition due to the dietary intervention, they will 
complete a 279-item validated web-based FFQ at baseline 
[37].

Monitoring compliance and feasibility
Compliance will be monitored during the intervention 
using food diaries four days including the day with the 
free ad  libitum meal prior to each study visit as well as 
compliance questionnaires. The participants will be asked 
to note which meals or parts of them they did not con-
sume, and if other food items not in the plan have been 
consumed. The participants’ subjective rating and evalu-
ation of the diets will be collected with questionnaires 
including visual analogue scales at each study visit. We 
will measure plasma and urine SAA to objectively moni-
tor compliance. In addition, participants will be asked to 
return boxes containing capsules.

Strategies to maintain compliance
The compliance to the dietary interventions or dietary 
advice is a considerable source of bias. In previous pilot 
data, the compliance was shown to be > 80% to dietary 
interventions, which is likely due to the provision of all 
intervention foods, and the relatively short intervention 
period of 7 days [19]. We will continue home delivery of 
foods in the base diet to increase the incentive to adhere 
to the plan. This delivery will also include a menu with 
recipes for each meal and information on daily intakes.

After screening and prior to baseline, each participant 
will be carefully educated through nutritional counselling 
with study dietitians or dietitian students in their final 
year of training. During the intervention, the participants 
will be offered regular consultations with the study dieti-
tians per telephone for encouragement and continuous 
evaluation of participant adherence. During these phone 
calls, participants will receive counseling and advice to 
facilitate motivation and diet adherence. They will also be 
allowed to ask any questions relating to the intervention, 
meals and recipes, and raise any concerns. In general, 
study personnel will be available to the participants via 
e-mail regarding the intervention at all times.

To limit the effects on the participants’ social life dur-
ing a restrictive diet, they will be allowed one ad libitum 
meal per week, but this meal should precede testing days 
by no less than three days. The content and amount of 

the ad libitum meals should be noted in the food diaries. 
For the final week of the intervention, the participants 
should adhere fully to the study protocol including the 
meal plan.

Sample size
Little is known about the effects of a SAA restricted diet 
on body weight and we have thus based power calcula-
tions on data from generic vegan interventions [38]. The 
online tool GLIMMPSE (https:// v2. glimm pse. sampl esize 
shop. org) was used for power calculations [39]. With 
two groups and three repeated measures we will test for 
a significant group by time interaction in the study, indi-
cating differences in body weight over time between the 
groups. Desired power is 0.8 and alpha was set to 0.05. 
A body weight difference of 3 kg between groups at the 
end of the study is considered clinically meaningful. The 
average body weight at baseline was set to 90 (SD 6) kg. 
A mean body weight difference of 1 and 3  kg between 
the  SAAlow and  SAAhigh after 4  weeks and 8  weeks was 
set in the power calculations, respectively. Baseline body 
weight is generally strongly correlated with body weight 
at subsequent visits. We hypothesize a correlation of 0.9 
between repeated measurements of body weight in each 
subject at each study visit and a decay rate of this correla-
tion coefficient of 0.5 per visit. This yielded a total sample 
size of 46. Accounting for 25% dropout (46/1 − 0.25), the 
total sample size is 60 corresponding to 30 participants 
per group. The design file used for sample size calcula-
tions is available in the supplementary material and can 
be uploaded to GLIMMPSE to view results and design 
choices (Additional file 3).

Statistical analysis
Our study design includes two intervention groups and 
three repeated measurements (baseline, 4  weeks, final 
visit). To control for correlated observations per subject 
per visit, the analysis of outcomes will be by linear mixed 
model regression. This model will include the treatment 
covariate, the visit covariate and their interaction term 
and a random term to control for within-subject corre-
lation. The primary outcome variable is change in body 
weight. The interaction term will indicate change over 
time in body weight by intervention group. Depending on 
the pattern of missing observations and loss to follow-up, 
missing values will be handled with multiple imputations 
or model approaches (including linear mixed models 
which are robust to missing observations), and sensitivity 
analyses will be performed as recommended [40, 41].

We expect that there will be treatment heterogeneity 
indicating that effects may differ depending on covariate 
values at baseline. For example, baseline body weight is 
highly predictive and correlated to body weight change 

https://v2.glimmpse.samplesizeshop.org
https://v2.glimmpse.samplesizeshop.org
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during an intervention. All models will thus be adjusted 
for the baseline values of the outcome variable. In addi-
tion, the models will be adjusted for the blocking factor 
used in randomization.

The analyses will be performed according to the inten-
tion-to-treat approach, but per-protocol (in which non-
compliant participants are excluded) analyses will also be 
reported as recommended by the CONSORT guidelines 
[21].

Stopping rules
Routines are implemented to identify adverse effects 
of the dietary interventions. Firstly, routine labora-
tory measures of appropriate blood biomarkers will be 
obtained (e.g., ASAT, ALAT, ɤ-GT, LD, creatinine) or 
hematological parameters including markers of B12 defi-
ciency. Secondly, subjective measures of participant well-
being are evaluated by direct questionnaires that contain 
questions about potential side effects, including non-spe-
cific symptoms. Individual stopping rules include allergic 
reactions to foods or supplement drinks, marked car-
diovascular effects, fatigue or headache, or biochemical 
signs indicating impaired organ functions of liver, heart, 
kidney or blood and bone marrow.

Strategies for data management
Data management will be handled in collaboration with 
the local data management team serving the Medical 
Faculty at the University of Oslo and handled accord-
ing to the Findability–Accessibility–Interoperability and 
Reuse of digital assets (FAIR) principles. A data manage-
ment plan has been approved by the funding organiza-
tion. Data will be shared upon request and application, 
but will require approval from the Regional Committee 
for Research Ethics South-East and the Norwegian Cen-
tre for Research Data in order to comply with current 
privacy laws.

Discussion
In this RCT, we will implement a dietary intervention, 
based on findings in animal models, to study the effects of 
SAA restriction on body weight, body composition and 
energy expenditure in humans. The diet design is similar 
to our previous pilot studies [19, 42] where we showed 
that plasma concentrations of methionine, cystathionine 
and urinary total cysteine decrease in SAA restricted 
groups along with increased serum FGF21 concentration 
and higher lipogenic gene expression in adipose tissue.

Presently, only one study that we are aware of has 
investigated the effects of methionine restriction on 
body composition and energy expenditure in humans 
[18]. This 16-weeks study with methionine restriction 
(but not cysteine restriction) demonstrated effects on fat 

oxidation, but no effects on body composition or total 
energy expenditure. Methionine content of the diet was 
controlled by using a supplement, but due to poor palat-
ability of the supplement, 25% of the participants with-
drew from the study, and poor adherence may have been 
a reason for the null results observed. In our pilot studies 
of 7 days, adherence was high, but the participants also 
reported poor palatability of the amino acid supplement. 
Thus, the restrictive nature of the diet, and poor palat-
ability of the powder supplement make adherence a chal-
lenge in the implementation of the planned intervention. 
Hence, in our trial, we will take several measures to avoid 
drop-out. First, the strategy of the base diet has been in 
development over several years by personnel with nutri-
tion background and a chef, with the aim to design a diet 
mainly consisting of whole foods, palatable meals, and 
with limited supplement intake. Second, the foods of the 
base diet will be delivered weekly to participant homes 
by a home delivery service to ensure that participants 
get appropriate amounts and to increase their incentive 
to comply. Meal plans and recipes will be sent electroni-
cally. Third, participants will be followed up on a regular 
basis by telephone and e-mail by study dietitians or dieti-
tian students in their final year of training for consulta-
tion about the dietary intervention. Fourth, we will make 
room for an ad libitum meal per week to maintain moti-
vation and allow social interactions with shared meals. 
The participants will be instructed to avoid the ad libitum 
meal less than three days before a study visit, as methio-
nine metabolism after an oral methionine load may be 
disrupted in overweight participants [43].

Strengths
This dietary intervention trial has several strengths, 
including the randomized double-blind design which is 
important for causal inference and a principle seldom 
used in human dietary intervention trials. In addition, 
participants are often instructed to follow a specific diet 
by limiting food intake or avoiding certain foods, whereas 
in our study, the participants will be provided with foods 
to ensure adherence and internal validity throughout the 
study. The trial will enroll healthy overweight and obese 
participants to ensure that effects are not influenced by 
the presence of disease or use of medications that may 
affect our results, although this selection may limit gen-
eralizability. If the diet is successful in terms of weight 
loss, body composition or metabolic health, it will greatly 
aid the translation of the findings from animal models. In 
addition, we can increase understanding of mechanisms 
underlying the beneficial effects of plant-based diets by 
using state-of-the-art methodology and measurement of 
novel potential biomarkers, including the sulfur-contain-
ing metabolites distal to cysteine metabolism [44].
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Limitations
The trial has a number of limitations. The SAA content 
of both the  SAAlow and  SAAhigh diets is slightly higher 
than in our pilot but methionine levels are in line with 
Plaisance et  al. [18], where effects on substrate oxida-
tion was reported. The reason for this elevation of SAA 
intake is a result of slightly increasing intakes of whole 
foods and lowering the intake of the unpalatable sup-
plement. The recruitment of participants through social 
media campaigns may result in self-selection of health-
conscious participants, but this is generally a concern in 
all advertisement towards participants. We also note that 
there is a trade-off between the level of control of food 
intake and external validity considering that most foods 
will be provided to the participants at a weekly basis. For 
example, in everyday life, regular grocery shopping and 
shared meals likely expose participants to higher avail-
ability of all foods as well as impulse purchases. However, 
we regard this level of control necessary in order to make 
robust conclusions about the effects of SAA restriction 
on metabolic health. Future studies should evaluate the 
feasibility of following a SAA restricted diet in every-
day life. Another limitation is that we will not be able to 
assess any long-term effects of SAA restriction over the 
course of 8 weeks. However, results from our study can 
hopefully inform and aid in the design of future long-
term dietary interventions with dietary SAA restriction. 
In terms of data collection, we are unable to assess rel-
evant complications of overweight and obesity in which 
SAA restriction has proved effective in animal models. 
For example, dietary SAA restriction may be a poten-
tial therapeutic approach to treat hepatic steatosis and 
improve postprandial glucose tolerance, but we do not 
have the resources available to assess these outcomes in 
a rigorous manner and therefore rely on relevant bio-
markers that may may aid in the elucidation of an SAA 
restricted diet on the progression of these diseases (see 
Table 1 for details). Finally, although the diets are isoen-
ergetic, they are not tailored in macro- and micronutri-
ent content according to need of each participant, but 
we emphasize that the aim of this trial is to compare two 
diets with large absolute differences in SAA and not rela-
tive to energy intake.

Conclusions
There is limited data on the effects of dietary restric-
tion of methionine and cysteine in humans. The trial 
is expected to contribute high-quality scientific evi-
dence, using state-of-the-art methodology for outcome 
assessment and with a focus on maintaining high par-
ticipant adherence. If the results of this trial are in line 
with previous findings from our pilot and reports from 

animal studies, a plant-based diet low in methionine and 
cysteine may be a promising approach for weight reduc-
tion, reduced adiposity, improved metabolic health and 
with beneficial effects on obesity-related diseases.
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