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HYPOTHESIS

Syntaxin interacts with arachidonic acid
to prevent diabetes mellitus
Undurti N. Das1,2*

Abstract
Syntaxin regulates pancreatic β cell mass and participates in insulin secretion by regulating insulin exocytosis. In addition, syntaxin 4 reduces IFNγ and TNF-α signaling via NF-ĸB in islet β-cells that facilitates plasma glucose sensing and
appropriate insulin secretion. Arachidonic acid (AA) has potent anti-inflammatory actions and prevents the cytotoxic
actions of alloxan and streptozotocin (STZ) against pancreatic β cells and thus, prevents the development of type
1 diabetes mellitus (induced by alloxan and STZ) and by virtue of its anti-inflammatory actions protects against the
development of type 2 diabetes mellitus (DM) induced by STZ in experimental animals that are models of type 1 and
type 2 DM in humans. AA has been shown to interact with syntaxin and thus, potentiate exocytosis. AA enhances cell
membrane fluidity, increases the expression of GLUT and insulin receptors, and brings about its anti-inflammatory
actions at least in part by enhancing the formation of its metabolite lipoxin A4 (LXA4). Prostaglandin E2 (PGE2), the
pro-inflammatory metabolite of AA, activates ventromedial hypothalamus (VMH) neurons of the hypothalamus and
inhibits insulin secretion leading to reduced glucose tolerance and decreases insulin sensitivity in the skeletal muscle
and liver. This adverse action of PGE2 on insulin release and action can be attributed to its (PGE2) pro-inflammatory
action and inhibitory action on vagal tone (vagus nerve and its principal neurotransmitter acetylcholine has potent
anti-inflammatory actions). High fat diet fed animals have hypothalamic inflammation due to chronic elevation
of PGE2. Patients with type 2 DM show low plasma concentrations of AA and LXA4 and elevated levels of PGE2.
Administration of AA enhances LXA4 formation without altering or reducing PGE2 levels and thus, tilts the balance
more towards anti-inflammatory events. These results suggest that administration of AA is useful in the prevention
and management of DM by enhancing the action of syntaxin, increasing cell membrane fluidity, and reducing VMH
inflammation. Docosahexaenoic acid (DHA) has actions like AA: it increases cell membrane fluidity; has anti-inflammatory actions by enhancing the formation of its anti-inflammatory metabolites resolvins, protectins and maresins;
interacts with syntaxin and enhance exocytosis in general and of insulin. But the DHA content of cell membrane is
lower compared to AA and its content in brain is significant. Hence, it is likely DHA is important in neurotransmitters
secretion and regulating hypothalamic inflammation. It is likely that a combination of AA and DHA can prevent DM.
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Introduction
Secretion of adequate amounts of insulin is needed to
regulate plasma glucose levels and thus, maintain energy
homeostasis. For this purpose, β-cells need to sense and
respond adequately to changes in blood glucose levels
to prevent hypoglycemia or hyperglycemia. To produce
these important actions of insulin: (i) the generation
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of metabolic signalling molecules; (ii) the regulation of
β-cell membrane potential; (iii) insulin granule dynamics
and exocytosis and (iv) expression of adequate number
of GLUT receptors is needed. This implies that optimal β
cell response to plasma glucose is dependent on the pancreatic β cell membrane integrity, dynamics, and composition. This is since, crosstalk between the genome and
the cell membrane is essential as all the stimuli impinging on the cell membrane need to be conveyed to genome
and vice versa [1]. This implies that cell membrane structure and its integrity and consequently its functions are
crucial to receive and send signals to the external environment and in the present instance to the synthesis and
secretion of insulin.
Arachidonic acid (AA) and lipoxin A4 (LXA4) have
anti‑diabetic actions

It is well known that polyunsaturated fatty acids (PUFAs)
when incorporated into the cell membrane increase its
fluidity (of the cell membranes) [2, 3]. In contrast to this,
cholesterol and saturated fatty acids increase the rigidity
of the cell membrane [1, 2]. Increased cell membrane fluidity enhances the number of insulin receptors and their
affinity to insulin and thus, augments insulin action and
reduces the development of insulin resistance and development of type 2 DM [2, 3]. It was reported that fat-1
mice (that can convert n-6 to n-3 PUFAs) are protected
against STZ–induced type 1 DM. This beneficial action
has been attributed to suppression in the production
of pro-inflammatory cytokines (IL-1β, TNF-α), inhibition in the expression of NF-kB, increase in the expression of GLUT-2 receptors, and enhanced generation of
lipoxin A4 (LXA4), a metabolite of AA [4]. Our studies
that revealed that AA and LXA4 prevent alloxan and
STZ-induced type 1 and type 2 DM in Wistar rats are in
support of these findings ([5] and see Fig. 1). Similar beta
cell protective action of AA and LXA4 was seen against
the cytotoxic action of benzo(a)pyrene, doxorubicin, and
alloxan [6] suggesting that AA and LXA4 possess broad
spectrum of cytoprotective action. In addition, AA prevented the palmitic acid (PA) mediated cytotoxicity
to clonal HIT-T15 pancreatic β cells [7] and restored
impaired insulin expression and secretion. These results
are interesting in the light of the fact that saturated fatty
acids increase insulin resistance and contribute to the
pathobiology of type 2 DM, whereas unsaturated fatty
acids prevent the development of DM [1–3]. This is supported by the observation that PA induced cell death can
be prevented by AA but not by monounsaturated fatty
acids including palmitoleic acid (POA) and oleic acid
(OA). It is noteworthy that PA induced cell death by producing mitochondrial membrane potential loss that is
effectively blocked by AA and thus, prevented apoptosis.
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Furthermore, AA significantly rescued PA-impaired glucose uptake and -signal transduction of Akt in response
to insulin [7–9]. In an invitro study, it was reported
that AA generated competently cellular droplets at low
concentration within the cytosol of myotubes (C2C12
myotubes) compared with POA and OA. This led to the
suggestion that incorporation of harmful PA into inert
triglyceride (TG) may be the reason for the protective
effects of AA against PA-induced lipotoxicity. This was
supported by the observation that in the presence of
AA, PA was rapidly channeled into AA-driven TG droplets. Thus, AA diverts PA into inert TG that accounts
for its cytoprotective action [7–9]. In addition, AA has
potent anti-inflammatory actions [5, 6]. Our studies (in
vitro using rat pancreatic insulinoma cells-RIN cells;
and animal studies performed in Wistar rats that were
induced to develop type 1 and type 2 DM by STZ injection) revealed that administration of AA enhances the
production of LXA4 (both in the pancreatic tissue and
plasma) [5] that has anti-inflammatory and anti-diabetic
actions [5, 6].
In addition, PUFAs (especially AA) modulate the function of voltage—gated ion channels containing one or
several voltage-sensor domains, such as voltage-gated
sodium (NaV), potassium (KV), calcium (CaV), and proton (HV) channels, as well as calcium-activated potassium (KCa), and transient receptor potential (TRP)
channels—an action by which fatty acids could regulate
β-cell membrane potential, and their (β cells) ability to
sense plasma glucose and regulate secretion of insulin
([10], see Fig. 2).
AA can function as a mechanotransducer

Recent studies revealed that pressure and stretch stimuli (including shear stress of blood flow and changes in
plasma glucose levels) act as mechanotransducers and
produce cellular shape deformation and control their
(cell) dynamic behavior including change in their shape,
motility, ability to secrete chemicals needed for various
physiological actions. Thus, pressure and stretch stimuli regulate phagocytosis (endocytosis and exocytosis),
inflammation, immune response, and other functions.
These studies suggested that nucleus acts as an elastic
mechanotransducer of cellular shape deformation which
activates cytosolic phospholipase A2 (cPLA2) that, in
turn, results in the release of AA, the precursor of prostaglandins, leukotrienes, thromboxanes, and lipoxins
that have potent biological actions including regulation
of insulin resistance and insulin secretion [5, 11–15].
Thus, AA functions as a mechanotransducer (pressure
and stretch stimuli and glucose activate PLA2 that
induces the release of AA from the membrane lipid pool)
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Fig. 1 Effect of GLA, AA and LXA4 on STZ-induced cytotoxicity to RIN (rat insulinoma) cells in vitro. Studies were done using both pre-treatment
(where RIN cells were pre-treated with GLA, AA and LXA4) and then exposed to STZ; and simultaneous treatment schedule (where RIN cells
were exposed to both STZ and lipids at the same time). AA is effective in both pre-treatment and simultaneous schedules whereas GLA is
more effective in pre-treatment schedule (but is still less effective than AA). It is seen from these results that AA is more potent than GLA in
preventing apoptosis induced by STZ. LXA4 is almost equally effective in preventing STZ-induced apoptosis of RIN cells in both pre-treatment
and simultaneous treatment schedules. This data is taken from reference 5. STZ = Streptozotocin; GLA = Gamma-linolenic acid; AA = Arachidonic
acid); LXA4 = Lipoxin A4

of various stimuli and influence immune response and
development of DM.
Syntaxin and AA interact with each other to regulate
insulins secretion

It is noteworthy that syntaxin 4 (STX4), a plasma membrane-localized SNARE protein, has a regulatory role
in insulin secretion by human islet β-cells and can preserve β-cell mass by at least, in part, by reducing IFN-γ
and TNF-α secretion by inhibiting β cell NF-ĸB expression. In addition, syntaxin 4 enhances CD4+ Treg cell
function and thus, preserves β cell function [16–18].
AA directly interacts with syntaxin and potentiates exocytosis by interacting with neuronal SNARE complex
via Munc18a [19–21]. This interaction between AA and
SNARE complex enhances exocytosis of insulin and several neurotransmitters (see Fig. 3). Thus, AA regulates

the expression and function of GLUT and insulin receptors (by enhancing the expression of GLUT and insulin
receptors) [1–3], in addition to its ability to enhance β
cell survival and function. These actions of AA ultimately result in improved insulin secretion and action.
Our studies revealed that alloxan-induced type 1 diabetic
animals have low plasma, hepatic, and muscle (and possibly, hypothalamic) concentrations of AA in their phospholipid fraction [22, 23]. We also observed that patients
with type 2 DM have low plasma concentrations of AA in
their phospholipid fraction and LXA4 [24]. These observations imply that AA and LXA4 deficiency predisposes
to the development of DM and their (AA and LXA4)
administration may be of significant benefit in the prevention of DM [25]. Furthermore, glucose administration
reduces hypothalamic AA containing phospholipids (that
will be released by the activation of cPLA2 – cytosolic
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Fig. 2 Scheme showing interaction between AA and syntaxin and t he role of LXA4 and PGE2 in the pathobiology of DM. LXA4 is
anti-inflammatory whereas PGE2 is pro-inflammatory in nature, and both are derived from AA. For further details see text. DHA, an n-3 fatty acid
may also have actions like AA. DHA is the precursor of resolvins, protectins and maresins. LXA4 seems to be the mediator of the anti-inflammatory
actions of resolvins, protectins and maresins. LXA4 is more potent compared to resolvins, protectins and maresins in eliciting its anti-inflammatory
actions. SNARE proteins = "SNAP REceptor". During membrane fusion, v-SNARE and t-SNARE proteins on separate membranes combine to
form a trans-SNARE complex, also known as a "SNAREpin". SNAREs are the core required components of the fusion machinery and function
independently of additional cytosolic accessory proteins. When cells containing v-SNAREs contact cells containing t-SNAREs, trans-SNARE
complexes form, and cell-cell fusion ensues. Munc-18 (an acronym for mammalian uncoordinated-18) proteins are a member of the Sec1/
Munc18-like (SM) protein family. Munc-18 proteins are essential components of the synaptic vesicle fusion protein complex and are crucial
for the regulated exocytosis of neurons and neuroendocrine cells. PGE2 = Prostaglandin E2; LXA4 = Lipoxin A4. GLUT = Glucose transporter.
IL-6 = Interleukin-6; TNF-α = Tumor necrosis factor-α; NF-kB = Nuclear factor-kapa B. PIP2 = Phosphatidylinositol4,5-bisphosphate or PtdIns(4,5)P2,
also knownsimply as PIP2 or PI(4,5)P2.

phospholipase A2), that can be metabolized preferentially to prostaglandins, which predominantly have proinflammatory actions. These results suggest a critical role
for cPLA2—mediated hypothalamic phospholipid AA
metabolism in the control of systemic glucose metabolism [26]. Acute administration of glucose to regular
chow fed mice activated cPLA2 in the VMH leading to an
increase in the production of PGs from neurons that activates VMH (ventromedial hypothalamus) and glucose

metabolism in peripheral tissues. In contrast, chronic
HFD feeding that also increased cPLA2-mediated PG
production from VMH neurons induced hypothalamic
inflammation leading to an impairment in peripheral
glucose metabolism [26]. In these studies [26], the potential role of LXA4, a potent anti-inflammatory metabolite
of AA and PGE2 antagonist was not studied. Thus, the
acute effects of PGs (especially PGE2) are different from
its chronic actions. Since syntaxin and AA interact with
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Fig. 3 a Scheme showing how PUFAs (especially AA and DHA; AA > DHA) interact with syntaxin to regulate exocytosis. PUFAs = Polyunsaturated
fatty acids. SNARE complex = The core SNARE complex is a 4-α-helix bundle. Synaptobrevin and syntaxin contribute one α-helix each, while
SNAP-25 participates with two α-helices (abbreviated as Sn1 and Sn2). The interacting amino acid residues that zip the SNARE complex can be
grouped into layers. Each layer has 4 amino acid residues – one residue per each of the 4α-helices. In the center of the complex is the zero ionic
layer composed of one arginine (R) and three glutamine (Q) residues, and it is flanked by leucine zippering. Layers ’-1’, ’+ 1’ and ’+ 2’ at the centre
of the complex most closely follow ideal leucine-zipper geometry and amino acid composition. b Depiction of the formation of a trans-SNARE
complex. Shows how Munc18 interacts with the SNARE proteins during complex formation

each other and regulate exocytosis (see Figs. 2 and 3),
it explains the interwoven relationship among various
neurotransmitters, inflammation, and immune response
in the pathobiology of DM [22, 27, 28]. It is known that
in AA deficiency states there is increased formation of
PGE2 that results in inflammation whereas provision of
AA in such instances enhanced LXA4 formation with
or without any change in PGE2 synthesis [29–32]. This
increase in the formation of LXA4 in AA deficiency states
in response to AA administration results in a change in
the balance between pro- and anti-inflammatory metabolites (PGE2 vs LXA4) such that inflammation is suppressed, insulin resistance is decreased that ultimately
leads to prevention or abrogation of DM. Thus, systemic
administration (oral or intravenous) of AA is expected to
reach pancreas and hypothalamus in adequate concentrations and this may result in the prevention and management of DM [22, 27, 28]. It is suggested that methods
could be developed to selectively administer AA to pancreas and hypothalamus in liposomal forms of AA.
In this context, it is noteworthy that the neurotransmitters α-MSH, dopamine and serotonin not only protected
RIN (rat insulinoma) cells against STZ-induced cytotoxicity in vitro but also restored their ability to secrete

insulin. Furthermore, α-MSH, dopamine and serotonin
(serotonin ≥ dopamine ≥ α-MSH)
restored/enhanced
LXA4 formation and secretion by RIN cells that was suppressed by STZ (see Fig. 4). These results suggest that
an interaction exists between neurotransmitters and AA
metabolism which may result in the regulation of insulin
secretion and their potential role in the pathophysiology
of DM [5, 6, 25, 27].

Conclusions and future directions
Based on the preceding discussion it is reasonable to
propose that AA and its metabolites PGE2 and LXA4,
and syntaxin have a critical role in the regulation of
glucose homeostasis by virtue of their ability to regulate cell membrane fluidity, expression of GLUT and
insulin receptors, insulin exocytosis, and inflammation
(especially AA, PGE2 and LXA4 by their negative feedback control on the secretion of IL-6, TNF-α and NF-kB
expression) [1, 2, 4, 5, 13–23, 28, 31–38]. In addition,
AA and other unsaturated fatty acids regulate the function of various voltage gated ion channels that are critical to insulin secretion ([6], see Fig. 2). Syntaxin, which
is needed for pancreatic β cell survival and secretion of
insulin, is regulated by AA [19–21, 37, 38]. Furthermore,
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Fig. 4 Effect of α-MSH, dopamine and serotonin on STZ-induced suppression of insulin secretion by RIN5F cells. STZ-induced suppression of RIN
cells (rat insulinoma) is also abrogated by MSH, dopamine and serotonin and preserved insulin secretory capacity of RIN cells. *P < 0.05 compared to
control; #P < 0.05 compared to STZ. STZ = Streptozotocin; MSH = Melanocyte stimulating hormone. RIN5F cells = Rat insulinoma cells that secrete
insulin

AA regulates insulin exocytosis from β cells by interacting with syntaxin and regulating its expression [13–21].
AA regulates the exocytosis of several neurotransmitters
that may explain the close interaction and the regulatory role of various neurotransmitters in insulin secretion, action and in the pathobiology of DM (especially
type 2 DM) [33–39]. Thus, it is likely that high fat diet
induces hypothalamic inflammation by augmenting the
production of PGE2 from AA that led to abnormalities
in the release and action of neurotransmitters acetylcholine, serotonin, GABA (gamma-aminobutyric acid),
dopamine and α-MSH (alpha-melanocyte stimulating hormone) [26, 27, 39]. It is known that cholesterol
and saturated fatty acids inhibit formation of AA from
its dietary precursor linoleic acid (LA) and augment the
formation of PGE2 that may explain as to why high fat
diet causes hypothalamic inflammation [1, 31, 32]. On
the other hand, availability of adequate amounts of AA
enhances the formation of LXA4, a potent anti-inflammatory compound, that has antidiabetic actions [5, 6,
25, 27, 28, 39, 40]. Thus, it is suggested that availability
of AA prevents both high fat diet and chemical-induced
DM by enhancing LXA4 formation and prevents or
even reverses hypothalamic inflammation and dysfunction in addition to its ability to regulate syntaxin. Our
recent studies showed that several neurotransmitters
protect pancreatic β cells from the cytotoxic action of
STZ and enhance LXA4 formation and release, implying a close interaction between neurotransmitters and

AA and LXA4 in the pathobiology of DM (see Fig. 4).
Based on these studies it is proposed that oral or parenteral administration of AA and LXA4 may form a new
approach to prevent DM.
In this context, it is noteworthy that DHA content of
brain is high (DHA > AA > EPA) and forms the precursor
of potent anti-inflammatory compounds resolvins, protectins and maresins. But the cell membrane content of
DHA is less compared to AA. DHA increases cell membrane fluidity (DHA > AA) in view of its highly unsaturated nature (contains 6 double bonds and 22 carbons)
and participates in exocytosis especially of neurotransmitters and insulin [13–15, 33–38]. In our studies, it was
noted that AA is more potent than DHA in preventing
chemical and high fat diet-induced DM [5, 22–25, 27,
28, 40], implying that perhaps a combination of AA and
DHA is worthwhile in the prevention and management
of DM. One of the functions of AA and DHA in the brain
is to regulate exocytosis of various neurotransmitters,
inhibit hypothalamic inflammation, suppress release of
excess IL-6 and TNF-α to protect neuronal cells from
various endogenous and exogenous injuries and thus,
regulate neuronal integrity and function.
In addition, AA and DHA form an important constituent of all cell membranes and thus, regulate cell
membrane fluidity and the expression of several types
of receptors including but not limited to GLUT, and
insulin, and their affinity to their corresponding proteins/hormones/growth factors. AA and DHA interact

Das L ipids in Health and Disease

(2022) 21:73

with syntaxin to regulate exocytosis of insulin and neurotransmitters in the brain, possess anti-inflammatory
actions by themselves and by virtue of their ability to
form precursors to anti-inflammatory LXA4 (from AA),
and resolvins, protectins and maresins (from DHA)
and show cytoprotective actions. By virtue of these
actions AA and DHA are amicably suited to prevent DM
induced by various exogenous and endogenous agents.
This implies that AA and DHA and their anti-inflammatory metabolites (LXA4, resolvins, protectins and maresins) function as endogenous anti-diabetic molecules.
This proposal is supported by our previous studies which
showed that AA, DHA, LXA4, resolvins and protectins
prevent DM in experimental animals [4–6, 16, 17, 22,
23, 25, 27, 41–44]. The anti-diabetic actions of AA and
DHA are predominantly due to the increased formation
of LXA4, resolvins, protectins and maresins though possibility that AA and DHA themselves have antidiabetic
actions cannot be discounted. Hence, it may be argued
that any interference with the conversion of AA and
DHA to their respective anti-inflammatory metabolites may not result in the prevention of development
of DM. Furthermore, the administered AA and DHA
need to reach pancreatic βcells in adequate amounts
such that they could be converted to their respective
anti-inflammatory metabolites to prevent DM. Hence,
understanding the molecular mechanisms involved in
the conversion of AA and DHA to their respective antiinflammatory metabolites is of paramount importance.
Another attractive proposal is to administer LXA4/
resolvins/protectins/maresins themselves to prevent
DM. LXA4/resolvins/protectins/maresins have very
short half-life (few seconds to few minutes) and are
not active when administered orally. Hence, methods
need to be developed such that they can be delivered
direct to pancreatic β cells. It is likely that administration of AA/DHA throughout life starting from fetal life
could be one strategy that may render the availability to
these fatty acids in adequate amounts to β cells such that
DM prevention is possible [45–48]. This is supported
by the observation that infants who were breast fed
(breast milk is rich in AA and DHA) and received perinatal supplementation of PUFAs have lower incidence
of DM [49–51]. In such an instance, it may be prudent
to measure plasma levels of LXA4, resolvins, protectins
and maresins to know whether there is indeed increased
formation of these anti-diabetic molecules because of
administration of their precursors. These measurements
may be done in addition to evaluating the plasma levels
of insulin, C-peptide, adiponectin, IL-6, TNF-α, insulin resistance indices and neurotransmitters serotonin,
dopamine, catecholamines, α-MSH, etc., and syntaxin
in the peripheral circulating leukocytes and lymphocytes
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[52–56] (that have the complete systems for all neurotransmitters and so may reflect the events in the hypothalamus) to know whether the administered AA/DHA
could reach hypothalamus to regulate β cell function.
Thus, a comprehensive evaluation of potential anti-diabetic role of AA/DHA needs to be performed in future
in humans.
Acknowledgements
Nil
Authors’ contributions
This manuscript is solely contributed by UND. The author(s) read and
approved the final manuscript.
Funding
Nil.
Availability of data and materials
All data and materials are given in the manuscript.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
The authors consent the publication of this manuscript.
Competing interests
Nil.
Author details
1
UND Life Sciences, 2221 NW 5th St, Battle Ground, WA 98604, USA. 2 Department of Biotechnology, Indian Institute of Technology, IITH Road, Sangareddy,
Kandi, Telangana 502285, India.
Received: 4 April 2022 Accepted: 25 July 2022

References
1. Das UN. “Cell membrane theory of senescence” and the role of bioactive
lipids in aging and aging associated diseases and their therapeutic implications. Biomolecules. 2021;11:241.
2. Das UN. Insulin resistance and hyperinsulinemia: are they secondary
to an alteration in the metabolism of essential fatty acids. Med Sci Res.
1994;22:243–5.
3. Ginsberg BH, Chatterjee P, Yorek MA. Insulin sensitivity is increased in
Friend erythroleukemia cells enriched in polyunsaturated fatty acid.
Receptor. 1991;1(3):155–66.
4. Bellenger J, Bellenger S, Bataille A, Massey KA, Nicolaou A, Rialland M,
Tessier C, Kang JX, Narce M. High pancreatic n-3 fatty acids prevent
STZ-induced diabetes in fat-1 mice: inflammatory pathway inhibition.
Diabetes. 2011;60:1090–9.
5. Gundala NKV, Naidu VGM, Das UN. Arachidonic acid and lipoxinA4
attenuate streptozotocin-induced cytotoxicity to RIN5 F cells in vitro and
type 1 and type 2 diabetes mellitus in vivo. Nutrition. 2017;35:61–80.
6. Siresha B, Das UN. PUFAs, BDNF and lipoxin A4 inhibit chemical-induced
cytotoxicity of RIN5F cells in vitro and streptozotocin-induced type 2
diabetes mellitus in vivo. Lipids Health Dis. 2019;18:214.
7. Cho YS, Kim CH, Kim KY, Cheon HG. Protective effects of arachidonic
acid against palmitic acid-mediated lipotoxicity in HIT-T15 cells. Mol Cell
Biochem. 2012;364(1–2):19–28.
8. Cheon HG, Cho YS. Protection of palmitic acid-mediated lipotoxicity
by arachidonic acid via channeling of palmitic acid into triglycerides in
C2C12. J Biomed Sci. 2014;21(1):13.

Das Lipids in Health and Disease

9.

10.
11.
12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
28.
29.

(2022) 21:73

Keane DC, Takahashi HK, Dhayal S, Morgan NG, Curi R, Newsholme P.
Arachidonic acid actions on functional integrity and attenuation of the
negative effects of palmitic acid in a clonal pancreatic β-cell line. Clin Sci
(Lond). 2011;120:195–206.
Elinder F, Liin SI. Actions and mechanisms of polyunsaturated fatty acids
on voltage-gated ion channels. Front Physiol. 2017;8:43. https://doi.org/
10.3389/fphys.2017.00043.
Lomakin AJ, Cattin CJ, Cuvelier D, Alraies Z, Molina M, Nader GPF, et al.
The nucleus acts as a ruler tailoring cell responses to spatial constraints.
Science. 2020;370(6514):eaba2894.
Venturini V, Pezzano F, Català Castro F, Häkkinen HM, Jiménez-Delgado
S, Colomer-Rosell M, et al. The nucleus measures shape changes for
cellular proprioception to control dynamic cell behavior. Science.
2020;370(6514):eaba2644.
Persaud SJ, Muller D, Belin VD, Kitsou-Mylona I, Asare-Anane H, Papadimitriou A, Burns CJ, Huang GC, Amiel SA, Jones PM. The role of arachidonic
acid and its metabolites in insulin secretion from human islets of langerhans. Diabetes. 2007;56:197–203.
Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, Fukusumi S, Ogi K,
Hosoya M, Tanaka Y, Uejima H, Tanaka H, Maruyama M, Satoh R, Okubo
S, Kizawa H, Komatsu H, Matsumura F, Noguchi Y, Shinohara T, Hinuma
S, Fujisawa Y, Fujino M. Free fatty acids regulate insulin secretion from
pancreatic beta cells through GPR40. Nature. 2003;422:173–6.
Nolan CJ, Madiraju MS, Delghingaro-Augusto V, Peyot ML, Prentki M.
Fatty acid signaling in the beta-cell and insulin secretion. Diabetes.
2006;55(Suppl 2):S16–23.
Oh E, McCown EM, Ahn M, Garcia PA, Branciamore S, Tang S, Zeng DF,
Roep BO, Thurmond DC. Syntaxin 4 enrichment in β-cells prevents
conversion to autoimmune diabetes in non-obese diabetic (NOD) mice.
Diabetes. 2021 Sep 23:db210170. doi: https://doi.org/10.2337/db21-0170.
Epub ahead of print. PMID: 34556496.
Oh E, Ahn M, Afelik S, Becker TC, Roep BO, Thurmond DC. Syntaxin 4
expression in pancreatic β-cells promotes islet function and protects
functional β-cell mass. Diabetes. 2018;67:2626–39.
Spurlin BA, Park SY, Nevins AK, Kim JK, Thurmond DC. Syntaxin 4 transgenic mice exhibit enhanced insulin-mediated glucose uptake in skeletal
muscle. Diabetes. 2004;53:2223–31.
Latham CF, Osborne SL, Cryle MJ, Meunier FA. Arachidonic acid potentiates exocytosis and allows neuronal SNARE complex to interact with
Munc18a. J Neurochem. 2007;100:1543–54.
Connell E, Darios F, Broersen K, Gatsby N, Peak-Chew SY, Rickman C,
Davletov B. Mechanism of arachidonic acid action on syntaxin-Munc18.
EMBO Rep. 2007;8:414–9.
Darios F, Davletov B. Omega-3 and omega-6 fatty acids stimulate cell
membrane expansion by acting on syntaxin 3. Nature. 2006;440:813–7.
Suresh Y, Das UN. Protective action of arachidonic acid against alloxaninduced cytotoxicity and diabetes mellitus. Prostaglandins Leukot Essen
Fatty Acids. 2001;64:37–52.
Mohan IK, Das UN. Prevention of chemically induced diabetes mellitus
in experimental animals by polyunsaturated fatty acids. Nutrition.
2001;17:126–51.
Das UN. Essential fatty acid metabolism in patients with essential hypertension, diabetes mellitus and coronary heart disease. Prostaglandins
Leukot Essen Fatty Acids. 1995;52:387–92.
Das UN. Arachidonic acid and lipoxin A4 as possible endogenous
anti-diabetic molecules. Prostaglandins Leukot Essen Fatty Acids.
2013;88:201–10.
Lee ML, Matsunaga H, Sugiura Y, Hayasaka T, Yamamoto I, Ishimoto T,
Imoto D, Suematsu M, Iijima N, Kimura K, Diano S, Toda C. Prostaglandin
in the ventromedial hypothalamus regulates peripheral glucose metabolism. Nat Commun. 2021;12(1):2330.
Das UN. Is There a role for bioactive lipids in the pathobiology of diabetes
mellitus? Front Endocrinol (Lausanne). 2017;8:182.
Naveen GVK, Das UN. Arachidonic acidrich ARASCO oil has anti-inflammatory and antidiabetic actions against streptozotocin + high fat diet
induced diabetes mellitus in Wistar rats. Nutrition. 2019;66:203–18.
Tateishi N, Kakutani S, Kawashima H, et al. Dietary supplementation of
arachidonic acid increases arachidonic acid and lipoxin A
 4 contents in
colon, but does not affect severity or prostaglandin E2 content in murine
colitis model. Lipids Health Dis. 2014;13:30. https://doi.org/10.1186/
1476-511X-13-30.

Page 8 of 9

30. Tateishi N, Kaneda Y, Kakutani S, et al. Dietary supplementation with
arachidonic acid increases arachidonic acid content in paw, but does
not affect arthritis severity or prostaglandin E2 content in rat adjuvantinduced arthritis model. Lipids Health Dis. 2015;14:3. https://doi.org/10.
1186/1476-511X-14-3.
31. Das UN. Current and emerging strategies for the treatment and management of systemic lupus erythematosus based on molecular signatures of
acute and chronic inflammation. J Inflamm Res. 2010;3:143–70.
32. Das UN. Bioactive lipids in age-related disorders. Adv Exp Med Biol.
2020;1260:33–83.
33. Poitout V. Fatty acids and insulin secretion: From FFAR and near? Diabetes.
2018;67:1932–4.
34. Darios F, Connell E, Davletov B. Phospholipases and fatty acid signalling in
exocytosis. J Physiol. 2007;585(Pt 3):699–704.
35. Wang X, Chan CB. n-3 polyunsaturated fatty acids and insulin secretion. J
Endocrinol. 2015;224:R97–106.
36. Verhage M. Fatty acids add grease to exocytosis. Chem Biol.
2005;12:511–2.
37. Darios F, Connell E, Davletov B. Phospholipases and fatty acid signalling in
exocytosis. J Physiol. 2007;585(Pt 3):699–6704.
38. Darios F, Ruipérez V, López I, Villanueva J, Gutierrez LM, Davletov B. Alphasynuclein sequesters arachidonic acid to modulate SNARE-mediated
exocytosis. EMBO Rep. 2010;11:528–33.
39. Das UN. Is metabolic syndrome X a disorder of the brain with the initiation of low-grade systemic inflammatory events during the perinatal
period? J Nutr Biochem. 2007;18:701–13.
40. Jones PM, Persaud SJ. Arachidonic acid as a second messenger in glucose-induced insulin secretion from pancreatic beta-cells. J Endocrinol.
1993;137:7–14.
41. Bathina S, Das UN. Resolvin D1 decreases severity of Streptozotocininduced type 1 diabetes mellitus by enhancing BDNF levels, reducing oxidative stress, and suppressing inflammation. Int J Mol Sci.
2021;22:1516.
42. Bathina S, Gundala NKV, Rhenghachar P, Polavarapu S, Hari AD, Sadananda M, Das UN. Resolvin D1 ameliorates nicotinamide-streptozotocininduced type 2 diabetes mellitus by its anti-inflammatory action and
modulating PI3K/Akt/mTOR pathway in the brain. Arch Med Res.
2020;51:492–503.
43. Gundala NKV, Naidu VGM, Das UN. Arachidonic acid and lipoxin A4
attenuate alloxan-induced cytotoxicity to RIN5F cells in vitro and type 1
diabetes mellitus in vivo. BioFactors. 2017;43:251–71.
44. Romanatto T, Fiamoncini J, Wang B, Curi R, Kang JX. Elevated tissue
omega-3 fatty acid status prevents age-related glucose intolerance in
fat-1 transgenic mice. Biochim Biophys Acta. 2014;1842:186–91.
45. Muskiet FAJ. Pathophysiology and evolutionary aspects of dietary fats
and long-chain polyunsaturated fatty acids across the life cycle. In:
Montmayeur JP, le Coutre J, editors. Fat detection: taste, texture, and
post ingestive effects. Boca Raton (FL): CRC Press/Taylor & Francis; 2010.
Chapter 2. PMID: 21452482.
46. Das UN. A perinatal strategy for preventing adult diseases: the role of
long-chain polyunsaturated fatty acids. Boston: Kluwer Academic Publishers; 2002.
47. Das UN. Pathophysiology of metabolic syndrome X and its links to the
perinatal period. Nutrition. 2005;21:762–73.
48. Das UN. Can perinatal supplementation of long-chain polyunsaturated fatty acids prevent diabetes mellitus? Eur J Clin Nutrition.
2003;57:218–26.
49. Cunningham AS, Jelliffe DB, Jelliffe EF. Breast-feeding and health in the
1980s: a global epidemiologic review. J Pediatr. 1991;118:659–66.
50. Stene LC, Ulriksen J, Magnus P, Joner G. Use of cod liver oil during
pregnancy associated with lower risk of type 1 diabetes in the offspring.
Diabetologia. 2000;43:1093–8.
51. Stene LC, Joner G. Norwegian childhood diabetes study group: Use of
cod liver oil during the first year of life is associated with lower risk of
childhood-onset type 1 diabetes: a large, population based, case-control
study. Am J Clin Nutr. 2003;78:1128–34.
52. Lacy P. Mechanisms of degranulation in neutrophils. Allergy Asthma Clin
Immunol. 2006;2:98–108.
53. D’Orlando O, Zhao F, Kasper B, et al. Syntaxin 11 is required for NK and
CD8+ T-cell cytotoxicity and neutrophil degranulation. Eur J Immunol.
2013;43:194–208.

Das L ipids in Health and Disease

(2022) 21:73

Page 9 of 9

54. Sheshachalam A, Srivastava N, Mitchell T, Lacy P, Eitzen G. Granule protein
processing and regulated secretion in neutrophils. Front Immunol.
2014;5:448.
55. Kerage D, Sloan EK, Mattarollo SR, McCombe PA. Interaction of neurotransmitters and neurochemicals with lymphocytes. J Neuroimmunol.
2019;332:99–111.
56. Rosas-Ballina M, Tracey KJ. The neurology of the immune system: neural
reflexes regulate immunity. Neuron. 2009;64:28–32.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

