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Fundamental pharmacological 
expressions on ocular exposure to 
capsaicin, the principal constituent 
in pepper sprays
Harshita Krishnatreyya1,2, Hemanga Hazarika1, Achintya Saha2 & Pronobesh Chattopadhyay1

Eye irritation assessment is compulsory to anticipate health risks in military personnel exposed to riot 
control agents such as capsaicin, the principal constituent of oleoresin capsicum, or pepper sprays. The 
present work investigates certain fundamental yet unaddressed pharmacological manifestations on 
ocular exposure to capsaicin. Ocular pharmacology of capsaicin was studied using acute eye irritation 
(AEI), bovine corneal opacity and permeability (BCOP) assay, corneal fluorescein staining and indirect 
ophthalmoscopy studies, transcorneal permeation, Schirmer tear secretion test, nerve conduction 
velocity study and enzyme-linked immunosorbent assay (ELISA). Additionally, histopathology and 
scanning electron microscopy (SEM) of bovine corneas and rat optic nerves were done to further 
estimate capsaicin induced morphological variations. Our findings demonstrated that AEI, BCOP, 
corneal fluorescein staining and indirect ophthalmoscopy were useful in assessing capsaicin induced 
ocular irritation; AEI and BCOP also contributed towards indicating the eye irritation potential of 
capsaicin as per the United Nations Globally Harmonized System of Classification and Labelling of 
Chemicals categorization. Additional experimental observations include considerable transcorneal 
permeation of capsaicin, capsaicin induced reduction in tear secretions and nerve conduction velocity 
and increased expression of proinflammatory cytokines by ELISA. Histopathology and SEM were 
favourable techniques for the detection of capsaicin induced ocular physiological modifications.

Oleoresin capsicum (OC) incorporated military defense sprays were first developed as an alternative to chlo-
roacetophenone and o-chlorobenzylidene malononitrile sprays in the 1970s1. OC or pepper sprays are used by 
government defence organizations worldwide as non-lethal incapacitating agents for law enforcement, against 
interpersonal violence or civil unrest, criminal incapacitation etc. Capsaicin, a naturally occuring compound, is 
the principal pungent constituent amongst other vanillylamides present in OC2,3. It is a known sensory irritant 
and some typical ocular manifestations on exposure to capsaicin are pain, burning sensation, tearing and blepha-
rospasm, conjunctivitis etc depending on the dose and duration of exposure4–6.

The evident utility of capsaicin as a riot control agent for military defence organizations is irrefutable7 and the 
assessment of exposure risks associated with it, is therefore, essential. Capsaicin is classified as category 2 A, i.e, 
it induces reversible eye irritation, based on the United Nations Globally Harmonized System of Classification 
and Labelling of Chemicals (UN GHS) categorization in accordance with Occupational Safety and Health 
Administration – Hazard Communication Standard 29 CFR 19108. The UN GHS construes eye irritation as alter-
ations in the eye after administration of a test substance to its outer surface, which is completely reversible within 
21 days9. Recommendation of a sequential experimental strategy for examination of acute eye irritation/corrosion 
induced by different chemicals was first done by the Organization for Economic Cooperation and Development 
(OECD) who adopted the Guidelines for the Testing of Chemicals causing acute eye irritation/corrosion (TG 405) 
in 198110. Data on the overall toxicology of OC is extant particularly regarding effects following exposure to OC 
via the inhalation route1. Capsaicin, despite being a known ocular irritant, has generated little data on mammalian 
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eye corrosion/irritation and hence, was tested mainly with the aim that the testing strategy might generate infor-
mation about specific pharmacological manifestations in addition to confirming its UN GHS categorization.

The Bovine Corneal Opacity and Permeability assay, (BCOP), was adopted by the OECD in 2009, to identify 
ocular corrosives and serious irritants as mentioned in the OECD Test Guideline 43711. The BCOP test is an 
organotypic archetype and assures short-term sustenance of the common physiological as well as biochemical 
environment of the bovine cornea in vitro12. Corneal deterioration is determined through quantitative assessment 
of modifications in corneal opacity and permeability with an opacitometer and a visible light spectrophotometer 
subsequently13. The BCOP assay was adopted to determine possibilities of capsaicin induced opacity/transpar-
ency and permeability on bovine corneal models and to confirm its adherence to the UN GHS categorization.

In addition to the acute eye irritation (AEI) and BCOP assay, specialized pharmacological testing procedures 
were utilized for the assessment of capsaicin induced ocular irritation. Corneal fluorescein staining and indirect 
opthalmoscopy were done to check for the validation of irritation symptoms within the eye. Tears are a natural 
phenomena providing lubrication and protection to the ocular surface14. Capsaicin induced alterations in tear 
secretions were measured by the Schirmer tear secretion test. Transcorneal permeation of the lipophilic capsaicin 
sample across bovine corneal membrane was studied to quantify capsaicin passage and factors that influence it. 
Electrophysiological study comprising of the nerve conduction velocity (NCV) study of rat optic nerves was done 
to assess variations in the conduction of nerve impulses across the optic nerve, which is accountable for the trans-
mission of visual information to the brain15. Histopathology and scanning electron microscopy (SEM) of bovine 
corneas and optic nerves were done to evaluate, in further detail, any morphological variations induced by capsa-
icin. Fluctuations in the proinflamamtory cytokines IL-1α, IL-1β, IL-6 and TNF-α due to capsaicin exposure was 
measured by the enzyme-linked immunosorbant assay (ELISA).

Results and Discussion
Acute eye irritation. Ocular irritation in rabbits exposed to 50 mg/ml capsaicin was determined by scoring/
grading the ocular lesions produced in the animals (in accordance with the TG 405 guidelines) as shown in Table 1. 
A slit lamp microscope (Haagstreit type AIA-11, Appaswamy) was used in grading as well as evaluating the ocular 
endpoints. Figure 1(a) exhibits the immediate characteristic observations in rabbits including erythema of the eye, 
tear secretions, corneal and conjunctival abrasion, swelling, opacification and thickening. Observations were made 
after 1, 24, 48 and 72 hrs. The irritation effects subsided with respect to increasing time. In rats, treatments of 25, 50, 
75 and 100 µg/ml capsaicin instilled in the eyes caused evident pain, convulsive blinking and produced lesions which 
were graded and scored for a time period of 1–72 hrs as shown in Table 2. Aberrant permeability of the eyelids and 
conjunctival blood vessels was observed in rats. Severity of lesions was conceivably higher in animals exposed to 
higher doses of capsaicin and improved with increasing time [Fig. 1(b–e)]. Subsidation of irritation symptoms was 
observed in rats treated with 25 µg/ml capsaicin. However, rats exposed to 50, 75 and 100 µg/ml capsaicin showed 
symptoms of irreversible ocular pain and distress and were euthanized without much delay.

Very little experimental data reporting detailed capsaicin induced acute eye irritation has been discussed 
and/or studied previously. In this regard, there has been a constant focus to develop alternate testing strategies 
to the regular Draize toxicity tests16. The progress of such alternative models have, however, not advanced in a 
substantial manner as of now17. A test substance is categorized as UN GHS eye irritant Category 2A (irritating to 
eyes) when it shows in at least 2 of 3 experimental animals, a positive response of: (i) corneal opacity ≥1; and/or 
(ii) iritis ≥1; and/or (iii) conjunctival redness ≥2; and/or (iv) conjunctival edema (chemosis) ≥2 estimated as the 
mean scores after grading at 24, 48 and 72 hours following instillation of the test substance, and which entirely 
reverses within an observation time of 21 days. On the other hand, an eye irritant is categorized as Eye Category 
2B (irritating to eyes) when the effects mentioned above are entirely reversible within an observation time of 7 
days8. In both rabbits and rats, corneal swelling and erythema were distinctly reduced within the 72 hours and 
were evidently reversible. Rabbits exposed to 50 mg/ml and rats treated with 25 µg/ml capsaicin showed revers-
ibility of capsaicin induced responses before 7 days of exposure to capsaicin. Thus, on experimental basis, our 
results categorize capsaicin as an irritant belonging to the Category 2B instead of Category 2A, as the reversibility 
of animal responses (both rabbits and rats) were observed within 7 days, instead of 21 days.

Histopathology. Histopathological examinations was done using a light microscope (Axio Scope A1 Carl 
Zeiss, Germany) and comparisons of control and 25, 50, 75 and 100 µg/ml of capsaicin treated rat eyes showed 
marked disorganization of the corneal epithelia and stroma. All histopathological observations have been made 

Sl 
no

Animal 
species

Capsaicin 
exposure

GRADING OF OCULAR LESIONS

Response after

1 hr 24 hrs 48 hrs 72 hrs

Cornea Iris Conjunctiva Chemosis Cornea Iris Conjunctiva Chemosis Cornea Iris Conjunctiva Chemosis Cornea Iris Conjunctiva Chemosis

1

Rabbit 
(Oryctolagus 
cuniculus)

50 mg/ml

3 0 2 2 2 0 1 0 1 0 1 0 1 0 1 0

2 3 2 2 2 2 1 0 1 1 0 1 0 1 0 1 0

3 3 2 2 1 2 0 0 1 1 1 1 0 1 1 1 0

4 3 1 2 2 2 0 1 1 1 0 1 0 1 0 0 0

5 3 2 1 1 2 0 0 0 1 0 0 0 1 1 1 0

6 3 1 2 2 2 1 1 1 1 1 1 0 1 1 1 0

Table 1. Acute eye irritation (AEI) in rabbits: Grading of ocular lesions was done as per OECD 405 grading 
guidelines. Figures indicate the individual gradings of the 6 animals used in the experiment.
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at 40X magnification. Figure 2a shows the corneal stroma (marked as “C”) and what appears to be a part of the 
retina (marked as “R”) with quite an orderly lamellar architecture. Eyeball sections of 25 µg/ml capsaicin treated 
cornea and retina (Fig. 2b) shows corneal stromal disfiguration and vacuolar gaps within the tissues which might 
be an indication of stromal edema (due to inflammatory reaction) and increased stromal fluid thereby increasing 
corneal hydration and opacity. Though a bit disfigured, the retina did not seem much affected and maintained 
more or less intact layers. Figure 2c shows a portion of the normal corneal stromal cells with nuclei (circled 
areas) whereas Fig. 2d shows the stromal section treated with 50 µg/ml capsaicin thereby resulting in prominent 

Figure 1. Acute eye irritation (a) Rabbit eyes (i) normal and 50 mg/ml capsaicin treated eyes in (ii) 1 hr (iii) 24 hrs 
(iv) 48 hrs and (v) 72 hrs. Severity of ocular lesions have been scored in Table 1. (b) Rat eyes (i) normal and capsaicin 
treated (ii) 25 µg/ml, (iii) 50 µg/ml, (iv) 75 µg/ml and (v) 100 µg/ml at 1 hr after exposure. For all the rat eye irritation 
observations, severity of ocular lesions have been scored in Table 2. (c) Rat eyes (i) normal and capsaicin treated 
(ii) 25 µg/ml, (iii) 50 µg/ml, (iv) 75 µg/ml and (v) 100 µg/ml at 24 hrs after exposure. (d) Rat eyes (i) normal and 
capsaicin treated (ii) 25 µg/ml, (iii) 50 µg/ml, (iv) 75 µg/ml and (v) 100 µg/ml at 48 hrs after exposure. (e): Rat eyes  
(i) normal and capsaicin treated (ii) 25 µg/ml, (iii) 50 µg/ml, (iv) 75 µg/ml and (v) 100 µg/ml at 72 hrs after exposure.
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vacuolar separations (asterisk marked), nuclear aggregation, inflammation and stromal swelling. Clefts/vacuoles 
in the corneal stroma (marked as “2” in the image), very thin and almost invisible Descemet’s membrane (marked 
as “3” in the image) were observed in 100 µg/ml capsaicin treated cornea, Fig. 2e. Figure 2f shows 100 µg/ml 
capsaicin treated retinal tissues with depletion of the ganglion cell layer (marked as “7” in the image) and the 
plexiforn layers (marked as “4” and “6”) remaining indistinct. Very little broken choroidal epithelia (marked as 
“1” in the image) could be seen which did not form a continuos layer.

Histopathology results demonstrated increased and prominent rat corneal disfigurations with increased doses 
of capsaicin without significant effects in the retinal tissue at lower doses, a possible explanation for which might 
be the capsaicin exposure method and duration of exposure. Our reports on capsaicin have suggested disorgan-
ization and separation of the stromal collagen lamellae, stromal neovascularisation and Descemet’s membrane 
folding due to edematous cornea18, some of which were evident from our results. The alterations detected in our 
study were, to some extent, similar to symptoms such as epithelial alteration, stromal edema and scar formation 
observed in capsaicin induced neurotrophic keratouveitis in young rats19,20.

Bovine corneal opacity and permeability (BCOP) assay. The eye-irritation potential of 5, 25 and 
50 mg/ml of capsaicin was measured by its ability in generating increased opacity and reduced permeability in 
isolated bovine corneas as indicated in Table 3. Prominent variations in the opacity and permeability of the 
corneal membranes on exposure to the different concentrations of capsaicin was evidently predictable. Corneal 
opacity elevated with increasing capsaicin concentrations, which is obvious from the opacity values observed in 
Table 3. Textural changes such as wrinkling and dehydration of the corneal membranes exposed to capsaicin are 
apparent and might influence its permeability thereby either mediating or inhibiting further passage of materials 
into the anterior segment of the eye. Fluorescein retention/leakage across the corneal membrane was minimal. 
No significant permeability of sodium fluorescein (4 mg/ml) was observed after corneal exposure to capsaicin 
treatments. The volume of sodium fluorescein dye that permeated through corneal membrane after exposure to 
capsaicin was totally insignificant and generated absorbance values of 0.024, 0.010 and 0.008 for capsaicin treat-
ments of 5, 25 and 50 mg/ml when compared to negative and positive controls which showed values of 0 and 1.120 
respectively. We can hereby conclude that higher doses of capsaicin increases opacity while decreasing the per-
meability of the corneal membrane. A light microscopic evaluation of the 5, 25 and 50 mg/ml of capsaicin treated 
bovine corneas showed damage and loss of superficial epithelial lining. Mild cytoplasmic vacuolations (marked as 
“v”) in both capsaicin treated corneas and to a little extent, in Phospahte buffer solution 7.4 (PBS) buffer treated 
corneas were recorded in Fig. 3(a–d) which seemed to increase with increasing irritant doses [Fig. 3(b–d)]. Slight 
breakdown of stromal cytoplasm in capsaicin treated corneas were observed. There is a possibility of capsaicin 
induced corneal mineralization (marked as “m”) in treated bovine corneas as irregular aggregates (bluish colora-
tions) were present within the stromal cytoplasm.

Little preceding surveys reporting the corneal opacity and permeation induced by capsaicin have been con-
ducted  earlier. According to a study by Ogilvy et al.21, capsaicin treated rats showed corneal lesions which differed 
from numerous punctuate extents of corneal opacity to deep stromal opacity with ulceration as well as neovascu-
larisation21. Our BCOP results distinctly confirm corneal opacification on exposure to varied doses of capsaicin 
thereby influencing the transparency of the corneal membrane and affecting its permeability either facilitating or 
reducing the passage of materials across it. According to Swan et al.22, they observed the higher corneal penetra-
tion of non polar compounds like oils and fats, as compared to hydrophobic and polar compounds22. Capsaicin, 
being a non polar lipophilic compound, is thus expected to show considerable penetration across the corneal 
membrane. The results of our BCOP study confirm increased opacity and decreased corneal permeability with 
the passage of increased doses of capsaicin. An In Vitro Irritancy Score (IVIS) was useful in allocating the irri-
tancy level of a test group and was calculated as given below:

= + ×IVIS mean opacity value (15 mean permeability value)

Classification of eye irritation by the BCOP is as follows: a test substance that indicates an IVIS ≤ 3 is classified 
as UN GHS No Category; indication of 3 < IVIS ≤ 55 is classified as UN GHS No prediction can be made; and an 
indication of IVIS > 55 is classified as UN GHS Category 1 (corrosive or severe irritant)12. Our observations on 5, 
25 and 50 mg/ml treatments of capsaicin brought us to conclusion that “no prediction could be made” (Table 3). 

Sl 
no

Animal 
species

Capsaicin 
treatment 
received

GRADING OF OCULAR LESIONS

Response after

1 hr 24 hrs 48 hrs 72 hrs

Cornea Iris
Conjunct 
iva Chemosis Cornea Iris

Conjunct 
iva Chemosis Cornea Iris

Conjunct 
iva Chemosis Cornea Iris

Conjunct 
iva Chemosis

1

Wistar rats 
(Rattus 
norvegicus)

Control 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 25 µg 2 ± 0.6 1.1 ± 0.4 1.1 ± 0.4 1.1 ± 0.4 0 0 0 0 0 0 0 0 0 0 0 0

3 50 µg 2.6 ± 0.8 1.3 ± 0.5 2.3 ± 0.5 2.1 ± 0.4 1.3 ± 0.5 0 1.1 ± 0.4 0 3.1 ± 0.4 0 2.1 ± 0.6 0 3.8 ± 0.4 0 3.8 ± 0.4 2.1 ± 0.4

4 75 µg 2.6 ± 0.5 1.5 ± 0.5 1.6 ± 0.5 1.8 ± 0.4 2.6 ± 0.5 0 2.1 ± 0.4 1.1 ± 0.2 3.8 ± 0.4 0 2.1 ± 0.4 1 ± 0.0 4 ± 0.0 0 3.6 ± 0.5 2 ± 0.0

5 100 µg 3.5 ± 0.5 2.1 ± 0.4 2.6 ± 0.5 3.1 ± 0.4 3.8 ± 0.4 1.8 ± 0.4 3.1 ± 0.4 2 ± 0.0 4 ± 0.0 0 2.6 ± 0.5 1 ± 0.0 3.8 ± 0.4 0 3.5 ± 0.5 2.1 ± 0.6

Table 2. AEIin rats: Grading of ocular lesions was done as per OECD 405 grading guidelines. Numbers indicate 
mean grading of the 6 animals used per group in the experiment, i.e, mean ± S.D.



www.nature.com/scientificreports/

5SCIenTIFIC REPORTS |  (2018) 8:12153  | DOI:10.1038/s41598-018-30542-2

BCOP assay seems to identify capsaicin as Category 2 as it has a mean IVIS that is nearer to 3 but lesser than 55 
and produces pathological damages to the eye and its categorization remains similar to that of the UN GHS.

Cooper et al.23 have earlier determined the extent of damage that a substance could produce in the cornea 
by using histopathology as a supplementary endpoint. Histopathology provides important information about 
the forms of lesions, in addition to using opacity or permeability study23. As studied by Meador et al.24, corneal 
mineralization might occur due to trauma or inflammation, or as a result from spontaneous exposure to topical 

Figure 2. Haematoxylin & eosin (H & E) stained rat eye histopathology using light microscope at 40X 
magnification (a) cross section of a normal rat corneal stroma (C) and retina (R) (b) 25 µg/ml capsaicin treated 
corneal and retinal section showed possible corneal separation and disfiguration from the retina (marked with 
an arrow) along with corneal vacuolation and disfiguration (marked as**) (c) control corneal stroma with circled 
areas depicting nuclei of the stromal cells (d) 50 µg/ml capsaicin treated corneal stroma depicting stromal 
swelling, nuclear aggregation (circled) and vacuolar seperations (indicated by asterisks) (e) 100 µg/ml capsaicin 
treated corneal section with distinct inflammation in the (1) stratified squamous epithelia containing wing and 
basal cells, (2) corneal stroma with occasional cracks in it, (3) very indistinct posterior limiting membrane (f) 
100 µg/ml capsaicin H & E treated retinal section magnification showing capsaicin induced variations in (1) 
choroid, (2) retinal pigment epithelium, (3) outer nuclear layer, (4) outer plexiform layer, (5) inner nuclear layer, 
(6) inner plexiform layer, (7) retinal ganglion cell layer. Observations here include depletion of the ganglion cell 
layer (7) while the plexiforn layers (4 and 6) remained indistinct. Very little broken choroidal epithelia (1) could 
be seen which did not form a continous layer.
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irritants24 (capsaicin, in this case). Our observations are in consideration with Gallar et al.25, who observed cor-
neal mineralization characterized by corneal dystrophy or calcific keratopathy that occured spontaneously in rats 
and mice exposed to capsaicin25.

Corneal fluorescein staining. Fluorescein eye staining testing is a beneficial and favourable application in 
appraising corneal epithelial irregularities of patients since it provides essential information concerning the degree 
and/or extent of tissue injury26,27. Scoring of fluorescein stained corneas exposed to different treatments have been 
shown in Table 4. Figure 4(a–f) show images of corneal fluorescein staining on control, vehicle treated (i.e, DMSO) 
and 25, 50, 75 and 100 mg/ml of capsaicin on rabbit eyes. Both the control and DMSO treated cornea exhibited 
no fluorescein uptake (Fig. 4a,b) whereas fluorescein uptake by capsaicin treated inflammed corneas was detected 
immediately after exposure which indicated the existence of mild epithelial damage and abnormalities within the 
iris and conjunctival areas (Fig. 4c,f). Corneas exposed to 25 and 50 mg/ml capsaicin (Fig. 4c,d) showed reduced 
corneal uptake of fluorescein with very slight staining in minute areas of the conjunctiva and iris. Corneas exposed 
to 75 and 100 mg/ml capsaicin (Fig. 4e,f) produced staining in the iris and conjunctiva as well, but predictably to a 
greater extent as compared to the lower doses of capsaicin. Thus results of corneal fluorescein staining test depicted 
capsaicin induced nominal corneal damage in rabbits which diminished with respect to time. Since the test revealed 
no profound damage by ocular capsaicin, further scoring after 24 hrs was discontinued.

Sl no Exposure Opacity Permeability IVIS UN GHS

1 Negative control* 3 ± 0.28 0.00 3 ± 0.28 No category

2 5 mg/ml 18.28 ± 0.12 0.024 ± 0.22 18.64 ± 0.19 No prediction can be made

3 25 mg/ml 19.01 ± 0.09 0.010 ± 0.41 19.37 ± 0.25 No prediction can be made

4 50 mg/ml 19.85 ± 0.31 0.008 ± 0.19 19.97 ± 0.46 No prediction can be made

5 Positive control* 50.22 ± 0.16 1.120 ± 0.34 67.02 ± 0.45 Category 1

Table 3. Bovine corneal opacity and permeability. Opacity and permeability values of bovine corneas as per 
the OECD BCOP 437 guidelines. *Negative control = Phosphate Buffer 7.4. *Positive control = Benzalkonium 
chloride, 5%.

Figure 3. Bovine corneal opacity and permeability assay (a) Light microscope observations of H & E stained 
histopathology sections at 40X of bovine corneas exposed to (a) PBS 7.4 and capsaicin treated (b) 5 mg/ml, 
(c) 25 mg/ml and (d) 50 mg/ml. As suggested Images suggest certain features such as cytoplasmic breakdown, 
vacuolar gaps (marked as “v”) and corneal mineralization (marked as “m”) were more prominent in corneas 
exposed to higher doses of capsaicin. Slight cytoplasmic breakdown can be also observed in 3(b) which is more 
conspicuous in Fig. 3(c,d), thereby indicating symptoms of predominant inflammation.
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Indirect ophthalmoscope imaging. For the evaluation of capsaicin induced morphological variations in 
the fundus, vitreous and blood vessels of the posterior eye, control, DMSO exposed, 25, 50, 75 and 100 mg/ml cap-
saicin exposed rabbit eyes were observed using a Keeler Vantage Indirect Ophthalmoscope (Keeler Ophthalmic 
Instruments, USA). Indirect opthalmoscope imaging is a favoured technique for comprehensive eye examination, 
as it provides the examiner with an improved and extensive view of the inner eye28,29. The fundus comprising 
of retinal blood vessels and vitreous media remained clear, distinct and there were no retinal detachments in 
the control, DMSO and 25 mg/ml capsaicin exposed eyes as observed in Fig. 4g–i. Contrary to that, 50, 75 and 
100 mg/ml capsaicin treated eyes (Fig. 4j–l) showed indistinct fundus images with only slight visibility of the 
blood vessels accompanied by vitreous haze. This might be due to vascular inflammatory granulation (observed 
as dark patches in images Fig. 4j–l and diffuse retinal oedema observed to a greater extent in fundus exposed to 
higher doses of capsaicin as compared to the control, vehicle treated and 25 mg/ml capsaicin exposed fundus. 
Thus, indirect opthalmoscope imaging demonstrated prominent vascular changes in the ocular tissues and it can 
be concluded that when administered topically, capsaicin (considering the dosage and duration of exposure) is 
likely to elicit substantial damaging response in the inner eye.

Schirmer tear secretion test. As shown in Fig. 5(a), capsaicin provoked a dose dependent reduction of 
tear fluid secretion in rats. Significant reductions (P < 0.05) in tear secretions were observed in doses of 5, 50 and 
100 µg/ml capsaicin. Specifically, tear secretion following 5, 50 and 100 µg/ml capsaicin exposure were 4.22 ± 0.23, 
3.12 ± 0.36 and 2.34 ± 0.66 mm/min versus 6.4 ± 0.45 and 6 ± 0.09 mm/min in control and vehicle treated rats 
respectively. Values have been depicted as mean ± standard deviation, n = 6.

Diminished tear fluid secretion might be due to decreased afferent input responsible for the reflex that 
increases such secretion in response to corneal injury21. Previous studies involving treatment of rat pups with 
capsaicin has shown decreased nociceptive stimuli and peripheral sensitivity as a result of decreased tear secre-
tions30. Kagawa et al.14, have found that capsaicin induced reductions in tear secretions have induced superficial 
punctate keratopathy and led to a sustained decrease of corneal sensitivity13.

Transcorneal permeation. The corneal permeation profile of 50 mg/ml capsaicin sample versus dexameth-
asone (standard) across bovine corneas is shown in Fig. 5(b). The steroid dexamethasone, widely used as an 
ocular topical anti-inflammatory agent, is highly lipophilic in nature and was used as a reference standard for 
comparative permeation studies of capsaicin31. Capsaicin showed rapid and instantaneous permeation across 
the corneal membrane initially until the 1st hour, which was followed by a linear and gradual decrease in its per-
meability rate after the 2nd and 3rd hours. 4 hours after exposure, there was little significant permeation. The 
standard dexamethasone, on the other hand, showed a similar pattern of permeation with maximal permeation 
at the first hour followed by a gradual decrease later. The permeability rate exhibited rapid and fast absorption 
of about 53.8% capsaicin (26.9 mg/cm2) and 45.8% (22.9 mg/cm2) dexamethasone in the first hour. Accordingly, 
the steady state flux (Jss) was measured from the slope of the permeation curve as 0.3630 ± 0.214 mg/cm2 and the 

Sl no. Treatments

GRADING OF CORNEAL FLUORESCEIN STAINING (RABBITS)

Response after

1 hr 24 hrs*

Cornea
Nasal 
conjunctiva

Temporal 
comnjunctiva Cornea

Nasal 
conjunctiva

Temporal 
comnjunctiva

1 Control

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

2 DMSO

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

3

Capsaicin

25 mg/ml

0 1 0 0 0 0

0 1 0 0 0 0

0 1 0 0 0 0

4 50 mg/ml

1 0 0 0 0 0

1 0 0 0 0 0

1 0 0 0 0 0

5 75 mg/ml

1 1 0 0 0 0

1 1 0 0 0 0

1 1 0 0 0 0

6 100 mg/ml

1 2 0 0 1 0

1 2 0 0 1 0

1 2 0 0 1 0

Table 4. Grading of corneal fluorescein staining in rabbit eyes. *No significant fluorescein uptake was observed 
at 24 hrs and hence, grading of images at 24 hrs are based on experimental observations that are not significant 
and have not been shown.
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corresponding permeability coefficient (Kp) was found to be 0.4031 ± 0.309 mg/cm2 for capsaicin permeation. 
These values were higher in capsaicin treated corneas as compared to the dexamethasone permeated corneas, for 

Figure 4. Corneal fluorescein staining in rabbit eyes (a) control (b) DMSO exposed (c) 25 mg/ml capsaicin 
exposed (d) 50 mg/ml capsaicin exposed (e) 75 mg/ml capsaicin exposed (f) 100 mg/ml capsaicin exposed. 
There was no fluorescein uptake by the control and vehicle treated cornea (4a and 4b) whereas minute staining 
was observed in the conjunctiva of rabbit exposed to 25 mg/ml capsaicin (Fig. 4c marked with an arrow). 
Eyes of animals exposed to 50, 75 and 100 mg/ml capsaicin (Fig. 4d–f) showed fluorescein staining in minute 
areas of the iris (marked in circles) and conjunctiva (marked using arrows) followed by diminished symptoms 
later. Indirect opthalmoscope imaging of rabbit fundus using a 20D lens: (g) normal rabbit eye with retinal 
blood vessels in vitreous media (h) DMSO exposed fundus (i) 25 mg/ml capsaicin exposed fundus (j) 50 mg/
ml capsaicin exposed fundus (k) 75 mg/ml capsaicin exposed fundus (l) 100 mg/ml capsaicin exposed fundus. 
Control, DMSO and 25 mg/ml capsaicin treated fundus (Fig. 4g–i) comprising of retinal blood vessels and 
vitreous media remained clear and distinct whereas 50, 75 and 100 mg/ml capsaicin treated eyes (Fig. 4j–l) 
showed vitreous haze with only slight visibility of the blood vessels which might be as a result of vascular 
inflammatory granulation (observed as dark patches in images Fig. 4j–l) and diffuse retinal oedema observed to 
a greater extent in fundus exposed to higher doses of capsaicin.
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which the Jss and Kp values were obtained as 0.2850 ± 0.211 and 0.3164 ± 0.242 respectively. Values have been 
depicted as mean ± standard deviation, n = 4.

Published literature have reported the passage of substances across the bodily membranes to be influenced 
by membrane properties like thickness, pores, effective surface area and the physico-chemical characteristics of 
the drug administered32,33. Previous studies have shown increased amounts of dexamethasone reaching different 
eye tissues when supplied as dexamethasone-cyclodextrine microparticles via the ocular topical route31. Though 
lipophilic, dexamethasone has shown limited permeability via the topical route and is known to show excellent 
absorption when administered as an intravitreal injection for retinal delivery34. The corneal epithelium, more 
specifically, is physiologically and partially impervious to polar compounds with relative molecular weight greater 
than 200–300Daltons35. Contrary to that, lipophilic compounds (of considerable molecular size) can pass the epi-
thelium as they easily solubilise in the lipid cell membranes36,37. Capsaicin, being a lipophilic irritant compound 
with a fair permeability profile (including a consistent permeability coefficient and membrane flux properties) 
across corneal membranes, therefore, finds particular utility for defence purposes where it is considered more 
effective, faster acting, less toxic yet quite capable of provoking temporary incapacitation.

Scanning Electron Microscopy (SEM) analysis of bovine corneas. SEM of the 50 mg/ml capsaicin 
exposed bovine corneas [Fig. 6(a)] showed little morphological disfiguration when compared to the control cor-
neas. In scattered locations, epithelial hole like structures with a raised border (x250 magnification) revealed 
several ridge like cellular arrangements on this layer [Fig. 6b(i)]. Figure 6b(ii) shows circular clusters of red 
blood cells on the corneal endothelial surface (x3000). Control corneas exhibited regular and smooth stromal 
surfaces (x1000) with muscular cushion like features as shown in Fig. 6b(iii). Structures resembling bundles of 
corneal sensory nerve fibres (x3000) were observed in capsaicin treated corneas [Fig. 6c(i)]. Treated corneal tis-
sues (x3000) showed raised areas of polygonal cells [Fig. 6c(ii)] that were located centrally with a circular profile 
and formed a fairly level sheet across the corneal surface, which appeared similar when magnified and compared 
with to the polygonal cells obtained in Fig. 6b(ii). Treated stromal surface (x1000) was not smooth or regular and 
contained micro folds and peripheral irregularities as seen in Fig. 6c(iii).

As studied by Chandler et al.38, the ultrastructure of bovine corneal epithelium, being a stratified squamous 
variety, resembles other species such as human, porcine etc38. Existing studies on normal bovine corneas have 
helped us integrate, intensify and compare our results to some extent. Studies by Pfister, 1973 have revealed scat-
tered locations on bovine corneas containing epithelial holes39, the description of which is quite similar to our 
obtained image [Fig. 4b(i)]. Also, such structural stromal surface exhibiting polygonal cells have been previously 
reported in cattle40. SEM images of our treated tissues bear resemblance to previous data obtained by Feher et al., 
2009, who revealed the protective effects of Pigment epithelium-derived factor (PEDF) on retrobulbar treatment 
of capsaicin on rats’ eyes41.

Figure 5. (a) Schirmer tear secretion test results: Graphs indicate variations in tear secretion induced by 5, 50 
and 100 µg/ml of capsaicin exposure in rats. Each column and vertical bar shows the mean ± standard deviation 
(n = 6). An asterisk indicates statistically significant differences (***P < 0.001, *P < 0.05). Statistically significant 
differences were observed in capsaicin treated groups when compared with the control groups. Transcorneal 
permeation profile of 50 mg/ml capsaicin versus 50 mg/ml of dexamethasone (standard): (b) Capsaicin and 
dexamethasone showed similar and rapid permeation across the corneal membranes initially until the 1st 
hour, which was followed by a linear and gradual decrease later. The permeability rate exhibited rapid and fast 
absortion of about 53.8% capsaicin (26.9 mg/cm2) as compared to 45.8% (22.9 mg/cm2) dexamethasone in the 
first hour. Earlier studies suggest considerable permeation and absorption of dexamethasone when formulated 
in cyclodextrine microparticle carrier systems via the ocular topical route31. Values are mean ± standard 
deviation (n = 4). Statistically significant differences were observed in capsaicin treated groups when compared 
with the control group (***P < 0.001, *P < 0.05).
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Electrophysiological study: nerve conduction velocity (NCV). The effect of 25, 50 and 100 µg/ml 
of capsaicin on the conduction of nerve impulses across rat optic nerves (Fig. 7a) was examined by supramaxi-
mally stimulating the retinal end of the nerves to record compound action potentials (CAP) and then calculating 
the NCV using the Biopac hardware and software systems (Biopac Systems, Inc, California, USA). Stimulator 
and response potentials curves were recorded from the conduction experiment. Action potential variations in 
particular sections of stimulator and corresponding response curves (for both control and treated nerves) were 
noted and the average conduction velocities for each nerve was calculated from it. The NCV of control nerve 
was 12 ± 0.128 m/s as compared to NCVs of 9.50 ± 0.891, 8.24 ± 0.564 and 5.02 ± 0.253 m/s for capsaicin treat-
ments of 25, 50 and 100 µg/ml respectively (Fig. 7b). Values are mean ± standard deviation (n = 4). Differences 
of means were statistically significant (P < 0.05) when compared with controls. Obtained results clearly indicate 
significant reduction of velocity in axonal nerve conduction in capsaicin treated optic nerves when compared to 
the velocities in control nerves. Thus, our experimental observation of variations in the conduction of a nerve 
impulse along the optic nerve when exposed to different concentrations of capsaicin resulted in reduced velocities 
in capsaicin treated nerves.

Earlier reports claim damage to the myelin sheath indicated by the slowing of NCV15. However, experimen-
tal analysis has not revealed any injury/damage to the myelin sheath. Exposure/treatment method as well as 
the time of irritant exposure are some factors that might influence the amount of damage caused to the nerve. 
There have also been no previous reports suggesting capsaicin induced demyelination on optic nerves. Previous 
electrophysiological examinations of nerve conduction in rat nerves exposed to capsaicin have yielded conflict-
ing results42. Wall & Fitzgerald (1981) reported no effects of capsaicin on nerve conduction whilst Petsche et 
al. (1983) concluded substantial conduction block in afferent C-fibres43,44. Previous experiments reporting such 
decreased nerve conduction velocity include a study by Conradi et al.45, who observed reduced NCV in optic 
nerves following early post-natal low-dose lead exposure45.

SEM analysis of optic nerve. Anatomical modifications in 50 µg/ml capsaicin exposed rat optic nerves 
was studied by SEM analysis. Figure 7c(i) is a longitudinal cross section of a normal optic nerve when observed 
at a low magnification (x270 magnification). Figure 7c(ii) and at a higher magnification, Fig. 7c(iii) shows the 
control optic nerve head surface (at x1000 and x5000 magnifications respectively) richly supplied with a dense 
network of blood vessels including large retinal vessels and venous tributaries. However, no choroidal artery/vein 

Figure 6. (a) Schematic image of bovine cornea: epithelial and endothelial sections (b) SEM images of control 
bovine corneas: (i) epithelial hole like structures with a raised border (x250 magnification) (ii) clusters of red 
blood cells on the corneal endothelial surface (x3000) (iii) regular and smooth stromal surfaces with muscular 
cushion like features (x1000). (c) SEM imaging of 50 mg/ml capsaicin treated bovine corneas: (i) structures 
resembling bundles of corneal sensory nerve fibres (x3000) (ii) raised areas of polygonal cells located centrally 
across the corneal surface (x3000) (iii) unsmooth and disorganized stromal surface containing micro folds and 
peripheral irregularities (x1000).
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was observed. Cytoplasmic extensions (x1000) of capsaicin treated optic nerve surface can be seen in Fig. 7d(i), 
which appear regular and have quite smooth morphological organization. Treated nerve cross sections (x2000) 
indicate possible disruption of spherically arranged neurofilaments of collagen fibers observed at the level of the 
optic nerve [Fig. 7d(ii)]. Figure 7d(iii) shows the meninges/cushion like structures (x1000) which are nothing but 
the blood vessels surrounding the nerve that act as a direct extension from the eye to the brain.

Scanning electron microscopy data from control as well as treated optic nerves revealed little significant mor-
phological changes in them. Slight disorganization and disruption of collagen fibre bundles was observed in 
the treated nerve which was somewhat familiar to what Joos et al., 2010, have described earlier46. They have 
mentioned intraocular pressure induced disruption of neurofilaments paired with disorganized myelin sheaths 
and enlargement of the axoplasmic space in rat optic nerve. Similar to our observed data, branches of retinal 
arteries sharply angulating away and small lobular nodes divided by right-angle branching within the retina were 
observed by Risco et al.47, and Hayreh, 201147,48. May and Drecoll, in 2002, studied the morphology of the murine 
optic nerve where they confirmed the lack of lamina cribrosa and particularly, choroidal vascular supply, the latter 
of which was also observed from this study49.

Enzyme-linked immunosorbant assay (ELISA). Cytokine levels in ocular tissue homogenates of both 
control as well as 50 µg/ml of capsaicin exposed rats were determined by ELISA which showed significant upreg-
ulation of specific proinflammatory cytokine levels (Fig. 8). The levels of interleukins IL-1α and IL-1β showed 
significant increases that peaked at around 2 hrs and recovered to their basal levels at 4–5 h (Fig. 8a,b), whereas 
IL-6 peaked sooner at 1 hr and showed recovery after 4 h (Fig. 8c). The tumour necrosis factor-α, TNF- α peaked 

Figure 7. (a) Schematic image of a rat optic nerve (b) Nerve conduction velocity: graph indicates variations 
in conduction of nerve impulses across the control as well as 25, 50 and 100 µg/ml capsaicin treated rat optic 
nerves. Each vertical bar shows the mean ± standard deviation (n = 4). Statistically significant differences were 
observed in capsaicin treated groups when compared with the control groups (***P < 0.001, *P < 0.05). (c) SEM 
imaging of control optic nerve: (i) longitudinal cross section of a normal optic nerve (x270 magnification) (ii) 
the same at a higher magnification (x1000) (iii) the control optic nerve head surface richly supplied with a dense 
network of blood vessels (x5000). (d) SEM imaging of 50 µg/ml capsaicin treated optic nerve: (i) Cytoplasmic 
extensions of optic nerve surface smooth morphological organization (x1000) (ii) possible disruption of 
spherically arranged neurofilaments of collagen fibers observed at the level of the optic nerve (x2000) (iii) 
meninges/cushion like structures which are the blood vessels surrounding the nerve (x1000).
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at 1/2 hr and showed recovery after 4 h (Fig. 8d). Compared to their levels in control animals, the level of IL-1α 
increased from 1045 ± 0.211 to 3990 ± 0.335 pg per eyeball, the IL-1β level increased from 1000 ± 0.131 to 
4269 ± 0.423 pg per eyeball, the IL-6 level increased from 550 ± 0.822 to 1427 ± 0.127 pg per eyeball and the 
TNF-α level increased from 200 ± 0.348 to 1256 ± 0.250 pg per eyeball. Thus, capsaicin induced significant incre-
ments in the levels of assessed cytokines (P < 0.05). Values are presented as mean ± standard deviation, n = 4. 
All comparisons have been made with reference to values observed in control animals, which were close to those 
observed in animals exposed to the vehicle.

Previous studies by Biro et al.50 have shown that under special in vitro conditions, capsaicin can activate 
non-neuronal tissues50, which might facilitate exudation of associated proteins from actin microfilaments and 
microtubules present in the ocular cytoskeleton. Another explanation of the observed moderate increase of 
cytokine levels in the eyeball could be due to the massive discharge produced by the cutting of its optic nerve, 
similar to suggestions by Saade et al.51, who confirmed capsaicin induced neurogenic inflammation and upregu-
lation of proinflammatory cytokines induced by bacterial toxins and other inflammatory agents51–53. Capsaicin is 
known to cause the local release of neuropeptides such as substance P, calcitonin gene-related peptide etc, which 
interfere with one or more cellular mechanisms involved in the inflammatory cascade and might be possibly 
be a cause increased cytokine secretion54,55. Varied inflammatory instances, based on experimental evidences 
such as aforementioned, might act as contributing factors to a better understanding of the phenomena behind 
pro-inflammatory cytokine secretion.

Conclusion
In summary, the present research is an attempt at studying some elementary pharmacological effects of ocular 
capsaicin. The AEI test demonstrated precise details of capsaicin induced irritation expressions while the BCOP 
assay confirmed its impact on opacity and permeability in bovine corneas. A combined AEI and BCOP anal-
ysis was effective in reviewing the UN GHS categorization of capsaicin. Corneal fluorescein staining revealed 
no significant ocular surface damage by capsaicin whereas indirect ophthalmoscopy exhibited its  prominent 
effects on the inner eye influenced by its dosage. Transcorneal permeation study revealed considerable per-
meation of capsaicin across corneal membranes. Reductions in tear secretion and nerve impulse conduction 
across rat optic nerves, increments in proinflammatory cytokine levels are some features that confirm capsaicin’s 

Figure 8. Enzyme-linked immunosorbant assay: (a) IL-1α (b) IL-1β, (c) IL-6 (d) TNF- α. Each bar in the graph 
represents the values of mean ± standard deviation, n = 4. Statistically significant differences were observed in 
capsaicin treated groups when compared with the control groups (***P < 0.001, **P < 0.01). For each treatment, 
measurements were made at each time interval on a separate group of animals following ocular exposure to 
50 µg/ml of capsaicin. Results showed significant upregulation of specific proinflammatory cytokine levels 
thereby indicating their aid in the inflammatory cascade.



www.nature.com/scientificreports/

13SCIenTIFIC REPORTS |  (2018) 8:12153  | DOI:10.1038/s41598-018-30542-2

active participation in the inflammatory cascade. Histopathological study and SEM analysis of bovine corneas 
and nerves served as supplementary aids as they contributed towards better prediction of the pharmacology of 
eye irritation induced by capsaicin. The overall pharmacology of ocular capsaicin, therefore, proves it as a safe, 
non-lethal and indispensable part of defence/military utility purposes as opposed to other predominantly avail-
able but hazardous products such as 2-chlorobenzalmalononitrile (CS) and 2-chloroacetophenone (CN) sprays.

Materials and Methods
Ethics statement for the use of experimental animals in research. Wistar rats (Rattus norvegicus) 
were used in all animal experiments. For AEI testing, New Zealand albino rabbits (Oryctolagus cuniculus) were 
used to study capsaicin induced ocular irritation. All experimental animals were used in accordance with ethi-
cal guidelines from the Defence Research Laboratory, Tezpur, Assam, India under the Institutional Animal Ethics 
Committee’s (IAEC) Approval number: 1227/bc/07/CPCSEA, approved on: 04/05/2016. The authors hereby 
affirm adherence to the Association for Research in Vision and Opthalmology (ARVO) statement for the use of 
animals in opthalmic and vision research. We have attempted to minimize the number as well as sufferings of 
animals during experimentation.

Animals. All experiments employed albino Wistar rats (200–250 gms) as experimental animals. Animals of 
both the sexes were used during study. The temperature and relative humidity of the animal room was maintained 
at 20 °C (±3 °C) and 50–60% respectively. They were fed a conventional laboratory diet and provided with an 
unlimited supply of drinking water. New Zealand albino rabbits (2–3 kgs), used in AEI testing, were housed in 
same controlled environments as the rats and a 12 hr light and dark cycle was maintained. They were fed with 
standard laboratory feed and were provided free access to unlimited supply of drinking water. Animals that were 
healthy and free of any clinically observable ocular surface disease were used for the study.

Materials. Capsaicin samples (CAS: 8023-77-6) were kindly gifted by Ozone Naturals, Haryana, India and 
was common for all the experiments discussed here. Dimethyl sulfoxide (DMSO) (Sigma Aldrich, CAS no: 
M81802) was used as vehicle to prepare the capsaicin dilutions. All the other experimental chemicals were of 
reagent grade and were used as received without further purification.

Methods. Tiered approach for assessing eye irritation. Oliveira et al. had combined the Short Time Exposure 
(STE) test with BCOP assay to assess the correspondence of two particular textile dyes with their Globally 
Harmonized System (GHS) eye irritation classification12. The current determination of the irritation potential of 
capsaicin might be a novel technique as it accomplishes and associates the results of the AEI and BCOP tests as a 
tiered approach to evaluate the UN GHS categorization of capsaicin.

Acute eye irritation. Rabbits: The OECD TG 405 acute eye irritation/corrosion testing strategy was followed10. 
Young and healthy adult New Zealand Albino rabbits (Oryctolagus cuniculus) were used for experiment. 
Capsaicin being a serious ocular irritant, 3 male rabbits were used for the initial test followed by 3 additional ani-
mals for the confirmatory testing. Both eyes of the experimental animals selected for testing were examined for 
24 hours before start of the test. The left eye of the rabbit was treated with 50 mg/ml capsaicin; while the right eye 
served as control. The dose of capsaicin was chosen in accordance with previously reported data by Vesaluoma 
et al.56. The lower lid of the eyeball was pulled gently and capsaicin solution was placed in its conjunctival sac for 
5 seconds. The lids were held together to prevent the loss of the solution inside the sac. The eye of the animal was 
not washed for the next 24 hours following instillation of capsaicin. The eyes were evaluated for the existence of 
ocular lesions one hour post capsaicin applications followed by observations at specific intervals of 24 hrs, 48 hrs 
and 72 hrs respectively. Grading of lesions was done with the aid of personnel adequately trained in the ocular 
scoring system.

Rats: Wistar rats were used, in addition to rabbits, as a complementary study to evaluate the ocular irritation 
potential of capsaicin in varied doses in their eyes. Using rats for this experiment was more convenient consider-
ing the evaluation of responses based on different doses of capsaicin, which is not the case with rabbits. In rabbits, 
the use of varied doses means the use of more animals, which is not acceptable as per ethical guidelines. Rats were 
divided into four groups, each group consisting of six animals and exposed to capsaicin treatments of 25, 50, 75 
and 100 µg/ml using similar procedure as for rabbits. Little acute lethality data of ocular capsaicin is available57, 
based on which we have chosen a considerable dose essential for ocular irritation experimentation. Rats were 
evaluated for the existence of ocular lesions one hr post capsaicin application followed by observations at specific 
intervals of 24 hrs, 48 hrs and 72 hrs respectively.

Histopathology. Eyes from control rats as well as 25, 50, 75 and 100 µg/ml of capsaicin treated groups were enu-
cleated and preserved in10% formalin (Sigma, CAS- HT501128). Macroscopic corneal transverse cross sections 
were made and dehydrated in ethanol (70–100%), cleared using xylene (Sigma, 214736) and finally embedded 
in paraffin. A microtome (Spencers Semi Automatic Rotary Machine) was used to prepare sections of about 3 
micrometers. The slides containing ocular sections were stained using Hematoxylin (Sigma, CAS No-HHS32) 
& Eosin (Sigma, CAS- HT110132) staining and observed under the light microscope at 40X to examine for any 
other signs of inflammatory response.

BCOP assay. The BCOP analysis was carried out as per the OECD TG 437 guidelines13. It was performed to 
examine the rate or extent of opacity and permeability in the corneal membranes when exposed to different 
doses of capsaicin, i.e, 5, 25 and 50 mg/ml. Briefly, eyes collected at a nearby slaughterhouse (shortly after death) 
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were immersed in Hanks’ Balanced Salt Solution (HBSS) (Sigma, CAS- H9394) and preserved on ice during 
collection and transported to laboratory. Corneas were isolated, mounted in corneal holders and brimmed to 
an excess with lukewarm Eagle’s Minimum Essential Medium (EMEM) (Sigma, CAS- M2279) in the posterior 
chamber. For 1 hr, the device was readjusted at 32 ± 1°C and holders were calibrated at 74, 150 and 224 opacity 
units. The corneas were exposed to capsaicin dilutions prepared in dimethyl sulfoxide (DMSO). After 2 minutes 
of exposure, controls, PBS 7.4 (Sigma, CAS-P3813), Benzalkonium chloride 5% (Sigma, CAS- PHR1371) and test 
samples were removed from the anterior chamber and the epithelium was washed three times to eliminate any 
excess capsaicin that might have remained. This was done to avoid any erratic interference in the spectrophotom-
eter measurement. An opacitometer (DURATEC Analysentechnik GmbH, Germany) was used to measure the 
corneal responses by decreased light transmission or corneal opacity. Transportation of sodium fluorescein dye 
(Sigma, CAS- 30181) across the control and capsaicin treated corneas was studied to evaluate their comparative 
permeability and integrity. 1 ml of sodium fluorescein (4 mg/mL) solution, prepared in PBS 7.4, was placed in 
the anterior compartment of the corneal holder and is adjusted such that the corneal holder interfaces with the 
corneal epithelia, while the posterior compartment interfaces with the corneal endothelial. Fresh EMEM was 
placed in the posterior compartment. The quantity of sodium fluorescein passing into the posterior compart-
ment was measured quantitatively with a UV Visible Spectrophotometer (Shimadzu, UV-2600) at 490 nm. An 
In Vitro Irritancy Score (IVIS) is useful in allocating the irritancy level of a test group as mentioned previously 
in the results section. Further BCOP histopathological examination (similar processing of tissues as mentioned 
previously) was also carried out for the better characterization and complementation of the depth and severity of 
corneal irritation13.

Corneal fluorescein staining. 2 μl of freshly prepared 1% fluorescein sodium (prepared in double distilled water) 
was applied topically into the conjunctival sac of control as well as DMSO exposed, 25, 50, 75 and100 mg/ml 
of capsaicin exposed groups of rabbits, n = 3. Ocular surface of the animals after fluorescein treatment were 
inspected using the cobalt blue filter of the slit-lamp microscope. The degree of fluorescein staining in the tempo-
ral and nasal conjunctiva and cornea was evaluated. A standardized 4-point scale (0 = none, 1 = mild, 2 = moder-
ate, and 3 = severe) was applied in each of three areas to analyze the results27.

Indirect opthalmoscope imaging. Control as well as DMSO exposed, 25, 50, 75 and 100 mg/ml of capsaicin 
exposed rabbit eyes were observed using a Keeler Vantage Indirect Ophthalmoscope. Pupils of rabbits from each 
group (n = 3) were dilated with 1% tropicamide eye drops and rabbits were positioned in a convenient restraining 
equipment for observation. The Vantage opthalmoscope headband was put on and the attached eyepiece on the 
ophthalmoscope was vertically aligned to observe the rabbit eyes for signs of inner eye damage. A condensing lens 
(20 Dioptre) was fixed in the light path approximately 1 inch from the animal’s pupil and a red retinal reflex was 
obtained on directing the light beam at the pupil. Observed images of the fundus were captured using the Vantage 
Plus Digital software system provided with the instrument.

Schirmer tear secretion test. For the measurement of tear fluid secretion, the animals were divided into 5 groups: 
control, vehicle and 5, 50 and 100 µg/ml capsaicin exposed groups. Tear fluid secretion was measured without 
topical anesthesia by the Schirmer tear test method. Rats were exposed to topical capsaicin and tear fluid secretion 
both before and after capsaicin exposure was estimated. Schirmer tear strips (Alcon Laboratories, Item #4050) 
were inserted into the lower eyelid of the eye without topical anesthesia. 1 min later, the wetted length of the strip 
(millimetres) was observed and taken as the test score.

Transcorneal permeation. Bovine eyes obtained from the local slaughter house were suspended in HBSS. Fresh 
corneas were isolated from the eyes. 50 mg/ml dexamethasone was used as the standard drug to study permeation 
of 50 mg/ml of capsaicin sample in a Franz diffusion apparatus. Both samples were allowed to permeate across 
the corneal membrane placed between the donor and receptor compartment of the Franz diffusion cell with an 
effective diffusion area of 1.130 cm2 and PBS 7.4 (same as lacrimal fluid) as the media at 37 ± 2 °C. The amount of 
capsaicin and dexamethasone permeated across the membrane was assessed by the intermittent sampling of 5 ml 
of receptor media at predetermined time intervals and each time replaced with fresh reservoir fluid. The cumula-
tive amount of drug permeated through the corneal membrane was quantified by a UV-visible spectrophotometer 
(Shimadzu UV-2600, Japan).

Permeation data analysis. Fick’s law of diffusion was used for the estimation of membrane flux. The expression 
Jss = dQt/Adt was used, where Jss denotes the steady-state flux in mg/cm2 per hour, dQt denotes changes in the 
amount of capsaicin passing through the corneal membrane into the receptor compartment in mg, A denotes 
the active diffusion area in cm2 and dt denotes the time variation. Permeation profiles were built by plotting the 
cumulative amount of drug permeated per unit area of the corneal membrane (mg/cm2) versus time (h). The 
steady state flux (Jss; mg/cm2/h) was obtained from the slope of the plot. The equation Kp = Jss/C, where C 
denotes the concentration of capsaicin present in the sample for permeation analysis, was used for the calculation 
of the permeability coefficient (Kp; cm2/h).

SEM analysis of cornea. The bovine corneas were subjected for SEM analysis to check for any variations in 
corneal morphology on acute exposure to capsaicin spray (50 mg/ml). Untreated corneas served as control for 
the SEM analysis. Primary fixation was done using 2.5% gluteraldehyde (Sigma, G5882) for 4 hr. The corneas 
were subjected to further secondary fixation using 1% Osmium tetroxide (Sigma, 75632) for 4 hrs for better 
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penetration. Corneal cross sections were made by slicing at a length of 1 mm using glass cutter in a microtome 
maintaining uniformity. The sliced nerve segments were further observed under a scanning electron microscope 
(JEOL, Japan, model: JSM 6390LV) for any structural changes.

NCV study. NCV is commonly the velocity at which an electrical stimulus travels through the nerve fibres that 
constitute the nerve. For this experiment, rats were divided into 4 groups: control and 25, 50 and 100 µg/ml capsa-
icin exposed groups. The treated groups were exposed to capsaicin spray topically for 5 seconds. The optic nerves 
from rats were then extracted and analysed for NCV using the Biopac hardware and software setup systems. Fresh 
nerve was placed in a conduction chamber irrigated with artificial cerebrospinal fluid having a composition as 
follows: NaC1, 123.9 mM; KCI, 5.0 mM; MgSO4, 1.7 mM; CaCI, 1.9 mM; NaHCOs, 26.0 mM; D-glucose, 9.9 mM; 
saturated with 95% O2, 5% CO2 (pH −7.4)58. These chemicals were all purchased from Sigma Aldrich, USA. 
This chamber was attached with a low voltage stimulator (SS58L). To record the conduction of an impulse, the 
stimulation was increased at increments of 0.1 Volt (maximum upto 1 Volt) until a compound action potential 
(CAP) response was obtained. Nerve conduction in the normal optic nerves versus capsaicin treated nerves were 
recorded on a data acquisition BSLCBL4B system connected to transducers and amplifiers to record the nerve 
response. NCV generated along the length of the nerve was then calculated using the following formula:

=NCV Length of the nerve (mm)
Time taken for conduction (msecs)

SEM analysis of optic nerve. Optic nerves of rat exposed 50 µg/ml of capsaicin as well as controls were isolated 
and analysed for SEM analysis using procedure similiar to the SEM procedure of bovine corneas.

ELISA assay. Rats belonging to both control and 50 µg/ml capsaicin exposed groups were treated with an addi-
tional anaesthetic dose and killed by cervical dislocation. Whole rat eyeballs were removed and 5 mL of PBS 
7.4 was added. Eyeballs were weighed accurately and homogenized in PBS 7.4 containing 0.4 M NaCl, 0.05% 
Tween 20, 0.5% bovine serum albumin, 0.1 mM phenylmethyl- sulphonyl-fluoride, 0.1 mM benzethonium chlo-
ride, 10 mM EDTA and 20 IU aprotinin51. The used chemicals were all purchased from Sigma Aldrich, USA. 
Centrifugation of homogenates at 12000 revolutions per minute (RPM) was done for 30 min at 4 °C. The levels of 
various cytokines such as IL-1α, IL-1β, IL-6 and TNF-α were measured by performing ELISA using the super-
natant obtained from these homogenized tissues. Reagent kits for IL 1α, IL-1β, IL-6 and TNF- α were purchased 
from Sigma Aldrich, USA. Briefly, each cytokine estimation procedure followed was the same as for IL-1α, which 
has been mentioned below. All reagents were brought to room temperature (18–25 °C) before use. 100 µl each 
of standards (lyophilized rat IL-1α protein standard) and samples were added to the rat IL-1α antibody-coated 
microwells of a 96 well immunoplates (Sigma). Samples were added in triplicate. Covered wells were kept for 
overnight incubation at 4 °C with gentle shaking. The solution was later discarded and microwells washed with 
1X wash solution 4 times. 100 µl of freshly prepared biotinylated rat IL-1α Detection antibody was then added 
to appropriate wells and incubated with gentle shaking for 1 hour at room temperature. The wells were discarded 
after 1 hour and washed as before. 100 µl of freshly prepared Horse radish peroxidise, i.e, HRP-Streptavidin solu-
tion was added to appropriate wells and incubated with gentle shaking for 45 minutes at room temperature. The 
wells were discarded, washed and 100 µl of colorimetric Tetramethylbenzidine (TMB) reagent was added to 
appropriate wells and incubated in the dark with gentle shaking for 30 minutes. 50 µl of stop solution was then 
added to appropriate wells and the microplate was read at 450 nm immediately using a microplate reader (Spinco 
Biotech Pvt. Ltd., India). The cytokine values obtained from each animal group at the indicated time intervals was 
averaged and variations in cytokine levels assessed.

Statistical analysis. Data obtained from AEI, BCOP, tear secretion, transcorneal permeation, NCV and ELISA 
experiments were expressed as mean ± standard deviation (S.D). Analysis of comparative means was done by 
one-way analysis of variance (ANOVA) by utilizing the Tukey Kramer multiple comparisons test (GraphPad 
InStat). All P values < 0.05 were considered statistically significant.

References
 1. Olajos, E. J. & Lakoski, J. M. Pharmacology/Toxicology of Oleoresin Capsicum, Capsaicin and Capsaicinoids in Riot control agents, 

(eds Olajos, E. J. & Stopford, W.) 79–122 (CRC Press, 2004).
 2. Constant, H. L., Cordell, G. A. & West, D. P. Nonivamide, a constituent of Capsicum oleoresin. J Nat Prod. 59(4), 425–426 (1996).
 3. Cordell, G. A. & Araujo, O. E. Capsaicin: identification, nomenclature, and pharmacotherapy. Ann Pharmacother. 27(3), 330–336 

(1993).
 4. Oaks, L. W., Dorman, J. E. & Petty, R. W. Tear gas burns of the eye. Arch Ophthalmo. 63(4), 698–706 (1960).
 5. Bregeat, P. Ocular injuries by lacrimogenic agents. Bull. Soc. Ophthalmol (France). 68, 531–534 (1968).
 6. Levine, R. A. & Stahl, C. J. Eye injury caused by tear-gas weapons. Am J Ophthalmol. 65(4), 497–508 (1968).
 7. Krishnatreyya, H., Hazarika, H., Saha, A. & Chattopadhyay, P. Capsaicin, the primary constituent of pepper sprays and its 

pharmacological effects on mammalian ocular tissues. Eur. J. Pharmacol. 819, 114–121 (2018).
 8. OSHA HCS, Occupational Safety & Health Administration: Hazard Communication Standard, Available from: https://www.osha.

gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=10100 (2015).
 9. Hazard Communication: A Rule by the Occupational Safety and Health Administration on 03/26/2012. Available from: https://

www.federalregister.gov/documents/2012/03/26/2012-4826/hazard-communication.

Data availability. All data generated or analysed during this study are included within this article.

https://www.federalregister.gov/documents/2012/03/26/2012-4826/hazard-communication
https://www.federalregister.gov/documents/2012/03/26/2012-4826/hazard-communication


www.nature.com/scientificreports/

1 6SCIenTIFIC REPORTS |  (2018) 8:12153  | DOI:10.1038/s41598-018-30542-2

 10. OECD, Organization for Economic Cooperation and Development, OECD guideline for the testing of chemicals. Test No. 405: 
Acute Eye Irritation/Corrosion, Oct 2, 2012. Available from: https://ntp.niehs.nih.gov/iccvam/suppdocs/feddocs/oecd/oecd-
tg405-2012-508.pdf (2012).

 11. OECD, Organization for Economic Cooperation and Development, 2009a. OECD guideline for the testing of chemicals. Test No. 
437: bovine corneal opacity and permeability test method for identifying ocular corrosives and severe irritants.

 12. Oliveira, G. A. et al. Short Time Exposure (STE) test in conjunction with Bovine Corneal Opacity and Permeability (BCOP) assay 
including histopathology to evaluate correspondence with the Globally Harmonized System (GHS) eye irritation classification of 
textile dyes. Toxicol In Vitro. 29(6), 1283–1288 (2015).

 13. OECD, Organization for Economic Cooperation and Development, 2013a. OECD guideline for the testing ofchemicals. Test No. 
437: bovine corneal opacity and permeability test method for identifying i) chemicals inducing serious eye damage and ii) chemicals 
not requiring classification for eye irritation or serious eye damage.

 14. Kagawa, Y., Shinsaku, I. & Shinohara, H. Investigation of Capsaicin-induced Superficial Punctate Keratopathy Model Due to 
Reduced Tear Secretion in Rats. Curr Eye Res. 38(7), 729–735 (2013).

 15. Selhorst, J. B. & Chen, Y. The Optic Nerve. Seminars in Neurology. 29, 29–35 (2009).
 16. Huhtala, A., Salminen, L., Tähti, H. & Uusitalo, H. Corneal models for the toxicity testing of drugs and drug releasing materials in 

Topics in multifunctional biomaterials and devices (ed. Ashammakhi N.) 1–23 (2008).
 17. Dholakiya, S. L. & Barile, F. A. Alternative methods for ocular toxicology testing: validation, applications and troubleshooting. 

Expert Opin Drug Metab Toxicol. 9(6), 699–712 (2013).
 18. Adams, E. T. et al. Proceedings of the 2010 National Toxicology Program Satellite Symposium. Toxicol Pathol. 39, 240–66 (2011).
 19. Waldrep, J. C. & Crosson, C. E. Induction of keratouveitis by capsaicin. Curr Eye Res. 7, 1173–1182 (1988).
 20. Nakamura, M. et al. Restoration of corneal epithelial barrier function and wound healing by substance P and IGF-1 in rats with 

capsaicin-induced neurotrophic keratopathy. Invest Ophthalmol Vis Sci. 44, 2937–2940 (2003).
 21. Ogilvy, C. S., Silverberg, K. R. & Borges, L. F. Sprouting of corneal sensory fibers in rats treated at birth with capsaicin. Invest 

Ophthalmol Vis Sci. 32(1), 112–121 (1991).
 22. Swan, K. C. & White, N. G. Corneal Permeability: I. Factors affecting penetration of drugs into the cornea. Am J Ophthalmol. 25(9), 

1043–1058 (1942).
 23. Cooper, K. J., Earl, L. K., Harbell, J. & Raabe, H. Prediction of ocular irritancy of prototype shampoo formulations by the isolated 

rabbit eye (IRE) test and bovine corneal opacity and permeability (BCOP) assay. Toxicology in vitro. 15(2), 95–103 (2001).
 24. Meador, V. P., Tyler, R. D. & Plunkett, M. L. Epicardial and corneal mineralization in clinically normal severe combined 

immunodeficiency (SCID) mice. Vet Pathol. 29, 247–249 (1992).
 25. Gallar, J., Pozo, M. A., Rebollo, I. & Belmonre, C. Effects of Capsaicin on Corneal Wound Healing. Invest. Ophthalmol. Vis. Sci. 

31(10), 1968–1974 (1990).
 26. Tabery, H. M. Micropunctate fluorescein staining of the human corneal surface: microerosions or cystic spaces? A non-contact 

photomicrographic in vivo study. Acta Ophthalmol Scand. 75, 134–136 (1997).
 27.  Luo, L. J. & Lai, J. Y. Epigallocatechin Gallate- Loaded Gelatin-g Poly(NIsopropylacrylamide) as a New Ophthalmic Pharmaceutical 

Formulation for Topical Use in the Treatment of Dry Eye Syndrome. Scientific Reports, 7: 9380, https://doi.org/10.1038/s41598-017-
09913-8.

 28. Kuiper, B. et al. Ophthalmologic examination in systemic toxicity studies: an overview. LaboratoryAnimals. 31, 177–183 (1997).
 29. Ozaki, H. et al. Intravitreal Sustained Release of VEGF Causes Retinal Neovascularization in Rabbits and Breakdown of the Blood± 

Retinal Barrier in Rabbits and Primates. Exp. Eye Res. 64, 505–517 (1997).
 30. Lambiase, A. et al. Capsaicin-Induced Corneal Sensory Denervation and Healing Impairment Are Reversed by NGF Treatment. 

Cornea. 53(13), 8280–8287 (2012).
 31. Loftsson, T., Hreinsdóttir, D. & Stefánsson, E. Cyclodextrin microparticles for drug delivery to the posterior segment of the eye: 

aqueous Dexamethasone eye drops. J. Pharm. Pharmacol. 59, 629–635 (2007).
 32. Csoka, I. et al. In vitro and in vivo percutaneous absorption of topical dosage forms: case studies. Int J Pharm. 291(1–2), 11–9 (2005).
 33. Bonina, F. P. & Montenegro, L. Vehicle effects on in vitro heparin release and skin penetration from different gels. Int J Pharm. 102, 

19–24 (1994).
 34. Graham, R. O. & Peyman, G. A. Intravitreal Injection of Dexamethasone: Treatment of Experimentally Induced Endophthalmitis. 

Arch Ophthalmol. 92(2), 149–154, https://doi.org/10.1001/archopht.1974.01010010155016 (1974).
 35. Malhotra, M. & Mazumdar, D. K. Permeation through cornea. Indian J Exp Biol. 39, 11–24 (2001).
 36. Benson, H. Permeability of the Cornea to Topically AppliedDrugs. Arch Opthalmol. 91, 313 (1974).
 37. Swan, K. & White, N. Corneal permeability: factors affecting penetration of drugs into the cornea. Am J Opthalmol. 25, 1043 (1942).
 38. Chandler, R. L., Bird, R. G., Smith, M. D., Anger, H. S. & Turfrey, B. A. Scanning electron microscope studies on preparations of 

bovine cornea exposed to Moraxella bovis. J. Comp. Path. 93, 1–8 (1983).
 39. Pfister, R. R. & Burstein, N. The alkali burned cornea I. Epithelial and stromal repair. Exp Eye Res. 23(5), 519–535 (1975).
 40. Tanimura, I. Comparative morphology of the bulbus oculi of the domestic animals revealed by scanning electron microscopy. Jpn J 

Vet Res. 39, 643–649 (1977).
 41. Feher, J. et al. Pigment epithelium–derived factor (PEDF) attenuated capsaicin-induced neurotrophic keratouveitis. Invest. 

Ophthalmol. Vis. Sci. 50(11), 5173–5180 (2009).
 42. Burchiell, K., Wyler, A., Heavner, J. E. Perpheral and Central Nervous System in Research Surgery and Care of the Research Animal: 

Surgical Approaches to theOrgan Systems (Ed. Gay,W.I. & Heavner, J.E.).
 43. Wall, P. D. & Fitzgerald, M. Effects of capsaicin applied locally to adult peripheral nerve. I. Physiology of peripheral nerve and spinal 

cord. Pain. 11, 363–377 (1981).
 44. Petsche, U., Fleischer, E., Lembeck, F. & Handwerker, H. O. The effect of capsaicin application to a peripheral nerve on impulse 

conduction in functionally identified afferent nerve fibres. Brain Res. 265, 233–240 (1983).
 45. Conradi, N. G., Sjostrom, A., Gustafssont, B. & Wigstrom, H. Decreased nerve conduction velocity in optic nerve following early 

post-natal low-dose lead exposure. Acta Physiol Scand. 140, 515–519 (1990).
 46. Joos, K. M., Li, C. & Sappington, R. M. Morphometric Changes in the Rat Optic Nerve Following Short-term Intermittent Elevations 

in Intraocular Pressure. Glaucoma. 51(12), 6431–6440 (2010).
 47. Risco, J. M. & Nopanitaya, W. Ocular microcirdilation: SEM study. Invest. Ophthalmol. Vis. Set. 5–12 (1980)
 48. Hayreh, S. S. The choriocapillaris. Albrecht Von Graefes Arch. Klin. Exp. Ophthalmol. 192, 165 (1974).
 49. May, C. A. & Lutjen-Drecoll, E. Morphology of the Murine Optic Nerve. Investigative Ophthalmology & Visual Science. 43(7), 

2206–2212 (2002).
 50. Biro, T. et al. Characterization of functional vanilloid receptors expressed by mast cells. Blood. 91, 1332–1340 (1998).
 51. Saadé, N. E. et al. Upregulation of proinflammatory cytokines and nerve growth factor by intraplantar injection of capsaicin in rats. 

J. Physiol. 545(1), 241–253 (2002).
 52. Dray, A. & Bevan, S. Inflammation and hyperalgesia: highlighting the team effort. Trends Pharmacol Sci. 14, 287–290 (1993).
 53. Poole, S., Cunha, F. Q. & Ferreira, S. H. Bradykinin, cytokines and inflamatory hyperalgesia in Pain andNeuroimmune Interactions 

(eds Saadé, N. E., Apkarian, A. V. & Jabbur, S. J.) 31–54 (Kluwer Academic/Plenum Publishers, 2000).
 54. Holzer, P. Local effector functions of capsaicin-sensitive sensory nerve endings: involvement of tackykinins, calcitonin gene related 

peptide and other neuropeptides. Neuroscience. 24, 739–769 (1988).

https://ntp.niehs.nih.gov/iccvam/suppdocs/feddocs/oecd/oecd-tg405-2012-508.pdf
https://ntp.niehs.nih.gov/iccvam/suppdocs/feddocs/oecd/oecd-tg405-2012-508.pdf
http://dx.doi.org/10.1038/s41598-017-09913-8
http://dx.doi.org/10.1038/s41598-017-09913-8
http://dx.doi.org/10.1001/archopht.1974.01010010155016


www.nature.com/scientificreports/

17SCIenTIFIC REPORTS |  (2018) 8:12153  | DOI:10.1038/s41598-018-30542-2

 55. Maggi, C. A. The pharmacology of the efferent function of sensory nerves. Journal of Autonomic Pharmacology. 11, 173–208 (1991).
 56. Vesaluoma, M. et al. Effects of Oleoresin Capsicum Pepper Spray on Human Corneal Morphology and Sensitivity. Invest. 

Ophthalmol. Vis. Sci. 41(8), 2138–2147 (2000).
 57. Toxicology Data Network, Toxnet, US National Library of Medicine, National Pesticide Information Center, HSDB: Capsaicin, 

CASRN: 404-86-4, http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?Dbs+hsdb:@term+@DOCNO+954.
 58. Foster, R. E., Connors, B. W. & Waxman, S. G. Rat optic nerve: electrophysiological, pharmacological and anatomical studies during 

development. Developmental Brain Research. 3, 371–386 (1982).

Acknowledgements
One of the authors, Harshita Krishnatreyya, is thankful to the Tezpur Eye Hospital, Assam, India for providing the 
facility of the Slit Lamp Microscope and extends gratitude to Dr. Angarag Bhagawati and Dr. Sanjib Buragohain, 
for their help in scoring ocular lesions observed in the experimental animals. The author is thankful to the 
Defence Research Laboratory (DRL), Defence Research and Development Organisation (DRDO), Ministry of 
Defence, Govt. of India for providing necessary facilities and research fellowship for this work. The authors are 
also thankful to the Pharmaceutical and Fine Chemical division, Department of Chemical Technology, University 
of Calcutta, Kolkata, India for providing necessary administrative support in carrying out this research work. 
The research work received no particular grants but was funded by the Defence Research and Development 
Organization (DRDO), Project no: (TD/15/DRD-203(DRL-104), DRDO, India.

Author Contributions
H.K., A.S. and P.C. designed the research study protocol while H.K. and H.H. performed all experiments and 
contributed towards the writing of the manuscript. A.S. and P.C. provided guidance throughout the research 
work.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://toxnet.nlm.nih.gov/cgi-bin/sis/search2/r?Dbs+hsdb
http://creativecommons.org/licenses/by/4.0/

	Fundamental pharmacological expressions on ocular exposure to capsaicin, the principal constituent in pepper sprays
	Results and Discussion
	Acute eye irritation. 
	Histopathology. 
	Bovine corneal opacity and permeability (BCOP) assay. 
	Corneal fluorescein staining. 
	Indirect ophthalmoscope imaging. 
	Schirmer tear secretion test. 
	Transcorneal permeation. 
	Scanning Electron Microscopy (SEM) analysis of bovine corneas. 
	Electrophysiological study: nerve conduction velocity (NCV). 
	SEM analysis of optic nerve. 
	Enzyme-linked immunosorbant assay (ELISA). 

	Conclusion
	Materials and Methods
	Ethics statement for the use of experimental animals in research. 
	Animals. 
	Materials. 
	Methods. 
	Tiered approach for assessing eye irritation. 
	Acute eye irritation. 
	Histopathology. 
	BCOP assay. 
	Corneal fluorescein staining. 
	Indirect opthalmoscope imaging. 
	Schirmer tear secretion test. 
	Transcorneal permeation. 
	Permeation data analysis. 
	SEM analysis of cornea. 
	NCV study. 
	SEM analysis of optic nerve. 
	ELISA assay. 
	Statistical analysis. 


	Acknowledgements
	Figure 1 Acute eye irritation (a) Rabbit eyes (i) normal and 50 mg/ml capsaicin treated eyes in (ii) 1 hr (iii) 24 hrs (iv) 48 hrs and (v) 72 hrs.
	Figure 2 Haematoxylin & eosin (H & E) stained rat eye histopathology using light microscope at 40X magnification (a) cross section of a normal rat corneal stroma (C) and retina (R) (b) 25 µg/ml capsaicin treated corneal and retinal section showed possible
	Figure 3 Bovine corneal opacity and permeability assay (a) Light microscope observations of H & E stained histopathology sections at 40X of bovine corneas exposed to (a) PBS 7.
	Figure 4 Corneal fluorescein staining in rabbit eyes (a) control (b) DMSO exposed (c) 25 mg/ml capsaicin exposed (d) 50 mg/ml capsaicin exposed (e) 75 mg/ml capsaicin exposed (f) 100 mg/ml capsaicin exposed.
	Figure 5 (a) Schirmer tear secretion test results: Graphs indicate variations in tear secretion induced by 5, 50 and 100 µg/ml of capsaicin exposure in rats.
	Figure 6 (a) Schematic image of bovine cornea: epithelial and endothelial sections (b) SEM images of control bovine corneas: (i) epithelial hole like structures with a raised border (x250 magnification) (ii) clusters of red blood cells on the corneal end
	Figure 7 (a) Schematic image of a rat optic nerve (b) Nerve conduction velocity: graph indicates variations in conduction of nerve impulses across the control as well as 25, 50 and 100 µg/ml capsaicin treated rat optic nerves.
	Figure 8 Enzyme-linked immunosorbant assay: (a) IL-1α (b) IL-1β, (c) IL-6 (d) TNF- α.
	Table 1 Acute eye irritation (AEI) in rabbits: Grading of ocular lesions was done as per OECD 405 grading guidelines.
	Table 2 AEIin rats: Grading of ocular lesions was done as per OECD 405 grading guidelines.
	Table 3 Bovine corneal opacity and permeability.
	Table 4 Grading of corneal fluorescein staining in rabbit eyes.




