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Novel Severe Acute Respiratory Syndrome-Corona Virus-2 infection (SARS-CoV-2) is

an acute respiratory and infectious disease. This perspective aims to provide a basic

understanding of the inflammation caused by SARS-CoV-2 and its relation to the

trigeminal ganglion (TG). The virus enters through themucousmembranes of the orofacial

region and reaches the TG, where it resides and takes control of its peptides including

Substance P (SP). SP is the main neuropeptide, neuromodulator, and neuro-hormone

of TG, associated with nociception and inflammation under noxious stimulus. SP

release is triggered and, consequently, affects the immune cells and blood vessels to

release the mediators for inflammation. Hence, cytokine storm is initiated and causes

respiratory distress, bronchoconstriction, and death in complicated cases. Neurokinin-1

Receptor (NK-1R) is the receptor for SP and its antagonists, along with glucocorticoids,

may be used to alleviate the symptoms and treat this infection by blocking this

nociceptive pathway. SP seems to be the main culprit involved in the triggering of

inflammatory pathways in SARS-CoV-2 infection. It may have a direct association with

cardio-respiratory rhythm, sleep-wake cycle, nociception, and ventilatory responses and

regulates many important physiological and pathological functions. Its over-secretion

should be blocked by NK-1R antagonist. However, experimental work leading to clinical

trials are mandatory for further confirmation. Here, it is further proposed that there is a

possibility of latency in SARS-CoV-2 virus infection if it is acting through TG, which is the

main site for other viruses that become latent.

Keywords: coronavirus, Substance P/ Neurokinin-1 Receptor, respiratory illness, infectious disease, trigeminal

ganglion

INTRODUCTION

Severe Acute Respiratory Syndrome-Corona Virus-2 (SARS-CoV-2) is responsible for causing
Corona virus infection (COVID-19) which was first reported in Wuhan, China in December 2019
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but went on to affect the whole world (1). It has become a
pandemic, as declared byWHO inMarch, 2020 (2), and shattered
the global economy in a very short span of time. The common
symptoms include fever, cough, fatigue, acute respiratory distress
syndrome, and body aches (3, 4). Complicated casesmay undergo
respiratory failure or even death (5). Common and initial
symptoms of COVID-19 infection include sore throat, loss of
sense of smell and taste, pain in eyes, headache, and flu (3).
Similar functions are carried out by SP once it is released from the
trigeminal ganglion via trigeminal nerve (TrN) when triggered by
a nociceptive stimulus. It provides somatosensory innervation to
the orofacial region. So any alteration in its secretion in response
to viral infection may result in symptoms in the orofacial region
(6) (Figure 1).

SP may be responsible for the initiation of inflammatory
pathways and should be explored further. It aggravates the
condition due to its over secretion by TG neurons which affects
the immune cells as well as other cells in the respiratory tract
to release the mediators for cytokine storming which may be
responsible for further complications. The ventilatory role of SP
is well-established (7). There may be a less unlikely possibility of
latency in SARS-CoV-2 and this virus may reach the TG via TrN
in the eyes, nose, and mouth and controls the release of peptides
including SP. The virus may remain in a latent form in TG and
may reactivate at any time, either causing infection leaving the
patient asymptomatic in this condition. It may remain dormant
or latent within a cell and the replication of virus ceases after
initial infection (8). Viral genome may stay in the cell and may
get reactivated at any time (9). Reactivation may occur due to
stress or UV (10). The viruses may be retained in the cells of
the host after initial infection despite antibodies against it in the
blood (11).

In my recently published study, I have proposed that SP/

Neurokinin 1-Receptor may serve as a potential therapeutic

strategy against COVID-19 infection (12). I have also conducted
a clinical trial and administered Neurokinin 1-Receptor

FIGURE 1 | SARS-CoV-2 transmission from one human to another and Trigeminal innervation in ophthalmic, maxillary, and mandibular region.

antagonist, Aprepitant, in the interventional group and the
results were encouraging. The interventional group showed
more recovery, decreased C-reactive protein (which is an
inflammatory marker), and improved platelet levels (13). Here,
in this current study, I suggest a potential threat of latency
in SARS-CoV-2 and we should investigate this phenomenon
as well.

SUBSTANCE P AND NEUROKININ−1
RECEPTOR

SP is a “brain-gut” hormone and the first inflammatory
neuropeptide discovered in 1931 by Euler and Gaddum (14). It
belongs to the Tachykinin (TK) family of proteins, which is the
largest of protein families with ∼40 members. It has 11 amino-
acids and is a neuromodulator, the most potent vasodilator,
and a neurotransmitter, involved in signal transmission, encoded
by Tachykinin-1 (TAC-1) gene (15). SP is released in the
TG by the fifth cranial nerve (CN V) endings, known as
trigeminal nerve (TrN). TrN provides themain afferent pathways
for the transmission of nociception and pain, controls the
physiological mechanisms in the orofacial region, including
eyes, nose, mouth, and is associated with their physiological
and pathological functions. SP is localized in the respiratory
nuclei of the respiratory network which controls the ventilatory
functions, cardiac functions, and sleep-wake cycle (6, 7, 16, 17).
They control the function of eyes, mouth, nose, tongue, lips,
facial muscle, mastication, gustation, and olfaction under normal
circumstances. SP is present in perivascular neural plexuses of
lung, skin, and brain. So, its effects are not only limited to the
nervous system but are wide in distribution and expression (17).
Respiratory rhythm regulation is the main role of SP, which
has been evidenced through many studies (16, 18). SP along
with serotonin is found to innervate the medullary motoneurons
involved in upper airways (7). It was also found to be a sensory
neurotransmitter in the laryngeal afferent system (19).
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FIGURE 2 | SARS-CoV-2 entry through orofacial structures.

Neurokinin-1 Receptor (NK-1R) is the receptor for SP and
most of the functions of SP are elicited only after binding with
its receptor. Both SP and NK-1R are abundant in the central
nervous system (CNS), peripheral nervous system (PNS), and
enteric system (20). It also regulates the immune system and
cardio-vasculatory system (21, 22). SP is a neurotransmitter but
can also affect distant cells by acting as a modulator or hormone
functioning in an autocrine, endocrine, and paracrine manner.
It is released from non-neuronal cells as well such as immune
cells (23). It is associated with respiratory inflammation e.g.,
asthma and chronic obstructive pulmonary disease (COPD) (24).
NK-1R is a 7-transmembrane, G-protein coupled receptor with
407 amino-acids. It is located on several cells in the circulatory,
digestive, respiratory, and immune systems (15). It is mainly
present in the brainstem region where it controls key functions
such as respiration and cardiac control after binding with SP (25).

TRIGEMINAL NOCICEPTIVE PATHWAYS

Any noxious stimulus from the orofacial structures, such as the
eye, nose, or mouth, is mainly transmitted by the TrN (Figure 1).
TG neurons produce SP and CGRP which are largely involved
in neuromodulation as well as in inflammation and nociception
(26). The primary afferent neurons of the TrN are mainly
located in the TG and partially in the mesencephalic trigeminal
nucleus in the brainstem. The TrN consists of three branches: the
ophthalmic (V1), maxillary (V2), and mandibular (V3) nerves.
Each provides innervation to their respective regions of the head
(27) (Figures 1, 2).

Pain or any other noxious stimulus, such as SARS-CoV-
2, activates the nociceptors which are the free nerve endings
of trigeminal sensory afferents. These sensory nerve fibers are
myelinated or non-myelinated C-fibers and their cell bodies

reside in the TG (6, 27). These signals are carried via afferent
fibers to the trigeminal spinal caudalis (Vc) nucleus of the
brainstem. Here, they synapse with the second order neurons
that project to the somatosensory and limbic cortices via the
thalamus. Inflammation of orofacial tissues that are innervated
by the TrN canmodify the activity of trigeminal afferent neurons,
consequently causing ectopic firing and raised sensitivity of
noxious stimuli. Sensitization is facilitated by many mediators
such as neurotrophic factors or neuropeptides at nerve endings,
such as SP, CGRP, and serotonin (26). SP and CGRP levels
increase in TG and TrN (Figure 3) in response to nerve injury
or any other noxious stimuli (26).

SUBSTANCE P IMMUNOMODULATION IN
OTHER VIRAL INFECTIONS AND LATENCY

SP appears to contribute to other disease pathologies, such
as respiratory syncytial virus and encephalo-myocarditis virus.
It increases broncho-constriction and cardiac inflammation
following infection (29, 30). SP is found to be directly related
to inflammation. It can be used as a diagnostic and prognostic
marker for COVID-19 infection. The role of SP in various
pathologies is well-established, including in HIV-AIDS (31).
Neuropeptide SP binds to NK-1R and accelerates HIV infection
and inflammation in immune cells through CD163 receptor
(32). Aprepitant, which is an NK-1R antagonist, blocks this
inflammatory cascade and may serve as a therapeutic regimen
against HIV infection (33). Involvement of SP has also been
found in viral myocarditis, one of the main factors for cardiac
arrest. The etiological factor for this infection is encephalao-
myocarditis virus. NK-1R may also be targeted by specific
antagonist drugs in this infection and they inactivate the SP
signaling pathway and, hence, the inflammation (30, 34). SP has
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FIGURE 3 | Schematic section of the main histological sections from the brainstem showing Trigeminal nerve and solitary nucleus, which are the main source of

Substance P secretion and stimulation (28).

also been found to have a pathogenic role in rats infected with rat
corona virus, parainfluenza virus 1 (35).

Herpes simplex virus type 1 (HSV-1) infects the ocular
mucosal membrane and orofacial region and continues to infect
the sensory neurons leading to a latent infection in TG (Figure 4).
The virus reaches TG after passing through the axons and
maintains a latent infection throughout the life of the infected
person where it encodes latency associated transcript (LAT)
(36). Reactivation of the virus was found more in TG as
compared to brainstem in another study (37). We may imagine
a similar mechanism and pathology in COVID-19 infection as
well. Previous studies have shown that latent HSV-1 infection of
TG can alter the expression of many neuronal genes, including
those involved in the immune response, axonal remodeling,
signal transduction, and gene expression (37). However, there
is little evidence that HSV-1 LAT can affect the expression of
neuropeptides in TG. The specificity of LAT action on TG may

help in understanding the reason why the primary location for
latent HSV1 infection is the TG (38).

Latent HSV-1 DNA has been detected in the CNS of
human postmortem, and infection with HSV has been correlated
with the development of neurodegenerative diseases. However,
whether HSV can directly reactivate in the CNS and/or infectious
virus can be transported to the CNS following reactivation in
peripheral ganglia has been unclear. Viral proteins were detected
in neurons of the TG. These results suggest that infectious virus
is transported from the TG to the CNS following reactivation
but does not exclude the potential for direct reactivation in the
CNS (38).

SP is the first to react in response to a noxious stimulus.
It is a rapid and immediate defense in the survival system. In
experimental studies, NK-1R deficient mice exhibited reduced
pulmonary inflammation as compared to the controls (39).
Immune response prevents the host cells by fighting against the
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FIGURE 4 | SARS-CoV-2 virus in trigeminal ganglion.

pathogen but if it continues uncontrolled, it may be fatal. It is
known as “cytokine storming.” Inflammatorymediators continue
to be secreted by immune cells and can cause acute respiratory
distress syndrome (ARDS) in COVID-19 infection. So, it is not
actually the pathogen that is fatal, but the cytokine storming. If
prevented or reversed, it may save the infected patients (40, 41).

SP/NK-1R may control the breathing activity in neonates,
evident from the raised immunohistochemical SP expression in
the brainstem tissues after postmortem studies in control infants
as compared to Sudden Infant Death syndrome (SIDS) victims
in my previous study at Centro Lino Rossi, University of Milan,
Italy (6, 16). SP expression was higher in sudden fetal deaths
(16) and sudden death in adults (42). SP and NK-1R regulates
the breathing and cardiovascular control in the medulla as a
consequence of hypoxia. In a study conducted on SIDS victims, a
significant decrease in NK-1R binding within medullary nuclei
in SIDS was observed as compared to controls. Alteration
in SP secretions and modulation may disturb the autonomic
functionalities leading to lack of arousal and cause SIDS (43).
It explains a possible mechanism of causality in elderly patients
due to COVID-19. As a neuromodulator, SP dilates the vessels,
causes smooth muscle contraction in respiratory walls, increases
the excitatory potential by neurons, and increases vascular
permeability (44) and saliva production. Under pathological
conditions, it may cause broncho-constriction (45). My other
study highlighted the fact that SP encoding gene TAC-1 has
unconventional networking properties: being a singleton, small
protein interaction network, and the members of tachykinin
family have conserved amino acid sequences, which make it
vulnerable to being a causative agent for various diseases,
including fatal ones (46).

Reactivation occurs in Herpes and HIV but is not common in
other types of viruses. It has not been speculated to exist in SARS-
CoV-2, at least in a shorter duration of time. But if it proves to be
the case then it may cause infection again at a later stage in life.
Upon contracting the virus in orofacial parts, the virus reaches

the TG through TrN and may reside there, taking control of the
release of its peptides, particularly SP. The vaccines may also not
be of much help in eradication of the disease (47). Antibodies
generated as an immune response to weakened viruses may only
fight with the new active viruses. It will not kill the already present
latent, inactive viruses inside the TG or other cells. These latent
viruses may escape the immune system and become a continuous
threat for disease.

Antibody therapies such as passive immunization and
Intravenous immunoglobulin therapy may also not be useful
in these circumstances. In that case, the promising strategy
would be the use of antiviral drugs, corticosteroids, and SP/NK-
1 blockers to cease the inflammatory responses and attack the
latent viruses as well. Although this possibility has limited
chances, it cannot be ruled out totally due to its entry route
through trigeminal nerves and ability to target TG like other
latent viruses such as Herpes Simplex Viruses. We have to
keep an eye on this phenomenon as well. Whether the virus
becomes latent upon reaching TG or not is one aspect that
needs to be explored, but there are more possibilities that
this virus reaches TG, modulates SP release, and initiates
inflammatory mechanisms.

Another compelling argument is that these viruses are
highly mutating and transforming, making them a difficult
target for vaccines. Vaccines are successful for those viruses
that mutate less, have strictly humans as host, and have only
one stable antigenic type. Common cold viruses, including
SARS-CoV-2, have at least 100 antigenic types and a high
mutation rate.

Serotonin and CGRP also co-exist with SP and should be
explored as well. The abnormal release of SP from CN V
may be associated with the acute respiratory symptoms in
SARS-CoV-2 infection. SP may trigger the immune cells to
release the inflammatory mediators in CNS as well as in the
respiratory system, causing cytokine storming, inflammation,
lung injury, and broncho-constriction. In complicated cases
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it may lead to cardiac failure. TG stimulation by virus may
also increase the conductance of sodium ions and decrease
the conductance of potassium ions in the cells leading to
hypernatremia, hypokalemia, and dehydration. This electrolyte
and fluid balance will exert pressure on the kidneys and
pumping of the heart, causing failure and death. Maintaining
electrolyte and fluid balance is necessary to manage these
patients. Potassium and magnesium should be added in their
dosage. High sunlight exposure and stress may also reactivate the
virus. But all these phenomenon need to be evaluated and clinical
trials are required.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

RM has conceived the idea and proposed the main theory. MK,
AB, NA, HN, LM, TA, AR, and RJ have critically evaluated,
contributed in the write up and finalization of the manuscript.

REFERENCES

1. McGonagle D, Sharif K, O’Regan A, Bridgewood C. Interleukin-6 use in

COVID-19 pneumonia relatedmacrophage activation syndrome.Autoimmun

Rev. (2020). 19:102537. doi: 10.1016/j.autrev.2020.102537

2. WHO. WHO Director-General’s Opening Remarks at the Media Briefing on

COVID-19 - 11 March 2020. (2020). Available online at: https://www.who.int/

dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-

briefing-on-covid-19 (accessed March 11, 2020).

3. Zheng F, Tang W, Li H, Huang YH, Xie YL, Zhou ZG. Clinical characteristics

of 161 cases of corona virus disease 2019 (COVID-19) in Changsha. Eur Rev

Med Pharmacol Sci. (2020). 24:3404–10. doi: 10.26355/eurrev_202003_20711

4. Insider B. A Day-By-Day Breakdown of Coronavirus Symptoms Shows How

The Disease COVID-19 goes from Bad to Worse. (2020). Available online

at: https://www.businessinsider.com/coronavirus-covid19-day-by-day-

symptoms-patients-2020-2 (acccessed November 26, 2020).

5. Baden LR, Rubin EJ. COVID-19 — The Search for Effective Therapy. New

England Journal of Medicine. (2020). Available online at: https://www.nejm.

org/doi/full/10.1056/NEJMe2005477 (accessed May 7, 2020).

6. Mehboob R. Substance P/Neurokinin 1 and trigeminal system:

a possible link to the pathogenesis in sudden perinatal

deaths. Front Neurol. (2017) 8:82. doi: 10.3389/fneur.2017.0

0082

7. Szereda-Przestaszewska M, Kaczynska K. Serotonin and substance P:

synergy or competition in the control of breathing. Auton Neurosci. (2020)

225:102658. doi: 10.1016/j.autneu.2020.102658

8. Villarreal LP. Viruses and the Evolution of Life. Washington, DC: ASM Press

(2005). doi: 10.1128/9781555817626

9. Dimmock NJ, Easton AJ, Leppard KN. Introduction to Modern Virology. 6th

ed. Hoboken, NJ: Blackwell Publishing (2007).

10. Preston CME, Stacey ACF. Human herpesviruses: biology, therapy, and

immunoprophylaxis. In: Arvin G,Mocarski E, Moore PS, Roizman B,Whitley

R, Yamanishi K, editors. Molecular Basis of HSV Latency and Reactivation.

Cambridge: Cambridge University Press (2018).

11. Britannica. Latency. (2020). Available online at: https://www.britannica.com/

science/virus/Latency (acccessed November 12, 2020).

12. Mehboob R. Neurokinin-1 receptor as a potential drug target for

COVID-19 treatment. Biomed Pharmacother. (2021) 143:112159.

doi: 10.1016/j.biopha.2021.112159

13. Mehboob R, Ahmad FJ, Qayyum A, Rana MA, Gilani SA, Tariq MA, et al.

Aprepitant as a combinant with dexamethasone reduces the inflammation via

Neurokinin 1 receptor antagonism in severe to critical COVID-19 patients

and potentiates respiratory recovery: a novel therapeutic approach. medRxiv.

(2020) 08.01.20166678. doi: 10.1101/2020.08.01.20166678

14. Euler USV, Gaddum JH. An unidentified depressor substance in certain tissue

extracts. J Physiol. (1931) 72:74–87. doi: 10.1113/jphysiol.1931.sp002763

15. Graefe S, Mohiuddin SS. Biochemistry, Substance P. Treasure Island, FL:

StatPearls (2020).

16. Lavezzi AM, Mehboob R, Matturri L. Developmental alterations of the spinal

trigeminal nucleus disclosed by substance P immunohistochemistry in fetal

and infant sudden unexplained deaths. Neuropathology. (2011) 31:405–13.

doi: 10.1111/j.1440-1789.2010.01190.x

17. Mehboob R, Kabir M, Ahmed N, Ahmad FJ. Towards better understanding of

the pathogenesis of neuronal respiratory network in sudden perinatal death.

Front Neurol. (2017) 8:320. doi: 10.3389/fneur.2017.00320

18. Patak K, KonradM, Pasquale ED, Tell F, Hilaire G, Monteu R. Cellular

and synaptic effect of substance P on neonatal phrenic motoneurons. Eur J

Neurosci. (2000) 12:126–38. doi: 10.1046/j.1460-9568.2000.00886.x

19. Tanaka Y, Yoshida Y, Hirano M. Ganglionic neurons in vagal and laryngeal

nerves projecting to larynx, and their peptidergic features in the cat. Acta

Otolaryngol Suppl. (1993) 506: 61–6. doi: 10.3109/00016489309130243

20. Cuello AC, Galfre G, Milstein C. Detection of substance P in the central

nervous system by a monoclonal antibody. Proc Natl Acad Sci USA. (1979)

76:3532–6. doi: 10.1073/pnas.76.7.3532

21. Ho WX, Lai JP, Zhu XH, Uvaydova M, Douglas SD. Human monocytes and

macrophages express substance P and neurokinin-1 receptor. J Immunol.

(1997) 159:5654–60.

22. Chernova I, Lai JP, Li H, Schwartz L, Tuluc F, Korchak HM, et al. Substance

P (SP) enhances CCL5-induced chemotaxis and intracellular signaling in

human monocytes, which express the truncated neurokinin-1 receptor

(NK1R). J Leukoc Biol. (2009) 85:154–64. doi: 10.1189/jlb.0408260

23. O’Connor TM, O’Connel J, O’Brien DI, Goode T, Bredin CP, Shanahan F. The

role of substance P in inflammatory disease. J Cell Physiol. (2004) 201:167–80.

doi: 10.1002/jcp.20061

24. Saito R, Nonaka S, Konishi H, Takano Y, Shimohigashi Y, Matsumoto H,

et al. Pharmacological properties of the tachykinin receptor subtype in the

endothelial cell and vasodilation. Ann N Y Acad Sci. (1991) 632:457–9.

doi: 10.1111/j.1749-6632.1991.tb33155.x

25. Mazzone SB, Geraghty DP. Respiratory actions of tachykinins in the nucleus

of the solitary tract: effect of neonatal capsaicin pretreatment. Br J Pharmacol.

(2000) 129:1132–9. doi: 10.1038/sj.bjp.0703173

26. Goto T, Wai H, Kuramoto E, Yamanaka A. Neuropeptides and ATP

signaling in the trigeminal ganglion. Jpn Dent Sci Rev. (2017) 53:117–24.

doi: 10.1016/j.jdsr.2017.01.003

27. Bista P, Imlach WL. Pathological mechanisms and therapeutic

targets for trigeminal neuropathic pain. Medicines. (2019) 6:91.

doi: 10.3390/medicines6030091

28. Matturri L, Ottaviani G, Lavezzi AM. Guidelines for neuropathologic

diagnostics of perinatal unexpected loss and sudden infant death

syndrome (SIDS): a technical protocol. Virchows Arch. (2008) 452:19–25.

doi: 10.1007/s00428-007-0527-z

29. Bost KL. Tachykinin-modulatedanti-viralresponses. Front Biosci. (2004)

9:3331. doi: 10.2741/1484

30. Robinson P, Garza A, Moore J, Eckols TK, Parti S, Balaji V, et al. Substance P is

required for the pathogenesis of EMCV infection in mice. Int J Clin Exp Med.

(2009) 2:76–86.

31. Ho WZ, Douglas SD. Substance P and neurokinin-1 receptor modulation

of HIV. J Neuroimmunol. (2004) 157:48–55. Available online at: www.ijcem.

com/IJCEM902005 doi: 10.1016/j.jneuroim.2004.08.022

32. Tuluc F, Meshki J, Spitsin S, Douglas SD. HIV infection of macrophages

is enhanced in the presence of increased expression of CD163 induced by

substance P. J Leukoc Biol. (2014) 96:143–50. doi: 10.1189/jlb.4AB0813-434RR

33. Manak MM, Moshkoff DA, Nguyen LT, Meshki J, Tebas P, Tuluc F, et al.

Anti-HIV-1 activity of the neurokinin-1 receptor antagonist aprepitant and

Frontiers in Medicine | www.frontiersin.org 6 November 2021 | Volume 8 | Article 727593

https://doi.org/10.1016/j.autrev.2020.102537
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://www.who.int/dg/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19
https://doi.org/10.26355/eurrev_202003_20711
https://www.businessinsider.com/coronavirus-covid19-day-by-day-symptoms-patients-2020-2
https://www.businessinsider.com/coronavirus-covid19-day-by-day-symptoms-patients-2020-2
https://www.nejm.org/doi/full/10.1056/NEJMe2005477
https://www.nejm.org/doi/full/10.1056/NEJMe2005477
https://doi.org/10.3389/fneur.2017.00082
https://doi.org/10.1016/j.autneu.2020.102658
https://doi.org/10.1128/9781555817626
https://www.britannica.com/science/virus/Latency
https://www.britannica.com/science/virus/Latency
https://doi.org/10.1016/j.biopha.2021.112159
https://doi.org/10.1101/2020.08.01.20166678
https://doi.org/10.1113/jphysiol.1931.sp002763
https://doi.org/10.1111/j.1440-1789.2010.01190.x
https://doi.org/10.3389/fneur.2017.00320
https://doi.org/10.1046/j.1460-9568.2000.00886.x
https://doi.org/10.3109/00016489309130243
https://doi.org/10.1073/pnas.76.7.3532
https://doi.org/10.1189/jlb.0408260
https://doi.org/10.1002/jcp.20061
https://doi.org/10.1111/j.1749-6632.1991.tb33155.x
https://doi.org/10.1038/sj.bjp.0703173
https://doi.org/10.1016/j.jdsr.2017.01.003
https://doi.org/10.3390/medicines6030091
https://doi.org/10.1007/s00428-007-0527-z
https://doi.org/10.2741/1484
www.ijcem.com/IJCEM902005
www.ijcem.com/IJCEM902005
https://doi.org/10.1016/j.jneuroim.2004.08.022
https://doi.org/10.1189/jlb.4AB0813-434RR
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Mehboob et al. Coronavirus and Trigeminal Ganglion

synergistic interactions with other antiretrovirals. AIDS. (2010) 24:2789–96.

doi: 10.1097/QAD.0b013e3283405c33

34. Robinson P, Taffet GE, ENgineet N, Khumbatta M, Firozgary B, Reynolds

C, et al. Substance P receptor antagonism: a potential novel treatment

option for viral-myocarditis. Biomed Res Int. (2015) 2015:645153.

doi: 10.1155/2015/645153

35. Borson DB, Brokaw JJ, Sekizawa K, McDonald DM, Nadel JA. Neutral

endopeptidase and neurogenic inflammation in rats with respiratory

infections. J Appl Physiol. (1989) 66:2653–8. doi: 10.1152/jappl.1989.66.6.2653

36. HamzaMA,Higgins DM, RuyechanWT.Herpes simplex virus type-1 latency-

associated transcript-induced immunoreactivity of substance P in trigeminal

neurons is reversed by bone morphogenetic protein-7. Neurosci Lett. (2007)

413:31–5. doi: 10.1016/j.neulet.2006.11.063

37. Doll JR, Thompson RL, Sawtell NM. Infectious herpes simplex virus in the

brain stem is correlated with reactivation in the trigeminal ganglia. J Virol.

(2019) 93:e02209-18. doi: 10.1128/JVI.02209-18

38. Kramer MF, Cook WJ, Roth FP, Zhu J, Holman H, Knipe DM, et al.

Latent herpes simplex virus infection of sensory neurons alters neuronal

gene expression. J Virol. (2003) 77:9533–41. doi: 10.1128/JVI.77.17.9533-9541.

2003

39. Bozic CR, Lu B, Hopken UE, Gerard C, Gerard NP. Neurogenic

amplification of immune complex inflammation. Science. (1996) 273:1722–5.

doi: 10.1126/science.273.5282.1722

40. Leng Z, Zhu R, Hou W, Feng Y, Yang Y, Han Q, et al. Transplantation

of ACE2(-) mesenchymal stem cells improves the outcome of

patients with COVID-19 pneumonia. Aging Dis. (2020) 11:216–28.

doi: 10.14336/AD.2020.0228

41. Sarzi-Puttini P, Giorgi V, Sirotti S, Marotto D, Ardizzone S, Rizzardini G,

et al. COVID-19, cytokines and immunosuppression: what can we learn from

severe acute respiratory syndrome? Clin Exp Rheumatol. (2020) 38:337–42.

Available online at: https://www.clinexprheumatol.org/abstract.asp?a=15518

42. Hayashi M, Sakuma H. Immunohistochemical analysis of brainstem lesions

in the autopsy cases with severe motor and intellectual disabilities showing

sudden unexplained death. Front Neurol. (2016) 7:93. doi: 10.3389/fneur.2016.

00093

43. Bright FM, Vink R, Byard RW, Duncan JR, Krous HF, Paterson DS.

Abnormalities in substance P neurokinin-1 receptor binding in key brainstem

nuclei in sudden infant death syndrome related to prematurity and sex. PLoS

ONE. (2017) 12:e0184958. doi: 10.1371/journal.pone.0184958

44. Parameswaran K, Janssen LJ, O’Byrne PM. Airway hyperresponsiveness and

calcium handling by smoothmuscle: a “deeper look”. Chest. (2002) 121:621–4.

doi: 10.1378/chest.121.2.621
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