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Background: g-hydroxybutyrate (BHB) can upregulate brain-derived neurotrophic factor
(BDNF) in mice, but little is known about the associations between BHB and BDNF in
humans. The primary aim here was to investigate whether ketosis (i.e., raised BHB levels),
induced by a ketogenic supplement, influences serum levels of mature BDNF (mMBDNF)
and its precursor proBDNF in healthy older adults. A secondary aim was to determine
the intra-individual stability (repeatability) of those biomarkers, measured as intra-class
correlation coefficients (ICC).

Method: Three of the arms in a 6-arm randomized cross-over trial were used for the
current sub-study. Fifteen healthy volunteers, 65-75y, 53% women, were tested once a
week. Test oils, mixed in coffee and cream, were ingested after a 12-h fast. Labeled
by their level of ketosis, the arms provided: sunflower oil (lowK); coconut oil (midK);
caprylic acid + coconut ail (highK). Repeated blood samples were collected for 4 h after
ingestion. Serum BDNF levels were analyzed for changes from baseline to 1, 2 and 4h
to compare the arms. Individual associations between BHB and BDNF were analyzed
cross-sectionally and for a delayed response (changes in BHB 0-2 h to changes in BDNF
at 0-4 h). ICC estimates were calculated from baseline levels from the three study days.
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Results: proBDNF increased more in highK vs. lowK between O and 4h (z-score:
B =0.25, 95% CI 0.07-0.44; p = 0.007). Individual change in BHB 0-2h, predicted
change in proBDNF 0-4h, (8 = 0.40, Cl 0.12-0.67; p = 0.006). Change in mBDNF
was lower in highK vs. lowK at 0-2h (8 = —0.88, Cl —1.37 to —0.40; p < 0.001) and
cumulatively 0-4h (8 = —1.01, Cl —1.75 to —0.27; p = 0.01), but this could not be
predicted by BHB levels. ICC was 0.96 (95% Cl 0.92-0.99) for proBDNF, and 0.72 (Cl
0.47-0.89) for mBDNF.

Conclusions: The findings support a link between changes in peripheral BHB and
proBDNF in healthy older adults. For mBDNF, changes differed between arms but
independent to BHB levels. Replication is warranted due to the small sample. Excellent
repeatability encourages future investigations on proBDNF as a predictor of brain health.

Clinical Trial Registration: ClinicalTrials.gov, NCT03904433.

Keywords: ketosis, brain-derived neurotrophic factor, proBDNF, signaling metabolites, repeatability, aged humans,
B-hydroxybutyrate, cognitive health

INTRODUCTION

Ketogenic diets—which are based on strict carbohydrate
restriction—have been used as a treatment for epilepsy
since the 1920s (Kossoff and Cervenka, 2020), and are
increasingly investigated in other neurological conditions,
including Alzheimer’s Disease (AD) (Stafstrom and Rho, 2012;
Taylor et al, 2019). Induction of the metabolic state ketosis,
characterized by increased circulating levels of the ketone body
p-hydroxybutyrate (BHB), is a hallmark of ketogenic diets
(Volek et al., 2015). Supplements in the form of ketogenic
medium-chain triglycerides (kMCT) (Bach and Babayan, 1982;
Norgren et al., 2020b) and exogenous ketones (Poff et al.,
2020) provide an opportunity to study ketosis in the absence
of carbohydrate restriction. Improved cognitive performance in
patients with Mild Cognitive Impairment (MCI) or AD has
been reported after intake of kMCT in some (Reger et al,
2004; Henderson et al., 2009; Ota et al., 2019; Fortier et al.,
2020), but not in other (Henderson et al, 2020), studies.
Ketosis has been attributed as a mediating factor of the positive
findings by enhancing brain energetics (Fortier et al., 2019;
Cunnane et al, 2020). Potentially, epigenetic brain signaling
functions of BHB could be an additional mechanism underlying
the observed effects, as such properties of BHB have been
established during the past decade (Newman and Verdin, 2017).
These signaling functions of BHB include upregulation of the
expression of brain-derived neurotrophic factor (BDNF), as
shown in mice (Marosi et al., 2016; Sleiman et al., 2016;
Hu et al, 2018, 2020). BDNF is one of the most well-
studied neurotrophins and is essential for brain function (Lima
Giacobbo et al., 2019). Previous exploratory studies in human
adults have found some associations between BHB and serum
BDNF within a ketogenic diet intervention (Mohorko et al.,
2019), and between BHB and plasma BDNF in the context of
exogenous ketone ingestion (Walsh et al., 2020). Whether intake
of kMCT, and subsequent ketosis, is associated with altered
BDNF levels has to our knowledge not been studied. Neither

have associations between BHB and BDNF been reported in
older adults.

The signaling functions of BDNF are not restricted to
the mature form (mBDNF) but encompass also its precursor
proBDNF (Lee et al., 2001). More specifically, proBDNF binds
to the p75NTR receptor, whereas mBDNF binds preferably to
the TrkB receptor (Yang et al., 2017). The functions of mBDNF
include promotion of survival and proliferation of neurons and
enhancement of memory consolidation, by stimulating long-
term potentiation (LTP) in hippocampus. In contrast, proBDNF
acts by inducing apoptosis and long-term depression (LTD)
(Woo et al., 2005). The brain is dependent on a balance
between these counteracting mechanisms in order to fine-tune
neurological networks and maintain plasticity (Lu et al., 2005;
Diniz et al.,, 2018). When BDNF is used without prefix in the
current article, it either refers to BDNF as a group, or to a
reference which does not discriminate between the different
forms of the protein. Indeed, a search in the database PubMed
generates only 2% of the number of hits for “proBDNF” (or
pro-BDNF) compared to “BDNE’ indicating that the literature
is limited on studies examining both forms. No study on
associations between BHB and proBDNF has been reported so
far to our knowledge.

Concentrations of BDNF in peripheral blood have been
assumed to serve as a proxy for its function in the brain (Balietti
et al,, 2018; Rahmani et al., 2019). However, the interpretation of
peripheral BDNF is complicated by various factors. First, BDNF
is expressed both in the brain and the periphery (Serra-Millas,
2016; Balietti et al., 2018). Second, it has been a matter of debate
whether BDNF can pass the blood-brain-barrier bidirectionally
as some animal studies support this assumption (Pan et al., 1998;
Alcala-Barraza et al., 2010; Xie et al., 2020), while an in vitro study
suggests that BDNF may have poor or null blood-brain barrier
penetrability (Pardridge, 2019). Third, levels in serum and plasma
appear to be uncorrelated (Nilsson et al., 2020) and have been
suggested to represent different pools (Gejl et al., 2019). Very
limited evidence is available on comparisons between BDNF

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2021 | Volume 13 | Article 716594


https://clinicaltrials.gov/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norgren et al.

B-Hydroxybutyrate Associated With BDNF

levels in human post-mortem brain samples vs. serum, but a
recent publication (Bharani et al., 2020) included reports of an
inverse correlation between serum and hippocampal proBDNF.

BDNF has been investigated in a number of neurological
and psychiatric conditions, including AD (Balietti et al., 2018),
MCI (Siuda et al., 2017), Parkinson’s Disease (Rahmani et al.,
2019), epilepsy (Iughetti et al., 2018), traumatic brain injury
(Korley et al., 2016), depression (Molendijk et al., 2014), bipolar
disorder (Fernandes et al., 2015a), schizophrenia (Fernandes
et al, 2015b), and autism spectrum disorder (Qin et al,
2016). Although significant differences in peripheral BDNF
levels between neurologically healthy and subjects with brain
disorders have been reported, as reviewed by Lima Giacobbo
et al. (2019), the relations are sometimes conflicting or weak
(Polacchini et al., 2015). Factors that can influence peripheral
BDNF levels include age, gender, medication, lifestyle, depressive
symptoms, platelet count and stage of disease (Balietti et al,
2018). Other possible explanations for the inconsistent findings
are methodological issues, ranging from circadian rhythms and
preanalytical conditions to the specific commercial kits used
(Polacchini et al., 2015; Balietti et al., 2018). Additionally, the
inconsistencies raise questions on whether peripheral BDNF
holds satisfying intra-individual stability to serve as a tool for
prediction of disease.

The current article is based on a previously reported clinical
trial—with the primary goal to investigate the acute ketogenic
effects of ingested medium-chain-triglycerides—which indicated
that caprylic acid raise BHB levels in blood 15-30 min after
ingestion with a peak after 2-3h (Norgren et al., 2020b). The
primary aim of the current sub-study was to investigate if blood
levels of BHB, and changes of those levels, were associated with
BDNF levels (proBDNF and mBDNF) in healthy older adults
after intake of different fatty acids, including kMCT. Those
associations were investigated by comparing arms with differing
mean levels of BHB and by direct comparisons between BHB and
BDNF on an individual level. Finally, we investigated whether
baseline levels of mBDNF and proBDNF are consistent within
individuals, when measured under similar conditions on three
different study days within a month. This measure of intra-
individual stability will be referred to as repeatability.

MATERIALS AND METHODS

Details of the study method have been published previously
(Norgren et al,, 2020a,b), and a summary of details relevant for
this article follows here.

Study Sample

Fifteen healthy volunteers, 53% women, were recruited by
advertising in a daily newspaper. Inclusion criteria were age
65-75 years, written informed consent during a screening
visit, and daily coffee consumption, as coffee was used as a
vehicle. Exclusion criteria were weight <50 kg, current smoking,
diagnosed diabetes (type 1 or 2), history of heart disease, history
of disease related to internal organs or metabolism, experience
of “sensitive gut” or known intolerance to coconut oil or

sunflower oil, medication expected to affect glucose- or lipid-
metabolism, fasting during the study or one month before, high
intensity physical activity more than 3 days/week, dementia,
severe psychiatric conditions, Hb < 125 g/L, and participation
in a lifestyle intervention during the last 6 months. The sample
size was estimated to be sufficient to detect differences of clinical
significance for our primary outcome (BHB) with a power of 80
% and alpha = 0.05, based on effect sizes reported in previous
studies (Vandenberghe et al., 2017). For the current sub-study,
no reference was available to estimate what would constitute a
meaningful or expected effect size for changes in BDNF, and the
analyses should therefore be considered exploratory.

Study Design

In a cross-over design, participants following their usual diet
were exposed to six different intervention arms, weekly in
a randomized order. The wash-out period between the test
days was assumed to eliminate any carry-over effects. The
test oils were served in a covered cup, mixed with 2.5 dl
coffee, containing approximately 170 mg caffeine, and 15 g full-
fat cream. Participants were informed that fatty acids from
coconut oil and sunflower would be used in the study but were
blinded from further details. The current article is based on three
of those arms, distributed within the first four weeks, which
included measures on BDNF. The arms selected were presumed
to represent three different ketone levels: lower (sunflower oil,
30g; lowK), midrange (coconut oil, 30 g; midK) and higher
(caprylic acid, 20 g + coconut oil, 30 g; highK). Ketone levels—
measured as BHB, area under the curve (AUC)/time—turned
out not to differ significantly between midK (0.22 mmol/L)
and lowK (0.18 mmol/L), but for highK (0.45 mmol/L) vs. the
other two (Norgren et al., 2020b). The highest BHB peak was
1.3 mmol/L. The MCT (C6-C12) contents of the test oils were
0% for sunflower oil, 100 % for caprylic acid (C8 only) and
~62% (mainly C12) for coconut oil (Norgren et al., 2020b). The
main fatty acid constituents of sunflower oil were C18:2 (48-
74%) and C18:1 (14-39%), according to the ranges specified by
the manufacturer.

Sampling Procedure and Laboratory

Analyses
Recruitment and data collection took place between August
and October 2018. The study was conducted at the Clinical
Pharmacology Trial Unit (CPTU) at the Karolinska University
Hospital, Huddinge, Sweden. Participants were instructed to
keep their usual habits regarding diet and activity. Instructions
were given to consume nothing but water after 8 p.m. the day
before testing, to not consume alcohol the day before testing, and
to avoid physical activity exceeding 20 min stroll in the morning
of a study day. Participants arrived at 7:30 a.m. on each study day.
During the study session they were at rest, and water was allowed
ad libitum. A venous catheter was applied for repeated collection
of blood. Baseline (T0) blood samples were performed 20-40 min
after arrival. Within 5min after the blood draw, participants
received the test drink in a covered cup.

BDNF was measured at TO, 60, 120 and 240 (min). Blood
samples were allowed to coagulate at room temperature for

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2021 | Volume 13 | Article 716594


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norgren et al.

B-Hydroxybutyrate Associated With BDNF

30 min and then centrifuged at +4°C for 10 min at 2,000 x g to
separate serum. The collected serum was stored in polypropylene
tubes at —80°C until assayed. Protein concentrations of
mBDNF and proBDNF were determined using commercially
available enzyme linked immunosorbent assay (ELISA) Kkits
(mBDNF: DBD00, R&D Systems, USA; proBDNF: DY1375
DuoSet ELISA and DY008 Ancillary kit, R&D Systems, USA).
For mBDNEF, samples were diluted 1:20 in reagent diluent
RDP6 and the procedure was performed according to the
manufacturer’s instructions. For proBDNE, minor modifications
on the manufacturer’s protocol were applied; samples were
diluted 1:2 in a PBS buffer containing 10% FBS (Fetal Bovine
Serum) and 0.02% Tween-20 and incubated overnight at +4°C.
Standards were diluted in the same buffer. All measurements
were performed in duplicate and the average was subsequently
used for the statistical analyses. Three serum samples were
assayed in all plates, to assess the inter-assay variability of each
method. Absorbance was obtained at 450 nm with a microplate
reader (Tecan Life Sciences, Mannedorf, Switzerland). Protein
concentrations were calculated from the standard curves with
GraphPad Prism 8.3.1 software using a 4PL curve fit. The
intra- and inter-assay coeflicients of variation (CV%) were
<5% and <10% for mBDNF and <5% and <17% for
proBDNE respectively.

Our main ketone outcome, BHB assessed in venous whole
blood (BHBv), was measured with a point-of-care meter
(Statstrip Xpress®) at 12 time points. BHBv was validated
against a laboratory assay on plasma BHB (BHBp) at four of
those timepoints (Norgren et al., 2020a). These analyses indicated
that the agreement between BHBv and BHBp was high (Lin’s
concordance correlation coefficient of absolute agreement =
0.91). For analyses in the current sub-study, we created a BHB
variable equaling the gold standard BHBp when available (T0, 30,
60, 120), and equaling BHBv at timepoints beyond T120. BHBp
levels were measured using the Randox D-3 Hydroxybutyrate
(Ranbut) reagent kit (Randox, Crumlin, UK).

The study was approved by The Regional Ethical Review
Board in Stockholm and complies with the Declaration of
Helsinki. The study was registered as a clinical trial on
ClinicalTrials.gov, NCT03904433.

Statistical Analyses
Standardized scores are reported, unless a unit is specified. The
z-score represent a relative measure of effect sizes within this
sample. BHB and proBDNF were log-transformed for improved
normality. Eight percent of the BHB(v) values at T150-240 were
zero, as a consequence of having just one decimal reported
by the meter used at T>120. For those data points, the value
0.025 was imputed to allow log-transformation (based on the
assumption that the true value was in the range 0-0.05). AUC
was calculated by the trapezoidal method, and abbreviated
nAUC when normalized to T0. Correlations were determined by
Pearson’s r. Results and confidence intervals (CI) are reported
with a significance level of p < 0.05. The software used for all
calculations was STATA 15.

As we did not have one specific hypothesis on whether
the BDNF response would be linear, transient, rapid or

delayed, we used different outcome variables to exploratory
compare the arms: Estimated differences in change from
baseline (AT0-60, AT0-120, AT0-240) and baseline values were
analyzed in a mixed regression model with arm x time-point
as categorical variables, with individual as a random factor,
and robust standard errors. While AT0-240 was assumed to
capture a potentially delayed response, we additionally analyzed
nAUC_T0-240 as a cumulative measure which could represent
a potentially transient response, even if the timing of the
peak differs between individuals. For comparisons of nAUC
between arms, we performed ANOVA for repeated measures,
using Huynh-Feldt correction. Subsequent pair-wise ¢-tests
for unequal variances were performed. HighK vs. LowK was
a prioritized comparison and is therefore reported without
adjustment for multiple comparisons (as well as the comparisons
with midK for comparability). Associations between BHB
and BDNF on an individual level were analyzed in a linear
regression model, adjusting for individual. These analyses
were made cross-sectionally at the four available time-points.
Additionally, a lag-analysis was performed for a potentially
delayed association between BHB [nAUC_T0-120, representing
an important timespan of the ketogenic response (Norgren
et al., 2020b)] and BDNF (AT0-240). The analysis methods
were chosen after graphically validating acceptable normality of
the outcome variables. The p-values are transparently reported
without adjustment for analyzing four different timeframes, since
e.g., Bonferroni correction (using a threshold at p = 0.0125)
might be too conservative considering expected correlation
among the outcomes (Moran, 2003).

Repeatability, i.e., the biological stability of a variable within
an individual, was assessed by calculation of Intra Class
Coeflicients (ICC), which has been described as the most
frequently used method for this purpose (Wolak et al., 2012).
ICC estimates were calculated based on a single-rating, absolute-
agreement, 2-way mixed-effects model (Koo and Li, 2016).
Analyses were made on baseline data from the three different
study days. To assess discriminability, here defined as the capacity
of mBDNF and proBDNF to detect significantly different mean
values between individuals, ¢-tests were performed based on the
three baseline assessments. We calculated the proportions of p-
values being <0.05 and <0.001 (Bonferroni corrected) from all
(i.e., 105) pair-wise comparisons.

RESULTS

Baseline Characteristics, Data Collection
and Safety

Baseline characteristics of the participants are reported in
Table 1, stratified by sex. The age of the participants was in
the range 65-73 years. After observing that age and body mass
index (BMI) were higher and more skewed in their distribution
among men compared to women, we concluded that it was
not meaningful to conduct further stratified analyses since their
interpretation would be too ambiguous in this small sample.
All 15 participants completed the study. Data collection was
complete regarding data points relevant to the current article.
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TABLE 1 | Baseline characteristics of the participants.

Variable All (N = 15) Women Men (n=7)
(n=8)
Age (years) 69.2 + 2.4 68.6 + 2.2 69.9 + 2.6
BMI (kg/m?) 23.9 + 4.0 229+ 26 249 £ 5.2
HbA1c (mmol/L) 372+ 20 375+ 21 36.9 + 2.0
Glucose (mmol/L) lowK 53+ 0.5 52+ 02 5.4+ 0.7
midK 52+ 0.6 51+ 0.3 5.3+ 0.9
highK 52+ 0.3 5.1+03 53+04
Insulin (MIE/L) lowK 6.1 +£39 6.2 +23 6.0 £ 5.5
midK 50+29 556+22 4.3+ 35
highK 55+ 39 6.2+ 3.8 46 +42
BHB (mmol/L) lowK 0.09 +£0.09 0.08+0.04 0.11+0.13
midK 0.14 £0.08 0.13+£0.06 0.15+ 0.09
highK 0.11+ 0.07 0.09 £0.04 0.14 + 0.08
proBDNF (ng/ml)  lowK 12+18 0.60 + 0.30 1.8 +25
midK 1.3+ 241 0.62 + 0.29 2.0 + 3.1
highK 1.5+ 3.0 0.58 + 0.38 25+ 43
mBDNF (ng/ml) lowK 24.8 £10.1 25.0 £10.7 245 +10.3
midK 276 £9.0 28.0 £9.9 271 £8.7
highK 29.8 £ 10.6 30.4 £ 10.6 201 +£ 114

Age, body mass index (BMI) and hemoglobin Alc (HbATlc) were assessed only at
study start. BHB: B-hydroxybutyrate; BDNF: brain-derived neurotrophic factor; mBDNF:
mature BDNF.

Mean values and standard deviations.

Tolerance to the test drinks was in general good, and the few
inconveniences reported were mainly related to minor/moderate
gastrointestinal events or nausea (Norgren et al., 2020b).

Description of BHB and BDNF Levels in the

Different Arms

Figures 1A,B include profile plots of mean proBDNF and
mBDNF at different time-points per arm (absolute levels
reported only descriptively since the main outcome is change).
Notably, the mean concentration of mBDNF at TO was
significantly lower in lowK vs. highK (difference 5.0, CI: 1.0
to 9.0ng/ml, p = 0.01, illustrated on a z-scale in Figure 1B).
For proBDNE no such difference between any arms at TO
was observed (p > 0.66). The distributions of the cumulative
ketogenic response in arms are described in a boxplot
(Figure 1C), indicating that BHB levels mainly differed between
highK and the other two arms, whereas the difference between
lowK and midK was very small.

Comparisons of the BDNF Changes

Between Arms

Table 2 lists the four outcomes for proBDNF and mBDNE, as
pair-wise comparisons of means between arms. In summary,
for proBDNF statistically significant differences between arms
were only observed for the time-variable AT0-240, where levels
increased more in highK compared to the other two arms.
In contrast, the comparisons of mBDNF levels indicated a
significantly higher increase for lowK vs. highK for three of
the time-variables (Table 2). With a conservative adjustment

of the significance level to p = 0.0125, considering the four
different timeframes, results would still be significant for
proBDNF_AT0-240, nBDNF_AT0-120 and mBDNF_nAUC_TO0-
240. Two boxplots describe the distribution of calculated changes
in levels of proBDNF (Figure 1D) and mBDNF (Figure 1E) for
the four different time-variables.

A sensitivity analysis, excluding an individual (a male
of normal weight) whose proBDNF levels (before log-
transformation) were consistently in a 10-fold higher range
compared to the others, indicated marginally strengthened
results in the same direction for proBDNF_AT0-240 (highK vs.
lowK: p = 0.001; highK vs. midK: p = 0.01). For mBDNF_ATO-
240, an additional analysis excluding two outliers for that
variable (visible in Figure 1E) was performed, after which the
difference between arms was no longer significant (p > 0.16). For
comparison, mBDNF_ATO0-120 (p = 0.002) remained significant
after exclusion of the same individuals.

Associations Between Individual Levels of

the Ketone BHB and BDNF
A delayed association between BHB (nAUC_TO0-120) and
proBDNF (ATO0-240) was observed (8 = 0.40, CL: 0.12-0.67,
p=0.006, Figure 1F). No such delayed association was observed
for mBDNF (8 = —0.14, CI: —0.50 to 0.22, p = 0.43). At TO,
BHB was significantly associated with mBDNF cross-sectionally
(B = 0.45, CI: 0.09 to 0.81, p = 0.02, Figure 1G), but not with
proBDNF (8 = 0.07, CI: —0.06 to 0.21, p = 0.25). No significant
cross-sectional association with BHB for any BDNF marker was
observed at any other time-point (Figure 1H).

After observing significant differences between all arms—in
a direction opposite to our expectations—for mBDNF_ATO0-120
(Table 2), a post-hoc analysis was performed to investigate
if that change in mBDNF was (negatively) associated
with the early ketogenic response. However, neither BHB-
log nAUC for TO0-30, T0-60 nor TO0-120 within any arm
were associated with mBDNF_ATO0-120 with a negative point
estimate (Figure 2A). Further analyses were performed to
explore whether differing conversion rates from proBDNF
to mBDNF possibly could underlie the results. Indeed, those
analyses indicated that the log-ratio mBDNF/proBDNF
increased more in lowK compared to the other arms during
the first two h, as well as during the whole 4-h period
(Figure 2B).

Repeatability and Discriminability of
proBDNF and mBDNF

The intra- and inter-individual distributions of mBDNF and
proBDNEF at T0, measured at the three study days, are illustrated
by a box-plot (Figure 3A). A visual interpretation suggests higher
biological stability in proBDNF compared to mBDNF which
is further confirmed by the ICC values reported in Table 3,
showing non-overlapping confidence intervals for proBDNF_log
(0.92-0.99) and mBDNF (0.47-0.89). For comparison, ICC for
all biomarkers are shown with and without log-transformation,
even when transformation was not necessary since the original
variable was approximately normally distributed. ICC for
BHB is reported exploratorily, indicating low repeatability
in this range. The labeling of reliability (as a measure of
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FIGURE 1 | Comparisons of biomarker differences between arms (A-E), and individual associations between BHB and BDNF (F-H). (A,B) Profile plots describing the
dynamic changes in mean proBDNF-log and mBDNF, respectively. (C) The cumulative ketogenic response in arms, measured as nAUC (area under the curve
normalized to TO [min]) for B-hydroxybutyrate (BHB). (D,E) Box plots describing the response per arm for proBDNF and mBDNF, respectively. (F,G) Partial residual
plots showing individual associations between BHB and BDNF outcomes. (H) Point estimates of cross-sectional associations between BHB and BDNF on an
individual level at different timepoints. BDNF: brain-derived neurotropic factor. Box plots indicate median, interquartile range and maximum/minimum values.

repeatability) in Table 3 was made according to Koo and Li The correlation between mBDNF and proBDNF-log was
(2016): poor (<0.50), moderate (0.50-0.75), good (0.75-0.90)  moderately positive (r = 0.20, p < 0.01) and concentrations of
and excellent (>0.90). mBDNF were ~50-fold higher compared to proBDNF (Table 3).
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TABLE 2 | Comparisons of the BDNF response between arms.

Outcome Comparison Coefficient (95% CI) P-value
proBDNF-log highK vs. lowK —0.08 (—0.39 ¢ 0.23) 0.62
ATO-60 highK vs. midK 0.15 (—0.06 o 0.36) 0.15
(minutes) midK vs. lowK —0.23 (~0.47 ¢ 0.01) 0.06
proBDNF-log highK vs. lowK —0.01 (—0.25 ¢ 0.25) 0.99
ATO-120 highK vs. midK ~0.03(~0.27 ¢ 0.21) 0.82
midK vs. lowK 0.03 (—0.19 ¢ 0.25) 0.81
proBDNF-log highK vs. lowK 0.25 (0.07 e 0.44) 0.007
AT0-240 highK vs. midK 0.20 (0.03 o 0.38) 0.02°
midK vs. lowK 0.05(=0.11 ¢ 0.21) 0.55
proBDNF-log highK vs. lowK 0.19(~0.67 ¢ 1.04) 0.66
nAUC_T0-240 highK vs. midk 0.34 (—0.45 o 1.13) 0.39
midK vs. lowK —0.15(—0.78 ¢ 0.48) 0.62
mBDNF highK vs. lowK —0.65 (—1.45 ¢ 0.15) 0.1
ATO-60 highK vs. midK ~0.37 (-0.92 ¢ 0.19) 0.19
midK vs. lowK —0.28 (—0.97 @ 0.40) 0.42
mBDNF highK vs. lowK —0.88 (—1.37 ¢ —0.40) <0.001
ATO-120 highK vs. midK ~ —0.36 (—0.69 e —0.02) 0.04°
midK vs. lowK ~ —0.53 e (—1.02 ¢ —0.04) 0.03°
mBDNF highK vs. lowK —0.65 (—1.24 ¢ —0.05) 0.03°*
ATO0-240 highK vs. midK —0.43 (~0.87 ¢ 0.02) 0.06
midK vs. lowkK —0.22 (~0.85 ¢ 0.41) 0.50
mBDNF highK vs. lowK —1.01 (-1.75 ¢ —0.27) 0.01
NAUC_TO-240 highK vs. midK ~0.51(~1.13 ¢ 0.10) 0.10
midK vs. lowK —0.50 (—1.23 ¢ 0.24) 0.17

highK = 20g caprylic acid + 30g coconut oil; midK = 30g coconut oil; lowK = 30g
sunflower oil. The comparisons are organized in a way that a positive coefficient can
be interpreted as the response variable being higher in the arm with higher mean B-
hydroxybutyrate (BHB). Bold text indicate significant results. Standardized coefficients.
BDNF: brain-derived neurotrophic factor; mBDNF: mature BDNF; K: ketosis.

*Not significant after the exclusion of two outliers. °Not significant with a Bonferroni
adjusted p-threshold at 0.0125.

As a consequence, a very high correlation (r = 0.98, p <
0.001) was observed between total BDNF (totBDNF = mBDNF
+ proBDNF) and mBDNF. Exploratory analyses on totBDNF
corresponded almost perfectly with mBDNF and are not reported
beyond ICC.

A higher discriminability for proBDNF compared to mBDNF
was observed by analyzing p-values from pair-wise comparisons
of differences in individual baseline means from the three
study days (Figure 3B). For proBDNF-log, 62% of the pair-wise
comparisons were significant (p < 0.05), and 50% had a p-value
< 0.001. For mBDNE, the corresponding proportions were 20%
and 6%. For BHB-log, no pair-wise comparison of individual
baseline means had a p-value < 0.13, suggesting that BHB at these
low levels does not substantially discriminate individuals from
each other.

DISCUSSION

In this study we found different BDNF responses between
the intervention arms after ingestion of various fatty acids,
including kMCT. For proBDNE the differences between arms

corresponded to associations between BHB and proBDNF on
an individual level, suggesting ketosis could play a mechanistic
role. To our knowledge, this is the first report of associations
between BHB and proBDNF in humans, and between BHB
and BDNF in healthy older adults. BHB levels at baseline
were positively associated with mBDNF but, contrary to our
expectations, mBDNF increased more in the low vs. the high
ketosis arm for at least two of the outcome variables (while
the statistical significance of results in the same direction for
another variable relied on the inclusion of two outliers). Since the
differing mBDNF responses between arms did not correspond
to any individual associations between BHB and mBDNE, those
observed results might be explained by factors unrelated to
ketosis. A striking finding in our data is proBDNF combining
high intra-individual stability with superior inter-individual
discriminability compared to mBDNF at the daily baseline, a
finding that might facilitate the interpretation of the longitudinal
BDNF responses within this study.

In the arm with the highest cumulative levels of the ketone
BHB vs. the two other arms we observed a significantly higher
increase in proBDNF after four hours—but not after one or
two hours—which could be interpreted as a delayed response to
the intervention. Upregulation of the bdnf gene in response to
BHB has been reported within the range of a few hours (Marosi
et al., 2016; Sleiman et al., 2016). Our results would be in line
with such a course, subsequently manifested by increased protein
concentrations, initially detected at the precursor proBDNF. In
further support of this view, we observed an association on an
individual level between the increase in BHB during the first
two hours and the 4-hours increase in proBDNF. As a chance
finding cannot be excluded due to the multiple timeframes used
as outcomes, these results need replication before conclusions on
causality can be made. Also, the double roles of proBDNF—by
being a precursor for mBDNE, as well as an active substance in
itself—need to be better understood.

Interpretations of the mBDNF response must start by
acknowledging that baseline levels were significantly lower
in lowK compared to highK, demonstrating the lower
repeatability observed for mBDNF. Consequently, the
subsequent differences—with a higher increase in lowK vs.
highK—could be just an illustration of regression to the mean
(Davis, 1976). If the association was due to a true effect, potential
mechanisms include caffeine (Costa et al., 2008; Reyes-Izquierdo
et al., 2013) and dietary fat (Genzer et al., 2016), which can
stimulate increased levels of BDNF, and could potentially explain
the mBDNF increase in lowK. To understand why a similar
increase was not observed in highK, we can only speculate.
It should be acknowledged that a phase shift in the circadian
rhythm of BDNF mRNA expression has been reported in
mice following a very-high-fat ketogenic diet, compared to a
non-ketogenic high-fat diet or a low-fat diet (Genzer et al,
2016). If ketosis constitutes an underlying mediator of those
findings, circadian interference should not be excluded as a
potential confounder in our study. Nevertheless, the absence
of an association between BHB and mBDNF on an individual
level, except at TO, makes us prone to interpret the mBDNF
changes as caused by chance, or by factors unrelated to BHB.
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TABLE 3 | Distributions and Intraclass Correlation Coefficients (ICC) for different biomarkers.

Biomarker Percentiles 10, 25, 50, 75, 90 ICC (95% CI) Reliability
proBDNF 0.24, 0.31, 0.60, 0.97, 2.6 (ng/ml) 0.92 (0.83 ¢ 0.97) Good-Excellent
proBDNF-log 0.96 (0.92 e 0.99) Excellent
mBDNF 15, 21, 26, 31, 44 (ng/ml) 0.72 (0.47 ¢ 0.89) Poor-Good
mBDNF-log 0.57 (0.28 ¢ 0.81) Poor-Good
totBDNF 15, 22, 27, 33, 48 (ng/ml) 0.74 (0.49 ¢ 0.89) Poor-Good
totBDNF-log 0.62 (0.33 ¢ 0.83) Poor-Good
BHBp 0.04, 0.06, 0.09, 0.15, 0.24 (mmol/L) 0.38 (0.08 e 0.69) Poor-Moderate
BHBp-log 0.30 (0.02 « 0.63) Poor-Moderate

Measures from baseline (T0) at three visits within a month. proBDNF: precursor to brain-derived neurotrophic factor (BDNF); mBDNF: mature BDNF; totBDNF: proBDNF + mBDNF;

BHBp: plasma B-hydroxybutyrate.

Such factors might include differing effects of the fatty acids
on proteins regulating the conversion from proBDNF to
mBDNE as reported by Miiller et al. (2003). However, the
applicability of those findings to our study context may be
limited, although our observations of a significantly higher
rise in the mBDNEF/proBDNF ratio during the first two hours
for lowK vs. highK would be in line with a mechanism related
to conversion between the two BDNF forms. The positive
association between BHB and mBDNF at baseline calls for
replication in wider BHB ranges and is interesting in the light of
reported associations between BDNF and memory performance
in older adults (Shimada et al., 2014; Mizoguchi et al., 2020),
as well as in other populations and neurological or psychiatric

conditions (Lima Giacobbo et al,, 2019). Increased mBDNF
has further been reported after two weeks on a ketogenic diet,
subsequently returning to baseline levels (Mohorko et al., 2019).
Improved BDNF function could potentially constitute one
mechanism by which ketogenic strategies, e.g., carbohydrate
restriction, time-restricted feeding and ketogenic supplements,
could affect brain health. However, the moderate repeatability of
mBDNEF stresses the importance of replication and reporting of
potential null-findings for better understanding of its relation to
lifestyle and health.

For proBDNE, the repeatability (i.e., ICC) of baseline levels
from the different study days was excellent while the more
well-studied biomarker mBDNF showed higher variability within
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individuals. The literature on BDNF is dominated by studies on
mBDNE or totBDNF as many studies have not discriminated
between mBDNF and proBDNF. In our data totBDNF correlated
almost perfectly (r = 0.98) with mBDNE and although this
could vary depending on the laboratory assay, the impact of
proBDNEF appears largely underexplored compared to mBDNF.
Some researchers have promoted the incorporation of proBDNF
for diagnostics, e.g., for affective disorders (Hashimoto, 2015),
and our results indeed encourage further studies on its potential
association with various diagnoses or cognitive performance. Our
interpretation of ICC as a measure of biomarker validity, rather
than assay accuracy, is based on satisfactory low CV%-values for
both intra- and inter-assay precision (CV% for mBDNF was even
slightly better than for proBDNF) together with highly controlled
sampling, storage and thawing.

The interpretation of BDNF levels in terms of
good/bad/neutral may not necessarily be the same for steady-
state vs. dynamic changes, for brain vs. periphery, or for different
stages of disease. But recent observations in human post-mortem
samples from AD patients suggest that serum BDNF levels
in some aspect might reflect brain function: Higher levels of
proBDNF in serum correlated with lower proBDNF levels and
higher pTau staining in hippocampus (Bharani et al., 2020).
Moreover, as the same authors found lower proBDNF levels in
the entorhinal and frontal cortices of AD cases compared to
controls, as well as differences in other markers of the BDNF
pathway between AD and controls, they concluded that a
link between BDNF function and AD pathology is supported
(Bharani et al., 2020). Interestingly, Bharani et al. (2020)
additionally reported that proBDNF levels may be more sensitive
than mBDNF or totBDNF to inflammation and AD pathology.
Their findings imply that proBDNF could be a promising target
for further studies as a diagnostic or a disease monitoring tool in
AD, and that is further supported by the indications of superior
repeatability for proBDNF over mBDNF in our data.

A limitation of this study is that it was not primarily designed
to analyze BDNF responses. The range of ketosis was relatively
low for that purpose (Marosi et al., 2016), and the sample size
may have provided insufficient power for the analyses. Future
studies may also consider parameters like: 1. Neural activity,
since action of BHB has been observed particularly on activity-
dependent bdnf promotors (Sleiman et al., 2016); 2. Serum vs.
plasma, as diverging responses has been reported, e.g., after
physical exercise in older adults (Nilsson et al., 2020); 3. A
longer time span to capture delayed effects and diurnal rhythms.
Further, it would be informative to include measures of proteins
regulating the conversion from proBDNF to mBDNE e.g., tissue
plasminogen activator (tPA) (Pang et al., 2004). The detection of
potential acute effects on cognitive performance in correlation
with peripheral BHB and BDNF changes could support the
assumption that these peripheral biomarkers are related to brain
function, but the tight logistics of the current study unfortunately
did not allow the inclusion of a cognitive test. Although
BHB levels were assumed to constitute the main difference
between the arms, we cannot exclude the influence by other
differing factors between the test oils. Importantly, even under
the assumption that the reported differences within this study
represent causal mechanisms, the study design does not allow

conclusions on whether the differences arise from changes in
synthesis, stability, utilization, or redistribution between BDNF
pools. The generalizability from this small sample of healthy
older adults may be limited. But, considering the wide range
of mBDNF in the sample—overlapping e.g., the heterogenous
ranges reported from samples of Alzheimer patients (Xie et al.,
2020)—we consider the direction of the ICC results fairly general.
A strength of our study is the distinction of proBDNF and
mBDNE and the well-controlled conditions for collection of
complete data. In this article we report comparisons both by arms
and on an individual level, and also for different timeframes.
Whereas the absence of one prespecified outcome variable may
be a limitation, it should be noted that the implied delayed
association between BHB and proBDNF is supported both by
comparisons on an individual level and by comparisons between
arms, even with a Bonferroni adjusted threshold for the p-value
due to using four different timeframes.

The potential of wusing ketogenic supplements as a
complemental strategy to carbohydrate restriction is discussed
as ketogenic diet therapies are increasingly investigated in
conditions beyond epilepsy (Kossoff and Cervenka, 2020),
which include MCI/AD (Krikorian et al, 2012; Taylor
et al, 2018; Brandt et al., 2019; Nagpal et al, 2019; Neth
et al, 2020; Phillips et al., 2021). In a previous publication
from the current clinical trial (Norgren et al, 2020Db),
we demonstrated that supplementation with kMCT and
time-restricted feeding regarding carbohydrates provide two—
optionally additive—strategies to induce transient ketosis in
older adults following their normal diet. Herein, we further
provide preliminary evidence that the induced ketosis may
be related to altered serum levels of a protein essential
for cognitive function. Whether such changes, alongside
improved brain energetics (Cunnane et al, 2020), would
translate into long-term effects on cognitive health requires
further studies.

In summary, we observed an association between change
in BHB and change in proBDNF with a few hours delay,
which would be in line with a signaling role of BHB
as observed in non-human studies. However, replication is
needed before conclusions can be made on the impact of
ketosis on serum BDNF in humans. The positive association
between mBDNF and BHB at baseline warrants follow-
up in wider BHB ranges. Unfortunately, interpretations of
the subsequent changes in mBDNF were impeded by large
intra-individual variability in baseline levels. The precursor
proBDNF was superior to mBDNF regarding repeatability and
inter-individual discriminability. Future studies on proBDNF
as an intervention or disease monitoring biomarker should
be encouraged.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because of legal restrictions to only make data available
to appropriate researchers. On reasonable request, the data
will be made available by the authors provided this can
be done without conflicting ethical or legal regulations.

Frontiers in Aging Neuroscience | www.frontiersin.org

10

August 2021 | Volume 13 | Article 716594


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norgren et al.

B-Hydroxybutyrate Associated With BDNF

Requests to access the datasets should be directed to Anna
Sandebring-Matton, anna.matton@ki.se.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Regional Ethical Review Board in Stockholm.
The participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

JN, SS, UA, KN, SR, TN, MK and AS-M conceived and designed
the intervention. JN, AS-M and MD developed this sub-study.
KN performed the intervention. MD and AS-M performed the
BDNF laboratory analyses. JN analyzed data and interpreted the
results together with MD, IK, and AS-M who also contributed
to the first version of the manuscript. JN prepared figures
and drafted manuscript. All authors edited and revised the
manuscript, and approved the final version.

REFERENCES

Alcala-Barraza, S. R, Lee, M. S., Hanson, L. R., McDonald, A. A., Frey, W. H.
2nd, and McLoon, L. K. (2010). Intranasal delivery of neurotrophic factors
BDNE, CNTE EPO, and NT-4 to the CNS. J. Drug Target 18, 179-190.
doi: 10.3109/10611860903318134

Bach, A. C,, and Babayan, V. K. (1982). Medium-chain triglycerides: an update.
Am. J. Clin. Nutr. 36, 950-962. doi: 10.1093/ajcn/36.5.950

Balietti, M., Giuli, C., and Conti, F. (2018). Peripheral blood brain-
derived neurotrophic factor as a biomarker of Alzheimers Disease:
are there methodological biases? Mol. Neurobiol. 55, 6661-6672.
doi: 10.1007/s12035-017-0866-y

Bharani, K. L., Ledreux, A., Gilmore, A., Carroll, S. L., and Granholm, A. C. (2020).
Serum pro-BDNF levels correlate with phospho-tau staining in Alzheimer’s
disease. Neurobiol. Aging 87, 49-59. doi: 10.1016/j.neurobiolaging.2019.11.010

Brandyt, J., Buchholz, A., Henry-Barron, B., Vizthum, D., Avramopoulos, D., and
Cervenka, M. C. (2019). Preliminary report on the feasibility and efficacy of
the modified atkins diet for treatment of mild cognitive impairment and early
Alzheimer’s disease. J. Alzheimers Dis. 68, 969-981. doi: 10.3233/JAD-180995

Costa, M. S., Botton, P. H., Mioranzza, S., Ardais, A. P., Moreira, J. D., Souza,
D. O., et al. (2008). Caffeine improves adult mice performance in the object
recognition task and increases BDNF and TrkB independent on phospho-
CREB immunocontent in the hippocampus. Neurochem. Int. 53, 89-94.
doi: 10.1016/j.neuint.2008.06.006

Cunnane, S. C., Trushina, E., Morland, C., Prigione, A., Casadesus, G., Andrews,
Z. B., et al. (2020). Brain energy rescue: an emerging therapeutic concept for
neurodegenerative disorders of ageing. Nat. Rev. Drug Discov. 19, 609-633.
doi: 10.1038/s41573-020-0072-x

Davis, C. E. (1976). The effect of regression
epidemiologic and clinical studies. Am. J. Epidemiol.
doi: 10.1093/oxfordjournals.aje.al12321

Diniz, C., Casarotto, P. C., Resstel, L., and Joca, S. R. L. (2018). Beyond good
and evil: a putative continuum-sorting hypothesis for the functional role of
proBDNF/BDNF-propeptide/mBDNF in antidepressant treatment. Neurosci.
Biobehav. Rev. 90, 70-83. doi: 10.1016/j.neubiorev.2018.04.001

Fernandes, B. S., Molendijk, M. L., Kohler, C. A., Soares, J. C., Leite, C. M,,
Machado-Vieira, R., et al. (2015a). Peripheral brain-derived neurotrophic factor
(BDNF) as a biomarker in bipolar disorder: a meta-analysis of 52 studies. BMC
Med. 13:289. doi: 10.1186/s12916-015-0529-7

Fernandes, B. S., Steiner, J., Berk, M., Molendijk, M. L., Gonzalez-Pinto, A.,
Turck, C. W, et al. (2015b). Peripheral brain-derived neurotrophic factor in

the mean in
104, 493-498.

to

FUNDING

This work was mainly supported by a grant from the
af Jochnick Foundation, and also from the following
funding sources: MK recieves support from the Swedish
Research Counsil, Alzheimerfonden, Center for Innovative
Medicine (CIMED) at Karolinska Institutet South Campus,
Knut and Alice Wallenberg Foundation, Stiftelsen
Stockholms ~ Sjukhem  (Sweden), Konung Gustaf V:s
och Drottning Victorias Frimurarstiftelse, Hjarnfonden.
SS receives research support from Alzheimerfonden,
Demensfonden, and Karolinska Institutet Research Foundation
Grants (KI Fonder).

ACKNOWLEDGMENTS

We would like to thank all the participants for their valuable
time and contributions to this study. We also thank the research
nurses Lisbeth Johansson and Peter Johansson for their work in
the performance of the study.

schizophrenia and the role of antipsychotics: meta-analysis and implications.
Mol. Psychiatry 20, 1108-1119. doi: 10.1038/mp.2014.117

Fortier, M., Castellano, C. A., Croteau, E., Langlois, F., Bocti, C., St-Pierre, V.,
et al. (2019). A ketogenic drink improves brain energy and some measures
of cognition in mild cognitive impairment. Alzheimers Dement. 15, 625-634.
doi: 10.1016/j.jalz.2018.12.017

Fortier, M., Castellano, C. A., St-Pierre, V., Myette-Cote, E., Langlois, F., Roy,
M., et al. (2020). A ketogenic drink improves cognition in mild cognitive
impairment: Results of a 6-month RCT. Alzheimers Dement. 17, 543-552.
doi: 10.1002/alz.12206

Gejl, A. K., Enevold, C., Bugge, A., Andersen, M. S., Nielsen, C. H., and
Andersen, L. B. (2019). Associations between serum and plasma brain-derived
neurotrophic factor and influence of storage time and centrifugation strategy.
Sci. Rep. 9:9655. doi: 10.1038/s41598-019-45976-5

Genzer, Y., Dadon, M., Burg, C., Chapnik, N., and Froy, O. (2016). Effect
of dietary fat and the circadian clock on the expression of brain-
derived neurotrophic factor (BDNF). Mol. Cell. Endocrinol. 430, 49-55.
doi: 10.1016/j.mce.2016.04.015

Hashimoto, K. (2015). Brain-derived neurotrophic factor (BDNF) and its
precursor proBDNF as diagnostic biomarkers for major depressive disorder
and bipolar disorder. Eur. Arch. Psychiatry Clin. Neurosci. 265, 83-84.
doi: 10.1007/s00406-014-0557-x

Henderson, S. T., Morimoto, B. H., Cummings, J. L., Farlow, M. R., and Walker, J.
(2020). A placebo-controlled, parallel-group, randomized clinical trial of AC-
1204 in mild-to-moderate Alzheimer’s disease. J. Alzheimers Dis. 75, 547-557.
doi: 10.3233/JAD-191302

Henderson, S. T., Vogel, J. L., Barr, L. J., Garvin, F., Jones, J. J., and Costantini, L. C.
(2009). Study of the ketogenic agent AC-1202 in mild to moderate Alzheimer’s
disease: a randomized, double-blind, placebo-controlled, multicenter trial.
Nutr. Metab. (Lond.) 6:31. doi: 10.1186/1743-7075-6-31

Hu, E, Du, H,, Shang, S., Zhang, Y., and Lu, X. (2020). Beta-hydroxybutyrate
enhances BDNF expression by increasing H3K4me3 and decreasing
H2AK119ub in hippocampal 14:591177.
doi: 10.3389/fnins.2020.591177

Hu, E, Du, H,, Zhu, X, Wang, L., Shang, S., Wu, X,, et al. (2018). Beta-
hydroxybutyrate Promotes the expression of BDNF in hippocampal
neurons under adequate glucose supply. Neuroscience 386, 315-325.
doi: 10.1016/j.neuroscience.2018.06.036

Tughetti, L., Lucaccioni, L., Fugetto, F., Predieri, B., Berardi, A., and Ferrari, F.
(2018). Brain-derived neurotrophic factor and epilepsy: a systematic review.
Neuropeptides 72, 23-29. doi: 10.1016/j.npep.2018.09.005

neurons. Front. Neurosci.

Frontiers in Aging Neuroscience | www.frontiersin.org

11

August 2021 | Volume 13 | Article 716594


https://doi.org/10.3109/10611860903318134
https://doi.org/10.1093/ajcn/36.5.950
https://doi.org/10.1007/s12035-017-0866-y
https://doi.org/10.1016/j.neurobiolaging.2019.11.010
https://doi.org/10.3233/JAD-180995
https://doi.org/10.1016/j.neuint.2008.06.006
https://doi.org/10.1038/s41573-020-0072-x
https://doi.org/10.1093/oxfordjournals.aje.a112321
https://doi.org/10.1016/j.neubiorev.2018.04.001
https://doi.org/10.1186/s12916-015-0529-7
https://doi.org/10.1038/mp.2014.117
https://doi.org/10.1016/j.jalz.2018.12.017
https://doi.org/10.1002/alz.12206
https://doi.org/10.1038/s41598-019-45976-5
https://doi.org/10.1016/j.mce.2016.04.015
https://doi.org/10.1007/s00406-014-0557-x
https://doi.org/10.3233/JAD-191302
https://doi.org/10.1186/1743-7075-6-31
https://doi.org/10.3389/fnins.2020.591177
https://doi.org/10.1016/j.neuroscience.2018.06.036
https://doi.org/10.1016/j.npep.2018.09.005
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norgren et al.

B-Hydroxybutyrate Associated With BDNF

Koo, T. K., and Li, M. Y. (2016). A guideline of selecting and reporting intraclass
correlation coefficients for reliability research. J. Chiropr. Med. 15, 155-163.
doi: 10.1016/j.jcm.2016.02.012

Korley, F. K., Diaz-Arrastia, R., Wu, A. H.,, Yue, J. K., Manley, G. T., Sair, H.
I, et al. (2016). Circulating brain-derived neurotrophic factor has diagnostic
and prognostic value in traumatic brain injury. J. Neurotrauma 33, 215-225.
doi: 10.1089/neu.2015.3949

Kossoff, E., and Cervenka, M. (2020). ketogenic dietary therapy controversies for
its second century. Epilepsy Curr. 20, 125-129. doi: 10.1177/1535759719890337

Krikorian, R., Shidler, M. D., Dangelo, K., Couch, S. C., Benoit, S.
C., and Clegg, D. J. (2012). Dietary ketosis enhances memory in
mild cognitive impairment. Neurobiol. Aging 33 425.e19-425.e27.
doi: 10.1016/j.neurobiolaging.2010.10.006

Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001). Regulation of cell
survival by secreted proneurotrophins. Science (New York, NY) 294, 1945-1948.
doi: 10.1126/science.1065057

Lima Giacobbo, B., Doorduin, J., Klein, H. C., Dierckx, R., Bromberg, E.,
and de Vries, E. F. J. (2019). Brain-derived neurotrophic factor in brain
disorders: focus on neuroinflammation. Mol. Neurobiol. 56, 3295-3312.
doi: 10.1007/s12035-018-1283-6

Lu, B,, Pang, P. T., and Woo, N. H. (2005). The yin and yang of neurotrophin
action. Nat. Rev. Neurosci. 6, 603-614. doi: 10.1038/nrn1726

Marosi, K., Kim, S. W., Moehl, K., Scheibye-Knudsen, M., Cheng, A. W., Cutler,
R, et al. (2016). 3-Hydroxybutyrate regulates energy metabolism and induces
BDNF expression in cerebral cortical neurons. J. Neurochem. 139, 769-781.
doi: 10.1111/jnc.13868

Mizoguchi, Y., Yao, H., Imamura, Y., Hashimoto, M., and Monji, A. (2020).
Lower brain-derived neurotrophic factor levels are associated with age-related
memory impairment in community-dwelling older adults: the Sefuri study. Sci.
Rep. 10:16442. doi: 10.1038/541598-020-73576-1

Mohorko, N., Cernelic-Bizjak, M., Poklar-Vatovec, T., Grom, G., Kenig, S., Petelin,
A, et al. (2019). Weight loss, improved physical performance, cognitive
function, eating behavior, and metabolic profile in a 12-week ketogenic diet in
obese adults. Nutr. Res. 62, 64-77. doi: 10.1016/j.nutres.2018.11.007

Molendijk, M. L., Spinhoven, P., Polak, M., Bus, B. A, Penninx, B. W,
and Elzinga, B. M. (2014). Serum BDNF concentrations as peripheral
manifestations of depression: evidence from a systematic review and meta-
analyses on 179 associations (N = 9484). Mol. Psychiatry 19, 791-800.
doi: 10.1038/mp.2013.105

Moran, M. D. (2003). Arguments for rejecting the sequential Bonferroni in
ecological studies. Oikos 100, 403-405. doi: 10.1034/j.1600-0706.2003.12010.x

Miiller, H,, Lindman, A. S., Blomfeldt, A., Seljeflot, I., and Pedersen, J. I. (2003). A
diet rich in coconut oil reduces diurnal postprandial variations in circulating
tissue plasminogen activator antigen and fasting lipoprotein (a) compared
with a diet rich in unsaturated fat in women. J. Nutr. 133, 3422-3427.
doi: 10.1093/jn/133.11.3422

Nagpal, R., Neth, B. J., Wang, S., Craft, S, and Yadav, H. (2019). Modified
mediterranean-ketogenic diet modulates
chain fatty acids in association with Alzheimer’s disease markers in
subjects with mild cognitive impairment. EBioMedicine 47, 529-542.
doi: 10.1016/j.ebiom.2019.08.032

Neth, B. J., Mintz, A., Whitlow, C., Jung, Y., Solingapuram Sai, K., Register, T. C.,
et al. (2020). Modified ketogenic diet is associated with improved cerebrospinal
fluid biomarker profile, cerebral perfusion, and cerebral ketone body uptake in
older adults at risk for Alzheimer’s disease: a pilot study. Neurobiol. Aging 86,
54-63. doi: 10.1016/j.neurobiolaging.2019.09.015

Newman, J. C., and Verdin, E. (2017).
a  signaling  metabolite. ~ Annu.  Rev.
doi: 10.1146/annurev-nutr-071816-064916

Nilsson, J., Ekblom, O., Ekblom, M., Lebedev, A., Tarassova, O., Moberg, M.,
et al. (2020). Acute increases in brain-derived neurotrophic factor in plasma

gut microbiome and short-

beta-hydroxybutyrate:
Nutr. 37,  51-76.

following physical exercise relates to subsequent learning in older adults. Sci.
Rep. 10:4395. doi: 10.1038/541598-020-60124-0

Norgren, J., Sindi, S., Sandebring-Matton, A., Kareholt, I., Akenine, U., Nordin,
K., et al. (2020a). Capillary blood tests may overestimate ketosis: triangulation
between three different measures of P-hydroxybutyrate. Am. J. Physiol.
Endocrinol. Metab. 318, E184-E188. doi: 10.1152/ajpendo.00454.2019

Norgren, J., Sindi, S., Sandebring-Matton, A., Kareholt, I, Daniilidou, M., Akenine,
U., et al. (2020b). Ketosis after intake of coconut oil and caprylic acid-with and
without glucose: a cross-over study in healthy older adults. Front. Nutr. 7:40.
doi: 10.3389/fnut.2020.00040

Ota, M., Matsuo, J., Ishida, 1., Takano, H., Yokoi, Y., Hori, H., et al. (2019).
Effects of a medium-chain triglyceride-based ketogenic formula on cognitive
function in patients with mild-to-moderate Alzheimer’s disease. Neurosci. Lett.
690, 232-236. doi: 10.1016/j.neulet.2018.10.048

Pan, W., Banks, W. A, Fasold, M. B., Bluth, J., and Kastin, A. J. (1998).
Transport of brain-derived neurotrophic factor across the blood-brain barrier.
Neuropharmacology 37, 1553-1561. doi: 10.1016/5S0028-3908(98)00141-5

Pang, P. T, Teng, H. K,, Zaitsev, E., Woo, N. T, Sakata, K., Zhen, S., et al. (2004).
Cleavage of proBDNF by tPA/plasmin is essential for long-term hippocampal
plasticity. Science (New York, NY) 306, 487-491. doi: 10.1126/science.1100135

Pardridge, W. M. (2019). Blood-brain barrier and delivery of protein
and gene therapeutics to brain. Front. Aging Neurosci. 11:373.
doi: 10.3389/fnagi.2019.00373

Phillips, M. C. L., Deprez, L. M., Mortimer, G. M. N., Murtagh, D. K. J,
McCoy, S., Mylchreest, R., et al. (2021). Randomized crossover trial of a
modified ketogenic diet in Alzheimer’s disease. Alzheimers Res. Ther. 13:51.
doi: 10.1186/5s13195-021-00783-x

Poff, A. M., Koutnik, A. P., and Egan, B. (2020). Nutritional ketosis with ketogenic
diets or exogenous ketones: features, convergence, and divergence. Curr. Sports
Med. Rep. 19, 251-259. doi: 10.1249/JSR.0000000000000732

Polacchini, A., Metelli, G., Francavilla, R., Baj, G., Florean, M., Mascaretti, L.
G., et al. (2015). A method for reproducible measurements of serum BDNF:
comparison of the performance of six commercial assays. Sci. Rep. 5:17989.
doi: 10.1038/srep17989

Qin, X. Y., Feng, J. C,, Cao, C,, Wu, H. T, Loh, Y. P,, and Cheng, Y. (2016).
Association of peripheral blood levels of brain-derived neurotrophic factor with
autism spectrum disorder in children: a systematic review and meta-analysis.
JAMA Pediatr. 170, 1079-1086. doi: 10.1001/jamapediatrics.2016.1626

Rahmani, F., Saghazadeh, A., Rahmani, M., Teixeira, A. L., Rezaei, N., Aghamollaii,
V., et al. (2019). Plasma levels of brain-derived neurotrophic factor in patients
with Parkinson disease: a systematic review and meta-analysis. Brain Res. 1704,
127-136. doi: 10.1016/j.brainres.2018.10.006

Reger, M. A., Henderson, S. T., Hale, C., Cholerton, B., Baker, L. D., Watson, G. S.,
etal. (2004). Effects of beta-hydroxybutyrate on cognition in memory-impaired
adults. Neurobiol. Aging 25, 311-314. doi: 10.1016/S0197-4580(03)00087-3

Reyes-Izquierdo, T., Nemzer, B., Shu, C., Huynh, L., Argumedo, R., Keller, R,,
et al. (2013). Modulatory effect of coffee fruit extract on plasma levels of brain-
derived neurotrophic factor in healthy subjects. Br. J. Nutr. 110, 420-425.
doi: 10.1017/S0007114512005338

Serra-Millas, M. (2016). Are the changes in the peripheral brain-derived
neurotrophic factor levels due to platelet activation? World J. Psychiatry 6,
84-101. doi: 10.5498/wjp.v6.i1.84

Shimada, H., Makizako, H., Doi, T., Yoshida, D., Tsutsumimoto, K., Anan, Y., et al.
(2014). A large, cross-sectional observational study of serum BDNE, cognitive
function, and mild cognitive impairment in the elderly. Front. Aging Neurosci.
6:69. doi: 10.3389/fnagi.2014.00069

Siuda, J., Patalong-Ogiewa, M., Zmuda, W., Targosz-Gajniak, M., Niewiadomska,
E., Matuszek, I, et al. (2017). Cognitive impairment and BDNF serum levels.
Neurol. Neurochir. Pol. 51, 24-32. doi: 10.1016/j.pjnns.2016.10.001

Sleiman, S. F., Henry, J., Al-Haddad, R., El Hayek, L., Abou Haidar, E., Stringer, T,
et al. (2016). Exercise promotes the expression of brain derived neurotrophic
factor (BDNF) through the action of the ketone body beta-hydroxybutyrate.
eLife 5:15092. doi: 10.7554/eLife.15092

Stafstrom, C. E., and Rho, J. M. (2012). The ketogenic diet as a treatment
paradigm for diverse neurological disorders. Front. Pharmacol. 3:59.
doi: 10.3389/fphar.2012.00059

Taylor, M. K., Sullivan, D. K., Mahnken, J. D., Burns, J. M., and Swerdlow, R.
H. (2018). Feasibility and efficacy data from a ketogenic diet intervention
in Alzheimer’s disease. Alzheimers Dement. (New York, NY) 4, 28-36.
doi: 10.1016/j.trci.2017.11.002

Taylor, M. K. Swerdlow, R. H., and Sullivan, D. K. (2019). Dietary
neuroketotherapeutics for Alzheimer’s disease: an evidence update and the
potential role for diet quality. Nutrients 11:1910. doi: 10.3390/nu11081910

Frontiers in Aging Neuroscience | www.frontiersin.org

12

August 2021 | Volume 13 | Article 716594


https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1089/neu.2015.3949
https://doi.org/10.1177/1535759719890337
https://doi.org/10.1016/j.neurobiolaging.2010.10.006
https://doi.org/10.1126/science.1065057
https://doi.org/10.1007/s12035-018-1283-6
https://doi.org/10.1038/nrn1726
https://doi.org/10.1111/jnc.13868
https://doi.org/10.1038/s41598-020-73576-1
https://doi.org/10.1016/j.nutres.2018.11.007
https://doi.org/10.1038/mp.2013.105
https://doi.org/10.1034/j.1600-0706.2003.12010.x
https://doi.org/10.1093/jn/133.11.3422
https://doi.org/10.1016/j.ebiom.2019.08.032
https://doi.org/10.1016/j.neurobiolaging.2019.09.015
https://doi.org/10.1146/annurev-nutr-071816-064916
https://doi.org/10.1038/s41598-020-60124-0
https://doi.org/10.1152/ajpendo.00454.2019
https://doi.org/10.3389/fnut.2020.00040
https://doi.org/10.1016/j.neulet.2018.10.048
https://doi.org/10.1016/S0028-3908(98)00141-5
https://doi.org/10.1126/science.1100135
https://doi.org/10.3389/fnagi.2019.00373
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1249/JSR.0000000000000732
https://doi.org/10.1038/srep17989
https://doi.org/10.1001/jamapediatrics.2016.1626
https://doi.org/10.1016/j.brainres.2018.10.006
https://doi.org/10.1016/S0197-4580(03)00087-3
https://doi.org/10.1017/S0007114512005338
https://doi.org/10.5498/wjp.v6.i1.84
https://doi.org/10.3389/fnagi.2014.00069
https://doi.org/10.1016/j.pjnns.2016.10.001
https://doi.org/10.7554/eLife.15092
https://doi.org/10.3389/fphar.2012.00059
https://doi.org/10.1016/j.trci.2017.11.002
https://doi.org/10.3390/nu11081910
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Norgren et al.

B-Hydroxybutyrate Associated With BDNF

Vandenberghe, C., St-Pierre, V., Pierotti, T., Fortier, M., Castellano, C. A,
and Cunnane, S. C. (2017). Tricaprylin alone increases plasma ketone
response more than coconut oil or other medium-chain triglycerides:
an acute crossover study in healthy adults. Curr. Dev. Nutr. 1:e000257.
doi: 10.3945/cdn.116.000257

Volek, J. S., Noakes, T. and Phinney, S. D. (2015). Rethinking fat
as a fuel for endurance exercise. Eur. J. Sport Sci. 15, 13-20.
doi: 10.1080/17461391.2014.959564

Walsh, J. J., Myette-Cote, E., and Little, J. P. (2020). The effect of
exogenous ketone monoester ingestion on plasma BDNF during an oral
glucose tolerance test. Front. Physiol. 11:1094. doi: 10.3389/fphys.2020.
01094

Wolak, M. E., Fairbairn, D. J., and Paulsen, Y. R. (2012). Guidelines
for estimating repeatability. =~ Methods Ecol. Evol. 3, 129-137.
doi: 10.1111/§.2041-210X.2011.00125.x

Woo, N. H,, Teng, H. K, Siao, C. J., Chiaruttini, C., Pang, P. T., Milner,
T. A, et al. (2005). Activation of p75NTR by proBDNF facilitates
hippocampal long-term depression. Nat. Neurosci. 8, 1069-1077. doi: 10.1038/
nnl510

Xie, B., Zhou, H., Liu, W, Yu, W, Liu, Z, Jiang, L., et al. (2020).
Evaluation of the diagnostic value of peripheral BDNF levels for
Alzheimer’s disease and mild cognitive impairment: results of a meta-
analysis. Int. J. Neurosci. 130, 218-230. doi: 10.1080/00207454.2019.16
67794

Yang, B., Ren, Q., Zhang, J. C., Chen, Q. X., and Hashimoto, K. (2017). Altered
expression of BDNFE, BDNF pro-peptide and their precursor proBDNF in brain
and liver tissues from psychiatric disorders: rethinking the brain-liver axis.
Transl. Psychiatry 7:e1128. doi: 10.1038/tp.2017.95

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Norgren, Daniilidou, Kdreholt, Sindi, Akenine, Nordin,
Rosenborg, Ngandu, Kivipelto and Sandebring-Matton. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

13

August 2021 | Volume 13 | Article 716594


https://doi.org/10.3945/cdn.116.000257
https://doi.org/10.1080/17461391.2014.959564
https://doi.org/10.3389/fphys.2020.01094
https://doi.org/10.1111/j.2041-210X.2011.00125.x
https://doi.org/10.1038/nn1510
https://doi.org/10.1080/00207454.2019.1667794
https://doi.org/10.1038/tp.2017.95
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Serum proBDNF Is Associated With Changes in the Ketone Body β-Hydroxybutyrate and Shows Superior Repeatability Over Mature BDNF: Secondary Outcomes From a Cross-Over Trial in Healthy Older Adults
	Introduction
	Materials and Methods
	Study Sample
	Study Design
	Sampling Procedure and Laboratory Analyses
	Statistical Analyses

	Results
	Baseline Characteristics, Data Collection and Safety
	Description of BHB and BDNF Levels in the Different Arms
	Comparisons of the BDNF Changes Between Arms
	Associations Between Individual Levels of the Ketone BHB and BDNF
	Repeatability and Discriminability of proBDNF and mBDNF

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


