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Abstract

Objective Alterations in the serotonergic system were verified to act a role in the pathogenesis of altered neurological and
psychiatric diseases. In recent years, Tryptophan (Trp) and serotonin (5-HT) levels have been considered potent biomarkers
of diabetes mellitus (DM).

Method The different Trp metabolism may also play roles in the pathogenesis of DM and mounting risk of complications.
The whole blood (WB) 5-HT level was mainly lower among diabetic patients compared to others. That is mostly derived
from a lower platelet concentration of 5-HT in these patients.

Results Indeed, 5-HT level can be considered a potent biomarker for early detection of DM complications. Besides, it was
proved that outside the digestive and central nervous systems, 5-HT was discovered in beta cells, and scientists have been
attempting to realize its mechanism of action ever since. Towards to end, the determination methods, biomarker’s role, and
approaches of 5-HT and Trp levels were thoroughly investigated in both healthy and diabetic patients with or without com-
plications. Moreover, the association between insulin and 5-HT has been specifically discussed.

Conclusions Our study concluded that Trp and 5-HT levels could be exclusively applied for early diagnosis of DM compli-

cations as well as many other complications.
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Introduction
Alteration of tryptophan and serotonin
Tryptophan (Trp) is a vital amino acid causing clini-

cal implications in the human body and biological speci-
mens [1]. Moreover, Trp is recommended to be used as a
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medication for disorders such as insomnia, anxiety, addic-
tion, and obesity [2]. Recently, Trp level has been considered
as a biomarker for diabetes discovery.

Serotonin (5-HT, feel-good hormone) is well-recognized
for its biological activities in the brain, and as a familiar
neurotransmitter, it regulates a variety of neuropsycho-
logical processes [3]. Alterations in serotonergic system
were proved to provide a role in pathogenesis of different
neurological and psychiatric diseases [3]. Recently, 5-HT
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dysregulation was linked to the pathogenesis of diabetes
mellitus (DM). In addition, this was found in beta cells and
some previous studies showed that 5-HT signaling is signifi-
cant in insulin release, and the absence of 5-HT can conse-
quently lead to diabetes [4]. Besides, several studies sug-
gested that the whole blood (WB) 5-HT level is lower among
diabetic patients, especially in those with DM complications
such as retinopathy [5], nephropathy [6], and peripheral vas-
cular diseases [7]. Besides, the WB 5-HT level was mainly
lower among diabetic patients. Accordingly, this is mostly
derived from a lower platelet concentration of 5-HT in these
patients [5]. Indeed, 5-HT level may be considered as a use-
ful biomarker for early detection of DM complications [6].

Determination methods

Up to now, several methods such as high performance lig-
uid chromatography (HPLC), tandem mass spectrometry
(MS-MS), fluorescence, spectrophotometry, fluorometry,
gas chromatography-mass spectrometry (GC-MS), and elec-
trochemical sensing, have been applied to measure 5-HT and
Trp, as well as some other analytes with similar chemical
structures [8, 9]. Figure 1 represents an outline of the most
common methods used for the detection of both Trp and
5-HT. Accordingly, among these methods, electrochemical

Fig. 1 An outline of 5-HT and
L-Trp levels determination
methods
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sensing approaches have received much attention due to
their easiness, high sensitivity, selectivity, and inexpensive
determination of medical biomolecules [10]. As well, it is
believed that the electrochemical method can be applied as
areliable method for the detection of medical analytes such
as amino acids and neurotransmitters in the clinical lab [11].
In addition, nanomaterials-based electrochemical sensing of
both Trp and 5-HT have been exclusively investigated to
determine their levels in both animal models and biological
fluid of the human body.

Biomarker role of 5-HT and Trp

It was shown that 5-HT, as a biomarker, plays notewor-
thy roles in some main diseases such as autism spectrum
disorder (ASD), attention-deficit hyperkinetic disorders
(AD-HKD), coronary microvascular dysfunction (CMD),
atherosclerotic cardiovascular disease (ASCVD), chronic
heart failure (CHF), and vascular complications in DM
[12—14]. In this regard, the WB 5-HT level was also found
to be mainly lower among diabetic patients. That is mostly
derived from a lower platelet concentration of 5-HT in these
patients. Indeed, 5-HT level may be considered as a useful
biomarker for early detection of DM complications. Besides,
it was proved that outside the digestive and central nervous
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systems, 5-HT can be discovered in beta cells, and found that
it acts as a potent tool to regulate insulin release.

The role of Trp metabolism in inflammation disorders
was also observed; however, there is limited evidence on the
determination of Trp yet [15]. Observational studies have
previously proposed that Trp metabolism could be exploited
as a biomarker for inflammation disorders [16]. In the case
of DM, the altered Trp metabolism may play roles in the
pathogenesis of DM and developing the risk of complica-
tions. Based on recent data regarding this, the Trp metabolic
pathway could be considered as an appropriate marker for
the progression of novel antidiabetic drugs. Besides, it was
found that Trp metabolism could be applied as therapeutic
targets to control age-related diseases related to inflamma-
tion and probably even to extend lifespan.

It is believed that the Trp and 5-HT levels can be poten-
tially applied as biomarkers for early diagnosis of DM as
well as many other disorders [17, 18]. Herein, we attempted
to provide a comprehensive summary on the relationship
between Trp and 5-HT with DM as well as finding the exist-
ent mechanisms between insulin and 5-HT.
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5-HT levels in DM

5-HT level could be considered as a marker for early detec-
tion of DM complications. Several studies have previously
suggested that the WB 5-HT level is lower among diabetic
patients, especially in those with DM complications such as
retinopathy, nephropathy, and peripheral vascular diseases
[5, 7, 19]. Due to the significance of 5-HT level and its
relationship with DM complications, it is exclusively repre-
sented as a potent diabetes tool in this section. A schematic
was also provided to demonstrate the direct effect of the
reduced 5-HT level on the stimulation of liver, and adipose
tissue; however, skeletal muscle can be provoked indirectly.
As well, it seems that different mechanisms could lead to
obesity, metabolic disorders, lipid accumulation, insulin sen-
sitivity, and resistance in the human body (Fig. 2).

In a previous study, 5-HT level was successfully meas-
ured as a novel diabetes biomarker using a simple nano-
composite comprising of the reduced graphene oxide (rGO),
gold nanoparticles (AuNPs), and 18-crown-6 (18.Cr.6) by
HPLC method in zebrafish, as a novel animal model. As a

. ,;f’/ /'// 4
' Skeletal
.  Muscle

Steatosis

<
. Insulin
Insulin Sensitivity
Resistance
Lipid
Accumulation

Fig.2 The relationship between 5-HT alteration and the probability of the T2D pathogenesis in different tissues
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result, the most diminution in 5-HT level was observed in
diabetic zebrafish compared to the normal group. Moreover,
this study verified that the 5-HT level can be employed as a
potent biomarker used for the early diagnosis of DM [18].

The directed and undirected metabolomics’ procedures
were used to examine plasma and urine samples of pregnant
women with and without gestational DM (GDM). This study
displayed that 5-HT and the associated metabolites signifi-
cantly varied among the controls and patients, approving the
relationship of 5-HT metabolism in GDM [20].

Saito et al. in their study registered 165 Type 2 diabe-
tes (T2D), including 106 normoalbuminuric and 59 micro-
albuminuric patients, in order to investigate multivariate
analyses. Thus, it was indicated that the increased plasma
5-hydroxyindole-3-acetic acid (5-HIAA) levels are involved
in the pathogenesis of impaired blood flow in lower extrem-
ities and renal insufficiency among diabetic patients with
microalbuminuria [21].

In an exploratory study, the associations amongst cor-
tisol parameters, platelet 5-HT content, and platelet activ-
ity markers were testified in patients with major depression
(MD) and/or T2D. Finally, the results showed that aug-
mented platelet activity in T2D could play a role in the rela-
tionship amongst diabetes, depression, and coronary artery
disease (CAD) [22].

Hara et al. in their study evaluated plasma 5-HT levels
in patients with the DM complicated with chronic kidney
disease disposed to atherosclerosis. The results proved that
platelets are stimulated to release 5-HT into plasma among
patients with moderate diabetes and the damaged renal role.
Moreover, platelets can be over-activated to release 5-HT in
patients with severe diabetes [19].

An observational study was conducted on 162 male
patients with T2D, in order to examine if plasma 5-HIAA
level, as a derivative final version of 5-HT, may be consid-
ered as an interpreter for decline of urinary albumin expul-
sion. So, for this purpose, the association between baseline
plasma 5-HIAA level and alterations in urinary albumin was
inspected for a 24-month duration. This observational study
proved that plasma 5-HIAA concentration is associated with
alterations in urinary albumin excretion, pointing out causal-
ity in complicated diabetic nephropathy with T2D and a high
plasma 5-HIAA concentration [23].

In another study, the Framingham 10-year risk scores
(FRS) of 30-74 years old issues were considered, and some
clinical characteristics such as age, sex, blood pressure,
smoking, and diabetes status were then combined into the
measurement. Plasma 5-HT levels were found to be signifi-
cantly correlated with FRS. The association of the declined
brachial-ankle pulse wave velocity (baPWYV) in diabetic
patients with the promotion of plasma 5-HT levels was
successfully obtained, describing an important association
between plasma 5-HT and atherosclerosis [24].

@ Springer

As alluded to the above-mentioned statements, it is
believed that 5-HT/5-HIAA levels in plasma and WB are
valuable biomarkers for predicting the risk of developing
vascular complications and depression in patients with
DM. In conclusion to this section, in the current study, we
explored that 5-HT/5-HIAA levels could be exploited as a
potential biomarker in patients at early stages of DM com-
plications. The determination method, sample type, and
the main finding obtained from 5-HT/SHIAA levels in the
patients with DM are shown in Table 1.

Trp levels in DM

Accumulating data showed that the changes in metabolism
of Trp and its active metabolites play essential roles in both
the pathogenesis and complications of diabetes [25]. The
altered L-Trp metabolism may play a role in the pathogen-
esis of DM and developing the risk of complications. Some
previous studies have suggested that Trp decreased and its
metabolism up-regulates in diabetic patients [26, 27]. Based
on studies performed on the relationship between Trp and
diabetes, the related studies on human and animal samples
have been selected, the details of which are explained below:

In another study, L- Trp level was assessed in diabetic and
normal serum samples in human using the reduced graphene
oxide/gold nanoparticles/18-crown-6. Based on the square
wave voltammetry (SWV) results, a low limit of detection
(LOD) was calculated as about 0.48 pM and 0.61 pM for
diabetic and normal samples, respectively. It seems that
the nanocomposite could be known as a good choice for
L-Trp determination in human serum [17]. In another study,
C-mannosyl tryptophan (C-Man-Trp) was measured in dif-
ferent tissues obtained from normal or diabetic mice. The
increased excretion of C-Man-Trp level was also observed in
urine and kidney tissue; however, C-Man-Trp levels reduced
in the liver of diabetic mice. Correspondingly, these results
suggested that C-Man-Trp metabolism is greatly affected
by diabetes [28].

Chou et al. in their study evaluated serum levels of vari-
ous metabolites among diabetic patients at various stages of
chronic kidney disease. It was shown that Lower Trp levels
are associated with a rapid drop in the estimated glomerular
filtration rate (eGFR). Moreover, this study exhibited that
Trp level might be considered as a potential biomarker for
diabetic nephropathy [29].

In the Rebnord et al.’s study, the associations of the
kynurenine (KYN): Trp ratio (KTR) to the occurrence of
T2D, was considered. Thereafter, the plasma and urine sam-
ples of studied individuals with coronary artery disease were
obtained, and the levels of KYN and Trp were then meas-
ured. Although the results showed no significant relationship
between KTR and T2Din Plasma samples, a strong positive
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association was found between KTR and T2Din urine sam-
ples [30].

Chen et al. in their study evaluated the role of Trp, as
a predicting risk factor for T2D outcomes, in healthy and
diabetic Chinese men. Accordingly, their results showed
that serum Trp level was significantly higher among dia-
betic patients, and Trp biomarker was associated with DM
onset risk positively and independently. It was indicated that
the higher Trp levels in these patients can make higher lev-
els of both insulin resistance and secretion. These findings
revealed the potential of Trp as a new biomarker of diabetes
risk in the Chinese population [31].

Trp level in diabetes of elderly people

It was found that aging changes the composition and func-
tion of adipose tissue, and consequently leads to insulin
resistance and fat storage in the ectopic body part [32]. The
cellular changes that converge during the aging process are
dysfunction in mitochondria, antioxidant deficiency, inflam-
mation, and the decreased immune response. Accordingly,
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Fig.3 The relationship of Trp-KYN metabolic pathways with T2D.
Abbreviations: KYN, Kynurenine; IDO, indoleamine 2,3-dioxyge-
nase; KAT, KYN-aminotransferase; KMO, KYN-3-monooxygenase;
3H-KYNA, 3-hydroxyKYN acid (xanthurenic acid); IR, insulin
resistance; TpH, Tryptophan Hydroxylase; AAAD, Aromatic Amino
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these changes affect the KYN pathway (KP) (Fig. 3), which
is known as a major pathway for Trp catabolism [33].

Some studies have previously reported that Trp metabo-
lites play a key role as a potential biological mediator for
T2D [31, 34, 35]. Trp metabolism is thought to be altered
due to various physiological and psychological pressures
such as self-care in diabetic patients [36]. These findings
exhibited the possible role of Trp in geriatric diabetic
patients.

In a study, Trp metabolites were assessed in healthy and
diabetic adult men. The results confirmed that 5-hydroxy-
tryptophan (5-HTP) levels were higher in diabetic patients
compared to healthy adult men [37].

Calvani et al. in their study determined the circulating
amino acids in diabetic frail adults, in order to detect the
concentrations of circulating 37 amino acids. They reported
high Trp levels in serum samples of diabetic adults com-
pared to their control participants [38]. In another study, the
measurement of Trp, KYN, and neopterin levels as immune
activation markers in volunteers aged > 65 and < 65 years
old, was performed. The geriatric groups had low Trp levels
compared to the young groups. Conversely, Trp and KYN/

Acid Decarboxylase; AANAT, Aralkylamine N-acetyltransferase;
ASMT, Acetylserotonin O-methyltransferase; GTP, guanosine
triphosphate; GTPCH, GTP cyclohydrolase I; BH2, 7,8-dihydroneop-
terin
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Trp levels were found to be significantly higher than adults
without DM [39].

In a research, Shimizu et al. evaluated the Trp metabo-
lites in plasma samples obtained from both young and old
participants with and without T2D. Plasma Trp metabolites
levels in young women and old men were found to be higher
than young men and old women. Except the KYN and indole
butyric acid, the plasma levels of Trp metabolites were
higher in diabetic patients than adult men [36]. Furthermore,
Matsuoka et al. presented various Trp metabolites in diabetic
and healthy men. Accordingly, their results showed that the
plasma level of Trp in diabetic adults was lower than that of
healthy subjects, but it was not statistically significant. As
well, 5-HTP concentration and the other related Trp metabo-
lites were statistically higher in diabetic adults [27].

As shown in most of the results, in human serum and
plasma samples, the amount of Trp was higher in diabetic
peoples compared to healthy ones. It seems that T2D is
characterized by low-grade systemic inflammation, which
consequently affects adipose tissue, the liver, pancreas, and
kidneys [40]. On the other hand, degradation of Trp also
appears to be closely related to the immune system acti-
vation [41]. Besides, KYN pathway activity significantly
increased in chronic stress [42]. Correspondingly, all these
factors manifested themselves by growing the Trp degra-
dation in a patient's serum. Altogether, our observations
indicated that the Trp levels have been previously evalu-
ated in different samples, participants, and disease stages in
various studies. Unfortunately, there was a few studies on
determining the role of Trp in diabetic patients; therefore,
it is hard to speak about the exact changes of Trp levels and
their metabolites in different study samples. More informa-
tion on methodology and the obtained results are mentioned
in Table 2.

Relationship between 5-HT and insulin: Role
inDM

It was verified that outside the digestive and central nerv-
ous systems, 5-HT can also be discovered in pancreatic beta
cells, and scientists have been attempting to realize its mech-
anism of action ever since [43, 44]. 5-HT is synthesized
and then stored in pancreatic beta cells and co-released with
insulin by glucose stimulation of beta cells [45, 46].
Several studies indicated that 5-HT is essential for glu-
cose-dependent insulin secretion and the lack of 5-HT in
pancreatic beta cells consequently causes hyperglycemia
and DM [47-50]. In this regard, several mechanisms have
been proposed to explain the 5-HT role in the regulation of
both insulin secretion and glucose hemostasis. Moon et al.
in their study indicated that growth hormone (GH) could
mediate expression of tryptophan hydroxylase 1, which is

a key enzyme in the synthesis of 5-HT, and consequently
the production of 5-HT can be stimulated in pancreatic
beta cells during the perinatal period. Accordingly, in peri-
natal period, 5-HT acts as a paracrine/autocrine regula-
tor in inducing the proliferation of beta cells through the
5-HT2B receptor.

The amount of cell proliferation achieved during the peri-
natal period, is one of the major determinants of adult beta-
cell mass, in such way that those with lower beta-cell mass
have a higher susceptibility to diabetes [51]. Additionally,
Ohara-Imaizumi et al. in their study showed that 5-HT can
lower glucose threshold for insulin release and also increase
glucose-stimulated insulin secretion from beta cells via the
5-HT3 receptor in an autocrine/paracrine manner during
pregnancy. Therefore, the authors suggested that 5-HT may
play a role in the pathogenesis of gestational diabetes [52].
Other reports have also confirmed the regulatory effects of
5-HT on beta-cell proliferation and insulin secretion through
both 5-HT2B and 5-HT3 receptors [4, 53-55]. Moreover,
it was shown that 5-HT secreted from beta cells acts on
neighboring alpha cells in a paracrine manner through the
5-HT1F receptor and subsides glucagon secretion, which
consequently enhances insulin release [56]. Besides the
receptor-dependent effects of 5-HT on beta cells, Paulmann
et al. in their study suggested that intracellular 5-HT modu-
lates the secretion of insulin through the serotonylation of
particular small GTPases (Rab family). Notably, Serotonyla-
tion, as a covalent linkage of 5-HT to target proteins, which
is catalyzed by the transglutaminase enzymes, could activate
GTPases and trigger exocytosis of insulin vesicles [48].

In contrast to the above-mentioned reports, some other
studies reported that 5-HT or its agonists can decrease insu-
lin secretion, and it also has the ability to induce hyperglyce-
mia [44, 57]. Some of these variations in the results of previ-
ous studies may be due to different study protocols, samples,
cell lines, and animal models used in them. Another reason
for these discrepancies may be due to complicated 5-HT and
its receptors interactions.

At least 15 subtypes of 5-HT receptors which are
grouped in 7 different families play roles in 5-HT action
and stimulation of different 5-HT receptors and they could
provide augmentation to distinct cellular responses [58].
Recently, mRNA of all 5-HT receptor families (5-HTR1-
7) were identified in human islets [58]. Furthermore, it
was indicated that the response to metabolic status may
be altered by the expression of particular receptors, and
this event complicates the situation. For example, Kim
et al. indicated that the expression of the 5-HT2B receptor
increases during mid-gestation, in order to provoke p-cell
proliferation and elevate the -cell mass, while 5-HT1D
receptor expression boosts at the end of gestation to
lessen the B-cell mass [54]. In another study, Bennet et al.
demonstrated that both 5-HT1D and 5-HT2A receptors,
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which stimulate and inhibit insulin secretion, respectively,
showed over-expression in islets tissue from T2D donors
compared to normal group [59].

Finally, a recent theory suggested that high extracellular
5-HT concentrations [5-HT], could diminish extra insulin
release through 5-HT), , receptors. In contrast, when intra-
cellular 5-HT [5-HT]; attains much higher levels compared
to [5-HT], in beta cells, insulin secretion can be made
by serotonylation. These findings suggested that both the
inhibition and stimulation of 5-HT-dependent cycling
could contribute to the recognized oscillating landscape
of insulin exocytosis from glucose-stimulated p-cells [48].
Figure 4 represents the possible mechanisms that could
be involved in the regulation of insulin by different 5-HT
receptors.

Taken together, 5-HT plays significant roles in insulin
secretion and glucose hemostasis. Moreover, dysregula-
tions of 5-HT pathway may be involved in diabetes patho-
genesis, so it should be considered as a potential target for
novel antidiabetic drugs. In this regard, further studies are
needed to clear the exact roles of 5-HT and its receptors in
both insulin secretion and glucose hemostasis.

-cell Proliferation, and/or insulin secretion

a

Boundaries, future outlook, and conclusions

Based on the evaluated studies, it is difficult to express the
exact alteration of 5-HT and Trp levels in plasma, serum or
even tissue of human and animal samples due to the multi-
dimensional nature of T2D. However, the results show that
changes in 5-HT and Trp levels in different samples trigger
variations in cell levels leading to the reduced insulin sen-
sitivity as well as the increased insulin resistance, fat accu-
mulation, and the development of metabolic syndromes. It
seems that 5-HT and Trp may be considered as the markers
of pathological changes of diabetes in cell’s level.

The effects of 5-HT and Trp, which are present in the
body, on the regulation of behavior and physiology have
been in the center of scientific attention for decades.
Although there have been reports on the involvement of
both 5-HT and Trp metabolites in relation to diabetes, no
systematic research on the roles of 5-HT and Trp in the
pathogenesis of DM has been conducted yet.

Identification of T2D biomarkers due to the heterogene-
ity of the nature of T2D, is a big challenge. Another point
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Fig.4 Schematic illustration of a) Effect of the main 5-HT receptors
classes on f-cell proliferation, b) Effect of 5-HTRIF on glucagon in
a-cell, and ¢) The relationship between the reduction and augmenta-
tion of insulin release depending on [5-HT], and [5-HT];. Abbrevia-
tions: 5-HT;, 5-Hydroxytryptophan intracellular; 5-HT,, 5-Hydroxy-
tryptophan extracellular; SERT, 5-HT Transporter; cAMP, Cyclic

Adenosine Monophosphate; GDP, Guanosine diphosphate; GTP,
Guanosine 5'-Triphosphate; T Gase, Transglutaminase; TPH1, Tryp-
tophan Hydroxylase 1; SHTR2B, 5-Hydroxytryptamine receptor 2B;
SHTR3, 5-Hydroxytryptamine Receptor 3; 5-HTRI1D, 5-Hydroxy-
tryptamine Receptor 1D; AC, adenylate cyclase; Gi, inhibitory G pro-
tein
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to be considered is clinical phenotypes of disease com-
prising of age and BMI, as well as considering biochemi-
cal features, including insulin resistance and the effect of
various environmental exposures. Accordingly, all of them
lead to disease variability. In these circumstances, the find-
ings of recent studies could not help us in clarifying how
a group of biomarkers may interact in other biological
pathways or interact with biomarkers, in order to intensify
diabetes progress. Therefore, to overcome such challenges,
some studies have suggested that the use of data cluster-
ing methods can affect DM to control the role of underly-
ing variables in relevant studies. So, a well-organized of
these variables could provide a suitable way for biomarker
determination in DM. Another suggestion for biomarker
research studies is the use of the network analysis to evalu-
ate the cumulative effect of the different biomarkers on
the enhancement of early diagnosis of DM complications.

Up to now, no systematic reviews/clinical trials have
been conducted by considering Trp and 5-HT levels as trig-
ger biomarkers for DM complications. Recently obtained
results from Trp and 5-HT determination supported the
clinical significance of both Trp and 5-HT levels in human
metabolism; however, most of these studies had small sam-
ple sizes. Moreover, they have not considered all required
items for the identification of the direct relationship between
Trp and 5-HT levels in DM patients. Therefore, to improve
the understanding on the roles of 5-HT and Trp in metabo-
lism and to offer real diagnostic and therapeutic applica-
tions of 5-HT, more systematic studies are needed to control
the serotonergic system, and genetic studies are required to
explore the associations between 5-HT and Trp in DM with
or without complications. In addition, it is necessary to fig-
ure out the precise evaluation of the effect of 5-HT on insulin
resistance. We hope that the observation from this study
helps scientists and researchers to provide a suitable route
for early diagnosis of DM with or without complications in
each step.
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