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Earlier we showed formulation-specific beneficial effects of dietary supplement of Ayurvedic Amalaki Rasayana (AR,
a herbal formulation) and Rasa-Sindoor (RS, a mercury-based organo-metallic formulation) on various biological
parameters in Drosophila, parallel to traditional Ayurvedic literature. These formulations also suppressed cell death
and pathology in fly models of neurodegeneration. To understand basis of inhibition of apoptosis, we examined
effects of AR and RS on induced and developmental apoptosis in Drosophila. Dietary AR or RS significantly reduced
apoptosis induced by GMR-GAL4-, sev-GAL4- or hs-GAL4-directed expression of Rpr, Hid or Grim (RHG) pro-
apoptotic proteins or by GMR-GAL4-directed DIAP1-RNAi, resulting in significant restoration of organism's viability
and eye morphology. AR or RS supplement enhanced levels of inhibitor of apoptosis proteins, DIAP1 and DIAP2,
and of Bancal/Hrb57A, while the levels of RHG proteins and of initiator Dronc and effecter Drice caspases were
reduced in non-apoptotic wild type as well as in RHG over-expressing tissues. Levels of Dronc or Drice remained
unaffected in cells developmentally destined to die so that developmental apoptosis occurred normally. Elevated
levels of DIAPs and reduced levels of RHG proteins and caspases reflect a more robust physiological state of AR or
RS fed organisms allowing them to tolerate greater insults without triggering the cell-death response. Such homeo-
static effects of these Rasayanas seem to contribute to ‘healthy ageing’, one of their effects suggested in traditional
Ayurvedic practices.
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1. Introduction

With increasing burden of chronic and lifestyle diseases,
various traditional medical systems, including the
Ayurvedic system of India, are being more commonly uti-
lized. However, contemporary understanding of the mecha-
nism of actions of the traditional health care systems is very
limited. In view of the antiquity and increasing popularity of
Ayurveda, and realizing the need to mechanistically under-
stand its concepts, procedures and formulations (Valiathan
20006), we are using the fruit fly model to understand cellular
and molecular bases of actions of these traditional formula-
tions (Dwivedi et al. 2012). We have selected two widely
used Ayurvedic formulations, viz. Amalaki Rasayana, a
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herbal preparation derived primarily from fruits of Emblica
officinalis, and Rasa-Sindoor, an organo-metallic sublimate
of mercury, to examine if these formulations indeed affect
some of the basic biological life parameters in the fly model,
as claimed for human applications. Amalaki Rasayana (AR)
is a prominent drug in Ayurvedic classics like Charak
Samhita (Sharma 1994) and Ashtang Hridaya (Murthy
2000) for enhancing life expectancy, body strength, intellect
and fertility, with freedom from illness. Rasa-Sindoor (RS),
on the other hand, is utilized singly or in combination with
other formulations in a wide variety of disorders including
chronic and recurrent infections.

We showed earlier that dietary supplement of AR or RS
improved the general well-being of flies (Dwivedi et al.
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2012), as claimed for their human applications (Sharma
1994; Murthy 2000). Further, either of these traditional
formulations was found to substantially suppress pathogen-
esis in fly models of various neurodegenerative disorders
(Dwivedi ef al. 2013). One of the significant features of
neurodegeneration is apoptotic death of the affected neurons,
which was greatly reduced in the mutant polyQ- or the AB-
amyloid-protein-expressing eye imaginal discs of AR- or
RS-fed larvae (Dwivedi ef al. 2013). It was, however, not
clear if these Ayurvedic formulations directly suppressed
apoptosis or if they reduced the load of toxic protein aggre-
gates and thus eliminated the need for apoptosis.

Apoptosis is a genetically programmed, active and
evolutionarily conserved process that allows regulated
destruction and disposal of damaged or unwanted cells
under physiological as well as pathological conditions
(Wyllie et al. 1980; Raff er al. 1993; Baehrecke 2002;
Edinger and Thompson 2004; Hongmei 2012; Ouyang
et al. 2012). Besides eliminating damaged cells under
pathological conditions, patterned apoptosis is an integral
part of development in multicellular organisms (Abrams
et al. 1993; Fuchs and Steller 2011). However, unwar-
ranted cell death is also associated with several diseases
and ageing (Higami and Shimokawa 2000; Muradian
and Schachtschabel 2001; Lu ef al. 2012). Since the
two Ayurvedic formulations promote ‘healthy’ ageing
(Sharma 1979; Singh 2009; Dwivedi et al. 2012) and
also suppress neurodegeneration (Dwivedi ef al. 2013), it
is important to understand the effects of these formula-
tions on the apoptotic process. In view of the enormous
advantages offered by the fly model and following our
earlier studies on the effects of AR and RS on fly
development and neurodegeneration, we examined if
AR and RS feeding indeed affects apoptosis in the fly
model Drosophila melanogaster.

Caspase activation in response to intrinsic or extrinsic
signals is the primary step of apoptosis in mammalian cells.
On the other hand, inactivation of inhibitors of apoptotic
proteins (IAP) or inhibitors of caspases by upstream pro-
apoptotic proteins is the central event that triggers apoptosis
in flies. The three major pro-apoptotic proteins in
Drosophila are Reaper (Rpr), Hid and Grim or the RHG
proteins (Kornbluth and White 2005; Hay and Guo 2006;
Arya et al. 2007). Each of the RHG proteins are IAP antag-
onists, acting by binding to and inactivating the two caspase
inhibitors, DIAP1 and DIAP2 (Ryoo ef al. 2002; Fuchs and
Steller 2011; Denton ef al. 2013). The RHG proteins disrupt
interaction of DIAPs with caspases or induce auto-
ubiquitination of DIAPs leading to their inactivation (Ryoo
et al. 2002; Arya et al. 2007; Steller 2008; Fuchs and Steller
2011; Denton et al. 2013). In spite of general similarities in
mode of action of the RHG proteins, they show some dif-
ferences in their regulation and effectiveness in inducing
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apoptosis (Wing et al. 1998; Yin and Thummel 2004; Fan
and Bergmann 2010).

The initiator caspases in Drosophila include Dronc, Dcp-
2/Dredd and Strica, while the effecter caspases are Drice,
Dcp-1, Decay and Damm (Kumar and Doumanis 2000;
Doumanis et al. 2001; Harvey et al. 2001; Fan and
Bergmann 2010). Expression of Drosophila caspase Dronc
(Drosophila Nedd2-like caspase) increases in response to
developmental as well as external pro-apoptotic cues to
activate the main effecter caspase Drice, which finally brings
about the cell death (Meier et al. 2000; Ryoo et al. 2002;
Fuchs and Steller 2011; Denton et al. 2013).

Induced apoptosis can be beneficial or deleterious de-
pending upon the context and cell type involved. Since, as
noted above, these two Ayurvedic formulations have been
widely used for promoting ‘healthy’ living, and since our
earlier studies (Dwivedi et al. 2013) indicated that these
formulations may suppress polyQ- or amyloid-plaque-
induced apoptosis, it is necessary to examine their effects
on developmental as well as induced apoptosis and to un-
derstand the underlying mechanism. In the present report,
therefore, we examined if the AR and RS Ayurvedic formu-
lations affect apoptosis induced by directed expression of the
RHG proteins using GMR-GAL4, sev-GAL4 or hs-GAL4
drivers. Formulation feeding substantially reduced the inci-
dence of induced apoptosis accompanied by reduced levels
of initiator as well as effecter caspases Dronc and Drice,
respectively. The AR or RS feeding elevated cellular levels
of the DIAP1 and DIAP2 anti-apoptotic proteins, as well as
of Bancal (Hrb57A, hnRNP-K), which is believed to stabi-
lise DIAP1 (Mallik and Lakhotia 2009). Both these formu-
lations also countered the enhanced apoptosis following
expression of DIAPI-RNAi transgene. Interestingly, the de-
velopmental apoptosis remains completely unaffected by
these supplements.

2. Materials and methods
2.1  Fly stocks and formulation feeding

Amalaki Rasayana and Rasa-Sindoor, prepared by Arya
Vaidya Sala (Kottakkal, Kerala, India), were separately
mixed in fly-food (0.5% w/v) for rearing of experimental
larvae and/or flies at 24°C#1°C as described earlier
(Dwivedi et al. 2012), keeping controls on the standard
agar-cornmeal-sugar-yeast food. Wild type (Oregon R"),
w;, GMR-GAL4 (Freeman 1996), w, sev-GAL4 (Bailey, per-
sonal communication to http://flybase.org), w'''S; UAS-rpr
(Aplin and Kaufman 1997), w'’’%; UAS-hid"*/CyO (Oshima
et al. 2006), w'!'%: UAS-grim""*-%/CyO; dco’/TM6B
(Bloomington Stock Centre), w;, GMR-GAL4 UAS-DIAPI-
RNAi/CyO (Leulier et al. 2006) fly stocks were used.
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Appropriate crosses were carried out to obtain progenies of
the desired genotypes.

In all formulation feeding experiments, eggs were collect-
ed from fly stocks that had always been reared on regular
food. For each experiment, the regular and the formulation
supplemented foods were prepared from the same batch;
likewise all larvae/adults for a given experiment were de-
rived from a common pool of eggs of the desired genotype
and reared in parallel on the regular or formulation supple-
mented food.

2.2 Assay for apoptosis

To assay the extent of apoptosis in third instar eye imaginal
discs of the desired genotypes, late third instar larvae, that
had just everted the anterior pair of spiracles, were dissected
in Poels’ salt solution (PSS) (Tapadia and Lakhotia 1997),
stained with 1pg Acridine Orange (AO, Sigma-Aldrich,
India)/ml of PBS for 3 min, following which the discs were
washed twice, mounted in phosphate buffered saline (Spreij
1971; Abrams et al. 1993) and immediately viewed in Nikon
E800 fluorescence microscope.

Eye discs from similar age wild type larvae, reared on
regular food, were also stained with AO and examined for
the base level apoptosis. The AO fluorescence signal in these
discs was neutralized by adjusting the exposure and image
gain of the DS-Filc Nikon camera; the same parameters
were used to image the RHG-expressing eye discs.

2.3 Adult eye morphology

For examining the external morphology of adult eyes, fol-
lowing larval feeding on formulation supplemented food or
on regular food, one day old flies of the desired genotype
were etherized and their eyes photographed using a Sony
Digital Camera (DSC-75) attached to a Zeiss Stemi SV6
stereobinocular microscope. For a clearer visualization of
ommatidial arrays, a transparent nail polish was used to
obtain a replica (nail-polish imprint) of the external surface
of eye (Arya and Lakhotia 2006), which was examined using
20X DIC objective on a Nikon Eclipse 90i microscope
equipped with DS-QiMc Nikon camera.

2.4  Developmental apoptosis

To examine developmental apoptosis, wild type larvae were
reared on regular or AR or RS supplemented food. Just
forming white pupae were selected and allowed to age for
8—14 h following which their salivary glands were dissected
out in PSS and examined for morphology. Salivary glands
from 8-9 h old pupae were processed for immunostaining
for Dronc and Drice as described below.
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2.5  Immunostaining of tissues

The desired tissues were dissected out in PSS and transferred
to freshly prepared 3.7% paraformaldehyde for 20 min at RT
and processed further for immunostaining as described pre-
viously (Prasanth et al. 2000). The different primary anti-
bodies used were: (1) 1:100 dilution of a rabbit anti-active
Caspase-3 (Sigma, St. Louis), (2) 1:10 dilution of the Q18
mouse monoclonal anti-Hrb57A hnRNP (Saumweber et al.
1980), (3) 1:50 dilution of a rabbit polyclonal anti-Dronc
(Cakouros et al. 2004), (4) 1:500 dilution of an affinity-
purified rabbit polyclonal anti-aDIAP1 (Lisi et al. 2000),
(5) 1:50 dilution of rabbit monoclonal anti-BIR3 domain of
DIAP?2 protein (Sigma-Aldrich, India) and (6) 1:100 dilution
of rabbit polyclonal anti-Grim (Claveria et al. 2002), obtain-
ed from Dr M Torres (Centro Nacional de Biotecnologia,
Madrid, Spain). Appropriate secondary antibodies conjugat-
ed either with Cy3 (1:200, Sigma-Aldrich) or with Alexa
Fluor 488 (1:200, Molecular Probes) were used to detect the
given primary antibody. The immunostained tissues were
counterstained with DAPI, mounted in DABCO and exam-
ined under LSM510 Meta Zeiss laser scanning confocal
microscope using appropriate laser, dichroic and barrier
filters.

Quantitative analysis and colocalization of immuno-
fluorescence were carried out using the Histo and Profile
tools in the LSM510 Meta software.

All the images were assembled using Adobe Photoshop
7.0.

2.6 Statistical analysis

Sigma Plot 11.0 software was used for statistical analyses.
All percentage data were subjected to arcsine square root
transformation. One-Way ANOVA was performed for com-
parison between the control and formulation-fed samples.
Data are expressed as mean + S.E. of mean (SEM) of several
replicates.

3. Results

3.1 AR or RS feeding substantially reduces apoptosis
induced by ectopic expression of UAS-rpr, UAS-grim
or UAS-hid transgene in larval eye imaginal discs
and improved larval/pupal survival

With a view to examine if dietary AR or RS supplement
affects apoptosis induced by directed expression of any of
the three pro-apoptotic genes, viz. rpr, grim and hid, appro-
priate genetic crosses were made to ectopically express UAS-
rpr, UAS-grim or UAS-hid transgene under GMR-GAL4, sev-
GAL4 or hs-GAL4 driver. Larvae/flies of the various
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genotypes were reared in parallel on 0.5% AR or RS sup-
plemented food or on regular food (control).

Ectopic expression of any of the RHG proteins under
control of the GMR promoter causes massive cell death in
developing eye discs resulting in varying degree of damage
to eye discs and pupal lethality (Goyal et al. 2000; Arya and
Lakhotia 2008; Mallik and Lakhotia 2009). Effect of formu-
lation feeding on induced apoptosis in GMR-GAL4> UAS-
rpr, UAS-grim or UAS-hid expressing larval eye imaginal
discs, was examined through Acridine Orange staining
which identifies the dying cells (Spreij 1971). To ensure
comparable developmental stage across samples, eye discs
were removed from larvae that had just everted their anterior
pair of spiracles. It was seen that expression of Rpr
(figure 1A—C), Grim (figure 1E-G) or Hid (figure 11-K)
caused high incidence of AO stained cells when the larvae

GMR-GAL4/UAS-rp
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were reared on regular food (figure 1A, E, I), with the GMR-
GAL4>UAS-hid expressing discs showing maximum AO-
positive cells. Significantly, feeding on either of the formu-
lation supplemented food reduced apoptosis in UAS-rpr
(figure 1B-D), UAS-grim (figure 1F-H) or UAS-hid
(figure 1J-L) expressing eye discs. Measurement of fluores-
cence intensities of AO stained larval eye imaginal discs of
AR or RS fed larvae (figure 1D, H, L) confirmed the visually
detected reduction in AO fluorescence and showed that the
reduction was proportional to the extent of cell death seen in
corresponding control eye discs. It is notable that RS feeding
resulted in the most pronounced reduction in induced apo-
ptosis in eye discs ectopically expressing GMR-GAL4 driven
rpr, grim or hid transgenes.

As reported earlier (Arya and Lakhotia 2008; Mallik and
Lakhotia 2009), expression of any of the RHG genes under
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Figure 1. AR or RS feeding reduced the apoptosis induced by RHG proteins in larval eye imaginal discs. A—C, E-G and I-K are

Acridine Orange (AO) stained live eye imaginal discs of GMR-GAL4> UAS-rpr (A-C), UAS-grim (E-G) or UAS-hid (I-K) expressing
third instar larvae reared on regular food (A, E, I) or on AR (B, F, J) or RS (C, G, K) supplemented food. Scale bar in A represents 50 um
and applies to images A—K. Pairs of white arrows indicate the position of morphogenetic furrow in A—K. Histograms in D, H and L
represent the mean (+ S.E., N=30 in each case) AO fluorescence intensities of eye discs from GMR-GAL4> UAS-rpr, UAS-grim or UAS-hid
expressing larvae. * indicates P<0.001 when compared with the corresponding control samples reared on regular food.
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GMR-GAL4 driver resulted in complete pupal lethality.
About 95% of GMR-GAL4>UAS-rpr expressing larvae fed
either on regular or on formulation supplemented food pu-
pated but none of them eclosed as adults. The proportion of
GMR-GAL4>UAS-grim or UAS-hid expressing larvae reared
on regular food that pupated was still less, more so following
hid expression. Interestingly, a significantly higher numbers
of these larvae pupated when reared on AR or RS supple-
mented food although none of them eclosed as flies (see
table 1).

Therefore, to examine effect of formulation feeding on
adult eye phenotype following apoptosis induced by the
RHG proteins, we used sev-GAL4 driver since many of the
regular food reared larvae expressing rpr, grim or hid trans-
gene under sev-GAL4 driver pupated and emerged as flies
(Table 1). AR or RS feeding did not result in any significant
difference in the mean pupation and eclosion frequencies in
sev-GAL4>UAS-rpr or UAS-grim expressing larvae reared
on regular or formulation supplemented food. Interestingly,
however, eclosion was significantly greater in the sev-
GAL4>UAS-hid expressing larvae that were reared on AR
or RS supplemented food when compared to those reared
on regular food (Table 1). As in other instances, RS feeding
improved the eclosion frequency to a greater extent
(table 1).

Acridine Orange staining of sev-GAL4> UAS-rpr, UAS-
grim or UAS-hid expressing eye discs of third instar larvae
fed on regular food revealed high incidence of apoptosis
(figure 2A—C) but this was significantly reduced in those
reared on AR (figure 2E-G) or RS (figure 2I-K) supple-
mented food. A comparison of the fluorescence intensities

Table 1.
reared on regular or formulation supplemented food
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(figure 2D, H, L) in the AO stained larval eye imaginal discs
confirmed that compared to the control samples (regular
food), AR or RS feeding significantly reduced the presence
of AO-positive dying cells in sev-GAL4> UAS-rpr
(figure 2D), UAS-grim (figure 2H) or UAS-hid (figure 2L)
expressing eye discs.

Flies emerging from sev-GAL4>UAS-rpr, UAS-grim or
UAS-hid larvae reared on regular food showed a substantial
degree of degeneration and disruption in ommatidial ar-
rangement following Rpr (figure 2M), Grim (figure 2P) or
Hid (figure 2S) expression but those reared on formulation
supplemented food showed improved external morphology
of eyes in sev-GAL4>UAS-rpr (figure 2N, O), UAS-grim
(figure 2Q, R) and UAS-hid (figure 2T, U) adults.
Photomicrographs and nail polish imprints of 78.5% of AR
fed and 80.6% of RS fed sev-GAL4>UAS-rpr (figure 2M—
0’), 68.8% of AR fed and 72.8% of RS fed sev-GAL4>UAS-
grim (figure 2P—R’) and 60.3% of AR fed and 64.8% of RS
fed sev-GAL4>UAS-hid (figure 2S-U’) flies showed dis-
tinctly better morphology than their sib controls reared on
regular food. The sev-GAL4>UAS-hid expression caused
maximum damage to adult eyes and correspondingly least
improvement.

Effects of heat shock induced global expression of the
RHG proteins was also examined in hs-Gal4>UAS-rpr,
UAS-grim or UAS-hid larvae. Late 3" instar larvae of each
genotype were heat-shocked for 1 hour at 37°C before
assessing the incidence of apoptotic cells in their eye discs.
Unlike the GMR-GAL4 and sev-GAL4 drivers, which cause
the responder transgene to express in specific cell types in a
developmentally regulated manner in eye discs, the hs-GAL4

Pupation and eclosion frequencies of GMR-GAL4, sev-GAL4 and hs-GAL4>UAS-rpr, UAS-grim or UAS-hid expressing larvae

Mean (+S.E) Pupation Frequency

Mean (£S.E) Eclosion Frequency

Driver Responder Control AR RS Control AR RS
GMR-GAL4  UAS-rpr 94.0+1.7 (8) 95.0+2.0%* (8)  93.5+1.8*%* (8) 0 (8) 0 () 0(®)
UAS - (UAS-grim) ~ 75.6£2.5 (9) 89.8+£2.0*% (11) 91.3£2.0* (12) 0 (11) 0(11) 0(11)
grim
UAS-hid 19.1£1.8 (14) 41.1£3.0* (14) 45.7£0.0* (14) 0 (14) 0(14) 0(14)
sev-GAL4 UAS-rpr 92.0+1.8 (8) 92.5+2.2%* (8)  90.0+1.5%* (8) 83.5+1.9 (8) 84.5+1.9%* (§) 82.5+1.5%* (8)
UAS-grim 91.5+2.6 (8) 93.5+£1.6%* (8)  92.0+£2.5*%* (8) 87.5£2.1 (8) 89.0+1.5*%* (8) 88.5£2.1** (8)
UAS-hid 93.5+1.7 (8) 95.5+2.5%* (8)  94.0+1.8** (8) 51.5£2.8 (8) 63.0+1.8* (8) 68.5+1.6* (8)
hs- GAL4 UAS-rpr 56.7+£2.3 (4) 78.3+2.6* (4) 80.6+2.2%* (4) 513435 (4) 67.3+£2.3*% (4) 72.6+2.2% (4)
UAS - (UAS-grim)  54.4+3.5 (4) 70.3+£3.2% (4) 75.743.4% (4)  44.6£1.3 (4) 64.6£1.9% (4) 70.8+2.6* (4)
grim
UAS-hid 50.2+2.3 (4) 67.3+1.3*% (4) 73.7£2.3% (4) 444435 (4) 62.3+£2.3% (4) 67.6+3.5% (4)

Numbers in parentheses indicate the total number of replicates of 25 larvae each reared on different feeding regimes (Control = regular food;
AR = AR supplemented food; RS = RS supplemented food).

**P>(0.05 when compared with the corresponding control.

*P<0.001 when compared with the corresponding control (reared on regular food) set of flies.
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«4Figure 2. AR or RS feeding reduced apoptosis in larval eye imaginal
discs and improved the eye morphology in sev-GAL4>UAS-rpr, UAS-
grim or UAS-hid transgene expressing flies. A—C, E-G and I-K are
Acridine Orange (AO) stained eye imaginal discs from sev-
GAL4>UAS-rpr (A-C), UAS-grim (E-G) or UAS-hid (1-K) expressing
third instar larvae reared either on regular food (A, E, I) or on AR (B, F,
J) or RS (C, G, K) supplemented food. Pairs of white arrows indicate
the position of morphogenetic furrow in A—K. Scale bar in A represents
50 pm and applies to all the images in panel. Histograms in D, H and L
represent the mean (£ S.E., N=30 in each case) fluorescence intensities
of eye discs from sev-GAL4>UAS-rpr, UAS-grim or UAS-hid express-
ing larvae, respectively. * indicates £<0.001 when compared with the
corresponding control (reared on regular food). M—O, P-R and S-U are
photomicrographs of sev-GAL4>UAS-rpr (M=0), sev-GAL4>UAS-
grim (P-R) and sev-GAL4>UAS-hid (S-U) eyes of one day old flies
while M’-O’, P’-R’ and S’-U’ are nail-polish imprints of eyes of
corresponding genotypes.

driver causes only a transient but global expression of the
responder transgene after heat shock. AO staining of eye
discs of these larvae showed that while the incidence of AO-
positive cells in eye discs was not enhanced immediately
after heat shock, it gradually increased with increasing dura-
tion of the recovery from heat shock (data not presented).
The observed low frequency of AO positive cells immedi-
ately after the heat shock but their increasing abundance
during recovery is obviously related to the time required
for the heat shock induced synthesis of GAL4 and subse-
quent synthesis of RHG proteins to trigger cell death.
Significantly, rearing on AR or RS supplemented food re-
duced the incidence of AO-positive cells during recovery in
all the three genotypes, proportionate to that in correspond-
ing control samples (data not shown).

Since heat shock results in expression of the RHG pro-
teins in all tissues of the hs-GAL4>UAS-rpr or UAS-grim or
UAS-hid late third instar larvae, many of those reared on
regular food died before pupation and some more died

AR

Control
GMR-GAL4>UAS-grim

Grim
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during the pupal period (Table 1). On the other hand, as
the data in table 1 show, significantly higher proportion of
the AR or RS fed larvae pupated and subsequently emerged
as healthy adults, in spite of the hs-GAL4 driven global
expression of UAS-rpr or UAS-grim or UAS-hid transgene.

3.2 Dietary supplement of AR or RS reduces level of Grim
in GMR-GAL4>UAS-grim expressing larval eye discs

Since formulation feeding substantially reduced the frequen-
cies of AO positive apoptotic cells following RHG protein
expression, we examined levels of Grim, one of the members
of RHG family, by immunostaining of GMR-GAL4>UAS-
grim expressing larval eye discs. It was seen that AR
(figure 3B) and RS (figure 3C) feeding detectably reduced
the levels of Grim when compared with corresponding con-
trols (figure 3A). Measurement of fluorescence intensities in
the eye imaginal discs immunostained for Grim confirmed
that the RS feeding resulted in greater reduction in the
abundance of Grim (figure 3D). This is in agreement with
the above noted greater suppression of the induced apoptosis
by RS feeding.

3.3 AR or RS feeding decreases levels of Dronc
and Active-Drice in WT and RHG protein expressing larval
eye imaginal discs

The primary pro-apoptotic function of the RHG proteins is to
liberate caspases like Dronc from DIAP inhibition and thus
lead to activation of the effecter caspase, Drice (Arya et al.
2007; Fuchs and Steller 2011; Denton et al. 2013).
Accordingly, over-expression of Dronc in Drosophila eye
discs induces cell death and results in an ablated eye pheno-
type (Meier et al. 2000; Quinn et al. 2000). Therefore, we

RS . 80
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Figure 3. Formulation feeding reduced levels of Grim in GMR-GAL4>UAS-grim expressing larval eye imaginal discs. A—C are Confocal
projections of four consecutive medial optical sections of third instar larval eye imaginal discs of control and formulation (AR or RS) fed
larvae showing distribution of Grim (green). Bars in D represent the mean (+S.E.) fluorescence intensities of Grim in different feeding
regimes; numbers in parentheses after the bar legends indicate the number of eye discs examined for each data point. * indicates £<0.001
when compared with the corresponding control (reared on regular food).
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examined levels of Dronc and the Drosophila effecter cas-
pase Drice in WT as well as in GMR-GAL4 driven UAS-rpr
expressing eye discs from larvae reared either on formulation
supplemented food or on regular food. Interestingly, AR or
RS feeding reduced levels of Dronc (figure 4A—C, E-G) and
active Drice (figure 41-K, M—0) in WT as well as in GMR-
GAL4>UAS-rpr expressing eye discs as evident from the
confocal images and immuno-fluorescence intensities
(figure 4D, H, L, P). The peripodial cells in eye discs of
regular food reared GMR-GAL4>UAS-rpr larvae were ab-
normal and showed nuclear fragmentation (inset in
figure 4E, M). AR or RS formulation feeding substantial-
ly rescued the damage to these cells so that they ap-
peared similar to those in wild type (insets in figure 4F,
G, N, O).

3.4 Formulation feeding enhances levels of DIAPs
and Bancal in wild type and GMR-GAL4> UAS-rpr, grim
and hid expressing larval eye discs

Since the pro-apoptotic proteins regulate DIAPs, cellular
levels of DIAP1 and DIAP2 were examined in wild type
as well as GMR-GAL4>UAS-rpr, grim and hid larval
eye imaginal discs. It has been reported earlier from
our laboratory that DIAP1 and Hrb57A (Bancal), an
hnRNP, show significant colocalization (Mallik and
Lakhotia 2009) and that AR or RS feeding enhances
levels of various hnRNPs, including Bancal (Dwivedi
et al. 2012). Therefore, third instar larval eye imaginal
discs were co-immunostained with antibodies against
DIAPI and Bancal.

AR and RS feeding significantly enhanced levels of
DIAPI1 as well as Bancal in eye disc cells of WT
(figure 5B, C) and in GMR-GAL4>UAS-rpr (figure 5F, G),
>UAS-grim (figure 5J, K) or >UAS-hid expressing discs
(figure 5N, O) when compared with their corresponding
controls (figure 5A, E, I, M). Quantification of total fluores-
cence intensities in WT (figure 5D), GMR-GAL4>UAS-rpr
(figure 5H), >UAS-grim (figure 5L) and >UAS-hid
(figure 5P) larval eye imaginal discs confirmed elevation of
levels of both the proteins in all genotypes upon formulation
feeding.

DIAP1 was seen to be present in third instar larval eye
discs cells as distinct cytoplasmic and nuclear granules,
besides in a diffuse manner in the cytoplasm. Bancal too
was present in nuclei of the photoreceptor cells in a diffuse
and speckled pattern. In addition, distinct cytoplasmic gran-
ules of Bancal were present in these cells and, significantly,
many of the cytoplasmic Bancal and DIAP1 granules were
often adjacent to each other or they overlapped partially or
fully (insets in figure SA—-C). A careful examination of the
eye discs co-immunostained for DIAP1 and Bancal and
analyses of the colocalization coefficients (insets in
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figure 5D, H, L and P) revealed that elevation in levels and
colocalization of these two proteins were inversely propor-
tional to the severity of induced apoptosis following GMR-
GAL4 driven expression of Rpr (figure SE-H), Grim
(figure 5I-L) or Hid (figure SM—-P), so that the Hid express-
ing discs, which showed highest incidence of apoptosis in
larvae reared on regular food (figure 1), displayed least
increase in levels of these two proteins and their
colocalization following AR or RS supplemented diet
(figure 5I-K).

In order to further assess the role of DIAPI in formulation
feeding mediated rescue of the induced apoptosis, the UAS-
DIAPI-RNAi transgene was expressed under GMR-GAL4
driver. Two different genotypes were used: in one case only
DIAPI-RNAi transgene was expressed under the GMR-
GAL4 driver (GMR-GAL4 UAS-DIAPI-RNAi/CyO;+/+)
while in the other, the GMR-rpr transgene was also co-
expressed (GMR-GAL4 UAS-DIAP1-RNAi/CyO; GMR-rpr/
TM6B) to further down-regulate the DIAP1 levels by over-
expression of Rpr and the larvae were reared on regular or
formulation-supplemented food. As expected, AO staining
of larval eye discs revealed high incidence of apoptosis
following DIAP1 depletion in GMR-GAL4 DIAPI-RNAi/
CyO larvae; this was further enhanced in Rpr over-
expressing background (GMR-GAL4 UAS-DIAPI-RNAi/
CyO; GMR-rpr/TM6B). AR or RS feeding significantly re-
duced cell death in GMR-GAL4 DIAP1-RNAi/CyO as well as
in GMR-GAL4 UAS-DIAP1-RNAi/CyO; GMR-rpr/TM6B
eye discs. Quantification of the AO fluorescence intensities
(data not shown) confirmed the reduction in incidence of AO
positive dying cells in imaginal discs of formulation fed
larvae of either genotype.

Since many of the GMR-GAL4> UAS-DIAPI-RNAi and
GMR-GAL4> UAS-DIAPI1-RNAi, GMR-rpr expressing lar-
vae reared on regular food died during pupal stage, a lethal-
ity assay was also performed. GMR-GAL4 driven expression
of UAS-DIAPI-RNAi caused a substantial reduction in pu-
pation and eclosion. DIAP1 depletion through RNAi in Rpr
over-expression background caused even greater lethality
(table 2). Interestingly, formulation feeding significantly im-
proved the pupation and eclosion frequencies in both cases
(table 2).

Eyes of one day old GMR-GAL4 UAS-DIAP1-RNAi/CyO
and GMR-GAL4 UAS-DIAP1-RNAi/CyO; GMR-rpr/TM6B
flies showed that, as expected from the above noted massive
apoptosis in larval eye discs, DIAP1 depletion led to sub-
stantial disruption of ommatidial units in eyes so that only a
few ommatidia were discernible. AR or RS feeding, on the
other hand, detectably improved the eye morphology in both
the genotypes (not shown).

Examination of levels of DIAP2 protein in wild type,
and in GMR-GAL4 driven RHG expressing eye discs
from larvae reared on regular or formulation
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Figure 4. Formulation feeding reduced accumulation of Dronc and Drice in WT and GMR-GAL4>UAS-rpr expressing larval eye
imaginal disc cells. A—C and E-G are confocal projections of four medial optical sections from eye discs of WT (A—C) and GMR-
GAL4>UAS-rpr (E-G) expressing larval eye imaginal discs immunostained with anti-Dronc (green). I-K and M-O are confocal
projections of WT (I-K) and GMR-GAL4>UAS-rpr expressing eye discs (M—O) immunostained with anti-Drice (green). Scale bar in A
represents Sum and applies to images A—O. Insets in A—G and I-O show the peripodial cells of eye discs immunostained for Dronc and
Drice (green), respectively, in WT (A—C, I-J) and GMR-GAL4>UAS-rpr (E-G, M-0) expressing larvae; nuclei are counterstained with
DAPI (red). Histograms in D, H, L and P show the mean (+S.E.) fluorescence intensities of Dronc (D, H) and Drice (L, P). * indicates
P<0.001 when compared with the corresponding control (reared on regular food).

supplemented food by immunostaining, revealed that of DIAP2 protein in wild type (figure 6A—C) and in
dietary supplement of AR or RS enhanced the levels GMR-GAL4>UAS-rpr (figure 6E-G), >UAS-grim
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Figure 5. Formulation feeding enhanced the levels of DIAP1 and Bancal and enhanced their colocalization in wild type and GMR-
GAL4>UAS-rpr, UAS-grim or UAS-hid expressing larval eye imaginal discs. A—C, E-G, I-K and M-O are confocal projections of four
medial optical sections of late third instar larval eye discs of WT (A—C), GMR-GAL4>UAS-rpr (E-G), GMR-GAL4>UAS-grim (I-K) and
GMR-GAL4>UAS-hid (M-0O) immunostained for DIAP1 (red) and Bancal (green). Scale bar in A corresponds to Spum and applies to all the
other images (excluding the insets, which are at a higher magnification). Images in insets show association and colocalization (yellow) of
DIAPI (red) and Bancal (green) in wild type (A—C), GMR-GAL4>UAS-rpr (E-G), >UAS-grim (I-K) and >UAS-hid (M—-O) expressing
larval eye discs. Histograms in D, H, L. and P represent the mean (+ S.E.) fluorescence intensities of DIAP1 and Bancal in different
genotypes (noted on left of the corresponding row). Histograms in insets in D, H, L and P represent mean + S.E. colocalization coefticients
of Bancal and DIAP1 in wild type (D), UAS-rpr (H), UAS-grim (L) and UAS-hid (P) expressing larval eye imaginal discs. * indicates
P<0.001 when compared with the corresponding control (reared on regular food).

(figure 61-K) or >UAS-hid (figure 6M-0O) expressing 3.5 Formulation feeding does not affect developmental
larval eye discs. Remarkably, the RS feeding resulted apoptosis

in greater increase in levels of DIAP2 transcripts and

protein, as evident from quantification of fluorescence It is known from our earlier studies (Dwivedi et al. 2012)
intensities (figure 6D, H, L, P). that AR or RS supplemented food does not have any adverse
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Table 2. Formulation feeding enhanced viability of GMR-GAL4::UAS-DIAP1 RNAi larvae

Mean Pupation + S.E Mean Eclosion = S.E

Control AR RS Control AR RS
GMR-GAL4::UAS-DIAP1 RNAi/CyO; +/+ 76.8+2.1 84.5+2.4% 89.24£2.2% 65.4+£2.9 77.842.5% 81.4+3.1%

®) ®) ®) ®) ®) ®)
GMR-GAL4::UAS-DIAPI RNAi/CyO; 60.0+2.3 73.5+2.6* 75.0+3.0%* 25.542.3 45.043.1% 51.54£2.6%
GMR-rpr/TM6B ®) (8) (8) ®) (8) (8)

Numbers in parentheses indicate the total number of replicates of 25 larvae each reared on different feeding regimes (Control = regular food;

AR = AR supplemented food; RS = RS supplemented food).

*P<0.001 when compared with the corresponding control (reared on regular food) set of flies.

effect on normal development and thus the developmental
apoptosis is expected to occur as scheduled. To further
confirm the occurrence of scheduled developmental apopto-
sis, we selected larval salivary glands which undergo pro-
grammed cell death soon after pupal metamorphosis utilizing
apoptotic as well as autophagic pathways (Farkas and
Mechler 2000; Yin and Thummel 2006). Morphology of
salivary glands in control and AR or RS supplemented food
reared larvae was examined in late 3rd instar larvae and in 8,
12 and 14 h old pupae. As seen in figure 7A—L, the typically
expected histolytic changes in salivary glands occurred dur-
ing pupal stages of larvae that were reared on AR or RS
supplemented food. Morphological examination of other
tissues in pupae also revealed the expected developmental
changes irrespective of the larval feeding regime (not
shown).

We examined expression of Dronc and Drice, the initiator
and effecter caspases, respectively, in early pupal salivary
glands. It has been reported that during normal development,
Dronc expression in salivary glands is elevated during late
3rd instar larval stage (Dorstyn ef al. 1999). We immuno-
stained 8-9 h old pupal salivary glands when their develop-
mental cell death programme is being initiated (Daish et al.
2004; Berry and Bachrecke 2007). Comparison of Dronc or
Drice immunofluorescence in salivary glands (figure 7M—R)
and other tissues (not shown) from 8-9 h old pupae revealed
comparable immunostaining irrespective of the larval feed-
ing regime. Unlike in non-apoptotic cells (see above), the
levels of Dronc and Drice were not reduced in salivary
glands of pupae which were reared during the larval period
on AR or RS supplemented food (compare figure 7N, O, Q
and R with 7M and O). Thus, while the AR or RS supple-
ment, greatly suppress RHG induced apoptosis, the normal
developmental apoptosis is not affected.

4. Discussion

Current Ayurvedic practices mostly rely on the observed
effects of a given formulation without a clear mechanistic

understanding of the underlying events. As has been widely
emphasized in recent years (Valiathan 2006; Lakhotia 2013;
Patwardhan 2014), it is necessary to gain deeper insights into
the underlying cellular and molecular processes that culmi-
nate in the observed beneficial effects. Keeping this in view,
the present study was directed to understand the basis of our
earlier observed (Dwivedi et al. 2013) reduced death of the
affected neuronal cells in fly models of neurodegeneration
by dietary AR or RS.

Present studies clearly show that dietary supplement of
AR or RS significantly suppressed apoptosis induced by
GMR-GAL4- or sev-GAL4-directed expression of the pro-
apoptotic RHG proteins in eye discs and in all body cells
when these proteins were expressed globally using the As-
GAL4 driver. Our results further show that the two
Ayurvedic formulations act at multiple levels to inhibit in-
duced apoptosis since they not only reduced the levels of
pro-apoptotic proteins (exemplified by Grim) but also ele-
vated the levels of anti-apoptotic proteins like DIAP1 and
DIAP2 and reduced the effecter and active caspases, Dronc
and Drice, respectively. In agreement with our earlier find-
ings that RS is more effective than AR in most of its
beneficial effects (Dwivedi et al. 2012, 2013), the present
study also revealed RS to be more effective in suppressing
the induced apoptosis as well. Traditional Ayurvedic litera-
ture indeed considers Rasa-Sindoor as the most potent
Rasayana and is designated as ‘Maharasa’ (Sharma 1979;
Sitaram 2006).

A few earlier studies have examined effects of some
Ayurvedic and other herbal formulations on apoptosis. For
example, a herbo-mineral Ayurvedic formulation,
Manasamitra vatakam, was found to inhibit neuronal apo-
ptosis and improve cognitive functions against aluminium-
induced toxicity in animal models (Thirunavukkarasu et al.
2013). On the other hand, Bullatacin, an acetogenin isolated
from fruits of Annona atemoya (Chih et al. 2001), Gugulipid
extract of Commiphora mukul (Xiao et al. 2011) and pheno-
lic extracts of Emblica officinalis (Rajeshkumar et al. 2003)
have been reported to induce apoptosis in Dalton’s
Lymphoma Ascites, CeHa cell lines and mouse,
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Figure 6. AR or RS feeding elevated cellular levels of DIAP2 in wild type and GMR-GAL4>UAS-rpr, GMR-GAL4>UAS-grim and GMR-
GAL4>UAS-hid larval eye discs. A—C, E-G, I-K and M-O are confocal projections of four medial optical sections of eye discs of WT (A—
C), GMR-GAL4>UAS-rpr (E—G), >UAS-grim (I-K) and >UAS-hid (M-O) late third instar larvae immunostained with anti-DIAP2 (green)
and counterstained with DAPI (red). Scale bar in A corresponds to Sum and applies to all other images. Histograms in D, H, L. and P show
the fluorescence intensities of DIAP2 in eye discs from larvae reared on regular or formulation feeding. * indicates P<0.001 when compared
with the corresponding control (reared on regular food).

respectively. These studies, however, did not examine the Expression of the pro-apoptotic RHG proteins triggers the
cellular and/or molecular basis of the observed effects on cell  apoptotic cascade by removing inhibitory actions of DIAP1
death. and DIAP2 so that effecter caspases can convert pro-
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Figure 7. Unlike induced apoptosis, developmental histolysis of larval salivary glands is not affected by dietary AR or RS. A-L are
phase-contrast images of salivary glands from late 3™ instar larvae (A—C), 8 h (D-F), 12 h (G-I) and 14 h (J-L) old pupae that were reared
on control (A, D, J) or AR (B, E, K) or RS (C, F, L) supplemented food; note comparable histolytic changes in pupal salivary glands,
irrespective of the larval feeding regime (noted on top of each column). M—R are confocal images of salivary glands from 8 h old pupae,
reared during larval period on control (M, N) or AR (O, P) or RS (Q, R) supplemented food, immunostained for Dronc (M, O, Q) or Drice
(N, P, R); each image is a projection of 4 medial optical sections. Note the similar pattern and immunofluorescnce intensity for Dronc as
well as Drice in each of the three samples. The scale bar in A applies to A through L while that in M applies to M through R.

caspases into active caspases (Ryoo et al. 2002; Steller 2008;
Fuchs and Steller 2011; Denton et al. 2013). Besides
inhibiting the binding of DIAP1 with initiator and effecter
caspases, the RHG proteins also greatly decrease DIAP1
abundance through enhanced ubiquitin-mediated degrada-
tion. Further, Rpr and Grim also suppress global protein
translation, so that levels of free Dronc increase since
Dronc has a longer half life than DIAP1 (Holley et al.
2002; Yoo et al. 2002). Present results showed that formu-
lation feeding substantially reduced the abundance of ectop-
ically induced Grim protein in larval eye discs of GMR-
GAL4>UAS-grim. Although the levels of Rpr or Hid were
not directly examined, it appears that levels of Rpr and Hid
too get similarly reduced in formulation fed larval tissues
since the three genes are often similarly affected in response
to different signalling pathways that toggle the cell between
survival and death (Fuchs and Steller 2011). It may be noted
that over-expression of Hid caused maximum damage and
the AR- or RS-mediated suppression of apoptosis was

correspondingly less. This may be related to the fact that
Hid’s pro-apoptotic role in eye discs may involve a divergent
path as well (Hays ef al. 2002; Mallik and Lakhotia 2009). In
view of the pivotal roles of RHG proteins in triggering
apoptosis in Drosophila (Arya et al. 2007; Fuchs and
Steller 2011; Denton et al. 2013), reduced induction of
RHG proteins is likely to be one of the factors contributing
to suppression of the induced apoptosis by AR or RS. It
remains to be examined if the changes in levels of the
different proteins noted in this study are due to changes at
transcriptional level or altered stability/synthesis of the given
protein.

DIAPI is the most crucial inhibitor of apoptosis in
Drosophila (Goyal et al. 2000; Hawkins et al. 2000; Muro
et al. 2002) since it keeps initiator as well as effecter
caspases, Dronc and Drice, respectively, inhibited. DIAP1
prevents accumulation of the auto-processed active form of
Dronc in cell cytoplasm (Muro et al. 2002) and carries out
non-proteolytic ubiquitination of Dronc and Drice to keep
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them inactive (Ryoo ef al. 2002; Ditzel et al. 2008; Fuchs
and Steller 2011; Denton et al. 2013). DIAP1 also inhibits
interaction of Dronc and DARK and thus prevents formation
of apoptosome complex (Dorstyn et al. 2002; Igaki et al.
2002). DIAP1 has further been shown to inhibit apoptosis by
activating the ligand-independent hedgehog signalling in
Drosophila (Christiansen et al. 2013). The significantly en-
hanced levels of DIAP1 in wild type as well as rpr, grim or
hid transgene expressing larval eye imaginal discs following
AR or RS dietary supplement seem to be the other major
factor contributing to the observed suppression in induced
apoptosis.

DIAP2 does not appear to be a crucial inhibitor of apo-
ptosis, although it can functionally substitute DIAPI in
inhibiting developmental or induced apoptosis (Vucic et al.
1997; Leulier et al. 2006) as it also prevents activation of
Drice (Ribeiro et al. 2007). Therefore, the remarkably en-
hanced levels of DIAP2 following formulation feeding also
appear to contribute to suppression of the RHG mediated
apoptosis.

In agreement with the earlier report (Dwivedi et al. 2012),
the present results showed an increase in levels of Bancal
(Hrb57A) in wild type as well as in rpr, grim or hid over-
expressing larval eye imaginal discs. More significant is
the finding that the cytoplasmic granules of Bancal
showed varying degrees of colocalization with DIAPI,
which, while directly proportional to the elevation in
levels of the respective proteins, was inversely related
to the extent of induced apoptosis. A comparable greater
association of DIAP1 and Bancal was also seen in other
conditions of reduced apoptosis (Mallik and Lakhotia
2009). Enhanced levels of Bancal and other hnRNPs
(Dwivedi et al. 2012; 2013) also thus contribute to
suppression of induced apoptosis through stabilization
of DIAPI in the formulation fed larval tissues.

An earlier study from our laboratory (Mallik and Lakhotia
2009) showed that down-regulation of the non-coding hsr®
transcripts inhibits induced apoptosis, with one of the con-
tributing factors being stabilization of DIAP1 by Bancal.
This raised the possibility that formulation feeding may
down-regulate hsro transcripts, which results in increased
binding of Bancal with DIAP1. However, we found (data not
presented) that the levels of hsro transcripts are not altered
by the formulation feeding, neither in wild type nor in RHG
over-expressing genotypes.

Down-regulation of JNK signalling is reported to sup-
press induced apoptosis in Drosophila (Yang et al. 1997,
Mallik and Lakhotia 2009). Rpr induced degradation of
DIAP1 stabilizes DTRAF1 (Drosophila tumour-necrosis fac-
tor receptor-associated factor 1) and activates the JNK-
mediated cell death (Holley ef al. 2002). It would be inter-
esting in future studies to see if the JNK signalling is also
modulated by these Ayurvedic formulations.
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Members of the cell death machinery have roles,
other than in developmental or induced apoptosis, in
several non-apoptotic events like the border cell migra-
tion during oogenesis, sperm individualization, shaping
of aristae, dendrite pruning, development of sensory
organ precursor, etc. (Kuranaga and Miura 2007; Koto
et al. 2009; Fabian and Brill 2012). In view of such
multiple and significant roles, the enhanced levels of
DIAPs and reduced levels of pro-apoptotic proteins and
the caspases in formulation-fed wild type larvae may be
expected to adversely affect development. However, our
results clearly show that while induced apoptosis is
largely, although not completely, suppressed, the devel-
opmental apoptosis is not at all affected by these for-
mulations since the characteristic histolysis of larval
salivary glands and other tissues progressed as in
regular-food-reared organisms. Further, strong support
for the developmental apoptosis remaining unaffected
by AR or RS is provided by the fact that none of the
AR- or RS- fed wild type larvae suffer any developmen-
tal defects (Dwivedi et al. 2012), which inevitably
would have occured if developmental apoptosis was to
be compromised in any way (Abrams et al. 1993; Fuchs
and Steller 2011). The flies reared since larval period on
AR- or RS-supplemented food were actually better in
many biological parameters like life span, development
time, fecundity, stress tolerance, etc. (Dwivedi ef al
2012, 2013). Increase in levels of histone acetyl trans-
ferase like CBP300, different hnRNPs and stress toler-
ance that follows these rejuvenating dietary supplements
appear to positively modulate multiple cellular pathways
and thus buffer the cells so that while non-apoptotic
cells have reduced levels, those destined to die during
development have the required levels of apoptotic ma-
chinery components.

It is interesting that the two Ayurvedic formulations used
in this study have comparable effects in spite of their very
different constituents. The major constituent of AR is ob-
tained from extracts of fruits of ‘Amla’ or Emblica
officinalis, while RS is a sublimate product of mercury and
sulphur (Dwivedi et al. 2012). We are currently examining
global transcriptome changes effected by each of the two
dietary supplements to understand the basis of their compa-
rable effects on cell physiology. Present studies further em-
phasize that, contrary to the common perception of heavy
metal toxicity of Ayurvedic formulations like RS, a properly
processed RS, whose high mercury content is nearly in the
nano-particle range (Singh et al. 2009), is not at all toxic. It
is actually beneficial for the fly’s life (Dwivedi et al. 2012,
2013), as also claimed for human applications (Sharma
1979). Heavy metals like mercury and arsenic are also wide-
ly used in the traditional Chinese medical systems as well
(Zhang et al. 2012).
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Unlike the stringently regulated developmental apoptosis,
cell death induced in response to unfavourable external or
internal signals may often be an ‘over-reaction’. The differ-
ent components of cell stress response delicately balance the
survival and death pathways (Arya et al. 2007). Therefore,
even small disturbances can sometimes tilt the balance so
that the death response gets triggered, especially in cells with
compromised homeostasis. DNA damage and cell stress,
which strongly affect apoptotic signalling (Roos and Kaina
2006; Arya et al. 2007; Moon et al. 2008; Fuchs and Steller
2011; Denton et al. 2013), are omnipresent. Therefore, av-
erage cells remain prone to death signals. AR has been
shown to suppress age-related DNA damage (Swain et al.
2011) and to enhance tolerance to oxidative stress (Dwivedi
et al. 2012), while AR and RS both confer better tolerance to
thermal and starvation stresses (Dwivedi ef al. 2012). Such
findings suggest that, as claimed in traditional literature
(Sharma 1979; Singh 2009), AR and RS formulations help
in better maintenance of cellular homeostasis. Elevated
levels of DIAPs and reduced levels of RHG proteins and
caspases, as seen in normally developing non-apoptotic cells
of wild type larvae reared on AR or RS supplemented food,
apparently reflect a more robust physiological state of these
cells so that they can tolerate greater insults without trigger-
ing the death response.

Our present findings have clinical implications since the
more robust physiological state following AR or RS supple-
ments may prevent unwarranted cell death associated with
several diseases and ageing (Higami and Shimokawa 2000;
Muradian and Schachtschabel 2001; Lu ef al. 2012) and thus
contribute to ‘healthy ageing’, one of their suggested effects in
traditional Ayurvedic practices (Sharma 1979; Singh 2009).
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