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Leukotrienes are a group of eicosanoids that are synthesised from arachidonic acid by 5-lipoxygenase (5-LOX) pathway and per-
form normal and pathological roles. Both leukotriene B4 (LTB4) and cysteinyl leukotrienes (LTC4, LTD4 and LTE4) have mem-
brane receptors. Diabetes mellitus and its complications have complex pathogenic mechanisms, including increased leukotriene
synthesis. The implications of leukotrienes and other eicosanoids in the pathogenesis of diabetes are multiple. They are only par-
tially known and frequently completely ignored in medical practice. This review emphasizes the intricate interactions between
leukotrienes and other factors in the pathogenesis of diabetes complications. In individuals with diabetes and its complications,
the serum and urinary concentration of leukotrienes is significantly higher than in normal individuals. LTB4 and LTC4 in-
hibit insulin secretion. Leukotrienes are involved in the pathogenesis of diabetic inflammation and stimulate the synthesis of
proinflammatory cytokines, in the production of atheromatosis, retinopathy, nephropathy, obesity and various other diabetes
complications. Existing data strongly suggest the use of montelukast and other cys-LT1 receptor antagonists in combination
with antidiabetic drugs for the treatment of diabetes and its complications. These drugs may prevent or postpone the develop-
ment of complications of diabetes. This review highlights the involvement of leukotrienes in the pathogenesis of diabetes and its

complications. Additionally, various viewpoints on the therapeutic application of leukotriene antagonists are discussed.
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Introduction

The involvement of leukotrienes in diabetes mellitus
and its complications.

Diabetes mellitus is one of the most common and se-
rious diseases in human pathology.

The total number of diabetic adults is estimated in
2021 at 536.6 million adults worldwide and there are opin-
ions that it will increase to about 783 million in 2045 [1].
Diabetes is the cause of excess mortality. Diabetes mel-
litus is classified into two major groups: type I diabetes
(T1DM), characterised by insufficient insulin secretion by
pancreatic beta islets, and type II diabetes mellitus (T2DM)
characterised by severe insulin resistance in muscle, adi-
pose tissue, liver, and other tissues. In both types of DM,
hyperglycaemia occurs, which causes numerous patholog-
ical changes. Over 90% of these cases are patients with
T2DM [2]. There are several risk factors involved in the
occurrence and evolution of diabetes mellitus [3]. The
prevalence of T2DM is higher in people over 70 years of
age than in other age groups. Diabetes and its complica-
tions significantly reduce life expectancy. Among these
complications, we mention: nephropathy, retinopathy and
cataract [4], depression [5], peripheral neuropathy, micro
and macro-angiopathy, diabetes, cognitive decline (which

evolves to dementia [6], sarcopenia [7], myocardial infarc-
tion, stroke and others. Diabetes also affects the intestines.
At this level, diabetes mellitus modifies the intestinal mi-
crobiota. Microcirculation is also affected at the intestinal
level. Modification of the intestinal microbiota is involved
in the increase in intestinal permeability in diabetic patients.

Eicosanoids are a large group of endogenous lipid
substances with 20 carbon atoms. This group includes
prostaglandins, thromboxanes, prostacyclin, leukotrienes,
lipoxins, resolvins and other biologically active lipids.

Arachidonic acid (AA) (C20:A4, n-6), an essential
polyunsaturated fatty acid, is the main fatty acid from which
LTs and other eicosanoids are synthesized. Arachidonic
acid is present in all cell membranes in the human body.
In the brain cell membrane, this acid represents 9% of the
total fatty acids. However, there are also eicosanoids that
are synthesized from eicosapentaenoic acid (EPA) (Cs.4,
w-6) and from linolenic acid.

There are important differences between the actions of
eicosanoids derived from AA and the effects of eicosanoids
that come from EPA and from linolenic acid (C18:A3, n-6)
[8]. Phospholipase A2 (PLA2) is essential for the release
of AA from phospholipids. AA is metabolised by three
enzymatic pathways: the cyclooxygenase pathway (COX1
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and COX2) which produces prostaglandins, prostacyclin
and thromboxanes, the cytochrome 450 pathway, and the
lipoxygenase pathway (5-lipoxygenase (5-LOX), 8-LOX,
12-LOX and 15-LOX). AA is also converted by reactive
oxygen species (ROS) in a non-enzymatic way into iso-
prostanes.

Leukotrienes are eicosanoids that are derived from
arachidonic acid via the 5-LOX pathway [9]. Leukotriene
synthesis occurs inside the cell but outside the nucleus. 5-
LOX s a cytoplasmic enzyme. AA released from cell mem-
branes is converted by 5-LOX, an enzyme activated by 5-
LOX activating protein (FLAP) to leukotriene A4 (LTA4).
FLAP does not have enzymatic activity but it increases the
capacity of 5-LOX to interact with its substrate. A part
of LTA4 under the action of LTA4 hydrolase (LTAH) is
converted to leukotriene B4 (LTB4). The remaining LTA4
molecules under the action of leukotriene C4 synthase
(LTCAS) are conjugated with glutathione and transformed
into cysteinyl leukotrienes (LTC4, LTD4, LTE4) (cys-LTs).
Polyunsaturated fatty acids, precursors of leukotrienes and
other eicosanoids, are found in variable amounts in all cell
membranes in the body, but the enzymatic equipment in-
volved in the synthesis of eicosanoids differs from tissue to
tissue. In some situations, the synthesis of eicosanoids in-
cluding leukotrienes requires cell-cell interactions in which
intermediates in the synthesis of leukotrienes produced by
a cell are taken up by other cells that do not have the abil-
ity to synthesize those intermediates but have the enzymes
necessary to complete the synthesis of leukotrienes. This
transcellular synthesis of eicosanoids which has proven im-
portant in various normal and pathological processes in the
body [10,11].

Leukotrienes act on specific membrane receptors.
There are separate receptors for LTB4 (receptors BLTI
and BLT2) and for cys-LTs (cys-LT1 and cys-LT2 recep-
tors). Both receptors for LTB4 and those for cys-LTs are
G-protein coupled membrane receptors. Their distribution
in the body is different. The highest densities of cys-LT1 re-
ceptors are found in the spleen, peripheral blood leukocytes,
interstitial lung macrophages and airway smooth muscle,
while cys-LT2 receptors are most strongly expressed in
leukocytes, heart, some smooth muscles, macrophages and
the adrenal medulla [12]. The synthesis of leukotrienes and
other eicosanoids from AA is shown in Fig. 1.

Leukotrienes are involved in the pathogenesis of im-
portant human diseases. Among these implications, the best
known are: bronchial asthma, asthmatic bronchitis, pul-
monary fibrosis, allergic rhinitis and other forms of allergy,
irritable bowel syndrome. The purpose of this article is to
highlight the important implications of leukotrienes in the
pathogenesis of diabetes and its complications.

Diabetes Pathogeny

Several groups of eicosanoids are synthesised in
the pancreas and other eicosanoids synthesized by differ-
ent types of leukocytes also act on the pancreatic islets.
Eicosanoids are important for insulin secretion at the pan-
creatic level. Here, both eicosanoids are synthesized via the
cyclooxygenase pathway (COX1 and COX2) and via the
lipoxygenases pathway (12-LOX and 15-LOX). Regard-
ing 5-LOX, which is majorly involved in the synthesis of
leukotrienes, there are contradictory data regarding its ex-
pression at the level of pancreatic islets. Leukotrienes that
act at the pancreatic level may originate from leukocytes
and blood plasma. Receptors for cys-LTs are found on the
membrane of cells in pancreatic islets [13]. Prostaglandins
E, in addition to their role in the pathogenesis of inflamma-
tion, are also important for the secretory activity of pancre-
atic beta islets. There are data that showed a regulatory role
of leukotrienes and of cys-LT1 receptor regarding pancre-
atic insulin secretion [14].

In the pathogenesis of T1DM, the involvement of im-
munological factors and destruction of insulin-producing
beta cells is very important. Hyperglycemia promotes in-
flammation in diabetic patients through several mecha-
nisms such as: activation of the synthesis of proinflamma-
tory cytokines, increased oxidative stress, increased syn-
thesis of advanced glycation end products (AGE) and ac-
tivation of their receptors (RAGE), but also by stimulating
the synthesis of proinflammatory eicosanoids, especially
leukotrienes and prostaglandin E. In patients with TIDM,
serum LTB4 concentrations were significantly higher com-
pared to those of the control group (7.9 + —0.1 pg/100 mi-
crol versus non-diabetic subjects of the same age 12.1 +
—0.2 pg/100 microl). It was found that there is a positive
correlation between the level of glycosylated hemoglobin
and LTB4 concentrations in these patients [15]. In patients
with T1DM, urinary excretion of LTE4 is significantly in-
creased compared to normal individuals (42.1 pg/mg creati-
nine, compared to healthy subjects (25.5 pg/mg creatinine)
[16].

The mechanisms by which LTs are involved in the
pathogenesis of diabetes are multiple. Cys-LTs are involved
in the aggressive action on pancreatic beta islets. Mon-
telukast (a selective blocker of cys-LT1 receptors) admin-
istration has reduced the need for insulin in patients with
latent autoimmune diabetes in adults [17]. In all patholog-
ical processes involved in the pathogenesis of diabetes and
its complications, leukotrienes act together with many other
factors, including other biologically active lipids from the
eicosanoid group. Increased oxidative stress and chronic
inflammation are two essential mechanisms involved in the
pathogenesis of diabetes and its complications.

Regarding the inflammatory process, it is very impor-
tant not only the existence of an increased synthesis of pro-
inflammatory leukotrienes, but also the ratio between the
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Fig. 1.

The synthesis of leukotrienes and other eicosanoids from Arachidonic acid (AA). COX, cyclooxygenase; PGHa,

Prostaglandin Hz; PGE2, Prostaglandin Ez; PGl2, Prostacyclin I2; Tx A2, Thromboxane Az; T x Bz, Thromboxane Bo; LOX, lipoxy-
genase; LTA4, leukotriene A4; LTBy4, leukotriene B4; LTC4, leukotriene C4; LXA4, lipoxins A4; LXB4, lipoxins B4; EET, Epoxye-

icosatrienoic acid.

quantity of leukotrienes and eicosanoids derived also from
arachidonic acid, but which have an anti-inflammatory ac-
tion such as lipoxins (LXA4 and LXB4). The ratio be-
tween leukotrienes and resolvins is also important [18].
LTB4 is the main factor that determines the migration of
macrophages. In this case, LTB4 acts by stimulating BLT2
receptors [19]. Resolvins are eicosanoids derived from
EPA and docosahexaenoic acids (DHA). Resolvins E1, E2,
E3and E4 (RvVE1 RvE2 RvE3 and RvE4) are synthesized
from EPA and resolvins D1-6 (RvD1-RvD6) come from
DHA. Oxidative stress produces an increase in the synthe-
sis of proinflammatory cytokines, advanced glycation end-
products (AGEs), increases the oxidation of low-density
lipoprotein and causes mitochondrial dysfunctions [20].
Oxidative stress increases the activity of protein kinase C
(PKC) and increases diacylglycerol (DAG) levels. This in-
crease in PKC activity is involved in the production of some
of the complications of diabetes, such as diabetic retinopa-
thy, nephropathy and cardio- vascular complications [21].
An essential element in the protection of beta cells from
oxidative stress is nuclear factor erythroid-2-related factor
2 (Nrf2).

LTC4 produces nuclear translocation of NADPH oxi-
dase 4 (NOX4) and in this way causes an increase in the ac-

cumulation of ROS at the nuclear level. DNA damage and
even cell death occur. The cys-LT1 antagonists pranlukast
and montelukast significantly reduced the accumulation of
ROS [22]. There are interactions between leukotrienes and
free fatty acids in the production of cellular dysfunctions
generated by oxidative stress. There are interactions be-
tween leukotrienes and free fatty acids in the production of
cellular dysfunctions generated by oxidative stress.

Inhibition of 5-LOX reduces the lipotoxic effects of
palmitic acid in cells under the action of oxidative stress
[23]. Substances with antioxidant action such as selenium
downregulated of leukotriene pathway in diabetes [24].

Diabetic inflammation is closely associated with in-
creased oxidative stress. The mechanisms of inflammation
in diabetes are multiple and complex, and the involvement
of leukotrienes is one of them. Hyperglycemia increases the
formation of AGEs that induce increased release of proin-
flammatory cytokines, including tumor necrosis factor-av
(TNF-a) [25].

Increased ROS formation increases the activity of nu-
clear factor kappa-B (NF-xB). This is an essential element
in the development of inflammation in diabetes mellitus.
NF-£B transcription factor is present in all cells of the hu-
man body and plays a key role in the pathogenesis of in-
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flammation. This factor is a transcription factor with major
implications in the pathogenesis of diabetes.

Following phosphorylation NF-xB dimers are translo-
cated to the nucleus, being involved in the synthesis of cy-
tokines, adhesion molecules and other important factors in
the pathogenesis of diabetic complications. ROS, AGEs
and hyperglycemia stimulate this translocation of NF-xB
into the nucleus [26,27].

NF-xB stimulates the synthesis of proinflammatory
cytokines, activates macrophages and increases the accu-
mulation of leukocytes with proinflammatory action in var-
ious different organs [28]. NF-xB transcription factor is
present in all cells of the human body and plays a key role
in the pathogenesis of inflammation.

Free fatty acids are also important in the development
of inflammation. These non-esterified acids increase the
level of malondialdehyde (MDA) and reduce the concen-
tration of reduced glutathione (GSH) [29]. Free fatty acids
(FFA) increase lipid accumulation in some cells and down-
regulated the expression of proliferator-activated receptor
alpha (PPAR«) [30]. In addition to their role in increas-
ing oxidative stress, FFA inhibit glucose-stimulated insulin
secretion [31]. IL-13-induced elevation of the level of cys-
LT1 receptor in diabetic inflammation increases the expres-
sion of cys-LT1 receptor and enhances the possibilities of
cys-LTs to influence cellular activity [32].

The implications of leukotrienes in diabetic inflamma-
tion are multiple. LTB4 has a strong chemoattractant effect
for leukocytes and promotes the adhesion of monocytes to
the vascular wall [33]. LTB4 reduces the uptake of FFA by
adipocytes leaving a greater amount of these acids circulat-
ing with the possibility of being involved in the inflamma-
tory process in diabetes in different organs [34]. Activa-
tion of the NF-xB factor significantly increases the expres-
sion of 5-LOX and with a marked increase in leukotriene
levels [35]. On the other hand, montelukast blocking cys-
LTI receptors suppressed NF-xB signaling in vitro [36].
Another important translational factor, the nuclear factor-
erythroid 2-related factor 2 (Nrf2) has anti-inflammatory
action [37]. Nrf2 regulates antioxidative enzymes expres-
sion and activity [38]. Cys-LTs reduce Nrf2 activity. This is
another mechanism of the pro-inflammatory action of LTs.
Blocking cys-LT1 receptors with montelukast activates the
Nrf2 signaling pathway and reduces the inflammatory pro-
cess [39]. The action of leukotrienes at the peroxisome
proliferator-activated receptors (PPARs) level is important
in diabetes pathogenesis. PPARs activation increases tis-
sue sensitivity to insulin [40] and induces the suppression
of cytokine-induced insulin resistance in adipocytes and
other cells [41]. PPARs alpha stimulation also decreases
neutrophil infiltration in various organs, having an anti-
inflammatory action through this mechanism. These re-
ceptors activation also reduces the production of LTC4 in
leukocytes and implicitly reduces diabetes inflammation
[42].

In addition to its direct proinflammatory action, LTB4
which is synthesized in excess, in experimentally diabetic
animals, shifts macrophages towards the proinflammatory
(M1) phenotype [43]. The migration of macrophages and
other leukocytes is a major element in the pathogenesis of
inflammation. The complications of diabetes have an im-
portant inflammatory component. In these situations, an
important role is played by the ratio between the main proin-
flammatory eicosanoids (leukotrienes and prostaglandins)
derived from AA and pro-resolving lipid mediators lipox-
ins and maresins (derived from DHA by the way of 12-
LOX) [44]. Along with leukotrienes, these eicosanoids
are involved in the regulation of pancreatic insulin secre-
tion. LTB4, and LTC4 inhibit insulin secretion and release
[45]. On the other hand, 12-HPETE and lipoxins stimu-
lates insulin secretion [46]. Hyperglycemia increases COX-
2 expression in pancreatic islets. Prostaglandin Eo (PGE5)
reduces glucose-stimulated insulin secretion, being impli-
cated along with leukotrienes in the pathogenesis of dia-
betes. Resolvins, especially RvE1, act on LTB1 receptors
and decrease the effects of LTB4 [47].

The factors that determine insulin resistance in type
II diabetes are multiple. One of these factors is inflam-
mation. LTB4 is involved in both the production of dia-
betic inflammation and the production of insulin resistance.
Experimental studies show that blocking BLT1 receptors
reduces insulin resistance in animals with diabetes. Un-
like leukotrienes, AA, from which these eicosanoids are
synthesized, has a protective effect in experimental dia-
betes. Arachidonic acid stimulates insulin secretion, un-
like some of its metabolites such as LTC4 and PGE2,
which inhibit this secretion [48]. Inhibition of PLA2
(which releases AA from membrane phospholipids) in-
hibited glucose-stimulated insulin secretion, while inhibi-
tion of cyclooxygenases (COX-1 and COX-2) involved in
prostaglandin synthesis or of 5-LOX which determines the
synthesis of leukotrienes increases insulin secretion [49].

The protective and anti-inflammatory effect of arachi-
donic acid is associated with the anti-inflammatory effect of
lipoxin A4 synthesized via the 12-LOX pathway from the
same acid [50].

Diabetes Complications

Cardiovascular Complications
Atheromatosis

The development of atherosclerosis occurs earlier and
more rapidly in diabetes. In the cardiovascular system, both
cys-LT1 and cys-LT2 receptors as well as LTB4 receptors
are found. However, their distribution is different. The ar-
terial endothelium has receptors for leukotrienes but can-
not synthesise these eicosanoids on its own because it does
not have the enzymatic equipment necessary for the syn-
thesis of LTA4 but possesses the enzymes necessary for the
transformation of LTA4 into LTB4 and cys-LTs. At the
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level of the vascular endothelium, a transcellular synthe-
sis of leukotrienes occurs, LTA4 coming from the leuko-
cytes that synthesize this leukotriene and that adhere to the
vascular endothelium. The adhesion of polymorphonuclear
cells to the vascular endothelium and the transcellular syn-
thesis of leukotrienes were reduced after the administration
of arginine, which is partially transformed into nitric oxide.
Both cys-LTs and LTB4 are involved in the pathogenesis
of atheromatosis. Stimulation of cys-LT1 receptors causes
an increase in intracellular calcium concentration, stimu-
lates cell proliferation and the release of proinflammatory
cytokines. They are found in large numbers at the level of
smooth vascular muscle [51]. At the heart level, cys-LT2
receptors are found.

Inflammation and its resolution play a major role in the
occurrence and development of atherosclerosis. An impor-
tant part of the leukotrienes that interact with the vascular
endothelium and are involved in the development of athero-
matosis come from monocytes and macrophages M1 that
interact with the arterial wall through adhesion molecules.
In atheromatous lesions in human carotid arteries, cys-LT1
receptor expression is three times higher than cys-LT2 ex-
pression.

One of the ways which leukotrienes are involved in
the pathogenesis of atherosclerosis in diabetic patients is
that macrophages of the highly pro-inflammatory M1-type
(ATM1) synthesize an increased amount of inflammatory
mediators such as IL-6, IL-1beta, nitric oxide and LTB4.
The increased synthesis of LTB4 determines the increase in
the activity of the NF-kappaB factor through the stimula-
tion of BLT1 and BLT2 receptors. This factor has a pro-
inflammatory action in the arterial wall and is involved in
the pathogenesis of atheromatosis. LTB4 stimulates the ad-
hesion of monocytes to vascular endothelium. Cys-LTs are
potent inflammatory lipid mediators. They are involved in
the inflammation of the vascular endothelium and promote
the development of atherosclerosis. 5-LOX has been iden-
tified in atherosclerotic lesions. LTs also induce intimal hy-
perplasia [52]. Administration of montelukast (10 and 20
mg/kg, orally) for 8 weeks in rats with experimental dia-
betes caused a reduction in aortic wall thickness [53]. Of
course, experimental data must be translated with caution
into clinical practice, but the existing results indicate the
possibility of leukotriene antagonists to reduce the devel-
opment of atheromatosis in diabetic patients [54].

Data is showing that there is a leukotriene-dependent
degradation of the extracellular matrix which is involved in
the destabilization of atheromatous plaques and in the pro-
duction of thrombotic accidents [55]. Leukotrienes stimu-
late vascular intimal hyperplasia and leukocyte adhesion to
the endothelium, both processes being involved in the de-
velopment of atheromatosis in diabetic patients.

Atheromatosis is a cause of many aortic aneurysms. A
knockout study in mice has shown that in BLT1-deficient
mice the formation of abdominal aortic aneurysms is sig-
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nificantly reduced, and those that do form are smaller in
diameter. Of course, translating the results of experimental
studies into human clinical practice is not easy, but there
is a possibility that by selectively blocking BLT1 receptors
or by inhibiting 5-LOX, the incidence of aortic aneurysms
due to atheromatous causes could be reduced. Both BLT1
and BLT2 receptors are involved in the pathogenesis of
atherosclerosis. Excess leukotrienes are involved in the
rupture of atherosclerotic plaques. In experimental studies
in mice, the administration of BIIL284 (0.3-3 mg/kg/day),
a non-selective antagonist of both BLT1 and BLT?2 recep-
tors, significantly reduced atherosclerotic lesion size after
12 weeks [56]. LTB4 enhanced the synthesis and release
of matrix metalloproteinases (MMPs), which are involved
in the rupture of diabetic plaques. This BLT receptor an-
tagonist reduced the extracellular matrix metalloproteinases
(MMP)-2 and MMP-9 activities in stented carotid arter-
ies in rabbits and also significantly reduced in-stent inti-
mal hyperplasia in carotid arteries [57]. 5-LOX inhibitors
reduce the development of atherosclerosis in apolipopro-
tein E/LDL receptor-double knockout mice. In the case of
atherosclerotic lesions, macrophage infiltrates occur in the
atherosclerotic intima. 5-LOX activity and leukotriene syn-
thesis are increased in these macrophages.

Acute Coronary Syndrome

Inflammation plays a major role in the pathogenesis
of acute coronary syndromes [58]. Cys-LTs are involved
in the pathogenesis of this syndrome in multiple ways. In
addition to their pro-inflammatory action and their promo-
tion of the development of atheromatosis, these biologi-
cally active lipids stimulate the activity of plasma coag-
ulation factors and activate platelets. Thrombogenesis is
thus increased [59]. Montelukast (a cys-LT1 antagonist)
is useful in reducing the risk of acute coronary syndrome
by reducing the activation of platelets and clotting factors
[60]. In macrophages of diabetic patients with acute is-
chemic stroke, the ratio between LTB4 and pro-resolving
mediators is increased in favor of LTB4. The activity of
5-LOX (which mediates the synthesis of leukotrienes) is
increased and the activity of 15-LOX (involved in the syn-
thesis of some pro-resolving eicosanoids) is decreased [61].
In acute ischemic stroke of diabetic patients, leukotrienes
stimulate ox-LDL-induced inflammation in macrophages
while the resolvin RvD2 (derived from EPA) reduces the in-
flammatory process. A clinical study has shown that serum
LTB4 concentration is significantly higher in patients with
ischemic stroke than in normal subjects of the same age
(70.06 + 14.75 ng/L vs 57.34 £+ 10.93 ng/L) [62].

The ratio between the concentrations of different
groups of eicosanoids is important for the pathogenesis and
severity of this disease. In the case of acute coronary syn-
drome, which is frequent in diabetic patients, it has been
found that the ratio between RvD1 and LTB4 is low be-
cause the concentration of LTB4 increases and the synthesis
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of RvD1 decreases compared to normal subjects [63]. Ex-
perimental data show that the coronary constrictor response
to leukotriene D4 in diabetic animals is significantly greater
than in the control group [64].

Cys-LTs are also involved in the production of arterial
contraction by some vasopressor factors such as angiotensin
II. In the case of aortic spirals from streptozotocin-induced
diabetic rats, it was found that incubation in the organ bath
with a 5-LOX inhibitor reduced by 37.6 £+ —8.2% the con-
traction caused by angiotensin II. In diabetic rats, urinary
excretion of LTE4 was significantly increased compared to
normal animals (LTE4 13.7 4+ 2.9 ng/24 h in diabetic rats
versus 1.5 + —0.5 ng/24 h in normal rats) [65]. Stimula-
tion of cys-LT1 receptors in arterial smooth muscle causes
increased arterial tone and is implicated in the frequent ar-
terial hypertension observed in patients with T2DM [66].
Blockade of these receptors significantly reduces arterial
myogenic tone. Here, too, the ratio between the different
groups of eicosanoids synthesized or transported to the ar-
terial wall by the blood (especially by leukocytes) is impor-
tant.

RvD1 RvE], prostacyclin and lipoxin A4 have actions
opposite to cys-LTs and relax the arterial muscle. 12(S)-
HETE is a substance that is produced from arachidonic
acid by the action of 12-LOX, has a vasoconstrictor action
and is also involved in the production of vasoconstriction
caused by angiotensin II. This lipid is synthesized in in-
creased quantities in macrophages and acts by stimulating
BLT2 receptors [67]. Blockage of these receptors reduces
the vasospastic action of angiotensin II and could be useful
for reducing ischemic heart attacks in diabetic patients.

Some authors have also shown that human atheroscle-
rotic coronary arteries are contracted by LTC4 and LTD4
[68]. In experimental myocardial infarction induced by
coronary artery ligation, pretreatment with the leukotriene
synthesis inhibitor BAY X1005 significantly reduced mor-
tality and had a cardioprotective effect. A BLT1 receptor
antagonist (LSN2792613) also reduced experimental my-
ocardial ischaemia after surgical coronary artery ligation
[69]. In the case of myocardial hypoxia, LTC4 synthe-
sis and cys-LT1 receptor expression increase significantly.
This increase has been observed in experimental hypoxia
as well as in patients with chronic coronary artery disease
[70]. Not only in acute cardiac ischemia but also in dia-
betic patients with chronic cardiac ischemia, LTB4 levels
are significantly increased compared to controls [71].

Diabetes Ventricular Arrhythmias

Malignant ventricular arrhythmias are an important
cause of sudden death in diabetic patients. The risk of sud-
den death from ventricular arrhythmias is about 50% higher
in diabetic patients than in people without diabetes [72,73].
In DM, there is an increase in the synthesis of LTB4 but
also an increase in the concentration of this leukotriene in
the heart.

LTB4 synthesis inhibitors have reduced the risk of ma-
lignant cardiac arrhythmias and sudden death in diabetic pa-
tients. In knockout animals lacking LTB1 receptors, the risk
of ischemia/reperfusion-induced arrhythmias was reduced
when LTB4 synthesis inhibitors were administered. Zileu-
ton (an inhibitor of 5-lipoxygenase) 3 mg/kg reduced the
incidence and duration of ischemia/reperfusion-induced ar-
rhythmias in rats [74]. Sodium glucose cotransporter 2 in-
hibitors (SGLT21i) have reduced not only blood glucose but
also LTB4 expression. These compounds in experimental
studies have also significantly decreased the incidence of
malignant ventricular arrhythmias [75].

A complication of diabetes is also cardiac autonomic
neuropathy. Due to this neuropathy, vagal activity at the
cardiac level is reduced and the action of vagal stimulation
to reduce the synthesis of pro-inflammatory mediators is in-
hibited [76]. Vagal dysfunctions may also be involved in the
production of cardiac arrhythmias. In the case of diabetic
patients with this neuropathy, the serum concentration of
LTB4 is significantly increased compared to patients who
do not have this complication. Cys-LTs are also implicated
in other cardiac dysfunctions frequently seen in diabetes.
They have a negative inotropic effect and decrease myocar-
dial contractility.

Metabolic Complications
Obesity

Obesity and hepatic steatosis are frequently found in
patients with type II diabetes. This disease is a factor that
contributes to insulin resistance in patients with type II
diabetes [58]. Hepatic infiltration with macrophages that
produce these pro-inflammatory factors also plays a role
in increasing the hepatocyte resistance to insulin. Human
adipocytes, as well as those from other mammalian species,
produce significant amounts of leukotrienes. An experi-
mental study is showing that they are involved in insulin
resistance in obese mice [59]. LTB4 concentration is in-
creased in obese subjects and in type II diabetes compared
to normal individuals. An experimental study has shown
that LTB4 and the BLT1 and BLT2 receptors are essen-
tial for the development of insulin resistance in hepato-
cytes of obese mice [77]. Inhibition of LTB4 synthesis re-
duced insulin resistance in obese mice. LTB4 also stim-
ulates the synthesis of proinflammatory cytokines. LTs
are also implicated in both the insulin resistance of these
cells and the inflammation associated with obesity and di-
abetes in human clinics [78]. A double-blind, random-
ized, placebo-controlled trial showed that blocking LT1
receptors with montelukast 10 mg/day for 12 weeks in
obese patients with type II diabetes significantly reduced
HbAIlc levels, proinflammatory cytokine concentrations,
adiponectin, body weight, body mass index and also caused
a decrease in LTB4 concentrations compared to the placebo
group [79]. In the lipid depots of obese patients, 5-LOX
is overexpressed. The increased quantity of leukotrienes
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stimulates not only the synthesis of proinflammatory cy-
tokines but also of TNF-a, monocyte chemotactic protein-
1 and nuclear factor-xB. Abdominal obesity is particularly
associated with an increase in the synthesis of leukotrienes
and a significantly higher urinary elimination of LTE4. In
obese women with T2DM, the synthesis of leukotrienes in
subcutaneous adipose tissue is significantly increased com-
pared to normal people. In these women, both the amount
of AA and the activity of 5-LOX in the adipose tissue are in-
creased. Experimental data have shown that in obese high-
fat diet (HFD)-fed mice, the synthesis and concentration of
LTB4 is much higher than in non-obese animals. This is a
mechanism by which obesity contributes to the production
of inflammation and insulin resistance in diabetes [80]. 5-
LOX inhibition with zileuton in mice that received a high-
fat diet-fed, decreased insulin resistance, decreased infil-
tration of proinflammatory M1 macrophages, and reduced
adipose tissue inflammation [81].

Liver Metabolism

The liver has complex implications in metabolism and
suffers from several pathological changes in diabetic pa-
tients. At least three complications of diabetes at the hep-
atic level are known: steatohepatitis, sinusoidal fibrosis,
and glycogenic hepatopathy. Diabetic microangiopathy has
also been observed in the diabetic liver. Diabetic hyper-
glycemia increases oxidative stress and the synthesis of
proinflammatory cytokines in the liver and produces mito-
chondrial dysfunction.

At the hepatic level, there is a transcellular biosyn-
thesis of cys-LTs. Kupfer cells have 5-LOX and synthe-
size LTA4 but cannot convert this leukotriene into cys-
LTs. Hepatocytes do not have 5-LOX and cannot syn-
thesize LTA4 but can convert this leukotriene synthesized
by Kupffer cells into cys-LTs. Leukotrienes synthesized
in neutrophils and in other leukocytes also act at the hep-
atic level [82]. In addition to leukotrienes, prostaglandins,
lipoxins and resolvins [83] are also synthesized in the
liver and prostacyclin is produced in the vascular endothe-
lium. An important fact is the relationship between splenic
macrophages and Kupffer cells. Proinflammatory factors
stimulate the synthesis of LTB4 in macrophages, and this
leukotriene increases the synthesis of TNF-a, in Kupffer
cells in the liver [84]. In the liver, there is also a capture of
leukotrienes from the blood.

In streptozotocin diabetes rats, a significant increase in
the concentration of LTB4, thromboxane B2 and 15-HETE
in the liver was observed, as well as an increase in hepatic
5-LOX and 15-LOX activity [85]. Activation of lipoxyge-
nases occurs rapidly, only three days after the induction of
experimental diabetes. At the level of hepatocytes there are
receptors for LTB4 and cys-LT1 receptors. LTB1 receptor
antagonists increased insulin sensitivity in the liver and re-
duced proinflammatory immune cell infiltration.
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An experimental study has shown LTB4 stimulates li-
pogenesis in hepatocytes [86]. The mechanism of this acti-
vation of lipogenesis involves the stimulation of the cAMP-
protein kinase A (PKA). In experimental studies, genetic
deletion of the LTB4 receptor BLT1 and also BLT1 recep-
tor antagonists reduced insulin resistance in mice [87]. The
implications of leukotrienes in the pathogenesis of diabetes
complications are presented in Fig. 2.

Neurological and Psychiatric Complications
Diabetic Neuropathy

Diabetic neuropathy is common and occurs in approx-
imately half of diabetic patients. In this neuropathy, both
the sensorimotor nerves and the peripheral autonomic ner-
vous system are affected. Hyperglycemia, oxidative stress,
bioenergetic failure in the peripheral nerves, inflammation
and other factors are involved in the pathogenesis of this
important and frequent complication of diabetes.

The eicosanoid levels are involved in the occur-
rence and worsening of diabetic neuropathy [88]. The
most important is the imbalance between vasodilat-
ing prostaglandins (PGE1, PEG2) and vasoconstrictor
eicosanoids cys-LTs, TXB2 and others.

Montelukast reduced docetaxel-induced peripheral
neuropathy in rats. This indicates the involvement of cys-
LTs and cys-LT1 receptors in the pathogenesis of neuropa-
thy. The mechanism of this neuropathy has many common
elements with the pathogenesis of diabetic peripheral neu-
ropathy. Increased oxidative stress, excessive synthesis of
TNF-« and proinflammatory interleukins are elements of
the pathogenesis of peripheral neuropathy. This drug re-
duced the synthesis of these factors involved in the pro-
duction of neuropathy and limited histopathological lesions
The concentration of MDA was decreased and SOD activity
increased after administration of this leukotriene antagonist
[89]. Leukotrienes, dysfunction of the endogenous opioid
system and other factors are involved in the pathogenesis
of neuropathic pain. In an experimental study in rats, mon-
telukast reduced this pain and potentiated the analgesic ef-
fect of morphine [90].

Dementia and Cognitive Decline

Diabetic hyperglycemia is implicated in the occur-
rence of dementia and other neurodegenerative disorders
through several mechanisms: increased synthesis of proin-
flammatory cytokines, increased oxidative stress, increased
synthesis of amyloid-3 peptide (Af), reduced response
of central insulin receptors to their natural agonists, but
also through changes in cerebral vessels. The risk of
Alzheimer’s disease is significantly increased in patients
with diabetes [91]. In addition to the increased risk of
developing dementia, diabetic patients frequently experi-
ence moderate cognitive dysfunctions but with a tendency
to worsen, such as poorer performance on tasks requiring
attention, psychomotor speed, executive functions, learn-
ing and memory.
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In Alzheimer’s disease, which is considered a com-
plication of diabetes (and by some authors also due to in-
sufficient insulin action in the brain), 5-LOX expression is
also upregulated [92]. 5-LOX and leukotrienes also have a
modulatory role in the formation of amyloid in the brains
of these patients [93]. Blocking cys-LT1 receptors reduced
the permeability of the blood-brain barrier in cases of brain
injuries [94]. We believe that a hypothesis only, that mon-
telukast may also reduce the passage of beta amyloid from
the blood into the brain and thus could be useful in the ther-
apy of Alzheimer’s disease.

In addition to Alzheimer’s disease, diabetes is rela-
tively frequently associated with other dementias, Parkin-
son’s disease and other neurodegenerative diseases. Some
authors believe that selective 5-LOX inhibitors could be a
useful medication in these complications of diabetes [95].

In the brain, there are both cys-LT1 receptors and cys-
LT2 receptors. Cerebral cys-LT2 receptors located in most
of the cortex and in astrocytes. In focal cerebral ischemia
induced by middle cerebral artery occlusion in mice, it was
found that both cys-LT1 and cys-LT2 receptors were up-
regulated in neurons in the ischemic cerebral region. In the
case of cerebral ischemia that develops more slowly due
to atherosclerotic processes, the same thing probably oc-
curs. It is possible that the administration of cys-LT1 re-
ceptor antagonists can reduce the neurodegenerative pro-
cesses that occur as consequence of cerebral ischemia. In
an experimental study in mature male rats with renovascu-
lar hypertension, montelukast at doses of 5.0 and 10.0 mg/
kg/day improved cognitive deficit, endothelial dysfunction,
and oxidative stress [96]. These data show that this cys-LT1
receptor antagonist could also improve vascular dementia,
which is also more common in diabetic patients than in peo-
ple of the same age without diabetes. Rosiglitazone, an oral
antidiabetic agent, increased cerebral lipoxin A4 synthesis,
changed the ratio between LX4 and LTB4 and reduced mid-
dle cerebral artery occlusion-induced LTB4 synthesis [97].

Diabetic Complications in Various Other Organs
Retinopathy

In various ocular tissues in mice and other animals,
both 5-LOX and FLAP are found, as well as cys-LT1 and
cys-LT2 receptors as receptors for LTB4. The affinity of
BLT1 for LTB4 is much higher than the affinity of BLT2
receptors. However, their distribution is uneven. 5-LOX
and FLAP are expressed in all ocular structures. This fact
is well-known in humans as well as in mammals and proba-
bly in other mammals. Leukotriene receptors are, however,
differently distributed between different tissues. Cys-LT1
receptors are predominantly found in ocular epithelial cells,
while cys-LT2 receptors are mainly located at the neuronal
level [98]. At the retinal level, there are both cys-LT1 re-
ceptors and cys-LT?2 receptors. There are no differences be-
tween sexes. In the case of diabetic retinopathy, degenera-
tion of retinal capillaries occurs, retinal neovascularization,

and an increase in the apoptotic death of retinal neurons.
In diabetics, retinal leukocyte stasis occurs, and numerous
vascular endothelial lesions appear [99]. As in the case of
other complications of diabetes, inflammation plays an im-
portant role in retinopathy. The retinal pigment epithelium
contains significant amounts of AA and DHA. Therefore,
the synthesis of different types of eicosanoids (including
leukotrienes) is possible.

LTs are implicated in diabetic retinopathy. These
eicosanoids stimulate retinal angiogenesis, increase oxida-
tive stress, and are implicated in retinal inflammation and
macular edema. Increased retinal angiogenesis leads to reti-
nal neovascularization, retinal hemorrhages, and vitreous
hemorrhage [100]. In diabetes, the number of pericytes,
cells that are in contact with endothelial cells and are im-
portant for the functioning of the blood—retinal barrier. Hy-
perglycemia and excess leukotrienes cause dysfunction of
these cells and their accelerated death. Pericytes play an
important role in vascular permeability at the retinal level,
and not only. These cells do not express 5-LOX and can-
not transform AA into LTA4, but they have the enzymatic
equipment that makes it possible the synthesis of cys-LTs
from LTA4. Polymorphonuclear cells that can synthesize
LTA4 are the ones that supply this leukotriene to pericytes
from which they synthesize LTC4, LTD4 and LTE4 (tran-
scellular synthesis). Cys-LTs cause capillary pericytes con-
traction. Thus, increasing the pore size of endothelial inter-
cellular junctions. By this mechanism, cys-LTs are involved
in the production of retinal edema [101].

In the vitreous of diabetics, the concentration of 5-
HPETE (the intermediate compound that results from the
action of 5-LOX on arachidonic acid and which is then
transformed into LTA4) but also of 5-HETE is significantly
increased compared to normal individuals [102].

An important process that occurs at the retinal level
in diabetes is the transcellular synthesis of leukotrienes.
The retina of non-diabetic mammals does not produce
leukotrienes due to the lack of 5-LOX. Under conditions
of hyperglycemia, LTA4 is released from blood leukocytes
at the retinal level, which allows the synthesis of cys-LTs.
Cultured retinal glial cells also synthesize significantly in-
creased amounts of LTB4 in diabetic patients. This is an
argument for the major role played by transcellular syn-
thesis of cys-LTs in the pathogenesis of this complication
of diabetes [103]. Administration of montelukast to rats
with streptozotocin diabetes prevented the appearance of di-
abetic retinopathy. This substance administration reduced
diabetic macular edema, decreased retinal microvascular
permeability and decreased leukocyte transmigration at the
microvascular level. It is noteworthy that PGE2 derived
from arachidonic acid but under the action of COX 1 and
COX2 is in increased concentration in diabetic eyes and
is involved in the pathogenesis of proliferative diabetic
retinopathy. Not only retinopathy but also keratitis occur in
diabetic patients (sometimes associated with retinopathy).
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In experimental keratitis in rabbits, an increase in the con-
centration of LTD4 in the aqueous humor was found. In the
production of diabetic retinopathy, the most important role
is played by cys-LT1 receptors because their blockade with
montelukast in experimental diabetes prevented the appear-
ance of retinopathy. The ratio of different eicosanoids syn-
thesized from arachidonic acid is crucial for the involve-
ment of these biologically active lipids in the pathogenesis
of retinopathy. LTX4 has an action opposite to that of LTB4
and some authors recommend the use of LTX4 as a drug in
the treatment of retinopathy [104].

Nephropathy

Like retinopathy, diabetic nephropathy is a common
and serious complication of diabetes. The most impor-
tant changes that occur at the renal level in diabetes are:
glomerular hypertrophy, matrix accumulation, renal hemo-
dynamic disorders and mesangial cell proliferation. In
the diabetic kidney, there is an increased migration of
macrophages and T cells and an increased release of proin-
flammatory factors [105]. In rats with experimental dia-
betes and renal lesions, it was found that 5-LOX activity in
leukocytes and LTB4 synthesis are increased by 54% com-
pared to normal animals. LTs are involved in the patho-
genesis of this nephropathy through several mechanisms.
One of these mechanisms is the stimulation of fibrosis by
LTs [106]. Inhibition of leukotrienes synthesis by block-
ing 5-LOX reduced proteinuria in diabetic animals [107]
and cys-LT1 receptor antagonists reduced the nephrotox-
icity of substances such as cyclosporine and gentamycin.
LTB4 by stimulating BLT1 receptors increases apoptosis
of renal tubular epithelial cells and stimulates recruitment
of neutrophils to the kidney. BLT1 receptors are strongly
expressed at the level of leukocytes while BLT2 receptors
are present on the membrane of several types of cells in
the kidneys. The concentration of the FLAP is signifi-
cantly increased in glomeruli from diabetic compared to
normal animals. Experimental studies have shown that
LTC4 produces at the renal level an increase in oxidative
DNA damage lesions to proximal tubular cells and cell
death. Inhibition of 5-LOX diminished these effects [108].
In rats with streptozotocin-induced diabetes, administration
of montelukast 10 mg/kg/day daily for 8 weeks significantly
reduced the intensity of glomerular lesions, renal interstitial
leukocyte infiltration and tubular damage [109].

In mesangial cell cultures, AGEs increase oxidative
stress, apoptosis and the levels of TNF-a. Blocking cys-LTs
receptors with zafirlukast reduced these effects of AGEs.

Lung Fibrosis

Diabetic pulmonary fibrosis is involved in the respi-
ratory dysfunctions encountered in these patients. The re-
ceptors for cys-LTs are found in the lung on the membrane
of fibroblasts, macrophages, pneumomonocytes and other
cells [12].
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In experimental diabetes [110] but also in human clin-
ical practice, pulmonary inflammation is increased. Cys-
LTs increase the synthesis of proinflammatory cytokines
(I1-6, TNF-q) in the lung [111], stimulate the activity of
fibroblasts and increase pulmonary vascular permeability.
Fibroblasts in diabetic lungs, but also senescent lung fibrob-
lasts synthesize an increased amount of leukotrienes which
promote lung fibrogenesis [112]. In experimental diabetes
induced with streptozotocin in rats, the administration of
montelukast (cys-LT1 antagonist) significantly reduced the
development of pulmonary fibrosis, pulmonary edema and
decreased the pulmonary lesion score of diabetic animals
[113]. LTB4 increases leukocyte migration into the diabetic
lung.

Testicular Complications

Diabetes has a complex negative influence on male
sexual function and also on sexual organs, sperm produc-
tion and sexual behaviour. Various pathological changes
occur at the testicular level. Some of these changes oc-
cur directly through the action of hyperglycemia (and the
absence of insulin action) at the testicular level, and oth-
ers indirectly through the reduction of the secretion of
gonadotropin-releasing hormone), follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH), and testosterone.
There is an increase in oxidative stress, a decrease in the
number of Leydig and Sertoli cells, and a reduction in sperm
motility and density. Leukotrienes are involved in the pro-
duction of these pathological changes. Sometimes there is
retrograde ejaculation, testicular atrophy and a reduction
in sexual potency. In addition, approximately 59% of dia-
betic men have erectile dysfunction [114]. Leukotrienes are
synthesized at the testicular level. Here, LTA4 and LTA4
hydrolase have been identified. 5-LOX is also present at
the testicular level. Inhibition of this enzyme reduces both
testicular synthesis of LTB4 and cys-LTs. Leydig cells
secrete LTB4. In experimental studies, this secretion of
LTB4 was not influenced by LH. LTC4 and LTD4 inhib-
ited basal testosterone secretion in Leydig cells while LTA4
and LTB4 did not alter it. Gonadotropin-releasing hormone
increases testosterone secretion in Leydig cells, but neither
leukotrienes nor other eicosanoids such as prostaglandins
appear to be involved in this process. In cell cultures, cys-
LTs inhibited B-1 F cell growth in a dose-dependent man-
ner. This effect is mediated by cys-LT1 receptors [115].

Montelukast improved testicular lesions in experi-
mental streptozotocin-induced diabetes in rats, increased
the size of seminiferous tubules, and increased spermato-
genesis [53]. This substance reduces oxidative stress, tes-
ticular lipid peroxidation, synthesis of TNF-«, and pro-
apoptotic caspase 3 [116]. Montelukast also has protective
action against other toxic effects at the testicular level, such
as those of doxorubicin.
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Fig. 2. The implications of leukotrienes in the pathogenesis of diabetes complications. Up arrow, increasing activity or quantity;
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Periodontitis

Periodontal diseases are chronic inflammatory dis-
eases that affect 10-15% of adults. Diabetes increases the
susceptibility and risk of developing periodontitis by about
three times and aggravates pre-existing periodontitis.

This disease is a frequent complication of diabetes
mellitus. Essentially, they are inflammatory diseases char-
acterized by loss of alveolar bone, destruction of connec-
tive tissue and finally the loss of teeth Chronic inflamma-
tion causes local periodontal tissue destruction, and the in-
creased synthesis of proinflammatory cytokines causes in-
creased insulin resistance In the case of human diabetes but
also in an experimental study, the gingival concentration
of IL-6, TNF-a, IL1-4 is significantly higher than in nor-
mal individuals. These cytokines are involved in the bone
resorption. Cys-LTs and LTB4 are also involved in bone
resorption and remodeling. In crevicular fluid samples in
patients with periodontitis, LTB4, LXA4 and PGE2 have
been identified [117]. Neutrophils, which are important
factors in injury in periodontal disease pathogenesis, syn-
thesize all these eicosanoids. In experimental periodonti-
tis in rats, the concentration of cys-LTs in the submandibu-
lar salivary gland increases significantly. Osteoclastogen-
esis is down-regulated by the inhibition of 5-LOX, which
means that leukotrienes produced by the action of this en-
zyme increase the formation of osteoclasts, which play a
role in bone destruction in periodontitis. In experimental
periodontitis in rats, administration of montelukast 10 or 30
mg/kg/day for 3 weeks significantly reduced alveolar bone
loss, myeloperoxidase activity of gingival tissues and pe-
riodontal inflammation [118]. Experimental administration
of lipopolysaccharide (LPS) intragingivally produces gingi-
val disease. The synthesis of TNF-«, IL-12, IL-10 and other
interleukins is increased. Administration of a 5-LOX in-
hibitor significantly reduced the synthesis of LTB4, but also
of interleukins. This proves that LTB4 stimulates the syn-
thesis of proinflammatory cytokines at the gingival level.
There is a positive correlation between the concentration of
LTB4 in the crevicular fluid and the severity of periodon-
tal lesions. This leukotriene stimulates the chemotaxis of
polymorphonuclear cells in the area of periodontal lesions.
In severe human periodontitis there is a significant increase
in the concentration of LTB4 in saliva. There is a posi-
tive correlation between the salivary concentration of this
leukotriene and bone resorption. Inhibition of 5-LOX also
produced a reduction in the number of osteoclasts and bone
resorption at the gingival level [119]. In other studies, mon-
telukast inhibited osteoclast formation and reduced bone
loss. Porphyromonas gingivalis is one of the most impor-
tant bacteria involved in the pathogenesis of periodontitis.
The lipopolysaccharide released by this bacterium strongly
stimulates the synthesis of cys-LTs in mast cells. There are
also studies which show, on the contrary, that the activity
of osteoclasts decreased in the presence of BLT1 antago-
nist, but was not influenced by blocking cys-LT1 receptors.
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There is a possibility of different actions of cys-LTs and
LTB4 at the periodontal level regarding bone resorption.

The proinflammatory action of leukotrienes at the
gingival level is partially counterbalanced by the anti-
inflammatory action of other eicosanoids, such as LTA4 and
also by resolvins. There are no data on the concentration of
resolvins in the crevicular fluid of patients with periodonti-
tis, but there are studies that show that the administration of
Resolvin E1 (RVE1) to rabbits with experimental periodon-
titis reduced the severity of the disease, diminished local
lesions and decreased the concentration of some proinflam-
matory interleukins [120]. The ratio between leukotrienes
and resolvins is important in the pathogenesis of periodon-
titis as well as in other complications of diabetes.

Diabetic Foot

Foot ulcers represent the most prevalent diabetic
wounds and a major cause of diabetic foot amputation. One
of the major causes of difficult wound healing in diabetic
patients is the dysfunction of macrophages in these wounds.

The number and phagocytic activity of macrophages
in the wounds of diabetics is reduced compared to those of
macrophages in the wounds of normal people. The same
thing is found in the wounds of animals with experimen-
tal diabetes. In wounds, macrophages phagocytize cellular
debris, stimulate the synthesis of factors involved in tissue
repair such as vascular endothelial growth factor (VEGF)-A
and -C and stimulate the formation of new blood and lym-
phatic vessels. In the case of diabetes, all these activities
are reduced and wound healing occurs much more slowly.
In the evolution of inflammation in diabetic wounds and the
production of their healing, the ratio between leukotrienes
(strongly pro-inflammatory) and resolvins which have an
anti-inflammatory action is important. Among these anti-
inflammatory factors and that favor wound healing, the im-
portant ones are also the protectins and maresins. Resolvins
(RvE1, RvD1 and RvD2), enhance macrophage phagocyto-
sis. Some authors claim that the healing of various lesions
in patients with TIDM depends on the synthesis and con-
centration of eicosanoids synthesized via the 5-LOX path-
way [121]. The excess synthesis of LTB4 and cys-LTs is a
cause of difficult wound healing in diabetic patients. In an
experimental study in diabetic animals with skin lesions, the
administration of selective antagonists of cys-LT1 receptors
and LTBI receptors resulted in faster skin healing [122].

Infectious Diseases

Diabetes produces an increased susceptibility to in-
fections and a reduced capacity of the body to fight them.
Hyperglycemia acts through several mechanisms result-
ing in a decrease in anti-infective defense: reducing poly-
morphonuclear leukocyte transmigration through the en-
dothelium, decreasing the phagocytic capacity of polymor-
phonuclear leukocytes. Glucose-6-phosphate dehydroge-
nase (G6PD) activity is also reduced. In T1DM, low insulin
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secretion and hyperglycemia contribute to chronic inflam-
mation and to the reduction of antimicrobial defense and to
the increase in the incidence of infections. LTB4 plays a
trigger role in these pathological processes [123].

Hyperglycemia induces immune system dysfunctions
in which leukotrienes are also involved. The systemic con-
centration of LTB4 and the activity of phagocytes (in which
leukotrienes are also involved) are increased. A conse-
quence of these immune dysfunctions is the increase in the
frequency of infections with Leishmania braziliensis and
skin infections. Diabetes is an additional risk factor for dis-
eases such as COVID-19 and tuberculosis.

The association of tuberculosis with diabetes raises
numerous therapeutic problems. In the case of patients who
associate these two diseases, it was found that the ratio of
serum concentrations of LXA4 to LTB4 is increased com-
pared to patients who have only tuberculosis [124]. An ex-
planation for this observation does not yet exist.

Fournier Gangrene

Fournier’s gangrene is a necrotizing fasciitis of the
external genitalia and the perineal region. This condition
is mild but severe and diabetic patients have a signifi-
cantly increased risk of developing this dangerous gangrene
[125]. Hyperglycemia, peripheral ischemia, increased free
radical formation, inflammation, increased phospholipase
A2 activity and excess formation of leukotrienes and other
eicosanoids are involved in the pathogenesis of gangrene.

Conclusions

Leukotrienes are involved in the pathogenesis of dia-
betes mellitus and its complications. Future research will
need to provide more data on how different groups of
eicosanoids are involved in the onset and progression of di-
abetes complications. The translation of experimental data
into clinical practice must always be done with caution,
but they indicate that cys-LT1 receptor antagonists such as
montelukast, pranlukast, zafirlukast should be introduced
into antidiabetic therapy and in the treatment of diabetes
complications. Montelukast is a selective and orally ac-
tive antagonist of cys-LT1 receptors. Montelukast is a drug
introduced into therapeutic practice after the major role of
peptidoleukotrienes in the pathogenesis of bronchial asthma
was demonstrated. This drug is generally well tolerated in
long-term administration. The oral bioavailability of mon-
telukast is 60—70%. This drug is largely metabolized in
the liver. Montelukast is an effective drug in the treatment
of both bronchial asthma and asthmatic bronchitis in both
adults and children. In its use in the therapy of diabetes mel-
litus and its complications, the adverse effects of this drug
must also be taken into account. The most important are
neuropsychiatric adverse effects. These effects are more
common in children and young adults [126,127]. Among
these adverse effects, the most common are attention dis-

orders, anxiety disorders, sleep-related disorders, agitation
and behaviour disorders. Nausea and vomiting symptoms,
paresthesias, drowsiness and headache have also been ob-
served occasionally [128]. Recent clinical studies have not
confirmed the assumption that montelukast would be asso-
ciated with suicide- and depression-related events [129].

The development of clinically useful selective com-
petitive antagonists of LTB4 receptors should be done as
soon as possible. 5-LOX inhibitors such as zileuton, which
is used clinically in antiasthmatic therapy, could also be
useful in the therapy of diabetes complications. Clinical tri-
als are needed to evaluate the efficacy of combining cys-LTs
receptor antagonists (such as montelukast) with oral antidi-
abetic drugs with different mechanisms of action. Data are
needed on the effect of leukotriene receptor antagonists in
juvenile diabetes as well as results on the efficacy of these
drugs in the early stages of the disease, before complica-
tions development. We consider, as a hypothesis only, that
the administration of leukotriene antagonists (montelukast
10mg/day) could prevent or slow down the onset of diabetes
complications.

Another important future direction of research is that
of the relationships between leukotrienes, eicosanoids with
proinflammatory action involved in the pathogenesis of di-
abetes and its complications, and resolvins. We believe that
understanding the implications of the relationships between
different groups of biologically active lipids in the patho-
genesis of diabetes and its complications represents a fu-
ture path of progress in the therapy of this disease and its
complications.
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