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Abstract: Injection of lipopolysaccharide (LPS), a product of gut bacteria, into the blood increases
blood triglycerides and cortisol, an appetite-stimulating hormone. Meanwhile, small amounts of LPS
derived from gut bacteria are thought to enter the bloodstream from the gut in daily basis. This study
aimed to investigate the effect of LPS influx on appetite or lipid metabolism in humans in everyday
life. We measured the fasting plasma LPS concentration before breakfast and the corresponding days’
appetite and fat-burning markers for 10 days in four Japanese males (28–31 years) and analyzed
the correlation of their inter-day variation. The LPS concentration was negatively correlated with
fullness, and positively correlated with the carbohydrate intake. Against our hypothesis, the LPS
concentration was positively correlated with the fasting breath acetone concentration, a fat-burning
marker. There was a positive correlation between the LPS concentration and fasting body mass
index (BMI), but the inter-day variation in BMI was slight. The results suggest that the LPS influx in
everyday life is at least associated with appetite in the day.

Keywords: lipopolysaccharide; endotoxin; metabolic endotoxemia; appetite; carbohydrate intake; fat
burning; breath acetone; body mass index

1. Introduction

Increased appetite [1] and the suppression of lipid metabolism [2] are important factors
for obesity and metabolic syndrome. It has been demonstrated that metabolic syndrome
leads to vascular disease and type 2 diabetes [3] and is a serious health issue worldwide.
In addition, the cost of metabolic syndrome, including the cost of healthcare and the
potential loss of economic activity, has been estimated to be about in trillions [4], making
its prevention and alleviation an urgent economic matter as well. Because suppressing
appetite, promoting fat-burning, and improving energy balance are key to preventing
and alleviating obesity and metabolic syndrome, there is a long history of research on
their mechanisms. Hormones, neuropeptides, and neurotransmitters are known to be the
primary elements involved in the suppression of appetite in humans [5]. Extensive research
has been performed on systems that regulate fat-burning based on the allosteric control,
phosphorylation control, and expression control of key enzymes [6]. While progress toward
an understanding of such internal control networks with regard to the control of appetite
and fat-burning has been made, the effect of external factors, particularly the intestinal
bacteria, has not yet been sufficiently described.

Lipopolysaccharide (LPS) is a molecule that is composed of lipids and polysaccharides
and is produced by Gram-negative bacteria. A small amount of LPS, derived from gut
bacteria, enters the bloodstream on a daily basis in association with dietary habits [7],
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and is thought to trigger a toll-like receptor 4-mediated inflammatory response [8]. It
has been reported that this flow of LPS into the bloodstream may contribute to the onset
and/or progression of obesity [9], insulin resistance [10], diabetes [11], nonalcoholic fatty
liver disease [12], pancreatitis [13], amyotrophic lateral sclerosis [14], and Alzheimer’s
disease [14]. In addition, previous reports suggest that LPS may be associated with appetite
and lipid metabolism. Regarding appetite, an in vitro study [15] reported that LPS acts
directly on the cells of the adrenal glands to promote cortisol secretion, and it has been
reported in human experiments that LPS administered into the bloodstream increases
the blood cortisol concentration [16,17]. As cortisol has been suggested to have appetite-
promoting effects [18,19], it is likely that the flow of LPS into the bloodstream stimulates
an increase in appetite in humans through cortisol secretion. Regarding lipid metabolism,
an in vitro experiment using rabbit hepatocytes reported that LPS promotes triglyceride
synthesis [20]. However, the effects of the flow of LPS into the bloodstream in everyday life
on appetite and lipid metabolism in humans have not yet been elucidated.

In experiments in which LPS was administered into human blood, it was reported that
the blood triglyceride and cortisol concentrations increased to the peak concentrations just
4–5 h following the administration and that they decreased back to the pre-administration
levels at 12 h following the administration [21]. Changes in the blood LPS concentration
are therefore conjectured to influence fat burning and appetite quickly and dynamically.
Because of this, there are concerns that the relationship of the blood LPS concentration
with fat burning and appetite cannot be captured in general prospective cohort studies
that examine the relationship between the exposure to a given substance and changes
in participants’ health statuses over many years. One previous study reported that the
blood LPS concentration increases significantly after just 3 days of consuming a diet high
in fructose [22]. Owing to the variation from day to day in what individuals eat, the blood
LPS concentration is conjectured to exhibit intraindividual inter-day variation. That is,
taking daily measurements of the blood LPS concentration and fat burning/appetite and
evaluating the correlations in their variation may be one way to verify the relationship
between the two. In fact, considering the aforementioned reports that the blood LPS con-
centration steadily affects the blood triglyceride and cortisol concentrations over 4–5 h [21]
and varies throughout the day due to meals [12,23–25], measuring the fasting blood LPS
concentration and evaluating fat-burning and appetite markers, either at the same time or
subsequently throughout the day, would be an appropriate way to assess this relationship.

To that end, we conducted this study to determine whether the flow of LPS into
the bloodstream in everyday life is a factor in the suppression of fat burning and/or
in the enhancement of appetite by measuring (1) the fasting plasma LPS concentration
and (2) fat-burning and appetite markers in Japanese males throughout each day over a
period of 10 days and by evaluating the correlations in the inter-day variation among those
measurements. The fasting plasma triglyceride (TG) concentration [26], fasting breath
acetone concentration [27,28], and fasting body mass index (BMI) were used as the fat-
burning markers, whereas the appetite scores before and after each meal [29] and nutrient
intake at each meal were used as the appetite markers.

2. Materials and Methods
2.1. Ethics Approval and Consent to Participate

This study was conducted in accordance with the guidelines of the 2013 version of
the Declaration of Helsinki, and all procedures involving human subjects were approved
by the ethics committees of KAGOME CO., LTD. (2020-R13). Although the participants
in this study were employees of the same company as the researchers, during the study
briefing it was explained, both verbally and in writing, that participation or withdrawal
from the study was voluntary and that there were no disadvantages for not participating or
withdrawing from the study. Written informed consent was obtained from all participants.
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2.2. Participants

The study participants were recruited through an email that we sent to the employees
of KAGOME CO., LTD. Those who satisfied the requirements for participating in this
study, did not violate the exclusion criteria, and were considered appropriate by the doctor
responsible for the experiment and the principal investigator were chosen as participants.

The requirements for participation were as follows: (1) male, (2) aged between 20 and
39 years, inclusive, (3) BMI of at least 22 kg/m2, (4) consumes ≤240 g of vegetables on at
least 1 day during the week, (5) feels that he gains weight more easily than others, and
(6) feels he cannot control his appetite at least 1 day each week.

We chose males as participants (condition 1) because it has been reported that the
menstrual period affects appetite in females [30], and we were concerned that this would
affect the evaluation of the relationship between the fasting plasma LPS concentration
and appetite. We chose individuals younger than 40 years as participants (condition 2) to
control for the influence of aging-related changes, based on the fact that males (in addition
to females) have been reported to undergo changes in hormone balance in their forties and
onward [31]. We chose individuals with a BMI exceeding the 22 kg/m2 level (condition 3),
that the Ministry of Health, Labor, and Welfare defines as appropriate for Japanese people,
because blood LPS concentration positively correlates with BMI [32,33] thus individuals
with a low BMI were concerned to exhibit a plasma LPS level below the detectable limit.

As the intake of vegetables may suppress the flow of LPS into the bloodstream [7],
it would also be likely that the fasting plasma LPS concentrations of individuals with a
varying intake level of vegetables would fluctuate, and we thus supposed such individuals
would be appropriate for the assessment in this study. Accordingly, we stipulated that the
participants must have a lower vegetable intake on at least 1 day each week (condition
4). The mean vegetable intake of Japanese people is 280.5 g [34]. We told the applicants
that one handful of vegetables is 60 g so that they could easily assess their own vegetable
intake, with four handfuls (i.e., 240 g, which is less than the mean vegetable intake of
Japanese people) serving as the reference value. Conditions 5 and 6 were added because
individuals with large variability in fat burning and appetite were thought to be appropriate
for this study.

The exclusion criteria were as follows: (1) exhibiting factors other than their eating
habits that would greatly affect their blood LPS concentration (specifically, having an
infectious disease, a chronic underlying condition, or a habit of smoking or drinking);
(2) exhibiting factors other than the blood LPS concentration that would greatly affect
their appetite (specifically, skipping meals or undergoing hormone therapy); (3) having an
adverse reaction to having their blood drawn (specifically, being so oversensitive to alcohol
that it would be difficult to use alcohol-based disinfectants, or having a skin disease on the
fingertips); (4) participating in other human experiments in the month prior to the start of
this experiment; and (5) being deemed unfit to participate for the experiment by the doctor
responsible or the principal investigator.

2.3. Study Design

This study was conducted as a short-term cohort study from Sunday, 8 November 2020,
to Friday, 20 November 2020. From Sunday through Friday during the two consecutive
weeks of the study, we had the participants measure their own whole day physical activity
levels and record the start time, end time, and duration of each meal, the nutrients they
consumed at each meal. In addition, from Monday through Friday in each week, we had
them collect fasting blood themselves, measure their own fasting BMI and fasting breath
acetone concentration before breakfast, and measure their own appetite score at each meal.
If they snacked or otherwise ate between meals, we had them record the start and end
times, duration, and nutrients for those instances as well.

During the experimental period, the participants adhered to the following five restric-
tions: (1) leave at least 8 h between the last instance of eating or drinking each day and
drawing blood the next day (only water was allowed) because the transient rise in the
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blood LPS concentration from meals takes approximately 5 h to return to baseline [12,23–25]
and because the triglyceride concentration similarly takes approximately 8 h to return to
baseline [35,36]; (2) maintain the same normal eating habits, sleep schedule, and exercise
routine as much as possible while adhering to the restrictions; (3) from Monday to Friday,
do not skip meals, force yourself to eat, or engage in unusually intense exercise, as it is
assumed that these influence the evaluation of appetite and fat burning; (4) do not drink
(alcohol) or smoke, as there is a risk this may influence the measurements of the fasting
plasma LPS concentration and breath acetone concentration; and (5) as much as possible,
avoid taking medicines or supplements other than those you take regularly, and log them
if you do.

To protect the participants’ personal information and avoid evaluation bias, in this
study, the delivery and collection of measurement devices, blood samples, and logs were
performed in such a way that did not involve meeting in person. For the same reason, the
results of the experiment were not disclosed to anyone other than the researchers until all
analyses were completed and the data were fixed.

2.4. Self-Collection of Blood from Fingertips

LPS from the living environment adheres to one’s fingertips and must be removed
before blood is drawn from the fingertips. When we conducted preliminary tests of the LPS-
eliminating function of cotton swabs impregnated with 10–90% (v/v) ethanol, we observed
that wiping the fingertips five or more times with a 50% (v/v) ethanol-impregnated swab
was the most effective method for eliminating LPS (Figure S1). As such, we asked the
participants in this study to wipe their fingertips five or more times with a 50% (v/v)
ethanol-impregnated swab. To check for contamination by LPS originating from the skin
of the fingertips, we had the participants apply 100 µL LPS-free distilled water (Otsuka
distilled water; Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) to their fingertip with an
eye dropper and collect it in a heparin tube (Microvette 100 LH; Sarstedt AG & Co. KG,
Nümbrecht, Germany). Then, they pricked their fingertip with a lancet (Medisafe-Fine
Touch; Terumo Corporation, Tokyo, Japan) and collected approximately 100 µL of the
drawn blood, similarly, in a separate heparin tube. The collected LPS-free distilled water
and blood were immediately placed in a container with a refrigerant and submitted to
the researcher in the morning. The blood was centrifuged at 1200× g for 15 min at 4 ◦C
to prepare the plasma. A portion of the plasma was submitted for the LPS concentration
measurement by the end of the day, whereas the remaining plasma was kept at −80 ◦C in
cold storage for the measurement of triglyceride concentration.

2.5. Measurement of Plasma LPS Concentration

The plasma samples were diluted 10-fold with LPS-free distilled water, then heated
at 70 ◦C for 10 min. Then, 50 µL of each sample and limulus amebocyte lysate (LAL)
reagent (Endospecy; Seikagaku Corporation, Tokyo, Japan) were mixed in a 96-well plate
(AGC Techno Glass Co., Ltd., Shizuoka, Japan), and the plate was incubated at 37 ◦C for
60 min (plate #1). The LPS-free water collected from the fingertips was handled in the same
fashion as the plasma. To correct for the absorbance (Abs) originating from the color of the
plasma, 50 µL of the plasma and LPS-free distilled water were mixed in a 96-well plate and
incubated at 37 ◦C for 60 min (plate #2). After the incubation, the Abs of the sample was
measured at 405 nm (reference Abs: 492 nm) using a microplate reader (Corona Electric Co.,
Ltd., Ibaraki, Japan). The Abs originating from the LAL reaction was calculated as follows:

(Abs of ‘plasma + LAL reagent’ well [plate #1]) − (Abs of blank well [plate #1]) −
([Abs of ‘plasma + water’ well {plate #2}] − [Abs of blank well {plate #2}])

Control standard endotoxin (Seikagaku Corporation), in the range of 0.0001, 0.0004,
0.0016, 0.0063, and 0.0250 endotoxin unit (EU)/mL, was reacted with the LAL reagent in
the same way as the plasma in plate #1, and a calibration curve was drawn.
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2.6. Measurement of Plasma TG Concentration

The plasma frozen at −80 ◦C was thawed and submitted for the measurement of
the TG concentration. Measurements were performed using a commercially available kit
(triglyceride quantification kit; Cell Biolabs, Inc., San Diego, CA, USA) according to the
manufacturer’s instructions.

2.7. Measurement of Breath Acetone Concentration

The participants themselves used a portable breath acetone analyzer (Ketonix; Ke-
tonix AB, Varberg, Sweden) and dedicated smartphone app to measure their own breath
acetone concentration. They logged the resulting measurements and submitted them to
the researchers.

2.8. Measurement of BMI

The participants weighed themselves with their scale at home and calculated their BMI
by dividing their weight (kg) by the square of their height (m). They logged the resulting
measurements and submitted them to the researchers.

2.9. Measurement of Appetite Scores

The appetite scores were assessed according to the previous report [29]. In brief,
the participants self-assessed their desire to eat, hunger, fullness, and prospective food
consumption (PFC) on a 150-mm visual analog scale before every meal and every 10 min
from 0 to 60 min after every meal (breakfast, lunch, and dinner). They logged the resulting
assessments and submitted them to the researchers.

2.10. Measurement of Nutrient Intake

The participants self-assessed their nutrient intake for each meal and snack using a
smartphone dish-based dietary records app called “asken” [37]. The nutrients they assessed
were calories, fat, protein, carbohydrates, dietary fiber, calcium, iron, vitamins (A, E, B1, B2,
and C), saturated fat, and sodium. They logged the resulting measurements and submitted
them to the researchers.

2.11. Measurement of Physical Activity Level

The participants went about their daily life with an activity tracker (HJA-750C; Omron
Corporation, Kyoto, Japan) fastened to the waistband of their pants, except when they
were bathing or sleeping. After the experiment was finished, the researchers collected the
activity trackers in such a way that did not involve meeting in person and used specialized
software (version 2.2; Omron Corporation) to extract and evaluate the recorded physical
activity levels, which were reported in metabolic equivalents (METs).

2.12. Statistical Analysis

To assess how the analysis would be affected by LPS originating from the skin of
the fingertips that had contaminated in the blood, we used Spearman’s rank correlation
coefficient to evaluate the correlation between (1) the fasting plasma LPS concentration
and (2) the fasting plasma LPS concentration minus the LPS concentration of the LPS-free
distilled water that was applied to the skin. We performed a Smirnov–Grubbs test on
each individual fasting plasma LPS concentration and considered those with p < 0.05 to
be outliers. If any of the fasting plasma LPS concentration data were considered to be an
outlier, that data and other measurements obtained on the same day were excluded from
the subsequent analyses.

From the remaining dataset, we took the data from the first day we could obtain
the fasting plasma LPS concentration for each participant, used it as that participant’s
baseline, and calculated each measurement’s change from baseline for each day. What is
labeled later in this paper as the “change in X” refers to this change from baseline. We
pooled together these calculated change data for all participants to analyze the relationship
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between the change in fasting LPS plasma concentration and changes in fat-burning and
appetite markers. We calculated the appetite scores by calculating the area under the curve
(AUC) for each meal from before eating until 60 min after eating, which we then submitted
for the statistical analysis.

To perform a multivariate analysis on the measured values, we used a generalized
linear mixed model (GLMM), including subjects-level random effects [38]. When eval-
uating the relationship between the fasting plasma LPS concentration and fat-burning
markers, we used the change in fasting plasma TG concentration, fasting breath acetone
concentration, or fasting BMI as the objective variable; the change in fasting plasma LPS
concentration as the explanatory variable; and the change in duration of fasting since the
previous night as an adjustment factor. When evaluating the effect of the fasting plasma
TG concentration on the relationship between the fasting breath acetone concentration and
fasting plasma LPS concentration, we used the change in fasting plasma TG concentration
as an adjustment factor.

When evaluating the relationship between the fasting plasma LPS concentration and
appetite markers, we used the change in appetite score as the objective variable; the change
in fasting plasma LPS concentration as the explanatory variable; and the change in calorie
intake for the meal in question, the change in duration of the meal in question, the change
in calorie intake for the previous meal, and the change in level of physical activity from the
previous meal to the meal in question as adjustment factors. Finally, for each nutrient, we
used the change in intake at each meal or the change in its total daily intake as the objective
variable; the change in fasting plasma LPS concentration as the explanatory variable; and
the change in preprandial hunger score for each meal and the change in day’s total physical
activity level as adjustment factors.

In the GLMM, t > 2 and t < −2 were considered to be significant. The statistical analysis
was performed using R statistical package (version 4.0.3; R Foundation for Statistical
Computing, Vienna, Austria) and EZR (version 1.40), an easy-to-use software created by
Kanda et al. based on R [39].

3. Results
3.1. Participant Characteristics

It was estimated that there were approximately 30 potential study participants who
met the inclusion criteria of age, gender and BMI. After recruitment, twelve people partici-
pated in the study briefing. Of these, three withdrew for personal reasons. A further five
were excluded because they met the exclusion criteria. Therefore, the study was conducted
with the remaining four participants. Their ages ranged from 28–31 years, their BMIs when
the experiment started ranged from 22.3–25.1 kg/m2, there were 1–3 days per week when
their vegetable intake was 240 g or less, and there were 1–3 days per week when they could
not control their appetite. Participants in this study did not take any medications or dietary
supplements during the study period. The fasting plasma LPS concentration of each partic-
ipant (labeled #A, #B, #C, and #D) is shown in Figure 1A. The mean, standard deviation
(SD), and coefficient of variation (CV) of these data over 10 days for each participant was
as follows. #A: 0.045 ± 0.030 EU/mL (CV = 66%); #B: 0.018 ± 0.023 EU/mL (CV = 131%);
#C: 0.018 ± 0.014 EU/mL (CV = 80%), and #D: 0.010 ± 0.003 EU/mL (CV = 26%). The
detection limit for plasma LPS concentrations in this study was 0.0001 EU/mL. The lowest
plasma LPS concentrations for each participant (#A, #B, #C and #D) were 0.0163, 0.0032,
0.0077 and 0.0048 EU/mL, respectively, all above the detection limit. The LPS concentration
of the LPS-free distilled water that was used to check for LPS contamination from the skin
was low relative to the fasting plasma LPS concentration (Figure 1B). Because a significant
positive correlation was demonstrated between the fasting plasma LPS concentration and
fasting plasma LPS concentration minus the LPS concentration of the LPS-free distilled
water that was applied to the skin (Spearman’s rank correlation coefficient analysis; $ = 0.91,
p = 6 × 10−16), the degree of LPS contamination from the skin that occurred when blood
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was drawn was determined to be negligible. Accordingly, the actual fasting plasma LPS
concentration measurements were used directly in the subsequent analyses.
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Figure 1. Inter-day variation in the fasting plasma lipopolysaccharide (LPS) concentration. Depicted
are the fasting plasma LPS concentration (A), the LPS concentration in LPS-free distilled water that
was applied to the fingertips (B), and the value of A minus B (C) for each of the 10 days for each of
the four participants (participants #A through #D).

As Figure 1 exhibits, the participants’ fasting plasma LPS concentrations exhibited
considerable variation over the 10 days. In particular, #B and #C had high values only at
the start of the experiment, and we therefore considered day 1 for #B and days 1 and 2 for
#C to be outliers based on the Smirnov–Grubbs tests (p < 0.05). These data were excluded
from the subsequent analyses because outliers may cause the data to deviate from the
participants’ normal variation in the fasting plasma LPS concentration. This resulted in a
final total number of n = 37 data points pooled from the four participants.

3.2. Correlation between Plasma LPS Concentration and Fat-Burning Markers

The change in fasting plasma LPS concentration exhibited a significant positive cor-
relation with the changes in breath acetone concentration and change in BMI (Table 1).
This correlation was maintained even after adjusting for the change in duration of fasting
since the previous night. The breath acetone concentration is a marker of fat burning and
is thought to be associated with the plasma TG concentration. As such, we performed
a GLMM analysis on it with the change in fasting breath acetone concentration as the
objective variable, change in fasting plasma LPS concentration as the explanatory variable,
and changes in duration of fasting and in fasting plasma TG concentration as adjustment
factors. The significant positive correlation between the fasting breath acetone concentra-
tion and fasting plasma LPS concentration was maintained in this analysis as well (t = 7.7).
Furthermore, the fasting breath acetone concentration exhibited a significant negative
correlation with the fasting plasma TG concentration in this analysis (t = −2.1).

Table 1. Relationship between the change in each fat-burning marker with the change in fasting
plasma lipopolysaccharide concentration.

Variable
Model 1 Model 2

β t Value β t Value

Change in fasting plasma TG
concentration −144 −0.6 −264 −1.2

Change in fasting breath
acetone concentration 1146 7.8 * 1145 7.6 *

Change in fasting BMI 2 2.4 * 2 2.2 *
Generalized linear mixed model with * t > 2, with no adjustment factor (Model 1), or adjusted for the change in
duration of fasting (Model 2). TG; triglyceride, BMI; body mass index.
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3.3. Correlation between Plasma LPS Concentration and Appetite Scores

The change in fasting plasma LPS concentration exhibited a significant negative
correlation with the change in AUC for fullness score at breakfast and lunch (Table 2). This
correlation was maintained even after adjusting for the change in calorie intake at the meal
in question (Model 2), the change in time spent eating the meal in question (Model 3), the
change in calorie intake at the previous meal (Model 4), and the change in level of physical
activity from the previous meal to the meal in question (Model 5).

Table 2. Relationship between the change in the area under the curve for each appetite score and
change in fasting plasma lipopolysaccharide concentration.

Variable
Model 1 Model 2 Model 3 Model 4 Model 5

β t Value β t Value β t Value β t Value β t Value

Breakfast

Desire to eat 263 0.4 142 0.2 304 0.4 302 0.4 76 0.1
Hunger 371 0.6 356 0.5 464 0.6 497 0.7 196 0.3
Fullness −2239 −4.2 * −2426 −4.6 * −2536 −4.0 * −2769 −4.7 * −2011 −2.8 *

PFC −220 −0.3 −596 −0.7 −207 −0.2 −238 −0.3 −715 −1.1

Lunch

Desire to eat −438 −0.9 −434 −0.9 −440 −0.9 −532 −1.0 −880 −1.4
Hunger 426 0.6 386 0.6 245 0.4 163 0.2 −110 −0.2
Fullness −3538 −3.2 * −3828 −3.4 * −3766 −3.4 * −3766 −3.2 * −3540 −3.3 *

PFC −115 −0.1 −88 −0.1 621 1.0 −50 −0.1 −1066 −1.4

Dinner

Desire to eat −723 −1.1 −386 −0.6 −91 −0.1 38 0.1 310 0.5
Hunger −1095 −1.5 −680 −0.9 −313 −0.4 −234 −0.3 59 0.1
Fullness 1060 1.3 336 0.4 −35 −0.1 −64 −0.1 −310 −0.4

PFC −1346 −1.3 −379 −0.4 81 0.1 207 0.2 363 0.4

Generalized linear mixed model with * t > 2 or t < −2, with no adjustment factor (Model 1) or adjusted for the
change in calorie intake at the meal in question (Model 2). Model 3: Model 2 adjusted for the change in time
spent eating the meal in question. Model 4: Model 3 adjusted for the change in calorie intake at the previous
meal. Model 5: Model 4 adjusted for the change in level of physical activity from the previous meal to the meal in
question. PFC; prospective food consumption.

3.4. Correlation between Plasma LPS Concentration and Nutrient Intake

We performed a GLMM analysis on the correlation between the change in fasting
plasma LPS concentration and change in nutrient intake at each meal. The analysis demon-
strated that, regardless of whether or not the preprandial hunger score was adjusted for,
the change in fasting plasma LPS concentration exhibited a negative correlation with the
changes in protein, calcium, vitamin B1, and salt intakes at breakfast and the changes in
calcium and vitamin A intakes at lunch (Table 3). Furthermore, also regardless of whether
or not the preprandial hunger score was adjusted for, the change in fasting plasma LPS
concentration exhibited a significant positive correlation with the change in caloric, carbo-
hydrate, and salt intakes at dinner and a significant negative correlation with the change in
vitamin B1 intake. When we performed a GLMM analysis on the correlation between the
change in fasting plasma LPS concentration and change in total daily intake of each nutri-
ent, the change in fasting plasma LPS concentration demonstrated a significant positive
correlation with the change in total daily carbohydrate intake, regardless of whether or not
the preprandial hunger score was adjusted for (Table 4), and the results were similar when
the nutrient intake from snacks was not included (Table 5).
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Table 3. Relationship between the change in nutrient intake at each meal and change in fasting
plasma lipopolysaccharide concentration.

Variable

Breakfast Lunch Dinner

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2

β
t

Value β
t

Value β
t

Value β
t

Value β
t

Value β
t

Value

Calories −1929 −1.5 −1937 −1.5 1197 0.9 492 0.4 3296 2.3 * 4096 3.4 *
Protein −161 −2.9 * −164 −3.0 * 95 1.1 49 0.6 225 1.7 282 2.1 *

Fat −4 −0.1 −6 −0.1 84 0.7 43 0.3 −21 −0.2 −9 −0.1
Carbohydrate −140 −1.0 −139 −1.1 47 0.3 68 0.4 648 4.2 * 723 3.8 *
Dietary fiber −22 −1.1 −23 −1.1 1 0.1 5 0.2 −31 −0.9 −27 −0.8

Calcium −2341 −2.7 * −2444 −2.8 * −871 −2.2 * −1015 −2.3 * −601 −0.4 382 0.3
Iron −13 −1.6 −13 −1.6 5 0.7 3 0.4 12 0.6 22 1.1

Vitamin A 5157 1.7 6635 2.4 * −4897 −3.3 * −5545 −3.5 * −1221 −0.7 −1314 −0.7
Vitamin E −1 −0.1 −1 −0.1 −15 −0.9 −20 −1.1 17 1.1 21 1.2
Vitamin B1 −1 −2.2 * −2 −3.0 * 2 1.0 1 0.7 −3 −2.7 * −3 −2.1 *
Vitamin B2 −1 −1.1 −1 −1.1 0 −0.3 −1 −0.7 2 1.9 1 1.6
Vitamin C 554 1.5 647 1.8 −238 −1.1 −251 −1.1 −624 −1.9 −502 −1.4

Saturated fatty
acids 1 0.0 2 0.1 −45 −1.6 −65 −2.1 * −22 −0.7 −26 −0.8

Salt −20 −2.2 * −20 −2.1 * 17 1.2 15 0.9 42 2.7 * 48 2.9 *

Generalized linear mixed model with * t > 2 or t < −2, with no adjustment factor (Model 1), or adjusted for the
change in hunger score before the corresponding meal (Model 2).

Table 4. Relationship between the change in daily intake of each nutrient and change in fasting
plasma LPS concentration.

Variable
Model 1 Model 2

β t Value β t Value

Calories 2718 1.0 3107 0.9
Protein 122 0.6 62 0.3

Fat 61 0.3 100 0.5
Carbohydrate 524 2.4 * 579 2.3 *
Dietary fiber −47 −0.8 −65 −0.9

Calcium −4448 −2.1 * −3374 −1.5
Iron −3 −0.1 −1 0.0

Vitamin A 1565 0.4 2693 0.6
Vitamin E −43 −2.1 * −42 −1.8
Vitamin B1 −4 −1.5 −6 −2.8 *
Vitamin B2 −2 −1.0 −3 −1.8
Vitamin C −362 −0.9 −196 −0.4

Saturated fatty acids −30 −0.6 −19 −0.4
Salt 47 2.4 * 38 1.7

Generalized linear mixed model with * t > 2 or t < −2, with no adjustment factor (Model 1), or adjusted for the
change in preprandial hunger score at breakfast, lunch, and dinner (Model 2).

Table 5. Relationship between the change in daily intake of each nutrient and change in fasting
plasma LPS concentration (excluding snacks).

Variable
Model 1 Model 2

β t Value β t Value

Calories 3307 1.2 3795 1.2
Protein 180 0.9 137 0.6

Fat 99 0.5 145 0.7
Carbohydrate 501 2.5 * 543 2.4 *
Dietary fiber −42 −0.7 −60 −0.9
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Table 5. Cont.

Variable
Model 1 Model 2

β t Value β t Value

Calcium −4326 −2.0 * −3143 −1.4
Iron 10 0.4 16 0.5

Vitamin A 1625 0.4 2737 0.6
Vitamin E −36 −1.8 −35 −1.4
Vitamin B1 −3 −1.4 −6 −2.6 *
Vitamin B2 −1 −0.6 −2 −1.5
Vitamin C −363 −0.9 −197 −0.4

Saturated fatty acids −26 −0.5 −18 −0.3
Salt 52 2.7 * 43 1.9

Generalized linear mixed model with * t > 2 or t < −2, with no adjustment factor (Model 1), or adjusted for the
preprandial hunger score at breakfast, lunch, and dinner (Model 2).

4. Discussion

In this study, we measured the (1) the fasting plasma LPS concentration and (2) fat-
burning and appetite markers in Japanese males throughout the day for 10 days and
evaluated the correlations in the inter-day variation among those measurements to de-
termine the relationship of the flow of LPS into the bloodstream in everyday life with
fat-burning and appetite. The results demonstrated that, among the fat-burning markers,
the change in fasting plasma LPS concentration exhibited a positive correlation with the
change in fasting breath acetone concentration and in fasting BMI, whereas among the
appetite-related markers, the fasting plasma LPS concentration exhibited a positive correla-
tion with the change in the dinnertime and total daily carbohydrates intake and a negative
correlation with the change in fullness.

As stated in the introduction, we hypothesized that the flow of LPS into the blood-
stream suppresses fat burning. If this hypothesis is correct, the change in fasting plasma
LPS concentration should exhibit a positive correlation with the change in fasting plasma
TG concentration and change in fasting BMI and a negative correlation with the change
in fasting breath acetone concentration. However, no correlation was observed between
the change in fasting plasma LPS concentration and change in fasting plasma TG concen-
tration. While the change in fasting plasma LPS concentration did exhibit a significant
positive correlation with the change in fasting BMI, the change in fasting BMI of each
participant in this study was ±0.1 kg/m2. Because the mean height of Japanese adult males
is 167.7 cm [34], 0.1 kg/m2, in terms of the BMI, is 0.3 kg of body weight. Because Japanese
adults excrete 200–400 mL of urine at a time [40], this means that the participants’ BMI in
this study changed by a trivial amount, an amount that is on the level of a single episode
of urination. Accordingly, it is difficult to conclude from this study whether or not the
correlation we observed between the change in fasting plasma LPS concentration and the
change in fasting BMI has physiological significance.

In contrast, a significant positive correlation was observed between the change in
fasting plasma LPS concentration and change in fasting breath acetone concentration,
which is contrary to our hypothesis. By the same GLMM analysis we also observed a
negative correlation between the change in fasting breath acetone concentration and the
change in plasma TG concentration. These results are consistent with those of previous
reports [27,28] that determined that the breath acetone concentration is a marker of fat
burning, which suggests that inter-day variation in the fasting plasma LPS concentration
is associated with variation in fat burning. However, the fat burning associated with
the fasting plasma LPS concentration is independent of the fat burning reflected by the
fasting plasma TG concentration. The fasting plasma TG concentration is thought to be the
product of fatty acids secreted by adipose tissue after they are absorbed by the liver, where
they are synthesized into TG, incorporated into very low-density lipoprotein (VLDL), and
secreted into the bloodstream [41]. In this process, some fatty acids in liver cells undergo
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β-oxidation [41], thereby producing acetone and other ketones. As such, the plasma TG
concentration is thought to reflect the degree of β-oxidation in this process. Meanwhile,
it has been reported that almost no TG synthesized de novo in the liver are incorporated
into VLDL [42], making it likely that such TG are governed by a different synthetic and
metabolic pathway than the one that governs the TG that use fatty acids originating from
adipose tissue. As stated in the introduction, it has been reported that LPS stimulates
the de novo genesis of TG in liver cells [20], and for this reason, the fact that a positive
correlation was observed between the change in fasting plasma LPS concentration and
change in fasting breath the acetone concentration, independent of the change in fasting
plasma TG concentration, in this study may mean that the flow of LPS into the bloodstream
in everyday life affects the de novo metabolism of triglycerides in the liver.

This study demonstrated a negative correlation between the change in fasting plasma
LPS concentration and change in fullness at breakfast and lunch and a significant positive
correlation between the change in fasting plasma LPS concentration and changes in both
dinnertime and total daily carbohydrate intake. This suggests that a high fasting plasma
LPS concentration on a given day is associated with appetite on that day, as we hypothe-
sized it would be. We could not identify the mechanism underlying that relationship in
this study, but our results suggest the following possibilities: As stated above, a significant
positive correlation was observed between the change in fasting plasma LPS concentration
and change in fasting breath acetone concentration, which suggests the possibility that an
increase in the former promotes fat burning. If it was simply the case that the flow of LPS
into the bloodstream promoted fat burning, individuals with a high fasting plasma LPS
concentration would likely have a low plasma TG concentration and low BMI. However,
in practice, the opposite was true, and participants with a high absolute (i.e., not change
in) fasting plasma LPS concentration also had a high BMI and high plasma TG concentra-
tion (Figure S2). This contradiction can be explained by lipotoxicity. Lipotoxicity is the
phenomenon whereby fat accumulates ectopically in the liver or muscles rather than in
adipose tissue, damaging those tissues and increasing their insulin resistance [43,44]. The
fact that LPS can at least promote the de novo synthesis of TG in the liver is consistent
with the findings of a previous report [20], and it has been reported in experiments on
rats [45] and humans [46,47] that LPS increases insulin resistance. The breath acetone
concentration is higher in individuals with diabetes than in healthy individuals and is
correlated with the blood glucose and hemoglobin A1c levels and thus reflects a state of
high insulin resistance—that is, a state in which cells use fat as a source of energy because
they cannot use glucose from the blood [44,48,49]. Consequently, if it is the case that the
flow of LPS into bloodstream leads to lipotoxicity and increases insulin resistance, then
that would also conceivably cause simultaneous increases in the plasma TG, BMI, and
breath acetone concentration. Insulin also functions as an appetite-suppressive hormone.
Because the appetite of normal-weight individuals is suppressed by insulin but that of
obese individuals is not [50], an increase in insulin resistance should impede appetite
regulation. It has also been reported that insulin resistance is associated with the desire to
consume carbohydrates [51–53]. Consequently, if the results of this study are interpreted in
the context of insulin resistance, then one could conclude that having a high fasting plasma
LPS concentration causes insulin resistance to increase, effectively making it difficult to
achieve satiety and strengthening the desire to consume carbohydrates. In the future, it
will be necessary to prove the relationship between the fasting plasma LPS concentration
and insulin resistance in healthy individuals to better understand this mechanism.

Although not the main objective of this study, we would like to mention factors
associated with the inter-day variation in plasma LPS levels observed in this study. Previous
reports suggest that changes in the gut microbiota associated with changes in dietary habits
occur within two days [54]. Therefore, it is possible that what the subjects ate during
the study period (e.g., the day before the blood sampling) may have altered the gut
microbiota, which may have affected the amount of LPS that entered the blood. Probiotics
and prebiotics are well known as potential influences on blood LPS levels [7]. In our
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previous cross-sectional study, we have found dietary factors associated with plasma LPS-
binding protein concentrations (LPS exposure indicator): vitamins, carotenoids, lipids,
fatty acids, dietary fiber, potassium, alcohol, and several foods (fish, green tea, cruciferous
vegetables, and tomato) [55]. Participants in the current study did not take any medications
or dietary supplements during the study period, thus excluding the possibility that they
influenced the inter-day variation in plasma LPS concentrations. We conducted preliminary
analysis of the relationship between nutrient intake the previous day and plasma LPS
concentrations the following morning, and a positive association between vitamin B1 intake
at lunch the previous day and plasma LPS concentrations the following morning was
observed (In GLMM with change in plasma LPS concentration as the objective variable,
change in vitamin B1 intake at lunch on the previous day as the explanatory variable and
change in plasma LPS concentration, fasting time and daily calorie intake on the previous
day as adjustment factors; β = 0.03, t value = 2.3). However, no association was found
between vitamin B1 intake at breakfast, dinner, and throughout the day and plasma LPS
concentrations, thus the results were inconsistent. Daily intake of probiotics, prebiotics
or other foods was not assessed in this study. The composition of the gut microbiota was
also not assessed in this study. Foods contain a wide range of components in addition to
nutrients, for example tomatoes have been suggested to contain 7118 components [56]. The
inter-day variation in plasma LPS concentrations observed in this study may be related to
the variety of components (other than major nutrients) provided by the foods consumed
daily and the resulting changes in the gut microbiota. Further studies are expected to be
conducted to reveal the underlying mechanisms.

Finally, we describe the limitations of this study. LPS is a molecule composed of lipid A
and polysaccharides, but the structure of lipid A differs between bacteria, which is thought
to have different effects on the organism [57]. In our study, we used the LAL test, which
comprehensively assesses the number of LPS molecules and their ‘activity’, rather than
simply measuring the number of LPS molecules, as in the enzyme-linked immunosorbent
assay, in order to reduce the influence of differences in LPS origin (i.e., activity). The LAL
test is an assay based on the activation of a group of enzymes in limulus amebocyte lysate by
LPS, the results of which are known to be associated with pyrogenicity and have been used
to diagnose sepsis in humans [58]. Therefore, we believe that the study design was able to
reflect the biological effects of LPS to some extent, even if there were structural differences
in LPS due to differences in the gut microbiota between individual participants. On the
other hand, it has been reported that the activity of some forms of LPS aggregation can be
detected in the LAL test, despite the absence of induction of inflammatory cytokines [57].
This study included four participants who were employees of the company and lived in the
same area, Nasushiobara, Tochigi, Japan. Therefore, it is possible that the gut microflora
was comparatively similar between these subjects. It is necessary to investigate whether an
association between plasma LPS concentrations measured by the LAL test and appetite can
be found in populations with completely different national, racial and dietary habits, i.e.,
where the composition of the gut microbiota is expected to be very different. In addition,
due to the small scale of this study, the reproducibility of its results must be confirmed in a
larger-scale cohort study. Also, in this study, we inferred a causal relationship between the
fasting plasma LPS concentration and fat burning or appetite, both of which were based
on time differences. To verify this causal relationship, an interventional study must be
conducted in which appetite is assessed after LPS is administered into the bloodstream.

5. Conclusions

This study demonstrated that the fasting plasma LPS concentration exhibits inter-day
variation and that this variation is associated with appetite throughout the day. The results
suggest that LPS from gut bacteria, which enters the bloodstream in everyday life, may
affect our appetite. Blood LPS has been almost exclusively examined by longitudinal
studies and case-control studies that focus on its relationship with disease, with hardly any
attention devoted to their short-term effects on physiological function. It is hoped that more
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research will be done in the future to find out how LPS in the blood affects fluctuations in
our health as we go about our daily lives.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/metabo13030395/s1, Figure S1: Ethanol concentration and wiping
times of ethanol-impregnated cotton for optimal removal of lipopolysaccharide from fingertips.
Figure S2: The correlation of fasting plasma lipopolysaccharide concentration with fasting body mass
index and fasting plasma triglyceride concentration.

Author Contributions: Conceptualization, N.F., Y.U. and H.S.; methodology, N.F.; formal analysis,
N.F.; investigation, N.F., Y.U. and I.S.; data curation, N.F.; writing—original draft preparation,
N.F.; writing—review and editing, Y.U., I.S. and H.S.; visualization, N.F.; supervision, H.S.; project
administration, Y.U. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of KAGOME CO., LTD. (2020-R13;
approved on 30 September 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request to the corre-
sponding author. The data are not publicly available due to ethical concerns.

Acknowledgments: The authors acknowledge all the participants in this study.

Conflicts of Interest: This study was self-funded by KAGOME CO., LTD. KAGOME CO., LTD.
is engaged in health-promoting business, and N.F., Y.U. and H.S. are employees of the company.
Additionally, N.F. and Y.U. hold stocks in KAGOME CO., LTD. The paper reflects the views of the
scientists, and not the company.

References
1. Druce, M. The regulation of appetite. Arch. Dis. Child. 2006, 91, 183–187. [CrossRef]
2. Wakil, S.J.; Abu-Elheiga, L.A. Fatty acid metabolism: Target for metabolic syndrome. J. Lipid Res. 2009, 50, S138–S143. [CrossRef]
3. Cornier, M.-A.; Dabelea, D.; Hernandez, T.L.; Lindstrom, R.C.; Steig, A.J.; Stob, N.R.; Van Pelt, R.E.; Wang, H.; Eckel, R.H. The

Metabolic Syndrome. Endocr. Rev. 2008, 29, 777–822. [CrossRef] [PubMed]
4. Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12. [CrossRef] [PubMed]
5. Lean, M.E.J.; Malkova, D. Altered gut and adipose tissue hormones in overweight and obese individuals: Cause or consequence?

Int. J. Obes. 2015, 40, 622–632. [CrossRef]
6. Hue, L.; Taegtmeyer, H. The Randle cycle revisited: A new head for an old hat. Am. J. Physiol. Metab. 2009, 297, E578–E591.

[CrossRef]
7. Fuke, N.; Nagata, N.; Suganuma, H.; Ota, T. Regulation of Gut Microbiota and Metabolic Endotoxemia with Dietary Factors.

Nutrients 2019, 11, 2277. [CrossRef]
8. Miyake, K. Innate recognition of lipopolysaccharide by Toll-like receptor 4–MD-2. Trends Microbiol. 2004, 12, 186–192. [CrossRef]
9. Liang, H.; Hussey, S.E.; Sanchez-Avila, A.; Tantiwong, P.; Musi, N. Effect of Lipopolysaccharide on Inflammation and Insulin

Action in Human Muscle. PLoS ONE 2013, 8, e63983. [CrossRef] [PubMed]
10. Mehta, N.N.; McGillicuddy, F.C.; Anderson, P.D.; Hinkle, C.C.; Shah, R.; Pruscino, L.; Tabita-Martinez, J.; Sellers, K.F.; Rickels,

M.R.; Reilly, M.P. Experimental Endotoxemia Induces Adipose Inflammation and Insulin Resistance in Humans. Diabetes 2010, 59,
172–181. [CrossRef]

11. Pussinen, P.J.; Havulinna, A.S.; Lehto, M.; Sundvall, J.; Salomaa, V. Endotoxemia Is Associated With an Increased Risk of Incident
Diabetes. Diabetes Care 2011, 34, 392–397. [CrossRef] [PubMed]

12. Jin, R.; Willment, A.; Patel, S.S.; Sun, X.; Song, M.; Mannery, Y.O.; Kosters, A.; McClain, C.J.; Vos, M.B. Fructose Induced
Endotoxemia in Pediatric Nonalcoholic Fatty Liver Disease. Int. J. Hepatol. 2014, 2014, 560620. [CrossRef]

13. Jandhyala, S.M.; Madhulika, A.; Deepika, G.; Rao, G.V.; Reddy, D.N.; Subramanyam, C.; Sasikala, M.; Talukdar, R. Altered
intestinal microbiota in patients with chronic pancreatitis: Implications in diabetes and metabolic abnormalities. Sci. Rep. 2017,
7, 43640. [CrossRef]

14. Zhang, R.; Miller, R.G.; Gascon, R.; Champion, S.; Katz, J.; Lancero, M.; Narvaez, A.; Honrada, R.; Ruvalcaba, D.; McGrath, M.S.
Circulating endotoxin and systemic immune activation in sporadic amyotrophic lateral sclerosis (sALS). J. Neuroimmunol. 2009,
206, 121–124. [CrossRef]

15. Vakharia, K.; Hinson, J.P. Lipopolysaccharide Directly Stimulates Cortisol Secretion by Human Adrenal Cells by a Cyclooxygenase-
Dependent Mechanism. Endocrinology 2005, 146, 1398–1402. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/metabo13030395/s1
https://www.mdpi.com/article/10.3390/metabo13030395/s1
http://doi.org/10.1136/adc.2005.073759
http://doi.org/10.1194/jlr.R800079-JLR200
http://doi.org/10.1210/er.2008-0024
http://www.ncbi.nlm.nih.gov/pubmed/18971485
http://doi.org/10.1007/s11906-018-0812-z
http://www.ncbi.nlm.nih.gov/pubmed/29480368
http://doi.org/10.1038/ijo.2015.220
http://doi.org/10.1152/ajpendo.00093.2009
http://doi.org/10.3390/nu11102277
http://doi.org/10.1016/j.tim.2004.02.009
http://doi.org/10.1371/journal.pone.0063983
http://www.ncbi.nlm.nih.gov/pubmed/23704966
http://doi.org/10.2337/db09-0367
http://doi.org/10.2337/dc10-1676
http://www.ncbi.nlm.nih.gov/pubmed/21270197
http://doi.org/10.1155/2014/560620
http://doi.org/10.1038/srep43640
http://doi.org/10.1016/j.jneuroim.2008.09.017
http://doi.org/10.1210/en.2004-0882
http://www.ncbi.nlm.nih.gov/pubmed/15564329


Metabolites 2023, 13, 395 14 of 15

16. Yeager, M.P.; Rassias, A.J.; Pioli, P.A.; Beach, M.L.; Wardwell, K.; Collins, J.E.; Lee, H.-K.; Guyre, P.M. Pretreatment with stress
cortisol enhances the human systemic inflammatory response to bacterial endotoxin. Crit. Care Med. 2009, 37, 2727–2732.
[CrossRef]

17. Kox, M.; van Eijk, L.T.; Zwaag, J.; Wildenberg, J.V.D.; Sweep, F.C.G.J.; van der Hoeven, J.G.; Pickkers, P. Voluntary activation of
the sympathetic nervous system and attenuation of the innate immune response in humans. Proc. Natl. Acad. Sci. USA 2014, 111,
7379–7384. [CrossRef]

18. Epel, E.; Lapidus, R.; McEwen, B.; Brownell, K. Stress may add bite to appetite in women: A laboratory study of stress-induced
cortisol and eating behavior. Psychoneuroendocrinology 2001, 26, 37–49. [CrossRef] [PubMed]

19. Page, K.A.; Seo, D.; Belfort-DeAguiar, R.; Lacadie, C.; Dzuira, J.; Naik, S.; Amarnath, S.; Constable, R.T.; Sherwin, R.S.; Sinha,
R. Circulating glucose levels modulate neural control of desire for high-calorie foods in humans. J. Clin. Investig. 2011, 121,
4161–4169. [CrossRef]

20. Victorov, A.; Gladkaya, E.; Novikov, D.; Kosykh, V.; Yurkiv, V. Lipopolysaccharide toxin can directly stimulate the intracellular
accumulation of lipids and their secretion into medium in the primary culture of rabbit hepatocytes. FEBS Lett. 1989, 256, 155–158.
[CrossRef]

21. Hudgins, L.C.; Parker, T.S.; Levine, D.M.; Gordon, B.R.; Saal, S.D.; Jiang, X.-C.; Seidman, C.E.; Tremaroli, J.D.; Lai, J.; Rubin, A.L.
A single intravenous dose of endotoxin rapidly alters serum lipoproteins and lipid transfer proteins in normal volunteers. J. Lipid
Res. 2003, 44, 1489–1498. [CrossRef] [PubMed]

22. Nier, A.; Brandt, A.; Rajcic, D.; Bruns, T.; Bergheim, I. Short-Term Isocaloric Intake of a Fructose- but not Glucose-Rich Diet Affects
Bacterial Endotoxin Concentrations and Markers of Metabolic Health in Normal Weight Healthy Subjects. Mol. Nutr. Food Res.
2019, 63, e1800868. [CrossRef]

23. Vors, C.; Drai, J.; Pineau, G.; Laville, M.; Vidal, H.; Laugerette, F.; Michalski, M.-C. Emulsifying dietary fat modulates postprandial
endotoxemia associated with chylomicronemia in obese men: A pilot randomized crossover study. Lipids Health Dis. 2017, 16, 97.
[CrossRef]

24. Lyte, J.M.; Gabler, N.K.; Hollis, J.H. Postprandial serum endotoxin in healthy humans is modulated by dietary fat in a randomized,
controlled, cross-over study. Lipids Health Dis. 2016, 15, 186. [CrossRef]

25. Vors, C.; Pineau, G.; Drai, J.; Meugnier, E.; Pesenti, S.; Laville, M.; Laugerette, F.; Malpuech-Brugère, C.; Vidal, H.; Michalski, M.-C.
Postprandial Endotoxemia Linked With Chylomicrons and Lipopolysaccharides Handling in Obese Versus Lean Men: A Lipid
Dose-Effect Trial. J. Clin. Endocrinol. Metab. 2015, 100, 3427–3435. [CrossRef] [PubMed]

26. Benjamin, B.; Wada, Y.; Grundy, S.M.; Szuszkiewicz-Garcia, M.; Vega, G.L. Fatty acid oxidation in normotriglyceridemic men. J.
Clin. Lipidol. 2016, 10, 283–288. [CrossRef]

27. Prabhakar, A.; Quach, A.; Zhang, H.; Terrera, M.; Jackemeyer, D.; Xian, X.; Tsow, F.; Tao, N.; Forzani, E.S. Acetone as biomarker
for ketosis buildup capability—A study in healthy individuals under combined high fat and starvation diets. Nutr. J. 2015, 14, 41.
[CrossRef]

28. Bovey, F.; Cros, J.; Tuzson, B.; Seyssel, K.; Schneiter, P.; Emmenegger, L.; Tappy, L. Breath acetone as a marker of energy balance:
An exploratory study in healthy humans. Nutr. Diabetes 2018, 8, 50. [CrossRef] [PubMed]

29. Doucet, E.; Imbeault, P.; St-Pierre, S.; Alméras, N.; Mauriège, P.; Richard, D.; Tremblay, A. Appetite after weight loss by energy
restriction and a low-fat diet–exercise follow-up. Int. J. Obes. 2000, 24, 906–914. [CrossRef]

30. Gorczyca, A.M.; Sjaarda, L.A.; Mitchell, E.M.; Perkins, N.J.; Schliep, K.C.; Wactawski-Wende, J.; Mumford, S.L. Changes in
macronutrient, micronutrient, and food group intakes throughout the menstrual cycle in healthy, premenopausal women. Eur. J.
Nutr. 2016, 55, 1181–1188. [CrossRef]

31. Hoppler, S.; Walther, A.; La Marca-Ghaemmaghami, P.; Ehlert, U. Lower birthweight and left-/mixed-handedness are associated
with intensified age-related sex steroid decline in men. Findings from the Men’s Health 40+ Study. Andrology 2018, 6, 896–902.
[CrossRef] [PubMed]

32. Huang, X.; Yan, D.; Xu, M.; Li, F.; Ren, M.; Zhang, J.; Wu, M. Interactive association of lipopolysaccharide and free fatty acid with
the prevalence of type 2 diabetes: A community-based cross-sectional study. J. Diabetes Investig. 2019, 10, 1438–1446. [CrossRef]

33. Männistö, V.; Färkkilä, M.; Pussinen, P.; Jula, A.; Männistö, S.; Lundqvist, A.; Valsta, L.; Salomaa, V.; Perola, M.; Åberg, F. Serum
lipopolysaccharides predict advanced liver disease in the general population. JHEP Rep. 2019, 1, 345–352. [CrossRef]

34. Japan Ministry of Health, Labour and Welfare, The National Health and Nutrition Survey, Japan. 2019. Available online:
https://www.mhlw.go.jp/bunya/kenkou/kenkou_eiyou_chousa.html (accessed on 5 March 2023).

35. Lewis, G.F.; O’Meara, N.M.; Soltys, P.A.; Blackman, J.D.; Iverius, P.H.; Pugh, W.L.; Getz, G.S.; Polonsky, K.S. Fasting Hyper-
triglyceridemia in Non insulin-Dependent Diabetes Mellitus Is an Important Predictor of Postprandial Lipid and Lipoprotein
Abnormalities. J. Clin. Endocrinol. Metab. 1991, 72, 934–944. [CrossRef] [PubMed]

36. Cabezas, M.C.; Halkes, C.; Meijssen, S.; van Oostrom, A.; Erkelens, D. Diurnal triglyceride profiles: A novel approach to study
triglyceride changes. Atherosclerosis 2001, 155, 219–228. [CrossRef] [PubMed]

37. Matsuzaki, E.; Michie, M.; Kawabata, T. Validity of Nutrient Intakes Derived from an Internet Website Dish-Based Dietary Record
for Self-Management of Weight among Japanese Women. Nutrients 2017, 9, 1058. [CrossRef]

38. Cnaan, A.; Laird, N.M.; Slasor, P. Using the general linear mixed model to analyse unbalanced repeated measures and longitudinal
data. Stat. Med. 1997, 16, 2349–2380. [CrossRef]

http://doi.org/10.1097/00003246-200910000-00008
http://doi.org/10.1073/pnas.1322174111
http://doi.org/10.1016/S0306-4530(00)00035-4
http://www.ncbi.nlm.nih.gov/pubmed/11070333
http://doi.org/10.1172/JCI57873
http://doi.org/10.1016/0014-5793(89)81738-7
http://doi.org/10.1194/jlr.M200440-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/12754273
http://doi.org/10.1002/mnfr.201800868
http://doi.org/10.1186/s12944-017-0486-6
http://doi.org/10.1186/s12944-016-0357-6
http://doi.org/10.1210/jc.2015-2518
http://www.ncbi.nlm.nih.gov/pubmed/26151336
http://doi.org/10.1016/j.jacl.2015.11.018
http://doi.org/10.1186/s12937-015-0028-x
http://doi.org/10.1038/s41387-018-0058-5
http://www.ncbi.nlm.nih.gov/pubmed/30201981
http://doi.org/10.1038/sj.ijo.0801251
http://doi.org/10.1007/s00394-015-0931-0
http://doi.org/10.1111/andr.12516
http://www.ncbi.nlm.nih.gov/pubmed/29993200
http://doi.org/10.1111/jdi.13056
http://doi.org/10.1016/j.jhepr.2019.09.001
https://www.mhlw.go.jp/bunya/kenkou/kenkou_eiyou_chousa.html
http://doi.org/10.1210/jcem-72-4-934
http://www.ncbi.nlm.nih.gov/pubmed/2005221
http://doi.org/10.1016/S0021-9150(00)00554-2
http://www.ncbi.nlm.nih.gov/pubmed/11223445
http://doi.org/10.3390/nu9101058
http://doi.org/10.1002/(SICI)1097-0258(19971030)16:20&lt;2349::AID-SIM667&gt;3.0.CO;2-E


Metabolites 2023, 13, 395 15 of 15

39. Kanda, Y. Investigation of the freely available easy-to-use software ‘EZR’ for medical statistics. Bone Marrow Transplant. 2013, 48,
452–458. [CrossRef]

40. Kanayama, Y.; Ikegami, S.; Iikuni, T.; Nakajima, K. Evaluation on Basic Characteristics of Non-contact Uroflowmeter and Its Use
in Healthy Males. Trans. Jpn. Soc. Med. Biol. Eng. 2018, 56, 252–259. [CrossRef]

41. Alves-Bezerra, M.; Cohen, D.E. Triglyceride Metabolism in the Liver. Compr. Physiol. 2017, 8, 1–8. [CrossRef]
42. Diraison, F.; Moulin, P.; Beylot, M. Contribution of hepatic de novo lipogenesis and reesterification of plasma non esterified fatty

acids to plasma triglyceride synthesis during non-alcoholic fatty liver disease. Diabetes Metab. 2003, 29, 478–485. [CrossRef]
43. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and substrate flux. J. Clin.

Investig. 2016, 126, 12–22. [CrossRef]
44. Kelley, D.E.; Mandarino, L.J. Fuel selection in human skeletal muscle in insulin resistance: A reexamination. Diabetes 2000, 49,

677–683. [CrossRef]
45. Grunewald, Z.I.; Lee, S.; Kirkland, R.; Ross, M.; de La Serre, C.B. Cannabinoid receptor type-1 partially mediates metabolic

endotoxemia-induced inflammation and insulin resistance. Physiol. Behav. 2019, 199, 282–291. [CrossRef]
46. Kim, K.E.; Heo, J.S.; Han, S.; Kwon, S.-K.; Kim, S.-Y.; Kim, J.H.; Baek, K.-H.; Sheen, Y.H. Blood concentrations of lipopolysaccharide-

binding protein, high-sensitivity C-reactive protein, tumor necrosis factor-α, and Interleukin-6 in relation to insulin resistance in
young adolescents. Clin. Chim. Acta 2018, 486, 115–121. [CrossRef]

47. Zampino, R.; Marrone, A.; Rinaldi, L.; Guerrera, B.; Nevola, R.; Boemio, A.; Iuliano, N.; Giordano, M.; Passariello, N.; Sasso,
F.C.; et al. Endotoxinemia contributes to steatosis, insulin resistance and atherosclerosis in chronic hepatitis C: The role of
pro-inflammatory cytokines and oxidative stress. Infection 2018, 46, 793–799. [CrossRef] [PubMed]

48. Tanda, N.; Hinokio, Y.; Washio, J.; Takahashi, N.; Koseki, T. Analysis of ketone bodies in exhaled breath and blood of ten healthy
Japanese at OGTT using a portable gas chromatograph. J. Breath Res. 2014, 8, 046008. [CrossRef] [PubMed]

49. Ghimenti, S.; Tabucchi, S.; Lomonaco, T.; Di Francesco, F.; Fuoco, R.; Onor, M.; Lenzi, S.; Trivella, M.G. Monitoring breath during
oral glucose tolerance tests. J. Breath Res. 2013, 7, 017115. [CrossRef] [PubMed]

50. Flint, A.; Gregersen, N.T.; Gluud, L.L.; Møller, B.K.; Raben, A.; Tetens, I.; Verdich, C.; Astrup, A. Associations between postprandial
insulin and blood glucose responses, appetite sensations and energy intake in normal weight and overweight individuals: A
meta-analysis of test meal studies. Br. J. Nutr. 2007, 98, 17–25. [CrossRef]

51. Heller, R. Hyperinsulinemic obesity and carbohydrate addiction: The missing link is the carbohydrate frequency factor. Med.
Hypotheses 1994, 42, 307–312. [CrossRef]

52. Yu, J.H.; Shin, M.S.; Kim, D.J.; Lee, J.R.; Yoon, S.-Y.; Kim, S.G.; Koh, E.H.; Lee, W.J.; Park, J.-Y.; Kim, M.-S. Enhanced carbohydrate
craving in patients with poorly controlled Type 2 diabetes mellitus. Diabet. Med. 2013, 30, 1080–1086. [CrossRef] [PubMed]

53. Velasquez-Mieyer, P.A.; Cowan, P.A.; Arheart, K.L.; Buffington, C.K.; Spencer, K.A.; Connelly, B.E.; Cowan, G.W.; Lustig, R.H.
Suppression of insulin secretion is associated with weight loss and altered macronutrient intake and preference in a subset of
obese adults. Int. J. Obes. Relat. Metab. Disord. 2003, 27, 219–226. [CrossRef]

54. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]

55. Fuke, N.; Yamashita, T.; Shimizu, S.; Matsumoto, M.; Sawada, K.; Jung, S.; Tokuda, I.; Misawa, M.; Suzuki, S.; Ushida, Y.; et al.
Association of Plasma Lipopolysaccharide-Binding Protein Concentration with Dietary Factors, Gut Microbiota, and Health
Status in the Japanese General Adult Population: A Cross-Sectional Study. Metabolites 2023, 13, 250. [CrossRef] [PubMed]

56. Ara, T.; Sakurai, N.; Takahashi, S.; Waki, N.; Suganuma, H.; Aizawa, K.; Matsumura, Y.; Kawada, T.; Shibata, D. TOMATOMET: A
metabolome database consists of 7118 accurate mass values detected in mature fruits of 25 tomato cultivars. Plant Direct 2021,
5, e00318. [CrossRef]

57. Gutsmann, T.; Howe, J.; Zähringer, U.; Garidel, P.; Schromm, A.B.; Koch, M.H.J.; Fujimoto, Y.; Fukase, K.; Moriyon, I.; Martinez-
De-Tejada, G.; et al. Structural prerequisites for endotoxic activity in the Limulus test as compared to cytokine production in
mononuclear cells. J. Endotoxin Res. 2010, 16, 39–47. [CrossRef] [PubMed]

58. Brandenburg, K.; Howe, J.; Gutsman, T.; Garidel, P. The expression of endotoxic activity in the Limulus test as compared to
cytokine production in immune cells. Curr. Med. Chem. 2009, 16, 2653–2660. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/bmt.2012.244
http://doi.org/10.11239/jsmbe.56.252
http://doi.org/10.1002/cphy.c170012
http://doi.org/10.1016/S1262-3636(07)70061-7
http://doi.org/10.1172/JCI77812
http://doi.org/10.2337/diabetes.49.5.677
http://doi.org/10.1016/j.physbeh.2018.11.035
http://doi.org/10.1016/j.cca.2018.07.042
http://doi.org/10.1007/s15010-018-1185-6
http://www.ncbi.nlm.nih.gov/pubmed/30066228
http://doi.org/10.1088/1752-7155/8/4/046008
http://www.ncbi.nlm.nih.gov/pubmed/25417653
http://doi.org/10.1088/1752-7155/7/1/017115
http://www.ncbi.nlm.nih.gov/pubmed/23446273
http://doi.org/10.1017/S000711450768297X
http://doi.org/10.1016/0306-9877(94)90004-3
http://doi.org/10.1111/dme.12209
http://www.ncbi.nlm.nih.gov/pubmed/23586900
http://doi.org/10.1038/sj.ijo.802227
http://doi.org/10.1038/nature12820
http://doi.org/10.3390/metabo13020250
http://www.ncbi.nlm.nih.gov/pubmed/36837869
http://doi.org/10.1002/pld3.318
http://doi.org/10.1177/1753425909106447
http://www.ncbi.nlm.nih.gov/pubmed/19567486
http://doi.org/10.2174/092986709788682001

	Introduction 
	Materials and Methods 
	Ethics Approval and Consent to Participate 
	Participants 
	Study Design 
	Self-Collection of Blood from Fingertips 
	Measurement of Plasma LPS Concentration 
	Measurement of Plasma TG Concentration 
	Measurement of Breath Acetone Concentration 
	Measurement of BMI 
	Measurement of Appetite Scores 
	Measurement of Nutrient Intake 
	Measurement of Physical Activity Level 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	Correlation between Plasma LPS Concentration and Fat-Burning Markers 
	Correlation between Plasma LPS Concentration and Appetite Scores 
	Correlation between Plasma LPS Concentration and Nutrient Intake 

	Discussion 
	Conclusions 
	References

