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Introduction

Capsaicin (8-methyl-N-vanillyl-6-nonenamide; Fig. 1) is a 
plant product widely used in foods and medicines. Topical 
application of capsaicin is known to have benefits against 
a variety of pain complications associated with such dis-
eases as diabetic neuropathy and osteoarthritis (Tandan 
et al. 1992; Hempenstall et al. 2005). Other known health 
benefits of capsaicin involve its antihypertension (Hayes 
et al. 1981; Wang et al. 1984; Clozel et al. 1985), antitumo-
rigenic (Huang et al. 2009; Wutka et al. 2014; Mori et al. 
2006), and anti-inflammatory (Frydas et  al. 2013) proper-
ties. Studies have proved that inactivation of capsaicin-sen-
sitive nerve fibers reduces the pulmonary remodeling which 
occurs in collagen and elastic fibers and capsaicin treatment 
reduces the presence of collagen fibers in the vessels and 
lung tissues (Prado et  al. 2011). It has also been reported 
that capsaicin is capable of penetrating collagen matrixes 
(Ko et al. 1998). Because capsaicin can penetrate the skin 
(Fang et al. 2001) by crossing the extra cellular matrix bar-
rier, there is a possibility of interaction between collagen 
assemblies and capsaicin. To the best of our knowledge, 
direct studies of the capsaicin–collagen relationship are 
scarce in the literature. Hence, it is important to understand 
the effects of capsaicin on the biophysical properties of 
both the molecular and fibrillar forms of collagen.

Abstract  Capsaicin is a versatile plant product which has 
been ascribed several health benefits and anti-inflammatory 
and analgesic properties. We have investigated the effect 
of capsaicin on the molecular stability, self-assembly, and 
fibril stability of type-I collagen. It was found that capsai-
cin suppresses collagen fibril formation, increases the sta-
bility of collagen fibers in tendons, and has no effect on the 
molecular stability of collagen. Turbidity assay data show 
that capsaicin does not promote disassembly of collagen 
fibrils. However, capsaicin moderately protects collagen 
fibrils from enzymatic degradation. Computational stud-
ies revealed the functions of the aromatic group and amide 
region of capsaicin in the collagen–capsaicin interaction. 
The results may have significant implications for capsaicin-
based therapeutics that target excess collagen accumula-
tion-linked pathology, for example thrombosis, fibrosis, 
and sclerosis.
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Collagens are structural proteins in the extracellular 
matrix which are crucial in providing the mechanical frame-
work of many tissues, for example skin, tendons, and blood 
vessels (Kielty and Grant 2002). In tissues the triple-helical 
collagen molecules occur as self-assembled supramolecu-
lar structures which are essential for proper functioning 
of tissues. Collagens, directly or indirectly, are linked to 
many pathological complications. Excess platelet aggrega-
tion mediated by fibrillar collagens can cause thrombosis, 
which leads to myocardial infarction and stroke (Farndale 
et  al. 2004). Type VIII collagen is involved in atheroscle-
rosis lesions and plaque formation (Plenz et al. 2003), and 
rupture of the plaque leads to formation of a platelet throm-
bus which causes sudden heart attack, if the coronary artery 
is the affected vessel, or a stroke, if the cerebral artery is 
involved. Blockage of cardiac arteries, after angioplasty, by 
accumulation of collagen in restenosis has been found to 
be a major challenge (Lafont et al. 1999). Recent research 
has verified the possibility of a link between accumulation 
of fibrillar collagen and tissue stiffness in hypertensive heart 
disease. Because accumulation of excess collagen is directly 
linked to severe disease, it is important to find inhibitors of 
collagen fibril formation. Any compound which is capable 
of inhibiting collagen fibril formation could, we believe, be 
useful in treating collagen-activated diseases.

In this study we attempted to determine whether capsai-
cin has any effect on the biophysical properties of collagen. 
We used a combination of biophysical and computational 
studies to aid understanding of the collagen–capsaicin 
interaction. Strong suppression of type-I collagen fibril for-
mation occurs in the presence of capsaicin. Studies were 
also conducted to analyze the protective effect of capsai-
cin against the enzymatic degradation of collagen fibers in 
tendons. We also investigated the effect of capsaicin on the 
thermal stability of molecular collagen and on the shrink-
age temperature of the tendons.

Materials and methods

Reagents

Type-I collagen was isolated by use of the method 
described below. Capsaicin, dihydrocapsaicin, and type-IA 

collagenase were obtained from Sigma–Aldrich Chemicals, 
USA. Other chemicals and buffers used for the study were 
of analytical grade from SRL (India) and Himedia (India).

Isolation of type‑I collagen

Tendons were teased from the tails of 6-month-old male 
albino Wistar rats. The isolated tendons were washed thor-
oughly with saline then repeatedly with distilled water. The 
temperature of both saline and distilled water was main-
tained at 4  °C during washing. Acid-soluble type-I colla-
gen was isolated from the tendons by use of the method of 
Chandrakasan et  al. (1976). The purified type-I collagen 
was then dialyzed extensively against 50 mM acetic acid, 
to remove all traces of salts, then the pure collagen was 
lyophilized. An appropriate amount of lyophilized collagen 
powder was dissolved in 50  mM acetic acid solution for 
preparation of the collagen sample.

Collagen fibril formation and fibril disassembly

Collagen fibril formation, in the absence and presence of 
capsaicin (1:0 to 1:100 molar ratios of collagen to cap-
saicin), was assessed by monitoring absorbance at 313 nm 
by UV–visible spectrophotometry (Cary 100 and Cary 
4000; Agilent Technologies). The concentration of col-
lagen was maintained at 0.3  mg  ml−1 (in PBS, pH  7.4), 
and measurements were recorded at 37 °C. The collagen 
sample (100 µl from 3 mg ml−1 stock) was incubated with 
capsaicin (10–100  µl from 2,000  µM stock) for ~5  min. 
PBS was added to the sample just before kinetic meas-
urements. The reference solution for every experiment 
was prepared from water (0–90 µl), capsaicin, and buffer, 
without collagen, to normalize the background. For dis-
assembly experiments, a suspension of mature collagen 
fibrils was prepared and its optical density at 313 nm was 
monitored in the presence and absence of capsaicin. The 
same amount of capsaicin was added to the reference cell. 
All the experiments were repeated at least twice. Capsai-
cin stock solution was prepared in 50 % ethanol. Control 
collagen fibril formation was conducted under similar 
conditions without capsaicin.

Circular dichroism

A Jasco CD spectropolarimeter (model J815-150L) was 
used to assess the effect of capsaicin on the conformational 
properties of type-I collagen. CD scans of collagen samples 
were obtained in the presence of different concentrations of 
capsaicin (1:10, 1:25, 1:50 and 1:100 molar ratios of col-
lagen to capsaicin). The concentration of the collagen solu-
tion was maintained at 0.5  mg  ml−1. Thermal unfolding 
experiments were performed by monitoring the CD signal 

Fig. 1   Structure of capsaicin
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at 222 nm as the temperature of the sample was increased 
from 20 to 60 °C at 2 °C min−1.

Study of the enzymatic degradation of collagen tendons

Enzymatic degradation, by collagenase, of native and cap-
saicin-treated rat tail tendons (RTT) was studied by esti-
mating the amount of hydroxyproline released from the 
sample by hydrolysis. RTT fibers were treated with cap-
saicin (1–100  μM) for 24  h at 27  °C before addition of 
collagenase. Native RTT and capsaicin-treated RTT were 
treated with type-IA collagenase in 0.04 M CaCl2 solution 
(0.05 M tris–HCl buffer at pH 7.2). The ratio of collagen 
to enzyme was maintained at 50:1 and enzyme-treated 
samples were incubated at 37  °C for ~96  h. Degradation 
of RTT was monitored by measuring soluble hydroxypro-
line released from insoluble collagen (Ryan and Woessner 
1971). Samples of the supernatant (750  μl) were with-
drawn after centrifugation of the sample at 10,000 rpm for 
10 min. The collagenase hydrolysate was hydrolyzed with 
6  M HCl at 120  °C for 16  h in sealed hydrolysis tubes. 
To remove excess acid, hydrolysates were evaporated in a 
porcelain dish by use of a water bath. The acid-free resi-
due was diluted to known volume and the amount (%) of 
hydroxyproline was determined by use of Woessner’s 
method (1961).

Hydroxyproline is an amino acid unique to collagen and 
acts as a useful marker for identification of collagen in the 
presence of non-collagenous proteins. Woessner’s method 
for determination of hydroxyproline involves oxidation of 
hydroxyproline to pyrrole-2-carboxylic acid. This forms 
a complex with p-dimethylaminobenzaldehyde for which 
maximum absorbance is at 557 nm.

Measurement of hydrothermal shrinkage of tendons

A micro-shrinkage tester technique was used to measure 
the shrinkage temperature of native RTT fibers in the pres-
ence and absence of capsaicin. After incubation, a small 
strip of RTT fiber was placed on a saline-filled grooved 
microscope slide. The slide was mounted on a heating stage 
and the temperature of the collagen fibers in the saline was 
increased at a constant rate of 2 °C min−1 until the onset of 
shrinkage was observed. The temperature at which the fib-
ers had shrunk to one-third of their original size was taken 
as the shrinkage temperature in this study.

% Hydroxyproline =

[

concentration in µg/

weight of the sample
]

× dilution factor

% Soluble collagen = % Hydroxyproline × 7.4.

Studies of docking of capsaicin with peptides 
in triple‑helical collagen molecules

X-ray crystal structures of selected collagen model pep-
tides were obtained from the Protein Data Bank (PDB; 
PDB IDs: 1CAG, 1QSU, 2DRT, 1Q7D) (Bella et al. 1994). 
The structures were prepared by use of the protein-prep-
aration wizard of the software Discovery Studio 4.0. Pre-
processing and protonation were performed, by use of 
CHARMm force fields, to balance free valences of mole-
cules (Brooks et al. 2009). The docking sites were chosen 
around specific triplets for each of these collagen peptides: 
“GPO” for 1CAG, “EKG” for 1QSU, “GLO” for 2DRT, 
and “GFOGER” for 1Q7D. The 3D coordinate profile of 
capsaicin was downloaded in SDF format from PubChem 
(CID 1548943) (Bolton et al. 2008) and prepared by use of 
the general purpose wizard with the default settings. Prepa-
ration also nullified formation of any isomers or tautomers 
by the molecule. Docking between collagen and capsaicin 
was performed by use of the Cdocker procedure, which is 
based on CHARMm.

Molecules structurally similar to capsaicin were identi-
fied from the ZINC database (Irwin and Shoichet 2005) by 
using a similarity score of 50 %. Of the best matches, 10 
molecules (ZINC7911905, ZINC7911909, ZINC35317807, 
ZINC38032190, ZINC44869451, ZINC44869455, 
ZINC48325216, ZINC50950504, ZINC60968773, and 
ZINC78400413) were selected as decoys such that they, 
while having high structural similarity to capsaicin, were 
dissimilar with regard to the substructures reported to be 
involved in interactions with the molecule. These decoys 
were subjected to docking with the same procedure that 
was used for capsaicin. All docking studies were performed 
with Discovery Studio 4.0 on a 10 core Dell Precision 5610 
Workstation.

Results and discussion

Effect of capsaicin on formation of fibrils of type‑I 
collagen

The process of collagen fibril formation was monitored 
by recording the optical density (absorbance at 313 nm) 
of collagen (0.3 mg ml−1) in PBS buffer at 37 °C (Mehta 
et al. 2014). In the absence of capsaicin a typical turbid-
ity curve consisting of a lag phase, a growth phase, and 
a plateau phase was observed (Fig. 2a, black line); such 
a curve confirms self-assembly of soluble triple-helical 
collagen molecules into higher-order fibrils. Gradual 
suppression of collagen fibril formation was observed 
when increasing concentrations of capsaicin were added 
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to the sample (Fig. 2a). The nature of the turbidity data, 
shown in Fig. 2a, suggests that the lag time of the self-
assembly process is not much delayed in the presence 
of capsaicin; rather, the extent fibril formation if sub-
stantially reduced. At 1:100 molar ratio of collagen to 
capsaicin, we observed almost 90  % reduction in the 
amount of fibrils formed with a slight delay in the lag 
time. Because the lag time is not much affected, it is 
possible the suppression effect is achieved during the 
growth phase in which inter-fibrillar association occurs. 

It is also possible that interaction of capsaicin with the 
fibrillar form of collagen is more favorable than capsai-
cin–molecular collagen interaction. Another reason for 
this inhibition effect could be promotion of fibril disas-
sembly by capsaicin. To clarify the effect of capsaicin on 
fibril disassembly, we added capsaicin to a suspension of 
mature collagen fibrils and monitored the change in opti-
cal density of the sample as a function of time (Fig. 2b). 
The results, shown in Fig.  2b clearly indicate that cap-
saicin does not promote disassembly of collagen fibrils 
(Fig. 2b, filled circles).
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Fig. 2   Effect of capsaicin on type-I collagen fibril formation and 
fibril disassembly. a The kinetics of formation of collagen fibrils in 
the presence and absence of capsaicin were studied by monitoring 
optical density at 313  nm. Molar ratios of collagen to capsaicin in 
different samples were: 1 1:0, 2 1:10, 3 1:25, 4 1:50, and 5 1:100. 
The concentration of collagen was constant at ~0.3 mg ml−1 in all the 
samples and the measurements were recorded in PBS buffer (pH 7.4) 
at 37 °C. b Effect of capsaicin on disassembly of collagen fibrils. The 
molar ratio of the collagen to capsaicin was 1:100 and measurements 
were recorded at 25 °C
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Effect of capsaicin on enzymatic degradation of fibrillar 
collagen

To determine the binding properties of capsaicin with col-
lagen fibers, we conducted collagenolytic degradation of 
capsaicin-treated rat tail tendons. The amount of hydroxy-
proline released from collagenase-treated RTT was meas-
ured to quantify the degradation of collagen fibrils in the 
presence of capsaicin. Approximately 99  % of the native 
collagen fibers were degraded in the absence of capsaicin 
(Fig. 3). Capsaicin-treated RTT were, however, resistant to 
collagenolytic hydrolysis (Fig. 3a). As shown in the same 
figure, approximately 20  % less hydrolysis was observed 
in the presence of 100 μM capsaicin. Because capsaicin-
treated collagen fibers were thoroughly washed before 
exposure to collagenase, interaction between collagenase 
and capsaicin seems unlikely. Hence, this result suggests 
that capsaicin may have the ability to bind to collagen fib-
ers, and this binding may interfere with the catalytic action 
of the collagenase.

Hydrothermal shrinkage of tendons in the presence 
of capsaicin

For further clarification of the capsaicin–tendon interac-
tion we measured the shrinkage temperature of RTT in the 
presence of capsaicin. Measurement of the hydrothermal 
shrinkage temperature of RTT fibers, i.e. the temperature at 
which the collagen tendon shrinks to one-third of its origi-
nal length when heated in an aqueous medium, furnishes 
direct evidence of the thermal stability of ordered colla-
gen fibers. A variety of factors can affect the denaturation 
temperature of collagen fibers (Usha and Ramasami 2000; 
Sionkowska 2000). We measured the shrinkage tempera-
ture of native tendons and capsaicin-treated tendons (as dis-
cussed in the “Materials and methods” section); the results 
are summarized in Table  1. For native collagen fibers the 
shrinkage temperature was ~56  °C, which is higher than 
the denaturation temperature of collagen triple-helical mol-
ecules (~41 °C). We observed an increase in the shrinkage 

temperature for collagen fibers pretreated with capsaicin 
(Table  1). The shrinkage temperature of RTT collagen 
fibers treated with 100  μM capsaicin was 60.5  °C. This 
increase suggests a possible interaction between capsaicin 
and collagen fibers in the tendon, an assumption consist-
ent with the results obtained from enzymatic degradation 
experiments of collagen fibers. A correlation between the 
increase in shrinkage temperature and protection against 
collagenase is clearly evident from the plot shown in 
Fig. 3b.

Effect of capsaicin on the conformational stability of the 
collagen triple‑helix

Because the shrinkage temperature of collagen tendons was 
found to increase in the presence of capsaicin (Table 1), as 
the next step we examined the effect of capsaicin on the 
thermal stability of molecular collagen. The molecular 
structure of collagen is a triple helix and has a character-
istic CD signal at 222 nm. We acquired the CD spectra of 
collagen in the presence and absence of capsaicin (Fig. 4a). 
In the presence of capsaicin, collagen molecules retained 
their inherent triple-helical conformation (a positive peak at 
~222 nm), and we noticed an increase in the intensity of the 
peak at 222 nm in the presence of capsaicin. We then per-
formed thermal unfolding of collagen triple-helical mole-
cules and monitored the change in the CD signal at 222 nm. 
The thermal unfolding curves suggested a slight increase of 
Tm for collagen in the presence of capsaicin (Fig. 4b). This 
result suggests that in the presence of capsaicin the confor-
mational stability of the triple-helical collagen molecule 
remains almost unaltered whereas the thermal stability of 
collagen fibers is substantially increased (Table 1).

Computational studies of docking of capsaicin 
with peptides in triple‑helical collagen molecules

Because these experimental results indicated possible inter-
action of capsaicin and collagen, we conducted computa-
tional docking studies to gain further insight. Capsaicin was 
docked around specific triplets in each of the collagen pep-
tides investigated (Supplementary Figures S2–S5). Results 
from 1CAG and capsaicin binding studies indicate that cap-
saicin binds with Gly–Pro–Hyp triplets (Fig. 5). Capsaicin 
formed three hydrogen bonds (between HA of Pro37 and 
O2 of capsaicin, =O of Gly36 and H45 of capsaicin, and 
=O of Gly36 and H46 of capsaicin) and participated in a 
mixed pi/alkyl hydrophobic interaction (between the elec-
tron clouds of the benzene subunit of capsaicin and the 
cyclopentane subunit of Pro37). The Cdocker energy score 
was −4.977 and interaction energy score was −17.404, 
values indicative of a stable interaction between capsaicin 
and collagen. To confirm the effect of functional groups 

Table 1   Hydrothermal stability of rat tail tendons (RTT) treated with 
different concentrations of capsaicin

a  Results are averages from two independent experiments

Concentration of capsaicin (μM) Shrinkage temperaturea (°C)

0 56.0 ± 0.8

1 57.0 ± 0.8

10 58.3 ± 0.5

20 58.5 ± 0.6

50 59.5 ± 0.5

100 60.5 ± 0.5
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of capsaicin identified as being involved in interactions 
with Gly–Pro–Hyp triplets, 10 capsaicin decoys (listed in 
the “Materials and methods” section) were identified and 
subjected to docking studies by use of the same procedure. 
Except for one molecule (ZINC35317807; Fig. S1b), none 
interacted with Gly–Pro–Hyp regions.

We also conducted studies of docking of capsaicin with 
selected triple-helical model peptides containing sequences 
that are found in type-I collagen. The results have been 
summarized in supplementary Figs.  S2–S5. As observed 
from the interactions, capsaicin could potentially bind to 
the “GFOGER”, “EKG”, and “GLO” sequences within the 
triple-helical conformation.

A possible mechanism of the capsaicin–collagen 
interaction

Capsaicin can be regarded as a molecule consisting of 
three segments: an aromatic component, an amide bond, 
and a hydrophobic side chain (Fig.  1). The aromatic ring 
of capsaicin is known to be important to its binding prop-
erties, because of its ability to act as both hydrogen bond 
donor and acceptor (Katritzky et  al. 2000). It is also pos-
sible that amide hydrogen and carbonyl oxygen partici-
pate in H-bonding interactions. A hydrophobic effect of 
the hydrocarbon chain of capsaicin is also possible. With 
such properties, the capsaicin molecule seems capable of 
interfering with both hydrophobic and hydrophilic inter-
actions. Aromatic residues are of major importance in the 
process of self-association of collagen triple-helical pep-
tides into higher-order structures (Kar et  al. 2009; Cejas 
et al. 2008). Inhibition of self-assembly of collagen model 
peptides has also been observed in the presence of aromatic 
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residues (Kar et  al. 2009). Synthetic peptides with aro-
matic-rich sequences in the telopeptide regions of the col-
lagen sequence have been found to inhibit self-assembly of 
type-I collagen in an in vitro system (Prockop and Fertala 
1998). Our computational studies indicated that the aro-
matic moiety and amide region of capsaicin are involved 
in critical interactions that stabilize the complex. Hence the 
aromatic part of the capsaicin and its amide region seem 
crucial for the collagen–capsaicin interaction. To under-
stand the importance of the hydrophobic region of capsai-
cin, we also investigated the effect of dihydrocapsaicin on 
collagen fibril formation at 37 °C in PBS. We observed no 
effect of dihydrocapsaicin on the onset of collagen fibril 
formation (Supplementary Fig. 6). It seems that the rigidity 
of the hydrophobic chain of capsaicin facilitates collagen–
capsaicin interactions.

In this study we observed strong inhibition of collagen 
fibril formation when the concentration of capsaicin was 
increased to ~100 fold higher than the concentration of 
collagen. The type-I collagen triple helix is a hetero trimer 
which contains two α1 chains and one α2 chain. Each α 
chain contains approximately ~1,000 amino acids. It is pos-
sible that the whole sequence of both the α1 and α2 chains 
may have multiple sites facilitating binding of capsaicin. 
Computational docking studies suggest that Gly and Pro 
participate in collagen–capsaicin interactions. Further stud-
ies of docking of capsaicin with other collagen peptides 
(supplementary data, Figs. S2–S5) also indicated its inter-
action with the “GFOGER”, “EKG”, and “GLO” regions. 
Sequence analysis of type-I rat collagen showed that the α1 
chain contains 44 Gly–Pro–Hyp regions and 127 Gly–Pro 
sites. Similarly, the α2 chain contains 29 Gly–Pro–Hyp 
regions and 116 Gly–Pro sites (supplementary Fig.  S7). 
This could be one reason for the requirement of such a high 
molar ratio of capsaicin to collagen (100:1) to prevent col-
lagen fibril formation.

The molecular structure of collagen has a characteristic 
triple-helical conformation consisting of three polypro-
line II-like chains supercoiled around a common axis as a 
result of interchain hydrogen bonding (Ramachandran and 
Kartha 1955; Rich and Crick 1961; Brodsky and Persikov 
2005). Each polypeptide chain has a unique (Gly–Xaa–
Yaa)n sequence pattern in which almost every third resi-
due is glycine. It is believed that non-specific interactions 
which involve hydration and intermolecular H-bonding are 
the force driving initiation of self-assembly of triple-heli-
cal collagen molecules (Kar et al. 2006; Leikin et al. 1995, 
1997). Sugars and polyols are known to inhibit fibrillo-
genesis of type-I collagen by disrupting hydrogen-bonded 
water bridges between the helices (Kuznetsova et al. 1998). 
Sugars are also known to be able to inhibit self-association 
of collagen triple-helical peptides (Kar et  al. 2006). Con-
sidering all these factors, we believe that both hydrophobic 

and hydrophilic interactions mediated by capsaicin are 
directly linked to the mechanism of suppression of collagen 
fibril formation.

Inhibition of fibril formation by capsaicin suggests that 
capsaicin may interfere with aggregation of collagen mol-
ecules as a result of its interaction with monomolecular col-
lagen. The interactions that occur between capsaicin and 
collagen in the monomolecular and fibrillar forms might 
not have the same effect. Although capsaicin does not alter 
the thermal stability of triple-helical collagen molecules, it 
increases the shrinkage temperature of tendons and protects 
them from enzymatic degradation. Collagen forms a highly 
ordered, quarter-staggered arrangement in which collagen 
triple helical molecules are fixed at defined dimensions in 
3D space. It is, therefore, possible that capsaicin can partic-
ipate in multipoint interactions between collagen molecules 
(in the fibrillar form), which may enhance the stability of 
collagen fibers.

Conclusions

Accumulation of collagen is one of the main causes for the 
onset of lethal diseases such  as fibrosis and atherosclero-
sis. A straightforward approach targeting collagen fibril 
formation could therefore be critical for treatment of such 
diseases. This study revealed the potential of capsaicin to 
suppress collagen fibril formation. This unique property 
of capsaicin may have potential in the development of 
drugs for treatment of diseases linked with excess collagen 
fibrillogenesis.
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