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ABSTRACT 
 
In the current drug discovery landscape, natural products continue to be the most 
important source of new drugs. Research efforts have focused on the development 
of drugs against pathologies that still lack effective therapeutic treatments. In this 
context, a cellular process that is physiologically involved in the maintenance of 
cellular homeostasis, referred to as autophagy, has emerged in recent decades for 
its involvement in the onset of many diseases. Recent studies have aimed to 
discover new molecular entities from natural sources that are able to interfere in 
this process and prevent the onset of pathologies such as cancer, infection and 
neurodegenerative diseases. In the present study, an approach consisting of cell-
based assays, followed by a High Content Analysis, has been specifically developed 
and fine-tuned to select the most interesting crude natural extracts in terms of 
their effects on the autophagy process. In particular, the analysis of the 40 starting 
samples derived from 5 crude extracts allowed the isolation of 22 samples, which 
were sorted based on different typologies of interference on the autophagy 
process. 
 
Key words: Autophagy, natural products, crude extracts, Autophagocytosis, cell-
based assays. 
 
Abbreviations: HCS, High-content screening; PCA, principal component analysis; 
HCA, hierarchical cluster analysis; LC3 protein, microtubule associated proteins 
light chain 3; PFA, paraformaldehyde; PC, principal component; PBS 1X, 
phosphate-buffered saline; BSA, bovine serum albumine; DMSO, dimethyl 
sulfoxide 

 
 
INTRODUCTION 
 
Many of the pathologies affecting humans, such as cancer, 
neurodegenerative diseases, cardiac affections and diabetes 
still require efficient pharmacological interventions. 
Considering that more than 95% of the world’s biodiversity 
has not been evaluated for any biological activity, natural 
products that originate from Earth’s bio-diverse flora and 
fauna represent an important reservoir for novel molecular 
entities that can be introduced to the drug discovery 
pipeline, as has already been reported (Abdi, 2010; 

Abraham et al., 2004; Alessi and Downes, 1998). In this 
context, plants, as well as the associated microflora, 
represent a wide source of new molecules potentially 
containing pharmaceutical properties. 

The characterization of such molecules should be 
performed using the appropriate research techniques, 
primarily consisting of cell-based assays (Arroyo et al., 
2014; ATCC, 2014; Bhutia et al.,2013; Bravo-San Pedro et 
al., 2017; Carnero, 2006), which improve the quality of lead  
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candidates (Carpenter et al., 2006). An emerging functional, 
cell-based and multiplexed technology was utilized, known 
as High-Content Screening (HCS) (Cuervo, 2004; De Vorkin 
and Gorski, 2014; Dewick, 2009), through which the effects 
of the treatments in cellular systems were examined by 
detecting different phenotypical features simultaneously, 
which can lead to the discovery of new drugs derived from 
natural products. A powerful property of HCS is that 
potency, selectivity and cytotoxicity can all be determined 
in a single assay. Currently, HCS based drug discovery 
programs are primarily focused on searching for 
therapeutic protein or small molecules involved in the 
treatment of diseases “currently lacking” effective drugs, 
such as neurological disorders and autoimmune diseases 
(Carpenter et al., 2006). 

The current scientific research landscape proposes that 
perturbations of the basal conditions of the autophagy 
process are involved in the onset of pathological conditions, 
which can lead to the development of the most common 
diseases and disorders of the modern age, such as cancer, 
neurodegeneration, aging, metabolic syndrome, 
inflammatory disorders and cardiovascular diseases 
(Eskelinen, 2008; Fitzwalter and Thorbun, 2015; Geng and 
Klionsky, 2008; Giuliano et al., 2003; Glick et al., 2010; 
Gribbon and Sewing, 2003). Autophagy is a strictly 
regulated and evolutionarily conserved physiological 
cellular pathway for the digestion of damaged cytoplasmic 
materials or aged organelles. The process consists of 
enveloping intracellular materials into double layered 
membrane structures named “autophagosomes”, which 
subsequently fuse with lysosomes to form new functional 
structures named “autophagolysosomes”, in which 
digestion occurs (Johnston and Johnston, 2002; Kabeya et 
al., 2000; Kamentsky et al., 2011; Kirisako et al., 2000; 
Klionsky, 2007; Klionsky, 2005; Klionsky et al., 2016; 
Kundu and Thompson, 2008). During this process, 
autophagosomes move along cytoskeleton elements 
through LC3 protein (Atg8), which is considered to be the 
most common marker to monitor autophagy (Glick et al., 
2010; Lamprecht et al., 2007; Lin and Baehrecke, 2015). 
LC3 protein exists in two different isoforms: LC3B I (14 
KDa), a free cytosolic protein, and LC3B II (16 KDa), a 
protein present in the inner and outer membrane of 
autophagosomes. These two isoforms are alternated during 
the autophagy process: LC3B I is present in the basal 
condition and is converted into LC3B II during the 
formation of the autophagosomes. Then, when the 
autophagosome fuses with the lysosome, the LC3B II 
isoform is degraded by lysosomal activity (Ljosa and 
Carpenter, 2009; Mei et al., 2015; Mishra and Tiwari, 2011; 
Mizushima, 2004). 

In this study, we present an HCS approach based on 
fluorescence and immunofluorescence assays developed for 
the evaluation and quantification of biological effects, for 
short and long time durations (2 and 20 h), on the extracts 
of four organisms among algae, invertebrate and plants on  

 
 
 
 
acidic and autophagosomal compartments, which are 
considered to be descriptive of autophagic activity (Levine 
and Kroemer, 2008; Lin and Baehrecke, 2015; Mizushima 
and Klionsky, 2007; Mizushima et al., 2010; Molyneux et al., 
2007). Following the methods previously described in the 
literature (Lin and Baehrecke, 2015) and using an 
automated confocal microscope, it was possible to capture 
images regarding lysosomes in living treated cells in order 
to examine possible effects on the cellular acidic 
compartments, as well as LC3B in the same cells after 
fixation to study the effects on autophagic compartments. 
The obtained images were then analyzed, and quantitative 
data extracted from the images were used to determine 
specific parameters related to such cellular compartments. 
This approach allowed a qualitative and quantitative 
evaluation of the effects of the extracts on cells under 
physiological and autophagy-induced conditions. 
 
 
MATERIALS AND METHODS 
 
Sample collection and extract preparations 
 
The marine samples Ulva sp., Cryptonemia sp., 
Stenogramme sp. and Ciona sp. were collected through an 
apnea dive from the culture lines of the submarine facilities 
of the Universidad Católica del Norte, located in the 
Herradura Bay, IV Region, Province of Elqui, Coquimbo, 
Chile (29° 57’S–71°21’W). The samples were washed with 
sterile seawater and 30% ethanol to remove any associated 
microflora, and washed again with fresh water to remove 
surface salts and sand particles. Heliotropium sp. was 
collected in the Coastal Mountains of Coquimbo (20 m.a.s.l.) 
(29° 59’S–71°21’W). All samples were left to dry in a shady 
and aerated placeto constant weight. To obtain the extracts, 
50 g of each dried sample were weighed, ground and 
macerated in 150 mL of 99.89% ethanol to exhaustion at 
40°C. The samples were filtered and concentrated under 
vacuum at 40C. Thereafter, successive extractions were 
performed with solvent sorted by increasing polarity such 
as hexane, chloroform and ethyl acetate (4×100 mL). The 
resulting fractions were concentrated and stored at -40C 
until use. 
 
 
Cell model 
 
Each experiment was conducted on SH-SY5Y cells. The 
culturing medium used to grow SH-SY5Y cells composed of 
a 1:1 mixture of ATCC-formulated Eagle's Minimum 
Essential Medium and an F-12 medium supplemented with 
1% Sodium Pyruvate (#11360070, Thermo Fisher 
Scientific), 1% PenStrep (#15070063, Thermo Fisher 
Scientific) and 10% Fetal Bovine Serum (#26140079, 
Thermo Fisher Scientific). Common culturing conditions for 
SH-SY5Y cells are 95% air, 5% CO2 and 37°C. All other  



 
 
 
 
information about the handling of the SH-SY5Y cells was 
taken from the ATCC website (Monks et al., 1991). 

For our study, SH-SY5Y cells were selected because it is 
considered a good neuronal model for analyzing the 
autophagy pathway. 
 
 
Cells treatment with extracts 
 
Dried extracts were weighed and resuspended in 
100%dimethyl sulfoxide (#D5879, Sigma Aldrich) at a 
concentration of 100 mg/mL. Then, solutions were shaken 
for 1 h on vortex and left at 4C overnight. The extracts 
were then diluted in a complete culturing medium and in a 
partially serum-deprived culturing medium (1% FBS) to 
the final concentration of 0.1 mg/mL in 0.1% dimethyl 
sulfoxide. The partially serum-deprived medium was used 
to keep the cells in starvation conditions, which is the most 
common method for inducing autophagy. 

The obtained solutions were administered to the cells in 
four serial concentrations, from 0.1 mg/mL down to 0.01 
mg/mL, and subjected to incubation for 2 and 20 h. 
 
 
Fluorescence and immunofluorescence assays on living 
SH-SY5Y cells 
 
The SH-SY5Y cells were seeded in 384-well plates at a 
concentration of 8×103 cells/well and, after 15-20 h of 
incubation, were treated as explained. Fluorescence assays 
on SH-SY5Y living cells were performed by adding a 
staining solution consisting of 100 nMLysotracker Red(#L-
7528,TermoFisher Scientific) (Mizushima et al., 2010) and 
100 nM Hoechst 33342 (#B2261, Sigma-Aldrich) 30 min 
before the end of the treatments. After 30 min in an 
incubator (37°C, 5% CO2), the staining solutions in each 
sample were replaced with media and the cells were 
immediately scanned by the automated confocal 
microscope “Cell Voyager 6000” (Yokogawa), which 
obtained images in 9 different fields for each well. 

After live imaging, cells were immediately fixed using a 
solution of 4% PFA (#10010023, Gibco) in PBS 1X for 5-10 
min in the dark. Thereafter, the cells were permeabilized in 
a solution containing 0.1% digitonin (#D141, Sigma-
Aldrich) in PBS 1X for 5 min in the dark. After 
permeabilization, blocking buffer solution consisting of 5% 
BSA in PBS 1X was added to the cells for 30 min in the dark, 
and then a 2.5 μg/ml of an anti-LC3B polyclonal antibody 
developed in rabbit (#L7543, Sigma-Aldrich), diluted in 
blocking buffer, was added in the wells and left in the dark 
for 45 min. Primary antibody solution was then removed, 
and cells were left in incubation with a solution containing 
2 μg/ml Donkey anti-Rabbit IgG (H+L) Secondary Antibody 
Alexa Fluor® 488 conjugate (#A-21206, ThermoFisher 
Scientific), diluted in blocking buffer for 50 min. After 
incubation, a secondary antibody solution was replaced  

 
 
 
 
with PBS 1x and plates immediately scanned by the 
automated confocal microscope “Cell Voyager 6000” 
(Yokogawa), obtaining images in 9 different fields for each 
well. All tests were carried out at room temperature. 
 
 
The automated confocal microscope and the image 
acquisition strategy  
 
Images were collected by automated confocal microscopy 
using the Cell Voyager 6000 (Yokogawa©, Meters and 
Instruments Corporation, Japan), which acquires images 
from cells cultured in multi-well microplates using up to 
four different channels simultaneously. The CV6000 uses a 
high-resolution spinning disk confocal method and EMCCD 
cameras that allow an optimal signal-to-noise ratio. Images 
were acquired from both living and fixed cells, and the 
acquisition of the images of living cells was possible 
because the microscope was equipped with an incubator 
that maintains cells under a culturing condition (37°C; 5% 
CO2). Four different channels (405, 448, 531 and 635 nm 
lasers) were selected according the fluorochromes used for 
each target and, before the images acquisition, the best 
focal plane was established by checking among those 
acquired every 2 μm. 
 
 
Image analysis 
 
Image analysis was performed using the CellProfiler 
software, a tool for quantifying data from biological images, 
particularly in high-throughput experiments (Nichols, 
2007; Padmanabhan et al., 2010). The software requires the 
establishment of a "pipeline", or a sequential series of 
modules performing different image processing functions 
such as illumination correction, object identification 
(segmentation) and object measurement (Petibone et al., 
2016). Moreover, CellProfiler, made it possible to 
distinguish different cell populations (such as living and 
dead cells), when working on particular measured features 
such as size, shape or intensity values of the previously 
identified objects (Pierzyńska-Mach et al., 2014). For each 
stained cellular element, a series of parameters were set 
and different algorithms were provided by the software to 
interpret the cellular elements depending on the cell type. 
Following some examples of these features, identification 
parameters, strategy and algorithms in SH-SY5Y cells were 
reported: nuclei were identified by considering all objects 
with a diameter between 40 and 150 pixels in the images 
revealed by the first channel (laser 405 nm: Hoechst 
33342), while for Lysosomes and LC3B spots, such range 
was decreased to 5 to 15 pixels in the images revealed by 
the second channels (laser 531 nm: Lysotracker Red for 
Lysosomes; laser 488 nm: anti-LC3B polyclonal antibody 
for LC3B proteins). The strategies used to identify such 
objects were different depending on the different sizes and  



 
 
 
 
distributions of the nuclei and the spots into the images, 
consisting of a global strategy (each image was analyzed 
entirely) for nuclei identification and an adaptive strategy 
(each image was divided into different fields and analyzed 
field by field for spots identification). Both nuclei and 
lysosomes/LC3B protein were filtered to discard possible 
background and artefacts signals by applying a minimum 
and a maximum threshold value (nuclei max 0.114 and min 
-; for spots max 0.1 and min 0.05) based on the upper 
quartile of the measured intensities of the signals detected. 
Cell boundaries were identified by “expanding” the signal 
detected for the nuclei for a defined number of pixels, 
determined by cell type. Moreover, the software assigns to 
each cell the exact number of spots, and provides a number 
for each cell among the output. 

As the last step of the process, numerical values of the 
measurements were exported and were then used to 
interpret the phenotypes produced by the treatments.  
 
 
Data normalization, principal component analysis 
(PCA) and hierarchical cluster analysis (HCA) 
 
Data from the image analysis were selected and normalized 
by applying the Z-score or Standard Score to the median 
values from the measured features. The normalization step 
is needed in order to limit the effects of possible outlier 
values, as well as to make the measurements of parameters 
represented by values of different sizes comparable 
(percentages, number per cell and size). 

PCA was then applied to the normalized values in order 
to reduce the dataset dimensions, and to reproduce only 
the most significant amount of variance in a number of 
variables of lower or equal to what was contained in the 
original dataset. In the present study, the PCA has been 
applied by decomposing a data matrix, after median 
centering, for each attribute using Z-scores (Sezgin and 
Sankur, 2004). Each transformed value contained into the 
dataset was reported as component scores, also called 
factor scores (Shaw, 2003). 

The factor scores were then used to carry out the 
Hierarchical Cluster Analysis (HCA). This analysis was 
performed to gather all treatments producing phenotypes 
that were considered to be similar in groups, named 
clusters, on the basis of the Euclidean distances measured 
among the factor scores that were associated with each 
treatment. Clusters have been filled using the 
agglomerative method described by Joe H. Ward Jr., also 
known as Ward’s minimum variance criterion methods, or 
more simply, the Ward method (Shi et al., 2013). 
 
 
Statistical analysis 
 
Information regarding the cytotoxic effects, the number of 
spots per cell and size of spots for both lysosomes and LC3B  

 
 
 
 
proteins that resulted from the image analysis were 
repeated three times, then expressed as median values and 
relative error. For all datasets, the statistical analyses were 
carried out by applying a one-way ANOVA test through 
Prism7 software (©1994-2017 GraphPad Software, Inc.), 
with the confidence interval set at 95% in order to evaluate 
the p-values relative to the entire data set, and to the data 
describing each sample, alone and with respect to the data 
describing the control sample. 
 
 
Flow-chart 
 
A flow-chart was provided in order to allow a better 
understanding of the entire experiment and its consecutive 
steps (Figure 1). 
 
 
RESULTS AND DISCUSSION 
 
Fluorescence assays on treated SH-SY5Y cells 
 
Fluorescence and immunofluorescence assays were carried 
out to analyze the effects produced by the 5 different 
extracts on the autophagy process using SH-SY5Y as the cell 
model. The effects were analyzed by administering the 
samples under both physiological and starvation induced 
conditions. This was also performed by acquiring images 
demonstrating the effects produced on autophagosomal 
and acidic compartments that were considered to be 
descriptive of autophagic activity (Levine and Kroemer, 
2008; Lin and Baehrecke, 2015; Molyneux et al., 2007; 
Shintani and Klionsky, 2004), 2 and 20 h after their 
administration. This allowed a complete evaluation of the 
ability of the treatments to induce or inhibit autophagy 
during shorter and longer periods of time by following and 
readapting protocols suggested in literature (Levine and 
Kroemer, 2008; Lin and Baehrecke, 2015). Images obtained 
from fluorescence and immunofluorescence assays were 
segmented by the software “CellProfiler”, following the 
guidelines reported by Ljosa and Carpenter (2009) in order 
to develop a pipeline, through which the cellular elements 
necessary in describing autophagy (such as nuclei, cells, 
lysosome and LC3B protein spots) were determined. Such 
elements have been identified as “objects” by setting up 
characteristic reference parameters regarding, for example, 
the intensity assigned to each pixel and the minimum and 
maximum diameters (Pierzyńska-Mach et al., 2014; Xia, 
2011). To extrapolate the quantitative data to the 
parameters related to the characteristics used to identify 
the autophagic phenotypes, these objects were then 
analyzed based on the affection produced by the activity of 
the extracts on the autophagy pathway. The cellular 
“objects” and their features describing autophagy are 
shown in Table 1 and are described hereafter. 

Nuclei representing living cells, determined from the



 
 

 
 

Figure 1: Flow-chart of the experiment. 



 
 
 
 

Table 1: Reference images reporting examples of the features detected during the image analysis of live (images A, B and C) and dead 
(D, E and F) cells. 
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The grey arrows in image A underline examples of live and dead cells; the red and green arrows in images B and E highlight the different sizes 
of Lysosome/LC3B protein spots; the red and green arrows in images C and F show the Lysosome/LC3B protein spots counted per cell (light 
red/green arrows), the cells considered to be active for containing at least one spot (light red/green arrows), and those considered to be 
inactive for not containing any spots (dark red/green arrows). 

 



 
 
 
 

 
 
Figure 2: Bar plots reporting the percentages of living cells calculated for each treatment 2 hours after their administration. 

 
 
images regarding live cells, were selected by applying a raw 
critical threshold value, arbitrarily chosen, to the median 
intensity values calculated for each nucleus considering all 
pixels identifying each object. Nuclei whose median 
intensity was greater than the threshold were considered 
to belong to dead cells or to cells that are going to die. 
Figures A and D in Table 1 report examples of nuclei that 
identify living (grey arrow) and dead cells (white arrow). 
Different features related to lysosomes and LC3B proteins 
were also evaluated, based on the information reported in 
the literature. The percentage of cells in which the 
autophagy process activates were measured considering 
the number of cells containing at least one lysosome/LC3B 
protein spot related to the total number of the detected 
living cells. This was reflected by the activation of the 
acidic/autophagic compartment, respectively, the number 
of the spots per cell, and the size of the spots, which were 
measured considering the number of the pixels contained 
in each determined spot (Lin and Baehrecke, 2015). 
Examples of such objects and their relative features are 
reported in figures B, C, E and F in Table 1 (green and red 
arrows). The subsequent analyses were then performed 
considering the median values calculated from each of the 
starting measurements pool of each feature. The median 
values had been used in order to limit the drift effects 
caused by possible outlier values due to artifacts or other 
imperfections that occurred during the staining of the 
samples. As introduced, the skimming of the samples 
depending on their toxic power was performed by 
arbitrarily setting the threshold value at 50%. The 
treatments were discriminated based on the percentages of 
living cells calculated, referring to the number of the total 
cells detected in the control samples. All treatments with 
measured percentages of living cells lower than 50% were 
not considered to be interesting, as their toxic activity was 
too strong. They were therefore discarded before 
performing the HCA in order to avoid possible inaccurate 
evaluations regarding their affection of the autophagy 

process (Shintani and Klionsky, 2004; Yang and Klionsky, 
2009; Zanella et al., 2010). The results concerning the 
toxicity rates that were produced by the treatments after 2 
and 20 h were reported as bar plots in Figures 2 and 3: the 
upper bar plot (Figure 2) shows the percentage of living 
cells measured after 2 h of treatment administration, while 
the lower one (Figure 3) reports the percentages measured 
after 20 h. Upon observing the bar plots, it was found that 
just 3 samples, more specifically, the highest dilutions of 2 
extracts, produced weak toxic action after 2 h: the dilution 
0.1 mg/mL Cryptomenia sp. (C-4B) administered under 
both culturing conditions (respectively 45% under 
physiological conditions and 37% in starvation conditions) 
and the dilution 0.1 mg/mL Heliotropium sp. (T-1B) 
administered under starvation conditions (26%).  

After 20 h, the number of samples that were definitely 
displaying toxic activity had risen to 13: the dilution 0.1 
mg/mL of Ciona intestinalis (C-3B) administered under 
starvation conditions (34%); the dilutions 0.05 and 0.1 
mg/mL of Cryptomenia sp. (C-4B) administered under both 
culturing conditions (49 and 14% under physiological 
conditions and 15 and 1% under starvation conditions, 
respectively); the dilutions 0.02, 0.05 and 0.1 mg/mL of 
Heliotropium sp. (T-1B) administered under both culturing 
conditions (26, 2 and 2% under physiological conditions 
and 6, 3 and 2% under starvation conditions, respectively); 
the dilution 0.1 mg/mL of C. intestinalis (C-3B) 
administered under both culturing conditions (respectively 
10 and 27% under starvation conditions). A deeper analysis 
reveals that the samples did not produce any evident dose-
dependent effect after 2 h. Conversely, the extracts of C. 
intestinalis (C-3B), Cryptomenia sp. (C-4B) and the two 
fractions of Heliotropium sp. (T-1B and T-1C) produced a 
clear dose-dependent effect under both tested culturing 
conditions 20 h after their administration. The extract of 
Ulva sp. (U-2C) did not show toxic effects on any tested 
dilution under both culturing conditions, even after 20 h of 
their administration. 



 
 
 
 

 
 
Figure 3: Bar plots reporting the percentages of living cells calculated for each treatment 20 h after their administration. 

 
 
High content analysis 
 
After the preliminary selection based on the toxicity rate, 
the remaining samples were subjected to the High Content 
Analysis (HCA), by which all median values that had been 
calculated from the datasets, and that contained all 
measurements of the different features describing of the 
autophagic activity, were evaluated simultaneously. To 
reduce the dataset dimensions, the first step of such 
analysis consisted of performing a PCA, as described 
previously. The number of the different features describing 
the autophagic phenotypes was reduced from 7 series of 
median values (the features described above) to 2 series of 
factor scores called Principal Component (PC) 1 and 2, 
through which it was also possible to interpret all future 
results as if the samples were arranged in a planar space 
determined by the two PCs as coordinates. The differences 
among the phenotypes produced by the samples were then 
evaluated by comparing the Euclidean distances occurring 
among them, and measured considering the previously 
calculated factor scores. Based on such distances, samples 
were collected in different clusters, each of them built 
following a hierarchical organization based on the “Ward 
linkage method”, so that each of them contained all samples 
producing the most similar phenotypes (Zang et al., 2012). 
Based on the results of the Hierarchical Cluster, in order to 
make the interpretation of the results easier and more 
complete, Analysis (HCA) of the effects produced on the 
autophagy pathway by the samples at 2 and 20 h after their 
administration have been displayed, respectively in Figures 
4 and 5, each designed using 3 different elements. In the 
upper left side, the dendogram resulting from the HCA is 
included, which reports the disposition (leaf position) and 
the relative distances (branches length) among all samples. 
Clusters were identified by cutting the dendogram in order 
to gather the phenotypes concerning the control samples 

that were obtained using the same culturing condition in 
different clusters (Control, Control DMSO, Control 
Starvation, Control DMSO Starvation). In the lower side of 
the table, the composition of each cluster has been reported 
in lists distinguished by differently colored backgrounds, 
using the same colors that define the clusters in order to 
make their composition clearer and easier to read. In the 
upper right side of the tables, the clusters resulting from 
the HCA have been reported in a scatter plot described by 
the PCs 1 (x-axis) and 2 (y-axis), with the controls. The 
most interesting samples were highlighted in order to help 
their detection; such representation allowed a better 
evaluation of the distances, as well as the disposition of the 
samples inside each cluster, defined by planar areas colored 
as the cluster, thus adding more precise qualitative 
information to the results showed in the dendogram and 
reported in the lists. 

Concerning the results, at 2 h after the administration, 
only 9 samples were considered potentially interesting, 
because they produced effects that differed from both types 
of control samples (underlined in the list and not 
highlighted in the scatter plot, but all contained in the green 
area), while all others were included in the clusters along 
with the control samples that reproduced the same 
culturing conditions: samples cultured under physiological 
conditions with Control and Control DMSO, and samples 
cultured under starvation conditions with Control 
Starvation and Control DMSO Starvation. 

After 20 h, all phenotypes were grouped along with one 
of the two control sample types, thus resulting in a total of 2 
clusters. From this analysis, only 2 samples were detected 
to have produced effects considered to be interesting 
(underlined in the list and highlighted in the scatter plot): 
the dilutions 0.02 and 0.05 mg/mL of the extract of C. 
intestinalis administered under starvation conditions 
produced phenotypes similar to those produced by the 



 
 
 
 

 
 

Figure 4: Dendogram, scatter plot and list of the phenotypes produced by the samples 2 h after their administration, divided per cluster 
after the hierarchical cluster analysis. control samples as well as samples producing effects considered to be interesting were highlighted 
in order to aid the interpretation of the results. 

 
 
 

 
 
Figure 5: Dendogram, scatter plot and list of the phenotypes produced by the samples 20 h after their administration, divided per cluster after the 
Hierarchical Cluster Analysis. Control samples as well as samples producing effects considered to be interesting were highlighted in order to aid 
the interpretation of the results. 

 
 
control samples under physiological culturing conditions. 
Hence, such treatments were considered to be potentially 
able to inhibit or at least to limit the rate of the autophagic 
activity previously induced by starvation, and thus able to 

revert the phenotypes to conditions comparable to the 
physiological. Concerning the spatial distribution of the 
samples, a careful analysis of the scatter plots (also 
checking the values of the PC1 and PC2) revealed that the  



 
 
 

 
 

Figure 6: Treatments producing interesting activities 2 and 20 h after their administration are reported along with 
the values of the features considered to be descriptive of autophagic activity (the acronym “l.c.” means “living cells”), 
and are encoded by colored backgrounds. Toxic treatments were reported with a grey background, treatments able to 
revert from the starvation induced autophagy conditions to the physiological conditions were reported with a red 
background, and treatments producing phenotypes different from both of the reference control phenotypes were 
reported with a light blue background. The samples reported with a white background didn’t show any interesting 
activity. 

 
 
phenotypes tend to be sparser at 2 h after the 
administration, and tend to become similar to what is 
produced by the control samples during that time. Another 
important aspect of this analysis must be highlighted: the 
two samples considered to be the most interesting were 
localized very closely to the boundary of the area that was 
covered by the cluster containing the control samples, 
reproducing phenotypes representative of the same 
culturing conditions used for their administration. This 
suggests that such phenotypes were not significantly 
different from their standard conditions, and that the 
reversing effects were very weak. 
 
 
Comparison of the effects produced 2 and 20 h after the 
administration of theextracts  
 
Here, the results obtained from the previous investigations, 

summarized in Figure 6, will be further analyzed. The 
comparison of the results concerning the effects produced 
by the treatments 2 and 20 h after their administration 
show clearly that the number of the treatments considered 
to be interesting fell to approximately half of the starting 
number of the analyzed samples (from 40 to 22), including 
dilutions of all 5 extracts analyzed. More specifically, 10 of 
the 22 samples considered to be interesting were selected 
because they affect the autophagy process, while the other 
14 were considered potentially interesting due to the 
toxicity effect caused 2 and/or 20 h after the 
administration. Among the samples affecting the autophagy 
process, 9 were selected because they produced an effect 
that differed from both control samples after 2 h, but 
changed their effects over time: after 20 h after the 
administration, 6 of them were no longer considered to be 
interesting because they produced effects similar to the 
respective control samples (0.01 and 0.02 mg/mL Ulva sp.,  



 
 
 
 
0.02 mg/mL Cryptomenia sp., 0.01 mg/mL Cryptomenia sp. 
under starvation conditions, 0.01 mg/mL C. intestinalis and 
0.02 mg/mL C. intestinalis under Starvation conditions) and 
2 of them became toxic (0.1 mg/mL Cryptomenia sp. in 
starvation conditions and 0.05 mg/mL C. intestinalis in 
starvation conditions). Only the dilution 0.02 mg/mL of 
Cryptomenia sp. administered in starvation conditions 
produced a new phenotype comparable to what was 
produced by the control samples for physiological 
conditions. By virtue of this evidence, the dilution 0.02 
mg/mL starvation of Cryptomenia sp. was considered to be 
interesting for further investigation in order to verify the 
results and to learn more about its ability to inhibit the 
autophagy process, or at least to revert the physiological 
autophagy rate. The only remaining sample among those 
that affect autophagy process was represented by the 
dilution 0.05 mg/mL of C. intestinalis administered under 
starvation conditions, which inhibited the autophagy 
process or reverted the physiological conditions after 20 h, 
but did not show any interesting activity 2 h after 
administration. As regards the 14 samples that became 
toxic after 20 h, most of them had different effects 2 h after 
their administration. In fact, only 3 of them had already 
become toxic after 2 h (0.1 mg/mL C. intestinalis; 0.1 
mg/mL starvation C. intestinalis; 0.1 mg/mL starvation 
Heliotropium sp. fraction T-1B). On the basis of such 
evidence, they were supposed to contain compounds with a 
strong toxic power, which may be interesting for future 
studies focused on the discovery of new drugs against 
diseases such as cancer. Among the remaining 11 toxic 
samples, at 20 h after their administration, only 2 of them 
remained potentially interesting for their effects produced 
on the autophagy process (different from the control 
samples for both autophagy induced and physiological 
conditions – 0.1 mg/mL starvation Cryptomenia sp.; 0.05 
mg/mL C. intestinalis), while the other 9 were not found to 
be interesting for any activity 2 h after their administration 
(0.05 mg/mL C. intestinalis; 0.02, 0.05 and 0.1 mg/mL 
Heliotropium sp. fraction T-1B; 0.01, 0.02 and 0.05  mg/mL 
Heliotropium sp. fraction T-1B; 0.1 mg/mL Heliotropium sp. 
fraction T-1B; 0.1 mg/mL starvation Heliotropium sp. 
fraction T-1B). 
 
 
Conclusion 
 
In conclusion, the analysis of the effects produced by the 
samples on the autophagy process, performed through a 
HCA developed and fine-tuned specifically for this purpose, 
have allowed the selection of extracts and their relative 
dilutions that have demonstrated interesting activities. The 
method presented in this study, that was used to examine 
raw plant extracts, allows speculation that any substance 
able to interfere with the autophagy process under 
pathological conditions may be a good starting point for 
discovering other potential candidates for drug  

 
 
 
 
development programs. More specifically, the HCA reduced 
the number of samples to approximately half of the starting 
amount. The phenotypes produced by the treatments were 
determined by analyzing datasets of the measurements of 
the seven different features regarding Nuclei, Lysosomes 
and LC3B proteins, which were chosen because they were 
considered to be descriptive of autophagic activity. The 
analysis consisted of the evaluation of the effects produced 
by the samples through the comparison of the Euclidean 
distances occurring among the factor scores. The 
parameters were obtained from the reduction of the 
dataset dimensions through the PCA, which reliably 
reproduced the variance contained inside them in a form 
that was easier to handle, thus making the analysis easier to 
perform. The autophagy inhibition properties 
demonstrated by the two selected treatments are good 
starting points in the search form olecules or molecular 
phytocomplexes that are able to revert the autophagy 
process. 

In addition to narrowing down the most interesting 
samples and selecting those with the most interesting 
activities, the protocol developed and used during this 
study to analyze the effects of raw natural extracts, 
consisting of fluorescence and immunofluorescence assays 
followed by the High Content Analysis of the obtained 
images, represents a useful tool for future studies. 
Particularly, this approach provides a potent tool that can 
be used to screen biological effects of large libraries of raw 
natural extracts or pure compounds. Moreover, it is also 
possible to rearrange or adapt such protocol in order to 
perform similar studies based on the same biological and 
chemical tools and technologies and with similar biological 
aims, independent from the samples analyzed, changing, for 
example, the markers, the analyzed parameters or the cell 
model. 
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