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Abstract

Background: Dietary restriction of methionine and cysteine is a well-described model that improves metabolic
health in rodents. To investigate the translational potential in humans, we evaluated the effects of dietary methio-
nine and cysteine restriction on cardiometabolic risk factors, plasma and urinary amino acid profile, serum fibroblast
growth factor 21 (FGF21), and subcutaneous adipose tissue gene expression in women with overweight and obesity
in a double-blind randomized controlled pilot study.

Methods: Twenty women with overweight or obesity were allocated to a diet low (Met/Cys o, N=7), medium (Met/
CYS_medium, N=7) or high (Met/Cys 1,4, n=6) in methionine and cysteine for 7 days. The diets differed only by methio-
nine and cysteine content. Blood and urine were collected at day 0, 1, 3 and 7 and subcutaneous adipose tissue
biopsies were taken at day 0 and 7.

Results: Plasma methionine and cystathionine and urinary total cysteine decreased, whereas FGF21 increased in
the Met/Cys q,, vs. Met/Cys 1,4, group. The Met/Cys,,,, group had increased mRNA expression of lipogenic genes in
adipose tissue including DGATT. When we excluded one participant with high fasting insulin at baseline, the Met/
Cys.w group showed increased expression of ACAC, DGATT, and tendencies for increased expression of FASN and
SCD1 compared to the Met/Cys ,, group. The participants reported satisfactory compliance and that the diets were
moderately easy to follow.

Conclusions: Our data suggest that dietary methionine and cysteine restriction may have beneficial effects on circu-
lating biomarkers, including FGF21, and influence subcutaneous adipose tissue gene expression. These results will aid
in the design and implementation of future large-scale dietary interventions with methionine and cysteine restriction.

*Correspondence: thomas.olsen@medisin.uio.no

! Department of Nutrition, Institute of Basic Medical Sciences, University
of Oslo, Postboks 1046, Blindern, 0317 Oslo, Norway

Full list of author information is available at the end of the article

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-020-02288-x&domain=pdf

Olsen et al. J Transl Med (2020) 18:122

Page 2 of 15

Trial registration ClinicalTrials.gov Identifier: NCT03629392, registration date: 14/08/2018 https://clinicaltrials.gov/ct2/

show/NCT03629392.

Keywords: Methionine restriction, Dietary intervention, Plasma biomarkers, Translational research, Adipose tissue,

MRNA expression

Background

Overweight and obesity are major risk factors for meta-
bolic disruptions including dyslipidemia and insulin
resistance that increase overall risk of morbidity and
mortality [1, 2]. Dietary intervention is a common strat-
egy in obesity management; however, whether specific
dietary interventions are more efficient than others for
weight control is still debated. Dietary restriction of the
sulfur amino acids methionine and cysteine has the past
decades become increasingly recognized as a research
model to promote leanness and longevity in animals
[3-6].

Methionine is an essential amino acid that through a
sequence of reactions can be converted to cysteine [7].
Cysteine is a precursor of the antioxidant glutathione,
and taurine via catabolism by the enzyme cysteine dioxy-
genase (CDO). In human observational studies, plasma
methionine and total cysteine (tCys) are associated with
body mass index (BMI), fat mass, insulin resistance and
markers of the activity of the lipogenic enzyme stearoyl
coenzyme A desaturase (SCD) [8-11]. In rodents, die-
tary restriction of methionine and cysteine are associ-
ated with several beneficial metabolic effects including
increased energy expenditure, enhanced insulin sensitiv-
ity and decreased adiposity [12—-15]. One of the primary
biological responses includes effects on lipid metabolism
such as increased expression of genes involved in de novo
lipogenesis, lipolysis and fatty acid oxidation in liver and
white adipose tissue [13, 16, 17]. The available literature
from preclinical work support that fibroblast growth fac-
tor 21 (FGF21), a member of the endocrine FGF super-
family, is one of the main factors that regulate lipid
and glucose metabolism in methionine restricted mice
[18-20].

Despite the clear benefits of methionine and cysteine
restriction in animal experiments, and epidemiologic
data suggesting that cysteine is obesogenic [21], there
are few controlled dietary interventions with methionine
and cysteine restriction in humans. One dietary interven-
tion with severe restriction of methionine (>80% relative
to controls), but not cysteine, in subjects with metabolic
syndrome (n=26), demonstrated increased fat oxida-
tion compared to the control group, whereas there were
no differences in cardiometabolic risk markers and body
composition [22]. The lack of effects in the intervention
group in this study might be due to cysteine intakes as

indicated by reversal of the beneficial effects of methio-
nine restriction by cysteine supplementation [13]. To our
knowledge, no studies have focused on effects of com-
bined methionine and cysteine restriction in overweight
and obese populations. Furthermore, no studies have
evaluated whether moderate reduction (~35% relative
to controls), may have similar metabolic effects and be a
more feasible approach both in research settings as well
as in everyday life.

The primary aim of this pilot study was to evaluate the
potential effects of a 7-day diet low, moderate or high in
methionine and cysteine content on a wide selection of
potential outcomes identified in preclinical and observa-
tional studies [9, 13, 14, 16, 18] that may aid in the plan-
ning and design of a future large-scale study. Outcome
measures included plasma lipids, amino acids, glucose,
serum FGF21, and other biomarkers related to energy
metabolism, including adipose tissue gene expression
and plasma SCD activity indices in healthy women with
overweight and obesity.

Materials and methods

Study design

We conducted a 7-day, double-blind, randomized con-
trolled pilot intervention study at the Centre for Clini-
cal Nutrition at Institute of Basic Medical Sciences,
University of Oslo, Norway from October 2018 until
February 2019. The participants were recruited through
the social media channels of the Faculty of Medicine
and the Department of Nutrition, University of Oslo.
Of the 195 participants that were assessed for eligibility,
20 were randomly assigned, and 19 completed all study
visits (Fig. 1). The participants were healthy women
with overweight or obesity (BMI 25-35 kg/m?) aged
20-40 years. Participants were also included if body fat
percentage corresponded to >33% as measured by dual-
energy X-ray absorptiometry [23]. Exclusion criteria
were presence of major chronic disease, use of medica-
tions, smoking, strenuous physical activity >3 times/
week, veganism, pregnancy, and breastfeeding. Because
this was a pilot study where we did not have sufficient
information on relevant effects from previous stud-
ies, no formal power calculations were performed. The
number of participants were based on expected partici-
pant recruitment applying the same strategies as in our


https://clinicaltrials.gov/ct2/show/NCT03629392
https://clinicaltrials.gov/ct2/show/NCT03629392

Olsen et al. J Transl Med (2020) 18:122

Assessed for

eligibility
(n=195) Excluded due to
inclusion or
:%) exclusion criteria
Invitations __@=155 J
(n=40)

Did not return
:%’ consent form
(n=20)
Randomized
(n=20)
—

| }

Met/Cys.jo(1.52) Met/Cys.medium(3-58) Met/Cys yign(5.5)
(n="7) (n=17) (n=06)
Lost to Lost to Lost to

follow-up follow-up follow-up
(n=1)! (n=0) (n=0)

Completed

Completed
(n=7)

Completed

(n=10) (n=10)

Fig. 1 Flow chart of the study participants and progression. The
Met/Cys groups had low, medium or high intake of methionine and
cysteine. '0One participant did not complete the last visit (V4), but all

data obtained at V1-V3 were included in relevant analyses

previous pilot study [24]. Results from this study were
reported in accordance with the CONSORT guidelines
for pilot studies [25, 26].

The participants were randomly assigned in a 1:1:1
manner to 1 of 3 interventions groups that were severely
restricted (Met/Cys ), moderately restricted (Met/Cys.
medium)» OF high in methionine and cysteine (Met/Cys y;q)
content. Randomization and assignment were performed
by researchers unrelated to the study using the “blockrand”
package in R (R for statistical computing, Vienna). A block
size of 12 was used to ensure similar numbers of partici-
pants per group. Thus, the study personnel were blinded
to group allocation. Details of the composition of the diets
are described below. Blood sampling were performed at
baseline (visit 1), and after 1 (visit 2), 3 (visit 3) and 7 (visit
4) days. Clinical and anthropometric measurements and
fat biopsies were performed at visit 1 and visit 4. Before
the baseline visit, all participants performed a 1-week run
in period with instructions to avoid intake of fatty fish,
cod liver oil, n-3 fatty acid supplements and other supple-
ments, to moderate their alcohol consumption (maximum
2 units 3 times per week), and to keep their physical activ-
ity level normal. The day before study start, participants
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were recommended to avoid strenuous physical activity, to
abstain from alcohol and fast 10 h before blood sampling.
All participants gave written informed consent. The
study was conducted according to the guidelines in the
Declaration of Helsinki, and the Regional Ethics Com-
mittee for Medical Research in South East Norway
approved the study (reference number: 2015/634). The
study was registered at US National Library of Medi-
cine Clinical Trials registry (ClinicalTrials.gov Identifier:
NCT03629392, registration date: 14/08/2018).

Dietary interventions

The diet was based on the intervention in a previous
pilot study [24] with some modifications. The diet was
adjusted to the Nordic Nutrient Recommendations for
females aged 18—60 years with an average energy require-
ment corresponding to about 2200 kcal/d [27]. Because
the main aim of the study was to compare diets contrast-
ing in sulfur amino acid content, the total number of
calories were the same for each participant. A detailed
overview of the nutrient composition of the diet is pre-
sented in Additional file 1. Meals were developed to fit
a Norwegian cuisine and available ingredients. A typical
menu is displayed in Additional file 2.

Sulfur amino acids are found in most foods but are
especially high in animal products. Thus, the diets were
vegan-based and consisted of plant foods. In order to
achieve recommended protein and micronutrient intake,
all participants were given powdered drink as a supple-
ment to the foods. The supplement contained all essential
and non-essential amino acids carbohydrates, vitamins,
minerals and trace elements, excluding sulfur amino
acids (XMET XCYS Maxamaid®, Nutricia Norway AS,
Oslo, Norway). Thus, the design of the intervention was
double-blind. To improve the flavor of the drink mixes,
the participants added a flavoring powder (Flavour
Modjul® from Nutricia) with either a blackcurrant or
orange taste.

We designed three diets with different sulfur amino
acid content by regulating the quantity of methionine
and cysteine powder added to the diet. This resulted in a
diet with a low (Met/Cys ), medium (Met/Cys_..qium)
or high (Met/Cys y) sulfur amino acid content. The
Met/Cys p,, group was considered the control group
and were based on intake estimates on high protein diets
[28]. The Met/Cys,,, and Met/Cys_, . 4ium SrOUpPS were
selected based on an overall aim to achieve severe and
moderate restriction as compared with the Met/Cys
group. All diets fulfilled the minimum WHO recommen-
dation of daily intake of sulfur amino acids of 15 mg/kg
[29], and corresponded to a content that was on average
72% and 35% relative to the Met/Cys_y;,, group. No pow-
der was added to the Met/Cys,,, diet; thus, the mean
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content of sulfur amino acids in the diet was 1.6 g/day
(0.8 g/d of methionine and 0.8 g/d of cysteine). An over-
view can be found in Additional file 3. In the Met/Cys.
medium diet, we added a total of 2.04 g of powder (0.68 g of
methionine and 1.36 g cysteine) resulting in a mean daily
intake of 3.64 g/d (1.48 g/d of methionine and 2.16 g/d of
cysteine). In the Met/Cys ., diet we added 4 g of powder
(1.32 g of methionine and 2.68 g of cysteine), with a total
mean intake of 5.6 g/d of (2.12 g/day of methionine and
3.48 g/d of cysteine).

All foods and supplements, including a menu with reci-
pes for each meal and information on daily intake, were
supplied to the participants and were delivered to their
home address by a delivery service.

Anthropometric parameters

A bioelectrical impedance weight (Seca mBCA515, Ham-
burg, Germany) was used to measure body weight and
calculate BMIL

Blood and urine sampling and biochemical assays

Venous blood samples were collected from each partici-
pant at days O, 1, 3 and 7 after an overnight fast. Descrip-
tion of the blood sampling, and amino acids assays has
been reported in details previously [24]. Blood was col-
lected into 2 EDTA-lined vacuum tubes for measure-
ments of total amino acids, total free (unbound), and
free oxidized and reduced homocysteine, cysteine and
glutathione, and S-adenosylmethionine and S-adenosyl-
homocysteine. To trap the thiols, a tube contained N-eth-
ylmalemide 150 mmol/L at 10% of the volume of the tube
[30]. Immediately after withdrawal, the blood was cen-
trifuged for 5 min at 4 °C, followed by precipitation with
5-sulfosalicyclic acid 10%, with the resultant supernatant
aliquoted and stored at — 80 °C until analysis.

Blood samples for measurement of total cholesterol,
low-density lipoprotein cholesterol (LDL-C), high-den-
sity lipoprotein cholesterol (HDL-C) and triglycerides,
apolipoprotein Al (apoAl), apolipoprotein B (apoB),
glucose, and insulin were measured at Department of
Medical Biochemistry (Oslo University Hospital Rikshos-
pitalet, Oslo, Norway) by colorimetric and/or enzymatic
methods (Cobas ¢702 analyzer, Roche Diagnostics Inter-
national Ltd, Rotkreuz, Switzerland). Serum FGF21 con-
centrations were measured by the R&D Systems Human
FGF-21 Quantikine ELISA with intra-assay CV: 2.9-3.9%
and inter-assay CV: 5.2—10.9%.

Amino acid assays

Total (plasma and urine), free reduced/oxidized
(plasma) and unbound (plasma) methionine, homo-
cysteine, cysteine, cystathionine, taurine and glu-
tathione as well as S-adenosylmethionine and
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S-adenosylhomocysteine were measured by liquid
chromatography—tandem mass spectrometry (LC-—
MS/MS) as described in detail in a previous publica-
tion [24]. Coefficients of variation for total plasma and
urinary sulfur amino acids were 3.4—6.7%. For plasma
SAM and SAH, the coeflicients of variation were 2—3%,
and 4-6% for the total unbound fraction representing
the combined free reduced and disulfide concentra-
tions. The bound fraction was calculated by subtract-
ing the unbound concentration from the total plasma
concentration.

Fatty acid assays

Plasma samples, thawed in fridge overnight, were vor-
texed, centrifuged and pipetted into vials. Internal stand-
ard (triheptadecanoin) was added and samples were
methylated with 3 N HCI in methanol. FAMEs were
extracted with hexane, then samples were neutralized
with 3 N KOH in water. After mixing and centrifuging the
hexane phase was injected into the GC-FID. Analysis was
performed on a 7890A GC with a split/splitless injector,
a 7683B automatic liquid sampler, and flame ionization
detection (Agilent Technologies, Palo Alto, CA). Sepa-
rations were performed on a SP-2380 (30 m x 0.25 mm
i.d. x 0.25 pm film thickness) column from Supelco. As a
surrogate marker of liver SCD1 activity, we examined the
plasma SCD-16 index estimated by the product/precur-
sor-ratio of fatty acids in plasma (C16:1n-7/C16:0).

Diet feasibility and evaluation

The participants’ subjective rating and evaluation of the
diets were collected with questionnaires that included
visual analog scales providing a range of scores from 0 to
100, with 0="no pain/symptoms/great satisfaction” and
100 =“maximum pain/symptom/dissatisfaction”.

Subcutaneous fat tissue biopsies

Subcutaneous adipose tissue was obtained from the
periumbilical region by a suction-based biopsy proce-
dure. The skin was sterilized and a half-circular area of
skin and subcutis were anaesthetized by injecting 5mL
of a local anesthetic (Xylocain 10mg/mL AstraZeneca,
Sodertilje, Sweden). A needle (Sterican 2.10 x 80, Ref.
No. 04665473, B Braun, Melsungen, Germany) con-
nected to a vacuum syringe was inserted into subcutane-
ous adipose tissue. Subcutaneous adipose tissue biopsies
were then dissected on an ice-cold aluminum plate to
remove blood and other materials before aliquots were
subsequently snap-frozen in 1.5mL cryotubes and stored
at — 80 °C.
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Isolation of RNA, complementary DNA synthesis

and quantitative real-time PCR

RNA from frozen fat tissue was extracted using TRIzol
(thermoFisher) and RNeasy lipid Tissue mini kit (Qia-
gen) according to the manufacturer instructions. The
quantity and quality of the RNA were monitored using
a Nanodrop ND-1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, US). A RIN value of
> 7.0 was considered acceptable to proceed wth qPCR
analysis.

Isolated RNA (250 ng) was reversely transcribed to
complementary DNA using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). Quan-
titative real-time PCR (qPCR) was performed with
either 2.5 pL diluted cDNA (12.5 ng RNA) mixed in
a 10 pL Kapa SYBR FAST qPCR Master Mix Univer-
sal (KapaBiosystems, Wilmington, MA, US), or 9 pL
diluted ¢cDNA (25 ng RNA) and 1 pL predeveloped
TaqgMan Gene Expression Assays were mixed in 10 pL
TagMan Gene Expression Master Mix (Thermo Fisher
Scientific, Waltham, MA, US), on a Bio-Rad CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, US).

Assay primers for Kapa SYBR FAST qPCR reactions
were designed with Primer-BLAST software (NCBI,
Bethesda, MD, US). Primer sequences are listed in
Additional file 4. Predeveloped primers and probe sets
(TagMan assays) were used to analyse mRNA levels
of the following target genes (official gene symbol in
parenthesis): Leptin (LEP), Hs00174877_m1; PR/SET
domain 16 (PRDM16), HS00922674_m1; and ribosomal
protein lateral stalk subunit PO (RPLPO), HS59999902_
ml. Relative target mRNA expression was normalized
to one out of the two housekeeping genes, TBP and
RPLPO, and quantified using the AA“* method.

Outcomes

The primary outcomes were changes in plasma concen-
trations of sulfur amino acids and mRNA expressions
relevant to sulfur amino acid and lipid metabolism
in adipose tissue. In the original protocol, we speci-
fied protein expression as primary outcomes, but due
to methodological challenges we decided to initially
proceed with mRNA analyses. We included mRNAs
shown to be affected by methionine and cysteine
restriction in preclinical studies [31]. In addition, we
included mRNAs involved in the regulation of cysteine
metabolism to evaluate whether compensatory mecha-
nisms are activated when dietary intake of methionine
and cysteine is restricted as has been reported in ani-
mal models [31-33]. Finally, we assessed FGF21, the
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SCD-16 index as well as the self-reported compliance
and feasibility of the diet.

Statistical analysis

Null-hypothesis testing is actively discouraged in pilot
trials, however, because we have screened a wide range
of potential outcomes with relevance for a future large-
scale study, we have reported p-values and confidence
intervals (CI), but stress that these estimates should be
interpreted with care as per the CONSORT statement for
reporting of clinical trials and pilot trials [25, 26]. Find-
ings with p>0.05 but with ClIs indicative of the direction
of the effect, and in line with reports from preclinical
studies, were considered meaningful for the design of a
full-scale study. Based on the CONSORT statement for
reporting of clinical trials [34] as well as recommenda-
tions from Altman and others [35-38], we have not per-
formed significance tests for baseline covariates.

The plasma amino acid and serum FGF21 concen-
trations were repeatedly measured (day 0, 1, 3 and 7),
and we used linear mixed regression models to adjust
for within-subject variability. The models included the
respective amino acids in plasma or serum FGF21 as the
dependent variable, and group, time and their interac-
tion term (group x time) as fixed, independent variables.
Subject ID was added to the model as a random effect.
A quadratic term of time (time?) and its interaction with
group was added to the outcome models including amino
acids (group x time?). In addition, due to the small sam-
ple size we expected baseline differences and the mod-
els including amino acids and FGF21 were adjusted
accordingly. An unstructured covariance structure was
assumed based on Akaike’s information criterion. The
model residuals were normally distributed, and we used
the raw data for analysis. Finally, because we compared
the Met/Cys,,, and Met/Cys ,.qum With Met/Cys ;0
independently, separate models were constructed. The
main outcome analyses were plotted using the mean lin-
ear predictions and individual predicted points from the
linear mixed models and the p value for interaction.

Baseline demographic and routine laboratory measure-
ments are presented as medians (ranges). The effect of
the dietary intervention on routine laboratory variables
and the SCD-16 index were assessed with analysis of
covariance (ANCOVA) adjusted for baseline concentra-
tions of the covariates. The model residuals were not nor-
mally distributed as assessed visually by histograms, and
thus we log-transformed the covariates prior to analysis,
which resulted in normally distributed model residuals.
The results are presented in tables as back-transformed
estimated marginal mean difference from the Met/Cys.
high group with corresponding CI and p-values. Because
the estimates are back-transformed, they are given in %.
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Comparison of changes in mRNA expression were per-
formed on log,-transformed 27T values and were
assessed with ANCOVA adjusted for differences in base-
line expression. The Met/Cys,,, and Met/Cys_ . .4ium
groups were compared against the Met/Cys ), group
which served as the reference group. Estimates are pre-
sented as log,-fold change with individual points. We
identified one outlier with very high homeostatic model
of insulin resistance (HOMA-IR) values at baseline
(>6.0). Because insulin can have profound effects on the
subcutaneous adipose tissue, we presented analyses with
and without this participant. We performed additional
analyses adjusted for apparent imbalances due to unfor-
tunate randomization for age, BMI and triglycerides.
Because the inclusion of these covariates did not alter
effect estimates materially we did not include them in the
final models.

We calculated Spearman's correlation coefficients and
the CI between the sulfur amino acids and subcutaneous
adipose tissue mRNA expression.

Results

Study participants

Of 40 women invited to participate, 20 were randomized
to the intervention groups and 19 completed the trial
(Fig. 1). The participants (23—40 years of age), had BMI
ranging from 24.7 to 34.7 kg/m? (Table 1).

Changes in body weight and plasma biomarkers

Median (range) body weight in kg were 83.2 (76, 108),
81.8 (73, 97) and 78.3 (68.4, 83.3) at baseline in the Met/
CyS.iow Met/Cys_edium and Met/Cys 0, groups, respec-
tively. At the final visit, the median (range) body weight
in kg were 83.2 (75.0, 106), 81.6 (72.0, 97.0) and 77.5
(68.2, 82.0). As expected due to the short duration of
the study, there were no conclusive differences in weight
change between groups (Table 2). We observed trends for
an increase in apoAl and a decrease in the ratio of apoB
to apoAl and insulin in the Met/Cys ,,, compared with
the Met/Cys ., group (Table 2), but as indicated by the
ClIs these results were inconclusive.

Plasma and urine sulfur amino acids

Spearman’s rank correlation coefficients among the
plasma sulfur amino acids and related intermediates are
shown in Additional file 5.

To investigate whether the diets induced a response in
sulfur amino acids and related compounds, we measured
the plasma concentration of the sulfur amino acids and
intermediates as well as fractions of total cysteine, homo-
cysteine and glutathione. We observed group x time
interactions between the Met/Cys ,, and the Met/
CyS_pigh groups for methionine, cystathionine, and total
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homocysteine and its fractions including bound and free
unbound homocysteine, and homocystine (Fig. 2). There
was an overall decrease in methionine from baseline to
day 7 in the Met/Cys y,, group compared with the Met/
CyS_pign group. For cystathionine the response diverged
from baseline to day 7 in the Met/Cys j,, group compared
with the Met/Cys 1, group, but the groups approached
near similar concentrations after 7 days. For total homo-
cysteine and its fractions there were overall increases in
the response in the Met/Cys j,, group compared with the
Met/Cys g, group. Of the total cysteine fractions, there
was a slight decrease in free oxidized cystine in the Met/
Cys_jow compared to the Met/Cys 5, group.

We calculated Spearman correlation coefficients
between plasma methionine, plasma total cysteine, body
weight and BMI. There were no correlations between
plasma methionine and body weight or BMI at base-
line (BMI: r=—0.09, 95% CI —0.05, 0.37; body weight:
—0.13, 95% CI —0.54, 0.33) or day 7 (BMIL: r=0.31, 95%
CI —0.26, 0.67; body weight: 0.13, 95% CI —0.34, 0.55).
Plasma total cysteine tended to correlate with BMI at
baseline (r=0.43, 95% CI —0.02, 0.73), but not body
weight at baseline (r=0.26, 95% CI —0.21, 0.63); or BMI
(r=0.32,95% CI —0.16, —0.68) and body weight at day 7
(r=0.18, 95% CI — 0.30, 0.68).

When comparing the Met/Cys_ .4ium group with the
Met/Cys g, group, there were group x time interactions
for methionine and cystathionine, with similar responses
as in the Met/Cys ,,, group (Additional file 6).

Urinary concentrations of tCys were reduced in the
Met/Cys j,,, and Met/Cys . .4ium groups compared to the
Met/Cys g, group (Additional files 7 and 8). Moreover,
cystathionine concentrations were reduced in the Met/
Cys_jow compared to the Met/Cys ), group.

Serum fibroblast growth factor 21

The unadjusted median serum FGF21 concentrations
increased by 47% in the Met/Cys,,, group from base-
line to day 7 [median (range) from 96 pg/mL (38, 312)
to 141 pg/mL (104, 432)], whereas the concentrations
decreased in the Met/Cys_,cqium and Met/Cys ., groups
by 30% [from 98 (67, 232) to 69 (40, 426)] and 64% [from
75 (5, 291) to 27 (10, 332)], respectively. The linear mixed
regression analyses revealed a significant group x time
interaction for the FGF21 response in the Met/Cys,,
group compared with the Met/Cys ), group (Fig. 3), but
not for the Met/Cys_;,.qium 8roup versus the Met/Cys ;1
group (Additional file 9).

mRNA expression in subcutaneous adipose tissue

We compared changes in subcutaneous adipose tissue
mRNA expression between baseline and day 7, for 16
candidate genes, between the intervention groups (Met/
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Table 1 Baseline characteristics of the study population
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Characteristics Met/Cys-low Met/Cys-medium Met/Cys-high
(n=7) (n=7) (n=6)
Age,y 29.5(24.9,40.9) 309 (23,39 34.5(23.7,39.7)
Body weight (kg) 83.2 (76, 108) 8(73,97) 783 (684, 83.3)
BMI (kg/mz) 29.7 (255 34.7) 294 (247,329 27.3(244,3398)
Triglycerides (mmol/L) 9(06,1.1) 8(05,2) 145 (0.7, 2.1)
Total cholesterol (mmol/L) 9(3.7, 46) 4(4,6) 455 (3.6,6.3)
LDL cholesterol (mmol/L) 4(1.7,32) 8(26,4. 5) 2.65(2,4.9)
HDL cholesterol (mmol/L) 4(09,2.1) 4(08,1.9) 5(1.1,1.9)
Apolipoprotein B (g/L) 8(06,1) 8(0.7,1.2) 8(06,14)
Apolipoprotein A1 (g/L) 4(1,2.0) 4(1, ) 5(1.2,1.9)
Fasting glucose (mmol/L) 5(4.6,538) 5 (45 53) 5.15(4.1,5.6)
Fasting insulin (pmol/L) 4(30,162) 44 (32,62) 54.5(21,60)
Fasting C-peptide (pmol/L) 563 (385 1220) 614 (481, 740) 614 (458,832)
HOMA-IR® 2.08(1.2,6) 1.63(1.07,2.25) 1.94(0.78,2.31)
FGF21 (pg/mL) 95.9(37.8,312) 98.0 (67.3,232) 75.0(5.0,291)
Amino acids (umol/L)
Methionine 9(18.2,25.5) 4(195,24.4) 223(192 26.4)
SAM 101 (69.9,114) 949(845 09) 103 (89, 129)
SAH 24.7(17.3,29.7) 24.7 (204, 28.1) 258(228 353)
Total homocysteine 8.86 (6 56, 9.68) 9.99 (5.03, 14.8) 7.04 (466,11.2)
Free homocysteine 3(0.814,2.09) 1.84(0.942,2.9) 1.26 (0.79, 2. 32)
Free reduced homocysteine ( 14,0.48) 0.38(0.17,042) 0.18(0.17,0.26)
Homocystine 0.02 (0.02,0.03) 0.03 (0.01, 0.06) 0.02 (0.01,0.03)
Protein-bound homocysteine 747 (5.58,822) 7(4.08,11.9) 5.85(3.87,8387)
Cystathionine 6(0.80,2.91) 32(0.69,2.32) 1(0.65,3.48)
Total cysteine 310 (288 322) 286 (248, 331) 91 (261, 324)
Free cysteine 52(119,178) 161 (146, 176) 169( 40,179)
Free reduced cysteine 8(114,26.8) 20.2 (144, 26.9) 2(11.9,24.5)
Cystine 448(41 496) 41 9( 3,47.8) 445 (425,47.2)
Protein-bound cysteine 49 (13 23(99.5,170) 139 (82, 150)
Total GSH 7.69 (566 799) 7.97 (4.46,10.9) 8.25 (543 13.5)
Free GSH 3.59(2.39,6.13) 4.29 (2.49,6.89) 666( 0.6)
GSH 4.88(3.37,5.85) 5.26 (5.05,6.21) (466 6.91)
GSSG 0.06 (0.03,0.09) 0.05 (0.02,0.10) 009(005 0.15)
Protein-bound GSH 3.14(1.16,4.58) 2.89(1.98,4.69) .1(0.27,6.01)
Taurine 954 (55.3,126) 98.7 (66.1,112) 01(51.1,136)

Values are given as median (range)

FGF21, fibroblast growth factor 21; Met/Cys, methionine and cysteine; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; GSH, glutathione
@ HOMA-IR was calculated by (insulin/6) x (glucose x 18)/405

Cys.jow and Met/Cys_,.giym) and the control Met/Cys ;1
group (Fig. 4). Results for each individual can be found in
the additional files (Additional files 10, 11, 12). For tran-
scripts related to lipid metabolism, there was an upregu-
lation of diacylglycerol O-Acyltransferase 1 (DGATI),
which is involved in synthesis of triacylglycerol, in the
Met/Cys 4., group, with a 0.43 log,-fold change vs. Met/
Cys.pign after 7 days (95% CI 0.00-0.86). Inconclusive
results were observed for transcript levels of acetyl-CoA

carboxylase [ACAC (0.41 log,-fold change vs. Met/Cys.
highy 95% Cl —0.12-0.94)], SCD1 (0.87, —0.29-2.04),
glutamate-cysteine ligase catalytic subunit [GCLC (0.46,
—0.0-1.01)], glutamate-cysteine ligase modifier subunit
[GCLM (0.37, —0.17-0.91)], carnitine palmitoyltrans-
ferase 1 [CPTIA (0.33: —0.15-0.82)], and mammalian
target of rapamycin [MTOR (0.37, —0.13-0.88)].
Exclusion of one participant with high baseline
HOMA-IR influenced results for transcripts related to
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Table 2 Change in markers from baseline to final study
visit

Plasma marker B for Met/Cys,,, P 8 for Met/Cys. p

vs. Met/Cys gn medium VS- Met/
CYS_high
ApoA1 6(—333,166) 019 —4.05(—124,504) 035
ApoB —721(=224,11) 039 —3.08(—183,15 0.70
ApoB/A1 —133( 284,488) 013 —09(—17.7,193) 092
Total cholesterol 7(=132,114) 078 —462(—148,68) 039
LDL 7525( 212,14) 054 —669(—216,11.1) 041
HDL 264( 526,11.2) 050 —068(—8.07,73) 085
Triglycerides 1 (—24,55) 0.63 7454( 31.7,334) 0.77
C-peptide —12(—=195,21.2) 090 9(—21.2,16.5) 065
Insulin — 194 (—45.6,19.6) 0.26 8(—38.1,286) 0.52
Glucose 048( 53,661) 087 —073( 6.26,5.13) 0.79
scbie? 2(—278,737) 019 —15.7(—30.9,2.84) 0.087
SCD18* 6(—446,20.2) 022 598 (—5.02,183) 0.28
HOMA-IR® 3(—478,187) 023 —103(—387,31.2) 055
Body weight —0.29(—163,1.08 066 —048(1.70-0.75) 042

Estimated marginal mean change in markers from baseline to the final study
visit. Because all raw data values were log-transformed prior to analysis, the Bs
are given in units of per cent with corresponding confidence intervals

Met/Cys methionine and cysteine, apoAT apolipoprotein A1, apoB
apolipoprotein B, LDL low-density lipoprotein, HDL high-density lipoprotein,
SCD stearoyl-CoA desaturase

@ SCD16, C16:1n-7/C16:0; SCD18, C18:1n-9/C18:0
b HOMA-IR was calculated by (insulin/6) x (glucose x 18)/405

lipogenesis including ACAC (0.63 log,-fold change vs.
Met/Cys pgh, 95% CI 0.19-1.07), and DGAT1 (0.56, 0.14
—-0.99). Similar but inconclusive results were observed
for fatty acid synthase [FASN (0.58, —0.11-1.28)], SCD1
(1.13, —0.02-2.29), and mammalian target of rapamy-
cin [MTOR (0.49, —0.01-0.99)]. In the Met/Cys_ .dium
group, the response in mRNA expression generally fol-
lowed the same pattern as the Met/Cys 1, group.

Plasma SCD activity index

As a proxy marker of hepatic SCD1 activity, we examined
the plasma SCD-16 index (the ratio between 16:1n-7 and
16:0). The estimated mean changes for the plasma SCD-
16 index were compatible with reductions in both the
Met/Cys 1o (—12.0%, 95% CI —27.8%-7.4%) and Met/
CYS_medium (—15.7%, —30.9-2.84) groups compared to
the Met/Cys 1, group, but results were inconclusive as
indicated by the wide CIs. When we excluded the subject
with high HOMA-IR at baseline, results tended towards
a greater reduction in the Met/Cys ,, compared to the
Met/Cys j;g, group was observed (—15.4%, — 30.4-3.0%).
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Correlations between plasma sulfur amino acids, fatty
acids and subcutaneous adipose tissue mRNA expression
We examined whether changes in plasma sulfur amino
acids were correlated with the changes in adipose tissue
gene expression (Fig. 5 and Additional file 13). Among
the strongest correlations were those for tCys and pro-
tein-bound cysteine with DGATI (r=0.64, 95% CI 0.25—
0.85; r=0.57, 0.16—-0.82, respectively), between tCys and
SREBP (r=0.51, 0.073-0.78), and between free reduced
cysteine and PRDMI6 (r=0.61, 0.21-0.83). Other
prominent correlations were for the glutathione syn-
thesizing gene, GCLM, with tCys (r=0.57, 0.16—0.82),
protein-bound cysteine (r=0.59, 0.18-0.82), and taurine
(r=0.56,0.15-0.81).

Diet feasibility and evaluation

Self-reported compliance with the diets was~95%
among the participants, and there were no differences
in self-reported compliance between the groups (data
not shown). Satisfaction with the diets was moderate
(51 points on a 100-point scale), and the participants
reported that the diets were moderately easy to follow (39
points). Side effects were light to moderate for gastroin-
testinal and other symptoms including headache, fatigue,
dizziness, and sleep disturbances. There were no differ-
ences in side effects between groups (data not shown).
No severe harmful effects were reported.

Discussion

This double-blind randomized controlled pilot study
describes for the first time the effects of dietary restric-
tion of both methionine and cysteine content, with either
severe or moderate restriction on plasma biomarkers and
subcutaneous adipose tissue mRNA expression related
to energy metabolism, in healthy overweight and obese
women. Participants in the Met/Cys,,, group tended
towards improvements in plasma apoB/A1 after 7 days of
intervention, but the results were inconclusive. In addi-
tion, FGF21 increased in the Met/Cys,, group com-
pared to the Met/Cys j,;,;, group and there were changes
in plasma and urinary concentrations of several of the
sulfur amino acids and in adipose tissue mRNA expres-
sion of particularly DGAT1I in the Met/Cys ,,,, group. The
Met/Cys j,,, and Met/Cys_.4ium groups tended towards
reductions in plasma SCD1 activity index. The find-
ings on adipose tissue mRNA expression of DGATI and
ACAC as well as SCD1 activity indices in plasma became
more pronounced when we excluded one outlier with
high HOMA-IR at baseline.

The increases in serum FGF21 in the Met/Cys,,, group
is in line with preclinical studies showing upregulated
hepatic gene expression and elevated circulating FGF21
in response to methionine restriction [14, 18, 39]. The
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Fig. 2 Estimated means linear predictions/response in plasma sulfur amino acids to the diets. Values are derived from a linear mixed model
regression. The p-values denote the p for interaction between group and time and indicate the difference in response over time between the Met/
CyS.jow and Met/Cys 1 groups. Met/Cys methionine and cysteine, SAM S-adenosylmethionine, SAH S-adenosylhomocysteine, GSH glutathione,

range of serum FGF21 concentrations was wide and
may have introduced some bias in our analyses, how-
ever, our findings also agree with a human study (n=72)
that showed increased plasma FGF21 concentrations in
vegans and vegetarians compared with omnivores, and
that plasma FGF21 concentrations increased significantly
in omnivore subjects (n=16) given a vegetarian diet for 4
d [40]. Many plant foods in vegetarian diets are naturally
low in sulfur amino acid, whereas certain fruits, vegeta-
bles and grains have higher content of methionine and
cysteine. Our study reports for the first-time changes
in serum FGF21 in a randomized, controlled study
testing a strict vegan-based methionine and cysteine
restricted diet. Our findings may indicate that the meta-
bolic response in humans is similar as demonstrated in
rodents. Whether methionine and cysteine restriction
through a strict vegan diet or more moderately restric-
tive vegetarian diets may provide metabolic benefits
via increased circulating levels of FGF21 needs further
investigation.

In line with our previously published 7-days pilot
study in normal-weight individuals [24], we observed
decreased plasma concentrations of methionine and
cystathionine, and increased plasma total homocyst-
eine in the Met/Cys,, group as compared with the
Met/Cys_p;g group. In our previous pilot study, nor-
mal-weight subjects exhibited a slight increase in the
cysteine—cysteine disulphide, cystine [24]. In the pre-
sent study we observed a reduction in cystine in the
Met/Cys i, group compared with the Met/Cys g,
group, which were in line with a previous 16-week
study in obese participants [22]. The contrasting plasma
cystine responses between our present and previous
pilot studies [24] might be due to differences in body
adiposity. Baseline concentrations of cystine in the par-
ticipants with overweight and obesity in our current
study were somewhat higher than in the participants
with normal-weight (mean of 44 versus 36 umol/L). The
increase in plasma cystine in the previous pilot study
with normal-weight individuals was suggested to be
due to compensatory mechanisms, including decline in
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the urinary excretion of tCys, and potential activation
of CDO, which is the rate-limiting enzyme in oxidation
of cysteine to taurine [33]. Although we did observe
similar decreases in urinary tCys in our present study,
we did not observe changes in expression of CDO in
adipose tissue. This was not surprising as CDO is regu-
lated at the protein level, and is mostly expressed in the
liver [33]. Overall, the cause-effect of this association is
still unclear, but this observation reinforces the hypoth-
esis that metabolism of cysteine may be implicated in
development of obesity.

Glutathione can serve as a reservoir for cysteine during
periods of deficient intakes [41]. However, we observed
that expression of GCLM, which is crucial in glutathione
synthesis, tended to be enhanced in the Met/Cys,,,

compared to the Met/Cys .1, group. The clear trend for
an increased expression of GCLM mRNA during low
dietary cysteine intakes may seem paradoxical. How-
ever, a previous study demonstrated similar findings in
mice, suggesting that cysteine deprivation may enhance
glutathione production to protect against cellular stress,
at least in the short term [31]. We do not have sufficient
data to draw conclusions on glutathione production, and
note that no changes were observed between groups in
plasma glutathione fractions. The implication of these
findings will have to be explored in future human and
experimental studies.

We observed effects on subcutaneous adipose tissue
DGATI mRNA expression in the Met/Cys ,,,, group, and
a tendency towards induction of other genes involved in
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lipid metabolism (including DGATI, ACAC, SCD1, and
CPT1A). The effects became more pronounced for most
lipid-related transcripts when we excluded a subject with
high baseline HOMA-IR. Our findings are consistent
with preclinical data, where dietary methionine restric-
tion upregulates enzymes involved in lipogenesis, triglyc-
eride synthesis and fatty acid oxidation [16, 32, 42, 43].
The simultaneous increase of both lipogenesis and fatty
acid oxidation in methionine restricted rodents, points
to a futile cycle of lipid metabolism in subcutaneous adi-
pose tissue [13, 16]. However, rodent studies have shown
that the hepatic mRNA expression pattern is somewhat
different than that in subcutaneous adipose tissue, with
reduced expression of transcripts in lipid synthesis (e.g.,
SCD1, DGATI), promoting a shift from fatty acid synthe-
sis to fatty acid oxidation in the liver [13, 17, 32]. It seems
plausible that it is not merely changes in adipose tissue
or liver that explains the beneficial effects of methionine
and cysteine restriction in rodents, but tissue-specific
changes might reflect whole-body changes in lipid turno-
ver contributing to effects on overall energy metabolism.

The present study included one participant with high
HOMA-IR at baseline. Although initially included in the
main analyses, the participant was excluded from analy-
ses investigating the effect of the intervention on subcu-
taneous adipose tissue gene expression and the SCD-16
index (surrogate of hepatic SCD1 activity). When we
excluded the participant from these analyses, several
findings appeared stronger including expression of genes
involved in lipogenesis as well as the plasma SCD-16
index. The responses in subcutaneous adipose tissue
mRNA expression and the reduction in plasma SCD-16
index after exclusion appear to be consistent with pre-
clinical studies [13, 17, 32]. This potential confounding
effect of insulin on relevant outcomes should be taken
into account when designing dietary intervention studies
examining the effect of dietary methionine and cysteine
restriction.

This is the first study reporting findings from a com-
bined dietary methionine and cysteine restriction in
humans. The main strength of this study is the rand-
omized, controlled and double-blind design which is rare
for dietary interventions, and that we were able to design
diets that only differed by methionine and cysteine
content and were otherwise identical. Another major
strength is the translational approach and that the study
provides valuable insight for future large-scale studies
investigating whether the beneficial findings of methio-
nine and cysteine restriction in animals also pertain to
humans. In particular, we have collected and reported
data on a wide range of outcomes that have previously
been identified in preclinical as well as epidemiological
studies, including plasma concentrations of amino acids
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[8], expression of subcutaneous adipose tissue genes
involved in lipid metabolism [44], plasma fatty acid desat-
urase indices [9, 13] as well as plasma parameters related
to lipid and glucose metabolism [45, 46]. In addition, we
have evaluated compliance and feasibility of the diet,
which may be a concern with vegan-based interventions.
The main limitation is the small sample size, and conse-
quently low power, but considering that this was a pilot
study, no power calculations were performed prior to
study commencement. The small sample size contributes
to substantial variation seen in the response to the diet in
most markers and it is clear that larger and longer studies
are warranted to further establish the observed relation-
ships. In addition, there were some differences in baseline
characteristics such as age, BMI and serum triglycerides,
which may be due to unfortunate randomization. When
we adjusted outcome analyses for these imbalances,
results were not altered materially. The duration was
short, and whether the effects we observed are sustained
over time is unknown. Finally, the content of methionine
and cysteine in the Met/Cys_ .4ium group may have been
too high to achieve the same beneficial effects as the Met/
Cys o group as seen in moderate restriction in animal
models [47]. We note that the results reported are meant
to aid in the design and implementation of future large-
scale studies, and we cannot draw strong conclusions
about the effect(s) of methionine and cysteine restriction
in humans as per CONSORT statements for reporting
pilot trials. Several of the findings that were statistically
non-significant—but tended clearly in one direction and
were in line with findings from preclinical studies—will
be considered potential outcomes in future studies.

Conclusions

Results from this pilot trial with diets that differed only
by methionine and cysteine content indicate that such an
intervention is feasible in humans and might have effects
that are comparable to demonstrations in animals. Due
to the small sample size and short duration these results
must be interpreted with care, but merit future, long-
term investigations into whether dietary methionine and
cysteine restriction can confer sustainable and beneficial
effects over time in overweight and obese populations.
Because the Met/Cys_ .4ium followed similar patterns as
the Met/ CyS_pign roup with respect to most outcomes, a
diet low in methionine and cysteine should be utilized to
maximize effects in future studies.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512967-020-02288-x.
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Additional file 1. Mean nutrient content and composition in the 7-day
diet, excluding SAA-powder.

Additional file 2. A typical daily menu in the 7-day diet.

Additional file 3. Mean daily sulfur amino acid intake in the low, moder-
ate and high Met/Cys diets.

Additional file 4. Primer sequences of gene expression measured by
gPCR.

Additional file 5. Spearman’s rank correlation coefficients and 95% confi-
dence intervals between sulfur amino acids and related intermediates.

Additional file 6. Estimated means linear predictions/responses in
plasma sulfur amino acids. Values are derived from a linear mixed model
regression. The p-values denote the p for interaction between group and
time and indicate the difference in response over time between the Met/
CYS_medium and Met/Cys i, groups. Abbreviations: Met/Cys, methionine
and cysteine; SAM, S-adenosylmethionine, SAH, S-adenosylhomocysteine;
GSH, glutathione; GSSG, oxidized glutathione.

Additional file 7. Estimated means linear predictions/response in
creatinine-adjusted urinary sulfur amino acid concentrations. Values are
derived from a linear mixed model regression. The p-values denote the
p for interaction between group and time and indicate the difference in
response over time between the Met/Cys,,,, and Met/Cys i, 4, groups.
Abbreviations: Met/Cys, methionine and cysteine.

Additional file 8. Estimated means linear predictions/response in
creatinine-adjusted urinary sulfur amino acid concentrations. Values are
derived from a linear mixed model regression. The p-values denote the

p for interaction between group and time and indicate the difference in
response over time between the Met/Cys._cqym and Met/Cys g, groups.
Abbreviations: Met/Cys, methionine and cysteine.

Additional file 9. Estimated means linear predictions/response in serum
Fibroblast growth Factor 21 to the diets. Values are derived from a linear
mixed model regression. The p-values denote the p for interaction
between group and time and indicate the difference in response over
time between the Met/Cys_ qqym and Met/Cys 14, groups. Abbreviations:
FGF21, fibroblast growth factor 21; Met/Cys, methionine and cysteine.

Additional file 10. Individual responses in MRNA expression in subcu-
taneous adipose tissue in the Met/Cys_,, group. Abbreviations; Met/

Cys, methionine and cysteine; MTR, methionine synthase reductase; CBS,
cystathionine-B-synthase; CDO, cysteine dioxygenase; GCLC, glutamate-
cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase
regulatory subunit; CPT1A, carnitine palmitoyl-transferase 1a; ACACA,
acetyl-CoA carboxylase; FASN, fatty acid synthase; DGAT1, diacylglycerol
O-acyltransferase 1; SCD1, stearoyl CoA-desaturase 1; SREBP, sterol regula-
tory element binding protein; PPARG, peroxisome-proliferator activated
receptor y; MTOR, mammalian target of rapamycin; LEP, leptin; PRDM16, PR
domain containing 16.

Additional file 11. Individual responses in MRNA expression in subcu-
taneous adipose tissue in the Met/Cys .4, group. Abbreviations; Met/
Cys, methionine and cysteine; MTR, methionine synthase reductase; CBS,
cystathionine-B-synthase; CDO, cysteine dioxygenase; GCLC, glutamate-
cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase
regulatory subunit; CPT1A, carnitine palmitoyl-transferase 1a; ACACA,
acetyl-CoA carboxylase; FASN, fatty acid synthase; DGAT1, diacylglycerol
O-acyltransferase 1; SCD1, stearoyl CoA-desaturase 1; SREBP, sterol regula-
tory element binding protein; PPARG, peroxisome-proliferator activated
receptor y; MTOR, mammalian target of rapamycin; LEP, leptin; PRDM16, PR
domain containing 16.

Additional file 12. Individual responses in MRNA expression in subcu-
taneous adipose tissue in the Met/Cys 1,4, group. Abbreviations; Met/
Cys, methionine and cysteine; MTR, methionine synthase reductase; CBS,
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