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Abstract

Recurrent major depressive disorder (tMDD) is a relapsing-remitting disease with high morbidity and a 5-year risk of
recurrence of up to 80%. This was a prospective pilot study to examine the potential diagnostic and prognostic value
of targeted plasma metabolomics in the care of patients with rMDD in remission. We used an established LC-MS/MS
platform to measure 399 metabolites in 68 subjects with rMDD (n = 45 females and 23 males) in antidepressant-free
remission and 59 age- and sex-matched controls (n =40 females and 19 males). Patients were then followed
prospectively for 2.5 years. Metabolomics explained up to 43% of the phenotypic variance. The strongest biomarkers
were gender specific. 80% of the metabolic predictors of recurrence in both males and females belonged to 6
pathways: (1) phospholipids, (2) sphingomyelins, (3) glycosphingolipids, (4) eicosanoids, (5) microbiome, and (6)
purines. These changes traced to altered mitochondrial regulation of cellular redox, signaling, energy, and lipid
metabolism. Metabolomics identified a chemical endophenotype that could be used to stratify rrMDD patients at
greatest risk for recurrence with an accuracy over 0.90 (95%C| = 0.69-1.0). Power calculations suggest that a validation
study of at least 198 females and 198 males (99 cases and 99 controls each) will be needed to confirm these results.
Although a small study, these results are the first to show the potential utility of metabolomics in assisting with the
important clinical challenge of prospectively identifying the patients at greatest risk of recurrence of a depressive
episode and those who are at lower risk.

Introduction

Major depressive disorder (MDD) affects 16.1 million
US adults and costs $210 billion annually'. MDD’s
worldwide point prevalence is 6%°. Recurrence risk after
a first MDD-episode is 3-6 times the background
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population risk®, with most patients having a recurring-
remitting course with five lifetime episodes on average.
This lifelong recurrence risk accounts substantially to the
overall burden of MDD* and to the risk of suicide’. If we
could better understand molecular bases of recurrent
major depressive disorder (rMDD), we might develop
prospective risk markers and novel targets for prevention.

Standard clinical variables moderately predict recur-
rence risk* but more robust biomarkers are needed.
Evidence for psychological theories of MDD-recurrence
is limited and has not yet resulted in risk prediction
tools that have been included in clinical guidelines®.
Several biological pathways have been related to MDD
in general, but only a limited number of studies speci-
fically investigated rMDD. A recent meta-analysis
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comprehensively reviewed all evidence on biological
factors predicting recurrence, including neuroimaging,
immunological, and hormonal biomarkers’. It showed
that only increased cortisol had a small predictive effect
on recurrence, but even this effect disappeared when
baseline clinical diagnoses, publication bias, or study
quality were considered.

More recently, increasing focus has been on metabolic
alterations in MDD®, Metabolomic and lipidomic studies
showed more widespread alterations in MDD”™*', that
have been hypothesized to constitute a trait associated
with recurrence'”. Recently, a targeted metabolomic study
focusing on neurotransmitters and their metabolites in
plasma, found a biochemical signature that could diag-
nose MDD-patients with up to 95% accuracylg’M. More-
over, metabolomics may predict MDD—recoverylS, and
response to therapy'®'”. However, similar studies of bio-
chemical signatures of remitted rMDD (rrMDD), with
prospective follow-up to identify subjects at increased risk
of future recurrence have not yet been conducted. The
emerging recognition that the brain controls metabolism
through neuroendocrine, autonomic, immune, and
microbiome circuits'®, implies that peripheral blood
metabolomics can provide a uniquely accessible set of
biomarkers that are diagnostic of real-time changes in
brain-body function. This has now been shown in studies
of myalgic encephalomyelitis/chronic fatigue syndrome'?,
schizophrenia®, Gulf War Illness*’, response to treatment
in autism spectrum disorder””, and treatment-refractory
MDD with suicidal ideation®.

Aims of the study

In this discovery phase pilot study, we tested the utility
of metabolomic analysis for two purposes: (1) as a diag-
nostic tool to distinguish patients with rrMDD from
controls, and (2) as a prognostic tool to assess the future
risk of recurrence in patients with rMDD in drug-free
remission at the time of sample collection.

Patients and methods
Study design

A cross-sectional patient-control design was used to
compare medication-free rrMDD patients with age- and
sex-matched, never-depressed controls to identify a
metabolic profile of rrMDD patients®. In addition, rrMDD
patients were followed prospectively every 4 months for
2.5 years by measuring depressive symptoms. Occurrence
and time to recurrence of a new major depressive episode
were documented.

Approvals, inclusion and exclusion criteria
We included subjects who experienced =2 previous
MDD-episodes according to the structured clinical
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interview for Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (DSM-1V) diagnoses
(SCID), but were in stable remission (=8 weeks 17-item
Hamilton Depression Rating Scale (HAM-D) <7 (the
lowest qualifying score for remission*), and not cur-
rently in an MDD-episode (SCID). Participants were
35-65 years, to include a homogeneous age group and
minimize the risk of later conversion to bipolar dis-
order. Second, we included never-depressed controls
without personal psychiatric history by SCID-analysis,
or first-degree familial psychiatric history, matched to
the rrMDD subjects for age, sex, educational level,
working class and ethnicity. Both groups were recrui-
ted using identical advertisements in freely available
sources and from previous studies®. This study was
approved by the accredited Academic Medical Centre
(AMC) Medical Ethical Committee (METC), and
conformed to the Declaration of Helsinki**. Eleven of
40 healthy control females and 7 out of 19 healthy
control males were recruited at the University of
California, San Diego (UCSD) under IRB-approved
protocol #140072 with signed informed consent. We
excluded subjects with current diagnoses of alcohol
and/or drug dependence, psychotic or bipolar symp-
toms, predominant anxiety or severe personality dis-
order. Other exclusion criteria included standard MRI-
exclusion criteria, history of severe head trauma or
neurological disease, or severe general physical illness.
All participants had to be without psychoactive medi-
cation for >4 weeks.

Psychometrics

At baseline we administered the SCID and HAM-D to
check inclusion criteria and residual depressive symp-
toms. Subsequently, we followed-up rrMDD subjects
using the SCID for 2.5 years to prospectively assess time
to recurrence with >5 depressive symptoms lasting at least
2 weeks according to the DSM-IV criteria. HAM-D eva-
luations were conducted upon enrollment of 41 of the
59 healthy controls. Healthy controls were not followed
prospectively.

Metabolomics

Targeted, broad-spectrum, metabolomic analysis of 612
intracellular and plasma metabolites was performed by
LC-MS/MS as described*® with minor modifications. A
total of 399 of the 612 targeted metabolites were mea-
surable in plasma of both males and females. This plat-
form broadly interrogates 63 biochemical pathways and
permits analysis of many of the metabolites known to be
core features of the cell danger and integrated stress
response (CDR and ISR)*" ™%,

See Supplementary Methods for additional methods
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Fig. 1 Flow chart of the study design. Metabolomic results from a total of 126 of 127 subjects enrolled were available for analysis. A total of
68 subjects with a history of recurrent major depressive disorder in remission (rfMDD) were followed prospectively for 2.5 years.
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Results
Study cohort

Sixty-eight drug-free rrMDD patients were enrolled and
followed for 2.5 years (Flow diagram: Fig. 1). Fifty-nine
age- and sex-matched controls were also enrolled.

Participant characteristics

The rrMDD patients had a long history of illness (25 +
2.4 years for males, and 27 + 1.9 years for females), with a
high total number of MDD-episodes (mean = 9.7 + 2.5 for
males; 8.1 +1.9 for females) (Table 1). Mean HAM-D
score for the rrMDD subjects was 2 and 3 for males and
females, respectively. A major epidemiologic difference
between males and females with rrMDD was the median
time to recurrence after enrollment (males: 5.5 months
IQR = 1.9-7.6; females: 10.1 IQR =4.9-17.2; Table 1).
During follow-up three participants restarted anti-
depressants when experiencing a recurrence and two
participants restarted antidepressants while in remission
during follow-up. This occurred after blood sample col-
lection for metabolomics at enrollment and did not affect
the drug-free analysis.

Metabolomics overview

Drug-free rrMDD subjects had a metabolic profile that
could be distinguished from healthy controls. Multi-
variate analysis showed a clear separation between the 2
groups in both males and females (Fig. 2A, B). Top dis-
criminating metabolites are shown in Fig. 2C, D. Relative
metabolic impact and significance of these differences are
shown in Fig. 2E, F. Tables S1 and S2 report the raw data

and Tables S3 and S4 list the rank order of biochemical
pathways that were disturbed in rrMDD female and male
subjects, respectively, when compared to healthy age- and
sex-matched controls. Figure 2G summarizes shared and
gender-specific metabolic differences. Principal compo-
nents analysis (PCA) showed that metabolomics
explained up to 39.1% of the phenotypic variance
between patients with rrMDD and healthy controls in
both males and females (Fig. S1AC). Metabolomics
explained up to 43.7% of the phenotypic variance
between females who experienced recurrence of depres-
sive symptoms and those with non-recurrence over the
2.5 years of prospective observation (Fig. S1B), and up to
50.6% in males (Fig. S1D).

Overall, alterations in lipid metabolism dominated the
rrMDD metabolic signature. Lipid abnormalities con-
stituted 80% of the top 10 pathway alterations in females
(Table S3 and Fig. S1). In males, lipid abnormalities
constituted 70% of the top 10 pathways (Table S4 and
Fig. S2). The 8 lipid pathways most affected were
phospholipids, fatty acids and acyl-carnitines, cardioli-
pins, two classes of sphingolipids (ceramides and
sphingomyelins), eicosanoids, bile acids, sterols, and
non-gonadal steroids.

The top non-lipid pathway alteration was purine
metabolism (Tables S3 and S4 and Fig. S2). Pyrimidines,
microbiome metabolites, GABA-glutamate-pyrroline-5-
carboxylate-proline,  folate-1-carbon, inositol, and
tryptophan-serotonin metabolism were also altered in
rrMDD subjects (Fig. 2 and S2). Gender-specific differ-
ences are discussed in Supplementary Results.
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Fig. 2 Metabolite and biochemical pathway abnormalities in recurrent major depressive disorder in remission. Females: A, C, E. Males:
B, D, F. AB. Multivariate metabolomic discrimination of remitted recurrent major depressive disorder (rMDD) from controls by partial least squares
discriminant analysis. CD. Rank order of top 25 discriminating metabolites by variable importance in projection (VIP) scores. EF. Bubble impact plot of
pathway alterations. G. Venn diagram of shared and gender-specific metabolites diagnostic for rfMDD. Red arrows indicate an increased, and black
arrows indicate a decreased concentration was associated with MDD risk. VIP scores >1.5 were significant. MDD subjects n = 44 females, 23 males.

Controls n =40 females, 19 males.
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Metabolic alterations shared by males and females

When analyzed at the pathway level,16 pathways were
shared by both males and females with rrMDD (Fig. 2E, F
and Tables S3 and S4). All 8 lipid pathways found to be
abnormal were shared by both males and females. The
other 8 shared pathways involved diverse non-lipid
pathways.

Acyl-carnitines, cardiolipins, and vitamin B2

One of the most consistent lipid abnormalities found in
both males and females was an increase in acyl-carnitines
(Tables S3 and S4), which are a marker of decreased
mitochonderial fatty acid oxidation®’. In females, this was
confined to increases in medium chain (C6-C10) acyl-
carnitines, while in males, the long-chain (C12—-C18), and
very long-chain (2C20) acyl-carnitines were increased
(Tables S5 and S6). Cardiolipins, markers for inner
mitochondrial membrane complexity and biomass, were
also decreased. Phosphatidic acids (PA-lipids), precursors
for cardiolipin synthesis, were increased in both males and
females (Fig. 2G). Vitamin B2-metabolism needed for
mitochondrial fatty acid oxidation was decreased in both
males and females. In males this was reflected in a
decrease of plasma riboflavin. In females, this was asso-
ciated with a decrease in plasma flavin adenine dinu-
cleotide (FAD; Fig. 2@G, Tables S5 and S6).

Sphingolipids

Sphingolipids (ceramides, sphingomyelins, and glyco-
sphingolipids) are major structural and signaling lipids
that facilitate the exchange of materials between lyso-
somes and the plasma membrane to regulate cell growth
and inflammation®"*?, form membrane lipid rafts®®, exo-
somes released from cells*®, and are involved in synap-
ses>>™7, rrMDD males and females shared a specific
abnormality in sphingolipid metabolism: a decrease in 2’-
hydroxy sphingomyelin SM(d18:1/26:0 OH) (Fig. 2G).
The 2’-hydroxylation (2’-OH) of the fatty acid precursor
of the amide acyl chain of sphingolipids is catalyzed by the
peroxisomal enzyme fatty acid 2’-hydroxylase (FA2H)®.
2/-hydroxy sphingomyelins are precursors for the 2’-OH
glycosphingolipids needed for cell differentiation, neuro-
nal connectivity, myelin stability, and have antitumor
properties®.

Eicosanoids and oxylipins

Both males and females had alterations in eicosanoid
(20-carbon, polyunsaturated) lipids made from arachi-
donic acid®, but the specific metabolites and the direction
of change differed. Females also showed a decrease in an
18-carbon oxylipin made from linoleic acid*' called 13(S)-
hydroxyoctadecadienoic acid (13-HODE), which was
unchanged in males. 15(S)-hydroxyeicosatetraenoic acid
(15(S)-HETE) was decreased in females, but not in males
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(Fig. 2C and Tables S5 and S6). 13-HODE and 15-HETE
are anti-inflammatory and pro-resolving oxylipins that
also have antitumor effects*>. In contrast, rrMMD-males
had increases in 3 eicosanoids: 11-HETE, 9-HETE, and 5-
HETE, which are pro-inflammatory mediators made by
neutrophils, eosinophils, and mast cells*>**. Males also
had an increase in the vasodilatory and anti-inflammatory
epoxyeicosatrienoic acids 8,9-EET, and 11,12-EET (Fig.
2G). The large number of alterations in eicosanoid
metabolism made this the most statistically significant
pathway alteration in males (Fig. 2F).

Sterols

Sterols are needed for the synthesis of cholesterol, glu-
cocorticoid, and steroid hormones and bile acids. Sterol
synthesis requires coordinated enzyme activity in the
endoplasmic reticulum (ER) and mitochondria. Sterols
were decreased in both male and female rrMDD subjects
(Fig. 2G, Tables S3 and S4). In females, both 24,25-
epoxycholesterol and cholesteryl-sulfate were decreased.
In males, cholesterol precursors 24,25-dihydrolanosterol
and lathosterol were decreased (Tables S5 and S6).

Bile acids

Bile acid metabolism requires coordinated activities of
enzymes located in mitochondria, peroxisomes, ER, and
the gut microbiome®. Bile acids are signaling molecules
that bind to several classes of nuclear receptors (FXR,
PXR, and CAR), and permit real-time coordination
between food intake, the microbiome, liver, and systemic
detoxification systems*®. Bile acids are made from cho-
lesterol and represent the major disposal route for excess
cholesterol. Both males and females had decreased plasma
levels of bile acids. rrMDD-females had decreased levels
of four glycine- and taurine-conjugated secondary bile
acids including glycocholic and taurocholic acids (Tables
S3-S6 and Fig. 2). Bile acid abnormalities were the most
statistically significant single pathway alteration in females
(Fig. 2E). rrMDD males had decreased levels of the sec-
ondary bile acid, deoxycholic acid, which is formed by
dehydroxylation of cholic acid by normal gut bacteria.

Purines

Purine nucleosides adenosine, guanosine, and inosine
were decreased and xanthine was increased in both males
and females with rrMDD (Fig. 2G and Tables S3 and S4).
Plasma purine nucleosides are derived by depho-
sphorylation of purine nucleotides like ATP, ADP, AMP,
GMP, and IMP. Xanthine is a purine nucleobase that has
been shown to connect purine metabolism with the
immune system, memory, and anxiety®’. De novo synth-
esis, salvage, and metabolism of purine nucleotides
depends on cooperative activities of extracellular, cell
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membrane-associated, and mitochondrial

enzymes.

cytosolic,

Metabolomics as a diagnostic tool

Area under the receiver operator curve (AUROC)-analy-
sis was used to test the accuracy of metabolites to distin-
guish between rrMDD subjects and healthy controls (Fig.
S3). The classifier for females used 12 metabolites, resulting
in an AUC of 0.83 (95%Cl = 0.68—0.96; sensitivity = 80%,
95%Cl = 0.66—0.89; specificity = 87%, 95%Cl = 0.74—0.95).
For males, seven metabolites were used as classifier,
resulting in an AUC of 0.83 (95%Cl=0.64—1.0;
sensitivity = 74%, 95%Cl=0.53—-0.87; specificity = 79%,
95%Cl = 0.57-0.91).

Metabolomics as a prognostic tool
Predictors shared by males and females

Median time to recurrence during the 2.5 years follow-up
for all rrMDD subjects was 588 days for females and
291 days for males (Kaplan—Meier analyses; Fig. 3A, B).
Multivariate analysis permitted the metabolomic signature
of subjects who experienced recurrence to be distinguished
from those who did not (Fig. 3C, D and Tables S7 and S8).
The top discriminating metabolites are shown in Fig. 3E, F.
Overall, most predictive metabolite classes for both genders
were sphingomyelins and phospholipids (Fig. 3G, H).
AUROC-analysis was used to test the prognostic accuracy
of a female-specific classifier using 7 metabolites and a
male-specific classifier that used 3 metabolites (Fig. 31, J).
The predictive accuracy for recurrence in females was 0.90
(95%CI = 0.69-1.0; sensitivity = 0.88; specificity = 0.89; Fig.
31, K). Although different from female rrMDD subjects, the
predictive accuracy for recurrence of depression in males
was 0.99 (95% CI = 0.9-1.0; sensitivity = 0.91; specificity =
1.0; Fig. 3], L).

Three metabolite classes predicted recurrence risk in
both males and females by Cox proportional hazard ana-
lysis (Fig. 4 and Tables S7-S10). These were a decrease in
2'-hydroxy sphingomyelins (2’-OH SM), trihexosylcer-
amides (THC), and phosphatidylcholine (PC) lipids. In
both males and females, nearly 80% of the predictive
metabolites identified had a negative correlation with
recurrence risk (Tables S9 and S10). This means that when
the blood level was low compared to the other rrMDD
subjects, recurrence risk was higher, and conversely.

Female-specific predictors of recurrence

All of the strongest predictors of recurrence were gender
specific. In females the strongest predictor was low methyl-
cysteine (Fig. 3K, M and Table S9). Female rrMDD subjects
in the bottom half of plasma methylcysteine were found to
have a median time to recurrence of 1.1 years (403 + 63 days,
mean = SEM). Women in the top 50th methylcysteine
percentile were much slower to experience recurrence
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(median = 2.3 years; 848 + 58 days; Cox beta coefficient =
—1.8; p<0.00006; Table S9 and Fig. 3M). Mono-
hexosylceramide (MHC(d18:1/20:0)) was another example of
a metabolite that protected against future recurrence (Fig. 30
and Table S9). Two metabolites that increased recurrence
risk were lysophosphatidylcholine 16:0 (LysoPC(16:0)) and
arachidonic acid (20:4). These two lipids can be produced
from the same parental phosphatidylcholine lipid, PC(16:0/
20:4) through the action of lipoprotein associated phospho-
lipase A2 (LP-PLA,) and other PLA,-types under conditions
of stress™. Metabolites found to increase and decrease
recurrence risk are listed in Table S9. Of the 399 measured
metabolites, 33 were significant predictors of recurrence risk
in females, and in 82% of these metabolites (27/33) higher
levels decreased recurrence risk (Table S7 and S9). Cor-
recting for number of previous episodes and residual symp-
toms did not change hazard-ratios of these metabolites.

Male-specific predictors of recurrence

Of the 399 measured metabolites, 17 were significant
predictors of recurrence risk in males (Table S8 and S10).
The eicosanoid lipid, 15-hydroxyeicosatetraenoic acid
(15-HETE) was the top predictor of recurrence in males.
When males were stratified into top and bottom 50th
percentiles, rrMDD subjects in the bottom half for this
plasma 15-HETE were found to have a median time to
recurrence of 0.7 years (245 + 85 days). Males in the top
50th percentile for this anti-inflammatory eicosanoid were
much slower to experience recurrence (median=1.7
years; 614 +108 days; Fig. 3N; Cox beta coefficient =
—1.5; p<0.0006; Table S10). Beta carotene was also
protective. Males in the lowest 50th percentile for plasma
beta-carotene had a median time to recurrence of 0.5
years (175 + 103 days), while the upper 50th percentile
had a median time to recurrence of 1.9 years (677 £
104 days; Fig. 3N and P; Table S8 and S10). Increased
alanine and allantoin were associated with an increased
risk of recurrence in males. Increased alanine is produced
as a transamination product of pyruvate and is a marker
of mitochondrial dysfunction®. Allantoin is produced
non-enzymatically from uric acid by exposure to reactive
oxygen species (ROS) and is a marker of oxidative
shielding®® and stress”'. Increased levels of 14 of 18 (78%)
predictors in males decreased recurrence risk. Figures S4
and S5 illustrate the Kaplan—Meier style recurrence pro-
files of the top predictive metabolites determined by Cox
proportional hazard analysis in females and males,
respectively. Correcting for number of previous episodes
and residual symptoms did not change the hazard-ratios
of these metabolites, except for beta-carotene, SM(d18:1/
20:2 OH), PS(18:0/18:1), PE(34:1), or SM(d18:1/20:1),
where correction for especially previous lifetime episodes
of depression increased the hazard-ratios.
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Sample size calculation for validation studies
Three methods were used to estimate the sample size
needed in future studies to validate the results of this

pilot study (see Supplemental Methods). The median
Pearson r for the metabolites in females having VIP
scores >1.5 was r=0.2. The median Z-score difference
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was 0.39 (Tables S5, S11-S14). Using correlation ana-
lysis and a requirement for a Pearson r>0.2, the total
number of subjects of a single sex (cases plus controls)

was 194. Using multiple regression analysis and
a threshold of at least 35 significant metabolites and
a Cohen’s f*=0.15, the study size was 201. Using a
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Fig. 3 Metabolomic predictors of recurrence in remitted recurrent major depressive disorder (rrMDD). A Kaplan—-Meier analysis of latency to
recurrence in subjects with remitted recurrent major depressive disorder (rMDD), Females, B Males. Dotted boundaries indicate the 95% confidence
intervals. Metabolic predictors of recurrence in recurrent major depressive disorder. Females: C, E, G. Males: D, F, H. CD Multivariate metabolomic
discrimination of subjects with rMDD who experienced recurrence in the next 2.5 years, and those who did not, analyzed by partial least squares
discriminant analysis. EF Rank order of top 15 discriminating metabolites by variable importance in projection (VIP) scores. GH Bubble impact plot of
pathway alterations. Receiver operator characteristic (ROC) curve analysis of multianalyte diagnostic classifiers for rrMDD. 1. The classifier for females
used 7 metabolites. J The classifier for males used three metabolites. AUC area under the curve, rdCV repeated double cross validation accuracy.
KL 2 x 2 contingency table analysis. Cox proportional hazard analysis of selected metabolites. M Decreased methylcysteine predicted a higher risk of
recurrence in females. N Decreased 15-hydroxyeicosatetraenoic acid (15-HETE) predicted a higher risk of recurrence in males. O Decreased
monohexosyl ceramide (MHC(d18:1/20:0)) predicted a higher risk of recurrence in females. P Decreased (-carotene predicted a higher risk of
recurrence in males. rMDD subjects were followed prospectively for 2.5 years: n =42 females (24 with recurrence, 18 no recurrence), 20 males
(11 with recurrence, 9 no recurrence).
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Fig. 4 Venn diagram of shared and gender-specific predictors of recurrence. Red arrows indicate an increased, and black arrows indicate a
decreased concentration was associated with risk of recurrence of depression. rMDD subjects were followed prospectively for 2.5 years: n =42

\.

females (24 with recurrence, 18 no recurrence), 20 males (11 with recurrence, 9 no recurrence).

Z-score threshold of 20.4 (significant metabolites in
cases must differ from controls by at least 0.4 standard
deviations), the study size was 198. The mean estimate
was 198 + 3.5 (mean + sd). These results showed that a
validation-scale study of at least 198 females and 198
males (99 cases and 99 controls each) will be needed to
confirm the results.
See Supplementary Results for additional results.

Discussion
Metabolomic analysis revealed an underlying bio-
chemical signature in remitted recurrent major

depressive disorder (rrMDD) that distinguished patients
from healthy controls. This difference was psychome-
trically inapparent as patients were studied during
antidepressant-free remission. Patterns of metabolic
abnormalities that we found reflected alterations in
chemical communication across lipid membranes and
between organelles, cells, organ systems, and the
microbiome. Lipid abnormalities constituted 60—70% of
the total metabolic impact. Even more striking was the
finding that metabolomic analysis was able to unmask a
latent signature of future risk of recurrence with
90-99% accuracy. If replicated, this finding could have a
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significant impact on clinical practice by permitting
patients with major depressive disorder to be stratified
according to future risk, and new preventive treatments
to be tested systematically in clinical trials. To the best
of our knowledge, this is the first report to show that
broad-spectrum targeted metabolomics can predict
future recurrence risk.

Interestingly, the top metabolites that distinguished
rrMDD cross-sectionally from controls were not the same
biomarkers that predicted future recurrence risk. Reci-
procally, the top predictors of future risk were not the
same biomarkers that distinguished patients with recur-
rent MDD in drug-free remission cross-sectionally from
healthy controls. A similar pattern of metabolites being
used differently in health than in disease has been
observed previously for other biological markers. For
example, a study showed that cortisol®* was increased in
rrMDD subjects compared to controls, while decreased
cortisol predicted recurrence in the same study. In this
example, higher levels of cortisol actually protected
against future recurrence in patients at risk. Altogether,
these differences between diagnostic and prognostic bio-
markers makes it unlikely that these observations merely
represent epiphenomena or consequences of earlier MDD
episodes.

Measuring latent risk

These data suggest that once a new disease state such as
MDD has been entered, asymptomatic remission comes
with a latent (hidden) future risk that can be objectively
measured, permitting patients to be stratified. In this new
state of latent risk, biochemical and endocrine pathways
are used differently to prevent disease progression and
recurrence than in healthy control subjects. These results
suggest that natural recovery from disease is not the
simple reversal of the sequence of pathogenic events that
led to disease. Metabolomic analysis unmasked new
interaction patterns between metabolites that changed the
future risk in patients in a disease state, but that had either
no utility, or even an opposite effect, in predicting the
future risk of developing that disease state in healthy
controls®®. Rephrasing this, the clinical context of the
patient in health or disease determines the meaning of the
data, and the pathophysiologic sequence of events that
produced the original disease is different than the path
that is used to minimize future complications, or to
recover and heal from that disease'®.

Mechanistic implications

Membrane properties are determined by lipids and
transporters that conduct material across those mem-
branes. Changes in membrane-dependent cell-to-cell and
interorganellar communication provide a rationale for
why over half of all the prognostic metabolites for
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recurrence risk in rrMDD were lipids, and why those that
were not lipids, like purines, are potent regulators of
membrane and transporter properties. We found that
several nucleosides of purines such as inosine and gua-
nosine were decreased while certain nucleobases like
xanthine were increased. This has been reported in
independent studies of MDD>* and confirms an impor-
tant role of purines and purinergic signaling in regulating
affective and several other neuropsychiatric and neuro-
degenerative disorders®>*®. Metabolic ~abnormalities
found in rrMDD support the notion that interorganellar
and intercellular exchange and the transformation of
metabolites across membranes—the connectivity and
communication between organelles, cells, and organ sys-
tems—is altered. Impaired communication across mem-
branes, as measured by plasma metabolomics, permits the
pathogenesis of major depressive disorder to be reframed
as a neurometabolic disorder®>”*®, When reframed under
this new paradigm as a neurometabolic disorder, novel
approaches to treatment become apparent that may never
have been considered under the old paradigm of MDD as
an isolated disorder of brain function independent of
whole-body changes in metabolism.

The mitochondrial nexus

Mitochondria have been shown to coordinate many of the
metabolic features of stress that can play a causal role in
mental health disorders®”**°, Mitochondria are the hub of
the wheel of cellular metabolism. This nexus point is a
crossroads for many neurodevelopmental and psychiatric
disorders®'. Mitochondria naturally respond to chemical
and physical environmental changes, making their mem-
brane structures of fundamental interest®®. Although typi-
cally thought of as an energy factory, mitochondria catalyze
over 700 biochemical reactions®® needed to produce
building blocks for cell growth, repair, and signaling.
Mitochondria can also shift dynamically between three
major modes of function, or functional types designated
M1-, M0-, and M2-organelles, according to cellular needs'®.
Cells in which M1- and MO-mitochondria predominate are
pro-inflammatory and dependent on glycolytic metabolism
for energy. M1- and MO-cells release more lactic acid in
order to maintain intracellular redox. Lactic acid elevation
was found in females with a history of rMDD in this study
(Fig. 2G), and is a known feature of symptomatic depression
that decreases with treatment®*“>, Moreover, both males
and females had several other markers of decreased mito-
chondrial function and/or biomass. These included
decreased purines like adenosine, inosine, and guanosine,
and decreases in the pyrimidine precursor orotic acid, and
decreased cardiolipins, which are markers of inner mito-
chondrial membrane surface area and biomass. Mitochon-
dria specialized for oxidative phosphorylation are
designated M2-organelles, needed for burning fatty acids
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for energy to make ATP. When M2-mitochondrial function
is impaired, several fatty acyl-carnitines increase in the
blood®. Acyl-carnitines were increased in both males and
females with antidepressant-free rrMDD, and the major
vitamins needed for fatty acid oxidation (riboflavin and
FAD) were decreased. Disturbances in mitochondrial
function leading to acyl-carnitine abnormalities have been
observed in several other independent studies of MDD
These findings support the hypothesis that even in remitted
rMDD a shift in mitochondrial function exists and persists.
This change is functionally dynamic, shifting mitochondria
away from the M2-polarized oxidative phosphorylation
phenotype, to the M1 and MO phenotypes associated with
inflammation and proliferation, respectively"®®,

Study limitations

A limitation of this study was the relatively smaller
number of rrMDD subjects enrolled. This was a greater
problem for males than for females. The smaller sample
size for males captured a smaller proportion of the natural
phenotypic variation, making the results vulnerable to
overfitting. The small sample size influenced the calcu-
lated false discovery rates (FDRs). FDRs for the significant
metabolites in females ranged from 0.6 to 0.96. FDRs for
the 54 discriminating metabolites in males ranged from
0.82 to 0.91. As expected for a small-scale pilot study,
these FDRs were higher than would be desired for a
validation study. To further test the statistical validity of
these results we used repeated double cross validation
(rdCV) analysis. rdCV analysis showed modest values of
0.74—-0.76 for males and females in remission, while a
similar analysis of the prognostic classifiers for high and
low risk of future recurrence of MDD symptoms reached
rdCV values of 0.91 and 0.80 for males and females,
respectively. Despite these high values for the in-sample
validation statistics, the generalizability of these findings is
not currently known, and will require independent testing
in future cohorts. Larger studies will be needed for vali-
dation, and verification of the sensitivity and specificity of
our results. Moreover, we did not include first-episode
MDD-patients. Although this allowed focus on recurrent
patients with a high recurrence risk, it precluded com-
parative analyses with patients with a relatively low risk.
Future studies applying comprehensive metabolomics in
untreated first-episode MDD may further elucidate the
role of different metabolites in the prognosis of MDD.

See Supplementary Discussion for additional discussion

Conclusions

Targeted broad-spectrum LC-MS/MS-metabolomics of
399 plasma metabolites was used to study recurrent major
depressive disorder in remission (rrMDD), and the time to
recurrence, in 126 cases and controls. Lipid abnormalities
dominated rrMDD’s metabolic signature. The most powerful
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statistical inferences came from the 2.5-year prospective
study of subjects at risk for recurrence. Stratification of
rrMDD  subjects using metabolomics was able to predict
recurrence risk with >90% accuracy in both males and
females. Nearly 80% of the metabolites with greatest pre-
dictive accuracy for recurrence risk belonged to just six
pathways: phospholipids, sphingomyelins, glycosphingolipids,
eicosanoids, microbiome, and purines. Abnormalities in
these pathways support the emerging conceptual framework
that mitochondria act as a metabolic nexus®' —as sensors and
regulators of cell function that respond to environmental
threat, stress, or injury'®*%% After correcting for residual
symptoms and lifetime MDD-episodes, metabolomic analysis
was found to add new information that was not statistically
correlated with any other neuropsychiatric parameter mea-
sured during remission and was highly significant in pro-
spectively identifying the rrMDD patients at greatest risk of
recurrence. New clinical trials designed to restore normal
lipid metabolism®, mitochondrial health®, metabokine sig-
naling'®??, and microbiome health®*”® through dietary,
supplement, psychological stress reduction, and medical
interventions will be required to confirm these results.

Acknowledgements

We thank the participants and families who donated their time and effort in
helping to make this study possible. We also thank Wes Thompson, Tuo Lin,
and Joe Ix for help with the Cox proportional hazard analysis. This work was
supported in part by the UCSD Christini Fund, The Wright Family Foundation,
The Lennox Foundation, and the UCSD Mitochondrial Disease Research Fund.
Funding for the mass spectrometers used in this study was provided by a gift
from the Jane Botsford-Johnson Foundation. J.A. also thanks all the individuals
and the foundations who helped make this project possible with their support.
The DELTA-neuroimaging study was supported by unrestricted personal
grants from the Amsterdam UMC to RJTM (AMC PhD Scholarship) and CAF
(AMC MD-PhD Scholarship), and a dedicated grant from the Dutch Brain
Foundation (Hersenstichting Nederland: 2009(2)-72). H.G.R. was supported by
an NWO/ZonMW VENI-Grant #016.126.059.

Author details

'Department of Psychiatry, Amsterdam UMC, Academic Medical Center,
University of Amsterdam, Meibergdreef 5, 1105 AZ Amsterdam, The
Netherlands. “The Mitochondrial and Metabolic Disease Center, University of
California, San Diego School of Medicine, 214 Dickinson St,, Bldg CTF, Rm C107,
San Diego, CA 92103-8467, USA. *Department of Neurosciences, University of
California, San Diego School of Medicine, 214 Dickinson St., Bldg CTF, Rm C107,
San Diego, CA 92103-8467, USA. “Department of Medicine, University of
California, San Diego School of Medicine, 214 Dickinson St., Bldg CTF, Rm C107,
San Diego, CA 92103-8467, USA. *Department of Psychiatry, Radboud
University Medical Center, Nijmegen, the Netherlands. 5Donders Institute for
Brain, Cognition and Behavior, Radboud University Nijmegen, Nijmegen, the
Netherlands. “Department of Pediatrics, University of California, San Diego
School of Medicine, 214 Dickinson St Bldg CTF, Rm C107, San Diego, CA
92103-8467, USA. ®Department of Pathology, University of California, San
Diego School of Medicine, 214 Dickinson St, Bldg CTF, Rm C107, San Diego, CA
92103-8467, USA. °Colt Neck Labs, 838 E High St 202., Lexington, KY 40503,
USA. "°Present address: School of Social Welfare, University of California,
Berkeley, CA 94720, USA

Author contributions

RKN, KL, JCN, LW, ATB, and JM.M. developed the metabolomics methods,
performed the metabolomic analysis, analyzed the data, and wrote and edited
the manuscript. RJTM. and CAF. enrolled the subjects and collected the
samples. RJTM, CAF, and HGR. coordinated the sample and clinical data
collection and analyzed the neuropsychiatric data. J.A. directed the study,



Mocking et al. Translational Psychiatry (2021)11:37

designed the metabolic analyses, and analyzed the data. RJT.M, JA, and RKN.
wrote the initial version of the manuscript and edited the manuscript. HGR, R.
JTM, and CAF. designed and wrote the human subjects protocol. HG.R. and
AH.S. directed the study and edited the manuscript.

Data availability
Raw AUC data from the LC-MS/MS analysis and recurrence data are provided
in Tables S1 and S2.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541398-020-01182-w).

Received: 23 August 2020 Revised: 8 December 2020 Accepted: 15
December 2020
Published online: 11 January 2021

References

1.

Greenberg, P. E, Fournier, A. A, Sisitsky, T, Pike, C. T. & Kessler, R. C. The
economic burden of adults with major depressive disorder in the United
States (2005 and 2010). J. Clin. Psychiatry 76, 155-162 (2015).

Malhi, G. S. & Mann, J. J. Depression. Lancet 392, 2299-2312 (2018).

Hoertel, N. et al. A comprehensive model of predictors of persistence and
recurrence in adults with major depression: results from a national 3-year
prospective study. J. Psychiatr. Res. 95, 19-27 (2017).

Mocking, R. J. et al. Vulnerability for new episodes in recurrent major
depressive disorder: protocol for the longitudinal DELTA-neuroimaging cohort
study. BMJ Open 6, e009510 (2016).

Isometsa, E. Suicidal behaviour in mood disorders-who, when, and why? Can.
J. Psychiatry 59, 120-130 (2014).

Brouwer, M. E. et al. Psychological theories of depressive relapse and recur-
rence: A systematic review and meta-analysis of prospective studies. Clin.
Psychol. Rev. 74, 101773 (2019).

Kennis, M. et al. Prospective biomarkers of major depressive disorder: a
systematic review and meta-analysis. Mol. Psychiatry 25, 321-338
(2020).

Mocking, R. J. T, Assies, J, Ruhe, H. G. & Schene, A. H. Focus on fatty acids in
the neurometabolic pathophysiology of psychiatric disorders. J. Inherit. Metab.
Dis. 41, 597-611 (2018).

Walther, A. et al. Lipidomics in major depressive disorder. Front. Psychiatry 9,
459 (2018).

Bot, M. et al. Metabolomics profile in depression: a pooled analysis of 230
metabolic markers in 5283 cases with depression and 10,145 controls. Biol.
Psychiatry 87, 409-418 (2020).

Kaddurah-Daouk, R. et al. Cerebrospinal fluid metabolome in mood
disorders-remission state has a unique metabolic profile. Sci. Rep. 2, 667
(2012).

Thesing, C. S. et al. Fatty acids and recurrence of major depressive disorder:
combined analysis of two Dutch clinical cohorts. Acta Psychiatr. Scandin. 14,
362-373 (2020).

Pan, J. X. et al. Diagnosis of major depressive disorder based on changes in
multiple plasma neurotransmitters: a targeted metabolomics study. Transl.
Psychiatry 8, 130 (2018).

Zhou, X. et al. Polyunsaturated fatty acids metabolism, purine metabolism and
inosine as potential independent diagnostic biomarkers for major depressive
disorder in children and adolescents. Mol. Psychiatry 24, 14781488 (2019).
Czysz, A. H. et al. Can targeted metabolomics predict depression recovery?
Results from the CO-MED trial. Transl. Psychiatry 9, 11 (2019).

Bhattacharyya, S. et al. Pilot study of metabolomic clusters as state markers of
major depression and outcomes to CBT treatment. front. Neurosci. 13, 926
(2019).

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3N

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 14

Bhattacharyya, S. et al. Metabolomic signature of exposure and response to
citalopram/escitalopram in depressed outpatients. Transl. Psychiatry 9, 173
(2019).

Naviaux, R. K. Metabolic features and regulation of the healing cycle-A new
model for chronic disease pathogenesis and treatment. Mitochondrion 46,
278-297 (2019).

Naviaux, R. K. et al. Metabolic features of chronic fatigue syndrome. Proc. Natl
Acad. Sci. USA 113, E5472-E5480 (2016).

Wang, D. et al. Metabolic profiling identifies phospholipids as potential serum
biomarkers for schizophrenia. Psychiatry Res. 272, 18-29 (2019).

Naviaux, R. K. et al. Metabolic features of Gulf War illness. PLoS ONE 14,
€0219531 (2019).

Naviaux, R. K. et al. Low-dose suramin in autism spectrum disorder: a small,
phase I/ll, randomized clinical trial. Ann. Clin. Transl. Neurol. 4, 491-505 (2017).
Pan, L. A, et al. Neurometabolic disorders: potentially treatable abnormalities in
patients with treatment-refractory depression and suicidal behavior. Am. J.
Psychiatry https.//doi.org/10.1176/appi.ajp.2016.15111500 (2016).

Zimmerman, M, Martinez, J. H, Young, D, Chelminski, I. & Dalrymple, K.
Severity classification on the Hamilton Depression Rating Scale. J. Affect. Disord.
150, 384-388 (2013).

World Medical Association. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects. JAMA 310,
2191-2194 (2013).

Li, K, Naviaux, J. C, Bright, A. T, Wang, L. & Naviaux, R. K A robust, single-
injection method for targeted, broad-spectrum plasma metabolomics. Meta-
bolomics 13, 122 (2017).

Naviaux, R. K- Metabolic features of the cell danger response. Mitochondrion
16, 7-17 (2014).

Buzkova, J. et al. Metabolomes of mitochondrial diseases and inclusion body
myositis patients: treatment targets and biomarkers. EMBO Mol. Med. 10,
€9091 (2018).

Pakos-Zebrucka, K. et al. The integrated stress response. EMBO Rep. 17,
1374-1395 (2016).

Olsen, R. K. et al. ETFDH mutations as a major cause of riboflavin-responsive
multiple acyl-CoA dehydrogenation deficiency. Brain 130, 2045-2054
(2007).

Samarani, M. et al. A lysosome-plasma membrane-sphingolipid axis linking
lysosomal storage to cell growth arrest. FASEB J. 32, 5685-5702 (2018).
Chiricozzi, E. et al. Sphingolipids role in the regulation of inflammatory
response: From leukocyte biology to bacterial infection. J. Leukoc. Biol. 103,
445-456 (2018).

Ma, Y, Hinde, E. & Gaus, K. Nanodomains in biological membranes. Essays
Biochem. 57, 93-107 (2015).

Grey, M. et al. Acceleration of alpha-synuclein aggregation by exosomes. J. Biol.
Chem. 290, 2969-2982 (2015).

Area-Gomez, E. et al. A key role for MAM in mediating mitochondrial dys-
function in Alzheimer disease. Cell Death Dis. 9, 335 (2018).

Wu, W, Shi, X. & Xu, C. Regulation of T cell signalling by membrane lipids. Nat.
Rev. Immunol. 16, 690-701 (2016).

QOlsen, A. S. B. & Faergeman, N. J. Sphingolipids: membrane microdomains in
brain development, function and neurological diseases. Open Biol. 7, 170069
(2017).

Kota, V. & Hama, H. 2-Hydroxy ceramide in membrane homeostasis and cell
signaling. Adv. Biol. Regul. 54, 223-230 (2014).

Yao, Y. et al. Fatty acid 2-hydroxylation inhibits tumor growth and increases
sensitivity to cisplatin in gastric cancer. EBioMedicine 41, 256-267 (2019).
Buczynski, M. W, Dumlao, D. S. & Dennis, E. A. Thematic review series: pro-
teomics. An integrated omics analysis of eicosanoid biology. J. Lipid Res. 50,
1015-1038 (2009).

Vangaveti, V. N, Jansen, H, Kennedy, R L & Malabu, U. H. Hydro-
xyoctadecadienoic acids: Oxidised derivatives of linoleic acid and their role in
inflammation associated with metabolic syndrome and cancer. Eur. J. Phar-
macol. 785, 70-76 (2016).

Li, M. Y. et al. Antineoplastic effects of 15(S)-hydroxyeicosatetraenoic acid and
13-S-hydroxyoctadecadienoic acid in non-small cell lung cancer. Cancer 121,
3130-3145 (2015).

Powell, W. S, Gravelle, F. & Gravel, S. Metabolism of 5(S)-hydroxy-68,11,14-
eicosatetraenoic acid and other 5(5)-hydroxyeicosanoids by a specific dehy-
drogenase in human polymorphonuclear leukocytes. J. Biol. Chem. 267,
19233-19241 (1992).



Mocking et al. Translational Psychiatry (2021)11:37

45.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Goetzl, E. J, Weller, P. F. & Sun, F. F. The regulation of human eosinophil
function by endogenous mono-hydroxy-eicosatetraenoic acids (HETEs). J.
Immunol. 124, 926-933 (1980).

Vaz, F. M. & Ferdinandusse, S. Bile acid analysis in human disorders of bile acid
biosynthesis. Mol. Asp. Med. 56, 10-24 (2017).

Garcia, M. et al. Nuclear receptor metabolism of bile acids and xenobiotics: a
coordinated detoxification system with impact on health and diseases. Int. J.
Mol. Sci. 19, 3630 (2018).

Fan, K. Q. et al. Stress-induced metabolic disorder in peripheral CD4(+) T cells
leads to anxiety-like behavior. Cell 179, 864-879. e819 (2019).

Vasquez, A. M, Mouchlis, V. D. & Dennis, E. A. Review of four major
distinct types of human phospholipase A2. Adv. Biol. Regul. 67, 212-218
(2018).

Shaham, O. et al. A plasma signature of human mitochondrial disease
revealed through metabolic profiling of spent media from cultured muscle
cells. Proc. Natl Acad. Sci. USA 107, 1571-1575 (2010).

Naviaux, R. K. Oxidative shielding or oxidative stress? J. Pharmacol. Exp. Ther.
342, 608-618 (2012).

De Becker, B. et al. Severe hypouricemia impairs endothelium-dependent
vasodilatation and reduces blood pressure in healthy young men: a rando-
mized, placebo-controlled, and crossover study. J. Am. Heart Assoc. 8, 013130
(2019).

Lok, A. et al. Longitudinal hypothalamic-pituitary-adrenal axis trait and state
effects in recurrent depression. Psychoneuroendocrinology 37, 892-902 (2012).
Assies, J. et al. Effects of oxidative stress on fatty acid- and one-carbon-
metabolism in psychiatric and cardiovascular disease comorbidity. Acta Psy-
chiatr. Scand. 130, 163-180 (2014).

Ali-Sisto, T. et al. Purine metabolism is dysregulated in patients with major
depressive disorder. Psychoneuroendocrinology 70, 25-32 (2016).
Kaddurah-Daouk, R. et al. Alterations in metabolic pathways and networks in
Alzheimer's disease. Transl. Psychiatry 3, e244 (2013).

Yao, J. K et al. Associations between purine metabolites and monoamine
neurotransmitters in first-episode psychosis. Front. Cell. Neurosci. 7, 90 (2013).
Lamers, F, Milaneschi, Y., de Jonge, P, Giltay, E. J. & Penninx, B. Metabolic and
inflammatory markers: associations with individual depressive symptoms.
Psychol. Med. 48, 1102-1110 (2018).

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

Page 14 of 14

Milaneschi, Y. et al. Genetic association of major depression with atypical
features and obesity-related immunometabolic dysregulations. JAMA Psy-
chiatry 74, 1214-1225 (2017).

Daniels, T. E, Olsen, E. M. & Tyrka, A. R. Stress and psychiatric disorders: the role
of mitochondria. Annu. Rev. Clin. Psychol. 16, 165-186 (2020).

Hoffmann, A. & Spengler, D. The mitochondrion as potential interface in early-
life stress brain programming. Front. Behav. Neurosci. 12, 306 (2018).

Picard, M, Juster, R. P, Sloan, R. P. & McEwen, B. S. Mitochondrial nexus to
allostatic load biomarkers. Psychosom. Med. 79, 114-117 (2017).

Naviaux, R. K. Perspective: cell danger response Biology-The new science that
connects environmental health with mitochondria and the rising tide of
chronic illness. Mitochondrion 51, 40-45 (2020).

Naviaux, R. K. Incomplete healing as a cause of aging: the role of mitochondria
and the cell danger response. Biology 8, 27 (2019).

Kaddurah-Daouk, R. et al. Pharmacometabolomic mapping of early bio-
chemical changes induced by sertraline and placebo. Transl. Psychiatry 3, €223
(2013).

Machado-Vieira, R. et al. Increased brain lactate during depressive episodes
and reversal effects by lithium monotherapy in drug-naive bipolar disorder: a
3-T TH-MRS study. J. Clin. Psychopharmacol. 37, 40-45 (2017).

Ahmed, A. T. et al. Acylcarnitine metabolomic profiles inform clinically-defined
major depressive phenotypes. J. Affect. Disord. 264, 90-97 (2020).

Li, K. J, Borresen, E. C, Jenkins-Puccetti, N, Luckasen, G. & Ryan, E. P. Navy bean
and rice bran intake alters the plasma metabolome of children at risk for
cardiovascular disease. Front. Nutr. 4, 71 (2017).

Parikh, S. et al. Patient care standards for primary mitochondrial disease: a
consensus statement from the Mitochondrial Medicine Society. Genet. Med.
19, 1-18 (2017).

Chambers, E. S. et al. Dietary supplementation with inulin-propionate ester or
inulin improves insulin sensitivity in adults with overweight and obesity with
distinct effects on the gut microbiota, plasma metabolome and systemic
inflammatory responses: a randomised cross-over trial. Gut 68, 1430-1438
(2019).

Borresen, E. C. et al. A randomized controlled trial to increase navy bean or rice
bran consumption in colorectal cancer survivors. Nutr. Cancer 68, 12691280
(2016).



