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Abstract

Folate has been proposed to be an efficacious treatment strategy for depression. The mandatory fortification
of flour with synthetic folic acid (FA) in over 80 countries has yielded improvements in folate intake; however,
depression is still a considerable public health concern. While there are established benefits of FA fortification
in reducing risk of neural tube defects, the implications regarding depression are unclear, especially in individu-
als with certain genetic polymorphisms. Therefore, a systematic review was conducted to examine the effects of
folate to treat depression. Following PRISMA guidelines, a systematic review was conducted of electronic data-
bases (PUBMED, Scopus, CINAHL, and Cochrane Library) to identify human clinical trials examining the effects
of folate (including FA) supplementation in the management or prevention of depression, the impact on inflam-
matory markers and if genetic polymorphisms were considered. Ten trials met the inclusion criteria. Seven trials
examined effects of either adjunctive FA or L-methylfolate (L-MTHF) supplementation with antidepressants in the
management of depression and three examined effects of FA supplementation alone for prevention of depres-
sion. No benefit of FA was found compared to placebo (all, p > 0.05). The single L-MTHF trial that explored the
interplay of genetic polymorphisms and methylation status found benefit in the Hamilton depression rating scale
from adjunctive treatment with 15 mg/day of L-MTHF compared with placebo (-6.8 + 7.2 vs. -3.7 +6.5; p =0.017)
and improvement with L-MTHF for most genetic markers. Currently, there is no evidence to support FA supple-
mentation for the management or prevention of depression. More research is required to determine the efficacy
of L-MTHF and folinic acid in certain clinical populations.

Introduction

Keywords: Folic acid; Homocysteine; Depression; Epigenomics.

Abbreviations: 4-HNE, 4-hydroxy-2-nonenal; 5-HIAA, 5-hydroxyindoleacetic acid; The identification of folate as a key nutrient in the prevention of hu-

5-MTHF, 5-methyltetrahydrofolate; BDI, Beck depression inventory; BMI, body
mass index; CI, confidence interval, CVD, cardiovascular disease; DHF, dihydro-
folate; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders IV; FA, folic
acid; Hey, homocysteine; HDRS, Hamilton depression rating scale; hs-CRP, high-
sensitivity C-reactive protein; IL, interleukin; L-MTHEF, L-methylfolate; MINI, mini
international neuropsychiatric interview; MTHFR, methylenetetrahydrofolate reduc-
tase; NS, not specified; NTD, neural tube defects; OR, odds ratio; RCF, red blood cell
folate; SAH, S-adenosylhomocysteine; SAMe, S-adenosylmethionine; THF, tetrahy-
drofolate; TNF-a, tumor necrosis factor-alpha.

Received: July 31, 2017, Revised: October 31, 2017; Accepted: November 14, 2017
“Correspondence to: Nenad Naumovski, Room 1C130; Faculty of Health; Locked
Bag 1; University of Canberra, Canberra, ACT, 2601, Australia. Tel: +61 2 62068719,
Fax: +61 2 62015999, E-mail: nenad.naumovski@canberra.edu.au

How to cite this article: Barnett H, D’Cunha NM, Georgousopoulou EN, Kel-
lett J, Mellor DD, McKune AJ, Naumovski N. Effect of Folate Supplementation
on Inflammatory Markers in Individuals Susceptible to Depression: A System-
atic Review. Exploratory Research and Hypothesis in Medicine 2017;2(4):86-100.
doi: 10.14218/ERHM.2017.00025.

man disease, and particularly neural tube defects (NTD) in utero,!
has led to public health interventions based on mandatory folic acid
(FA) fortification. These measures have been deemed necessary
to reduce the incidence of NTD; and, while FA supplementation
has been found to be successful in reducing NTD,!? there remains
controversy surrounding the safety of mandatory fortification.>-
Mandatory fortification exposes the whole population to a syn-
thetic form of folate, rather than just the target population, while
consumption of foods containing natural forms of folate is decreas-
ing.¢8

Over 80 countries have implemented a mandatory FA fortifi-
cation policy. The intake of folate in countries with mandatory
fortification is often higher than the recommended ranges, calling
into question whether mandatory fortification is warranted in other
countries.” In countries with mandatory fortification, FA is avail-
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able as either a supplement (400 pg to 4 mg/day recommended in
pregnancy, depending on medical history) or through the fortifica-
tion of flour and cereal products.!? Fortification levels vary world-
wide, with a FA level of 140 pug/100 g implemented in the United
States in 19985 and 200-300 pg/100 g in Australia as of 2009.1
Although increased folate reduces plasma homocysteine (Hcy),?
excessive FA consumption from fortified foods may impair intra-
cellular folate metabolism and play a role in epigenetic changes
linked to increased inflammation and non-communicable diseases
including depression.!>-16

Types of folate

Folate was first discovered in 1931 by Wills, as a substance in
yeast extract, and it was found to be effective in the treatment of
pregnancy-related anemia.!” Currently, there are multiple struc-
tural forms of the vitamin that have been identified (‘synthetic’ and
‘natural’ forms), as well as a result of metabolic processes, which
makes understanding the role of folate in human health and disease
incredibly complex.!” Due to humans not being able to synthe-
size folate, it must be obtained from dietary sources, such as leafy
green vegetables, with the main forms in food being 5-methyltet-
rahydrofolate (5-MTHF) and formyltetrahydrofolate.!®

The main structural differences between natural and synthetic
forms of folate are the oxidation state, the number of conjugated
glutamic acid moieties and the type of one-carbon substituents
at the N5 and N10 positions.!” Dietary folate is predominantly
5-MTHE, which is the biologically active form of the vitamin
but may also exist as formyltetrahydrofolate or in the oxidized
form 5-methyl-5,6-dihydrofolate. The latter is rapidly degraded;
however, the secretion of ascorbic acid into the gastric lumen
appears to be a critical mechanism to reduce it back to the more
stable 5-MTHF; therefore, increasing the bioavailability of food
folates.!” Accordingly, 5-MTHF is demethylated to form tetrahy-
drofolate (THF) by methionine synthase, so that it can be used for
the synthesis of nucleotides.

In contrast, synthetic FA exists as the fully oxidized pteroyl-
monoglutamic acid,!® which is chemically more stable and cheaper
to produce than most other forms of folate.* Like 5-MTHF, FA is
also metabolized to THF; however, it is via a much ‘slower’ two-
step process catalyzed by the enzyme dihydrofolate reductase and
producing the intermediate dihydrofolate (DHF).2? Consequently,
human ability to absorb and process FA to biologically active
forms of folate is saturated at daily intakes of between 266-400
ng.2122 Folinic acid is another form of folate supplement available
and is commonly used after methotrexate treatment for various
types of cancers.!”

Roles of folate in health

Folate, as 5-MTHEF, is required for the synthesis of the DNA nucle-
otide thymidine from the RNA nucleotide uracil and is, thus, vital
for the stability of DNA. Therefore, folate deficiency is associated
with misincorporation of uracil into DNA and DNA strand break-
ages.?? As DNA is incorporated into all cells, folate is especially
important for rapidly dividing cells, such as red blood cells, and is
consequently associated with anemia.?* Similarly, folate plays a
conflicting role in cancer development, depending on the stage of
cancer. Adequate folate levels prevent the expression of oncogenes
and promote DNA stability before cancer initiation; however, after
cancer cells have become established, folate can stimulate cell di-
vision and growth.25-28
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Folate also provides a methyl group for the conversion of Hcy
back to methionine, which leads on to the production of S-aden-
osylmethionine (SAMe). The reduction of Hey also appears to be
a vital aspect of this cycle, as elevated Hey has been associated
with disorders ranging from cardiovascular disease (CVD)?*3 to
mental health disorders.?'=3% The importance to CVD has primar-
ily been investigated due to the role of FA in lowering Hey, and
also due to its ability to enhance nitric oxide production, thereby
reducing the endothelial dysfunction associated with CVD.36:37
Similarly, folate plays a role in the recycling of tetrahydrobiop-
terin, a cofactor involved in the synthesis of the neurotransmitters
dopamine, serotonin and noradrenaline.32-3

Folate and mental health

Folate was first observed to be associated with perturbations in
mental health when Victor Herbert consumed a diet deficient
in folate in 1962.38 In 1978, Boetz et al.3® observed that both
under- and over-supplementation of FA resulted in low brain
serotonin levels in rats, indicating that folate was involved in
the synthesis of neurotransmitters. Epidemiological studies
have suggested that low folate status is associated with depres-
sion, 041 severity of depression***%*3 and response to antide-
pressant treatment,*!+*3# though the exact mechanisms of action
are still not understood.

To date, there is focus on: the relevance of folate in recycling
tetrahydrobiopterin, a cofactor in the synthesis of the neurotrans-
mitters;323* the function of folate as a methyl donor and the role
it plays in the production of SAMe;*23* the importance of SAMe
in the methylation of neurotransmitters;*?45 and, the accumulation
of both Hey and its precursor metabolite S-adenosylhomocysteine
(SAH), which has been shown to be neurotoxic due to its inhibi-
tion of monoamine metabolism.**~*# Similarly, genome-wide as-
sociation studies have shown a link between the methylenetetrahy-
drofolate reductase (MTHFR) C677T mutation and certain mental
health disorders, such as depression and schizophrenia. %51

Many trials have been conducted to understand the role that
folate plays in human neurochemistry.3!3%52-55 The function of
folate as a methyl donor has led to a focus on the inflammatory
marker Hey, and whether lowering of this amino acid has a ben-
eficial effect on depressive symptoms. While folate is vital for
neurotransmitter production and mental health, it has become in-
creasingly questioned whether FA is the best form of folate,*20:56:57
and even if it may result in detrimental effects in some individuals
which could be due to one or more of the many potential genetic
polymorphisms within the folate pathway.58-%! Importantly, there
is a need to consider whether folate biochemistry works similarly
in different tissues. As the brain is a post-mitotic tissue, it does
not synthesize nucleotides, and therefore the role of folate in the
central nervous system is different. However, the ability to meas-
ure biomarkers accurately in the brain is challenging due to the
invasive nature of such testing.

Therefore, the aim of this literature review is to examine hu-
man clinical trials to determine what type of folate supplemen-
tation have been used, what inflammatory markers have been
measured, whether genetic polymorphisms have been explored
and their effects, and measures of depressive symptoms. As
there are concerns being expressed over the safety of FA sup-
plementation and fortification, it appears timely to examine
the evidence surrounding FA supplementation in the treatment
of depression. In addition, this review will attempt to examine
whether there are other mechanisms involved which have not yet
been explored.
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Fig. 1. PRISMA flow diagram.

Methods

A systematic review of published literature was performed to iden-
tify the evidence for folate supplementation to treat depression. A
flow chart describing the study selection is presented in Figure 1.

Search strategy

Four electronic databases (PUBMED, Scopus, CINAHL and the
Cochrane Library) were searched independently by two authors
following the PRISMA 2009 guidelines,? to identify human clini-
cal trials examining the effects of folate (including FA) supple-
mentation on the inflammatory markers Hcey, interleukins (ILs),
tumor necrosis factor-alpha (TNF-a)) and high-sensitivity C-reac-
tive protein (hs-CRP) in the treatment or prevention of depression.
The database search used keyword terms related to the aim: “fo-
lic acid”, “folate”, “Folinic Acid”, “methylfolate”, “5-MTHEF” in
combination with “homocysteine”, “interleukin*”, “tumour necro-
sis factor alpha”, “high sensitive C-reactive protein” AND “mental
health” OR “depression”. Two independent authors conducted the
searches (H.B. and N.D.), and a manual search of the reference
lists of review articles was also performed.

)
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Inclusion criteria

The search included articles that measured depression as a pri-
mary or secondary outcome measure. We included studies if they
measured Hey or one and more inflammatory markers and if ge-
netic polymorphisms were considered in the analysis. Only peer-
reviewed journal articles published in English were included. To
assess the recent evidence regarding folate and depression, only
randomized, placebo-controlled, human clinical trials conducted
between the years of 1991 and 2017 were included. The year 1991
was selected due to the establishment of the role of FA in the pre-
vention of NTD.!

Exclusion criteria

Observational studies were excluded due to considerable het-
erogeneity, difficulty in identifying the type of folate consumed,
confounding due to socioeconomic factors and a reliance on self-
reported data. During the search, two trials satisfied the inclusion
criteria;%*%* however, they were excluded as the hyperhomocyst-
einemia that was being studied was secondary to, or a result of,
the disease process, medication and/or treatment for the specific
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disease or condition. Consequently, the results of these trials were
not generalizable to the wider population.

Assessment of risk of bias

The risk of bias was independently assessed by two reviewers
(H.B. and N.D.) (Table 138:65-73) using the criteria suggested in the
Cochrane guidelines.” The country and source of funding were
also considered to illustrate if any bias may have been introduced
into the study. Differences in opinion between reviewers were re-
solved through discussion until consensus was reached. When con-
sensus could not be reached, co-authors (N.N. and E.G.) provided
input until a final decision was agreed upon.

Results

Description of studies

In total, 338 studies were identified from the initial electronic
database search. Of these, 61 titles were extracted for further
analysis of their abstracts, with only 10 satisfying the inclusion
criteria (Fig. 1).%% Six trials examined the effect of either FA or
L-methylfolate (L-MTHF) as an adjunct to antidepressants in the
treatment of depression,®5-7" three examined the effect of FA sup-
plementation on the prevention of depression as a standalone treat-
ment, #7172 and one trial included participants who were all on
antidepressant medication throughout the trial period (although the
antidepressant was not part of the intervention).” Nine of the trials
measured Hey,38:65-68.70-73 with one measuring hs-CRP and SAMe/
SAH ratio.®” No trials measured TNF-a, IL or supplementation
with folinic acid. Five trials considered the interaction between
folate supplementation and genetic polymorphisms. Two studies
analyzed single nucleotide polymorphisms in detail and presented
their results,®%° two made reference to the relevance of genetic
polymorphisms in the folate pathway (mainly MTHFR),%57" and
one study excluded participants who were homozygous for the
C677T polymorphism on the basis that it impairs folate status.’®
A range of outcomes pertaining to depression was found in the
included studies to assess depressive symptoms, such as the mini
international neuropsychiatric interview (MINI) and the Beck de-
pression inventory (BDI). The outcomes measures used in the in-
cluded studies are briefly described in Supplementary Information
1.

For this review, the articles were categorized into either: 1. FA/
methylfolate as an adjunct in the treatment of depression (descrip-
tion of studies provided in Table 205-70.73); 2. FA as a standalone
supplement in the prevention or treatment of depression (descrip-
tion of studies provided in Table 33871,72),

Folate (FA and/or L-MTHF) as an adjunct to antidepressants in
the treatment of depression

Five included studies®s-870 examined the effect of FA in enhanc-
ing the efficacy of antidepressants in the treatment of depression,
while one study examined the use of L-MTHF as an adjunct to
antidepressant treatment.%® The study by Loria-Kohen et al.7? did
not include the use of antidepressants in the study design or inter-
vention. However, it was noted that all study participants were on
either an antidepressant, anxiolytic or mood stabilizer. A summary
of each of the studies is included in Table 1.

Explor Res Hypothesis Med

The duration of trials ranged from 6 weeks to 2 years, with sam-
ple sizes ranging from 27 to 900 participants. In the FA trials, al-
most two-thirds of the 1706 participants were female (n = 1060). In
four of the studies,®5:98-70 participants were recruited following di-
agnosis by the Diagnostic and Statistical Manual of Mental Disor-
ders IV (DSM-1V) of Major Depression.” Two studies examined
adults with either depressive symptoms,®” or moderate to severe
depression.%® Inclusion into the remaining study was based on a
diagnosis of Restrictive Anorexia Nervosa or Eating Disorder Not
Otherwise Specified.” In this study, a food frequency and “3-day
food and drink record” also assessed low folate intake. All studies
included measurements of either Hey or hs-CRP.%5-7%.73 Levels of
FA supplementation ranged from 0.4-10 mg/day for FA and 15
mg/day for the L-MTHEF trial.

Three studies observed a positive effect of adjunctive FA sup-
plementation alongside antidepressants for the treatment of de-
pression, 987073 while two studies observed no significant differ-
ence between placebo and intervention (all, p > 0.05).66:67 The trial
by Almeida et al.% only observed a difference over 52 weeks of
treatment, but not over 12 weeks.

The study by Coppen et al.®® found an overall positive effect of
500 pg/day FA supplementation over 10 weeks alongside fluox-
etine in the reduction of plasma Hcy concentration (placebo: 9.52
+ 3.22 pmol/L; FA: 8.01 £ 2.23 umol/L, p < 0.02) and depressive
scores (Hamilton depression rating scale (HDRS): 26.8 + 5.0 de-
creasing to 8.1 £ 5.4, p < 0.05). However, when the results were
analyzed by sex, the beneficial effect of FA in the reduction of Hey
only extended to females (placebo: 8.56 + 2.34 umol/L to 9.36 +
4.25 umol/L, p < 0.025; FA: 9.46 + 3.69 umol/L to 7.51 + 1.63
umol/L) and not males (placebo: 9.92 + 3.11 pmol/L to 10.21 +
3.88 umol/L, p > 0.05; FA: 9.65 + 2.05 pmol/L to 9.01 + 2.90
umol/L, p > 0.05). The same sex relationship was also observed
with respect to HDRS in females (placebo: 26.7 +4.4t0 11.4+6.9;
FA: 27.0 £ 4.8 to 6.8 + 4.1, p < 0.05) compared with males (pla-
cebo:26.4+5.1t09.7+7.9; FA: 26.6 £5.3t0 10.9+6.8, p>0.05).
This was the also the only trial that represented its results by sex.

Also providing equivocal results was the trial by Almeida et
al.,% which indicated that FA did not increase the efficacy of an-
tidepressants at 12 weeks. For the criteria for major depression,
the placebo group (n = 73) had a 78.1% improvement rate, while
the FA group (n = 73) improved by 79.4% (between-group p =
0.84). However, after 52 weeks, the FA group (n = 62) responded
positively compared with the placebo group (7 = 66). In this trial,
intervention participants received 2 mg/day FA, 0.5 mg vitamin
B,, and 25 mg vitamin B alongside 20-40 mg citalopram for 52
weeks. The primary outcome was remission of major depression (as
defined by the DSM-IV-TR) and measured by the MINI. The Hcy,
red blood cell folate (RCF) and serum vitamin B, were collected at
baseline, and after 12, 26 and 52 weeks. FA supplementation result-
ed in an increased RCF (+608.4 nmol/L, 95% confidence interval
(CI): 487.8 nmol/L to 729.1 nmol/L; p-value not specified (NS)),
and a reduction in Hcy relative to baseline (11.2 umol/L to 9.1
umol/L; p = NS). Positive effects of FA supplementation after 52
weeks included reduced rate of relapse amongst those who were no
longer depressed by week 12, and greater odds of remission com-
pared with placebo for those participants with a baseline Hcy >10.4
pmol/L (odds ratio (OR): 3.47, 95% CI: 1.22-9.84), compared to
those with Hey <10.4 pmol/L (OR: 1.09, 95% CI: 0.32-3.75).

The two remaining trials’"”® determined a positive effect of FA,
using 10 mg/day of FA supplementation with mostly female partici-
pants (>85%). Interestingly, this dose is double the already high dose
recommended for women with a high risk of NTD.”® In the study
by Loria-Kohen et al.,”® 24 patients with an eating disorder, low
dietary folate intake and depressive symptomatology (as assessed
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by the BDI) were randomized to either placebo or an intervention
group supplementing with 10 mg/day of FA for 6 months. Although
antidepressant medication was not part of the intervention, 57.1% of
the intervention group were taking antidepressants, 42.9% were tak-
ing anxiolytics, and 7% used mood stabilizers. In the placebo group,
70% were taking antidepressants, and 30% were taking anxiolytics.
The main outcome measures were depressive symptomatology us-
ing the BDI and cognitive status using the Stroop and trail making
tests. Data on serum folate, RCF, Hey and serum vitamin B, were
also collected. Results indicated that RCF increased in the interven-
tion group (634.3 + 300.0 ng/mL to 1521.7 + 167.0 ng/mL) com-
pared with the placebo group (844.4 +285.4 ng/mL to 945.0 + 347.0
ng/mL; p < 0.0001). However, plasma Hcy concentrations in both
groups decreased (placebo: 10.0 £ 2.05 umol/L to 8.0 + 1.8 pmol/L;
FA: 9.4 £ 2.4 pmol/L to 7.5 + 1.7 umol/L). However, interestingly,
only the reduction of Hey in the supplemented group was reported
to be significant (p < 0.01). Depression scores (as measured by the
BDI) decreased significantly in the FA (placebo: 17.3 + 12.1to 13.4
+11.8; FA: 22.9£ 8.1 to 15.2£9.9; p <0.05).

The study by Resler et al.’’ explored the effect of 6 weeks of
10 mg/day FA supplementation in combination with fluoxetine on
plasma Hcy and serotonin levels in lymphocytes. Primary outcome
measures were a reduction in depressive symptoms measured by
the HDRS-17, plasma folate, Hcy, serum vitamin B,,, serotonin
and 5-hydroxyindoleacetic acid (5-HIAA). Results indicated that
plasma folate increased significantly in the supplementation group
(9.22 £ 1.97 nM to 47.81 £ 6.66 nM) compared with the placebo
group (9.10 = 1.66 nM to 11.61 + 3.53 nM; p = 0.0005), while
plasma Hcy decreased significantly in the supplementation group
from baseline (9.49 = 0.7 pM to 7.35 + 0.61 pM; p =0.02) (placebo
group values were not reported). Mean HDRS scores were reduced
from 22.50 + 0.98 to 7.43 + 1.65 in the FA group compared with
21.85 £ 0.94 to 11.43 + 1.31 in the placebo group (p = 0.04). As
expected, the serotonin concentration was reduced in lymphocytes
due to the administration of fluoxetine and did not differ between
the FA group (p = 0.03) or placebo group (p = 0.01). The main
difference, however, was that in the FA group, 5-HIA A was signifi-
cantly decreased (p = 0.04).

The trials by Bedson ez al.%¢ and Christensen et al.% reported no
benefit from the adjunctive use of 5 mg/day of FA for 12 weeks, and
0.4 mg/day of FA with 0.1 mg/day of vitamin B, for 24 months,
respectively. In the study by Bedson et al.,% 475 participants were
included initially (females, 304; males, 171) with the outcome
measure, assessed by the BDI-II at 25 weeks, showing no evidence
that FA was more effective than the placebo (OR: 1.09; 95% CI:
0.75-1.59; p = 0.65). All other outcome measures showed no signif-
icant difference between FA and placebo (p > 0.05), except for the
SF-12 mental component for the placebo group (p = 0.017). Simi-
larly, the trial by Christensen et al.%7 (n = 900), in which 209 report-
ed antidepressant use during follow-up, reported no clear evidence
that FA enhanced the efficacy of antidepressants. Primary outcome
measures were depressive symptoms measured by the PHQ-9 and
PRIME-MD, and serum B,, RCF and Hcy. Results showed that
there was no significant interaction between antidepressant use on
depression as measured by PHQ-9 and K-10 (p = 0.868). However,
there was a significant interaction effect between antidepressant
use, FA and time, but only at 24 months (F, ;99 s = 2.50, p = 0.041).
The K-10 scores were lower in the FA with vitamin B, group at
24 months than the placebo group (t,¢, = —2.24, p = 0.025; 95%
CI: —3.68 to —0.24). The FA supplementation increased RCF levels
in the supplemented group from 573 + 266 nmol/L to 1019 + 410
nmol/L at 12 months and to 951 + 423 nmol/L at 24 months (F, ;4 ,
=75.9, p <0.0001). This was in comparison to the placebo group
that only had a slight increase from 557 + 277 nmol/L to 616 + 360
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nmol/L at 12 months and 568 = 326 nmol/L at 24 months. The Hey
increased significantly (p < 0.0001) in the placebo group (9.8 + 2.8
umol/L to 11.6 £ 2.7 umol/L at 12 months and 12.0 + 2.8 umol/L
at 24 months) compared with the supplementation group (9.6 £+ 2.6
pmol/L to 9.8 £ 2.4 pmol/L at 12 months to 10.4 + 4.5 umol/L at
24 months). These results showed that, within the FA group, Hey
levels increased significantly more in those taking antidepressants
compared with those not taking antidepressants (p = 0.021).

One study®® determined the effect of adjunctive L-MTHF sup-
plementation in the treatment of major depression amongst patients
who had previously failed to adequately respond to selective sera-
tonin reuptake inhibitors. In this study, participants were stratified
according to baseline body mass index (BMI), levels of plasma
hs-CRP, 4-hydroxy-2-nonenal (4-HNE), SAMe/SAH ratio, and
various genetic polymorphisms. Overall results indicated that ad-
junctive treatment with 15 mg/day of L-MTHF resulted in a greater
mean change on the HDRS than placebo (—6.8 £ 7.2 vs. =3.7 £ 6.5;
p = 0.017). When the results were further analyzed by subgroups,
there were significant changes (all, p < 0.05). Firstly, patients with
a baseline plasma SAMe/SAH ratio below the study median value,
hs-CRP or 4-HNE blood levels above the study median value or a
BMI >30 kg/m?, had a greater mean change on the HDRS-28 in the
L-MTHEF group compared with placebo (p < 0.05). This significant
effect of L-MTHF on HDRS scores was also observed for most
genetic markers including COMT GG (p < 0.001) COMT CC (p
<0.001), MTR AG/GG (p = 0.001) and RFC1 AA (p = 0.003) and
for most combinations of both biological and genetic markers and
different genetic markers. These included the following: MTHFR
677 CT/TT and MTR 2756 AG/GG (p < 0.001); BMI >30 kg/m?
and MTR 2756 AG/GG (p <0.001); DNAMT3B AG/AA and MTR
2756 AG/GG (p < 0.001), MTHFR 677 CT/TT with BMI >30 kg/
m? (p < 0.001). This highlights that folate metabolism is influenced
by individual metabolic and genetic factors, which in turn could
identify people both at risk of major depressive disorder and those
who may not respond adequately to antidepressant treatment.

FA supplementation as standalone therapy in prevention of de-
pression

Three trials®*772 examined the effect of FA supplementation as a
standalone treatment in the prevention of depression, and all three
studies found no difference in depressive symptoms between the
groups. A summary of each of the studies is included in Table 2. In
the trial by De Koning et al.,”! 2919 participants (mean age, 74.1
+ 6.5) were randomized to receive either a placebo containing 15
ug of vitamin Dj, or the intervention tablet containing 40 pg of
FA, 500 pg vitamin B, and 15 pg of vitamin D, per day for 2
years. While the primary outcome measure was assessment of the
impact of this supplement regime on bone fracture risk, a second-
ary outcome measure was depressive symptoms as measured by
the HDRS-17. Participants were included in this study if they had
elevated Hey concentrations (range: 12—50 pmol/L), with the mean
baseline concentrations being 14.3 umol/L in the intervention group
and 14.5 pmol/L in the placebo group. The aim of the study was to
determine whether the FA and vitamin B, supplementation would
decrease Hcy levels and, in turn, have an impact on depressive
symptoms. The Hcey did indeed decrease significantly more in the
supplemented group compared to placebo over the 2-year interven-
tion (placebo: —0.2 + 4.1 umol/L; intervention: —4.4 + 3.3 pmol/L;
p <0.001). However, the rate of depressive symptoms between the
groups did not differ (OR: 1.13, 95% CI: 0.83—1.53; p = 0.45).

In a similarly large trial (n = 4331), Okereke et al.”? studied the
effect of supplementing 2.5 mg FA, 50 mg vitamin B, and 1 mg
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vitamin B, for 7.3 years in older women (mean age, 63.6 = 8.7
years). As with the De Koning study,”! depression was a secondary
outcome (CVD was the primary outcome), and it was determined
using the Mental Health Inventory. Despite a reduction in Hey lev-
els in the supplementation group, there was no significant effect
on depressive symptoms in comparison to placebo (relative risk:
1.02; 95% CI: 0.86-1.21; p = 0.81). The findings did not change
when analyzed according to age (i.e. rates of depression varied for
<65 years compared to >65 years) and there was no impact of B-
vitamins on depression risk according to age (all, p > 0.05).

The only trial to examine the effect of FA supplementation on
mood in non-depressed, otherwise healthy individuals, was by
Williams et al.3® in 2005. This small trial randomized 28 males
(mean age, 32 years) to receive either placebo or intervention of
100 pg FA for 6 weeks followed by 200 pg FA for 6 weeks. Sub-
jective mood was measured and inferred using the Positive and
Negative Affect Score, and biochemical markers included RCF,
serum folate, Hcy and whole blood serotonin. Although this was
a folate-replete sample, the participants had Hey levels within the
normal range. Following supplementation, even the relative low
dose (100-200 pg/day) significantly increased serum folate levels
at 100 pg/day (p =0.043) and 200 pg/day (p = 0.024). Hey also de-
creased at both 100 pg/day (p = 0.032) and 200 pg/day (p = 0.015)
supplementation levels. However, neither subjective mood (all, p
>0.05) nor whole blood serotonin (p = 0.816) differed between the
two groups post-intervention.

We did not attempt to meta-analyze the data due to the wide va-
riety of depression outcomes measured, the differences in the dos-
es given for each intervention, the inclusion of vitamins in some
of the trials, and the considerable heterogeneity observed between
the cohorts studied.

Discussion

The majority of the ten studies included were human clinical trials
that explored the relationship between Hcy, folate and depression
scores at baseline, and whether FA supplementation improved de-
pressive symptoms. Only the trial of L-MTHF explored the inter-
play of genetic polymorphisms and underlying inflammatory bio-
markers. The overall findings suggest that there is little evidence to
support the use of FA as an adjunct to antidepressants in the treat-
ment of depression, or as a standalone therapy in the prevention
of depression. There may be some benefit in the use of L-MTHF.
However, as there was only one trial of L-MTHF included in this
review, with a relatively small number of participants (n = 75),%
further research is needed to guide recommendations for this form
of folate. Similarly, there was significant heterogeneity amongst
the trials within this review, making it difficult to elucidate a clear
effect or benefit of FA on either Hey or depression.

Although it was observed in four trials®58:7%.73 that FA supple-
mentation lowered Hcy, the effect on depressive symptoms was
somewhat equivocal. It should be noted that these trials were of
a relatively small size (range, 24—153), recruited predominantly
females (65%), and apart from the trial by Almeida et al.,%5 were
relatively short in duration. Interestingly, the trial by Coppen et
al.%8 is the earliest published trial in this review, and it is the only
trial where data was analyzed based on differences in sex. While
the authors found an overall positive effect for FA on both Hcy
and depression, when analyzed by sex, they found this effect only
extended to females on both measures. The authors noted that
the males had a smaller increase in plasma folate compared with
the females (males, 4.58 + 1.68 ng/mL to 8.70 = 3.50 ng/mL, p
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< 0.001; females, 4.04 + 1.64 ng/mL to 12.70 £ 1.65 ng/mL, p <
0.001) and this may have been insufficient to illicit a decrease in
plasma Hcy. Further, they argued that the failure to decrease Hey
in males may explain why they did not improve their depressive
symptoms as measured by the HDRS.

The study by Almeida et al.% did not analyze data by sex,
despite being of a much longer duration (52 weeks) and using
a higher dose of FA (2 mg). Moreover, the trial also contained a
larger proportion of males (44%) and was conducted in an older
population (treatment, mean age: 61.7 £ 8.2 years); placebo, mean
age: 63.4 + 7.4 years). This is an important consideration as Hcy is
known to increase with age.””>’® In contrast, the trials by Resler et
al.” and Loria-Kohen et al.” contained mostly female participants
(>85%), with an average age of 24.2 years and 35.04 years respec-
tively, and supplemented with 10 mg/day of FA. Although Resler
et al.’" reported a lowering of Hey in the supplemented group, this
was not associated with a change in clinical symptoms. Rather, in
this trial, a reduction in 5-HIAA was noted in patients receiving FA
and it was postulated that the main effect of FA was due to modi-
fication of the serotonergic system in lymphocytes. Loria-Kohen
et al.” also reported a lowering of Hey; however, the results show
that Hcy decreased comparably in both intervention and placebo
(intervention: 9.4 + 2.4 umol/L to 7.5 + 1.7 pmol/L; placebo: 10.0
+ 2.05 pumol/L to 8.0 + 1.8 umol/L). The authors also reported
this result as a significant reduction for the intervention group (p <
0.01) but not in the placebo group. In addition, the baseline RCF
(intervention: 634.3 = 300.0 ng/mL vs. placebo: 844.4 + 285.4 ng/
mL) and vitamin B, levels (intervention: 562.6 + 209.5 pg/mL
vs. placebo: 782.0 + 387.0 pg/mL) were higher pre-intervention in
the placebo group compared to the supplemented group. Based on
these results, it is difficult to attribute the reduction in depressive
symptoms to the lowering of Hey, while the discrepancy in base-
line biochemical status may be confounding the results.

Of the five remaining trials, there was no evidence that FA en-
hanced the effect of antidepressants or prevented depression as
a standalone treatment 3%:66:67.71.72 Four were large trials (range,
475-4331) and three had a duration of 2 years or more,0:67.71,72
while dosage ranged from 0.1-5 mg/day. Overall, these trials
found there was no correlation between a reduction in Hey and de-
pressive symptoms. Interestingly, in contrast to the study by Cop-
pen et al.,% the trial by Okereke et al.”* found that a reduction in
Hcy did not reduce depressive symptoms in women in comparison
with placebo. This was a large trial with only female participants
(n=4331), used a relatively high FA dosage (2.5 mg/day), and was
conducted for 7.3 years; therefore, the findings suggested that the
conclusion reached by Coppen et al.%8 may have been confounded
by other factors. Similarly, in two other relatively long term trials
(2 years) with large cohorts, Christensen et al.%” and De Koning et
al.”" found no relationship between a reduction in Hey and depres-
sion scores. Subsequent analysis of the participants’ DNA revealed
altered methylation patterns in the FA and vitamin B,, group ver-
sus the placebo group,!* further supporting the impact of long-term
FA exposure on the epigenome and thus gene expression, not just
during vital developmental periods but into older age as well.

Only one included trial examined the use of L-MTHF (15 mg/
day) and the relevance of biomarkers other than Hcy (hs-CRP,
SAMe/SAH ratio, 4-HNE),% and the effect of genetic markers on
treatment response in comparison to placebo. As L-MTHF is the
form of folate predominantly found in food,!” it could be argued
that it makes more sense to examine how this naturally occur-
ring form interacts with human biochemistry, neurochemistry and
genetics. In this trial, L-MTHF was significantly more effective
overall than placebo in reducing depression as measured by the
HDRS-28. The results became more interesting when they were

DOLI: 10.14218/ERHM.2017.00025 | Volume 2 Issue 4, December 2017 95



Explor Res Hypothesis Med

analyzed according to subgroup, which showed that L-MTHF was
more effective in patients with elevated hs-CRP or 4-HNE, a BMI
>30 kg/m?, or a plasma SAMe/SAH ratio below the study mean.
Similarly, patients with the MTR 2756 AG/GG or MTRR 66 AG/
GG genotypes, compared with the homozygous dominant al-
leles, had a significantly greater HDRS-28 response on L-MTHF
compared with placebo. However, this was not observed for the
MTHEFR 677CT/TT or MTHFR 1298 AC/CC genotypes. This ob-
servation is interesting given that research has been conducted to
identify the potential role of MTHFR in altered folate metabo-
lism.3%:51,60,79-81 Similarly, the measurement of SAMe/SAH is in-
teresting as this is an indicator of methylation status, with a low
SAMe/SAH ratio indicating impaired methylation. Although the
trial was only 60 days in duration, and had only 75 participants,
this study served to highlight the fundamental importance of ge-
netics in folate metabolism.

No relevant randomized controlled trials were located for this
review examining the efficacy of folinic acid in the treatment or
prevention of depression. Future randomized controlled trials
investigating folinic acid and depressive symptoms would be of
interest to evaluate in this population. Folinic acid is a natural me-
tabolite of THF; therefore, its pathway through the folate cycle is
regulated by homeostatic processes.!” This contrasts with L-MTHF
supplementation, which may lead to risk of B, deficiency if con-
sumed at supraphysiological doses.!”#? Similarly, this review did
not examine trials in individuals with autism, schizophrenia or bi-
polar depression due to the more complex neurochemical process-
es and different pathophysiology of these disorders. However, it is
acknowledged that the role of folate and FA in these disorders has
caused similar controversy and warrants further research that may
provide insight into the treatment of depressive symptoms.$3-87

Future research directions

Historically, most of the research has focused on exploring whether
lowering Hey with FA supplementation reduces depression symp-
toms or risk of depression. However, findings of this review suggest
that the link between Hcy and depression is tenuous. The trial by
Papakostas et al.%° disbanded examination of Hcy in favor of ex-
ploring the interplay of genetic polymorphisms, inflammatory bio-
markers (i.e. hs-CRP and 4-HNE) and methylation status (SAMe/
SAH ratio).®8 To our knowledge, this is the only human randomized
controlled trial using L-MTHEF in individuals with depression.

Further research into the use of L-MTHF as an alternative to FA
is clearly needed, as L-MTHEF is both the naturally occurring and
the biologically active form of folate.!” While Papakostas et al.®
demonstrated a differential effect of 5-MTHF based on numerous
genetic and biological markers, it would be pertinent to explore if
these same markers would be indicative of an impaired or similarly
differential response with FA treatment. This trial also highlights
that further research is needed into the genetic polymorphisms that
impact upon folate metabolism, and how in turn they may impact
upon depression risk or symptoms.

Research into the differential metabolism of FA compared to
5-MTHEF in relation to its impact on depression is also needed.
DHF is the intermediate metabolite in FA metabolism and acts to
inhibit key enzymes in the folate cycle, while slowing down the
biotransformation of FA to its active forms.?’ The possible con-
sequences may be that non-metabolized FA in the plasma is left
to compete with biologically active forms for transport into the
central nervous system, and that intracellular folate metabolism is
impaired by the FA intermediates.*?! Moreover, the MTHFR gene
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has been extensively studied due to the observation that carriers of
the C677T variant have reduced enzyme function, resulting in both
increased levels of Hey and an increased risk of depression.8%0
Therefore, it is hypothesized (Fig. 2) that supplemental FA is in-
hibiting MTHFR by DHF, thus impairing folate metabolism fur-
ther in people with the MTHFR C677T mutation and resulting in a
functional deficiency of folate.

Perhaps an important point to consider is that the fundamen-
tal role of folate is the donation and de novo synthesis of methyl
groups. While both 5-MTHF and FA are capable of de novo syn-
thesis, only 5-MTHF contributes new methyl groups to the human
system. Consequently, research that adequately compares the bio-
logical functioning of the natural versus synthetic forms of folate,
and the impact on depression symptoms and risk of developing
depression, would be extremely valuable.

Furthermore, exploring how existing FA supplementation and
fortification may be affecting genetic expression, and in turn
whether FA is increasing the risk, incidence and prevalence of de-
pression is needed. There is increasing evidence that folate plays
a fundamental role in the epigenetic modification of the human
genome, with methylation in particular serving to either silence or
promote the transcription of genes. While impaired folate metabo-
lism caused by FA supplementation can result in hypomethyla-
tion, it is unknown what impact un-metabolized FA has on human
health and disease. If it can be demonstrated that FA is altering
methylation patterns in genetically-susceptible individuals, then
the implications for depression and many modern noncommunica-
ble diseases could be quite profound.

Finally, increases in latitude are associated with an increased
frequency of the MTHFR-C677T and MTHFR-A1298C polymor-
phisms, suggesting a link between latitude and depression in the
context of folate intake is worthy of further investigation.®!

Conclusions

The biochemistry of folate and FA is both complex and fascinating.
Folate plays an integral role at our most fundamental level, that
of controlling and modifying genetic expression. The findings of
this review suggest that there is limited evidence to suggest ben-
efits to folate supplementation in the treatment or management of
depression. However, further research investigating the benefits
of L-MTHF and folinic acid supplementation in individuals with
depression is warranted. In addition, methylation status and the in-
teraction of various genetic polymorphisms associated with folate
metabolism may influence the efficacy of folate supplementation.

Depressive symptoms can be debilitating and many of the phar-
macological agents employed to treat them can have significant
side effects. The challenge of the human condition is that we desire
to find an answer in a capsule rather than consuming a dietary pat-
tern based on minimally processed foods such as green leafy veg-
etables. Future research should assess the potential for these sup-
plements to cause epigenetic changes to our DNA in individuals
with certain genetic polymorphisms that may be heritable across
future generations. Therefore, it is worth questioning whether the
current supplementation of FA is appropriate, and whether other
forms of folate, such as L-MTHF or folinic acid, may prove to be
safer alternatives.
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Fig. 2. Relationship between folate, methylation and neurotransmitters involved with depression. It is hypothesized that consumption of FA may result in
decreased neurotransmitter production due to decreased availability of biologically active folate 5-MTHF and a resulting decrease in SAMe. Moreover, the
addition of FA into a finely balanced yet complicated cycle in susceptible individuals (e.g., those with MTHFR, MTR, MTRR and COMT polymorphisms) may
serve to greatly slow the cycle via the inhibition of MTHFR by DHF. As the population continues to consume less folate from food sources such as leafy green
vegetables, then it is postulated that the rates and severity of depression will increase as 5-MTHF decreases. Abbreviations: DHF, dihydrofolate; FA, folic acid;

5-MTHF, 5-methyltetrahydrofolate; MTHFR, methylenetetrahydrofolate reductase; SAMe, S-adenosylmethionine.
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