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Abstract

Diabetes is one of the most common metabolic conditions that can significantly impair the overall quality of life. Diabetic nephropathy is
a diabetes-associated renal damage condition and one of the most common diabetes-induced renal complications. The hyperglycaemia
associated with diabetes is considered one of the key factors associated with the renal damage. The endocannabinoid system is a complex
biological processinvolved in various physiological activities, while itsimpairment is directly associated with numerous pathological conditions
as well. The components of the endocannabinoid system are widely distributed in the body, including in the renal tissues. Hence, alteration in
the renal endocannabinoid system is associated with chronic kidney dysfunction conditions. Palmitoylethanolamide (PEA) is an endogenous
fatty acid amide that is produced on demand by almost all the cells in the body. Due to its myriad molecular targets, PEA is able to produce
potent anti-inflammatory and antioxidant effects. While much focus has highlighted the potential therapeutic efficacy of exogenous PEA
therapy in various painful conditions, its beneficial effect in diabetes-induced renal damage conditions is still largely unexplored. The current
review study aimed to highlight the potential effect of PEA therapy in renal damage conditions, with particular emphasis on the molecular
mechanisms involved for the same. The current review supports the use of PEA in diabetic conditions due to its myriad protective effects
on renal tissues; thereby, the need for well-designed clinical studies to establish PEA’s renal protective efficacy in the diabetic population is
warranted.
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the middle-to-older adult population. It can pose a significant
threat to overall quality of life, as untreated diabetes can lead
to numerous serious complications [2]. Similarly, the mortality

Introduction

Diabetes mellitus is a chronic metabolic condition usually

associated with significantly raised blood glucose level
(hyperglycaemia), reduced insulin sensitivity (insulin
resistance), or both. Due to the progressively increasing
prevalence, diabetes is one of the major and most prevalent
non-communicable metabolic disease conditions that affect
millions of people globally [1,2]. With the exact prevalence
being unidentified, it was estimated that in the year 2021,
approximately 537 million adults will have diabetes, and with
the current progression rate, the prevalence is estimated to
reach up to 783 million adults by the year 2045 [2,3]. Diabetes
is one of the major conditions responsible for the high rate
of morbidity and increased hospital expenditure rate among

rate estimated due to diabetes is also considerably high, with
around 8 deaths per minute directly associated with diabetes
[2/4,5].

Diabetic nephropathy (DN) is the most common renal
complication of diabetes. As the pathogenesis of DN is not
completely understood, the treatment strategies for the
management of DN are limited [6]. Additionally, it has been
observed that the agents responsible for reducing blood sugar
levels are unable to prevent the progression of DN to end-
stage kidney disease and chronic kidney disease (CKD), which
makes DN management more complex [6]. Various studies
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have demonstrated that a chronic systemic inflammatory state
along with increased oxidative stress play an important role in
the progression of DN to CKD [7]. The increased inflammation
and associated oxidative stress increases nuclear factor
kappa-B (NF-kB) and transforming growth factor (TGF)-8
levels in renal tissues, which further causes an increase in
renal cytokines and chemokines, increased inducible nitric
oxide synthase expression and resident mast cell activation,
and an increase in collagen and matrix metalloproteinase
(MMP) production, further causing glomerular hypertension,
an increase in urinary albumin excretion, tubular-interstitial
damage, and renal fibrosis, ultimately causing the progression
of CKD [8].

Endocannabinoid System

First discovered in 1988 by Howlett and Devane, the
endocannabinoid(EC)systemisacomplexmolecular/biological
process that plays a crucial role in multiple physiological
processes [9,10]. The term “endocannabinoid” system was
coined based on the molecule A'-tetrahydrocannabinol (THC),
which is the active ingredient found in cannabis/marijuana
and has a long history of human use. The complete EC system
comprises three components as follows (Figure 1) [9]:

1. Endocannabinoid receptors: There are mainly 3 family of
receptors present in EC system

a) The G-Protein Coupled Receptors (GPCRs): these
include the cannabinoid receptors type 1 (CB,) and type 2
(CB,).

b) Ligand-sensitive ion channels: including Transient
Receptor Potential Vanilloid-1 (TRPV-1).

) Nuclear receptors: including Peroxisome proliferator-
activated receptors (PPARs).

2. Endogenous ligands including palmitoylethanolamide
(PEA), oleoylethanolamide (OEA), N-arachidonoyl
ethanolamine (anandamide; AEA), and 2-arachidonoyl-
glycerol (2-AG).

3. Endocannabinoid metabolic enzymes

a) Endocannabinoid synthesizing enzymes including
Diacylglycerol lipases and N-acylphosphatidylethanolamine
phospholipase D.

b) Endocannabinoid degrading enzymes including
fatty acid amide hydrolase (FAAH), N-acylethanolamine-
hydrolyzing acid amidase (NAAA), Alpha/Beta-hydrolase
domain type 6 and type 12, and Monoacylglycerol lipase.

Role of Endocannabinoid System in Renal Physiology

The kidneys are one of the major organs of the renal
system, which is involved in various processes including
the elimination of metabolism by-products and toxins from
the systemic circulation, regulating body volume status,
maintaining systemic electrolyte balance, producing certain
hormones, and maintaining normal body homeostasis [11].
With the constant rise in the prevalence of acute kidney
disease and chronic kidney disease (CKD), the search for new
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Figure 1. Components of the endocannabinoid system.
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therapies for improving renal health has also increased in
recent decades. Although the majority of studies have focused
on the role of the EC system in CNS tissues, recent studies have
demonstrated the presence of CB-receptors in renal tissues
as well, where they are responsible for maintaining normal
renal hemodynamics and overall health, while the alteration
in the expression level of endocannabinoids in the kidney is
associated with various renal complications, including CKD,
diabetic nephropathy, and various types of kidney injuries
[11]. The presence of CB-receptors in the renal tissues is found
to modulate the glomerular filtration rate and modulate the
renal vascular contractility, thereby influencing the overall
renal homeostasis and physiological activity [11]. Moreover,
various evidences have suggested that the alteration in the
renal EC system activity is involved in the development and/
or progression of various acute and chronic kidney disease
conditions, while the activators of the EC system demonstrate
positive effects in such conditions as well [12-14].

Palmitoylethanolamide

PEA is a bioactive endocannabinoid mediator belonging to
the N-acyl ethanolamine (NAE) fatty acid amide family (Figure
2).First discovered in 1950, PEA has been the center for various

explorative studies, primarily in the fields of neuroscience and
pain modulation [15]. PEA, the naturally occurring derivative
of ethanolamine and palmitic acid, is synthesized on cellular
demand within the lipid bilayer and is found in almost all
tissues of the body [16,17]. Similar to other NAE, PEA is never
stored in the body and is produced largely as part of the
body’s protective mechanism against any cellular injury or in
response to certain disease conditions [15].

PEA: Molecular Mechanism of Action

The myriad of actions of PEA is due to the multi-faceted
molecular mechanism of actions of PEA, as depicted in
Figure 3. The most studied and widely accepted mechanism
of action of PEA involves the activation of the PPAR family,
activation of GPR-55 and GPR-119, and indirect activation of
the endocannabinoid receptors (CB, and CB,) by a mechanism
called the “entourage effect” via increasing the level and
effect of AEA and increasing the activation level, leading to
desensitization of TRPV-1 [18].

PPAR is a ligand-activated nuclear receptor superfamily
comprised of three structurally similar receptors, namely
PPAR-a, PPAR-y, and PPARB/5. Among these subtypes, PEA

Figure 2. Molecular structure of palmitoylethanolamide.
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Figure 3. Palmitoylethanolamide mechanism of action.
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action is widely studied on the activity of the PPAR-a receptor
[19]; certain evidence has suggested that PEA can stimulate
other PPARs as well to produce its classical anti-inflammatory
effect [20]. The binding of PEA and other endogenous and
exogenous ligands to PPAR-a causes the internalization of the
receptor and subsequent heterodimerization with retinoid
X-receptors in the cellular nucleus and thereby activates or
suppresses the gene expression level of various PPAR-response
elements. Additionally, activation of PPAR-a causes activation
of various other co-activators, which in combination with
PPAR-a forms the transcriptionally active PPAR-a interacting
cofactor complex. These co-factors can induce transcription
activity, independent of PPAR-a itself [21]. The activation of
PPAR-a by PEA leads to the repression of transcription genes
related to pro-inflammatory cytokines/chemokines (including
nuclear factor kappa-B (NF-kB)) which leads to a reduction in
thelevel of inflammatory cytokines like tumor necrosis factor-a
(TNF-0), interleukin (IL)-1B, and IL-6 [19,21]. As a wide range of
preclinical studies have evaluated the PPAR-a agonistic effect
of PEA, the current scientific world expects PEA to be clinically
equivalent to fibrates with better tolerance and a lower side
effect profile [19]. Other than anti-inflammatory action, the
PPAR-a agonistic activity of PEA is also responsible for its rapid
analgesic action. While the PPAR-a activation-dependent
transcription process might not provide rapid analgesic action
because transcription is a time-consuming process, the rapid
analgesic action is thought to be due to the PPAR-a activation-
dependent non-transcriptional (non-genomic) activity [22].
It is hypothesized that the PPAR-a activation complex along
with other proteins involved in the signaling pathway, leads
to modulation of medium and large calcium channels, which
might be associated with the rapid analgesic activity of PEA
[22]. However, this particular assumption is too preliminary
and needs to be verified by conducting intensive research.

PEA is also studied to increase the activation of the GPR-55
receptor [23]. GPR-55 is an orphan and novel cannabinoid
receptor with PEA as one of its ligands. While major studies
have focused the activity of PEA on PPAR-q, the exploration
of the GPR-55-mediated action of PEA is still in its infancy. The
GPR-55 is studied for its central effect on presynaptic terminals
to modulate the intracellular calcium signaling and modulate
the release of glutamate and dopamine in the hippocampus
region of the brain [24]. In a proof-of-concept pre-clinical
study, PEA was studied for its GPR-55 modulatory activity in the
brain, where PEA-indued GPR-55 activation caused significant
modulation in social interaction and recognition memory,
spatial location memory, and formation of fear memory.
This action of PEA was due to the hyper-dopaminergic state
produced in the mesolimbic system due to the activation of
GPR-55, which was characterized by an increase in the firing
and bursting rate of dopaminergic neurons in the ventral
tegmental area that altered the synaptic transmission rate
and resulted in the above-observed effects [24]. GPR-55 is
a ubiquitous receptor that is widely distributed in all the
body tissues. Hence, the effect of GPR-55 in conditions

including anxiety, bone development, cancer, inflammation,
metabolic disturbance, and pain modulation has been
extensively studied. However, the effect of PEA in all above-
stated conditions (due to its GPR-55 agonist activity) needs
to be confirmed [23]. GPR-119, initially cloned as an orphan
receptor, is predominantly expressed in the pancreatic cells
and the enteroendocrine cells [23,25]. As GPR-119 activation
is associated with the release of incretin hormones, including
GLP-1, extensive research is currently being carried out for the
development of ligands that specifically target activation of
GPR-119; and thereby, show positive effects in various chronic
metabolic conditions, including type 2 diabetes and fatty liver
disease conditions [25,26]. As with other fatty acid amides,
PEA is also an endogenous ligand that increases the activity
of GPR-119, and hence it is plausible that the use of PEA might
show improvement in diabetes, metabolic syndrome, and
fatty liver disease conditions, which is an interesting matter of
research [25,26].

TRPV-1, also known as capsaicin receptor, is a voltage-gated
ion channel belonging to a subfamily of TRP channels. TRPV-
1 is a non-selective ion channel that gets stimulated by both
physical and mechanical stimuli as well as both exogenous
and endogenous ligands [27]. As the TRPV-1 channels are
predominantly found in the dorsal root ganglia and sensory
nerve fibers of the AS and C-type, the modulation of TRPV-
1 is extensively studied as a target for pain transmission,
inflammation, and neurotoxic activity [27]. The activation of
TRPV-1 is associated with a series of phosphorylation reactions
that open the calcium channels and increase the intracellular
calcium level. The high intracellular calcium conversely
increases the level of calmodulin or calcineurin, a calcium-
dependent phosphatase, which in turn dephosphorylates
the TRPV-1 channel (a process known as desensitization)
and causes the inactivation of the TRPV-1 channel and thus
shows anti-nociceptive and anti-inflammatory actions [27].
While PEA directly targets the PPAR-a, GPR-55, and GPR-119,
it activates and desensitizes the TRPV-1 channel via an indirect
mechanism known as the “entourage effect”. In simple terms,
PEA being conformational similar to other fatty acid amides,
PEA saturates the endocannabinoid-degrading enzymes
(majorly FAAH and NAAA); and thereby, increases the level
of other fatty acid amides. Among the fatty acids, the AEA
and 2-AG are direct activators of TRPV-1 channels, and in
this way, PEA is indirectly able to activate the TRPV-1 activity
[27]. Additionally, the activation of PPAR-a by PEA increases
the level of PPAR-a-mediated protein transcription, which
further causes TRPV-1 activation and desensitization [28]. The
entourage effect of PEA is also responsible for the activation of
CB, and CB, receptors [27].

PEA: Role in Diabetic Nephropathy

As fibrates are a class of medications that have proven
renal protective effect by stimulating the activity of PPAR-a
and previously knowing the fact that the EC system is
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widely present in renal tissues, it can be postulated that the
administration of PEA can positively modulate the renal
physiological state and help in improving the overall renal
health as well. While the number of clinical evidences to
support this hypothesisis less, numerous experimental studies
have supported the protective and therapeutic efficacy of PEA
in renal pathological conditions. In an ischemia/reperfusion
(I/R)-induced renal damage experimental model, mice were
treated with PEA and/or silymarin before the induction of
injury [29]. The combination of PEA with silymarin significantly
prevented the I/R-mediated neutrophil infiltration and
associated renal damage while reducing the level of
pro-inflammatory cytokines. Similarly, the combination
significantly improved the endogenous antioxidant potential
and reduced the level of oxidative stress and associated lipid
peroxidation level, demonstrating the anti-inflammatory
and antioxidant potential of PEA. Immunobhistological
analysis revealed that PEA significantly attenuated the NF-«kB
signaling pathway, reduced the expression of pro-apoptotic
proteins, and improved the expression of anti-apoptotic
proteins, thereby leading to the anti-inflammatory and renal
protective efficacy [29]. These beneficial effects might be due
to the potent PPAR-a agonistic activity of PEA [8]. To support
the hypothesis that PPAR-a activation is responsible for
the PEA’s renal protective effect, another set of I/R-induced
renal damage experimental studies were conducted by
using wild-type and PPAR-a knockout (PPAR-aKO) mice [30].
Supplementation of PEA before inducing renal damage
significantly prevented the I/R-induced renal damage, reduced
the level of inflammatory cytokines and oxidative stress, and
improved the antioxidant biomarkers. This renal protective
effect of PEA was observed to be significantly attenuated in
PPAR-aKO mice, which supports the hypothesis that PPAR-a
activation by PEA is one of the major pathways responsible for
its renal protective effect [30]. In another set of experiments
involving spontaneously hypertensive rats (SHR), PEA
therapy was associated with a significant reduction in blood
pressure [31]. It was observed that PEA supplementation
was associated with a significant reduction in renal oxidative
stress and inflammatory markers, which in turn improved
the overall angiotensin-1/angiotensin-2 balance, leading to
improvement in the renin-angiotensin-aldosterone system
activity, the system responsible for maintaining blood
volume and blood pressure, and hence improved overall
renal hemodynamics [31]. Such results underscore that PEA
is able to positively modulate renal health by mechanisms
other than PPAR-a activation as well. Similarly, in a contrast-
induced nephropathy experimental study, PEA administration
significantly prevented the glomerular dysfunction and renal
parenchymal damage, improved the serum sodium and
potassium levels, reduced inflammatory biomarkers, and thus
prevented contrast-induced renal damage [32].

Concluding Remarks

renal tissue supports the notion that the endocannabinoid
system might directly influence the overall renal physiology,
while they can also serve as potential targets in various renal
disease conditions, including diabetic nephropathy as well.
Palmitoylethanolamide is an endogenous lipid mediator that
is proven to modulate the activity of the endocannabinoid
system and supported by clinical evidence for its effectiveness
in various inflammatory painful conditions as well. PEA is
sought to have a protective effect on renal tissues, primarily
duetoits potentanti-inflammatory and antioxidant effects. The
current review study supports the use of PEA in inflammatory
conditions, while the need for well-designed clinical studies
involving patients with renal impairment is also warranted.
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