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Microbe-associated metabolites as targets for
incident type 2 diabetes

Patients with type 2 diabetes are increas-
ing worldwide, especially in Asian coun-
tries. Diabetes mellitus is a multifactorial
disease that develops and progresses due
to the interaction of genetic and environ-
mental factors. In addition to these fac-
tors, dietary factors have an effect on
type 2 diabetes. In fact, the Westerniza-
tion of the Asian diet is known to be
responsible for the increase in type 2 dia-
betes in Asian countries'.

It has been clarified that gut micro-
biota plays a pivotal role in human
health and disease, including type 2 dia-
betes. The microbiota is involved in the
digestion of food, modulation of immune
responses and the generation of different
metabolites. This complex community of
trillions of bacteria, fungi and viruses is
highly metabolically active, and has co-
evolved with the human host.

Several studies have investigated the
role of the human gut microbiota in
type 2 diabetes patients. In fact, we
recently showed that gut microbiota of
Japanese patients with type 2 diabetes is
different from that of healthy individuals,
and this difference in gut microbiota is
associated with sucrose intake and med-
ium-chain fatty acid intake, which are
associated with characteristics of Western
diet”. The gut microbiota has been
shown to interact with host metabolism
leading to insulin resistance and type 2
diabetes through several mechanisms
including induction of low-grade inflam-
mation, and alterations of energy
homoeostasis and glucose metabolism.
Recently, it has emerged that metabolites
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produced by these gut microbiota could
be pathogenic or beneficial to the host.
Metabolites, which are end-products or
intermediates of metabolisms, usually
refer to small molecules. Primary
metabolites are substances  directly
involved in growth and reproduction,
whereas secondary metabolites are sub-
stances that are not directly involved in
those processes, but have important eco-
logical functions, such as antibiotics and
pigments. These metabolites might play
crucial roles in host biosynthetic and
metabolic networks, as well as various
immunological and neurobiological pro-
cesses. Metabolites are the products and
intermediates of cellular metabolism.
Metabolites can have a multitude of
functions, including energy conversion,
signaling, epigenetic influence and cofac-
tor activity. Metabolites have been
described as proximal reporters of dis-
ease, because their abundances in biologi-
cal specimens are often directly related to
pathogenic mechanisms, and this concept
is routinely shown in clinical chemistry
laboratory results. One of the gut micro-
biota-related metabolites is trimethy-
lamine N-oxide. Trimethylamine N-oxide
is produced by gut bacteria by metaboliz-
ing choline, lecithin and carnitine, which
are contained in red meat, liver and
other animal products, and are known to
be associated with the development of
cardiovascular diseases”. Thus, trimethy-
lamine N-oxide has now become not
only a marker, but also a treatment tar-
get for the development of cardiovascular
diseases.

In practice, metabolomics presents a
significant analytical challenge, because,
unlike genomic and proteomic methods,
it aims to measure molecules that have
disparate physical properties (e.g., ranging
in polarity from very water-soluble

organic acids to very non-polar lipids).
Because of the wide range of endogenous
metabolites, gas chromatography—mass
spectrometry  (GC/MS), liquid chro-
matography—mass spectrometry (LC/MS)
and capillary electrophoresis—mass spec-
trometry (CE/MS) analytical techniques
are required for a truly comprehensive
metabolomic study. Samples suitable for
GC/MS analysis include plant terpenes
and essential oils. Fatty acids can also be
measured by GC/MS by derivatization.
Liquid chromatography can separate
non-volatile and non-derivatized metabo-
lites. As a result, LC/MS can analyze a
wider range of samples than GC/MS.
The advantages of CE/MS are that it can
measure most ionic substances, and is
not affected by ion suppression and is
highly quantitative. As LC, in which the
separation is based on the hydrophilic/
hydrophobic distribution of compounds,
is complementary, it is expected that a
comprehensive analysis of the majority of
(non-volatile)  metabolites can  be
achieved by integrating the analytical
data of CE/MS and LC/MS. Furthermore,
nuclear magnetic resonance has an
advantage for measurement, as it allows
non-invasive measurement of samples,
and thus enables live tissue and cells to
be measured, although nuclear magnetic
resonance has a lower sensitivity than
other MS.

Diabetes mellitus is a multifactorial
disease, and the interaction of genetic
and environmental factors are associated
with the development of diabetes and its
complications. To develop preventive and
therapeutic methods, and realize a
healthy and long-lived society, it is neces-
sary to understand the association among
diet, gut microbiota, gut microbiota-re-
lated metabolites and diabetes condition
(Figure 1). Recently, several studies have
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Figure 1 | Scheme of association among diet, gut microbiota, gut microbiota-related metabolites and development of diabetes. There is an
association among diet, gut microbiota, gut microbiota-related metabolites and development of diabetes. Habitual diet intake alters gut microbiota
and at the same time changes the gut microbiota-related metabolite. Thereafter, these metabolites are involved in the development of diabetes
through several pathways, including chronic inflammation.

begun to shed light on gut microbiota
dysbiosis; however, our understanding of
the overall metabolic interactions of
microbial communities with their host
with respect to disease development is
still limited. A recent study from Finland
showed that microbial-associated metabo-
lites are associated with the development
of type 2 diabetes®.

In the present study, using the LC/MS,
a total of 857 unique metabolites were
found and 86 metabolites related to gut
microbiota were included in statistical
analysis. Bile acids; choline metabolism;
aromatic amino acid metabolism; non-
aromatic amino acid metabolism; xenobi-
otic metabolism; energy metabolism; lipid
metabolism, including short chain fatty
acid and other metabolites; lysophos-
phatidylcholines and lysophosphatidyle-
thanolamines were chosen. According to
the study, creatine, 1-palmitoleoylglycerol
(16:1), wurate, 2-hydroxybutyrate/2-hy-
droxyisobutyrate, xanthine, xanthurenate,
kynurenate,  3-(4-hydroxyphenyl)lactate,
1-oleoylglycerol (18:1), 1-myristoylglyc-
erol (14:0), dimethylglycine and 2-hy-
droxyhippurate ~ (salicylurate) =~ were
significantly associated with the risk of
type 2 diabetes.

Monoacylglycerols, including 1-oleoyl-
glycerol (18:1), 1-myristoylglycerol (14:0)
and 1-palmitoleoylglycerol (16:1)
increased the risk of type 2 diabetes.

Furthermore, products of the metabolism
of amino acid tryptophan, including
kynurenate and xanthurenate, were
found to be associated with an increased
risk of type 2 diabetes. In addition, some
metabolites, including dimethylglycine
and 2-hydroxyhippurate, increased the
risk of incident diabetes without having a
significant effect on insulin secretion or
insulin sensitivity. In contrast, 1-ligno-
ceroyl-glycerophosphocholine (24:0) was
associated with a decreased risk of type 2
diabetes. Lysophospholipids  stimulate
glucose-dependent insulin release through
lipid signaling. Unfortunately, the present
study did not show the association
between microbe-associated metabolites
and gut microbiota or habitual dietary
intakes. However, this study showed the
association between microbe-associated
metabolites and incident diabetes, insulin
sensitivity, and insulin resistance.

As the gut microbiota varies among
countries, age and sex’, there is a possi-
bility ~that the microbe-associated
metabolites might vary among countries,
age and sex, and that many unknown
microbe-associated metabolites might be
present. To propose personalized medi-
cine, deep understanding of the associa-
tion among diet, gut microbiota, gut
microbiota-related metabolites and dia-
betic condition is necessary. Therefore,
further studies are required to clarify the

relationship among diet, gut microbiota,
gut microbiota-related metabolites and
the development of type 2 diabetes.
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