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Unhealthy diets high in fat and sugar content may have an impact on psychological health and increase the risk of Major
Depressive Disorder (MDD) and stress levels. On the other hand, MDD and stress might be related to food choices and intake.
However, it is not clear whether diet, and specifically fat and sugar intake, is causally related to stress and MDD, and whether this
relationship may be bi-directional. This study utilised Mendelian Randomisation (MR) to investigate the causal nature of the
relationship of fat and sugar intake with MDD and cortisol (as a proxy of stress), and to shed light on the direction of this
relationship. Summary-level data for all exposure and outcome variables were obtained from large-scale, non-overlapping GWASs
in individuals of European ancestry. Bidirectional analyses were performed: one with macronutrients as exposures and one with
MDD/cortisol as exposures. Random-effects inverse-variance weighted regression was used as the primary analytic method for
genetic instruments with at least two single nucleotide polymorphisms (SNPs) available (and individual Wald ratio was used when
only one SNP was available). Higher levels of genetically predicted relative sugar intake were causally associated with lower MDD
risk, for both genome-wide significant p-value threshold of p < 1 × 10−8, (OR= 0.553, 95% CI: 0.395-0.775) and relaxed p-value
threshold of p < 1 × 10−6 (OR= 0.786, 95% CI: 0.630–0.981). No reverse causality was detected in the opposite direction as MDD
was not associated with sugar consumption. The associations observed for all the other pairs of variables were weak and imprecise.
A number of limitations was present in the study, such as low-SNP based heritability for some exposures, inability to prove whether
variants were correlated with unmeasured confounders and self-reporting of MDD data. Lifestyle and/or pharmacological
interventions targeting sugar-related physiological mechanisms may help to reduce depressive symptoms. However, more research
is necessary on short- and long-term effects of sugar on the risk of MDD. Additionally, future studies should investigate whether the
amount and type of sugar consumed may underlie the impact of sugar on mood and stress levels.
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INTRODUCTION
Diet is an important factor for maintenance of good health
throughout the life course [1]. Unhealthy dietary habits are
associated with an obvious threat to physical well-being and may
lead to obesity and other chronic non-communicable conditions
[1], but they can also have an impact on psychological health.
Hence, patterns of food consumption and their relation to mental
health have recently started receiving more attention in research.
Nutritional habits have been proposed to play a role in the
aetiology and prognosis of Major Depressive Disorder (MDD) [2].
MDD is a major public health problem [3], partially due to a role of
socioeconomic status in depression: there is a large body of
literature which illustrates the negative association between
socioeconomic status and MDD and indicates strategies need to
be developed to protect against the development of MDD. Low
socioeconomic status has been shown to affect the economic
health burden of MDD, with lower access to care, limited
insurance and decreased consistency in treatment follow-up of
MDD [4]. Although the evidence base is still scarce, previous
clinical and observational studies suggest that diet and nutrition
may be promising targets for the prevention and treatment of

MDD. For example, a meta-analysis of randomised clinical trials
found that dietary interventions are potentially contributing to
reduction of symptoms of depression across the population [5].
Another review showed that omega-3 fatty and amino acids might
have anti-depressant effects [6]. Moreover, balanced diets, such as
the Mediterranean diet, have been shown to lower the risk of
depressive symptoms, while unhealthy diets characterised by fast
foods, snacks and highly palatable “comfort foods” (i.e., tasty,
calorically-dense foods containing high amounts of sugars and
fats [7]) are linked with higher risk of depressive symptoms
[2, 8–11].
However, this association has also been seen in the opposite

direction. Negative emotion might be related to food choice and
intake that in turn is associated with mood in a bi-directional
manner [12]. Some research suggests that depressed individuals
show a preference for “comfort foods” as a strategy to alleviate
their negative emotions and feelings [12]. One of the most
prevalent factors that trigger MDD is stress. Dysregulation of the
hypothalamic-pituitary-adrenal (HPA) axis function often leads to
hypercortisolism and may be a key biological mechanism under-
lying the relationship between stress and depression [13]. Cortisol
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can affect food consumption on the reward basis by increasing
food salience and reward feeling [14]. This can happen directly
with cortisol influencing the reward pathway through increased
opioid and dopamine levels, as well indirectly with cortisol
affecting a range of other hormones, such as leptin and insulin,
which play a role in regulation of appetite and reward [14]. Higher
perceived stress and higher cortisol levels have been be linked
with higher fat and sugar intake [1, 12–19], overall higher food
intake [15] and greater drive to eat [20]. These results support the
possibility of a cortisol-induced preference for “comfort food” and
contribute to the significance of the stress-diet link [14].
Despite this evidence, it is not clear whether diet is causally

related to stress and MDD, and whether this relationship may be
bi-directional. Despite randomised clinical trials being considered
the gold standard method for addressing causality, they are also
often not practical for assessing real world effects of dietary
patterns on mental health as the study designs usually have strict
inclusion criteria and low external validity [21]. In contrast,
observational prospective studies can assess diet as a whole and
investigate a range of effects of nutrition on mental health or
stress levels across the population. However, due to the lack of
randomisation, several health-related and socioeconomic factors
can potentially act as confounders of their association.
Of note, there are many discrepancies in the results of clinical

trials and observational studies on diet and mental health. For
example, one trial (N= 10) did not support the hypothesis that
higher fat intake contributes to higher levels of cortisol [22], while
another trial (N= 18 353) found that omega-3 fats may contribute
to higher risk of depressive symptoms [23]. Some observational
studies also suggest that consumption of high amounts of sugar
and saturated fat is not associated with depressive symptoms [24].
Such discrepancies could be explained by differences in the study
samples and assessment methods across studies [9], such as the
use of self-reported measures which might not accurately capture
differences in diet and mood. Self-reported data might also
be affected by the presence of social desirability and recall biases
[25, 26].
Mendelian Randomisation (MR) provides an alternative

approach from the observational studies and randomised clinical
trials. It is a genetically informed method which takes advantage
of randomly assigned genetic variation at conception prior to
the onset of disease as a proxy of exposure, which reduces the
chance of confounding [27]. Genetic variants associated with the
exposure of interest are used as instrumental variables for
assessing causal relationships with the outcome and vice versa
[27]. No research to date has used this approach to test the
bidirectional relationships of fat and sugar intake with depression
and cortisol (i.e., biomarker of stress). MR offers unique
opportunities for unravelling causal links in risk factors of
psychiatric disorders, especially compared to more traditional
research methods: psychiatric disorders, such as MDD often have a
multifactorial origin and behavioural confounders that can affect
the risk of the disease [28].

Aims and hypotheses
The aims of this study were to investigate whether the relation-
ship of fat and sugar intake with MDD and cortisol is causal, and to
shed light on the direction of this relationship. We applied two-
sample MR to test bidirectional associations of fat and sugar intake
with plasma cortisol levels and risk of MDD, using results from
published genome-wide association studies (GWAS). The follow-
ing hypotheses were tested:

● Higher intake of fat and sugar is associated with higher levels
of plasma cortisol.

● Higher intake of fat and sugar is associated with an increased
risk of MDD.

● The association of fat and sugar intake with plasma cortisol

levels and risk of MDD may also be bidirectional, whereby
higher levels of plasma cortisol and risk of MDD are associated
with higher intake of fat and sugar.

MATERIALS AND METHODS
Study design
Bidirectional MR analyses were conducted with relative intake of fat and
sugar as (i) the exposure, to assess whether they have a causal effect on
plasma cortisol levels and risk of MDD, and as (ii) the outcome, to assess
whether plasma cortisol levels and risk of MDD have a causal effect on
relative intake of fat and sugar (Fig. 1). Summary-level data for all exposure
and outcome variables were obtained from large-scale, non-overlapping
GWASs in individuals of European ancestry. Relative fat and sugar intake
were considered as proxy measures for unhealthy, snack-type diets while
plasma cortisol levels were considered as a proxy for biological stress
levels.

GWAS data sources (Table 1)
Macronutrients. Summary statistics for relative fat (N ~ 264,000) and
relative sugar (N ~ 231,000) intake were obtained from the European-
ancestry GWAS meta-analysis [29], which included a number of cohorts
from the UK (UK Biobank, ALSPAC, Fenland), the Netherlands (Lifelines, RSI/
II/III), USA (FHS, HRS, GARNET, HIPFX, WHIMS+) and the international
consortia EPIC-InterAct and DietGen (DietGen only analysed fat, protein
and carbohydrate intake, but not sugar intake). Previous-day (UK Biobank)
or habitual (all other cohorts) dietary intake was assessed with
comprehensive food-item questionnaires. All cohorts used self-report
questionnaires containing ≥70 food items. The relative contributions of fat,
protein, carbohydrate, and sugar to total energy intake were calculated,
and individuals on calorie- or macronutrient-restricted diets were
excluded.

MDD and plasma cortisol. Summary statistics for diagnoses of MDD
(N ~ 143,000) were obtained from the Psychiatric Genomics Consortium
(PGC) [30]. Meta-analytic results that left out UK Biobank participants for
MDD were used, in order to avoid sample overlap between the exposure
and outcome data. Participants from 23andMe were also excluded owing
to access constraints. Summary statistics for diagnoses of plasma cortisol
(N ~ 13,000) were obtained from the CORtisol NETwork (CORNET)
consortium [31], including a meta-analysis of nine cohorts of European
descent. Mean morning plasma cortisol levels in the included studies
ranged from 305 to 765 nmol/L. The genetic association estimates were
adjusted for age, sex, and genetic principal components.

Selection of genetic instruments
Two sets of genetic instruments were chosen for each exposure variable:
first set included only single nucleotide polymorphisms (SNPs) reported as
genome-wide significant (p < 1 × 10−8), while the other set included SNPs
meeting a relaxed p-value threshold (p < 5 × 10−8). SNPs that were
correlated at r2 > 0.001 were clumped to make sure that the genetic
variants used in the study were independent. When SNPs for the exposure
were not available in the summary statistics of the outcome, they were
replaced with overlapping proxy SNPs in high-linkage disequilibrium
(r2 > 0.8). Following that, outcome and exposure data were harmonised,
and data pruning was applied to drop potential duplicate summary sets.
Steiger directionality and filtering tests were performed to drop SNPs
which had a greater effect on the outcome than on the exposure, as this
would indicate that the assumption that exposure causes the outcome is
not valid.

Statistical analyses
Bidirectional pathways between macronutrients and MDD/plasma cortisol
were assessed by considering analysis in two directions: one with
macronutrients as exposures and one with MDD/plasma cortisol as
exposures. Random-effects inverse-variance weighted (IVW) regression
[32] was used as the primary analytic method for genetic instruments with
at least two SNPs available. For genetic instruments involving a single SNP,
individual Wald ratios (WR) are presented instead [32]. As measures of
effect size, odds ratios (OR) are reported for binary outcomes and
standardised beta coefficients (β) for continuous outcomes. Sensitivity
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analyses were run to test the three core assumptions for valid
instrumental variables. The three assumptions are: (IV1) the genetic
variant should be associated with the exposure, (IV2) the genetic variant
should not be associated with confounders, (IV3) the genetic variant
should affect the outcome only through the exposure pathway [33]. If
instrument SNPs show horizontal pleiotropy, IV2 and IV3 are violated
[33]. MR methods used in sensitivity analyses to assess and correct
potential violations of key MR assumptions included MR-Egger [34],
weighted median, weighted mode, MR-PRESSO, and MR-RAPS [35–37].
Finally, Cochran’s (IVW) and Rucker’s (MR Egger) Q tests were performed
to detect heterogeneous causal effects when using meta-analytic
methods. Single SNP analysis plots and leave-one-out analysis plots
were produced. Single SNP and leave-one-out analyses were only
performed for the associations with at least three SNPs available. All
statistical analyses were conducted in R (version 4.0.2) using the
TwoSampleMR package.

RESULTS
The results of the main (IVW/WR) and sensitivity (weighted
median, weighted mode, and RAPS) analyses are presented in
Tables 2 and 3. Other sensitivity analyses results are presented in
Supplementary Tables 1–4 and Supplementary Figs. 1–6.

Main analyses
Direction 1: Effects of relative fat and sugar intake on stress levels
(measured by levels of plasma cortisol) and risk of MDD. Higher
levels of genetically predicted sugar intake were causally
associated with lower risk of MDD, for both genome-wide
significant p-value threshold (IVW OR= 0.553, 95% CI:
0.395−0.775) and relaxed p-value threshold (IVW OR= 0.786,
95% CI: 0.630−0.981). There was no statistical evidence of a
causal association between sugar intake and cortisol (IVW
OR= 1.157, 95% CI: 0.609−2.198), as well as between fat intake
and MDD (IVW OR= 1.266, 95% CI: 0.840−1.908) and cortisol
(WR OR= 0.291, 95% CI: 0.077−1.101) at genome-wide sig-
nificant p-value threshold. At relaxed p-value threshold, the
results were similar between sugar intake and cortisol (IVW
OR= 1.038, 95% CI: 0.733−1.470), as well as between fat intake
and MDD (IVW OR= 1.009, 95% CI: 0.752−1.352) and cortisol
(WR OR= 0.582, 95% CI: 0.204−1.660).

Direction 2: Effects of stress levels (measured by levels of plasma
cortisol) and MDD on relative fat and sugar intake. There was
weak evidence of causal associations in this direction atTa
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Fig. 1 Study design and Mendelian Randomisation (MR) assump-
tions. Note: Solid arrows represent the pathways which are
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which are hypothesised not to exist, based on MR assumptions.
SNPs= single nucleotide polymorphisms, MDD=Major Depressive
Disorder, IV1, IV2, IV3=MR assumption 1, 2, 3.
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genome-wide significant p-value threshold between sugar intake
and MDD (IVW OR= 1062, 95% CI: 0.956−1.179) and cortisol (IVW
OR= 0.984, 95% CI: 0.919−1.053), as well as between fat intake
and MDD (IVW OR= 0.875, 95% CI: 0.733−1.046) and cortisol (WR
OR= 0.291, 95% CI: 0.978−1.111). Similar results were obtained at
relaxed p-value threshold for all association pairs.

Sensitivity analyses
Direction 1: Effects of relative fat and sugar intake on stress levels
(measured by levels of plasma cortisol) and risk of MDD. Weighted
median and RAPS methods analyses with relative sugar intake as
the exposure and risk of MDD as the outcome showed significant
effects in the same direction as those observed in the main
analyses, with similar confidence intervals (Table 2). The associa-
tion between relative sugar intake and risk of MDD was imprecise
(i.e., the confidence interval of the estimated OR included zero).
However, it should be noted that these sensitivity analysis
methods would result in lower statistical power than IVW due to
stricter assumptions.
MR-PRESSO test showed potential heterogeneity and unba-

lanced horizontal pleiotropy for the association between relative
sugar intake as the exposure and risk of MDD as the outcome was
tested for both p-value thresholds (Supplementary Table 4). There
was no evidence of heterogeneity when the intercept of MR-Egger
was calculated (Supplementary Table 2). The Steiger directionality
suggested that the overall direction of the observed MR effects
was correct for almost all associations, except for the association
between sugar intake and cortisol levels (genome-wide significant
p-value threshold) and the association between fat intake and
cortisol levels (relaxed p-value threshold). However, both effects
were driven by a small number of SNPs, and the directions were
significant when using the other available threshold. Single SNP
analyses and leave-one-out SNP analyses provided consistent
results with the main analysis and no outliers were found
(Supplementary Figs. 1−4).

Direction 2: Effects of stress levels (measured by levels of plasma
cortisol) and MDD on relative fat and sugar intake. RAPS analyses
with MDD as the exposure and relative fat intake as the outcome
indicated that MDD is associated with lower relative fat intake
(RAPS standardised effect=0.866, 95% CI: 0.801, 0.938) when
genome-wide p-value threshold was used (Table 3). However, the
effect was driven by only one SNP. Additionally, that association
was displaying heterogeneity for both IVW and Egger regressions
Q statistics (Supplementary Table 1). There were no other precise
associations found in this direction using MR-Egger, weighted
median, weighted mode or RAPS methods (Table 3).
MR-Egger intercept testing, Q statistics and MR-PRESSO tests

highlighted no evidence of heterogeneity or horizontal pleiotropy
for the rest of the associations in this direction (Supplementary
Tables 1, 2 and 4). The Steiger directionality test suggested that
the overall direction of the observed MR effects was correct
(Supplementary Table 3). Single SNP analyses and leave-one-out
SNP analyses provided consistent results with the main analysis
and no outliers were identified (Supplementary Figs. 5 and 6).

DISCUSSION
In this study, large-scale GWAS datasets were used to test the
causal nature and direction of the relationship of sugar and fat
intake with MDD and stress. The results showed that higher
genetically predicted sugar intake had a causal protective effect
on the risk of MDD. Furthermore, no reverse causality was
detected, with MDD not being associated with higher sugar
consumption. Associations between other exposures and out-
comes were weak and imprecise in both directions.
Interestingly, most population-based studies have found an

opposite effect, with higher sugar consumption being linked with

increased MDD risk. For example, a meta-analysis of 10 observa-
tional studies concluded that consumption of sugar-sweetened
beverages was associated with an increased risk of depression
[38]. Another systematic review, which looked at patients living
with type 2 diabetes, found that increased sugar intake in food
was associated with depression [39].
There might be a few explanations of the association

between sugar and MDD presented in the Results. Firstly,
high-sugar foods, such as chocolate, have psychoactive
chemicals targeting opioid receptors in the central nervous
system, and their low-to-moderate consumption can affect
happiness levels [40]. Additionally, glucose has been shown to
boost cognitive performance during increasing mental efforts,
and might enhance learning and memory in healthy humans,
for example through enhancement of neurocognitive markers
and medial temporal and frontal activation [41, 42]. Cognitive
dysfunction is one of potential mediators of functional
impairment in MDD, while lowered ability to concentrate is
one of the diagnosis criteria of MDD [43]. Secondly, type of
sugar was not differentiated. Existing research has shown that
natural fructose from the fruit might be associated with
improved cognitive function, and fibre, vitamins and minerals
in fruit can counteract the potential negative impacts of sugar
[44]. Sugar also affects changes in dopamine signalling and
sensitisation of D-1 dopamine and mu-1 opioid receptors.
Removal of high-sugar products from diet might lead to
depressive behaviours, similar to withdrawal symptoms in
drugs of dependence [44].
Moreover, metabolic properties of sugar contribute to stress

relief through peripheral (e.g., glucocorticoid receptor signalling in
adipose tissue) and brain (e.g., plasticity in brain reward regions)
mechanisms [11]. Hence, the relationship between sugar and MDD
and its underlying mechanisms deserve further attention in future
research.
There was no association between sugar intake and stress

levels nor fat intake, MDD risk and stress levels. These results
are contradictory to existing research. For instance, an
observational study using UK Biobank data found that diets
characterised by high consumption of chocolate, confection-
ery, butter, high-fat cheese and added sugars were linked with
higher risk of depression and anxiety [45]. A study done on
China Health and Nutrition Survey participants found that
perceived levels of stress were associated with a preference for
fast foods and sugary drinks [46]. It is possible that the
associations between sugar intake and stress levels as well as
fat intake and stress levels were not detected in our study due
to limited statistical power of the underlying GWAS datasets
(e.g., cortisol data).

Strengths and limitations
The main strength of the study was the application of genetically
informed MR analyses which are less prone to confounding bias
than traditional observational studies. The datasets used came
from the largest non-overlapping genetic consortia and biobanks
available. Additionally, for each exposure-outcome pair, sensitivity
analyses with a relaxed threshold p-value were conducted and
several robust MR methods were used to validate major MR
assumptions and allow for various potential patterns of horizontal
pleiotropy.
Despite these strengths, a number of limitations should be

noted. Firstly, SNP-based heritability was low for some exposures.
For instance, genetic variants used in the study only accounted for
0.54% of the variation in morning plasma cortisol, and the overall
sample size of the cortisol GWAS was much smaller than that of
other datasets used in the study, which may have reduced the
statistical power of the analyses involving cortisol as an exposure
or outcome and therefore the null findings from the study cannot
rule out alternative hypothesis. To address this, we run analyses
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with a relaxed threshold p-value, which enabled us to use a larger
number of SNPs as genetic instruments for cortisol. Although this
method has a potential risk of basing the research on false genetic
instruments, MR-RAPS was utilised as a sensitivity analysis to
address weak instrument bias.
Secondly, it is impossible to prove whether or not the variant is

correlated with an unmeasured confounder. There was also a large
time gap between conception, when the genotype is determined,
and time of exposure and outcome measurement, therefore
timing of the causal effects cannot be determined. Therefore, the
estimated MR effect should be interpreted as a lifetime associa-
tion. Another limitation is self-reported dietary data in the UK
Biobank. To assess diet, UK Biobank participants were asked to
report what foods and drinks they had consumed during the
preceding 24 h, by answering questions about the frequency of
intake of approximately 200 commonly consumed foods and
drinks, which may not provide accurate information about usual
dietary habits. Moreover, neither DSM nor ICD were utilised in
some of the studies assessing MDD presence in PGC. Non-
stringent inclusion criteria and not relying on DSM/ICD-based
diagnoses introduces the risk of unwanted population hetero-
geneity. Lack of standardisation of exposures/outcomes and not
applying widely used diagnostic criteria to measure MDD might
lead to bias in the results.
The p-values were not adjusted for multiple testing compar-

isons, therefore there is a higher chance that true null hypotheses
were rejected. Additionally, self-reporting often leads to biased
results as reporting relies on participants’ memory and willingness
to share all the foods eaten, even if excess calories are consumed.
Moreover, a number of potential psychosocial factors, such as
educational attainment, could be potential confounders in diet,
MDD and stress relationship. In the case of same genetic variants
being correlated to fat and sugar consumption, as well as those
potential confounders, MR assumptions might be violated. Finally,
we only analysed data from participants of European descent. Any
recommendations and conclusions reached in the study are
therefore only applicable to European populations and should not
be generalised to individuals of other descents who may have a
different genetic make-up.

CONCLUSIONS
In conclusion, this study used genetically informed methods to
understand the causal relationship between sugar and fat
consumption, MDD risk, and cortisol levels. Our findings suggest
that higher sugar consumption may have a protective effect
against MDD. Therefore, lifestyle and/or pharmacological inter-
ventions targeting sugar-related physiological mechanisms may
help to alleviate stress and reduce depressive symptoms. For
example, future research may test the effects of sugar-mimicking
drugs on the brain as a way to alleviated MDD symptoms and
stress levels, which would not cause potentially harmful side
effects of high sugar consumption (such as diabetes and obesity).
Further research on the amount and type of sugar consumed and
its effect on risk of MDD is also necessary. For example, future MR
studies can be conducted focusing specifically on added sugar, or
selected food items high in sugar content, instead of relative sugar
in the diet. Additionally, to further investigate the links between
sugar, fat and stress, analyses could be repeated if a GWAS for
plasma cortisol with a larger sample size will become available in
the future.
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