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Abstract

Diabetes mellitus and obesity, which is a major risk factor in the development of type 2 diabetes
mellitus, have reached epidemic proportions worldwide including the United States. The current
statistics and forecasts, both short- and long-term, are alarming and predict severe problems in the
near future. Therefore, there is a race for developing new compounds, discovering new receptors
or finding alternative solutions to prevent and/or treat the symptoms and complications related to
obesity and diabetes mellitus. It is well demonstrated that members of the transient receptor
potential (TRP) superfamily play a crucial role in a variety of biological functions both in health
and disease. In the recent years, transient receptor potential vanilloid type 1 (TRPV1) and transient
receptor potential ankyrin 1 (TRPA1) were shown to have beneficial effects on whole body
metabolism including glucose homeostasis. TRPV1 and TRPAL have been associated with control
of weight, pancreatic function, hormone secretion, thermogenesis and neuronal function; which
suggest a potential therapeutic value of these channels. This review summarizes recent findings
regarding TRPV1 and TRPAL in association with whole body metabolism with emphasis on obese
and diabetic conditions.
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Introduction

During the past decades the prevalence of obesity and diabetes mellitus significantly
increased worldwide including the United States. Statistics from the Centers for Disease
Control and Prevention (CDC) revealed that more than one third of the adults are obese in
the United States (CDC, Division of Nutrition, Physical Activity and Obesity). Given the
continuous increase in prevalence since the 1970s, forecasts suggest further significant
increase in obesity prevalence and estimate that by 2030 more than 50 % of the United
States population will be obese (1). Obesity is a major risk factor for a variety of diseases
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including cardiovascular diseases and diabetes mellitus. The National Diabetes Statistics
Report 2014 by CDC estimated that approximately 9.3 % of the United States population
has diabetes mellitus. The number of new cases increased by 1.7 million within couple of
years and these data predict a severe and growing problem. The increasing prevalence of
metabolic diseases is not restricted to economically developed countries, since dramatic
elevation in the rates of obesity and diabetes mellitus has been seen in developing countries.
Currently available solutions for improving obese and diabetic conditions and preventing
further complications include life style changes, mainly decreasing calorie intake and
increasing energy expenditure; bariatric surgeries that result in weight loss and remission of
type 2 diabetes mellitus in some cases; and pharmacological interventions. While these
solutions and treatments are available, there is a continuous race for developing new
therapeutic interventions for proper maintenance of glucose homeostasis.

Members of the transient receptor potential (TRP) superfamily have been shown to have
numerous biological functions and TRP channels became potential drug targets for a variety
of pathophysiological condition (2). Indeed, recent findings suggest that some of the TRP
channels are involved in the regulation of whole body metabolism and could have
therapeutic value. This review focuses on current data available on two TRP channels,
TRPV1 and TRPA1 and on their role in the regulation of whole body metabolism including
glucose homeostasis with emphasis on obese and diabetic conditions.

Dietary and topical interventions in obese and diabetic conditions

Transient receptor potential vanilloid type 1

Among the TRP channels, up to date the role of transient receptor potential vanilloid type 1
(TRPV1) in the regulation of metabolism and energy homeostasis is the most established
(3). TRPV1 is a nonselective cation channel, which could be activated by exogenous ligands
(e.g., capsaicin) and by endogenous ligands, the endovanilloids (4). In general, TRPV1 has
been linked to the development and progression of diabetes mellitus, both type 1 and type 2
diabetes mellitus (5-8). The link between diabetes mellitus and TRPV1 is proposed at
multiple levels, which include control of appetite and weight (9-11), regulation of pancreatic
function (5, 12-14), secretion of glucagon-like peptide-1 (GLP-1) (8, 15), modulation of the
adiponectin (16) and leptin signaling (17), interaction between sensory nerves and pancreas
(5, 18), and control of the autonomic nervous system (ANS) (3, 19, 20).

There is growing amount of data associating TRPV1 with weight regulation, suggesting that
it has a role in the control of weight and energy homeostasis; although, in some cases the
results are contradictory. Beneficial effects of dietary capsaicin, the pungent ingredient of
red pepper that is an exogenous agonist of TRPV1 have been shown both in human and
animal studies (9-11, 21). These positive effects were mainly associated with increased
satiety, reduced food intake, increased activity of the sympathetic nervous system, and
effects on thermogenesis. These and some of the contradictory findings were recently
reviewed somewhere else in more detail (2, 3), and here we focus on beneficial effects of
dietary and topical interventions during obese and diabetic conditions.
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Dietary capsaicin has been shown to reduce obesity-induced inflammation, insulin resistance
and hepatic steatosis in obese mice fed a high-fat diet (22). Dietary capsaicin (0.015 %) was
supplied for a ten-week period and resulted in lower fasting glucose levels, lower insulin and
leptin levels, improved glucose tolerance compared to the obese control group without
capsaicin treatment. These beneficial effects were associated with attenuation of
inflammation in the liver and adipose tissue, which would be favorable in obesity-related
metabolic syndrome (22). Furthermore, the improvement of glucose intolerance induced by
obesity is crucially important for preventing the development of type 2 diabetes.

Similar beneficial results were found in diabetic KKAy mice following the same 0.015 %
dietary capsaicin administration (16). In this study the authors observed that three-week
dietary capsaicin administration significantly reduced fasting glucose, insulin, triglyceride
levels and inflammation; while adiponectin and its receptor, the AdipoR2 increased, which
was associated with increased fatty acid oxidation (16). It has to be noted that in this study
the observed capsaicin-dependent beneficial metabolic effects were independent of loss of
weight or adiposity, and the authors suggested that the upregulation of the adiponectin
system could be behind their findings.

Topical application of capsaicin in obese mice also had beneficial effects on whole body
metabolism (23). The effect of topical capsaicin (0.075 %) in pre- and post-obese mice was
investigated. The cream was topically applied for seven to eight weeks, depending on the
used experimental paradigm. The capsaicin treated mice weight less and had less mesenteric
and epididymal adipose tissue with reduced-size lipid droplets (23). These findings were
accompanied with lower plasma glucose, cholesterol and triglyceride levels. The decreased
adiposity was associated with lower expression levels of TNF-a and I1L-6 and increased
expression of adipokines and genes related to lipid metabolism including adiponectin,
PPARs, UCP2, lipoprotein lipase and many more (23).

Interestingly, another finding demonstrated that the combination of exercise and capsinoids,
the non-pungent capsaicin analogues, supplementation increases energy expenditure and
more importantly additively suppresses diet-induced obesity (24). Diet induced obese mice
were subjects of exercise, capsinoids or exercise combined with capsinoids interventions.
Capsinoids in combination with exercise additively suppressed body weight gain most likely
due to decreased epididymal, mesenteric and perirenal fat accumulation (24). The
combination of the interventions resulted in decreased glucose, insulin, leptin and
cholesterol levels. Increased whole body oxygen consumption and fat oxidation was
observed in addition to the reduced total lipid and triglyceride levels, which was consistent
with improvement of diet-induced hepatic steatosis (24). Furthermore, exercise combined
with capsinoids increased cAMP levels and activated PKA in brown adipose tissue. The
findings of this study add to the previous observations, where only TRPV1 agonist or
exercise was used as treatment. Here, it has been demonstrated that the combination of
exercise and capsinoids have an additive anti-obesity effect, which may suggest increased
efficacy for overturning obesity and contributing to the prevention of type 2 diabetes
mellitus.
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A recent research article used hyperinsulinemic-euglycemic clamp experiments on wild-type
and TRPV1 knockout mice fed with high-fat diet to conduct metabolic measurements (17).
TRPV1 knockout mice gained more weight and were heavier following a five week high-fat
diet than wild-type mice on high-fat diet. The weight gain was accompanied with increased
whole body fat mass. High-fat diet TRPV1 knockout mice had increased food intake and
decreased physical activity (17). The hyperinsulinemic-euglycemic clamp studies revealed
that TRPV1 knockout mice were more insulin resistant following high-fat diet than their
wild-type controls. High-fat diet treated TRPV1 knockout mice displayed a reduction in
insulin-stimulated glucose uptake in the white and brown adipose tissue, and also had
significantly higher leptin levels, while adiponectin levels did not change. Leptin failed to
suppress food intake in high-fed diet TRPV1 knockout mice and there was impaired leptin
signaling in the hypothalamus, indicating leptin resistance and dysfunctional leptin signaling
in TRPV1 knockout mice (17). Furthermore, the authors conducted longitudinal metabolic
studies comparing three and nine month old mice and found that TRPV1 deficiency causes
leptin resistance and further increases obesity and insulin resistance (17). Together, the
metabolic studies revealed that TRPV1 knockout mice develop a more severe insulin
resistance and TRPV1 plays a major role in regulating glucose metabolism and
hypothalamic leptin signaling. These recent findings are in contrast with a previous study by
Motter and Ahern (25), where the authors demonstrated that TRPV1 knockout mice are
resistant to diet-induced obesity. The contradictory findings can originate from the
experimental design including the length of the studies. On the other hand, both studies
suggest that TRPV1 has a significant role controlling metabolism; however, future
investigations are necessary to determine the underlying mechanisms and the contribution of
TRPV1, which might depend on the circumstances including composition of the diet, length
of the dietary treatment, age of the animals and many other factors.

In summary, the majority of animal model studies were consistent with previous human
studies demonstrating potential beneficial effects of capsaicin and capsaicinoid consumption
or topical application on whole body metabolism (26, 27) (Table 1). The current
assumptions for mechanisms underlying these effects are still debated and may include
peripheral and/or central mechanisms. Dietary capsaicin is rapidly absorbed in the body
(28). Capsaicin could be detected in the blood 10 minutes after ingestion and the levels are
maintained up to 90 min (13). Capsaicin is lipophilic and is likely to cross the blood brain
barrier, therefore, it may directly affect the central nervous system; while it can reduce
visceral fat and inflammation through stimulating the adiponectin system (16, 22, 23),
increase energy expenditure/thermogenesis via the sympathetic nervous system (24, 29), and
interact with leptin signaling (17), or glucagon-like peptide-1 secretion (8); however, more
detailed studies are needed to entirely delineate these potentially important findings.

Transient receptor potential ankyrin 1

Many members of the TRP superfamily are activated by herbal compounds, and could be
used as alternative therapies. In the case of TRPV1, capsaicin and capsinoids are prospective
dietary supplements as described above, while other natural compounds activating TRP
channels are recently receiving more attention. A potentially interesting anti-diabetic
alternative is cinnamon treatment, which was investigated in clinical trials (30, 31).
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Cinnamon as a spice is very well known and used almost in every culture. Cinnamon is
obtained from the bark of trees, which belong to the Cinnamomun genus. In a study, type 2
diabetic patients received cinnamon or placebo treatment for sixty days and plasma glucose
and lipid profile were analyzed (32). Cinnamon treatment resulted in decreased fasting
glucose levels, triglyceride and cholesterol levels compared to the placebo group (32). A
moderate glucose lowering effect was found in another study conducted on type 2 diabetic
patients (33). In contrast, there are studies suggesting no difference following cinnamon
treatment (34). The controversy regarding effects of cinnamon undoubtedly exists and
further studies required determining the patient population which could benefit from
cinnamon supplementation. Detailed review of findings regarding cinnamon interventions in
diabetes mellitus can be found in other papers (35, 36).

Despite the controversy about the effect of cinnamon the mechanism of action is under
investigation. There are postulated mechanisms underlying the effects of cinnamon
interventions including inactivation of insulin receptor (37), and enhancement of glucose
uptake through increasing the amount of insulin receptor beta, insulin substrate 1, and
glucose transporter 4 (GLUT4) (38, 39). Proliferator-activated receptors (PPARs) and anti-
inflammatory effects of cinnamon were also proposed as potential mechanisms (40, 41).

Cinnamon extracts contain many different ingredients and one of the main ingredients is
cinnamaldehyde, which largely contributes to the unique flavor and odor of the spice, and it
is a potent agonist of transient receptor potential A1 (TRPA1). TRPAL is a nonselective
cation channel with high permeability to Ca2* and Na*, and up to date the only member of
its group. Cinnamaldehyde and TRPA1 has been associated with insulin secretion (42),
glucagon-like peptide-1 secretion (43), ghrelin secretion (44), improvement of insulin
sensitivity in the brain and lowering liver fat (45).

Besides cinnamaldehyde, allyl isothiocyanate (AITC), which is responsible for the pungent
taste of mustard, horseradish and wasabi, is a potent TRPA1 agonist. The effect of dietary
AITC (250 mg/kg) was evaluated in high-fat induced insulin resistant conditions (46). The
investigations revealed that AITC increased glucose uptake, improved insulin signaling and
improved mitochondrial function /n vitro. In vivo evaluation demonstrated that AITC
supplementing the high-fat diet resulted in less weight gain and organ hypertrophy compared
to high-fat diet only. These findings were associated with improved dyslipidemia and
smaller adipocyte size. AITC supplementation also reduced high-fat diet induced hepatic
steatosis. Furthermore, the high-fat diet induced hyperglycemia, hyperinsulinemia and
increased hemoglobin A1C levels were markedly improved, in some case reversed in the
AITC intervention group. Glucose tolerance also improved and AITC treatment normalized
the expression of glucose metabolism-related genes (46). These data suggest that AITC
treatment, likely through TRPAL activation had beneficial effect on glucose uptake and
improved impaired insulin signaling. The protective effect against insulin resistance was
associated with increased mitochondrial activity; however, further studies needed to
determine the details of TRPA1 contribution.

Taken together, emerging data suggest that dietary supplements including capsaicin,
cinnamaldehyde in cinnamon, and AITC, which are potent activators of TRPV1 or TRPA1
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likely will have beneficial effects in obese and/or type 2 diabetic patients and also in patients
suffering from lipid disorders (2, 3, 47, 48); however, the mechanisms underlying the effects
including peripheral (e.g., modulation of insulin secretion) and/or central (e.g., alteration of
neuronal activity) effects needed to be further investigated.

The influence of TRPV1 and TRPA1 on autonomic circuits

Glucose homeostasis are largely regulated by the autonomic nervous system (ANS) (49, 50).
The ANS consists of the sympathetic and parasympathetic nervous system. Dysfunction of
the ANS has been linked to metabolic abnormalities, development of diabetes mellitus and
cardiovascular diseases (19, 51-53). The activity of the ANS is modulated by preautonomic
neurons in the autonomic centers of the brain, and the activity of these preautonomic
neurons is controlled by neuromodulators, hormones and nutrients. These neurons are part
of a specific central network receiving information about the status of the peripheral organs,
which are involved in metabolism. This central network contains hypothalamic and
brainstem circuits, which are highly interconnected (53). It is known that hyperglycemia
alters vagus nerve activity, induces insulin release (54, 55), and modulation of hypothalamic
circuits influences glucose levels (56). Capsaicin injection into the fourth ventricle of rats
eliminated the suppression of sham feeding induced by cholecystokinin, while subcutaneous
capsaicin did not have effect. These findings indicate that capsaicin sensitive cells around
the fourth ventricle are involved in the suppression of sham feeding by some of the intestinal
nutrients (57). TRPV1 expression in the hypothalamus was down-regulated in high-fat diet
treated mice, while dietary capsaicin increased TRPV1 expression levels (58). Capsaicin
treatment in high-fat diet mice enhanced the expression of anorexic genes (e.g., urocortin,
peptide YY) in the hypothalamus compared to the high-fat diet alone, whereas the
expression of orexigenic genes was decreased (58). Here, we give and overview of the
cellular effects of TRPV1 and TRPA1 activation on neuronal activity in autonomic areas of
the brain.

In the past decades numerous studies have been demonstrated the expression of TRPV1 in
the brain including in the autonomic centers. TRPV1 expression has been shown in the
hypothalamus, which is well known in the regulation of feeding behavior, energy and
glucose homeostasis. In particular, TRPV1 expression was determined in paraventricular
nucleus (PVN), dorsomedial hypothalamus (DMH), and lateral hypothalamus (LH) (59-61).
TRPV1 expression was also revealed in the brainstem including the dorsal vagal complex,
which has major role in the regulation of vagal output to the subdiaphragmatic organs and
thus controls gastric function, liver glucose production, insulin secretion.

Activation of TRPV1 has been shown to facilitate synaptic inputs (62—65), which ultimately
modulate neuronal activity, and thereby TRPV1 has the potential to alter the activity of ANS
in order to modulate metabolism. In the brainstem, activation of TRPV1 with capsaicin
increased action potential independent inhibitory postsynaptic currents (64). Importantly, the
enhancement of GABA release caused by TRPV1-dependent increase in glutamate release
demonstrated heterosynaptic facilitation of synaptic inputs to neurons of the dorsal motor
nucleus of the vagus (DMV). Activation of TRPV1 also increased the frequency of
glutamatergic postsynaptic currents (64, 66). Regulation of DMV neurons by TRPV1-
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dependent excitatory neurotransmission was further investigated in hyperglycemic
conditions (65). Patch-clamp slice electrophysiology was conducted using control and
hyperglycemic mice and demonstrated a robust increase of glutamate release to DMV
neurons following TRPV1 activation in intact mice. This TRPV1-dependent enhancement of
glutamatergic neurotransmission was reduced in the DMV of hyperglycemic mice (65),
without change in TRPV1 protein expression. Recently, possible interaction between
TRPV1 and leptin receptor expressing DMV neurons was shown. Activation of TRPV1
enhanced excitatory neurotransmission to a subpopulation of leptin receptor expressing
DMV neurons, including stomach-related DMV neurons, whereas the overall inhibitory
neurotransmission was not affected (67). These results let us speculate that TRPV1 has the
potential to modulate the effect of leptin on food intake.

Within the hypothalamus the PVN is a major, integrative autonomic center. The PVN
contains multiple types of neurons and preautonomic neurons could be identified by
retrograde viral labeling. Pseudorabies virus 152 (PRV-152) was used to identify organ-
related neurons in the PVN, and it has been demonstrated that TRPV1 controls excitatory
neurotransmission in stomach- and liver-related PVVN neurons (20, 68). Interaction between
glucocorticoid and TRP signaling was revealed by demonstrating that dexamethasone
biphasically modulates excitatory neurotransmission in a subset of stomach-related PVN
neurons. The modulation of glutamate release involved TRPV1 and TRPV4 and also
cannabinoid type 1 receptors (68). This recent publication is also intriguing because it
demonstrated multiphasic modulation of glutamate inputs in preautonomic PVN neurons
and showed the complexity of the regulation of ANS.

Administration of NMDA into the PVN increased plasma glucose levels in rodents (56).
Glucose level is largely modulated by hepatic glucose production; however, there is limited
information about the synaptic regulation of liver-related PVN neurons. Retrograde viral
labeling with PRV-152 was used to identify liver-related PVN neurons within the brain-liver
circuit in control, streptozotocin (STZ)-treated type 1 diabetic and insulin-treated type 1
diabetic mice. Our study demonstrated TRPV1-dependent regulation of preautonomic, liver-
related PVVN neurons in control conditions (20). The TRPV1-dependent excitation
diminished in a similar manner as shown in DMV (65); whereas, insulin-treatment, both /n
vivo and in vitro, restored TRPV1 activity in a P13 kinase/PKC-dependent manner (20).
TRPV1 translocation from the cytosol to the plasma membrane and phosphorylation of
TRPV1 was stimulated in the hypothalamus of type 1 diabetic mice (20) (Fig. 1). The above
described functional plasticity of central TRPV1 in the hypothalamus and brainstem
suggests altered autonomic outflow in hyperglycemic mice, which likely contributes to
metabolic dysfunction via altering excitability of preautonomic neurons regulating
pancreatic, liver and gastrointestinal function.

On the other hand, there is less information on the cellular effects of TRPAL in the
autonomic centers. In general, activation of TRPA1 produces Ca2* influx followed by
excitation of neurons. Similarly to TRPV1, TRPAL is activated by pungent compounds
including AITC and cinnamaldehyde (69, 70). In the periphery, TRPAL is involved in
thermosensation and mechanosensation (71); however, far less is known about the role of
TRPAL in the central nervous system. Recent observations indicate that TRPA1 is
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functionally expressed in a variety of brain areas and is able to modulate neuronal activity
(72, 73). Electrophysiological studies conducted in magnocellular neurons of the supraoptic
nucleus of the hypothalamus demonstrated that exogenous agonists of TRPA1 (e.g., AITC,
cinnamaldehyde) enhance glutamate release (72). Both AITC and cinnamaldehyde increased
the frequency of miniature excitatory postsynaptic currents without altering the amplitude
indicating that TRPAL is located in presynaptic terminals and modulate glutamate release to
neurons in the supraoptic nucleus (72). Modulation of synaptic inputs in brainstem neurons
was also determined. AITC application increased glutamate release on mechanically
dispersed neurons of the nucleus tractus solitarii (NTS) (73). The NTS as part of the vago-
vagal reflex integrates visceral information and transmits the processed information to the
DMV, therefore, TRPA1 has the potential to modulate the vagal outflow to the
subdiaphragmatic organs.

In addition, TRPA1 was recently identified as a molecular sensor for oxidative stress (e.g.,
hydrogen peroxide, superoxide and products of lipid peroxidation) (74). This suggests that
TRPA1 may be the crucial link between oxidative stress, inflammation, altered neuronal
activity, and a critical mechanism underlying vagal dysfunction and thus could contribute to
metabolic dysregulation; however, further detailed studies are required to delineate this
scenario.

In summary, TRPV1 and TRPA1 modulate neuronal activity at the level of hypothalamus
and brainstem, though the role of TRPV1 in the regulation of preautonomic neurons is more
established. Modulation of excitatory and/or inhibitory neurotransmission ultimately leads to
increased or decreased activity of neurons, which can lead to increase or decrease of the
ANS. Increased sympathetic and decreased parasympathetic activity is already associated
with metabolic syndrome (51), therefore, determining the unique role of TRPV1 and TRPA1
in the regulation of preautonomic neurons may lead to the development of new therapeutic
approaches using the brain-periphery route to maintain proper metabolism.

TRPV1 and TRPA1 in the pancreas

Proper insulin secretion in pancreatic beta cells and adequate response of the body to insulin
is necessary to avoid the development of diabetes mellitus. TRPV1 is well known to have
influence on pancreatic function and insulin secretion both in humans and animals (5, 13).
Insulin secretion is increased following TRPV1 activation with capsaicin /n vitroand in vivo
(14). In addition, TRPV1 is expressed on sensory nerves innervating the islets, and TRPV1
has been proposed to play a significant role in islet destruction, development of
inflammation and type 1 diabetes mellitus (5, 7, 18). Therefore, TRPV1 can have multiple
effects on pancreatic function by affecting insulin secretion and/or modulating the sensory
nerves. Further details about the potential role of TRPV1 in the pancreas can be found in
previous reviews (3, 6, 18).

TRPA1 was also shown to be expressed in pancreatic beta cells and in rat insulinoma
RINmMS5F cells (42, 75). Incubation of pancreatic islets with the TRPA1 agonist,
cinnamaldehyde increased insulin secretion (76). Moreover, different methods including
immunostaining and RT-PCR revealed expression of TRPAL in pancreatic beta cells;
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whereas, there was no TRPA1 expression in alpha cells (75). Activation of TRPA1 with a
variety of agonists including AITC caused Ca?* influx and insulin release both in a
pancreatic beta cell line and in primary cultured pancreatic beta cells. This TRPA1-
dependent insulin release was prevented with antagonist of TRPAL. The authors also
proposed a very compelling idea that suggests that TRPA1 and ATP-dependent K* channels
work synergistically together to increase insulin release. Furthermore, it has been
demonstrated that glibenclamide, a widely used sulfonylurea working through ATP-
dependent K* channel, is an agonist of TRPAL1 (77). Based on these recent findings the role
of TRPAL and its potential for glucose management or its negative effects on the pancreas
has to be investigated in more detail.

TRPV1, TRPA1 and secretion of ghrelin and glucagon-like peptide-1

Dietary cinnamaldehyde has been shown to effect the function of the gastrointestinal tract
including gut motility (78), gastric emptying (79), and cholecystokinin secretion. A recent
finding investigated the effect of TRPAL on ghrelin secretion (44). Ghrelin belongs to the
group of orexigenic hormones and it is mainly produced in the stomach and small bowel.
Cinnamaldehyde effect on gut physiology and ghrelin secretion was investigated in detail
(44). TRPAL expression has recently been described in the gut as a sensor in
enterochromaffin cells for controlling gastrointestinal functions via serotonin signaling (78,
79). Expression of TRPAL was also determined in the stomach (44) with high expression in
the pyloric part. Then mouse ghrelinoma 3-1 (MGN3-1) cells was used to determine the
effect of cinnamaldehyde on TRPAZ, insulin receptor and ghrelin gene expression and on
ghrelin secretion. Cinnamaldehyde upregulated TRPAL and insulin receptor gene
expression, while it decreased ghrelin secretion in MGN3-1 cells (44). The reduction of
ghrelin secretion was prevented by a TRPAL antagonist. The study also confirmed that
administration of a single dose of cinnamaldehyde (250 mg/kg body weight) decreased food
intake. Gastric emptying was also significantly slower following cinnamaldehyde treatment,
while this effect was absent in TRPA1 deficient mice (44). Furthermore, chronic
cinnamaldehyde administration reduced cumulative weight gain and reduced body fat mass
in high-fat diet induced obese mice. Mice with chronic cinnamaldehyde treatment showed a
larger glucose reduction during oral glucose tolerance test, but without change in plasma
insulin levels. These findings indicate improved insulin sensitivity in response to glucose
load (44), and also consistent with previous findings showing that ghrelin is involved in the
regulation of glucose homeostasis (80). Together, the findings discussed above support the
idea that TRPAL has anti-hyperglycemic effects, and underlying mechanisms might involve
modulation of ghrelin secretion and enhancement of insulin sensitivity.

The gut hormone glucagon-like peptide-1 (GLP-1) is a major player in the control of
glucose metabolism via altering insulin secretion and the gut-brain-periphery axis.
Furthermore, the relatively new anti-diabetic therapies (e.g., sitagliptin, linagliptin) are based
on prolonging the life time of GLP-1; therefore, alternative therapies influencing GLP-1
levels could be useful in diabetic patients. Capsaicin has been shown to increase GLP-1
levels in human subjects, which demonstrates a possible interaction between TRPV1 and
GLP-1 (15). This was supported by animal studies demonstrating that TRPV1 is present in
GLP-1 expressing intestinal cells and TRPV1 stimulates GLP-1 release (8).
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Recently, TRPAL gene was identified in enteroendocrine L-cells and functional expression
of TRPAL in L-cells was determined (43). The TRPAL agonist, AITC increased intracellular
Ca?* and this response was inhibited with a TRPA1 antagonist. AITC increased GLP-1
secretion independently of glucose concentration and was prevented by a TRPA1 antagonist.
Moreover, AITC administration by gavage or administration into the duodenum increased
plasma GLP-1 concentration (43); however, the effect was preserved in TRPA1 knockout
mice suggesting existence of other pathways for increasing GLP-1 secretion. In contrast, a
recent study did not find difference in GLP-1 levels following activation of TRPA1 with
methyl syringate, while increased peptide Y'Y levels, decreased food intake and gastric
emptying was observed (81). Taken together, a variety of findings suggest that TRPV1 and
TRPA1 may have potential for modulating ghrelin and/or GLP-1 secretion.

TRPV1 and TRPALl in adipose tissue

Expression of multiple TRP channels has been shown in adipose tissue and they may play a
role in adipogenesis. Mice kept on high-fat and capsaicin diet for three months showed
alteration in anorectic, orexigenic and energy expenditure related genes in white adipose
tissue (WAT) compared to high-fat diet and standard diet controls (58). Capsaicin
supplementation resulted in “browning” genotype in WAT and increased genes related to
thermogenesis and mitochondrial function in brown adipose tissue (BAT) (58). Ingestion of
the TRPAL agonist cinnamaldehyde has been shown to reduce visceral adipose tissue in
mice fed a high-fat high-sucrose diet (82). The dietary TRPAL agonist resulted in decreased
mesenteric adipose tissue, and a decreasing trend was observed in perirenal and epididymal
adipose tissue weights. Another study demonstrated alteration of genes following
cinnamaldehyde treatment and showed upregulation of glucose transporter genes (GLUT1,
GLUTS8, GLUT12) and Cptla in white adipose tissue, which suggests increased fatty acid
oxidation (44).

In addition to WAT, brown adipose tissue has a significant impact on whole body
metabolism and it has been proposed as a potential target for obesity and metabolic disorders
(83). BAT is rich in mitochondria and densely innervated with sympathetic nerves.
Thermogenesis in BAT is directly controlled by the sympathetic nerves, and increase of
uncoupling protein 1 (UCP1) expression is known after norepinephrine release from the
sympathetic nerves; therefore, increase of UPCL1 is a marker for sympathetic activity in BAT.

A number of studies revealed the effects of TRPV1 and TRPA1 agonists on thermogenesis
in interscapular BAT of rats and mice (84, 85). Capsaicin administration resulted in
increased whole body energy expenditure and rise in BAT thermogenesis. TRPV1 activation
was shown to elevate UCP1 content in BAT of mice fed high-fat high-sucrose diet, while
visceral fat accumulation was decreased (86). On the other hand, analysis of genes
expression in BAT following chronic treatment with cinnamaldehyde demonstrated
upregulation of acetyl-CoA synthetase 4 (ACSL4), which activates fatty acids involved in
beta-oxidation. Increased UCP1 protein levels were found in interscapular BAT in
cinnamaldehyde treated mice fed a high-salt high-sucrose diet (82). Taken together, the
studies suggest that activation of TRP channels decreases visceral fat in high-fat diet
conditions and stimulates BAT heat production; however, there are numerous questions,
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which need to be answered in order to understand the role of TRPV1 and TRPAL in white
and brown adipose tissue.

Conclusions

Whole body metabolism is regulated at multiple levels including peripheral and central
mechanisms. There is solid evidence demonstrating TRPV1 and TRPA1 expression in the
entire body and their potential beneficial effects on whole body metabolism including
glucose metabolism. Activation of TRPV1 and TRPA1 with their agonists have multiple
effects, which include control of body weight, satiety, secretion of hormones, regulation of
adipocytes, modulation of thermogenesis and alteration of neuronal activity. To delineate
and differentiate the site of action (periphery or central), the underlying mechanisms or the
combination of mechanisms, the potential applicable doses and routes require future studies.
However, the currently available studies demonstrate that TRP channels have potential
therapeutic value for improving obese and diabetic conditions.
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Synaptic regulation of preautonomic neurons in the hypothalamus and brainstem. A:
Autonomic centers known to be regulated by TRPV1 and TRPA1. B: Schematics of TRPV1-
dependent synaptic regulation of preautonomic neurons. Activation of TRPV1 leads to
glutamate release and insulin has the ability to modulate TRPV1-dependent glutamate
release through PI3 kinase/PKC and translocation-dependent mechanisms. PVN:
paraventricular nucleus of the hypothalamus; NTS: nucleus tractus solitarii; DMV: dorsal
motor nucleus of the vagus; IR: insulin receptor.
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Beneficial effects of TRPV1 and TRPAL1 agonist administration in obese and/or diabetic conditions.

Table 1

Capsaicin administration
(TRPV1)

Cinnamon, cinnamaldehyde, AITC
administration (TRPA1)

Decreased weight

Lower glucose levels

Lower insulin levels

Improved glucose tolerance
Improved lipid levels

Increased adiponectin signaling
Less adipose tissue

Reduced inflammation

Improved hepatic steatosis

Increased thermogenesis

Decreased weight

Lower glucose levels
Improved glucose tolerance
Improved lipid levels

Less fat accumulation
Improved hepatic steatosis

Increased thermogenesis
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