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Abstract

Rheumatoid arthritis is one of the most prevalent immune-mediated arthritis and is categorized as a chronic,
inflammatory and autoimmune disease, which mainly affects the cartilage, synovial joint, and bone, the causes of which
remain unknown. There are different factors playing a role in RA pathophysiology on the molecular level, like
Citrullination, Regulatory T cells, Monocytes, Macrophages, Platelet microparticles, and RASFs, which mainly induce
inflammation by producing pro-inflammatory cytokines such as IL-8, IL-6, IL-1, and TNF. We have two types of
cholinergic systems (CS) in our body, Neuronal CS, in which Acetylcholine (ACh) act as a neurotransmitter and Non-
Neuronal CS in which ACh act as a local signalling molecule for cellular proliferation and regulation of cellular function
including the cells involved in RA inflammation. In light of the recent studies, the links between the CS and cells involved
in RA molecular pathophysiology suggest new approaches for controlling RA, which will be discussed further. First, is the
stimulation of the vagus nerve, which plays an essential role in the cholinergic anti-inflammatory pathway through its
main neurotransmitter ACh resulting in downregulation of TNFa and inhibition of inflammation. The second strategy is
stimulation of CAP by selective activation of a7nAChR, which is represented by different types of immune cells, such as T
and B-lymphocytes, monocytes, dendritic cells, especially macrophages, and FLS through acetylcholine or its selective
agonist resulting in decreased TNF production and reduced inflammation. As we discussed previously ACh is one of the
necessary components for cellular proliferation especially in RASFs. Choline transporter-like proteins 1 and 2 are
accountable for bringing extracellular choline inside the RASFs, which further will convert to ACh within the cell.
Therefore, as the final strategy, we can induce apoptotic cell death in RASFs through preventing choline uptake by CTL1
and CTL2. Blocking of choline uptake through Choline transporter-like proteins 1 and 2, presents a novel target for RA

treatment, but further in vivo studies are necessary to examine the role of these transporters as drug targets in RA.

Keywords: Rheumatoid arthritis; Cholinergic system; Vagus nerve; a7 Nicotinic ACh receptor; Choline transporter-like

proteins
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Response Elements; ACPAs: Anticitrullinated Protein
Antibodies; PNS: Parasympathetic Nervous System; SNS:
Sympathetic Nervous System; CHT: Choline Transporters;
ChAT: Choline Acetyltransferase; nAChR and mAChR:
Nicotinic  Acetylcholine Receptors or Muscarinic
Acetylcholine Receptors.

Rheumatoid Arhritis

RA Background

Rheumatoid arthritis or RA is one of the most
prevalent immune mediated arthritis and is categorized
as a chronic, inflammatory and autoimmune disease,
which mainly affects the cartilage, synovial joint, and bone,

the causes of which remain unknown [1,2]. Currently data
on RA involvement among the general population of the
United States is estimated to be 0.3% to 1.5%, with
women being more liable to RA disorder than men [3].

During its severe stages this disease limits the joints
motion and function, and continuing synovial
inflammation causes gradual destruction of the bone and
finally joint deformities [4].

We usually presume that inflammation is the main
cause of pain in RA, but it may not be the only factor;
Especially in chronic RA pain, CNS may play an important
role in its generation and maintenance [5] (Figure 1).
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Figure 1: Normal Joint vs. RA joint.
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Recent Advances in Molecular Pathophysiology
of RA

The RA pathophysiology and immune system: In
rheumatoid arthritis, memory and naive B cells penetrate
and accumulate in the synovial tissue, in which there
seems to be continuous activation of chosen B cell clones,
which have great migratory ability [1,6].

Macrophages are playing an important role in RA
pathophysiology by releasing pro-inflammatory cytokines
including IL-1, IL-6 and TNFa. Chemokine receptor CCR9
expression in RA is vital for the migration to and retention
of leukocytes in. Also, it was found that the RA joints had
augmented CD14+ number of synovial macrophages and
peripheral monocytes [1,7].

Platelet microparticles have been recognized in
synovial fluid of RA, where they can stick to surface of

leukocytes [1]. Microparticles showed to have membrane
bound IL-1a and IL-1b, which triggered FLSs to secrete
pro-inflammatory cytokines such as IL-8 and IL-6 [8].

RA synovial fibroblast: Rheumatoid arthritis synovial
fibroblasts (RASFs) which are also called Fibroblast-like
synoviocytes (FLSs), in hyperplastic rheumatoid
synovium are main cell types, in which they have an
essential duty in inflammatory cascade augmentation,
connecting adaptive and innate immunity [1].

Fibroblast like synoviocytes intimal linings are key
factor cells in producing cytokines that maintain
inflammation and increase the production of matrix-
degrading enzymes like metalloproteinases (MMPs) that
contribute to cartilage destruction [ 9-11]. FLS also
release IL-32, which increase TNFa, IL-1 or IL-18
production by macrophages and/or dendritic cells [12].

Mehranfard D and Hamurtekin E. The Influence of Cholinergic System on Copyright© Mehranfard D and Hamurtekin E.

Rheumatoid Arthritis. Pharm Res 2019, 3(1): 000170.



Open Access Journal of Pharmaceutical Research

In RA, enlarged FLS mass, exceeds oxygen supply,
causing build-up of lactate for instance, an anaerobic
glycolysis product. Cell response to the hypoxia, by
changing and modifying gene expression through hypoxia
response elements (HRE) which has effect on the immune

and inflammatory pathways, cellular signaling and
angiogenesis all of which may give rise to chronic
inflammation [13] (Figure 2).
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Figure 2: On the left side a healthy joint includes a small amount of synovium and a lining layer of Synoviocytes. On
the right sight, in the Rheumatoid joint, immune cells quickly change their place to sublining and by release of
chemokines or cytokines they attract more immune cells into the area, causing an inflammatory cycle [14].

Citrullination: Citrullination is a term referring to the
modification of the arginine amino acid into citrulline
after transcription. In recent years, evidence has
suggested a link between RA and anticitrullinated protein
antibodies or ACPAs, which currently measure as
anticyclic citrullinated peptide autoantibodies. Recently,
Anticitrullinated protein antibodies (ACPAs) isolated
from RA sera, through binding to 78 kDa glucose-
regulated protein or GRP78, a citrullinated surface
expressed protein, were shown to increase the activity of
TNFa and NF-kB production in macrophages or
monocytes [1].

Cholinergic System

CS Background

Acetylcholine, in the brain plays a key role as
neurotransmitter, which brings about neuronal
transmission in both parasympathetic and sympathetic
nervous system (PNS and SNS). Additionally, in the
postganglionic parasympathetic/vagal efferent neurons,
ACh is the main neurotransmitter. It acts through
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Nicotinic (metabotropic) and Muscarinic (ionotropic)
receptors [15].

Studies of NS provide us most recent knowledge
about the process of production, storage, metabolism and
actions of Acetylcholine. As we know, Acetylcholine is
produced from choline brought into the cell through high
affinity choline transporters (CHT) and Acetyl-CoA,
mainly by choline acetyltransferase or ChAT and slightly
by carnitine acetyltransferase. Synthesized Ach is then
carried into the synaptic vesicles through vesicular ACh
transporter (VAChT) and is stored there until an increase
in the free Ca2+ concentration, which causes exocytosis,
and releasing of ACh. After ACh is released, depending on
the target, it can act on either nicotinic acetylcholine
receptors or muscarinic acetylcholine receptors (nAChR
and mAChR) [16].

We can find ACh and its synthesizing enzyme, ChAT,
within different human cells such as endothelial,
epithelial and mesothelial cells, but most importantly in
human immune cells such as mast cells and macrophages
[17] (Figure 3).
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Figure 3: Non-neuronal and Neuronal divisions of cholinergic system [17].
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First the ANS (Autonomic Nervous System) was
introduced; then afterwards SNS namely sympathetic
nervous system and PNS or parasympathetic nervous
system were introduced respectively [18].

One of the main elements of the parasympathetic
nervous system which mostly shows its activity during
the resting state of the body is Vagus nerve [4,18].

In both sympathetic and parasympathetic, nervous
system pre-ganglionic neurons are cholinergic so synaptic
transmission is the same. In synaptic vesicles, ACh is
stored and released upon the nerve stimulation
(depolarization) by a Ca2+ dependent process. Then Ach
stimulates or depolarizes the post synaptic membrane by
binding to postsynaptic receptors [18].

At the postganglionic effector sites of the PNS, ACh is
the key neurotransmitter, which its postsynaptic
receptors are either nicotinic or muscarinic. The majority
of its physiologic effects are mediated by Muscarinic
receptors. Extracellular enzyme acetylcholinesterase
(AChE), rapidly neutralize ACh through hydrolysis upon
its release into the synaptic cleft [18].

Typical neurotransmitters of SNS are epinephrine,
norepinephrine (NE) and dopamine (DA) which are
released by postganglionic neurons and to affect
sympathetic physiological responses, they interact
with adrenergic receptors [18].

Non-Neuronal Cholinergic System

ACh acts as a local cell-signalling molecule in non-
neuronal cholinergic system [17]. For example,
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independent of neuronal innervation both immune cells
(such as macrophages) and epithelial cells show all
elements of cholinergic system. Repeatedly it has been
showed that acetylcholine has a role in the adjustment of
nervous-independent, fundamental cell functions such as
local release of mediators like proinflammatory cytokines
and Nitroxide, cellular proliferation and differentiation
[17].

On one hand, in neuronal CS, ACh synthesis happens
within the nerve terminals, it accumulates and stores in
cholinergic vesicles and releases up on the depolarization
or stimulation of neuronal cells in high amounts through
exocytosis to permit fast neurotransmission and quickly
hydrolyze in synaptic terminals.

On the other hand, in non-neuronal CS, ACh synthesis
happens approximately across the whole cell, it
accumulates in cytosol and is continuously released by
transporter mediators, which cause ACh to eliminate
slower, and as a result show longer action [17].

The Influence of CS on RA

Vagus Nerve

Through Vagus nerve inflammatory reflex, the nervous
system plays a significant role in limiting inflammatory
responses [19].

As observed in RA patients, the afferent vagus nerve
can detect inflammation in peripheral tissues then send
this information to the brain and through vagus nerve,
brain can show its anti-inflammatory effect in inflamed
tissues [4]. This approach is known as Cholinergic Anti-
inflammatory Pathway or CAP [19]; We can also define
CAP as the detection of peripheral inflammation by the
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afferent vagus nerve and efferent vagus nerve anti-
inflammatory answer through the release of its principal
neurotransmitter Ach [4,20]. This pathway provides a
quick and strong mechanism for the host to fight
immoderate inflammation in a localized manner [19].

Cutting of the vagus nerve through vagotomy (is a
surgical procedure that involves removing part of the
vagus nerve) increased inflammation in different animal
models: it increased production of systemic tumor
necrosis factor a and fastened shock development in the
endotoxemia model in rats, also it increased cerulean-
induced acute pancreatitis and  inflammation
accompanied with bacterial peritonitis locally and
systemically in mice [19].

Electrical Stimulation of Vagus Nerve

A recent study suggested a potential role for Vagus
nerve stimulation (VNS) in the treatment of RA through
showing anti-inflammatory effect of Vagus nerve
stimulation on carrageen-induced paw inflammation
[20,21]. Also new experiments have shown the ability of
VNS in Collagen-induced arthritis (CIA) development
suppression in rats [20,22].

In the rat model, Vagotomy without stimulation of
Vagus nerve followed by IV endotoxin administration,
significantly increased the level of TNF in liver and serum,
which suggests to us a direct role for efferent Vagus
neurons in the regulation of TNF production [23] (Figure
4).
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Figure 4: Parasympathetic Vagus nerve electrical stimulation cause activation of the sympathetic splenic nerve via
secretion of norepinephrine, which cause choline acetyltransferase positive T-cells to produce acetylcholine and
reduce joint inflammation by decrease cytokine production through binding to the nicotinergic acetylcholine receptor
type 7 (a7nAChR) [4].

It has recently been shown that during inflammation
vagus nerve has an essential role in suppressing cytokine
expression. Either by pharmacological or electrical
methods, stimulating the vagus nerve increases survival
rate in animal model of inflammation [24].

Europe in 1994 and 3 years after US approved Vagus
Nerve Stimulation therapy or VNS as a treatment for
epilepsy; it was also approved for depression treatment in
the US. Following neurosurgical implantation of a vagus
nerve stimulator, VNS can be performed [4].

Mehranfard D and Hamurtekin E. The Influence of Cholinergic System on
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Vagus nerve electrical stimulation decreased
inflammation through down regulation of TNFa
production and preserved endotoxemia rats from
hypotension [25]. VNS did not allow the severe
inflammatory response to hypovolemic hemorrhagic
shock, [26] and reduced intestinal inflammation in mouse
model of postoperative ileus [27]. So, we can conclude
that VNS prevented systematic inflammation and
decreased lethality [20].

Spleen role in anti-inflammatory effect of VN: Anti-
inflammatory mediator of the CAP, Acetylcholine, which is
also a PNS neurotransmitter, shows its anti-inflammatory
activity through activation of a7nAChR. Vagus nerve cells
and also non-neuronal cells such as the spleen are able to
produce ACh [4].

In the splenectomized mice (Splenectomy is a surgery
to remove the entire spleen) treated with endotoxin, VNS
was not able to decrease the serum high TNF level, which
suggests a role for the spleen in the vagus nerve anti-
inflammatory activity [28].

Recently, it has been shown that stimulation or inhibition
of a7nAChR, particularly affects TNFa production by the
spleen [28-30]. Since it has been hypothesized that CAP
function is largely depends on the spleen [30], TNFa
production by splenocytes investigated in a7nAChR-/-
mice and wild-type (WT) litter-mates [31]. It was an
increase in TNFa production of splenocytes of a7nAChR-
/- mice. As TNFa has an essential role in RA pathogenesis
this may partially explain the observed exacerbation of
Arthritis. [32,33].

Following VNS, through the sympathetic splenic nerve,
the anti- inflammatory response seems to move towards
the spleen. The splenic nerve secretes NE, which
stimulates choline acetyltransferase-positive T cells
(CHAT+ T cells) in the spleen to produce ACh. Within the
RA synovium CHAT+ cells are also found, which implies
that in the joint, ACh can also be produced locally [4].

According to above studies we can conclude that the
parasympathetic nervous system by adjusting immune
cells in the spleen might regulate systemic inflammation
[20].

Nicotinic Acetylcholine Receptor (a7nAChR)

ACh, the main neurotransmitter of the vagus nerve, is
key anti-inflammatory mediator of the CAP. It especially
interacts with a7 sub-unit of the nicotinic acetylcholine
receptor (nAChR) family or a7nAChR [19]. which is
expressed by some of the cells participated in
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inflammatory response including macrophages [20,25].
ACh, concentration dependently reduces TNF production
by human macrophages after binding to the a7nAChR
[23].

In animal models of pancreatitis, selective nAChR
agonists have  showed  effectiveness reducing
inflammation through decreasing production of cytokines
by macrophage. [19] On the other hand, in the mice
lacking the a7 subunit, isolated peritoneal macrophages
do not answer to Ach and nicotine, and in the presence of
this cholinergic agonists still continue to produce TNF
[23].

Through the relatively high permeability of a7 subunit
to Ca2+ from the other nAChRs, its extensive expression
in the CNS and PNS and its sensitivity and quick
desensitization to antagonists like a-bungarotoxin,
identification of a7 subtype is possible [22].

a7nAChR mechanism of action: Activation of a7nAChR
has an anti-inflammatory effect in human macrophages
through:

A. JAK2-STAT3 signaling pathway. Modified JAK-STAT
signaling seems to have a significant role in RA as
inflamed joints have showed increased expression of
STATs [20].

B. Prevention of activation of the NFkB pathway [20].

a7nAChR agonists: Non-specificity and toxicity of
Nicotine limited its usage, so we can use a7nAChR
agonists as more effective options for RA treatment
through CAP stimulation by selective activation of this
receptor [20] (Table 1).

o7 Agonists Activity
AR-R17779 Selective and potept a7nAChR
full agonist
PNU-282987 Selective and potept a7nAChR
full agonist
GTS-21 a7nAChR partial agonist

Table 1: Selective a7nAChR agonists [20].

AR-R17779

AR-R17779 has been tasted in Collagen-induced
arthritis or CIA and was shown to reduce inflammation
[31], because of its poor blood-brain barrier penetration
it suggests that AR-R17779 anti-inflammatory activity
most probably is because of peripheral stimulation of
a7nAChR [20].
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Following AR-R17779, Ach or Nicotine pre-treatment,
FLS of RA patients through activation of a7nAChR
decrease IL-8 and IL-6 production [20,34-36] (Figure 5).

Figure 5: Chemical structure of AR-R17779.

PNU-282987

PNU-282987 has been shown to dose-dependently
inhibit IL-6 production by FLS, as well as reduced IL-6
production in IL-1 stimulated FLS [35,37], it also
mimicked acetylcholine anti-inflammatory effect on FLS
[35] (Figure 6).
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Figure 6: Chemical structure of PNU-282987.

GTS-21

GTS-21 is the only a7nAChR agonist, which has been
tested in humans. It was orally administered to Alzheimer
disease patients, schizophrenia patients and healthy
volunteers. According to obtained data, doses of up to
450mg per day were finely tolerated with no significant
adverse effects [20,38] (Figure 7).
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Figure 7: Chemical structure of GTS-21.

CTL1- & CTL2-Mediated Choline Transport
System

In the majority of the non-neuronal CS cells,
Acetylcholine is directly released by transporters instead
of being stored in vesicles [39]. We have three families of
choline transporter system: transporter 1 (CHT1),
polyspecific organic cation transporters (OCT1-2) which
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show low affinity for choline, and choline transporter-like
proteins (CTL1-5) [9,40,41].

All essential ingredients for transporting choline into
the cell and releasing of Ach are present in the OCT family
and all of CTL family members and were expressed in
cartilage and synovial. CTL1 and CTL2 expression, was
limited to fibroblasts and synovial macrophages [39].
While all CTL family members have been shown to be
expressed in human joint synovial tissue and cartilage,
CTL1 is the most obviously expressed in both cartilage
and synovia [39]. Also, according to recently conducted
experiments [9], in RASFs, mRNAs of CTL1 and CTL2 were
greatly expressed, while mRNAs of CTL3 and OCT3 were
negligibly expressed [9].

In CTL1 and CTL2 expressed cells, the existence of
carnitine acetyltransferase (CarAT) which is an
acetylcholine-synthesizing enzyme provides evidence that
shows production of ACh by non-neuronal synovial cells.
So, all required elements for ACh synthesize and release
are existing in the human joint synovial tissue and
cartilage [39].

Properties of [3H] choline uptake in RASFs: Uptake of
[3H] Choline into RASFs is moderated through high- and
low- affinity transporter systems [9].

CTL1, PH dependently uptake choline [40-43]. [3H]
Choline uptake in RASFs under different extracellular pH
was examined, as a result [3H] choline uptake was
increased under higher extracellular medium PH and
decreased under lower PH. CTL2 is practically expressed
in RASFs similar to CTL1 and in these cells is accountable
for choline uptake. Therefore, we can say, CTL1 and CTL2,
respectively, are high- and low- affinity choline
transporters in RASFs. CTL2 or low-affinity choline
transporter assumed to have a key role in choline
transport into RASFs, which need large amount of choline
for cell proliferation; also, it appears to help with choline
uptake during the CTL1 dysfunction [9].

Choline transporter-like proteins, new target in RA
treatment: Expression of CTL1 and CTL2 in cartilage and
synovial tissue of RA patients was restricted to fibroblasts
and synovial macrophages and seems to be associated
with uptake of choline in those cells. In the human joints,
CTL1 and CTL2 expression can show that these
transporters play a role in non-neuronal ACh synthesis
and release [39]. As we discussed we can conclude that
under the normal physiological conditions, high-affinity
CTL1 and under pathophysiological conditions, low-
affinity CTL2 may be involved in choline transport [9].
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Choline is one of the necessary components for cellular
proliferation; therefore, choline deficiency can decrease
the proliferation of these cells and increase apoptosis. The
rate-limiting step in choline phospholipid metabolism is
intracellular choline uptake by both CTL1 and CTL2 in
RASFs and a requirement for RASF proliferation, so, by
obstructing choline uptake through CTL1 and CTLZ we
can induce apoptotic cell death in RASF [9].

Conclusion

A fuller understanding of the links between the CS and
cells involved in RA pathophysiology suggests new
practical pathways for either controlling or treating RA
but they require further in vivo studies. In non-neuronal
CS, ACh acts as a local signaling molecule involved in the
adjustment of the cellular function and more importantly
cellular proliferation including the cells involved in RA
inflammation; by vagus nerve stimulation, we can activate
CAP through its main neurotransmitter ACh, which
results in reducing of pro-inflammatory cytokines
production such as TNFa and inhibiting inflammation.
Stimulation of CAP through selective activation of
a7nAChR, which is expressed by various immune cells,
including macrophages and FLS through ACh or its
selective agonists, results in down regulation of pro-
inflammatory cytokines production and reducing of
inflammation. There are three pharmacological a7nAChR
agonist available two of which (AR-R17779 and PNU-
282987) are acting as full agonism and one of them (GTS-
21) as partial agonism. However, because of the lack of
testing on humans (except GTS-21) there is need for
further studies. Choline is one of the necessary
components for cellular proliferation, in light of recent
studies we know that in cartilage and synovial tissue of
RA patients, expression of CTL1 and CTL2 is limited to
fibroblasts and synovial macrophages and seems to be
involved in choline uptake in those cells, so, by blocking
choline uptake through CTL1 and CTL2 we can cause
choline deficiency and decrease the proliferation of these
cells and increase apoptosis as result, but further in vivo
studies are required to examine the role of these
transporters as drug targets in RA.
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