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a and guggul aqueous extracts on
inhibition of protein fibrillation and dissolution of
preformed fibrils†

S. N. Save and S. Choudhary *

Herbal preparations have long been used for treatment of variety of diseases. However, a systematic

and scientific evaluation of their effects and mechanisms of action have been lacking, although it is

believed that synergistic complementation of the effects of the multiple chemical components in these

preparations would be playing crucial regulatory roles in the different metabolic pathways which may

interfere in a biological system. In this context, we investigate here protein fibrillation which is known to be

an important process responsible for many neurodegenerative and other diseases. Using lysozyme as

a model protein, we have studied using a combination of spectroscopic and microscopic techniques, the

effects of two herbal preparations, derived from triphala and guggul, on the fibrillation process. We

observed that both the extracts have the ability to inhibit protein fibrillation but triphala has much

more dominating influence on fibrillation inhibition. The kinetics of fibrillation has been monitored by

fluorescence spectroscopy as well as absorption spectroscopy, and the morphological changes associated

with fibrillation have been monitored by transmission electron microscopy. Our experiments seem to

suggest an interference (or synergy), though minor, between the effects of triphala and guggul on the

fibrillation/aggregation process. We also observed that both triphala and guggul have the ability to dissolve

preformed fibrils and aggregates of lysozyme, in a synergistic manner. We believe, the present indication of

possible synergy between triphala and guggul can be conceptually extrapolated to the components of the

individual preparations. Thus, the current work has significant therapeutic implications and will provide

scientific basis to the development of new generation of phytopharmaceuticals which can be used alone

or in combination with other drugs.
Introduction

Many polyherbal formulations have been reported to be very
effective for the treatment of diseases like cancer, cardiovas-
cular disorders, ophthalmic problems, liver dysfunction and
many others.1–3 The use of herbal systems of medicine in
combination with other therapeutic systems like chemotherapy
and radiotherapy has also been documented.4–6 Many phyto-
medicines are marketed as whole plant extracts containing
multiple components. The strength of such a treatment is
believed to be the synergy between the multiple components of
the extracts, although experimentally it has been difficult to
demonstrate this synergy because of the large number of
components present in the extracts. Synergistic effects of drugs
contribute to improved therapeutic effects due to some positive
interactions and their complementary effects among their
different components. However, a systematic and scientic
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evaluation of these effects and their mechanisms of action have
been lacking. In this context, we report here the inhibitory and
synergistic effects of triphala and guggul extracts on protein
brillation.

Triphala is one of the age-old and well known polyherbal
medicine of the ‘Rasayana’ group. ‘Rasayana’ drugs are integral
part of Indian system of medicine (ISM) and are believed to
promote immunity, health and longevity.7–9 Triphala is made of
equi-proportion mixture of dried fruits of three plants: Termi-
nalia chebula (Haritaki), Terminalia belerica (Bibhitaki), and
Phyllanthus emblica or Emblica officinalis (Amalaki or the Indian
gooseberry).10,11 This formulation is rich in antioxidants and
strengthens the neurocrine, endocrine and immune systems of
the body. Besides this, triphala is also reported to have anti-
bacterial, antimalarial, antifungal, antiallergic, and antiviral
activities. These properties of triphala evidently make it a suit-
able medicine to treat anaemia, jaundice, fever, cough and
diarrhoea.12–14 Apart from all the above mentioned properties,
triphala also possesses antioxidant, antimutagenic, antineo-
plastic, chemoprotective, radioprotective, and chemopreventive
effects. Recent studies have demonstrated that triphala not only
exerts protective effects on dermal broblasts and human
This journal is © The Royal Society of Chemistry 2017
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keratinocytes,15 but also mediates regulation of endothelial cell
functions.15,16 In addition, another recent work it has been
successfully demonstrated that aqueous and alcoholic extracts
of triphala and their active compounds have potential to
prevent epithelial to mesenchymal transition in retinal pigment
epithelial cells.17

Another very effective herbal medicine is ‘guggul’which is an
oeolgum resin and is obtained from guggul tree Cammiphora
mukul.3,18 Guggul has been used from centuries for the treat-
ment of many diseases including hypercholesterolemia, rheu-
matism, arthrosclerosis, bone fractures, lipid disorders and
obesity.4–7,19–22 Some studies have conrmed that guggul has
been found to play a signicant role in suppressing inamma-
tory and carcinogenic effects of many agents.8,23 Guggul
contains mixture of different guggul sterons which are reported
to modulate numerous targets including growth factors, growth
factor receptors, transcription factors, cytokines, enzymes, and
genes regulating apoptosis.24–29

Protein aggregation/brillation is associated with variety of
diseases including Parkinson's and Alzheimer's diseases, cystic
brosis, type 2 diabetes mellitus and others. A group of protein
aggregation diseases also called as amyloidoses are character-
ized by deposition of brillar aggregates in affected tissues.30

Despite of having different structures and amino acid
sequences of the proteins causing amyloidoses share same
structural features. They are beta rich structures in which beta
sheets are perpendicularly arranged to the brillar axis.31 These
beta rich structures also share same tinctorial properties and
bind with thioavin T and Congo red dye.32,33

In spite of investing considerable efforts in searching for
suitable therapeutic drugs against protein aggregation diseases,
not much success has been achieved. Recently some of the
natural plant products have been reported to have anti-
amyloidogenic and neuroprotective effects34–37 and there is
possibility of existence of such type of other potent natural
products. Our current study focuses on the unexplored features
of triphala and guggul extracts on the inhibition of protein
aggregation/brillation as well as on their probable synergistic
effects; hen egg white lysozyme (HEWL) is taken as a model
protein. HEWL is a 129 amino acid containing globular protein
and is considered a suitable model for study due to its small size
and availability of substantial structural information in the
literature.38 This makes HEWL as a suitable model protein for
study of protein stability, folding, misfolding and aggregation
studies.39 It is reported that lysozyme can form brils under
variety of conditions such as low pH, high temperature,
moderate concentration of guanidine hydrochloride (GuHCl)
(2–5 M) at moderate temperature and alkaline pH at room
temperature.40 Two naturally occurring variants of human
lysozyme are responsible for autosomal hereditary systemic
amyloidosis and are reported to be involved in formation and
deposition of amyloid brils in various tissues.41 This disease is
linked with point mutations in the lysozyme gene, causing the
non-conservative substitutions Ile56Thr or Asp67His, which
make lysozyme less stable and amyloidogenic.42 This work
represents a beginning of an elaborate exploration of herbal
preparations as potential inhibitors of the brillation process.
This journal is © The Royal Society of Chemistry 2017
The current work will provide a scientic basis to the develop-
ment of new generation of phytopharmaceuticals which can be
used alone or in combination with other drugs.

Materials and methods
Chemicals

Hen egg white lysozyme (>95%), thioavin T (dye content 0.65–
0.75), and guanidine hydrochloride (GuHCl, G3276) were
purchased from Sigma-Aldrich Chemical Company (USA). All
the solutions were prepared in Milli Q water from Merk Milli-
pore. The experiments were performed in 60 mM phosphate
buffer at pH 7.4. The pH of solutions was adjusted using PICO+
Benchtop pH-meter (Labindia Instruments Pvt Ltd).

Preparation of extracts

Triphala and guggul tablets were obtained from Himalaya
Pharmacy Ltd Company, India. A weighted amount of powder (2
g/10 ml) from capsules was dissolved in Milli Q water at 60 �C
and kept in the hot water bath for 2 h. The solution was
centrifuged it at 13 000 rpm at room temperature and super-
natant was collected and ltered through 0.22 mm lter. In order
to obtain dry powders extracts were lyophilised using Labconco
Free Zone 2.5 lyophilizer. Lyophilised powder was dissolved in
phosphate buffer (pH 7.4) and used for experiments.

In vitro lysozyme amyloid formation

The concentration of lysozyme was determined using Shimadzu
UV-visible spectrophotometer, using an extinction coefficient
A1 cm
1% ¼ 26.5 at 280 nm.43 The samples of lysozyme at

a concentration of 140 mM were incubated at 37 �C under stir-
ring condition at 250 rpm to induce brillation.

Fluorescence spectroscopy

The steady state uorescence measurements were done on
a Agilent uorescence spectrophotometer. Kinetics of brilla-
tion was monitored using Thioavin T (ThT) binding and 90�

light scattering assays. A stock solution of ThT was prepared in
phosphate buffer (60 mM, pH 7.4). ThT, a cationic benzothia-
zole dye has been widely used to identify the amyloid brils
having common structural features.44,45 The concentration of
ThT was determined by using an extinction coefficient E ¼
26 620 M1 cm�1 at 412 nm.46 At different time intervals aliquot
of incubated lysozyme solution was mixed with ThT solution
such that the nal concentrations of lysozyme and ThT for the
uorescence measurements were 4 mM and 20 mM, respectively.
The ThT molecules were selectively excited at 450 nm and
emission was recorded at 482 nm.47 For all the measurements
excitation and emission slit widths were xed at 5 nm. The re-
ported uorescence emission spectra of the complexes have
been corrected by subtracting the reference spectra of the
control solutions containing same amount of the dye. For 90�

light scattering experiments aliquots were taken out at different
time intervals and diluted in phosphate buffer (60 mM, pH 7.4)
such that the nal concentration of the lysozyme was 4 mM. The
excitation wavelength and emission wavelength were xed at
RSC Adv., 2017, 7, 20460–20468 | 20461
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350 nm for 90� light scattering measurements. The obtained
data from ThT uorescence and 90� light scattering measure-
ments were satisfactorily tted to the sigmoid curve represented
by the following equation48

YðtÞ ¼ Yi þmitþ Yf þmf t

1þ e�½ðt�t0Þ=s� (1)

where Y is the uorescence intensity, Yi and Yf are initial and
nal uorescence intensities, t is time, and t0 is the time to
reach 50% of maximal uorescence. The lag time is determined
by t0 � 2s where s is the time constant of bril growth and
obtained by nonlinear regression. Each experiment was per-
formed at least three times and an average was used.

For Congo red (CR) binding experiments aliquots of the
lysozyme solution were taken out at different time intervals. The
samples were diluted in phosphate buffer (60 mM, pH 7.4) such
that the nal concentrations of the lysozyme and CR were 4 mM
and 20 mM respectively. Aer at least 10–12 minute incubation
time absorption spectra were acquired from 400 to 700 nm
using Shimadzu UV-visible spectrophotometer and cuvette with
1 cm path-length. The difference spectra were obtained by
subtracting the spectra of CR alone and brils alone from those
of the spectrum of CR and brils complex.
Transmission electron microscopy

The visualization of the amyloid brils was done on a JEOL JEM-
2100 Electron Microscope which operates at an accelerating
voltage of 200 kV. The brils were prepared in the similar
fashion as described earlier and then diluted to a nal
concentration of 20 mM in order to prepare grids. The Formvar-
coated 200 mesh copper grids were used for deposition of the
samples. The negative staining of the samples was done with
2% aqueous uranyl acetate solution. Aer pre-rinsing with large
volumes of water, a 0.22 mm lter was used to lter the stains.
Uranyl acetate is known to produce high electron density and
image contrast as well as impart ne grain to the image.49
NMR spectroscopy

NMR spectra of the aqueous extracts were recorded on a 500
MHz BRUKER Spectrometer. Water suppression was achieved
by the standard Excitation Sculpting technique.
Results and discussion
Spectroscopic signatures of extracts

Several reports have appeared in the literature on the constit-
uents of triphala and guggul.50,51 These have relied mostly on
mass spectrometric analyses. Though there will be slight vari-
ations depending upon the methods of extractions used, it
appears that by and large there are more than 40 components in
triphala and many of these are small molecules containing
a large number of hydroxyl groups. We have recorded absorp-
tion and NMR spectra of our preparations as some sort of
signatures. These are shown in Fig. S1 and S2† respectively. The
absorption spectrum of triphala shows a well-dened peak and
its absorption spectrum matches with an earlier report.52 The
20462 | RSC Adv., 2017, 7, 20460–20468
NMR spectra of triphala and guggul extracts (Fig. S2†) are
distinctive, although both have a high density of peaks in the 3–
4 ppm region. Triphala spectrum shows also weak peaks in the
aromatic and methyl areas. We checked NMR signatures of
triphala extracts from three other different sources, and they
show signicant resemblance [Fig. S3†]. A detailed analysis of
these NMR spectra is neither intended nor practical at this
moment because of the presence of large number of compo-
nents in the preparations.

Lysozyme bril formation

Fig. 1A shows the time course of brillation of lysozyme when
incubated in presence of 4 M GuHCl at pH 7.4 and 37 �C with
stirring at 250 rpm. The bril extension was monitored in the
presence of ThT which interacts mainly with amyloid brils and
gives characteristic emission maxima at 482 nm when excited at
450 nm.47 The brillation curve shows sigmoidal behaviour
consisting of three distinct phases; initial lag phase, a subse-
quent elongation phase and a nal saturation phase. The lag
time for lysozyme brillation was calculated using eqn (1) and is
found to be (1.92 � 0.05) h. The formation of lysozyme brils
was also conrmed by transmission electron microscopy which
shows network of lysozyme brils when the image was taken
aer 36 h of incubation (Fig. 1B).

Effects of triphala and guggul on lysozyme brillation

To see the inhibitory effects of triphala and guggul on lysozyme
brillation ThT binding assay was carried out. Lysozyme solu-
tion was incubated at 37 �C and in presence of 4 MGuHCl under
stirring conditions at 250 rpm in presence of different
concentrations of triphala and guggul. Fig. 2 represents the
uorescence kinetics plots of lysozyme in absence and presence
of different concentrations of triphala and guggul. In the
absence of triphala (Fig. 2A), the increase in ThT intensity is not
signicant upto 3 hours, beyond which the intensity of ThT
rises sharply up to 10 hours. Aer 10 hours lysozyme brillation
seems to achieve saturation and ThT intensity does not show
further change. In presence of 0.25 mg ml�1 triphala the ThT
uorescence intensity does not show signicant increase even
aer many hours of incubation. Subsequent increase in the
concentration of triphala to 0.50 mgml�1 also show similar type
of behavior (Fig. 2A). The plots exhibit lag phase kinetics and
tted well to the sigmoidal function described in eqn (1) (R2 ¼
0.995 to 0.985). They also indicate that lysozyme follows
nucleation-dependent polymerization model of aggregation.53

The lag periods of lysozyme brillation in presence of 0.25 and
0.50 mg ml�1 triphala are (2.35 � 0.15) h and (2.38 � 0.40) h
respectively. Although there is only slight increase in the lag
period of lysozyme brillation when triphala concentration was
increased to 0.50 mg ml�1, the inhibitory effects on lysozyme
brillation by triphala are clearly reected in terms of
maximum ThT uorescence intensity. The maximum ThT
uorescence intensity represents the extent of brils formed
and is signicantly reduced when the concentration of triphala
is increased from 0.25 mg ml�1 to 0.50 mg ml�1. The ThT
uorescence kinetic plot of lysozyme brillation in presence of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Kinetics of the lysozyme amyloid formation monitored by the binding of ThT with lysozyme amyloid fibrils, and (B) transmission
electron microscopic (TEM) images of lysozyme fibrils after 36 h of incubation.

Fig. 2 Kinetics of lysozyme [P] fibril extension in absence and in presence of different concentration of triphala [T], guggul [G] and mixture of
triphala and guggul [T + G] studied by monitoring the changes in (A) and (B) ThT fluorescence emission intensity, (C) and (D) CR absorption at
541 nm and (E) and (F) 90� light scattering respectively, as a function of time.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 20460–20468 | 20463

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

5:
50

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28440j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

5:
50

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
0.25 mg ml�1 guggul shows decrease in ThT uorescence which
further decreases when concentration of guggul is increased to
0.50 mg ml�1 (Fig. 2B). The lag time in presence of 0.25 and
0.50 mg ml�1 guggul are (2.55 � 0.22) h and (2.01 � 0.10) h.

Lysozyme brillation and inhibition of brillation by tri-
phala and guggul aqueous extracts were also conrmed by CR
binding assay. As lysozyme brillation proceeds, an increase in
absorbance of CR with more red shi was observed relative to
that of the CR spectra alone or of native lysozyme. Increase in
the absorbance of CR at 540 nm is characteristic of more CR
binding to the brillar aggregates.54 Fig. 2C and D represent
difference spectra plots of Congo red at 540 nm in absence and
presence of different concentrations of triphala and guggul
extracts. Decrease in the absorbance of CR at 540 nm in pres-
ence of triphala and guggul extracts in a concentration depen-
dent manner well correlates with the ThT data and suggests that
these herbal extracts inhibit lysozyme brillation.

A confusion may arise in the interpretation of uorescence
and absorbance spectral studies in the event of competitive
binding of ThT/CR and triphala/guggul with the protein. There-
fore, we also used an independent technique namely, 90� light
scattering which reports on molecular sizes. Fig. 2E and F
represent light scattering plots of lysozyme in absence and pres-
ence of different concentrations of triphala and guggul. Here also,
when the concentration of triphala and guggul were increased the
scattering intensity decreased as a function of their concentra-
tions. Similar to ThT assay, the lag time and amplitude were
calculated for scattering plots using eqn (1) and are shown in
Fig. 3. It is clear from Fig. 3A and B that the lag time increases
when the concentrations of triphala and guggul are increased. On
the other hand, amplitude decreases upon addition of triphala
and guggul in a concentration dependent manner (Fig. 3C and
D). ThT uorescence detects brillar aggregates while light scat-
tering detects both brillar as well as amorphous aggregates.55

The decrease in the amplitude while monitored by ThT binding
and light scattering experiments clearly demonstrates that the
extent of aggregation has decreased in presence of triphala and
guggul. Fig. 3E and F show quantitatively the maximum ThT
uorescence and maximum scattering intensity respectively for
free lysozyme and in the presence of different concentrations of
triphala/guggul and their mixture. It is interesting to see that the
maximum ThT uorescence intensity in the presence of mixture
of 0.25mgml�1 triphala and 0.25 mgml�1 guggul is (27� 7) and
that in the presence of 0.50 mg ml�1 triphala is (56 � 9). The
difference between the two 29 is signicantly more than the error
bars. This is more so with regard to guggul. This observation
seems to suggest possible synergy between the effects of the two
herbal extracts. Since the same is not seenwith CR, it appears that
some other b-structures are detected by CR.

To see if there is synergy between triphala and guggul, ThT
binding assay, CR binding assay and 90� light scattering
experiments for lysozyme brillation were carried out in pres-
ence of mixture of triphala and guggul (0.25 mg ml�1 of each
component). The uorescence kinetics proles of lysozyme
brillation monitored by ThT binding experiments (see Fig. 2B,
blue line) clearly shows that the ThT uorescence in presence of
mixture of triphala and guggul is less compared to that when
20464 | RSC Adv., 2017, 7, 20460–20468
present individually (0.50 mg ml�1 triphala or 0.50 mg ml�1

guggul); it is marginally less in comparison to triphala but
substantially less in comparison to guggul. When the same was
monitored from CR binding assays mixture of 0.25 mg ml�1

triphala and guggul (0.25 mg ml�1) shows a somewhat different
prole (see Fig. 2D, blue line) compared to that when they are
present individually (0.50 mg ml�1). This may be due to pres-
ence of some b-structures in the solution which are not part of
brils. The 90� light scattering experiments for lysozyme
brillation also show decrease in scattering intensity in pres-
ence of mixture of triphala and guggul (Fig. 2F).

For further verication of the results obtained from ThT and
CR binding assays and light scattering experiments, trans-
mission electron microscopy of lysozyme in presence triphala,
guggul and mixture of the two was performed. Fig. 4A and B
show transmission electron microscopic (TEM) images of lyso-
zyme taken aer 24 h of incubation when incubated at 37 �C
under stirring condition at 250 rpm, in the presence of 0.50 mg
ml�1 triphala, and guggul respectively. It is evident from the
TEM images that the amount of brils formed has considerably
decreased in presence of triphala (Fig. 4A). Further, the number
of brils formed is also less, and they are thinner and much
smaller than those formed in the absence of triphala (Fig. 1B).
The lysozyme brils formed in presence of guggul are small and
thick and show bundle like morphology (Fig. 4B).

The TEM image of lysozyme brils in presence of triphala–
guggul mixture shows clusters of small brils (Fig. 4C) which
are similar to those observed in presence of triphala (Fig. 4A).
This clearly demonstrates the dominating inuence of triphala
over guggul on the protein brils.
Structural changes during lysozyme brillation in presence if
triphala and guggul extracts

Protein brillation is accompanied by huge conformational
changes where different types of secondary structural elements
are converted into b-sheet rich structure. Fig. S4A† shows the far-
UV CD spectra for control experiments showing secondary
structures of native lysozyme in absence and presence of
different concentrations of triphala, guggul and their mixture.
Fig. S4B† shows the structural transition of GuHCl treated
lysozyme from a-helix rich structure to b-sheet rich brils as the
brillation proceeds. Fig. 5A represents CD graph at 0 min of the
brillation process. It is clear from the gure that lysozyme alone
and lysozyme in presence of 0.50mgml�1 triphala, 0.50mgml�1

guggul and in the mixture of the two (0.25 mg ml�1 each) have
almost similar kind of secondary structure. As the brillation
proceeds (aer 7 h of incubation) it is observed that a single
minimum has appeared at �220 nm in lysozyme sample (in
absence of any herbal extract) which is a characteristic of the
presence of b-sheets (Fig. 5B, black line), where as in presence of
0.50 mg ml�1 triphala it still has sufficient a-helical content
(Fig. 5B, red line). On the other hand in presence of 0.50 mg
ml�1 guggul b-sheets have started appearing (Fig. 5B, green
line). But if we see the CD spectra of lysozyme in presence of
mixture of triphala and guggul (0.25 mg ml�1 each), it has
signicant a-helical content (Fig. 5B, blue line) and resembles
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) and (B) Lag time, (C) and (D) amplitude, (E) maximum ThT fluorescence intensity and (F) 90� light scattering intensity of lysozyme [P]
fibril formation in absence and presence of different concentrations of triphala, guggul and mixture of triphala and guggul.
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that in presence of 0.50 mg ml�1 triphala. Fig. 5C represents the
CD spectra recorded aer 36 h of brillation process. It is clear
from the gure that aer 36 h of brillation b-sheets are formed
in all the cases but the extent of b-sheets formation is different
for different cases. In absence of herbal extracts lysozyme shows
most negative ellipticity at �220 nm followed by that of in
presence of 0.50 mg ml�1 guggul. In presence of 0.50 mg ml�1

triphala and in mixture of triphala and guggul (0.25 mg ml�1
Fig. 4 TEM images of lysozyme after 36 h of incubation in presence of (A
and guggul (0.25 mg ml�1 each).

This journal is © The Royal Society of Chemistry 2017
each) the ellipticity is less. This suggests that although the brils
have formed in each case but in presence of triphala extracts
(0.50 mg ml�1) the extent of b-sheets formation is less. In pres-
ence of mixture of triphala and guggul the b-sheets formation is
lesser than in presence of guggul alone (0.50 mg ml�1) and
comparable to that in presence of triphala alone. It is clear from
the CD data that presence of herbal extracts prevents brillation
by inhibiting/delaying formation of b-sheets rich structures.
) 0.5 mgml�1 triphala, (B) 0.5 mgml�1 guggul and (C) mixture of triphala
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Fig. 5 Far UV-CD spectra of lysozyme [P] in absence and presence of
triphala [T], guggul [G] and mixture of triphala and guggul [T + G] at (A)
0 min, (B) 7 h and (C) 36 h of the fibrillation process.

Fig. 6 Dissolution of lysozyme [P] fibrils in absence and presence of
triphala [T], guggul [G] and mixture of triphala and guggul [T + G]
monitored by (A) ThT binding assay and (B) light scattering experiment
as a function of time.
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Dissolution of lysozyme brils by triphala, guggul and their
mixture

In order to check the possibility of triphala and guggul to
dissolve lysozyme brils, ThT binding assay and light scattering
experiments were performed. The lysozyme brils were prepared
20466 | RSC Adv., 2017, 7, 20460–20468
similarly as described earlier. The brils (140 mM) were incu-
bated in presence of different concentrations of triphala, guggul
and their mixture and the ThT and light scattering intensities
were recorded at different time intervals. The concentration of
lysozyme aggregates was kept 3 mM for both ThT binding and
light scattering experiments. Fig. 6A and B show ThT and scat-
tering intensities plots of lysozyme brils, respectively in
absence and presence of different concentrations of triphala,
guggul and their mixtures as a function of time. It is evident
from the gure that presence of triphala, guggul and their
mixture has decreased the ThT uorescence intensity signi-
cantly while the decrease in scattering intensity is not to that
extent. Since ThT intensity is sensitive to brils, and not somuch
to amorphous aggregates which could also be present in the
solution, it can be inferred that the presence of these herbal
medicines has dissolved the lysozyme brils. On the other hand,
the scattering data which reects on molecular dimensions
of the species present, suggests that perhaps amorphous
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 TEM images of lysozyme fibrils after 36 h of incubation in presence of (A) 0.50mgml�1 triphala, (B) 0.50mgml�1 guggul and (C) mixture of
triphala and guggul (0.25 mg ml�1 each).
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aggregates are affected less by these herbal medicines and in
presence of these medicines some of the brils have been
converted into smaller brils/amorphous aggregates resulting
in only a small change in the scattering intensity.

For further verication of above ndings, TEM imaging was
performed for the dissolution of lysozyme brils. Fig. 7 shows
TEM images of lysozyme brils incubated in presence of
0.50mgml�1 triphala, 0.50mgml�1 guggul andmixture of both
(0.25 mg ml�1 each) for 72 h. It is clear from Fig. 7A that in
presence of 0.50 mg ml�1 triphala, long thick brils have been
broken/dissolved in smaller and thinner brils. In presence of
0.50 mg ml�1 gugguls brils have been dissolved but to a lesser
extent compared to that in the presence of 0.50 mg ml�1 tri-
phala (Fig. 7B). A mixture of broken brils like structure and
amorphous aggregates are seen in TEM image of lysozyme
brils in presence of triphala and guggul (0.25 mg ml�1 each)
(Fig. 7C). This clearly demonstrates that the above described
herbal medicines are not only capable of inhibiting lysozyme
brillation but also of dissolving preformed brils effectively.

A thorough literature search suggests that some of the
components (e.g. chebulagic acid, ascorbic acid etc.) of triphala
have neuroprotective effects.56–58 The present work represents
an elaborate exploration of the potential of some chosen herbal
extracts in inhibition of protein brillation. We believe that it
would also have implications for nding cures for protein
brillation associated diseases. Knowledge of the binding
parameters of the individual components of triphala and gug-
gul with lysozyme during the brillation process can further
provide insights into a detailed understanding of the mecha-
nism of inhibition of brillation of lysozyme by these herbal
preparations. However, this requires isolation and purication
of the components of triphala and guggul and studying their
effects individually and in combination (to check possible
synergy). This is clearly, an extensive exercise which will be
addressed in due course.

Conclusions

A combination of spectroscopy and microscopy has demon-
strated the potential of herbal medicines triphala and guggul in
prevention of lysozyme brillation. The use of ThT as a uo-
rescent probe and b-structure specic probe CR along with the
90� light scattering experiments has successfully enabled
elucidation of the extent of bril formation in the protein
solution. Triphala is observed to be a stronger inhibitor of
This journal is © The Royal Society of Chemistry 2017
brillation of protein than guggul. The data suggest some
possibility of synergistic action of triphala and guggul on
brillation of proteins. The results have successfully demon-
strated that triphala, guggul and their mixture have potential to
dissolve preformed brils.
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