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Abstract
Postprandial hyperglycemia increases the risk of mortality among patients with type 2 diabetes and
cardiovascular diseases. Additionally, the gut microbiota and type 2 diabetes and cardiovascular disease
are known to be correlated. Currently, fasting blood glucose is the primary index for the clinical diagnosis
of diabetes; however, postprandial blood glucose is associated with the risk of developing type 2 diabetes
and cardiovascular disease and mortality. Therefore, the dynamic change in blood glucose levels under
free-living conditions is considered an important and better marker than fasting glucose levels, to study
the relationship between glucose levels and microbiota. Here, we investigated the relationship between
fasting and postprandial glucose levels and microbiota under free-living conditions, for one week in the
older adults. The results revealed a signi�cant correlation between peak glucose levels after dinner and
the gut bacteria, particularly, Bacteroides, Clostridiales Clostridiaceae group, Anaerostipes, Clostridiales
[Mogibacteriaceae] group, Holdemania, and Bilophila. Together, these �ndings suggest that the glucose
levels after dinner are a better predictor of microbiota conditions than fasting glucose levels.

Introduction
The microbes in our bodies collectively make up to approximately 100 trillion cells, which is 10 times the
number of human cells, and they have 100 times more endemic genes than the human genome [1]. Most
of the microbes reside in the gut and are collectively called “gut microbiota” [2]. The gut microbiota has a
profound in�uence on human physiology and nutrition and is crucial for human life [3, 4]. Previous
studies, using the 16S ribosomal ribonucleic acid (rRNA) gene sequence, showed that two bacterial phyla,
Bacteroidetes and Firmicutes, constitute over 90% of the known phylogenetic categories and dominate
the distal gut microbiota [5, 6]. Notably, the gut microbiota is extremely diverse, even among healthy
people [6–9]. In recent years, several studies have examined gut microbiota using next-generation
sequencing and shown that changes in the gut microbiota may be associated with metabolic diseases,
including type 2 diabetes, obesity, and cardiovascular diseases [10–13]. However, reports on the
association between diseases and certain taxa are inconsistent. In addition, postprandial hyperglycemia
increases the risk of metabolic diseases and mortality, even in people with normal fasting blood glucose
levels [14, 15]. Currently, fasting blood glucose is used as a diagnostic marker for diabetes; however, given
that postprandial blood glucose is associated with the risk of developing type 2 diabetes and
cardiovascular disease and mortality, the blood glucose levels under free-living conditions are considered
more important. The association between different types of glucose levels (fasting and/or postprandial
blood glucose levels) and the gut microbiota remains largely unknown, and assessing this relationship
could aid in predicting the onset of type 2 diabetes and cardiovascular disease.

In this study, we investigated the relationship between fasting and postprandial glucose levels and the
gut microbiota under free-living conditions, for one week in the elderly. The purpose of this study was to
clarify the time points to focus on the glucose level in order to predict the good association of the gut
microbiota.
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Results
Characteristics of study participants

The characteristics of the study participants are shown in Table 1. Twenty-two participants strati�ed by
gender (men: n = 11; women: n = 11) were included in the study.

Peak postprandial glucose levels are more variable than fasting glucose levels

Changes in glucose levels during 24-hour period and fasting period (1 point before breakfast) and peak
(after each meal) glucose levels are shown in Figure 1. The results in Figure 1B indicate that the peak
glucose levels after each meal had signi�cantly more variance than the glucose levels after fasting
(breakfast: p < 0.001; lunch: p < 0.001; dinner: p < 0.006).

Gut bacteria data

In this study, only the gut bacteria found in more than half of the participants were used for analysis. The
gut bacteria used in the analysis and their abundance in each participant are presented in Tables 2 and 3.
The relative abundance of gut bacteria varied among participants; color intensity increased with
increasing abundance. Figures 2 and 3 depict the relative abundances of gut bacteria at the phylum and
genus levels in each participant. Notably, Firmicutes were highly abundant.

Peak glucose levels after dinner are highly correlated with the gut bacteria compared to other
postprandial peak glucose levels

The correlation between gut bacteria and the fasting glucose levels and the peak after each meal is
shown in Figure 4. There was a most common statistically signi�cant correlation between the gut
bacteria and the peak glucose levels after dinner (20.0%). Six gut bacteria, Bacteroides, Clostridiales
Clostridiaceae group, Anaerostipes, Clostridiales [Mogibacteriaceae] group, Holdemania,and Bilophila
showed a signi�cant correlation only with the peak glucose levels after dinner (Figure 4). In contrast,
theBacteroidales s24-7 group showed a negative correlation with fasting glucose levels and the peak
glucose levels after each meal (Figure 4).

Discussion
As a result of present study, we observed many of the most signi�cant correlations between the gut
bacteria and the peak glucose levels after dinner. In addition, since signi�cant correlations were
con�rmed mainly at the genus level, it is necessary to look at the level above the genus in order to
analyze the gut microbiota.

The six gut microbiota, Bacteroides, Clostridiales Clostridiaceae group, Anaerostipes, Clostridiales
[Mogibacteriaceae] group, Holdemania, and Bilophila showed a signi�cant correlation only with the peak
glucose levels after dinner. Therefore, these gut bacteria can be used as markers for predicting peak
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glucose levels after dinner. Since undetermined gut bacteria such as Clostridiales Clostridiaceae group
and Clostridiales [Mogibacteriaceae] group are also related, it may be possible to predict glucose levels by
focusing on undetermined gut bacteria. On the contrary, the Bacteroidales s24-7 group showed a negative
correlation with fasting glucose levels and the peak glucose levels after each meal. In mice, the
Bacteroidales s24-7 group is associated with bacteria that produce short-chain fatty acids (SCFAs) [16].
SCFAs produced in the intestine promote the secretion of hormones such as glucagon-like peptide-1
(GLP-1) and peptide YY (PYY) by binding to G-protein-coupled receptors (GPR41 and GPR43), which are
SCFA receptors present in colon L cells [17]. GLP-1 binds to GLP-1 receptors present on pancreatic β-cells,
promotes insulin secretion, and suppresses elevated blood glucose levels [18]. PYY acts on Y2 receptors
in the hypothalamus of the brain and suppresses appetite [19]. Based on the above-mentioned studies
and our present results, an increase in the abundance of the Bacteroidales s24-7 group reduced fasting
and postprandial blood glucose levels through the production of SCFAs. However, there are other bacteria
that produce SCFAs. For example, Bi�dobacterium stimulates the production of acetic acid and butyric
acid [20]. Nevertheless, it is unclear why only the Bacteroidales S24-7 group speci�cally showed a
negative correlation with fasting and postprandial glucose levels in the present study. In future
experiments, when we have a chance to measure other blood hormones such as GLP-1 and PYY, it may
be possible to further understand the relationship between gut bacteria and glucose levels.

A previous study reported that the association of diet, gut microbiota, and blood markers is generally
stronger with lipid indicators than with blood glucose indicators [21]. However, this previous study
investigated the relationship between blood glucose levels after breakfast or lunch and the gut
microbiota, but not the relationship between blood glucose levels after dinner and the gut microbiota.
Based on our study, it is necessary to measure the glucose levels after dinner while examining the
relationship between glucose levels and the gut microbiota. At present, it is not clear why a correlation
with more bacterial species was observed after dinner, but it is probably related to the circadian system
and the timing of the three meals. Circadian rhythms control the timings of digestion, absorption, and
metabolism in the stomach and intestines; additionally, these circadian systems control glucose
tolerance to meals [22, 23]. In fact, glucose tolerance is higher in the morning and lower in the evening
[24]. Circadian rhythms also in�uence the composition of the gut microbiota and are controlled by dietary
timings. In fact, the composition of the gut microbiota of mice that were restricted-fed during the active
phase and those that were restricted-fed during the inactive phase showed opposite rhythms [25]. In
addition, the duration of fasting is important for changes in the composition of the gut microbiota [26].
As there are circadian rhythms for changes in the blood glucose levels and changes in the composition of
the gut microbiota, it is believed that these factors interact with each other; as a result, a correlation was
found between various gut bacterial species and glucose levels, especially after dinner.

The results of this study showed that there was a high correlation between dinner postprandial glucose
levels and various gut bacterial species in comparison with the correlation between fasting glucose levels
and the gut microbiota. This indicates that postprandial glucose level, especially after dinner, are more
important for predicting gut microbiota than the fasting glucose levels. In addition, it may be possible to
predict glucose �uctuations after dinner by examining the gut microbiota, and vice versa.
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Conclusions
It was suggested that by focusing on the glucose level after dinner, it is highly possible to predict the
relationship of glucose levels with the gut microbiota.

Limitations
Despite these �ndings, our study had several limitations. First, since the study only focused on older
people, the results may not be applicable to young people. Hence, the �ndings of this study may not be
generalizable. Future studies should expand the scope of this study. Second, this study was conducted in
Japan, and it is unclear whether the same results would be obtained in other countries. Therefore, the
number of target country needs to be expanded in future studies. Since the composition of microbiota
differs greatly among people, it would be bene�cial to con�rm these �ndings in a considerably larger
population to obtain more accurate results.

Materials And Methods
Study participants

This study was conducted between July and September 2018 at Tokyo area. The participants were
healthy 30 older adults (14 men and 16 women, aged ≥65 ), and the inclusion criteria were as follows: (1)
no drugs and supplements such as antioxidant, anti-obesity, or anti-diabetic; (2) no diagnosis of sleep
apnea syndrome, diabetes, dyslipidemia, or hypertension by a physician; and (3) absence of the use of
glucose/insulin-lowering or anti-hypertension related medications. This inclusion criteria was similar to
our previous paper [27]. Study protocol conformed to the Declaration of Helsinki and was approved by the
Ethics Committee for Humans at Waseda University (approval number: 2018-031). We registered this
human study at UMIN system (www.umin.ac.jp/ctr/ number: UMIN000032858). After the experimental
details had been explained, informed consent was obtained from all the participants. Participants were
answered a questionnaire on dietary habits, lifestyle habits, and health and medication status prior to the
start of this study. Eight participants were excluded from the study owing to the submersion of their feces
during experiments. 

Study design

The experiments were conducted for a week, and participants were asked to maintain their lifestyle habits
such as diet and exercise throughout experiments. During the experimental period, the physical
characteristics of all participants were measured, and all subjects were asked to wear a continuous
glucose monitoring (CGM) system as mentioned in our previous paper [27]. Participants were also asked
to collect their feces in a tube with 20% glycerol containing phosphate-buffered saline. Tube had been
distributed in advance for intestinal microbiota evaluation (morning of Day 8). The collected fecal
samples were carried to the university at 4 °C, and were stored at -80 °C until analysis after immediately
frozen in liquid nitrogen [27].
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Measurements

Anthropometry

According to previous paper [27], body mass was measured using a digital balance ( 0.1kg minimum,
Inbody 230, Inbody Inc., Tokyo, Japan), and height was measured using a wall-mounted stadiometer
(0.1cm minimum, YS-OA, As One Corp., Japan). Calculation of body mass index (BMI) was well known as
(Kg/ m2). 

Determination of tissue glucose levels

Participants were required to wear a CGM system (FreeStyle Libre Pro; Abbott Laboratories, Chicago, IL,
USA) for the continuous monitoring tissue glucose levels throughout experiment. CGM system can
continuously measure and store data of tissue glucose levels with 15 min intervals, and this system is
considered to be less burdensome than other glucose monitoring systems especially for elderly people.
To evaluate CGM, mean (M) and standard deviation (SD), coe�cient of variation (CV), and peak glucose
levels were calculated for parameters.

Fecal DNA extraction and 16S rRNA gene sequencing

Fecal DNA extraction and 16S rRNA gene sequencing was performed as previously described [27]. 16S
rRNA gene sequencing was performed on the Illumina platform. We ampli�ed the V3-V4 variable regions
of the 16S rRNA gene with PCR using the following primers:

Forward Primer: 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′;

Reverse Primer: 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC-3′. 

Amplicon PCR was performed with 2.5 µL of microbial DNA (5 ng/µL), 5 µL of each primer (1 µM), and
12.5 µL of 2× KAPA HiFi HotStart Ready Mix (Kapa Biosystems, Wilmington, MA, USA). We used same
protocol of the cycling parameters [27]. The cycling parameters were as follows: denaturation at 95°C for
3 min, followed by 25 cycles of denaturation, annealing, and elongation at 95°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, respectively, and a �nal extension at 72°C for 5 min. We puri�ed PCR amplicons by
AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA).

To perform multiplex sequencing, adapters and barcodes were ligated to amplicons by the following kit,
Nextera XT Index Kit v2 (Illumina Inc., San Diego, CA, USA) [27].  Index PCR was performed with 5 µL PCR
product, 5 µL of each Nextera XT Index primers, 25 µL of 2× KAPA HiFi HotStart Ready Mix, and 10 µL of
PCR-grade water. The conditions of PCR were followed: 1 cycle at 95°C for 3 min, 8 cycles of
denaturation, annealing, and extension at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, respectively,
followed by a �nal extension at 72°C for 5 min. We checked the quality of the puri�ed products by an
Agilent 2100 Bioanalyzer with a DNA 1000 kit (Agilent Technologies, Santa Clara, CA, USA). Finally, the
DNA library was diluted to a concentration of 4 nM and sequenced using MiSeq Reagent Kit v3 (Illumina
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Inc.) carrying on an Illumina MiSeq 2×300 bp platform, according to the manufacturer’s instructions and
our previous paper [27].

Analysis of 16S rRNA gene sequences

Analysis of 16S rRNA gene sequences was performed as previously described [27]. We processed the 16S
rRNA sequence reads using the help of quantitative insights into the microbial ecology (QIIME) pipeline
version 1.9.1 [28]. The quality-�ltered sequence reads were assigned to operational taxonomic units
(OTUs) using closed-reference OTU picking at 97% identity with the UCLUST algorithm [29]. And then we
compared these reads with reference sequence collections in the Greengenes database (August 2013
version). From 44 samples 1,296,946 reads were obtained in total, and therefore, 22,361±2,721 reads
were obtained per sample on an average. At the phylum and genus levels, the taxonomy summary was
calculated using the QIIME software (version 1.9.1).

Statistical analysis

Data were analyzed using the Predictive Analytics Software for Windows (SPSS Japan Inc. Tokyo,
Japan). Kolmogorov–Smirnov test was applied to check whether data showed normal or non-normal
distributions. In this study, the correlation between fasting (1 point before breakfast) and postprandial
(breakfast, lunch, and supper) glucose levels and the gut bacteria was investigated. The correlation
coe�cient was calculated using Pearson's or Spearman’s test for the parameters showing either a normal
or non-normal distribution, respectively. Gut bacteria found in more than half of the subjects were
selected and used for statistical analysis (50 types of gut bacteria from ≥11 persons were used).
Levene's test was used to compare the variance in fasting and peak (after each meal) glucose levels.
Statistical signi�cance was set at p < 0.05. 
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Tables
Table 1. Characteristics of study participants.

Physical Characteristics All participants (n = 22) Men (n = 11) Women (n = 11)

Age (years) 74.2 ± 1.13 73.7 ± 1.67 74.7 ± 1.51

Height (cm) 159.2 ± 2.06 167.1 ± 1.62 151.3 ± 1.68

Weight (kg) 57.5 ± 2.24 65.2 ± 2.00 49.8 ± 2.27

BMI (kg/m2) 22.4 ± 0.461 23.3 ± 0.524 21.6 ± 0.666

All data are presented as mean ± standard error. BMI: body mass index.

Table 2. Composition of the gut microbiota in each participant.
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Only the gut bacteria used in the analysis in this study are shown. The higher the abundance, the darker
the red color.

Table 3. Composition of the gut microbiota in each participant.
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Only the gut bacteria used in the analysis in this study are displayed. The higher the abundance, the
darker the red color.

Figures



Page 13/15

Figure 1

(A) Changes in the glucose levels during 24-h period (n = 22). Values are expressed as mean ± standard
error. (B) Comparison of fasting (1 point before breakfast) and peak (after each meal) glucose levels. The
average glucose levels of each participant are shown. The coe�cient of variation values for fasting,
breakfast, lunch, and dinner glucose levels were 0.101, 0.213, 0.177, and 0.151, respectively. **p < 0.01,
***p < 0.001, vs Fasting
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Figure 2

Composition of the gut microbiota at the phylum level in each participant.

Figure 3

Composition of the gut microbiota at genus level in each participant.
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Figure 4

Correlation between the gut bacteria and fasting and peak (after each meal) glucose levels. Positive
correlations are shown in red, and negative correlations are shown in green. *p < 0.05, **p < 0.01


