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ABSTRACT

Background: Production of SCFAs from food is a complex and
dynamic saccharolytic fermentation process mediated by both human
and gut microbial factors. Knowledge of SCFA production and
of the relation between SCFA profiles and dietary patterns is
lacking.

Objectives: Temporal changes in SCFA concentrations in response
to 2 contrasting diets were investigated using a novel GC-MS
method.

Methods: Samples were obtained from a randomized, controlled,
crossover trial designed to characterize the metabolic response to 4
diets. Participants (n = 19) undertook these diets during an inpatient
stay (of 72 h). Serum samples were collected 2 h after breakfast
(AB), after lunch (AL), and after dinner (AD) on day 3, and a fasting
sample (FA) was obtained on day 4. The 24-h urine samples were
collected on day 3. In this substudy, samples from the 2 extreme
diets representing a diet with high adherence to WHO healthy eating
recommendations and a typical Western diet were analyzed using a
bespoke GC-MS method developed to detect and quantify 10 SCFAs
and precursors in serum and urine samples.

Results: Considerable interindividual variation in serum SCFA
concentrations was observed across all time points, and temporal
fluctuations were observed for both diets. Although the sample
collection timing exerted a greater magnitude of effect on circulating
SCFA concentrations, the unhealthy diet was associated with a lower
concentration of acetic acid (FA: coefficient: —17.0; SE: 5.8; P-
trend = 0.00615), 2-methylbutyric acid (AL: coefficient: —0.1; SE:
0.028; P-trend = 4.13 x 10~ and AD: coefficient: —0.1; SE: 0.028;
P-trend = 2.28 x 107), and 2-hydroxybutyric acid (FA: coefficient:
—15.8; SE: 5.11; P-trend: 4.09 x 107%). In contrast, lactic acid was
significantly higher in the unhealthy diet (AL: coefficient: 750.2; SE:
315.2; P-trend = 0.024 and AD: coefficient: 1219.3; SE: 322.6; P-
trend: 8.28 x 107).
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Conclusions: The GC-MS method allowed robust mapping of
diurnal patterns in SCFA concentrations, which were aftected by
diet, and highlighted the importance of standardizing the timing of
SCFA measurements in dietary studies. This trial was registered
on the NIHR UK clinical trial gateway and with ISRCTN as
ISRCTN43087333.  Am J Clin Nutr 2022;116:1368-1378.

Keywords: short-chain fatty acids, branched-chain fatty acid, diet,
fiber, metabolite, GC-MS

Introduction

In recent years, the relevance of gut microbial metabo-
lites in nutrition research has gained increasing recognition
(1, 2). Multiple classes of metabolites deriving from bacterial
conversion of dietary chemicals, including SCFAs, provide
an energy source and act as signaling molecules that affect
physiological and pathological processes, including immunity,
adipocyte physiology, and neuronal signaling. SCFAs are the
end product of fermentation of nondigestible carbohydrates,
undigested proteins, and amino acids (3, 4). Typically, most
research only reports the 3 SCFAs that are produced by the
microbiota in the largest quantities: acetic, propionic, and butyric
acids. However, new studies are demonstrating other molecules
that are interconnected with these 3 SCFAs, such as lactic
acid, are also mechanistically important in driving physiological
and pathological processes (5). There is therefore a need to
explore a wider panel of SCFAs and related molecules. SCFAs
have been shown to have a therapeutic value in the prevention
of obesity and insulin resistance in both animals and humans
(6-10), with several mechanisms such as immunomodulation of
intestinal macrophages and reduction of cholesterol synthesis
being proposed (11).
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Diet-related differences in circulating SCFAs

SCFAs and branched short-chain fatty acids (BSCFAs) have
been associated with both protective and causal roles with respect
to metabolic diseases (12—15). For example, microbial capacity
for butyric acid production has been linked to lower blood
glucose concentrations (16). With regard to metabolic disorders,
2-hydroxybutyric and lactic acid are two 2-hydroxycarboxylic
acids of interest, with 2-hydroxybutyric acid being proposed as
an early predictor of insulin resistance and impaired glucose
tolerance (17, 18). Based on previous published studies on SCFAs
and related metabolites, a panel of 10 SCFAs, BSCFAs, and 2-
hydroxycarboxylic acids was chosen as the most pertinent panel
of analytes to quantify in terms of understanding dietary impact
on SCFA-related metabolism.

The potential of SCFAs to act as anti-inflammatory and
anticarcinogenic mediators opens a window of opportunity for
dietary modulation to achieve preventative or therapeutic impact
for various diseases via delivery of SCFAs. However, the complex
interactions between food, diet, microbiota, health, and metabolic
phenotype are, as yet, poorly understood. Diet is the main source
of fermentable substrates, as it directly influences gut microbiota
fermentation rates and metabolite production. To date, there are
no detailed clinical studies that explore how SCFAs can be
modulated exclusively by mixed diets under highly controlled
food intake conditions, and knowledge of the effect of dietary
SCFA sources on human metabolism, without the inclusion of
any specific dietary supplements of SCFAs or their precursors, is
inadequate and poorly documented.

To explore the interplay between SCFAs and diet, we
developed an analytical method for quantifying SCFA-related
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TABLE 1 Baseline sociodemographic and clinical characteristics of
participants!

Characteristic Value
Sex
Male 10 (53)
Female 9 (47)
Age,y 55.8 (12.6; 29-65)
Ethnic origin
White 18 (95)
Asian 1(5
Anthropometric and biochemical
parameters
Weight, kg 74.5 (12.5; 52.8-107.9)
BMI, kg/m? 25.6 (3.2;21.1-33.3)
Glucose,” mmol/L 4.8 (0.4;4.1-5.4)
HbA..> % 5.5% (0.1, 5.1-5.8)

HbA .,2 mmol/mol
Triglycerides,’ mmol/L
Cholesterol,> mmol/L

36.4 (0.9; 32-40)
0.9(0.3;0.5-1.4)

Total 5.1(0.7;3.9-6.1)
LDL 3.1(0.7; 1.7-4.2)
HDL 1.6 (0.4; 0.9-2.6)

Liver function tests,> TU/L
Alanine transaminase
Aspartate transaminase

21.2 (7.4, 12.3-40.0)
19.5 (3.2; 15.0-24.3)

IData are in n (%) or mean (SD; range). U, international units.
2From plasma samples.
3From serum samples.

metabolites, including acetic acid, propionic acid, butyric acid,
methyl-branched SCFAs, and hydroxylated carboxylic acids,
and applied it to serum and urine samples collected in a
controlled, randomized, crossover trial monitoring response
to a WHO-compliant (healthy) (19) and a standard typical
Western (unhealthy) diet. Our study was a substudy from an
inpatient clinical trial previously published (20). Specifically, we
monitored the profile of circulating SCFA-related metabolites
throughout the day in response to these 2 contrasting diets to
better understand the systemic exposure to dietary SCFAs.

Methods

Study design and participants

In this randomized, controlled, crossover trial to assess the
impact of healthiness of diet on metabolism, 19 participants
(aged 21-65 y; 9 female, 10 male) were recruited from the
healthy volunteer database of the UK National Institute for Health
Research/Wellcome Trust Imperial Clinical Research Facility
(Supplemental Figure 1 and Supplemental Table 1). BMI (in
kg/m?) of participants was distributed between 21.1 and 33.3
(Table 1).

Inclusion and exclusion criteria are listed in the “Supplemental
Methods.” This study was approved by the London—Brent
Research Ethics Committee and carried out in accordance with
the Declaration of Helsinki (13/L0O/0078). This study (ISRCTN
number: ISRCTN43087333) is a substudy from a previously
published study (20). All participants provided written informed
consent. The number of individuals enrolled in the study was
selected based on the literature reports of observed differences in
circulating SCFA concentrations between 2 or more contrasting
diets, in which the number of participants ranged between 10 and
18 (21-23).
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TABLE 2 Macronutrients content and characteristics of the 2 contrasting
dietary interventions'

Characteristic Healthy diet Unhealthy diet
Energy, kcal 2260 2490
Energy density, kcal/g 1.2 1.9
Proportion of protein, % 24 13
Proportion of carbohydrate, % 51 44
Total sugar, g 14 25
Proportion of fat, % 23 42
Saturated fatty acids, g 5 20
Monounsaturated fatty acids, g 8 12
Polyunsaturated fats, g 8 2
Total trans fatty acids, g 0.5 1
Fiber, g 459 13.6
Sodium, mg 2367 3066
Fruit and vegetables, g 600 100
Dash score 37 11

"Macronutrients and micronutrients were calculated using a nutrient
software (Dietplan v.6; Forestfield Software Ltd). DASH, Dietary
Approaches to Stop Hypertension (24).

In our previous work, 4 dietary interventions were designed
accordingly to WHO healthy eating recommendations (19, 20).
These interventions were designed with stepwise variance in
concordance with the WHO healthy eating guidelines, ranging
from 100% to 25% concordance. In this substudy, we investigated
the temporal changes in SCFA concentrations in the 2 extreme
diets designated “healthy” and “unhealthy” as subgroups because
these diets differ in their dietary profile, including macronutrient
composition. Importantly, the 2 contrasting diets demonstrate
differences in fiber and protein amounts, both of which are
associated with SCFA production (3, 25-28). The “healthy” diet
that was fully compliant with the WHO healthy eating guidelines
(19) was rich in fruit, vegetables, and fiber and low in saturated
fats, sugars, and salt, whereas the “unhealthy” diet represented a
contrasting diet that was low in fruit and vegetables and 3 times
less the amount of fiber (for differences in dietary composition

19 volunteers
v

Brignardello et al.

and diet information, see Table 2 and Supplemental Tables 2-
3). The 2 diets were provided in random order, and for each
diet period, participants attended a clinical research facility on
different occasions for 72 h. Dietary interventions were delivered
during 3 d in an inpatient setting, served at the same time
each day. To avoid any carryover of metabolic effects from the
previous dietary intervention, a minimum washout period of 5
d was required following completion of the first diet and the
subsequent dietary intervention.

Sample collection

Timed blood and 24-h urine samples were collected during the
third day of each diet to allow equilibration to the diet prior to
measuring the dietary response. Blood samples were collected
2 h after breakfast (AB), after lunch (AL), and after dinner
(AD). Fasting (FA) samples were collected on the morning of
day 4. Serum was obtained from whole blood within 15 min of
collection and stored at —80°C (Figure 1 and Supplemental Table
1). Urine samples were stored at —80°C and were centrifuged
prior to analysis. Samples were not exposed to freeze-thaw cycles
prior to SCFA analysis.

SCFA analysis in serum and urine by GC-MS

A total of 5 SCFAs, 3 methyl-branched SCFAs (branched-
chain fatty acids), and 2 hydroxylated carboxylic acids were ana-
lyzed by GC-MS using a method adapted from Moreau et al. (29),
which was validated as described in the Supplemental Methods.

A volume of 100 pL of sample was suspended in 500 pL
methyl tert-butyl ether with 100 ppm methyl stearate as an
internal standard (IS) to correct injection variability across the
various samples batches and to compensate for analytical drift or
minor system instabilities. Subsequently, 0.01% of hydrochloric
acid was added to each sample for acidification and precipitation
of proteins. A short homogenization step was included by
vortexing each tube for 3 s individually, followed by a further

| Healthydiet | [ unhealthy diet |

l

|

| Serum and urine collection on day 3 |
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FIGURE 1 Flowchart of sample collection for serum and urine. Samples were obtained after consumption of a healthy and an unhealthy diet. Short-chain

fatty acids from both biofluids were analyzed by GC-MS.



Diet-related differences in circulating SCFAs

20 min using a plate vortex, after which samples were centrifuged
for 5 min at 4°C at 10,000 rcf. Immediately, 90 L supernatant
was transferred to a silanized vial, and 60 uL derivatizer
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide with 1%
tert-butyldimethylchloro-silane was added. The sample was
incubated for 45 min at 60°C. Prior to MS analysis, 70 uL of
sample was taken into a regular vial with a deactivated insert. The
GC system consisted of an Agilent 7890 B spectrometer (Agilent
Technologies), equipped with an automatic liquid sampler model
7693 (Agilent Technologies). The GC was fitted with an HP-5
MS Ul inert capillary column (30-m x 0.25-mm x 0.25-um film
thickness; Agilent J&W Scientific), and helium was used as the
carrier gas at 1.5 mL/min. Each injection was made in split mode
with an injection of 1 pL and injector temperature of 250°C.
A glass liner ultra-inert, splitless, single-taper and glass wool
(5190-2293; Agilent Technologies) was used to avoid possible
column contamination with nonvolatile elements. The oven
temperature program was optimized with an initial temperature
of 40°C and final temperature of 300°C. The total runtime of the
method was 9 min. The GC system was connected to an Agilent
7010 MS/MS triple quadrupole mass spectrometric detector with
an electron ionization source, operating at 70 eV. The source
temperature was maintained at 230°C, whereas the temperature
of both quadrupoles was set at 150°C. The helium quench gas
flow was set at 2.25 mL/min and the nitrogen collision gas flow at
1.5 mL/min. A solvent delay of 2 min was implemented. Analyses
were performed in positive multiple reaction monitoring mode,
with collision energy optimized for each selected transition
during the method development (Supplemental Figure 2 and
Supplemental Table 4). Data acquisition was achieved using
Mass Hunter workstation software for triple quadrupole (Agilent
Technologies). SCFA concentrations obtained from 24-h urine
samples were normalized to the total volume collected to partially
account for differences in urinary osmolality.

This assay was validated in terms of linearity (lower limit
of quantification and upper limit of quantification), precision,
and accuracy on inter- and intraday analysis and achieved
good recovery of the metabolites in serum and urine samples
(Supplemental Tables 5-9).

Acetic acid (C2), propionic acid (C3), lactic acid (C3), butyric
acid (C4), isobutyric acid (i-C4), 2-hydroxybutyric acid (C4),
valeric acid (C5), isovaleric acid (i-C5), 2-methylbutyric acid
(C5), caproic acid (C5), and methyl stearate (IS) were purchased
from Sigma-Aldrich for use as chemical standards.

Statistical analysis

This study is a substudy from a previously published clinical
trial (20) and was a pioneer pilot trial on metabolic profiling
under controlled feeding conditions. To provide a sample size
calculation number, data from the previous work of Heinzmann
et al. (30) were considered a baseline using urinary proline
betaine excretion to quantify the intake of oranges, because
this metabolite is derived almost exclusively from citrus fruit
and not extensively metabolized prior to excretion. Each orange
consumed typically increased proline betaine concentrations by
50 umol/L; therefore, a sample size of 12 was deemed sufficient
to detect a difference of 50 umol/L, considering a SD of 40
pmol/L, power of 0.95, and « of 0.05. Based on this example,
and taking into account the considerable volunteer inpatient time

1371

required (12 d in total across the 4 original dietary interventions),
a high dropout rate was expected. Therefore, accounting for an
estimated 33% dropout, permission to recruit 30 participants was
sought, aiming to enroll a cohort of 20 participants. We assumed
a similar behavior for SCFA excretion, and the power calculation
was supported by data from other published studies based
on 10-18 participants in whom changes in circulating SCFAs
were detected following diets with different fiber composition
(21-23). Similarly, other dietary biomarker studies (30, 31)
found individual differences in biomarker intake after controlled
feeding with a sample size of 20 participants or fewer. A total of
19 participants completed the full protocol and were included in
the statistical analysis (Supplemental Table 1 and Supplemental
Figure 1).

Statistical analyses, with the exception of ANOVA and
Skillings—Mack, were performed using MATLAB R2014a (Ver-
sion 8.3). Normal distribution was tested by using the Shapiro—
Wilk method. None of the SCFA concentrations in either serum
or urine were found to exhibit a normal distribution, and results
were expressed as median values with IQR. AUCs for SCFAs
concentrations were calculated by the trapezoidal rule. For
each SCFA, differences in concentrations between time points
throughout the day were analyzed with the Skillings—Mack
test and subsequent Wilcoxon signed-rank tests corrected by
Hommel’s method. Pairwise differences in SCFA concentrations
and differences in the AUCs of SCFA concentrations between the
2 diets were compared for each time point using the Wilcoxon
signed-rank test and adjusted using false discovery rate (32).
Differences with adjusted P value (P,g;) <0.05 were considered
statistically significant.

For metabolites with a concentration that was affected by diet
at a particular time point, the interaction between diet and time
and the association between diet and metabolite concentration
were assessed by 2-factor ANOVA using R statistical tools. The
assumptions of normal distribution and homogeneity of variance
were tested for the entire SCFA metabolite panel using the
Shapiro—Wilk test and Levene test, respectively, after the major
outliers were removed. In no case was more than 5% of the total
data set removed. In cases where the diet-by-time interaction was
not significant, the result from the additive model was reported
(Table 3). Associations of diet with SCFA concentrations were
evaluated by regression. Graphs were produced using GraphPad
Prism 8 version 8.4.2 (GraphPad Software) or inkscape 1.0.2, The
inkscape team and the ggplot2, Tidyverse library for R 4.0.2.

Results

SCFA concentrations vary accordingly to biofluid type, diet,
and time of sampling

Diet-by-time interactions.

For serum SCFA concentrations, where metabolites were
measured at 4 time points throughout the day, the diet-
by-time interactions were calculated (Table 3). Acetic acid,
isobutyric acid, 2-methylbutyric acid, isovaeric acid, lactic acid,
and 2-hydroxybutyric acid showed mostly weak diet-by-time
interactions, of which only lactic acid retained significance
after removing outliers to obtain normality of distribution and
homogeneity of variance. The number of outliers based on the
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TABLE 3 Diet-by-time interactions based on a 2-factor ANOVA!

Brignardello et al.

Direction compared P-value Residual Number of
with healthy number outliers

SCFA Diet Time Diet by time

Acetic acid + 471 x 1072 6.86 x 10733 3.87 x 107! 134 6
Isobutyric acid + 3.90 x 107! 561 x 10718 3.17 x 107! 133 6
Butyric acid NS 7.36 x 107! 4.18 x 107° NS 133

2-Methyl butyric acid + 7.32 x 1077 542 x 1072 5.53 x 1072 133 6
Isovaleric acid + 5.89 x 1072 3.58 x 10718 1.98 x 107! 133 6
Valeric acid NS 9.93 x 107! 2.69 x 10782 NS 133

Caproic acid NS 9.90 x 107! 5.09 x 1074 NS 139

Lactic acid - 4.05 x 1071 1.13 x 10731 1.21 x 1072 128 8
2-Hydroxy butyric acid + 3.12 x 107 9.64 x 1072 7.02 x 107! 133 6
Propionic acid NS 6.05 x 107! 2.58 x 10723 NS 133

INS, not significant.

residual plots is provided in Table 3 and consisted mainly of
samples from participants ID6 and ID15.

Comparison of serum concentrations of SCFAs between the 2
contrasting diets at different time points over a 24-h period.

Serum SCFA concentrations were compared across the 4 timed
collection periods (AB, AL, and AD on day 3 and an FA sample
on day 4 following commencement of the diet). For the SCFAs at
time points where a significant concentration difference between
the 2 diets was found based on the Wilcoxon rank-sum test (see
P values provided in Figure 2), the association between the
diet and the SCFA concentration was established via a 2-factor
ANOVA. In the AL samples, 2-methylbutyric acid concentrations
(coefficient: —0.1; SE: 0.028; P-trend = 4.13 x 10™*) were
present in higher concentrations in the healthier diet (Figure 2D,
depicted in solid black lines), whereas lactic acid concentrations
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(coefficient: 750.2; SE: 315.2; P-trend = 0.024) were higher
in the unhealthy diet (Figure 2H, depicted by dashed black
lines). In the AD samples, 2-methylbutyric acid concentrations
(coefficient: —0.1; SE: 0.028; P-trend = 2.28 x 10~%) remained
higher in the healthy diet, with lower lactic acid (coefficient:
1219.3; SE: 322.6; P-trend = 8.28 x 10™*) concentrations
(Figure 2D and H). The FA serum samples obtained on day
4, after consumption of the healthier diet, contained higher
concentrations of acetic acid (coefficient: —17.0; SE: 5.8; P-
trend = 0.00615) and 2-hydroxybutyric acid (coefficient: —15.8;
SE:5.11; P-trend = 4.09 x 103) (Figure 2A and I). The AUC for
each of the SCFAs over the summed 24-h period in response to the
2 contrasting diets is provided in Supplemental Table 10. The
results showed that significantly higher concentrations of serum
acetic, 2-methylbutyric, and 2-hydroxybutyric acid were present
in the total 24-h response to the healthy diet, whereas lactic acid
area was higher in the unhealthy diet.
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FIGURE 2 Comparison of serum short-chain fatty acid concentrations through the day for the same time points for the healthy and unhealthy diets. Values
are shown as median and IQR; n = 19. The healthy and unhealthy diets are represented by solid and dashed lines, respectively. Differences between the same
time points for different diets were determined by Wilcoxon signed-rank test and false discovery rate post hoc correction. Pyqj < 0.05 indicates statistical
significance. (A) Acetic acid, (B) isobutyric acid, (C) butyric acid, (D) 2-methylbutyric acid, (E) isovaleric acid, (F) valeric acid, (G) caproic acid, (H) lactic
acid, (I) 2-hydroxybutyric, and (J) propionic acid. AB D3, after breakfast on day 3; AD D3, after dinner on day 3; AL D3, after lunch on day 3; FA D4, fasting

on day 4.
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Variation of serum SCFAs throughout the day within and
across diets.

Differences across diets were observed when SCFA con-
centration patterns were stratified by collection time points
(Supplemental Table 11). Most of the SCFAs were significantly
different between the AB and AL samples, as well as between
the AB and AD samples (P, < 0.05) with the exception of
2-hydroxybutyric acid and isovaleric acid for both diets and
isobutyric acid in the healthy diet.

Significant differences were found between AL and AD for
acetic acid (P,q; < 0.05), as well as caproic acid (Pyq; < 0.05) in
the healthy diet and 2-hydroxybutyric acid (P, < 0.05) in the
unhealthy diet. For most SCFAs, a significant difference between
AD and FA (P, < 0.05) was evident, except for isobutyric
and isovaleric acids in both diets and 2-hydroxybutyric acid
in the healthy diet. In the case of AL compared with FA, 2-
hydroxybutyric was the only SCFA that was not significantly
different at these time points for either diet. In the comparison
of samples collected in AB compared with FA, acetic acid
(Pagj < 0.05), butyric acid (P < 0.05), and isovaleric acid
(Pagj < 0.05) were significantly higher in the FA samples in
both diets. In contrast, caproic acid (P, < 0.05) and lactic
acid (P, < 0.05) were found in higher concentrations in the
samples collected AB for both diets. 2-Methylbutyric acid was
significantly higher AB compared with post-FA in the healthy
diet (P,gj < 0.05) but not in the unhealthy diet, whereas valeric
acid was significantly lower AB compared with post-FA in the
unhealthy diet (P,q; < 0.05) but not in the healthy diet. See
Supplemental Figures 3—4.

Variability in the response between participants in serum
SCFA concentrations

Interindividual variability in the serum profile.

As described, the mean serum SCFA concentrations showed
different transient variations throughout the day (Figure 3). The
variability in serum SCFA concentrations stratified by diet across
the 4 time points is shown in the box-and-whiskers plots in Sup-
plemental Figure 5 along with the median concentration values.
However, when taken at the individual level, some participants
showed a different temporal response in SCFA profiles compared
with the median response for a given diet. Examples are provided
for acetic, 2-methylburytic, and propionic acids (Figure 3), in
which it can be seen, for example, that participant ID3 generally
demonstrated a different response to the other participants.
For this participant, we observed a dampened response to the
unhealthy diet in terms of circulating SCFA concentrations
compared with other participants, whereas the response to
the healthy diet was heightened in comparison to the other
participants, particularly in the samples obtained after lunch.

SCFA concentrations in urine

The 24-h urine concentrations for the SCFA panel are provided
in Supplemental Table 9. In general, the concentrations of
SCFA-related metabolites measured in urine were lower than
those in serum, and there was an inverse relationship between
serum and urine concentrations for most SCFAs. In most cases,
with the notable exception of lactic acid, in which lactic acid
was directly associated with the unhealthy diet for both urine
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FIGURE 3 Serum variation response in selected short-chain fatty acids
between participants. (A) Interindividual variation in serum acetic acid
concentrations after breakfast on day 3. (B) Interindividual variation in
serum acetic acid concentrations after lunch on day 3. (C) Interindividual
variation in serum acetic acid concentrations after dinner on day 3. (D)
Interindividual variation in serum acetic acid concentrations fasting on
day 4. (E) Interindividual variation in serum acetic acid concentrations in
selected participants (showing 2 “typical” dietary responders and 1 “atypical”
dietary responder). (F) Interindividual variation in serum propionic acid
concentrations after breakfast on day 3. (G) Interindividual variation in
serum propionic acid concentrations after lunch on day 3. (H) Interindividual
variation in serum propionic acid concentrations after dinner on day 3.
(I) Interindividual variation in serum propionic acid concentrations after
dinner on day 3. (J) Interindividual variation in serum propionic acid
concentrations in selected participants. (K) Interindividual variation in
serum 2-methylbutyric acid concentrations after breakfast on day 3. (L)
Interindividual variation in serum 2-methylbutyric acid concentrations after
lunch on day 3. (M) Interindividual variation in serum 2-methylbutyric
acid concentrations after lunch on day 3. (N) Interindividual variation
in serum 2-methylbutyric acid concentrations after dinner on day 3. (O)
Interindividual variation in serum 2-methylbutyric acid concentrations in
selected participants. AB D3, after breakfast on day 3; AD D3, after dinner on
day 3; AL D3, after lunch on day 3; FA D4, fasting on day 4; ID, participant
number. In interindividual graphics variation, blue dots represent results of
19 participants and red lines indicate median. P,g; < 0.05 indicates statistical
significance.
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FIGURE 4 Urine concentrations of short-chain fatty acids (24-h collection) for the healthy and unhealthy diets. Differences between 24-h urine for different
diets were determined by Wilcoxon signed-rank test and false discovery rate post hoc correction. P,gj < 0.05 indicates statistical significance. Blue dots with
lines represent results of 19 participants. Red dots and lines represent median. (A) Acetic acid, (B) propionic acid, (C) isobutyric acid, (D) butyric acid, (E)
2-methylbutyric acid, (F) isovaleric acid, (G) valeric acid, (H) caproic acid, (I) lactic acid, and (J) 2-hydroxybutyric acid.

and serum, the trend was that for serum, SCFA concentrations
were higher for the healthy diet, whereas in urine, the higher
concentrations of most SCFAs were observed with the unhealthy
diet (Supplemental Figure 6). This trend in diet-related concen-
tration differences was significant for isobutyric (Pyq; < 0.05),
2-methylbutyric (P,q; < 0.05), isovaleric (P,g < 0.05), lactic,
and 2-hydroxybutyric (P,gj < 0.05) acids (Figure 4B, D, E, H,
and I). Urinary acetic acid was also slightly higher in the healthy
diet as determined from both NMR and GC data, however this
observation was not statistically significant and there was extreme
interperson variance with most participants excreting lower
concentrations following the unhealthy diet with The correlation
matrix for the comparison between the 24-h urine and fasting
serum SCFA concentrations (selected for proximity in time of
collection) is provided in Supplemental Figure 7 and shows the
lack of correlation between urine and plasma concentrations in
response to diet for any given SCFA-related metabolite, with the
exception of isovaleric acid. However, urinary 2-methylbutyric
acid showed inverse associations with several serum SCFAs,
including acetic acid, valeric acid, isovaleric acid, caproic acid,
propionic acid, and isobutyric acid.

Discussion

A growing body of research highlights the association of
SCFAs with health outcomes, including colon cancer and

cardiometabolic diseases. However, within this body of literature,
the results are conflicting as to whether SCFAs behave in a
beneficial or adverse capacity (33—36). Most published work only
reports dietary impact on acetic, propionic, and butyric acids, and
the relation between SCFA concentrations in different biofluids
and tissues has not been well studied. Here we developed a GC-
MS-based method for capturing plasma and urine concentrations
of an extended panel of SCFAs and illustrate the difference in
SCFA profiles in response to 2 contrasting diets. In addition, more
granularity in the stability of circulating SCFA concentrations
has been provided by measuring the SCFA profiles throughout
the day in relation to timed meals, and thus we were able to
take the dynamic postprandial profile into account. Despite the
increase of literature on SCFA, little is known about the temporal
changes in SCFA concentrations following dietary change (e.g.,
from unhealthy to healthy diets or throughout the day). Thus,
by characterizing serum SCFA profiles over time in response
to a healthy and an unhealthy diet, we were better able to
understand their variation between meals and how meals with
different amounts of fermentable substrates can influence their
concentrations over different periods of time.

Diet-related differences in serum SCFA concentrations

Based on the concentrations of serum SCFA concentrations
throughout the day, strong diet-dependent differences were
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observed in 4 of the 10 measured SCFA-related metabolite
panel in serum samples, including acetic acid, 2-methylbutyric
acid, lactic acid, and 2-hydroxybutyric acid (Supplemental Table
10). Differences in the AUCs for acetic acid were mainly
driven by significant differences between the diets in the fasting
samples (54.28 pumol/L in the healthy diet and 42.8 pmol/L
in the unhealthy diet), although the healthy diet was associated
with higher serum concentrations of acetic acid regardless of
time (Figure 2). Fasting serum acetic acid concentrations were
significantly higher in the healthy diet compared with the
unhealthy diet. In the fed state, acetic acid is likely to be mainly
derived from the colonic bacteria, whereas in starvation periods,
the liver probably regulates its production, along with ketones
bodies, to ensure delivery of suitable oxidizable substrates to
tissues such as the brain and myocardium (37). The role of
acetic acid on metabolic health is still controversial and widely
discussed (38). Previous studies have reported that consumption
of fiber in the form of 20 g of pectin/d resulted in increased
FA serum acetic acid concentrations (31), whereas consumption
of barley kernels that included high amylose or high S-glucans
resulted in increased serum concentrations of butyric acid the
following morning (23). This evidence, together with other
published studies, suggests that the type of dietary substrate plays
a role in the SCFA production and metabolism, influencing the
production of specific or total SCFAs (39, 40).

The AL and AD serum concentrations of 2-methylbutyric
acid were significantly higher in the healthy diet that contained
double the concentration of protein (mostly animal based)
compared with the unhealthy diet. This metabolite belongs to the
group of BSCFAs, together with isobutyric acid and isovaleric
acid. Their production indicates protein breakdown in gut
lumen by proteolytic fermentation by microbiota (4). BSCFAs
are derived from branched amino acids, and 2-methylbutyric
acid derives directly from leucine: high serum concentrations
have been associated with metabolic syndrome (13-15). In
addition, consumption of a high-protein diet together with a
low-fiber diet has been associated with the production of 2-
methylbutyric acid (41), which could reflect the balance between
proteolytic fermentation and saccharolytic fermentation in the
colon.

Serum concentrations of 2-hydroxybutyric acid were higher
in the healthy diet in samples obtained AL and FA, although
there was a high degree of interindividual variation in the
serum profiles. The biological significance of this observation
is unclear. 2-Hydroxybutyric acid is produced in the liver from
2-ketobutyric acid, which derives from threonine catabolism or
methionine metabolism via cystathionine, and is metabolized to
propionyl-CoA and carbon dioxide (42). Although high urinary
concentrations of 2-hydroxybutyric acid can be indicative of
an inborn metabolic error or impaired intestinal absorption of
methionine (43, 44), the concentration differences observed in the
current study are not consistent with an overt genetic disorder and
more likely reflect complex interindividual differences in gene—
environment interactions. This metabolite is associated with high
oxidative stress levels, which have been shown to contribute to
insulin resistance and other comorbidities (17, 45).

In contrast to the other metabolites, lactic acid demonstrated
the opposite trend, with higher concentrations encountered
after consumption of the unhealthy diet (AUC of 67,665.71
pmol/L in the healthy diet compared with 88,849.06 pmol/L
in the unhealthy diet). Lactic acid was also present in higher
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concentrations in the postprandial samples taken from AL and
AD samples following consumption of the unhealthy diet, consis-
tent with literature reports in which “typical” Western diets have
been associated with increased blood lactic acid concentrations
(46, 47). Similarly, fasting serum lactic acid concentrations have
been associated with type 2 diabetes (48). Typical Western
diets, such as the one consumed in the current study, are
characterized by high levels of sugar and subsequent glycemia
(49). Although glucose is generally oxidized to carbon dioxide
via the tricarboxylic cycle under aerobic conditions, under
anaerobic conditions, lactic acid can be produced via glycolysis
(50). In addition to its contrasting dietary response compared with
the other metabolites, lactic acid was the only metabolite that
showed significant diet-by-time interactions. Diurnal differences
in postprandial lactic acid and urea concentrations in pigs
suggested decreased efficiency of carbohydrate metabolism in
the morning and increased efficiency in postprandial protein
metabolism (51). Changes in the systemic concentrations of
lactic acid have been shown to be at least partially dependent
on the circadian modulation of the microbiome (52). Because
the GC-MS method does not distinguish between L-lactic acid,
which is endogenous, and D-lactic acid, which is predominantly
of microbial origin, it is not possible to ascertain the role of
microbial metabolism in the current study but warrants further
investigation.

Serum SCFA concentrations fluctuate throughout the day

We demonstrated the concentrations of serum SCFAs were
more dependent on time of day and the relation to timing of
meals rather than diet. Nevertheless, diet-dependent differences
in circulating SCFA profiles were evident for several SCFAs.
However, diet-related differences were not observed for any
of the metabolites in samples obtained AB. Nutritional studies
focused on assessing diet-dependent SCFA concentrations gen-
erally measure SCFAs in postprandial conditions immediately
after a short-term food challenge or intervention or alternatively
measure a paired before-and-after response following a longer
time intervention (10, 30). The observations in this study would
urge caution in selection of sampling time in relation to a dietary
intervention. Another challenge in understanding the behavior
of SCFAs is that food in daily life is consumed in mixtures,
and unsurprisingly, systemic concentrations of SCFAs derived
from a “typical” diet appear to be different compared with
SCFAs that are derived from single dietary components or SCFA
supplementation (10, 31, 53, 54).

In the current study, clear time-related differences were found
in the serum profiles of multiple SCFASs in response to contrasting
diets that varied in nutritional profile with differences in fiber
and protein content (Table 2 and Supplemental Tables 2 and 3).
However, although the fiber contents of the breakfast used in
the healthy and unhealthy diets were markedly different (14.9 g
and 3.6 g, respectively), no significant difference between the 2
diets was found for any of the SCFAs in the samples collected
AB, highlighting the importance of the time of sampling.
Fermentation processes are initiated in the colon 6-8 h after
food intake (55, 56), and dietary fibers are fermented to different
degrees: cellulose and lignins are less fermentable compared with
pectin, oligosaccharides, resistant starch, inulin, and B-glucans
(57, 58). Therefore, consistent with previous research evaluating
SCFA concentrations after dietary fiber supplement or SCFA



1376

intake as part of the first meal of the day (30, 54, 58), it is
unsurprising that we did not observe dietary differences in SCFAs
within 2 h of the first meal of the day because serum SCFA
concentrations are likely to have equilibrated after an overnight
fast.

The fermentation of nondigestible carbohydrates (NDCs) in
the colon takes several hours and is dependent on the chemical
physical properties of the NDCs and the composition and/or
activity of the host microbiota (57, 59). Thus, the impact of diet
on SCFA production can be prolonged, and regular consumption
of a high-fiber diet results in continuous stimulation of the colonic
microbiota to produce and absorb SCFAs (59). For example,
high-fiber diets have been shown to result in higher FA serum
acetic acid concentrations compared with a diet poor in fiber (30,
60). The dietary patterns examined in this study incorporated
a healthy diet based on WHO recommendations (19), in which
diverse types of NDCs were consumed (57), compared with a
typical Western diet with high fat and sugar content with low
fiber. None of the SCFAs measured peaked in concentration in
the AD samples, supporting the fact that the impact of a meal on
systemic SCFA concentrations lasts 6 h or more. These responses
were similar to those found in previous studies in which SCFA
concentrations were quantified after food intake (21, 30). Most of
the SCFAs remained stable in the period AL compared with AD,
suggesting that postprandial concentrations of SCFAs derived
from these meals would not be evident in venous blood after 2 h
postconsumption of a food or meal (30).

The difference in the systemic profiles of butyric acid, which
manifested peak concentrations in the overnight FA sample
compared with acetic and propionic acids, which peaked in the
AL sample, was striking. This difference in profiles is consistent
with the expectation that the 3 main SCFAs behave somewhat
independently, as reflected by the difference in metabolic origin
of acetic, propionic, and butyric acids and in line with the fact
that these SCFAs have different metabolic functions mediated by
different receptors (61-63).

It was notable that although the 2 contrasting diets resulted
in differences in the serum concentrations of certain SCFAs, the
diets did not influence the overall diurnal profile of the SCFAs
such that if highest concentrations of a SCFA were observed
in the AB sample in the healthy diet, then peak concentrations
also occurred in the AB sample for the unhealthy diet. As
expected, the AUCs of SCFA concentrations compared between
diets throughout the day showed significant changes in the same
metabolites identified as being significantly different at specific
time points.

Interindividual variability in serum SCFA profiles

Interindividual differences in the temporal variation of serum
SCFA concentrations were evident, consistent with previous
studies (31, 32, 53). Suggested origins of this interindividual
variability include differences in both genetics (64) and environ-
ment/behavior (e.g., food mastication, digestion processes, and
colonic transit time) (55, 65-68). Perhaps more important, the
gut microbiota, which is unique to each individual and the main
source of SCFA synthesis, contributes to metabolic processing
of dietary compounds and affects the regulation of physiologic
responses at the systemic level (2, 24).

Brignardello et al.

The study has several limitations, and although it clearly shows
that the circulating SCFA profile depends on time of day and diet
patterns, it must be noted that there is a carryover effect with
typical colonic transit times around 6 h (55, 56), and thus serum
samples taken 2 h after each meal would also reflect the influence
of the previous meal on SCFA production. SCFA concentrations
in blood reflect the balance between production and utilization
rates, with SCFAs being substrates for fatty acid, glucose, and
amino acid metabolism. Our study design does not allow us
to determine fluctuations, interconversions, and directionality
of these metabolic changes that influence circulating SCFA
concentrations but rather captures the gross effect of diet on
circulating SCFA concentrations. It is also possible that different
diets introduce variation in transit time: for example, glutinous
barley has been shown to have a shorter colonic transit time
than white rice (69), and a long colonic transit time is associated
with high colonic protein catabolism (70). Similarly, although
the gut microbiome is the major source of SCFA production,
fecal samples were not taken in the current study, and therefore,
direct associations between SCFA concentrations and microbial
taxonomy or metagenomic data could not be made. Nevertheless,
characterization of changes in SCFA concentrations throughout
the day after the consumption of 2 extreme diets showed clear
variation in profile in relation to time, diet, and individual.

Impact of diet on urine SCFA concentrations

The 24-h urinary excretion of SCFAs also showed a high
degree of interindividual variability within diet, even though
all participants followed the same dietary intervention under
rigorously controlled conditions. Higher concentrations of lactic
acid, 2-hydroxybutyric acid, and BSCFAs were found in 24-h
urine samples from participants who consumed an unhealthy diet.
For all SCFAs, the variability in response to the unhealthy diet
was greater than that observed for the healthy diet. As the urinary
SCFAs were calculated for the 24-h sample, unlike the full serum
profiles, and because urine provides a time-averaged as opposed
to a snapshot measure of metabolite concentrations, meaningful
comparison between serum and urinary SCFA concentrations
was difficult.

Conclusions

This study developed a robust method for measuring a panel
of SCFAs and related metabolites and applied it to study their
circulating concentrations in relation to 2 contrasting diets under
randomized, controlled, and crossover conditions. Although
we demonstrated a consistent diet-induced shift resulting in
increased circulating SCFA concentrations with the “healthier”
diet, in all metabolites except lactic acid, temporal variation in
serum SCFA profiles was stronger than dietary influence over the
controlled 3-d diet and underscores the need to consider the time
of measurement of SCFAs in relation to dietary behavior.

We chose to explore the physiologic SCFA concentrations in a
relatively small cohort of healthy participants exposed to 2 con-
trasting diets rather than to elucidate the detailed relation between
specific nutrients or foods and SCFAs because foods are rarely
consumed in isolation. Although several texts have outlined the
impact of specific foods on SCFA concentrations and provide
valuable mechanistic information (23, 54, 58), we extended this
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research by exploring the impact of 2 contrasting, whole diets
on an extended range of SCFAs and related metabolites. This
provides a more realistic picture of the relation between diet
and SCFAs, because humans are exposed to complex dietary
patterns in which foods and nutrients can demonstrate synergistic
effects. Despite the rigorously controlled diet and environment,
interindividual variations in both absolute concentrations and
serum profiles of SCFAs were detected, indicative of differences
in gut microbial presence or functionality.

The method used in this study allowed reliable quantification
of SCFAs in serum and urine that can be easily applied in
different research studies to understand SCFA metabolism. The
significant temporal differences in SCFA profiles emphasize the
need for standardization of study protocols with respect to timing
of sample collection. Further studies are required to explore how
the consumption of diverse dietary patterns for a longer period
can modulate SCFA production, providing a better understanding
of how diets affect SCFA profiles and how their manipulation
may be used to deliver personalized nutrition to aid prevention
and management of chronic diseases.
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