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A prevaléncia da obesidade na sociedade tem vindo a crescer dramaticamente,
tendo ja sido estabelecida como uma epidemia global desde o final do século 20. Os
pacientes que sofrem desta doenca metabdlica tém ainda um risco acrescido de
desenvolver comorbidades associadas, como as diabetes ou a doenca do figado gordo
ndo alcodlico, que estdo entre as principais causas de morte em todo o mundo. Os
medicamentos aprovados para a obesidade apresentam baixa eficacia na perda de
peso, muitos efeitos secundarios e observam-se frequentemente recaidas no ganho de
peso. Desta forma, é urgente encontrar novos compostos que combatam esta doenca.
Este trabalho teve como objetivo avaliar o potencial da microalga Chlorella vulgaris
gquanto aos seus efeitos benéficos contra a obesidade e comorbidades associadas. Os
extratos foram obtidos por processamento de alta pressdo (HPP), sob diferentes
combinacgfes de pressado e solventes, e por tratamento 6hmico, sob combinacdes de
frequéncia e tempos distintas. As diferentes combinagfes de extracdo culminaram num
conjunto Unico de metabolitos, que, por sua vez, contribuiram para uma variedade de
bioatividades. Assim, as bioatividades de cada um dos extratos foram avaliadas em
diferentes modelos: o ensaio anti esteatose in vitro com a linha de células de carcinoma
de hepatécitos humanos HepG2, o ensaio anti-inflamatério in vitro com a linha de células
de macréfagos de rato RAW264.7, o ensaio de fluorescéncia Nile red anti obesidade in
vivo com peixes-zebra e o ensaio antidiabético in vivo com peixes-zebra de
monitorizacdo de captacdo de um analogo fluorescente da glucose. A toxicidade foi
verificada através de ensaios de citotoxicidade nas células e letalidade ou malformacées
nas larvas dos peixes-zebra. Os extratos de acetona (CS11, CS22, CS35, CSC11 e
CSC23) revelaram a combinacdo de bioatividades mais promissora nos quatro
bioensaios realizados. CS11, CS22 e CS35, extraidos a 420, 300 e 100 MPa,
respetivamente, mostraram atividades significativas no ensaio anti esteatose. Os
extratos CS22 e CS35, e os controlos CSC11 e CSC23, extraidos sem pressao,
demonstraram atividades significativas no ensaio anti obesidade. CS22, e também CS1
e CS13, dois extratos aquosos a 420 e 300 MPa, respetivamente, revelaram uma
atividade antidiabética significativa, confirmada em ambas as quantifica¢des, no olho e
no saco embrionario. Adicionalmente, os cinco extratos de acetona e os cinco extratos
de etanol 96% exibiram atividade anti-inflamatoria significativa. A cromatografia liquida
acoplada a espectrometria de massa em tandem (LC-MS/MS) foi aplicada para

caracterizar o perfil metabolico dos extratos ativos e ndo ativos no ensaio de anti
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esteatose, com o0 objetivo de identificar os compostos responsaveis da atividade
promissora. Por fim, foram efetuados estudos complementares em proteinas alvo
através da técnica de western blot para elucidar quanto ao mecanismo molecular de
acao subjacente aos extratos ativos, e foi mostrado que o extrato CS22 atuou através
da regulacéo do C/EBPa.

Os resultados sugerem gque alguns extratos de Chlorella vulgaris crescida em
condicbes heterotréficas podem representar um potencial terapéutico contra a
obesidade e as suas comorbidades.

Palavras-chave

Chlorella vulgaris, microalgas, obesidade, extragdo por processamento de alta
pressdo, extracdo Ohmica, esteatose, HepG2, diabetes, RAW264.7, modelo com

peixes-zebra, adipogénese, western blot, C/EBPa
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Abstract

The prevalence of obesity in society has been dramatically rising, being
established as a global epidemic since the end of the 20th century. Patients who suffer
from this metabolic disease have an increased risk of developing associated
comorbidities, like diabetes or non-alcoholic fatty liver disease, which are among the
leading causes of death worldwide. Drug therapies approved for obesity have low weight
loss efficacy, many side effects, and frequent obesity relapse. Thus, it is imperative to
find new compounds to fight it. The present work aimed to evaluate the potential of the
microalgae Chlorella vulgaris (C. vulgaris) regarding their beneficial effects against
obesity and its associated comorbidities. Extracts were obtained by high pressure
processing (HPP), under various combinations of pressure using different solvents, and
by ohmic treatment, under a distinct combination of frequency and time. The different
extraction conditions led to a unique set of metabolites, which, in turn, contributed to a
distinctive array of bioactivities. Hence, bioactivities of each extract were evaluated in
different models: the anti-steatosis in vitro assay with HepG2 human hepatocyte
carcinoma cell line, the anti-inflammation in vitro assay with RAW264.7 mouse
macrophage cell line, the in vivo zebrafish Nile red fluorescence anti-obesity assay, and
anti-diabetes in vivo assay in zebrafish monitoring uptake of a fluorescent glucose
analogue. Toxicity was assessed by cytotoxicity assays in cells and lethality or
malformations in zebrafish larvae. Acetone extracts (CS11, CS22, CS35, CSC11 and
CSC23) revealed the most promising combination of bioactivities across all four
bioassays performed. CS11, CS22 and CS35, extracted at 420, 300 and 100 MPa,
respectively, showed significant activities in the anti-steatosis assay. CS22, CS35, and
the controls CSC11 and CSC23, extracted without pressure, demonstrated significant
activities in the anti-obesity assay. CS22, and also CS1 and CS13, two aqueous extracts
at 420 and 300 MPa, respectively, displayed a significant anti-diabetic activity, confirmed
in both eye and yolk sac quantification. All five acetone extracts, along with all five
ethanol 96% extracts, exhibited a significant anti-inflammatory activity. The liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was applied to characterize
the metabolic profiles of active and non-active extracts in the anti-steatosis assay, aiming
to identify the responsible compounds for the promising bioactivity. Finally,
complementary studies were carried out on target proteins by western blot technique to
get insights into the active extracts’ underlying molecular mechanisms of action; it was

shown that CS22 extract acted through C/EBPa regulation.
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Overall, the results suggest that some extracts of the C. vulgaris grown under
heterotrophic conditions could represent a potential therapeutic agent against obesity
and its comorbidities.

Keywords

Chlorella vulgaris, microalgae, obesity, high pressure processing extraction,
ohmic extraction, steatosis, HepG2, diabetes, inflammation, RAW264.7, zebrafish

model, adipogenesis, western blot, C/EBPa
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independent assays and shown as box-and-whisker plots (5—95 percentiles). Statistical
differences compared to DMSO+SO control are indicated by asterisks. Asterisks
highlight significant altered fluorescence percentage, indicating lipid-reduction activity
(****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05).51

Figure 15 - Representative stitched, prepossessed, deconvoluted images of anti-
steatosis assay with HepG2 cell line co-exposed to SO and 25 pg/mL of HPP extracts.
Images were obtained by automated microscopy fluorescence by Cytation 5 through
RFP and DAPI channels and analysed in Gen5™ software. (a) DMSO control; (b)
DMSO+SO0 control; (c, d, e) Images of HepG2 cell line exposed to extracts that showed
significant lipid-reduction activity in both area scan and imaging analyses; (c) HepG2 cell
line exposed to CS11 extract; (d) HepG2 cell line exposed to CS22 extract; (e) HepG2
cell line exposed to CS35 extract; (f) Representative image of a HepG2 cell line expose

to an extract that exerted no lipid-reduction activity (CS16).........ccccceeeieeeeiiiiiiiiiiinneeennn. 52

Figure 16 - Anti-steatosis activity after co-exposure with SO and C. vulgaris extracts
from ohmic extraction in HepG2 cells. Left side (a, c, e) refers to a 10 ug/mL exposure
and right side (b, d, f) refers to a 25 ug/mL exposure: (a and b) Nile red fluorescence
quantification results by point fluorescence expressed as a percentage; (¢ and d) Nile
red fluorescence quantification results by area scan expressed as a percentage; (e and
f) Nile red and HO-33342 fluorescence quantification ratio results by imaging expressed
as a percentage. D11 designates control extraction for 15 min at 25 °C without frequency;
D21 designates control extraction for 15 min at 70 °C without frequency; D31 designates
25 KHz extraction for 15 min at 70 °C; D41 designates 50 Hz extraction for 15 min at 70
°C; D102 designates 50 Hz extraction for 30 min at 70 °C; D111 designates 50 Hz
extraction for 45 min at 70 °C. Dark grey represents DMSO+MeOH control; black
represents DMSO control; light grey represents DMSO+SO control. The data have been
derived from two independent assays and shown as box-and-whisker plots (5—95
percentiles). Statistical differences compared to DMSO+SO control are indicated by
asterisks. Asterisks highlight significant altered fluorescence percentage, indicating lipid-
reduction activity (****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * =
P-VAIUE S 0.05). .. e e e e e e 54

Figure 17 - HepG2 cell viability for anti-steatosis assay assessed by (a and ¢) HO-33342
fluorescence reading and (b and d) SRB method. (a and b) refer to 25 pg/mL exposure
to HPP extracts. (c and d) refer to 25 pg/mL exposure to ohmic extracts. Dark grey

represents DMSO+MeOH control; black represents DMSO control; light grey represents
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DMSO+SO control. The data have been derived from two independent assays and
shown as box-and-whisker plots (5-95 percentiles) as percentage considering 100% the
DMSO+SO0 control. Statistical differences compared to DMSO+SO control are indicated
by asterisks (* = p-value < 0.05)....ccccoeeieie e 55

Figure 18 - Pro-inflammatory assay in RAW264.7 cell line exposed to (a) 10 pg/mL HPP
extracts; (b) 25 pg/mL HPP extracts; (c) 10 pg/mL ohmic extracts; (d) 25 pg/mL ohmic
extracts. Black represents DMSO control; grey represents DMSO+LPS control. The data
have been derived from two independent assays and shown as box-and-whisker plots
(5-95 percentiles). Statistical differences compared to DMSO control are indicated by
asterisks. Asterisks highlight significant altered nitrite percentage content, indicating pro-

inflammation (****=p-value < 0.0001). .....ccceieiiiiiiiiee e 57

Figure 19 - Anti-inflammatory assay in RAW264.7 cell line exposed to LPS and (a) 10
pg/mL HPP extracts; (b) 25 pug/mL HPP extracts; (c) 10 pg/mL ohmic extracts; (d) 25
pg/mL ohmic extracts. Black represents DMSO control; grey represents DMSO+LPS
control. The data have been derived from two independent assays and shown as box-
and-whisker plots (5—95 percentiles). Statistical differences compared to DMSO+LPS
control are indicated by asterisks. Asterisks highlight significant altered nitrite percentage
content, indicating change in inflammation level (****=p-value < 0.0001; *** = p-value <
0.001; ** = p-value < 0.01; * = p-value £ 0.05)......cccuvriiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeee 58

Figure 20 - Cell viability MTT assay in RAW264.7 cell line of (a) pro-inflammatory assay
with HPP extracts 25 pg/mL exposure; (b) anti-inflammatory assay with HPP extracts 25
pg/mL exposure; (¢) pro-inflammatory assay with ohmic extracts 25 pug/mL exposure; (d)
anti-inflammatory assay with ohmic extracts 25 pg/mL exposure. Black represents
DMSO control; grey represents DMSO+LPS control. The data have been derived from
two independent assays and shown as box-and-whisker plots (5—-95 percentiles) as
percentage considering 100% the DMSO control. Statistical differences compared to
DMSO+LPS control are indicated by asterisks (*** = p-value < 0.001; ** = p-value < 0.01;
S Y= L[ TSI 01 ) TR PR 59

Figure 21 - Representative images of pro- and anti-inflammatory assay in a 96-well
plate. (a) Lines A, B, E and F with RAW264.7 cell line exposed to C. vulgaris extracts for
pro-inflammatory assay, and lines C, D, G and H exposed to C. vulgaris extracts and

LPS for anti-inflammatory assay (b) MTT cell viability assay...........ccccccvvviiiiiieinniennns 60

Figure 22 - Anti-obesity assay in zebrafish larvae stained with Nile red and exposed to

10 pg/mL of (a) HPP extracts; (b) ohmic extracts. Black represents DMSO control; grey
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represents REV control. The data have been derived from three independent assays and
shown as box-and-whisker plots (5-95 percentiles). Statistical differences compared to
DMSO control are indicated by asterisks. Asterisks highlight significant altered Nile red
fluorescence percentage, indicating change in lipid content (****=p-value < 0.0001; *** =
p-value < 0.001; ** = p-value £ 0.01; * = p-value £ 0.05). ......coooeiiiiiiiiin 61

Figure 23 — Representative fluorescent images from the anti-obesity assay in zebrafish
larvae exposed to 10 pg/mL of HPP extracts and Nile red to stain the lipids. (a) bright
field image of DMSO control; (b) fluorescent image of DMSO control; (c) bright field
image of REV control; (d) fluorescent image of REV control; (e) bright field image of
CS22 exposure; (f) fluorescent image of CS22 exposure; (g) bright field image of CSC4
exposure; (h) fluorescent image of CSC4 exposure; (i) bright field image of CS16
exposure; (j) fluorescent image of CS16 exposure. (f and h) represent extracts with anti-
obesogenic activity, able to decrease the fluorescence of the Nile red. (j) represents

extracts without anti-obesogenic activity, unable to reduce Nile red fluorescence....... 62

Figure 24 - Anti-diabetes assay in zebrafish larvae exposed 10 pug/mL of (a and b) HPP
extracts; (c and d) ohmic extracts. (a and ¢) Represent 2-NBDG quantification in the eye;
(b and d) represent 2-NBDG quantification in the yolk sac. Black represents DMSO
control; grey represents emodin control. The data have been derived from two
independent assays (n=8-10) and shown as box-and-whisker plots (5—95 percentiles).
Statistical differences compared to DMSO control are indicated by asterisks. Asterisks
highlight significant altered 2-NBDG fluorescence percentage, indicating change in
glucose uptake (****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * = p-
AV LU LT 0 ) TR 63

Figure 25 - Representative fluorescent images from the anti-diabetes assay in zebrafish
larvae exposed to 10 pg/mL of HPP extracts and fluorescent-tagged glucose probe 2-
BDG for measurement of glucose flux. (a) bright field image of DMSO control; (b)
fluorescent image of DMSO control; (c) bright field image of emodin control; (d)
fluorescent image of emodin control; (e) bright field image of CS22 exposure; (f)
fluorescent image of CS22 exposure; (g) bright field image of CS13 exposure; (h)
fluorescent image of CS13 exposure; (i) bright field image of CS29 exposure; (j)
fluorescent image of CS29 exposure. (f and h) represent extracts with anti-diabetic
activity, able to increase the fluorescence emitted by 2-NBDG. (j) represents extracts

without anti-diabetic activity, unable the fluorescence emitted by 2-NBDG. ................ 65
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Figure 26 - Bioactivity-guided molecular network using LC-MS/MS and bioactivity data.
The pie chart within the nodes illustrates the distribution of each mass peak of the six
chosen C. vulgaris extracts, with its corresponding colour: purple represents CS11;
green represents CS22; orange represents CS35; grey represents CSC11; black
represents CSC23; and precursor mass indicated in the middle. In addition, some GNPS
identified compounds are shown on the clusters. The network was an output of
CYLOSCAPE SOMWAIE. ... 67

Figure 27 — Images of western blot membranes and respective quantification of the
bands normalised by B-actin quantification. DMSO control, CS11 extract and CS22
extract samples were analysed in triplicates. (a) Western blot membrane of C/EBPa and
corresponding quantification; (b) western blot membrane of PPARy and corresponding
quantification; (c) western blot membrane of PRKA-B1 and corresponding quantification;
(d) western blot membrane of PRKA-B1 Phospho-Serl81 and corresponding
quantification; (e) western blot membrane of ACACa and corresponding quantification;
(f) western blot membrane of ACACa Phospho-Ser80 and corresponding quantification;
(g9) Representative image of 3-actin western blot membrane used for loading control; (h)
western blot quantification ratio between PRKA-B1 Phospho-Ser181 and PRKA-B1; (i)
western blot quantification ratio between ACACa Phospho-Ser80 and ACACa. The
quantification ratio is shown as column plots. Statistical differences compared to DMSO
control are indicated by asterisks. Asterisks highlight significant altered band intensity,
indicating change protein expression (* = p-value < 0.05). ..., 70

Supplementary Figure 1 - HepG2 cell viability for anti-steatosis assay assessed by (a
and c¢) HO-33342 fluorescence reading and (b and d) SRB method. (a and b) Refer to
10 pg/mL exposure to HPP extracts; (c and d) refer to 10 pug/mL exposure to ohmic
extracts. Dark grey represents DMSO+MeOH control; black represents DMSO control;
light grey represents DMSO+SO control. The data have been derived from two
independent assays and shown as box-and-whisker plots (5-95 percentiles) as
percentage considering 100% the DMSO+SO control. Statistical differences compared

to DMSO+SO0 control are indicated by asterisks (** = p-value < 0.01; * = p-value < 0.05).

Supplementary Figure 2 - Cell viability MTT assay in RAW264.7 cell line of (a) pro-
inflammatory assay with HPP extracts 10 pg/mL exposure; (b) anti-inflammatory assay

with HPP extracts 10 pg/mL exposure; (c) pro-inflammatory assay with ohmic extracts
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10 pg/mL exposure; (d) anti-inflammatory assay with ohmic extracts 10 pg/mL exposure.
Black represents DMSO control; grey represents DMSO+LPS control. The data have
been derived from two independent assays and shown as box-and-whisker plots (5-95
percentiles) as percentage considering 100% the DMSO control. Statistical differences
compared to DMSO+LPS control are indicated by asterisks (****=p-value < 0.0001; *** =
p-value < 0.001; ** = p-value £ 0.01; * = p-value £ 0.05). ..., 103
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Il. List of abbreviations

2-NBDG - 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose
ACC - enzyme Acetyl-CoA carboxylase

AMPK - 5’-AMP-activated protein kinase

ANOVA - One-way analysis of variance

BMI - Body mass index

BSA - Albumin from bovine serum

C. vulgaris - Chlorella vulgaris

C/EBP - CCAAT/enhancer-binding proteins

CIIMAR - Centre for Marine and Environmental Research
CPT-1 - Carnitine palmitoyltransferase-1

CRP - C-reactive protein

DMEM - Dulbecco's Modified Eagle Medium

DMSO - Dimethyl sulfoxide

DNP - The Dictionary of Natural Products

DPF — Days post fertilization

EDTA - Ethylenediaminetetraacetic acid tetrasodium salt
EMA - European Medicines Agency

Emodin - 1,3,8-Trihydroxy-6-methylanthraquinone

FAO - Food and Agriculture Organization

FBS - Fetal bovine serum

FDA - Food and Drug Administration

FTO - Fat mass and obesity-associated gene

GLUTSs - Glucose transporters

GNPS - Global Natural Product Social Molecular Networking
GRAS - Generally recognised as safe

HBSS - Hank’s Buffered Salt Solution

HepG2 - Human hepatocyte carcinoma cell line
HO-33342 - Bisbenzimide H 33342 trihydrochloride

HPP - High pressure processing
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IGEPAL CA-630 - Octylphenoxy poly(ethyleneoxy)ethanol
IL-6 - Interleukin-6

LC-MS/MS - liquid chromatography-tandem mass spectrometry
LPS - Lipopolysaccharides from Escherichia coli 0111:B4
MS-222 - Ethyl 3-aminobenzoate methanesulphonic acid salt
MTT - 3-(4.5-dimethylthiazole-2-yl)-2.5-diphenyltetrazolium bromide
NAFLD - Non-alcoholic fatty liver disease

NASH - Non-alcoholic steatohepatitis

NPA - The Natural Products Atlas

PBST - Phosphate buffered saline with Tween 1x

PPAR- y - Peroxisome proliferator activated receptor-y

PTU - 1-phenyl-2-thiourea

PUFAs - Polyunsaturated fatty acids

RAW264.7 - Mouse macrophage cell line

REV - Resveratrol

SDS - Sodium dodecyl sulfate

SO - Sodium oleate

SRB - Sulforhodamine B

T2DM - Type 2 diabetes mellitus

TCA - Trichloroacetic acid

TNF-a - Tumour necrosis factor-alpha

Tris-HCI - Tris hydrochloride

WHO - World Health Organization
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1.Introduction

1.1  Obesity

1.1.1 Adipose tissue

Adipogenesis is the process of storing energy as fat, mainly triglycerides, in
specialised cells named adipocytes. This process consists of proliferation and
differentiation of adipocyte precursor cells in mature adipocytes. Then the developed
adipocytes accumulate as adipose tissue at many regions in the body. In its turn, the
adipose tissue is capable of undergoing changes in the number or size of adipocytes in
response to alterations in the energy status (Lane, 2013). This quick and dynamic
response makes adipose tissue a complex organ that is able to control overall body
energy by storing triglycerides in nutrient-excess conditions and, on the contrary, by
supplying them through lipid mobilisation during fasting or energy expenditure (Luo and
Liu, 2016; Chait and den Hartigh, 2020). The adipose tissue also has a secretory
function, which turns it into a major endocrine organ, that is known to secrete factors
involved in energy expenditure, glucose homeostasis, appetite control, insulin sensitivity,
lipid metabolism, immune response and even reproduction (Kershaw and Flier, 2004;
Karastergiou and Mohamed-Ali, 2010).

The triglyceride removal rate consists in removing the lipids from adipose stores
through a hydrolysis process followed by irreversible oxidation. The balance between
triglyceride removal and storage is called lipid turnover, and it determines the size of
adipose tissue (Arner et al., 2011; Arner et al., 2019). However, in abnormal situations,
where the adipose tissue has to compensate for the excessive increase of lipids in the
body by expanding in cell size (hypertrophy) and number (hyperplasia), a limit point can
be reached where adipose tissue becomes dysfunctional, incapable of expanding
correctly, and consequently, unable to regulate all body functions properly. This loss of
adipose tissue homeostasis potentially leads to metabolic disorders and chronic
complications, in particular associated with adipocyte hypertrophy, and the main cause
is obesity (Choe et al., 2016; Longo et al., 2019; Zorena et al., 2020), considering that it

increases triglyceride storage, thus reducing the lipid turnover rate.
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1.1.2 Molecular mechanisms in adipogenesis and fatty acid

synthesis

Since adipogenesis is a crucial process in fat accumulation in the body, many
molecular mechanisms involved have already been described. Adipogenesis is a
process that requires a sequential activation of transcription factors, including the well-
known CCAAT/enhancer-binding protein (C/EBP) gene family and peroxisome
proliferator activated receptor-y (PPAR- y) (Tariq et al.,, 2013; Lee et al., 2019). As
exemplified by Figure 1, is the C/EBPa and the PPAR-y that together, through positive
feedback, promote differentiation and induce and maintain the expression of key
adipogenic genes that are essential for adipocyte function (Longo et al., 2019). Hence,
the differential expression of these two transcription factors can be a way to assess the

mechanisms of action for a possible therapy.

P 2 o
ﬁ:}é{\l Differentiation @%

A O

Preadipocytes Mature adipocytes
C/EBPB 2 C/EBPa Expression of
- essential genes for
C/EBPS PPAR-y adipocyte function

Figure 1 — Simplified vision of the mechanisms involved in
adipocytes differentiation from preadipocytes. Adapted from Longo

et al., 2019.

Acetyl-CoA is the precursor molecule for fatty acid synthesis and is initially
originated from glucose. Acetyl-CoA is carboxylated into malonyl-CoA by the enzyme
Acetyl-CoA carboxylase (ACC) in the first, and rate-limiting, step of de novo fatty acid
biosynthesis. Malonyl-CoA is not only responsible for fatty acid synthesis, but is also an
inhibitor of fatty acid oxidation by allosterically inhibiting the carnitine
palmitoyltransferase-1 (CPT-1), an enzyme responsible for the transference of fatty
acids from the cytosol to the mitochondria (Clarke and Nakmura, 2004). ACC appears
in two different forms in humans, alpha and beta, encoded by two different genes and
being ACC-alpha increased in lipogenic tissues (NCBI, 2021). ACACA, the gene that
encodes for ACC-alpha, has even been demonstrated as a biomarker in adipose tissue

associated with type 2 diabetes in obese individuals (Dharuri et al., 2014). In its turn,
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ACC is regulated by 5-AMP-activated protein kinase (AMPK) (Hardie, 2004), a
heterotrimeric complex with a catalytic a subunit and regulatory 8 and y subunits. The
subunits differ to some degree in the structure and their expression pattern in the
different tissues, and each of them has at least two isoforms encoded by distinct genes
(Woods et al., 1996). AMPK regulates ACC through its phosphorylation and consequent
inactivation, which drives to a lower concentration of malonyl-CoA and, consequently, to
a decreased fatty acid synthesis and an increased oxidation in the mitochondria (Figure
2)(Kim et al., 2017; Foretz et al., 2018).

Acetyl-CoA

Avirk — (153 ~ Acyl-CoA

"~ Malonyl-CoA ——{ CPT-1 |
> {B-oxidationN\

Fatty Acid SynthesisJ

Figure 2 - Negative regulation of Acetyl-CoA carboxylase (ACC) by

5'-AMP-activated protein kinase (AMPK). When active, ACC
carboxylases Acetyl-CoA into Malonyl-CoA in a rate-limiting process.
Malonyl-CoA promotes fatty acid synthesis and prevents fatty acid
oxidation by allosterically inhibition of carnitine palmitoyltransferase-1
(CPT-1), which catalyses fatty acids transference from the cytosol into
the mitochondria. From John P Konhilas, 2015.

1.1.3 Obesity definition

According to the World Health Organization (WHO), obesity is defined as
abnormal or excessive fat accumulation that presents a risk to health (WHO, 2021). This
disease has grown to epidemic proportions, and in 1997 it was already recognised as
such (WHO Consultation on Obesity (1999: Geneva Switzerland) & World Health
Organization, 2000). In 2016, 1.9 billion people aged 18 and older were overweight, and
more than 650 million were considered obese. The body mass index (BMI) is a measure
of body fat based on height and weight and is commonly used for this classification. In
adults aged over 18 years old, overweight is defined by a BMI =2 25 Kg/m?and obesity by
a BMI = 30 kg/m?2. In fact, adult obesity is actually more common globally than under-

nutrition. However, this problem cuts across all ages. In the same year, 340 million
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children and adolescents aged 5-19 years and 40 million children under the age of 5
years were considered overweight or obese, numbers that had almost tripled worldwide
since 1975 (Bentham et al., 2017; The World Obesity Federation (World Obesity), 2019;
Haththotuwa et al., 2020). But these numbers get even scariest if we look at the
projections. If recent secular trends persist, by 2030 up to 57.8% of the world’s adult
population (3.3 billion people) could be either overweight or obese (Kelly et al., 2008).

1.1.4 Causes for obesity

Although obesity arises mainly driven by excess energy consumption relative to
energy expenditure (Wright and Aronne, 2012), this disease is highly complex, since it
can be triggered by many factors, such as environmental, socio-economical and genetic.
First of all, it is noticeable that the food market has been changing over the last decades
and now promotes highly processed and caloric, pre-packaged foods that are more
accessible for families (Wright and Aronne, 2012). This economic change can be
significant for individuals with low incomes, but it also leads to a rampant over-
consumption and obesity (Swinburn et al., 2011). By 2019, only Sweden, Germany,
Qatar and Brazil had developed dietary guidelines promoting eating patterns that
ensured food security, quality and human health and well-being (Swinburn et al., 2019).
Another problem is related to countries transitioning from lower to higher incomes since
there is less physical activity due to the shift to motorised vehicles, with unavoidable
consequences in the increased prevalence of obesity (Swinburn et al., 2019). In fact,
31% of the global population over 15 years practice insufficient physical activity, which
contributes to the death of almost 3.2 million people every year (Park et al., 2020).
Moreover, obesity and higher body weight are strongly associated with a sedentary
lifestyle (Kearney, 1999), and it has already been shown that inactivity, or general
underactivity compared to recommended guidelines, contributes to the reduction of
average life expectancy (Moore et al., 2012). In terms of genetic factors, studies indicate
that this is not a determining factor. On the one hand, due to the rapidity prevalence and
globality of the growth of this epidemic, it does not seem likely that the gene pool has
changed so much in a such short period of time (Moini et al., 2020). On the other hand,
genetics of obesity is a highly researched area, and yet, most of the genetic
abnormalities described are rare, accounting for only 10% of severe obesity cases
around the world and still influenced by obesogenic behaviours and the environment

(Bouchard, 2021). Hence, genes have an important role essentially to determine the
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predisposition for an individual to gain weight while facing an unbalanced energy intake
and expenditure, in other words, its susceptibility to obesity. The genetic predisposition
to obesity can be polygenic, monogenic, or syndromic. Obesity originated by a rare
single-gene mutation is called monogenic and causes endocrine dysregulations that
affect metabolism and appetite. Syndromic obesity has overweight as a severe
secondary condition associated with almost 100 syndromes and occur from discrete
genetic defects or from chromosomal abnormalities. Polygenic forms of obesity occur
from cumulative contribution of a large number of genes (Vidhu V. Thaker, 2017; Moini
et al., 2020; Bouchard, 2021).

Considering all highly variable factors presented as possible causes or influences

of obesity, the inherent complexity of the disease is quite disconcerting.

1.1.5 Obesity associated comorbidities

In addition to obesity being the result of a complex interaction of several factors,
another worrying fact is that the majority of obese people develop serious associated
comorbidities. As previously mentioned, the loss of adipose tissue homeostasis is
caused by an unbalanced energy intake and expenditure. When this happens in the
human body, it develops metabolic, cellular, and mechanical adaptations that potentially
manifests as metabolic disorders and chronic complications (Schelbert, 2009). This
happens because adipose tissue is under stress and becomes unable to produce or
release the precursors needed for triglyceride oxidation. As a result, lipids remain in
circulation, leading to lipotoxicity, or they are stored in-non adipose tissues, the entitled
ectopic fat accumulation, that occurs in other organs such as the liver, heart, skeletal
muscles, pancreas and intra-abdominally (Bettina Mittendorfer, 2013). In its turn,
hypertrophic adipocytes release cytokines, namely interleukin-6 (IL-6), tumour necrosis
factor-alpha (TNF-a), C-reactive protein (CRP) and leptin, and reduce the production of
adiponectin. This response is the adipose tissue's attempt to maintain homeostasis by
inducing an inflammatory process and is associated with specific metabolic dysfunctions
(Daniele et al., 2014, Ellulu et al., 2017; Longo et al., 2019; Zorena et al., 2020). As a
matter of fact, it is estimated that the percentage of macrophages in adipose tissue goes
from less than 10% in lean humans to more than 40% in severely obese people
(Weisberg et al., 2003). Macrophages operate as effectors of a complex immune
program, and they generate a chronic low-grade inflammatory state in the body that,

over time, leads to the development of associated comorbidities (Abdelaal et al., 2017,
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Saltiel and Olefsky, 2017). As a consequence, the life expectancy in obese individuals

can be reduced by an estimated 5 to 20 years (Fontaine et al., 2003).

1.1.5.1 Insulin resistance and diabetes

Blood glucose levels need to be strictly regulated in order to ensure normal body
function. Insulin is a hormone secreted by the B-cells in the pancreas that induces
glucose uptake (Wilcox, 2005) in insulin-sensitive tissues like skeletal muscle, adipose
tissue, and liver. When insulin is no longer able to stimulate this glucose uptake, the
tissues lose insulin response and their ability to capture glucose, resulting in a state of
insulin resistance (Kahn and Flier, 2000). People who suffer from this resistance have
a predisposition to type 2 diabetes mellitus (T2DM) (Xu et al., 2003; Kahn et al., 2006),
the more common diabetes type, a chronic disease characterised by high blood glucose
levels resulting from insulin resistance (DeFronzo et al., 2015).

There is an association between chronic inflammation state initiated in adipose

tissue in obesity disease and the development of insulin resistance (Kahn et al., 2006;
Burhans et al., 2019), and in fact, a study of 3637 diabetic patients showed that 86% of
patients with type 2 diabetes were overweight or obese (Daousi et al., 2006). It is
hypothesised that this association may occur due to several factors (Figure 3). On the
one hand, the secreted pro-inflammatory cytokines listed above, like TNF-q, lead to
serine phosphorylation of insulin receptor substrate-1 and blocks the insulin signalling
(Aguirre et al., 2000). Alson, adiponectin is responsible for insulin sensitivity and
inflammation reduction. In adipocytes with defective secretion caused by obesity, low
levels of adiponectin cause the development of insulin resistance and T2DM (Weyer et
al., 2001; Schelbert, 2009). On the other hand, the ectopic fat accumulation in the
pancreas contributes to B-cell dysfunction and consequently defective insulin secretion
(Gaborit et al., 2015). Finally, the ectopic fat accumulation in organs with an important
role in glucose metabolism, such as the liver, is also linked to the development of insulin
resistance by a defective suppression of glucose production (Sattar and Gill, 2014).
Whatever the mechanism leading to the onset of T2DM in obese patients is, the
relationship is quite evident and there is even a new term to refer to this coexistence of
both diabetes and obesity, called “diabesity” (Ng et al., 2021). In its turn, this comorbidity
is the main cause of blindness, kidney failure, heart attack, stroke, and lower limb

amputation (WHO, 2021). Over 1 million people die every year due solely to T2DM,

15



[BAPORTO

FCUP

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

F FACULDADE DE CIENCIAS on obesity and associated comorbidities

UNIVERSIDADE DO PORTO

making it the ninth leading cause of mortality, and still globally rising, with a worrisome

higher rate in developed regions like western Europe (Khan et al., 2020).
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Figure 3 - Association between chronic inflammation in obesity disease and insulin

resistance. Adapted from Chadt et al., 2018.

1.1.5.2 Non-alcoholic Fatty Liver Disease

The liver is the vital organ for fatty acid metabolism, and its parenchymal cells are
mainly hepatocytes that have detoxification, metabolic, and secretory functions (Zhou
et al., 2016). In healthy situations, the liver only stores very few triglycerides, but under
obesity circumstances, there is a modification of the metabolism that leads to the
storage of triglycerides in hepatocytes (Alves-Bezerra and Cohen, 2019). When the
content in fatty acids exceeds 5% of liver weight, without secondary factors contributing
to it, including alcohol intake, viral infection, or drug treatment, it is considered hepatic
steatosis, or also called fatty liver (Nassir et al., 2015). Hepatic steatosis is the least
severe state of the spectrum of a clinical condition known as non-alcoholic fatty liver
disease (NAFLD) (Figure 4). The intermediate lesion is called non-alcoholic
steatohepatitis (NASH) and is categorised by the appearance of hepatic inflammation,
hepatocyte apoptosis and sometimes, fibrosis (Abdelmalek and Diehl, 2007; Satapathy
et al., 2015). A more advanced liver disease follows, cirrhosis, and, at the end of the
spectrum, is the hepatocellular carcinoma. The more complex stages of NAFLD usually
develop within 10 to 20 years after diagnosis (Donnelly et al., 2005; Powell et al., 2021).

The world prevalence of NAFLD is 25—-30%, and it has already been proven that
obesity is associated with this disease and its severity (Polyzos et al., 2019). Moreover,

the global prevalence of NAFLD among T2DM patients is 55.5% (Younossi et al., 2019),
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so the connection between all these comorbidities seems quite evident, with obesity as

the root of the problem.

Immune cells
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Figure 4 - Spectrum of the non-alcoholic fatty liver disease (NAFLD)
obesity comorbidity, generated by fat accumulation in adipose tissue.
From normal liver to cirrhosis, going through the intermediate stages of
hepatic steatosis and non-alcoholic steatohepatitis. Adapted from
Polyzos et al., 2019.

1.1.5.3 Other comorbidities

Besides the comorbidities already described, hypertension, cardiovascular
disease (Després, 2007; Nakamura et al., 2014), sleep apnea (Reena Mehra and
Redline, 2008), gallbladder disease (Boland et al., 2002), osteoarthritis (Powell et al.,
2005), and certain types of cancer, like colorectal and prostate cancer in men and
endometrial, and breast cancer in women, have also been associated with obesity
(Freedland and Aronson, 2004; Tworoger et al., 2007; Bardou et al., 2013; Onstad et al.,
2016)

The burden on national health systems caused by obesity is enormous since it is
not only necessary to address the obesity problem itself, but also to have an economic
and infrastructural system capable of supporting all associated comorbidities. This is
actually a challenging goal to achieve, with mortality and numbers of obesity still
dramatically rising. Once more, it is possible to see the urgency in finding treatments to
fight obesity directly, not only because the developing mechanisms of this disease are
varied, but also because its consequences are diverse with no standard solution for such

a wide spectrum. The need to act is so alarming that in 2015 world leaders agreed to 17
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Global Goals for Sustainable Development, in which the 3" Goal is good health and well-
being and commits to reducing by one third premature mortality attributed to
cardiovascular disease, cancer, T2DM or chronic respiratory disease, through
prevention and treatment, (The Global Goals for Sustainable Development, 2015), all
obesity comorbidities.

1.1.6 Obesity pharmacotherapy

Regarding obesity management, the first lines in the guidelines against this
disease are the therapeutic education of the patient, in which new eating habits and a
more active and healthier lifestyle are recommended. This first approach is followed by
the assessment of psychological factors, which are very important for the success of the
treatment. Only after these attempts does the third guideline appear, in which
pharmacotherapy is introduced. Regarding the existing treatments, guidelines in Europe
recommend drug therapy depending on the BMI. As mentioned before, in adults aged
over 18 years old, obesity is defined by BMI = 30 kg/m?, and it is precisely from this value
that pharmacotherapy is recommended. It is also suggested in patients with BMI higher
than 27 kg/m? if one or more associated comorbidities exist (Durrer Schutz et al., 2019).

At the time of writing, only three drugs to fight obesity were approved in Europe
by the European Medicines Agency (EMA): orlistat, naltrexone/bupropion and liraglutide
(Durrer Schutz et al., 2019), being the last approval in 2014. The US Food and Drug
Administration (FDA), in addition to those approved by the EMA, has also given the green
light to the drug phentermine/topiramate in 2012, and recently, in July 2021, to
semaglutide (Tilinca et al., 2021). Regarding the mechanisms of action of EMA-approved
anti-obesity drugs, orlistat, that is actually a synthetic derivative of lipstatin isolated from
the Gram-positive bacterium Streptomyces toxytricini, was approved in 1998 and inhibits
gastrointestinal and pancreatic lipases, so that absorption of triglycerides by the intestinal
endothelium is blocked for the reason that they are not hydrolysed into fatty acids
(Henness and Perry, 2006; Cowley et al., 2016). Naltrexone/bupropion is a combination
of two drugs, naltrexone is an opioid receptor antagonist commonly used for alcohol
addiction, and bupropion is an antidepressant that helps in smoking cessation, involving
the inhibition of dopamine and reuptake of norepinephrine. The feedback that results
from the association of these two drugs, through a mechanism not fully known, acts on
food intake and satiety (Greenway et al., 2010; Srivastava and Apovian, 2018). Finally,

liraglutide is an injectable drug that decelerates gastric emptying that induces satiety
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after eating, reduces appetite and food consumption by targeting the brain (Srivastava
and Apovian, 2018). Phentermine/topiramate was refused by the EMA due to concerns
about long-term effects regarding the heart, psychiatric and cognitive effects like memory
impairment or depression. Also, topiramate is known to be potentially harmful to fetuses
(European Medicines Agency Science Medicines Health, 2013) and to have side effects
like paresthesia, somnolence, constipation, insomnia and dysgeusia (Kang and Park,
2012; Tak and Lee, 2021).

In order to get approval, drugs must have a favourable risk to benefit ratio with
clinically relevant weight loss compared to those treated with placebo, in association with
being safe to use in the target population. However, the fact that obesity therapy is most
often for life, or at least for a really long period of time, and that the obese population
represents a highly diverse pool, there are many difficulties in creating safe drugs
(Williams et al., 2020; Tak and Lee, 2021). The list of anti-obesity drugs withdrawal from
the market by EMA or FDA is quite long and includes benfluorex, diethylpropion,
sibutramine, lorcaserin, dexfenfluramine, dextroamphetamine, amphetamine,
fenbutrazate, fenfluramine rimonabant, fenproporex, levamphetamine, mefenorex,
methamphetamine, phenylpropanolamine, pipradrol, sibutramine, among others. Their
side effects were so serious that in some cases deaths were reported. The main adverse
side effects registered were pulmonary hypertension, cardiac valvulopathy, strokes,
suicidal behaviour, myocardial infarction, and cancer (Kang and Park, 2012; Cheung et
al., 2013; Colon-Gonzalez et al., 2013; Tak and Lee, 2021). As if this were not worrying
enough, even if we consider only the three approved drugs in Europe, they have a low
weight loss efficacy, with a mean of weight loss between -5.8kg and -8.4kg, dependent
on the drug (Daneschvar et al., 2016; Srivastava and Apovian, 2018), with a frequent
obesity relapse within 2 to 5 years (Hall and Kahan, 2018) and side effects that include
insomnia, interference with absorption of vitamins, gastrointestinal problems, headache,
dizziness, constipation, hypoglycemia, abdominal pain, vomiting, hepatotoxicity, kidney
stones, and nausea (Daneschvar et al., 2016; Williams et al., 2020; Tak and Lee, 2021).

Thus, the need to find new ways to fight this disease is imperative.

1.2 Medical products from nature

Natural products are molecules produced naturally by any living organism found
in nature. Many pharmaceuticals have, in fact, their origins in nature, given that natural

products were once nearly the only medicinal source available. Since prehistoric times
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medical products made from plants have been successfully administered by different
cultures for a broad spectrum of diseases (Halberstein, 2005). A more regulated practice
was possible in the 18™ century due to the work of Swedish naturalist Carolus Linnaeus,
the father of taxonomy, who classified thousands of botanical species that allowed to
create links between the medical plants and their effects. Now they continue to serve as
a template for the creation of synthetic analogues, and even some medical products
have natural products in their foundation, mainly as anticancer and antimicrobial agents
(Borowitzka, 1995; Harvey et al., 2015), but also in widespread drugs like aspirin, which
has the acetylsalicylic acid as its major component, or the anti-malarian drug quinine
(Halberstein, 2005). Moreover, many pure natural products are able to interact with
specific mammalian receptors on or within cells, and that is precisely what is wanted
when developing a drug (Beutler, 2009). Thus, they are a really interesting resource for
pharmaceuticals. From 1981 to September 2019, the estimated number of approved
drugs in the world was 1881. Of these, 856 (45%) were natural products or synthetic
variations using their novel structures, and among them, 85 (5%) were pure natural
products (Newman and Cragg, 2020). Natural products have unique characteristics
compared with conventional synthetic molecules, like structural complexity, distinct
molecular properties, and vast scaffold diversity that confer them special advantages in
the drug discovery process. Also, they are recognised as common exceptions of a set of
criteria known as Lipinski’s ‘rule of five’, which is a guideline followed for the development
of oral drugs that gives a prospect of a compound to have oral bioavailability based on
several properties (Shultz, 2019; Atanasov et al., 2021).

In fact, some studies have already been carried out in which the natural products
were explored about their ability to reduce adipose tissue mass through inhibiting
adipogenesis. And there are already some identified phytochemicals from a variety of
species that act in some component of the adipocyte differentiation process (Kim et al.,
2008; Drira et al., 2011; Kim et al., 2016; Lai et al., 2016; Abood et al., 2018) and even
some identified PPAR- y agonists (Mueller and Jungbauer, 2009; Park et al., 2012).

1.2.1 The aquatic environment

Historically, terrestrial plants have always been the most chosen organisms for
medicinal use, for the ease of obtaining them and for the little scientific knowledge that
existed, since the techniques used at the time were based on organoleptic

characteristics. With microbiology advances, fungi also became organisms of interest,

20



[BAPORTO

FCUP

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

F FACULDADE DE CIENCIAS on obesity and associated comorbidities

UNIVERSIDADE DO PORTO

starting the antibiotic era, with particular emphasis on the discovery of the natural product
penicillin by Alexander Fleming in 1929 (Fleming, 1945). However, the invention of scuba
diving made possible the exploration of the largest environment, the marine environment,
with the oceans covering approximately 70% of the planet’'s surface and deep-sea
biodiversity among of the highest on the planet (Ramirez-Llodra et al., 2010). Comparing
with the terrestrial biota, the marine biota is more diverse, and includes 34 taxonomically
identified phyla, whereas, on land, there are only 15 (Briggs, 1995). Furthermore, it is
estimated that there is even a 91% gap of existing species in the ocean that are still
unidentified, in particular microorganisms (Mora et al., 2011). This high biodiversity in the
marine environment results in a great variety of compounds produced by the most
different species, from marine microorganisms like bacteria, fungi, cyanobacteria,
dinoflagellate, and microalgae, to algae, sponges, cnidarians, bryozoans, mollusc,
ascidians, echinoderms (Blunt et al., 2015), that grow and live under very different
conditions. In fact, over 30000 marine natural products have been discovered since the
first biological active compound was described in 1950 (Lyu et al.,, 2021),
spongothymidine, which led to the discovery of the anti-leukaemia drug cytarabine and

the antiviral agent vidarabine (Altmann, 2017).

1.2.2 Aquatic organisms with lipid-reduction activity

Regarding the advances in lipid-reduction activity, aquatic organisms have
already demonstrated to be a valuable natural supply of active substances and a
remarkably diverse source of exploration of new bioactive compounds. Grateloupia
elliptica, for example, is a red seaweed from Jeju Island in Korea and its extract has a
proven anti-adipogenic activity in 3T3-L1 cells and mice with high-fat diet-induced obesity
(Lee et al., 2020). Marine forests of Sargassum liebmannii from Mexican coasts of the
North Pacific were studied for antiobesogenic effect, and it was shown that mice fed the
Sargassum diet had a reduced weight gain and energy intake, and increased insulin
sensitivity. Furthermore, the adipose tissue decreased 31.5% from the control at the end
of treatment (Tapia-Martinez et al., 2019). Additionally, the fucoidan from the brown
seaweed Ascophyllum nodosum has a lipid-lowering effect by enhancing reverse
cholesterol transport-related genes (Yang et al., 2019), and Kappaphycus alvarezii, a
red alga widely cultivated for carrageenan production, has shown to be effective in
reverting obesity in overweight C57BL/6J mice (Chin et al., 2019). Another study

demonstrated that diphlorethohydroxycarmalol, one of the most abundant bioactive
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compounds in brown algae Ishige okamurae, has a strong effect against high-fat diet-
induced obesity through regulation of multi-pathways in vivo in obese mice (Ding et al.,
2019). Some studies in adipogenic and thermogenic gene expression in brown
adipocytes, lipid metabolism and glucose uptake in hepatocytes, as well as lipid
metabolism in zebrafish larvae, allowed the identification of 28 active fractions of
cyanobacterial strains with interesting bioactivity concerning the fight of metabolic
diseases, with no apparent toxicity (Costa et al., 2019). 18 compounds with high lipid
reducing activity in the absence of toxicity were described by screening a library of 85
polyphenol derivatives and three natural polyphenols, accompanied by the zebrafish Nile
red fat metabolism assay (Urbatzka et al., 2018). Moreover, chlorophyll derivatives from
the marine cyanobacteria Cyanobium sp. showed relevant lipid-reducing activities, both
on zebrafish larvae and spheroids of differentiated preadipocytes (Freitas et al., 2019).
Regarding microalgae, fucoxanthin powder from microalgae Phaeodactylum tricornutum
and used in high-fat diet-fed C57BL/6J mice and 3T3-L1 adipocytes revealed inhibited
adipocytic lipogenesis, induced fat mass reduction and decreased intracellular lipid
content, adipocyte size, and adipose weight (Gille et al., 2019; Koo et al., 2019).
Researchers similarly found that fucoxanthin reduced body weight, body mass index,
and abdominal fat in mildly obese Japanese subjects (Hitoe and Shimoda, 2017). There
is also scientific evidence supporting the anti-obesity effect of Euglena gracilis (Sakanoi
et al., 2018; Sugimoto et al., 2018), Spirulina maxima (Heo and Choung, 2018; Seo et
al., 2018), Spirulina platensis (Zhao et al., 2019; Diniz et al., 2021), and Nitzschia laevis
(Guo et al., 2019), corroborated by in vitro, in vivo, animal studies, and clinical studies
with Spirulina. In fact, both Spirulina maxima and Spirulina platensis proved to have very
promising results in a randomised, double-blinded, placebo-controlled clinical trial, in
which anthropometric measurements such as body weight, waist circumference and BMI
as well as obesity-related metabolic disorders were evaluated (Szulinska et al., 2017;
Zeinalian et al., 2017; Yousefi et al., 2018).

1.2.3 Microalgae

Among the very diverse aquatic environment, algae are an important source of
compounds, and they can be divided, based on size, into macro- or micro-algae. The
microalgae category includes both microscopic eukaryotic algae, as well as the oxygenic
photosynthetic bacteria (prokaryotes), the cyanobacteria. Hence, they can be unicellular,

multicellular, or colonial with wide ranges of size and morphology. They are able to move
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with the help of flagella, or they can be nonmotile. The great flexibility of microalgae
allows them to grow in diverse environments, from soils, ice, lakes, rivers to hot springs
and oceans. Moreover, besides the photosynthesis that produces oxygen, microalgae
are also capable of fixing inorganic carbon, which supports all life on the earth.
Furthermore, being a primary producer, they are a fundamental piece in aquatic food
webs (Borowitzka, 2018a). Microalgae produce molecules like carbohydrates, lipids,
proteins, minerals, polysaccharides, polyunsaturated fatty acids (PUFAS), antioxidants,
carotenoids, sterols, and vitamins, which can be grouped into primary and secondary
metabolites. Primary metabolites are generally needed for metabolic and growth
processes, whereas the secondary metabolites are molecules derived from them and
are not essential for those processes but provide adaptive advantages, for example,
when microalgae are exposed to unfavourable environmental conditions (Rico et al.,
2017; Barkia et al., 2019). Some of these microalgae metabolites are already recognised
for their biotechnological value (Sathasivam et al., 2019), and the most interesting part
is that the production of different combinations of bioactive compounds varies not only
between specific strains but also as a physiological response to biotic and abiotic stress.
This ability to adapt and respond differently to stress is a unique characteristic that makes
microalgae economically appreciated. Thus, the production of a desired metabolite can
be exploited by manipulating the growth conditions (Paliwal et al., 2017), which is a great
advantage that is impossible to obtain by chemical synthesis. Another benefit of using
microalgae compared to traditional sources is that they are renewable and can enter in
a circular economy, are abundant and natural, and grow without the need for arable land,
therefore they do not compete with crops or terrestrial plants (Deniz et al., 2017).
Moreover, large scale bioreactors enable mass-controlled cultivation (Masojidek and
Torzillo, 2008) so that it is also possible to meet the challenging demands of

pharmaceutical industries.

1.2.4 Chlorella vulgaris

Chlorella vulgaris (C. vulgaris) (Figure 5) was discovered in 1890 as the first
microalgae with a well-defined nucleus by Martinus Willem Beyerinck (Beyerinck, 1890).
It is spherical, subspherical or ellipsoid microalgae, with 2 to 10 ym without flagella, able
to form colonies or appear as a single cell. It has only one cup-shaped chloroplast and
reproduces through the production of autospores that reproduce asexually by mitosis,

usually by forming four daughter cells within the parental cell. C. vulgaris has a large
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distribution, both in marine or freshwater and terrestrial environments, with the ability to
grow under auto, mixo and heterotrophic conditions (Borowitzka, 2018a; Tiong et al.,
2020), which is a feature that makes it noteworthy in terms of commercial cultivation. The
ease of growing this microalgae made it the first to be sold as a health food, with the first
large scale cultures in Taiwan and Japan in the late 1950s (Borowitzka, 2018b).

B aligaonmss

-

Figure 5 - Microalgae Chlorella vulgaris (C. vulgaris) from
Algaebase database (Guiry, 2021).

The potential of C. vulgaris has already been recognised in the most diverse
areas, such as for aquaculture feeding, where it dominates the market, being one of the
most used species with proven antibacterial and antioxidant effects (Ahmad et al., 2020;
Maliwat et al., 2021), as biofuel production (Pruvost et al., 2011; Mao et al., 2020), also
in bioremediation of a variety of wastewaters like for decolourisation and removal of
heavy metals from textile wastewater (Lim et al., 2010; Mubashar et al., 2020) or agro-
industrial effluents (Viegas et al., 2016). It can also be used in areas as distinct as a
biofertilizer for agriculture (Faheed and Fattah, 2008; Agwa et al., 2017; Bumandalai and
Tserennadmid, 2019; Gitau et al., 2021) and as a stimulant for collagen synthesis for
skincare cosmetic products (Mourelle et al., 2017). However, regarding obesity and
obesity comorbidities, there is still very little, and sometimes contradictory, evidence
about C. vulgaris effects (Sanayei et al., 2021b). Clinical trials were published very
recently, where supplementation with the microalgae was done in association with
physical exercise, however the sample studied was relatively small and gender-specific
(Karbalamahdi et al., 2019; Samadi et al., 2020; Sanayei et al., 2021a). Therefore, it is
still important to investigate the lipid-lowering effects of this microalgae, thus finding new

sources to fight obesity epidemics.
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1.3 Nutraceutical industry

Microalgae can also reach the final consumer under different forms besides
drugs, namely as food supplements or nutraceuticals. The term nutraceuticals was first
introduced in Japan in the 1980s as a processed food comprising ingredients that,
besides the nutrition values, also have specific physiological functions (Nicoletti, 2012).
Nowadays, nutraceuticals are defined somewhere between nutrients and
pharmaceuticals. On the one hand, they are biologically active phytochemicals with
health benefits, but on the other hand, they are less regulated by the health authorities
compared to pharmaceuticals (Lachance and Das, 2007), with no explicit international
consent about its regulation (Koch et al., 2014). In developed countries, they have a
usage frequency of 50 to 70% with a growing trend (Télessy, 2019), and they can be
sold in pharmacies, supermarkets or online as part of a normal diet.

Even though microalgae are estimated to be between 30.000 and 1.000.000
species (Rumin et al., 2020), only a very few are used in nutraceuticals applications. This
is a consequence of the fact that food products must be “generally recognised as safe”
(GRAS) officially by the US FDA (U.S. Food and Drug Administration, 1997), and in the
European Union, microalgae must be commercialized under the “Novel Food
Regulation” (EU) 2015/2283 with a strict level of safety for consumers (The European
Union Parliament and the Council of the European, 2015). C. vulgaris have a long history
of safe use, being on the market and consumed before 15 May 1997, therefore the
consumption of its biomass is not subject to Novel Food Regulation (Garcia et al., 2017,
Dvir et al., 2021). Furthermore, it has also the GRAS status by the US FDA.
Consequently, its use as biomass is allowed as food supplements internationally, making
C. vulgaris one of the best-established microalgae in the market (Barkia et al., 2019) with
growing consumer interest in healthier products and lifestyle.

C. vulgaris has a total protein content of 43-58% of its dry weight, depending on
growth conditions (Tiong et al., 2020). This content can quantitatively and qualitatively
compete with conventional protein sources. This microalgae has essential amino acids
that mammals are unable to synthesize, which are well-balanced according to the WHO
and The Food and Agriculture Organization (FAO) recommendations regarding human’s
requirements of essential amino acids. Additionally, C. vulgaris amino acids are identical
to high-quality protein sources, such as lactoglobulin, eggs and soy, making it a good
competitor in the food market. Furthermore, this C. vulgaris-based proteins have lower
land requirements when compared to animal-based proteins and some plant-based

proteins like soy or peas. They also have slight freshwater consumption, and they can
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potentially grow in seawater (Caporgno and Mathys, 2018; Barkia et al., 2019; Koyande
et al., 2019), which together makes it a sustainable supplement as well.

Besides proteins, microalgae are also a source of several valuable compounds
with health benefits such as carbohydrates, PUFASs, pigments, essential minerals, and
vitamins (Masojidek and Torzillo, 2008; Safi et al., 2014; Barkia et al., 2019).

Currently, about 2000 tons of Chlorella dry weight are produced annually by more
than 70 industrial companies, with Taiwan being the largest producer, with a production
of 400 tons/year, followed by Germany with 130-150 tons/year (Spolaore et al., 2006;
Koyande et al., 2019). Snacks, candies, pasta, gums, baked goods, cereals, and various
drinks containing microalgae have been increasingly commercialized, although
nowadays, the majority of microalgae commercialized as nutraceuticals are sold as
dietary supplements in tablet, capsule, powder, or liquid forms (Fradique et al., 2010;
Yasin and Shalaby, 2013; Dvir et al., 2021). These options could represent an alternative
to high calorific foods that are also, coupled to modern sedentary lifestyles, causes for

obesity.

1.3.1 lllegal supplements for weight loss

However, the thin layer of regulation of nutraceutical products makes room for a
potentially dangerous market. Considering the low efficacy and the various side effects
already mentioned regarding the approved anti-obesity drugs, it is clear why consumers
are looking for new alternatives. Many of these nutraceutical products with weight loss
properties have a way to attract consumers with health claims, assumed safety, with a
natural label and a strong marketing technique. Nevertheless, the allegation that the use
of substances that come from nature is always safe and harmless is wrong, and yet there
are many misperceptions about them (Pillitteri et al., 2008; Chan, 2009). Not only, and
due to lack of legislation, the products have a heterogeneous level of ingredients and
variable active compounds, they also are manufactured with the addition of unauthorized
or illegal ingredients to weight loss supplements in order to increase their efficacy
(Colman, 2007). Moreover, even though nature is a source of natural products with a
wide spectrum of beneficial activities, some species are also toxin producers, which can
be quite harmful or even lethal to humans (Egmond, 2004). From here, it is possible to
understand that this may be presented as a market that does not deliver results that can
potentially pose a health risk (Lekehal et al., 1996; Pittler et al., 1999; Pittler and Ernst,
2001; Dwyer et al., 2005). Hence, it is crucial to validate the results through differentiated
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bioassays to invest in a good nutraceutical products policy, whose laws must also be

revised.

1.4 Bioassays

Bioassay refers to a biological assay that determines the potential effect of a
substance on biological material that can either be conducted in vitro, using living cells
or tissues or in vivo, applied to living organisms. Since obesity is an alarming and growing
problem, it is important to develop assays that improve our knowledge of this problem
and its associated comorbidities, with the ultimate goal of uncovering new bioactive

compounds.

1.4.1 Microalgae extractions

The microalgae performance in bioassays, which leads to its categorization for
potential use in the most diverse areas, depends largely on the biomass used. The most
common in laboratory assays is to use microalgae in the form of extracts. Extraction is
also the first step when it comes to the isolation and purification of compounds of special
interest. This occurs because most microalgae metabolites are stored intracellularly, and
the cellular membrane and the cell wall act as physical barriers that prevent the release
of the compounds into the environment (Alhattab et al., 2019). Therefore, there is a need
to disrupt these structural constituents of microalgae to have access to its valuable
metabolites.

Ohmic extraction was developed based on the passage of electric current through
the biomass, which increases kinetic and vibration energy, resulting in heat generation
by a phenomenon called Joule’s effect, resulting in electroporation of the membrane and
cell wall leading to intracellular component diffusion (Knirsch et al., 2010; Rodrigues et
al., 2019). Another example is high pressure processing (HPP), which consists of
applying pressure at a defined period and temperature, with water or other solvents. The
pressure applied is able to disrupt cell structures, including the cell wall, leading to the
exit of bioactive compounds (Jun, 2013; Chemat et al., 2020).

It is important to notice that in the extraction step, all the chosen variables
determine the final product obtained, namely the solvent used, the duration of the

extraction, the intensity applied, the frequency, the pressure or any other force used to
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disrupt the cell wall. Hence, depending on the combination of variables, extracts differ in

their composition and, consequently, in their activity.

1.4.2 In vivo and in vitro models

1.4.2.1 Cells (in vitro)

Compounds are often screened in cell-based assays to determine its effects and
eventual cytotoxicity that can lead to cell death. The in vitro model of choice needs to
express the pathway or mechanism of interest, and the results are usually based on the
gquantification of a measurable response (Sarine Markossian et al., 2012). There are
numerous available cell lines and protocols developed for a variety of studies, from the
simplest to the most extensive and complex. Opting for an in vitro assay is an important,
faster, and cheaper approach to analyse extracts or compounds. Obesity, for instance,
can be evaluated in numerous cell culture models, like preadipocytes, adipose-derived
stem cells, brown/beige adipose cells (Ruiz-Ojeda et al., 2016; Tung et al., 2017). In vitro
models for steatosis have also been developed, where the human hepatocyte cell lines
are treated in culture with fatty acids (Gémez-Lechén et al., 2007; Cui et al., 2010), which

reproduce the clinical condition NAFLD.

1.4.2.2 Zebrafish model (in vivo)

Mouse models are the first ones that come to mind when we talk about in vivo
models, however, it is necessary to sacrifice the animals, surgically remove and separate
the organs to determine their lipid content. And that is where the advantages of using a
smaller animal model arise. The zebrafish (Danio rerio), a small freshwater fish, is an
outstanding model system to study lipid metabolism in vivo due to its small size, ease of
care, optical transparency in the first days of development, high fecundity with a lot of
egg produced, and short generation times (Dooley and Zon, 2000; Ulloa et al., 2011,
Meyers, 2018). Additionally, they have a high degree of genetic and functional homology
with the mammalian metabolic pathways and the same gastrointestinal organs as
humans: liver, intestine, exocrine and endocrine pancreas, and gallbladder (Wallace and
Pack, 2003; Carten and Farber, 2009; Oka et al., 2010; Broeder et al., 2015).

During the first days of development, zebrafish embryo and larva stages have the

lipids necessary for sustaining the growth mostly circumscribed to a single organ, the
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yolk sac (Figure 6). It is only by 5 to 6 days postfertilization that it depletes, and the larva
has to start eating to obtain energy (Kimmel et al., 1995). Thus, in these early days of
development, when lipids are stored in the yolk sac, and the larva is still quite
transparent, there is a great window of opportunity for the study of lipid metabolism and
possible determination of the bioactivity of compounds or extracts on that metabolism.

Eye

Yolk sac

Figure 6 - 3 days post fertilization zebrafish larva with the yolk sac already developed and visible

due to the body transparency.

For that, lipophilic dyes can be used to visualize lipids through live imaging or
fluorescence screens. Nile red is one of the commonly used dyes for imaging and
quantification of intracellular neutral lipid droplets, usually triacylglycerols or cholesteryl
esters (Fowler and Greenspan, 1985; Greenspan et al., 1985). Besides this approach,
induced obesity by overfeeding (Landgraf et al., 2017; Vargas and Vasquez, 2017), or
the utilization of mutant or transgenic lines expressing obesogenic genes (Chu et al.,
2012; Hsu et al., 2018), are additional successful strategies to study lipid metabolism in
the zebrafish model.

Although the intention is to fight obesity directly and, consequently, reduce the
occurrence or severity of its associated comorbidities, it is also possible to use these
zebrafish in vivo model to assess bioactivities that may be relevant for the regulation of
the comorbidities. Mammalians and zebrafish share morphological and physiological
similarities of the pancreas and conserved signalling pathways and mechanisms of
endocrine pancreas formation (Tehrani and Lin, 2011). Furthermore, the glucoregulation
and glucose transporter’s structure and tissue distribution are also conserved between
zebrafish and mammals (Elo et al., 2007; Jurczyk et al., 2011). Thus, this similarity in the
glucose homeostasis system makes zebrafish valuable to study diabetes (Tabassum et
al., 2015; Zang et al., 2018). In fact, one way to screen for anti-diabetic agents is by
measurement of cellular glucose uptake. Due to the use of fluorescent glucose

analogues, like 2-NBDG or GB2-Cy3, the monitoring of glucose flux is possible (Um et
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al., 2015). These fluorescent-tagged glucose probes have glucose transporters (GLUTS)
as substrates, which are highly expressed at the eye level of the zebrafish larva in 3 days
post fertilization (Tseng et al., 2009). Hence, the fluorescent quantification characterizes
the glucose uptake and consequently the ability of a compound to operate as an anti-
diabetic drug (Kim et al., 2012; Park et al., 2014). It is possible to perform this
methodology in wild type zebrafish larvae, which has the advantage of being less
expensive and easier to maintain than genetically modified lines used in transgenic
models (van de Venter et al., 2021).
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2.Aims

This work was integrated into the “ALGAVALOR” project, which has the general
aim of an integrated production of microalgae and its biomass valorisation for different
applications. In line with this, the present work had as main goal the evaluation of the
potential beneficial effects of the microalgae C. vulgaris, grown under heterotrophic
conditions and extracted by different methodologies, against obesity and its associated
comorbidities. Several specific aims were defined. First, the assessment of the anti-
steatosis, anti-inflammatory, anti-obesity, and anti-diabetes activities of C. wvulgaris
extracts by performing in vitro and in vivo screening assays. 20 extracts from high
pressure processing and 6 from ohmic treatments were received from project partners
and were evaluated for promising activities. Second, the putative identification of
responsible metabolites by application of resolution liquid chromatography-tandem mass
spectrometry (LC-MS/MS), and the comparison of the metabolic profiles of active and
non-active extracts. Finally, the third aim was to get insight into the molecular
mechanisms of action of those promising C. vulgaris extracts by the analysis of target
proteins using western blot.

Overall, this work should contribute to the application of C. vulgaris in the
pharmaceutical or nutraceutical industry for the treatment of obesity and associated
comorbidities through the discrimination of the best extraction methodology, as well as

some of their molecular targets.
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3.Materials and methods

3.1 Microalgae extracts

The microalgae biomass used in this thesis project was provided by the partners
of the ALGAVALOR project. Chlorella vulgaris was cultivated by the company
Allmicroalgae in heterotrophic conditions, and the biomass extractions were made by
University of Aveiro (Chemical Department, Professor Jorge Saraiva) and University of
Minho (Centre of Biological Engineering, Professor José Teixeira).

3.1.1 High pressure processing (HPP) extraction from University of

Aveiro and ohmic extraction from University of Minho

C. vulgaris biomass was extracted by high pressure processing (HPP) and ohmic
extraction, following the experimental design at Table 1 and Table 2, respectively. For
the ohmic extraction ethanol 70% was used as solvent. The dry extracts were delivered
to the Interdisciplinary Centre for Marine and Environmental Research (CIIMAR), where

all the bioassays were carried out.

3.1.2 Samples preparation

Depending on the mass of each extract, the dry extracts were dissolved in
dimethyl sulfoxide (DMSO, VWR Chemicals BDH®, USA), with correspondent volumes,
to obtain stock solutions with a final concentration of 10 mg/mL (Figures 7 and Figure
8). Dilutions of these solutions were made in DMSO for a final concentration of 5 mg/mL

to perform cell assays. All samples were stored at -20 °C.
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Table 1 - HPP extraction conditions of pressure applied per time of extraction and solvent used (water, ethanol 48%,

ethanol 96% and acetone) for each sample.

FCUP | 33

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

on obesity and associated comorbidities

Condition_s Sample Solvent
(Pressure/Time)
CS1 Water
420 MPa /9 CS4 Ethanol 48%
min CS8 | Ethanol 96%
CSs11 Acetone
CS13 Water
300 MPa /8 CS16 | Ethanol 48%
min CS19 | Ethanol 96%
CS22 Acetone
CS25 Water
100 MPa /8 CS29 Ethanol 48%
min CS31 | Ethanol 96%
CS35 Acetone
[ T csct | water
0 MPa /9 min CSC4 Ethanol 48%
(Control) CSC8 | Ethanol 96%
CSC11 Acetone
CSC13 Water
0MPa/8min | CSC17 | Ethanol 48%
(Control) CSC20 | Ethanol 96%
CSsC23 Acetone

Figure 7 - Stock solutions of HPP-extracted C. vulgaris samples with a 10 mg/mL concentration.
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Table 2 - Ohmic extraction conditions of frequency and temperature applied per time of extraction for each sample.

ﬁl?rrr?t?(la? Frequency (Hz) | Time (min) | Temperature (°C)
D11 0 (control) 15 25
D21 0 (control) 15 70
[ pam | 200 | 15 | 0
D41 50 15 70
D102 50 30 70
D111 50 45 70

Figure 8 - Stock solution of ohmic-extracted C.

vulgaris samples with a 10 mg/mL concentration.

3.2 Bioactivity assays
3.2.1 In vitro bioactivity assays

3.2.11 Cell culture

Cryopreserved human hepatocyte carcinoma cell line (HepG2, American Type
Culture Collection, USA) and mouse macrophage cell line (RAW264.7, European
Collection of Authenticated Cell Cultures, England) were defrosted and transferred to a
25 cm? culture flask with 5 mL of Dulbecco's Modified Eagle Medium (DMEM, Biowest,
France) completed with 10% (v/v) of fetal bovine serum (FBS, Pan Biotech, Germany),
1% (v/v) of antibiotic penicillin/streptomycin (Pan Biotech, Germany) and 0.1% (v/v) of

antifungal amphotericin B (Biochrom GmbH, Germany). These were left to grow in an
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incubator (Thermo Fisher Scientific, USA) at 37 °C in a humidified 5% CO, atmosphere.
After confluency in the culture flask was reached (Figure 9), cell passage was performed
to a new medium. This was repeated twice to ensure the robustness of the cells before

starting the bioassays.

Figure 9 - Cell confluency in culture flask under Olympus CKX41 (Japan) inverted phase contrast microscope

100x amplification. (a) HepG2 cell line; (b) RAW264.7 cell line.

3.2.1.2 Anti-steatosis assay

After reaching confluency in the culture flask, HepG2 were seeded in 96-well
plates at a density of 1x10° cells/mL, for a total volume of 100 uL of DMEM complete per
well. Cell count was performed using the Countess™ Automated Cell Counter (Thermo
Fisher Scientific Invitrogen, USA), where 10 pL of cell culture was mixed to 10 pL of a
solution of trypan blue (Thermo Fisher Scientific Invitrogen, USA) stain in 0.4%
concentration to assess the number of live and dead cells, and to calculate their viability.
Cells were left growing for 24 h in an incubator at 37 °C in a humidified 5% CO.
atmosphere.

After 24 h, cell growth in the wells was confirmed under a microscope before
starting exposure. The entire volume of the wells was removed and 100 uL of DMEM
incomplete (DMEM medium with 1% (v/v) of antibiotic penicillin/streptomycin and 0.1%
(v/v) of antifungal amphotericin B) were added. A solution of sodium oleate (SO, Sigma,
USA) in filtrated methanol was mixed with the medium for a final concentration of 62 uM

per well to stimulate a fat-overloaded state in cells (Gomez-Lechén et al., 2007). A co-
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exposure with C. vulgaris samples was performed in three technical replicates for a final
concentration of 10 pg/mL or 25 pg/mL exposure. Each exposure concentration was
repeated in two independent assays (n=6). For this experimental design, three controls
were used in which the same percentage of the solvent (DMSO) was added to the
medium to a final concentration of 0.2% (v/v) and 0.5% (v/v) per well, in the 10 pg/mL
and 25 pg/mL assay, respectively. For the first control, nothing else was added. In the
second control, filtrated methanol at a concentration of 0.5% per well was added, which
corresponded to the concentration from the SO solution. In the third control, SO at 62
MM per well was added to mimic the fat-overloaded state in cells. Cells were incubated
for 6 h at 37 °C in a humidified 5% CO, atmosphere.

After incubation, the whole volume of the wells was replaced by 100 uL of Hank’s
Buffered Salt Solution (HBSS, prepared in distilled water by adding five stocks: 1:10 of
stock#1: 4 g of sodium chloride (NaCl, Panreac, Spain) and 0.2 g of potassium chloride
(KCI, Sigma-Aldrich, USA) in 50 mL of distilled water; 1:100 of stock#2: 0,358 g of
disodium hydrogen phosphate (Na:HPO., Sigma-Aldrich, USA) and 0.60 g of potassium
dihydrogen phosphate (KH2PO4, Sigma-Aldrich, USA) in 50 mL of distilled water; 1:100
of stock#3: 0.72 g of calcium chloride (CaCl,, Sigma-Aldrich, USA) in 50 mL of distilled
water; 1:100 of stock#4: 1.23 g of magnesium sulphate heptahydrate (MgSO. x7H.0,
Honeywell, USA) in 50 mL of distilled water; 1:100 of stock#5: 0.35 g of sodium
bicarbonate (NaHCOs3, Sigma-Aldrich, USA) in 10 ml of distilled water). Nile red (Sigma-
Aldrich, USA) and bisbenzimide H 33342 trihydrochloride (HO-33342, Sigma-Aldrich,
USA) dyes were added to the HBSS solution at concentrations of 1:400 and 1:100, to
stain the lipids and the nucleus, respectively. Incubation took place for 15 min at 37 °C
in a humidified 5% CO. atmosphere in the dark. The entire volume was again discarded,
and 100 pL of HBSS were added. This washing step was repeated three times, and
subsequently, three different measurements were taken: point fluorescence, area scan
and imaging, using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, USA), at
530/25 nm excitation and 590/35 nm emission for the Nile red and 360/40 nm excitation
and 460/40 nm emission for the HO-33342. In point fluorescence, lipid content was
expressed as a percentage of the Nile Red fluorescence and cell viability as a
percentage of the HO-33342 fluorescence, both considering 100% in the DMSO+SO
control. In area scan fluorescence, lipid content was expressed as a percentage of the
average intensity emitted by the Nile Red and cell viability as an average intensity
emitted by HO-33342, both considering 100% in the DMSO+SO control. In imaging

analysis, Gen5™ software (BioTek, 2021) was used to detect cells, cytoplasm, nucleus,
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and lipid content. Final values represent the average lipid content per cell per well,
expressed as a percentage of the quotient between the average intensity emitted by the
Nile Red per cytoplasm and the average intensity emitted by the HO-33342 per nucleus.

After spectrophotometry reading, 25 pL of ice-cold trichloroacetic acid (TCA,
Thermo Fisher Scientific, USA) 50% (w/v) solution in distillate water was added to the
wells, and the plate was incubated for 1 h at 4 °C in the dark to fix the cells. Then the
volume was discarded, and four washes with distilled water were performed to remove
TCA. The plate was air-dried at room temperature, and 100 pL of sulforhodamine B
(SRB, MP Biomedicals, USA) 0,4% (w/v) solution in 1% acetic acid (Merck KGaA,
Germany) were added to verify cell viability (Vichai and Kirtikara, 2006), followed by 15
min incubation in the dark at room temperature. Next, four washes with acetic acid 1%
were made to remove all the unbound SRB, and the plate was air-dried at room
temperature. 100 pL of Tris hydrochloride (Tris-HCI, VWR, USA) solution at 10 mmol/L
and pH=10.5 in distilled water were added to solubilize bound dyes. Absorbance was
read in Cytation 5 Cell Imaging Multi-Mode Reader at 554 nm. Cell viability was
expressed as a percentage of SRB absorbance considering 100% viability in the control
DMSO+SO0.

3.2.1.3 Pro- and anti-inflammatory assays

After reaching confluency in the culture flask, RAW264.7 were seeded in 96-well
plates at a density of 3.5x10° cells/mL, for a total volume of 100 puL of DMEM complete
with inactivated FBS per well. Cell count was performed using the Countess™
Automated Cell Counter, as previously described. Cells were left growing for 24 h in an
incubator at 37 °C in a humidified 5% CO; atmosphere.

The medium was renewed, and the exposure with C. vulgaris samples was
performed in eight technical replicates for a final concentration of 10 pg/mL or 25 pg/mL
exposure. Technical replicates were divided in half. Four wells were kept for a pro-
inflammatory assay to evaluate the capacity of the extracts to induce inflammation by
themselves. The other four technical replicates wells were co-exposed with
lipopolysaccharides from Escherichia coli 0111:B4 (LPS, Sigma, USA) to a final
concentration of 1 pug/mL to induce inflammation in cells (Stuehr and Marletta, 1985).
Since LPS is a structure from the bacterial cell membrane, it triggers the inflammatory
reaction in the RAW264.7 cells. These four wells were kept to perform the anti-

inflammatory assay to assess the ability of the extracts to reverse the induced
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inflammation. Each exposure concentration was repeated in two independent assays
(n=8) for both anti and pro-inflammatory assays.

Two controls were used in both assays. DMSO was added to the medium at the
same percentage as in extracts, namely 0.2% (v/v) and 0.5% (v/v) per well, in the 10
pg/mL and 25 pg/mL assay. For the first control, nothing else was added. For the second
control, 1 pg/mL of LPS was added to induce inflammation. Cell incubation was done at
37°C in a humidified 5% CO2 atmosphere.

After 24 h, 75 L of the supernatant was transferred to a new 96-well plate, and
75 pL of Griess Reagent (solution of 1 mg/mL of N-(1-Naphthyl)ethylenediamine
dihydrochloride (Honeywell, USA) and 10 mg/mL sulfanilamide (H2NCsH4SO.>NH,,
Sigma-Aldrish, USA) in 2% orthophosphoric acid (HsPOa, Acros Organics, USA)) were
added for nitrite quantification as an indicator of the nitric oxide production. Nitric oxide
is a signalling molecule that plays a crucial role in inflammation. If the inflammation
process is triggered, so is the nitric oxide production, which can be measured by nitrites
guantification since they are a product of its oxidation (Stuehr and Marletta, 1985). The
plate was incubated for 10 min at room temperature in the dark, and subsequently, the
absorbance was read at 562 nm in Cytation 5 Cell Imaging Multi-Mode Reader.
Inflammation was expressed as a percentage of nitrite content considering 100% in the
control DMSO+LPS.

The residual volume of the original plate was discarded, and 100 uL of heated 3-
(4.5-dimethylthiazole-2-yl)-2.5-diphenyltetrazolium bromide (MTT, Duchefa Biochemie,
Netherlands) solution at a concentration of 0.5 mg/mL in DMEM complete with
inactivated FBS were added. Incubation took place for 45 min at 37 °C in a humidified
5% CO, atmosphere. The growth medium was discarded, and 100 pL of DMSO were
added to dissolve the formazan salts, formed by the conversion of MTT by living cells
(Meerloo et al., 2011). Shaking was carried out for 10 min, and absorbance was read at
510 nm in Cytation 5 Cell Imaging Multi-Mode Reader. Cell viability was expressed as a
percentage of MTT absorbance considering 100% viability in the control DMSO+LPS.

In the inflammatory process, the presence of released nitrites together with the
Griess reagent form a final azo dye that exhibits a more or less red colour dependent on
the inflammation state (FigurelOa). In the viability assay, the colours are based on the
passage of the MTT from its yellow form to its purple form by the mitochondria
(FigurelOb). These two properties made it possible to verify the results by

spectrophotometry as well as directly with the naked eye.
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Figure 10 - Colorimetric properties of the inflammatory assay in RAW264.7 cells. (a) Schematic
representation of the reaction of nitrite with Griess reagents to form an azo dye. Adapted from:
Coneski and Schoenfisch, 2012; (b) schematic representation of MTT mitochondrial reduction to

formazan.

3.2.2 In vivo bioactivity assays

3.2.21 Zebrafish larvae

6 female and 6 male zebrafish wild-type adults in reproductive age were placed
overnight in breeding aquariums at the Animal Facility for Aquatic Organisms of CIIMAR,
at 28 °C with an air pump and marbles to stimulate spawning. Zebrafish embryos were
collected and cleaned the following morning by discarding the dead and the non-viable
ones and kept in egg water (60 pg/mL marine sea salt dissolved in distilled water) at 28
°C. 1-day post-fertilization (1DPF), a maximum of 40 larvae were placed in Petri dishes
with 20 mL of egg water complemented with 200 uM of 1-phenyl-2-thiourea (PTU, Acros
Organics, USA) to inhibit pigmentation (Figure 11a).

39



[BPORTO

FCUP

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

‘F FACULDADE DE CIENCIAS on obesity and associated comorbidities
UNIVERSIDADE DO PORTO

Figure 11 - Zebrafish under stereo microscope Leica EZ4. (a) Zebrafish embryo with 1 DPF; (b) Zebrafish larvae 3 DPF.

3.2.2.2 Anti-obesity assay

3 DPF zebrafish larvae at the same development stage were placed in a 48-well
plate with a density of 6-8 larvae per well, in which each larva corresponded to a technical
replicate. Egg water with PTU was renewed for a total volume of 750 pL per well.
Zebrafish larvae were exposed to C. vulgaris extracts at a final concentration of 10
pg/mL. For this experimental design, resveratrol (REV, Focus biomolecules,
Philadelphia) solution in DMSO was used as a positive control with a final concentration
of 50 uM to inhibit lipid formation (Pardal et al., 2014), and a solvent control with 0.1%
(v/v) DMSO, correspondent to the concentration of added extract. Zebrafish larvae were
left for 24 h at 28 °C. At 4 DPF, water, compounds and extracts were renewed, and Nile
red solution in DMSO was also added to all wells overnight at the final concentration of
0.01 pg/mL for lipid staining. At 5 DPF, the larvae were anaesthetized with ethyl 3-
aminobenzoate methanesulphonic acid salt (MS-222, Acros Organics, USA) solution in
egg water at the final concentration of 0.3 pg/mL for 5 min. Fluorescence microscopy
images were taken with the microscope Leica DM6000 B (Germany). Fluorescence
intensity was quantified in each individual zebrafish larvae by ImageJ software
(Rasband, 1997; Schneider et al., 2012). Lipid content was expressed as a percentage
of Nile red fluorescence considering 100% in the DMSO control. Three independent anti-

obesity assays with the same experimental design were performed (n=18-24).
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3.2.2.3 Anti-diabetes assay

3 DPF zebrafish larvae at the same development stage were placed in a 96-well
plate with a density of 5 larvae per well (Figure 11b), in which each larva corresponded
to a technical replicate. Egg water with PTU was renewed for a total volume of 200 pL
per well. Zebrafish larvae were exposed to C. vulgaris extracts at a final concentration of
10 pg/mL. For this experimental design, 1,3,8-Trihydroxy-6-methylanthraquinone
(emodin, Targetmol, USA) solution at 500 uM in DMSO diluted in egg water was used
as a positive control for a final exposure concentration of 10 uM. Emodin has been shown
to increase glucose tolerance and insulin sensitivity, behaving as a compound with anti-
diabetic properties in zebrafish (Xue et al., 2010). A solvent control was used with DMSO
at a final concentration of 0.1% (v/v), corresponding to the concentration of added extract
and emodin. After zebrafish larvae were left for 1 h at 28 °C, all volume was removed
from wells, and 200 pL of 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-
glucose (2-NBDG, Thermo Fisher Scientific Invitrogen, USA) were added at 200 pM. 2-
NBDG is a probe that can be used to provide an expedient measurement of
spatiotemporal glucose flux (Lee et al., 2013). Since 2-NBDG is highly sensitive to light,
all this methodology was carried out in an environment of maximum possible darkness,
followed by a 3 h incubation at 28 °C. Next, the entire volume was removed from the
wells, and three successive washes with egg water were conducted. 200 uL of egg water
were left in wells, and a concentration of 0.3 pg/mL of the anaesthetic MS-222 was added
for 5 min. Fluorescence microscopy images were taken under the microscope Olympus
BX41 (Japan). Fluorescence intensity was quantified in individual zebrafish larvae by
ImageJ software (Rasband, 1997). Glucose uptake was expressed as a percentage of
2-NBDG fluorescence considering 100% DMSO control. Two independent anti-diabetes

assays with the same experimental design were performed (n=8-10).

3.3 Metabolite profiling

3.3.1 LC-MS/MS analysis

For LC-MS/MS analysis, 40 pL of each 10 mg/mL stock of C. vulgaris extracts
were dried and then dissolved in 400 pL of UHPLC-MS grade acetonitrile (Carlo Erba,
Italy) to obtain a final concentration of 1 mg/mL. 200 pL were filtrated by a syringe-filters
with a diameter of 0.2 pm (Millex Syringe Filter, Merck Millipoore Millex ™, Germany)

into 2 mL vials (Millex Syringe Filter, Merck Millipoore Millex ™, Germany). The LC/MS
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analysis was carried out at Materials Center of the University of Porto, by Orbitrap
Exploris 120 Mass Spectrometer (Thermo Scientific™) coupled with a column ACE
UltraCore 2.5 SuperC18 (50x2.1 mm; 5 pm ACE® UltraCore™, Scotland), with
electrospray ionisation (ESI) source, operating in positive mode and controlled by
Xcalibur 4.4.16.14 (Thermo Scientific™). Each sample was injected with a volume of 5
HL.The samples were eluted with a gradient of 99.5% of the mobile phase A (95% H.O
+ 5% MeOH + 0.1% formic acid), by decreasing mobile phase A to 10% and increasing
mobile phase B to 90% at 9.5 min, eventually rose to 99.5% the mobile phase A and
decreased to 0.5% the mobile phase B at 17 min. The gradient was established at a flow
rate of 0.35 mL/min for 20 min. The separation temperature was kept at 40 °C for the

entire analysis.

3.3.2 Molecular networking

Data obtained from LC-MS/MS was converted from files .raw to .mzXML files by
MSConvert software (Kessner et al., 2008). Data was then submitted to the Global
Natural Product Social Molecular Networking (GNPS) platform (Wang et al., 2016) to
create a molecular network, in which parameters of precursor ion mass tolerance and
fragment ion mass tolerance were set to 0.02 Da. The created network was filtered so
that 0.7 was the minimum cosine score that occurred between a pair of consensus
MS/MS spectra to form an edge in the molecular network, and 6 was the minimum
number of common fragment ions shared by two separate consensus MS/MS spectra to
be connected. Consensus MS/MS spectra with a size less than 2 were not considered,
and, on the other hand, the edge between two nodes was retained if each other were in
their own top 10 most similar nodes. Additionally, the maximum size allowed in a single
connected molecular network was selected as 100 nodes. The spectra in the network
were searched against GNPS spectral libraries that were filtered with the same
parameters as in the input data, and the analogues search was enabled.

Bioinformatic tools of GNPS were also used, including the Dereplicator,
Dereplicator + and MolNetEnhacer. The Dereplicator, an in silico peptidic natural
products tool, was applied to compare data to chemical structure databases. The
Dereplicator +, an algorithm for in silico identification of metabolites, was used to
annotate both peptidic or non-peptidic metabolites through database search of
fragmentation data. For Dereplicator, the search for analogues of known natural

products was established, and parameters were set for low-resolution instruments
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(precursor ion mass tolerance 2.0 Da and fragment ion mass tolerance 0.5 Da). In the
Dereplicator + tool, parameters of precursor ion mass tolerance and fragment ion mass
tolerance were set for high-resolution instruments (both parameters 0.02 Da). Finally,
MolNetEnhancer was used to merge the outputs from molecular networking, in silico
annotation tools and the automated chemical classification through ClassyFire.

The output data were then imported into Cytoscape v3.8.2 (Shannon et al., 2003)
to visualise the created networks. Compounds that were unique in active extracts and
that had no possible identification by previous mentioned tools and databases were
selected and searched by their m/z values +/- 0.002 in The Natural Products Atlas (NPA)
(Santen et al., 2019) and in the Dictionary of Natural Products 30.1 (DNP) (Dictionary of
Natural Products, 2021). Possible matches were only considered if the calculated mass

error was lower than 5 ppm.

3.4 Western blot

3.4.1 Samples preparation

Western blots were performed with HepG2 proteins exposed to samples CS11,
CS22 and DMSO control, following the previously described conditions used in the anti-
steatosis assay. For that, HepG2 cell line were seeded in a 12-well plate at a density of
4x10° cells/mL in 1 mL of DMEM complete per well. The exposure with CS11 and CS22
C. vulgaris extracts was performed at a final concentration of 25 pg/mL per well in four
technical replicates.

Then, cells were transferred to a precellys eppendorf and centrifuged for 5 min at
13500 rpm in the micro star 17R centrifuge (VWR, USA) at room temperature. The
supernatant was discarded, and 198 pL of RIPA buffer (150mM NaCl, 5 mM
ethylenediaminetetraacetic acid tetrasodium salt (EDTA, Panreac, Spain) solution with
pH 8.0, 50 mM Tris-HCI (VWR) with pH 8.0, 1% octylphenoxy poly(ethyleneoxy)ethanol
(IGEPAL CA-630, Sigma, USA), 0.5% sodium deoxycholate (Sigma, USA) and 0.1%
sodium dodecyl sulfate (SDS, Amresco, USA)) were added, as well as 2 pL of protease
& phosphatase inhibitor cocktail 100x (Thermo Fisher Scientific, USA) and a metal
sphere to aid cell lysis. The content was vortexed and placed in ice until disrupted by
Precellys® Evolution (Bertin Corp., USA) in a 2x30 s cycles at 5000 rpm at 20 °C, with a

60 s pause between cycles. After that, the samples were left to rest on ice for 1 h,
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followed by a 15 min centrifugation at 13500 rpm and 4 °C in the micro star 17R

centrifuge. The supernatant was then transferred to new eppendorfs and kept at -20 °C.

3.4.2 Protein quantification by Bradford assay

1:10 dilutions of the samples were prepared in distilled water, and 5 pL of each
were added to a well with 245 uL of a Coomassie dye-binding reagent (Bradford reagent,
Sigma, USA), in a 96-well plate. The plate was incubated for 15 min in the dark, and the
absorbance was read at 595 nm since quantification is based on the fact that the anionic
form of the dye binds to proteins, which has a maximum wavelength at 595 nm (Kruger,
1996). A standard curve was prepared for the determination of protein concentration in
the same assay by using a 2-fold dilution series from 10 to 0.0781 mg/mL in 8 dilution
steps using albumin from bovine serum (BSA, Sigma, USA) in RIPA buffer 1:10.

3.4.3 Electrophoresis and membrane transference

To prepare each sample for electrophoresis, a 30 uL mix was prepared with 7.5
uL of NuPAGE LDS Sample Buffer 4x (Thermo Fisher Scientific Invitrogen, USA), 3 pL
of Sample Reducing Agent 10x (Thermo Fisher Scientific Invitrogen, USA), and the
volume corresponding to 20 pg protein of each sample. 3 replicates were prepared for
each exposure (DMSO, CS11 and CS22), and the final volume was adjusted with
distilled water. The mixes were heated at 97 °C for 10 min, followed by cooling on ice.

20uL of each sample was loaded into corresponding wells of precast
polyacrylamide gels assembled in the XCell SureLock™ Novex™ Mini-Cell gel system
(Thermo Fisher Scientific Invitrogen, USA). In the first well of the gel, a mix was loaded
composed of 2.5 pL of SeeBlue™ Plus2 pre-stained protein standard (Thermo Fisher
Scientific Invitrogen, USA), 1 yL MagicMark™ XP western protein standard (Thermo
Fisher Scientific Invitrogen, USA), and 7.5 pL of NUPAGE LDS Sample Buffer 4x
(Thermo Fisher Scientific Invitrogen). To obtain an optimal separation of the proteins,
and depending on the molecular weight of the protein of interest, two different
combinations of gels and running buffer were used: the Invitrogen NUPAGE 4-12% Bis-
Tris gel (Thermo Fisher Scientific Invitrogen, USA), with a separation range from 3.5 to
260 kd, combined with MOPS-SDS running buffer (Alfa Aesar, USA) to resolve medium
to large-size proteins, and the NUPAGE 3-8% Tris-Acetate gel (Thermo Fisher Scientific

Invitrogen, USA), with a separation range from 40 to 500 kd, combined with Tris-Acetate
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SDS running buffer (Thermo Fisher Scientific Novex™, USA) for larger proteins. After
loading all 10 wells of the gel, the electrophoresis run was performed for 1 h at 170 V
(Figure 12).

After electrophoresis, a semi-dry western blotting transfer was executed to a
nitrocellulose membrane in the iBlot™ 2 Gel Transfer Device (Thermo Fisher Scientific,
USA) using iBlot™ 2 NC Mini Stacks (Thermo Fisher Scientific Invitrogen, USA) and
following the protocol 20 V for 2 min, 23 V for 8 min and 25 V for 3 min. Transference
quality was verified by protein staining with a Ponceau S (Sigma-Aldrich, USA) solution
at 0.1% (w/v) in 5% (v/v) acetic acid. A new membrane was prepared for each antibody
to be tested.

The membrane was then washed with phosphate buffered saline with Tween 1x
(PBST, Cell Signalling Technologies, USA) to remove staining, followed by a blocking
step, in which it was immersed in 5% (w/v) non-fat dried milk (Panreac, Spain) in PBST
1x with agitation for 1h to prevent antibodies from binding to the membrane non-
specifically. Differently, for phosphorylated antibodies, blocking was performed in 3%
(w/v) BSA solution in PBST 1x.

Figure 12 - Loaded protein standard and protein samples
in Invitrogen NUuPAGE gel assembled in the XCell
SureLock™ Novex™ Mini-Cell gel system.
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3.4.4 Antibodies incubation and develop

After blocking, the membrane was washed with PBST 1x with agitation for 10 min
and kept overnight at 4 °C in a rotative support with the primary antibody anti-C/EBPaq,
anti-PRKA-f1, anti-PRKA-B1 (p-Ser-181), anti-PPAR y, anti-ACACa and anti-ACACa (p-
Ser-80), all from Antibody Verify, USA, prepared in 5 mL of PBST 1x.

On the following day, the membrane was washed 3 times for 10 min with PBST
1x with agitation and subsequently kept for 1h at room temperature in a rotative support
with the secondary antibody Goat anti-rabbit IgG (H+L) peroxidase/HRP conjugated
(Elabscience, USA), prepared in 5 mL of 5% (w/v) non-fat dried milk in PBST 1x. In the
case of phosphorylated antibodies, secondary antibodies were prepared in 5 mL of BSA
solution at 3% (w/v) in PBST 1x. The combination of antibodies concentrations used was
previously optimised in several attempts for cells of the HepG2 line and are described in
Table 3.

Following the incubation with secondary antibody, another three washes with
PBST 1x with agitation were done. Then the excess volume was discarded, and the
membrane was placed in a support for chemiluminescence detection. 2 mL of a mix of
Clarity™ Western ECL Substrate (Bio Rad, USA) were added on top of the membrane
for a 5 min incubation exposed to air. Then, antibody chemiluminescence was visualized
in the LAS-4000 imaging system (Fujifilm Life Science, USA), where sequential
exposures of 10 s were done to determine the optimal exposure time. The membrane
image was acquired by a precision pulse with the defined time.

The stripping was performed for 5 min with Restore™ PLUS Western Blot
Stripping Buffer (Thermo Fisher Scientific, USA) to remove antibodies, and the
incubation was repeated with Anti-B-actin (Sigma-Aldrich, USA) for loading control.

Chemiluminescence intensity was quantified in individual bands by ImageJ
software (Rasband, 1997). The intensity was expressed as a ratio between the
chemiluminescence intensity of each antibody and the chemiluminescence intensity of

antibody B-actin from the same membrane.
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Table 3- Combination of primary and secondary antibodies concentrations used in membrane incubation for protein

detection in western blot.

. : . Secondary
Prlmary Primary antlpody Secondary antibody antibody
antibody concentration :

concentration
Anti-C/EBPa 1:1000 Goat anti-rabbit 1gG (H+L) 1:10000
peroxidase/HRP conjugated
. ) Goat anti-rabbit IgG (H+L) .
Anti-PRKA-B1 1:500 peroxidase/HRP conjugated 1:5000
Anti-PRKA-B1 ) Goat anti-rabbit 1IgG (H+L) )
(p-Ser-181) 1:1000 peroxidase/HRP conjugated 1:10000
: ) Goat anti-rabbit IgG (H+L) .
Ant-PPAR y 1:500 peroxidase/HRP conjugated 1:1000
. ) Goat anti-rabbit IgG (H+L) .
Anti-ACACa 1:500 peroxidase/HRP conjugated 1:5000
Anti-ACACa ) Goat anti-rabbit IgG (H+L) )
(p- Ser-80) 1:2000 peroxidase/HRP conjugated 1:10000
. : ) Goat anti-mouse 1gG (H+L) )
Anti-B-actin 1:4000 peroxidase/HRP conjugated 1:25000

3.5 Statistics

All statistical analysis and graph development were performed on GraphPad
Prism version 8.0.2 (GraphPad Software, USA).

To determine statistically significant differences between the means of the data,
a one-way analysis of variance (ANOVA) was performed. It was necessary to verify if
data was distributed according to a Gaussian distribution, and for that, normality was
assessed by Kolmogorov-Smirnov normality test (p-value<0.05). Simultaneously, all
data needed to fulfil the criteria of equal variance, and for that, Bartlett's test (p-
value<0.05) was used. Data that verified these statistical assumptions were submitted to
a one-way ANOVA. If only normality was verified, Brown-Forsythe test and Welch
ANOVA test was performed. If none of the statistical assumptions were confirmed, a
non-parametric test was used, like Kruskal-Wallis. Analyses were followed by Dunnett’s
multiple comparisons test. Statistically significant differences were considered with p-
value < 0.05, and * represented p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001,
and **** p-value < 0.0001.

Data from bioactivity assays were displayed as box-and-whiskers graphs and
data from western blot as column charts, both with error bars representing the standard

deviation of the data.
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4.1 Invitro screening of C. vulgaris extracts for anti-steatosis activity

in HepG2 cell line

4.1.1 Fluorescence quantification optimisation

The intensity of the fluorescence emitted by the Nile red dye was quantified to
determine the lipid content in the cells for the anti-steatosis assay, as it stains neutral
lipid droplets, while the intensity of the fluorescence emitted by the HO-33342 was
guantified as a measure for the cell viability, staining the nucleus. The critical point of the
guantification was the optimisation of the fluorescence readings. The first methodology
applied was the point fluorescence, which consists of a single beam passing through the
centre point of each well, so only one fluorescent measurement was taken. In the second
methodology, the area scan, a protocol optimisation was performed for the Cytation 5
Cell Imaging Multi-Mode Reader, where a certain area was scanned by multiple reads.
Hence, instead of the output being a single measurement of the centre of the well (Figure
13a), it becomes the mean of 13 measurements spread to a larger area (Figure 13b).
Finally, the third methodology was an imaging approach. 4 images of each well were
taken with a 20x objective, stitched, and analysed as 1 image in order to have a cell-by-
cell quantification (Figure 13c). The output consisted of the quotient between the
average intensity emitted by the Nile Red per cytoplasm and the average intensity
emitted by the HO-33342 per nucleus, thus giving as a final result the lipid content for
each cell in each well. As a result, the total number of measurements in each well is 1
for the fluorescence point, 13 for the area scan, and in the order of hundreds in the

imaging method.
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a
1 2 ¢} 4 5 6 7 8 9 10 11 12
A 76067 | 79924 | 57042 | 73046 | 80515 | 81684 | 76669 | 59084 | 78923 | 58263
B 83876 | 80950 | 82204 | 77667 | 86294 | 73122 | 86286 87302 | 75252
C 69401 | 52408 | 49704 | 45253 | 58397 | 55320 | 50334 | 45767 | 66724 | 57713
D 57612 | 76814 | 76151 | 63394 | 55254 | 55387 | 72972 | 93634 | 77341 | 79335
E 69359 | 89622 | 82200 | 89424 | 79882 | 72336 | 82352 | 85437
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Figure 13 - Output of fluorescence measurements of a 96-well plate setup by the

fluorescence; (b) area scan; and (c) imaging.

4.1.2 Assessment of lipid reduction activity of HPP and ohmic extracts

through point fluorescence, area scan and imaging measurements

Plots from Figure 14 and Figurel6 represent HepG2 lipid content, quantified by
the three different approaches after co-exposure with SO and C. vulgaris extracts from
HPP extraction and ohmic extraction, respectively. It is important to note that the baseline
fluorescence of lipid content of the HepG2 cells was around 50%, as it can be assessed
from the percentage of Nile red fluorescence in DMSO and DMSO+MeoH controls,

compared to the same percentage in DMSO+SO control, that is, fatty acid overloaded
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cells to non-treated cells. Thus, the maximum detectable lipid-lowering capacity was 50%
in this steatosis assay.

When looking in a generalised way at all the results of fluorescence reading of
the HPP extracts (Figure 14), the extracts with acetone as solvent showed the most
significant results.

In the point fluorescent at 10 pg/mL exposure concentration (Figure 14a), a
significant reduction was observed in two of the acetone extracts. Nevertheless, this
activity seemed a false positive since it was not verified at the higher exposure
concentration, 25 pg/mL (Figure 14b). In the area scan plot, this activity of the acetone
extracts was confirmed, and even extracts without additional pressure showed significant
activity. More interestingly, at the exposure concentration of 25 ug/mL, the pressure
applied in the extraction influenced the bioactivity of the extracts (Figure 14d). The
higher the applied pressure, the more the extracts decreased the lipid content of HepG2
cells. Finally, the most promising activity for acetone extracts was again verified in the
imaging approach (Figure 14e and Figureld4f). However, the bioactivity was only
observed for extracts with additional pressure, while acetone extracts without it were not
active.

Overall, the area scan and the imaging showed consistent results at 25 pug/mL
exposure for HPP extracts, and in particular the strongest effects at higher pressures,
420 and 300 MPa. In both approaches, CS11 extracted by acetone at 420 MPa for 9
min, CS22, an extract extracted by acetone at 300 MPa for 8 min, and CS35, extracted
by acetone at 100 MPa for 8 min, had the most significant bioactivity. These results are
shown by the images obtained by Cytation 5 Cell Imaging Multi-Mode Reader (Figure
15). The lipid fluorescent intensity in DMSO+SO control (Figure 15b) and in the cells
exposed to CS16 (Figure 15f), a non-active extract, was higher when compared to lipid
fluorescent intensity of cells exposed to CS11 (Figure 15c¢), CS22 (Figure 15d) and
CS35 (Figure 15e) extracts. This can be assessed by the accumulation of lipid droplets
in cell cytoplasm noticeable in the images by the reddish orange dots stained by Nile

red.
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Figure 14 — Anti-steatosis activity after co-exposure with SO and C. vulgaris extracts from HPP extraction in HepG2

cells. Left side (a, c, e) refers to a 10 pg/mL exposure, and right side (b, d, f) refers to a 25 pg/mL exposure: (a and b)

Nile red fluorescence quantification results by point fluorescence expressed as a percentage; (c and d) Nile red
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fluorescence quantification results by area scan expressed as a percentage; (e and f) Nile red and HO-33342
fluorescence quantification ratio results by imaging expressed as a percentage. CS1-CS11 designates 420 MPa for
9 min extraction; CS13-CS22 designates 300 MPa for 8 min extraction; CS25-CS35 designates 100 MPa for 8 min
extraction; CSC1-CSC11 designates control extraction for 9 min without pressure; CSC13-CSC23 designates control
extraction for 8 min without pressure. Blue represents water as extraction solvent; yellow represents ethanol 48% as
extraction solvent; pink represents ethanol 96% as extraction solvent; green represents acetone as extraction
solvent. Dark grey represents DMSO+MeOH control; black represents DMSO control; light grey represents
DMSO+SO control. The data have been derived from two independent assays and shown as box-and-whisker plots
(5-95 percentiles). Statistical differences compared to DMSO+SO control are indicated by asterisks. Asterisks
highlight significant altered fluorescence percentage, indicating lipid-reduction activity (****=p-value < 0.0001; *** =
p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05).

< % -

Figure 15 - Representative stitched, prepossessed, deconvoluted images of anti-steatosis assay with
HepG2 cell line co-exposed to SO and 25 pg/mL of HPP extracts. Images were obtained by automated
microscopy fluorescence by Cytation 5 through RFP and DAPI channels and analysed in Gen5™
software. (a) DMSO control; (b) DMSO+SO control; (c, d, e) Images of HepG2 cell line exposed to
extracts that showed significant lipid-reduction activity in both area scan and imaging analyses; (c)
HepG2 cell line exposed to CS11 extract; (d) HepG2 cell line exposed to CS22 extract; (e) HepG2 cell
line exposed to CS35 extract; (f) Representative image of a HepG2 cell line expose to an extract that

exerted no lipid-reduction activity (CS16).
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In turn, the results of the anti-steatosis assay of ohmic extracts did not show as
much bioactivity as the HPP extracts. The lipid reduction in the anti-steatosis assay was
only significant for extracts D31 and D41 at 25pg/mL exposure measured by the imaging
approach, however, bioactivity was low (Figure 16f).

4.1.3 Evaluation of cytotoxicity of HPP and ohmic extracts

The steatosis assay was followed by the assessment of cytotoxicity by two
distinct approaches. The first was directly evaluated by the quantification of fluorescence
emitted by HO-33342 that stained the nucleus. The second measure was the SRB assay,
a widely used method for in vitro cytotoxicity screening. None of the extracts exhibited
toxic effects on the cells, as assessed by cell viability percentage in Figurel7 and
Supplementary Figure 1. Moreover, cell viability was verified to be around 100% for all
HPP and ohmic extracts for both cytotoxicity evaluation methods and exposure

concentrations.
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Figure 16 - Anti-steatosis activity after co-exposure with SO and C. vulgaris extracts from ohmic extraction in HepG2 cells.

Left side (a, c, e) refers to a 10 pg/mL exposure and right side (b, d, f) refers to a 25 pg/mL exposure: (a and b) Nile red

54



[BAPORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

FCUP

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

on obesity and associated comorbidities

fluorescence quantification results by point fluorescence expressed as a percentage; (c and d) Nile red fluorescence

quantification results by area scan expressed as a percentage; (e and f) Nile red and HO-33342 fluorescence

quantification ratio results by imaging expressed as a percentage. D11 designates control extraction for 15 min at 25

°C without frequency; D21 designates control extraction for 15 min at 70 °C without frequency; D31 designates 25
KHz extraction for 15 min at 70 °C; D41 designates 50 Hz extraction for 15 min at 70 °C; D102 designates 50 Hz

extraction for 30 min at 70 °C; D111 designates 50 Hz extraction for 45 min at 70 °C. Dark grey represents

DMSO+MeOH control; black represents DMSO control; light grey represents DMSO+SO control. The data have been

derived from two independent assays and shown as box-and-whisker plots (5-95 percentiles). Statistical differences

compared to DMSO+SO control are indicated by asterisks. Asterisks highlight significant altered fluorescence

percentage, indicating lipid-reduction activity (****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * = p-

value < 0.05).
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Figure 17 - HepG2 cell viability for anti-steatosis assay assessed by (a and c) HO-33342 fluorescence reading and (b

and d) SRB method. (a and b) refer to 25 pg/mL exposure to HPP extracts. (c and d) refer to 25 pg/mL exposure to ohmic

extracts. Dark grey represents DMSO+MeOH control; black represents DMSO control; light grey represents DMSO+SO

control. The data have been derived from two independent assays and shown as box-and-whisker plots (5—95 percentiles)

as percentage considering 100% the DMSO+SO control. Statistical differences compared to DMSO+SO control are

indicated by asterisks (* = p-value < 0.05).
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4.2 In vitro screening of C. vulgaris extracts for pro- and anti-

inflammatory activity in Raw464.7 cell line

4.2.1 Pro-inflammatory assay with HPP and ohmic extracts

Results from RAW264.7 exposed only to C. vulgaris extracts allowed to
demonstrate that the extracts by themselves did not cause inflammation in the cells. This
pro-inflammatory result was true for both extraction methodologies, HPP (Figurel8a and
Figurel8b) and ohmic (Figurel8c and Figurel8d) extracts, and for both exposure
concentration, 10 pg/mL and 25 pg/mL, since none of the extracts caused an increase

in the percentage of nitrites compared to DMSO control.

4.2.2 Anti-inflammatory assay with HPP and ohmic extracts

This model consisted in evaluating the ability of C. vulgaris extracts to reduce the
LPS-induced inflammation in RAW264.7 cells. For HPP extracts, the observed reduction
pattern was quite interesting. Even at the lowest exposure concentration, at 10 pg/mL
(Figure 19a), it was possible to notice that the extracts with water or 48% ethanol had
no effect. In some cases, there was even a slight increase in induced inflammation
compared to the DMSO control. In contrast, in the exposure with the extracts with 96%
ethanol and acetone, a significant decrease was observed in the inflammation (p-value
<0.01). In the higher exposure concentration of 25 pg/mL, this pattern only became even
more significant (Figure 19b). The decrease in nitrites percentage, as an estimate of
nitrite oxide production, reached values very close to the DMSO control, especially in
those with 96% ethanol as solvent. It is important to note that extraction with pressure
did not modulate the anti-inflammatory activity, which was observed in the ethanol and
acetone extracts alone.

On the opposite, the results obtained with the ohmic extracts did not show
promising anti-inflammatory results. D21, D41 and D102 only showed a significant
reduction in lower exposure concentration (Figure 19c), but the results were not

confirmed with increasing exposure to 25 pg/mL (Figure 19d).
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Figure 18 - Pro-inflammatory assay in RAW264.7 cell line exposed to (a) 10 pg/mL HPP extracts; (b) 25 pg/mL HPP

extracts; (c) 10 pug/mL ohmic extracts; (d) 25 pug/mL ohmic extracts. Black represents DMSO control; grey represents
DMSO+LPS control. The data have been derived from two independent assays and shown as box-and-whisker plots (5—
95 percentiles). Statistical differences compared to DMSO control are indicated by asterisks. Asterisks highlight significant
altered nitrite percentage content, indicating pro-inflammation (****=p-value < 0.0001).

4.2.3 Evaluation of HPP and ohmic extracts cytotoxicity

Pro- and anti-inflammatory assays were followed by the MTT cell viability assay
to ensure that the extracts had no cytotoxic effects in RAW264.7 cells. Cell viability

results of the 25 pg/mL exposure to HPP extracts are shown in Figure 20a for pro-

inflammatory assay and Figure 20b for anti-inflammatory assay. The 25 pg/mL exposure
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to ohmic extracts are shown in Figure 20c for pro-inflammatory assay and Figure 20d

for anti-inflammatory assay. The results of lower concentration exposure are shown in
Supplementary Figure 2. Cell viability was not affected by exposure to any of the
extracts, HPP or ohmic, in both exposure concentrations.

Anti-inflammatory assay
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Figure 19 - Anti-inflammatory assay in RAW264.7 cell line exposed to LPS and (a) 10 pg/mL HPP extracts; (b) 25 pg/mL
HPP extracts; (c) 10 pg/mL ohmic extracts; (d) 25 pg/mL ohmic extracts. Black represents DMSO control; grey represents
DMSO+LPS control. The data have been derived from two independent assays and shown as box-and-whisker plots (5—
95 percentiles). Statistical differences compared to DMSO+LPS control are indicated by asterisks. Asterisks highlight

significant altered nitrite percentage content, indicating change in inflammation level (****=p-value < 0.0001; *** = p-value

<0.001; ** = p-value < 0.01; * = p-value < 0.05).
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Figure 20 - Cell viability MTT assay in RAW264.7 cell line of (a) pro-inflammatory assay with HPP extracts 25 pg/mL

exposure; (b) anti-inflammatory assay with HPP extracts 25 pg/mL exposure; (c) pro-inflammatory assay with ohmic

extracts 25 pg/mL exposure; (d) anti-inflammatory assay with ohmic extracts 25 pg/mL exposure. Black represents DMSO

control; grey represents DMSO+LPS control. The data have been derived from two independent assays and shown as

box-and-whisker plots (5-95 percentiles) as percentage considering 100% the DMSO control. Statistical differences

compared to DMSO+LPS control are indicated by asterisks (*** = p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05).
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As explained above in the materials and methods section, both inflammatory and
MTT cell viability assays had colorimetric properties, shown in Figure 21. Released
nitrites together with the Griess reagent formed a final red azo dye. A more yellowish
colour reflects a lower inflammatory state (Figure 2l1a) that was visible in pro-
inflammatory assay lines in the 96-well plate and also in some wells of the anti-
inflammatory assay in which cells were exposed to extracts that reduced inflammation,
like CS8, CS11, CS19 or CS22, for example. Moreover, MTT has a yellow colour in its
original form, whereas purple represents its conversion into formazan salts by living cells,

which reflects higher cell viability, verified for all extracts (Figure 21b).
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Figure 21 - Representative images of pro- and anti-inflammatory assay in a 96-well plate. (a)
Lines A, B, E and F with RAW264.7 cell line exposed to C. vulgaris extracts for pro-
inflammatory assay, and lines C, D, G and H exposed to C. vulgaris extracts and LPS for anti-

inflammatory assay (b) MTT cell viability assay.

4.3 In vivo screening of C. vulgaris extracts for anti-obesity activity

in zebrafish larvae

The anti-obesity assay in zebrafish showed more significant lipid reduction
activity for extracts with lower pressures or without any pressure for the HPP extracts
(Figure 22a). The extraction at 420 MPa, the highest pressure used, led to the absence
of activity in all extracts. In contrast, extracts with 48% ethanol (CSC4 and CSC17) and
acetone (CSC11 and CSC23) as a solvent without pressure, demonstrated significant
lipid reduction activity. Moreover, acetone extracts proved to be the most consistent.
Those extracted at 300 MPa and 100 MPa, CS22 and CS35, respectively, significantly
lowered the lipid content in the zebrafish larvae, (p-value < 0.0001). Thus, the use of
acetone revealed bioactivity, which, however, seemed affected by high pressure.
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These activity differences are shown by the fluorescence images of the zebrafish
exposed to HPP extracts (Figure 23). Fluorescence emitted by the Nile Red in the
zebrafish larvae exposed to CS22 (Figure 23f) and CSC4 (Figure 23h) was almost
imperceptible and very similar to the REV control (Figure 23d) used to inhibit lipid
production. In contrast, CS16 (Figure 23j), also extracted with 48% ethanol as a solvent
like CSC4, but at 300 MPa, showed a robust fluorescence emitted by the Nile red, almost
as the emitted in DMSO control (Figure 23b).

In contrast, the ohmic extracts did not show significant reducing activity in anti-
obesity assays with zebrafish larvae (Figure 22b). All extracts were evaluated for toxicity
by lethality or malformations in zebrafish larvae, which were not verified.

Anti-obesity assay
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Figure 22 - Anti-obesity assay in zebrafish larvae stained with Nile red and exposed to 10 pg/mL of (a) HPP extracts; (b)
ohmic extracts. Black represents DMSO control; grey represents REV control. The data have been derived from three
independent assays and shown as box-and-whisker plots (5—95 percentiles). Statistical differences compared to DMSO
control are indicated by asterisks. Asterisks highlight significant altered Nile red fluorescence percentage, indicating change
in lipid content (**** = p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05).
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Bright field Fluorescence

DMSO control

CSC4 CS22 REV control
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Figure 23 — Representative fluorescent images from the anti-obesity assay in zebrafish larvae exposed to 10 pg/mL of
HPP extracts and Nile red to stain the lipids. (a) bright field image of DMSO control; (b) fluorescent image of DMSO
control; (c) bright field image of REV control; (d) fluorescent image of REV control; (e) bright field image of CS22 exposure;
(f) fluorescent image of CS22 exposure; (g) bright field image of CSC4 exposure; (h) fluorescent image of CSC4
exposure; (i) bright field image of CS16 exposure; (j) fluorescent image of CS16 exposure. (f and h) represent extracts
with anti-obesogenic activity, able to decrease the fluorescence of the Nile red. (j) represents extracts without anti-

obesogenic activity, unable to reduce Nile red fluorescence.
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4.4 In vivo screening of C. vulgaris extracts for anti-diabetes

activity in zebrafish larvae

The anti-diabetic effects of the extracts were evaluated by exposing zebrafish

larvae to 10 pg/mL of extracts followed by fluorescent-tagged glucose probe 2-NBDG for
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Figure 24 - Anti-diabetes assay in zebrafish larvae exposed 10 pug/mL of (a and b) HPP extracts; (c and d) ohmic extracts.
(a and c) Represent 2-NBDG quantification in the eye; (b and d) represent 2-NBDG quantification in the yolk sac. Black
represents DMSO control; grey represents emodin control. The data have been derived from two independent assays
(n=8-10) and shown as box-and-whisker plots (5-95 percentiles). Statistical differences compared to DMSO control are
indicated by asterisks. Asterisks highlight significant altered 2-NBDG fluorescence percentage, indicating change in

glucose uptake (****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value < 0.01; * = p-value < 0.05).
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measurement of spatiotemporal glucose flux in the eye and yolk sac. HPP extractions
(Figure 24a and Figure 24b) revealed significant activity for water extracts CS1 (420
MPa) and CS13 (300 MPa), consistent in eye and yolk sac measurements. However,
such activity was not present in other pressure extractions with water or by water
extraction alone. Also, for acetone extracts CS11 (420 MPa), CS22 (300 MPa) and
CS35 (100 MPa) in the eye, an increased glucose uptake was observed, not present in
acetone extractions without pressure. The fluorescent images allowed to visualise that
the fluorescence emitted by 2-NBDG in CS22 (Figure 25f) and CS13 (Figure25h)
exposures was somewhere between the DMSO control (Figure 25b) and the positive
control emodin (Figure 25d), a compound known to increase glucose uptake. These two
extracts exhibited significant activities in both eye and yolk sac, contrary to Figure 22h,
that represented the non-active extracts in the anti-diabetes assay. The zebrafish
exposed to extracts with no anti-diabetic effects, like CS29, had a very low fluorescence
emission.

For ohmic extraction (Figure24c and Figure 24d), no significant results were
obtained.

The extracts were evaluated for toxicity by lethality or malformations in zebrafish

larvae, which were not verified.
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Figure 25 - Representative fluorescent images from the anti-diabetes assay in zebrafish larvae exposed to 10 pg/mL of
HPP extracts and fluorescent-tagged glucose probe 2-NBDG for measurement of glucose flux. (a) bright field image of
DMSO control; (b) fluorescent image of DMSO control; (c) bright field image of emodin control; (d) fluorescent image of
emodin control; (e) bright field image of CS22 exposure; (f) fluorescent image of CS22 exposure; (g) bright field image of
CS13 exposure; (h) fluorescent image of CS13 exposure; (i) bright field image of CS29 exposure; (j) fluorescent image
of CS29 exposure. (f and h) represent extracts with anti-diabetic activity, able to increase the fluorescence emitted by 2-
NBDG. (j) represents extracts without anti-diabetic activity, unable the fluorescence emitted by 2-NBDG.
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4.5 Metabolite profiling

The acetone extracts were chosen for the bioactivity-based molecular networking
of the LC-MS/MS data, based on their anti-steatosis activity. Those extracted at high
pressures (CS11, CS22 and CS35) showed a very significant lipid-lowering activity,
contrary to those extracted without pressure (CSC11 and CSC23), which did not
significantly reduce the lipid content of the cells, based on the quantitative imaging
approach on cells. The molecular network (Figure 26) enabled the visualization of the
metabolites present in each extract by different colours, their precursor mass, and
putative identifications. The comparison of metabolites in active or non-active extracts
identified 33 nodes in clusters, which were unique to active extracts. Only 2 of these 33
nodes had already an identification by the GNPS database. Further tools were used for
mass peak identifications, including the Dereplicator, the Dereplicator+ and the
MolNetEnhancer, all included in the GNPS platform. For the ones that remained
unidentified after the application of GNPS tools, another search was conducted in two
public mass spectrometry databases: NPA and DNP. All 12 putative identifications are

shown in Table 4.
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Figure 26 - Bioactivity-guided molecular network using LC-MS/MS and bioactivity data. The pie chart within the nodes
illustrates the distribution of each mass peak of the six chosen C. vulgaris extracts, with its corresponding colour: purple
represents CS11; green represents CS22; orange represents CS35; grey represents CSC11; black represents CSC23; and
precursor mass indicated in the middle. In addition, some GNPS identified compounds are shown on the clusters. The network
was an output of Cytoscape software.



FCUP
Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects
on obesity and associated comorbidities

68

[BAPORTO

FC FACULDADE DE CIENCIAS

UNIVERSIDADE DO PORTO

Table 4 - Putative identification of unique compounds in active extracts from anti-steatosis assay through GNPS tools,

DNP, and NPA. Identifications were based on the MS2 fragmentation on GNPS and on m/z values +/- 0.002 against the

databases DNP and NPA. Possible matches were only considered if the calculated mass error was lower than 5 ppm. 12

out of 33 compounds present in the active extracts in anti-steatosis had a putative identification in database. H, hydrogen;

ppm, parts per million.

. Acurate .
Percursor| Percursor Retentlon M- Calculation Cisas e SiEiEs D, Shared
mass | mass - H [time Mean of ppm picks
database
Organic acids and
441297 |440.28917 761.9892 | 440.288 | 1.2 N2-(15,16-Dihydroxy-9,12-octadecadienoylglutamine gderivaﬁves DNP
871.572 900.4600 | 871.572 Pheophytin A Tetrapyrroles and GNPS 11
derivatives
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4.6 Western blot

CS11 (420 MPa) and CS22 (300 MPa) with anti-steatosis activity were also
chosen for additional analysis. Western blots were performed in order to uncover some
mechanisms of action involved in the lipid reduction activity. For that, the expression of
already described proteins implicated in adipogenesis and fatty acid synthesis was
evaluated. C/EBPa (Figure 27a) and PRKA-B1(Figure 27c) showed lower expression
levels after exposure to extracts, but only C/EBPa expression in cells exposed to CS22
had a significant reduction (p-value < 0.05). The protein expression levels of PPAR-y
and ACACa (phosphorylated and non-phosphorylated) were not altered by the exposure
to selected extracts (Figure 27b, Figure 27e, Figure 27f, Figure 27h and Figure27i).
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Figure 27 — Images of western blot membranes and respective quantification of the bands normalised by B-actin
quantification. DMSO control, CS11 extract and CS22 extract samples were analysed in triplicates. (a) Western blot
membrane of C/EBPa and corresponding quantification; (b) western blot membrane of PPARy and corresponding
quantification; (c) western blot membrane of PRKA-B1 and corresponding quantification; (d) western blot membrane of
PRKA-B1 Phospho-Ser181 and corresponding quantification; (e) western blot membrane of ACACa and corresponding
quantification; (f) western blot membrane of ACACa Phospho-Ser80 and corresponding quantification; (g) Representative
image of B-actin western blot membrane used for loading control; (h) western blot quantification ratio between PRKA-31
Phospho-Ser181 and PRKA-B1; (i) western blot quantification ratio between ACACa Phospho-Ser80 and ACACa. The
quantification ratio is shown as column plots. Statistical differences compared to DMSO control are indicated by asterisks.

Asterisks highlight significant altered band intensity, indicating change protein expression (* = p-value < 0.05).
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5.Discussion

Obesity has reached extremely worrying proportions. Twenty-four years have
passed since its classification as a global epidemic by the World Health Organization,
and even so, to date, there are only three approved drugs against this disease in Europe
(Durrer Schutz et al., 2019). Thus, there has been a growing need to find new, safer and
more efficient alternatives to this problem, and as a result, natural products have been
discussed as potential targets for new therapies that can fill this gap (Arya et al., 2020).
With the marine environment being the largest on the planet and a proven source of
incredible biodiversity, attention has been turned to it. In fact, several marine species
have already been described for their effect against obesity (Oliveira et al., 2018; Pan et
al., 2018; Costa et al., 2019; Freitas et al., 2019; Hernandez-Lepe et al., 2019; Kang et
al., 2019). However, it is important to realize that one of the major setbacks in exploiting
the natural compounds is their limitation to be chemically synthesized due to their
structural complexity. Also, the majority of marine species are potentially unsustainable
to cultivation due to being too expensive, too time-consuming to optimize, or lacking an
environmentally sustainable procedure (Molinski et al., 2008). Furthermore, if the
biomass is the subject of study to be consumed or applied in experimental stages in
human trials for drug approval, it must be recognised and approved as subject to Novel
Food Regulation in Europe or GRAS by the US FDA (Garcia et al., 2017). Remarkably,
the microalgae chosen for the present work, C. vulgaris, has all the characteristics to
address these limitations. It is one of the best-established microalgae in the market,
being produced hetero, auto or mixotrophically on industrial scales by several companies
worldwide for many years (Sharma et al., 2012; Borowitzka, 2018a). Additionally, its
biomass is also approved by law for human consumption due to its long history of safe
use (Garcia et al., 2017).

Taking this into account, the critical point for taking advantage of these inherent
attributes of C. vulgaris is to find the best extraction conditions to obtain the valuable
compounds produced since they are primarily stored intracellularly. Many extraction
methods are suitable for obtaining microalgae compounds, and nowadays, traditional
ones, such as extraction in Soxhlet apparatus, boiling, and distilling, have been outdated
by novel technologies. Among these novel technologies are the ones studied in this work,
the HPP extraction (Shougin et al., 2004) and the ohmic extraction (Hasizah et al., 2018).
By comparison with the older ones, these technologies allow a lower energy

consumption along with shorter operation time because of the increased efficiency by
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enhancing mass transfer rates, metabolite diffusion and cell permeability, thus creating
a greener extraction method. These characteristics make it possible to scale the
extraction to an industrial level because they contribute to higher extraction yields and
fewer impurities on the final extract, along with the protection of degradation of more
sensitive structures of compounds (Chemat et al., 2012; Michalak and Chojnacka, 2014,
AE et al.,, 2016; Moreira et al.,, 2019). Specifically, ohmic extraction has as main
advantages uniform heating, high energy efficiency (>90%), and low mechanical stress
for biomass (Knirsch et al., 2010; Rodrigues et al., 2019), while HPP is characterized by
higher extraction yield, lower extraction time and lower energy consumption (Jun, 2013;
Chemat et al., 2020). However, in terms of drug industry applicability, the extraction
methodology is more than just the yield or the efficiency obtained. It is essential to find
the variables in the extraction procedure that allow extracting the most active compounds
against the target in study. For instance, in HPP extraction, excessively high pressure
may lead to disruption of the molecules, but, on the other hand, too low pressure may
not be enough to extract them. And this logic is applicable for all variables in play,
whether time, pressure, solvent, frequency, or temperature.

In this work, a screening approach was performed with 20 HPP extracts and 6
ohmic extracts, all obtained by project partners applying different extraction conditions.
The screening was performed using diverse in vivo and in vitro models to detect the
bioactivities of these extracts related to obesity and its comorbidities in order to discover

the most suitable combination of extraction conditions.

The anti-steatosis assay was based on the importance of the liver in fatty acid
metabolism. In obese patients, states of NAFLD are frequently observed (Polyzos et al.,
2019), namely the less severe, which is steatosis. The applied model with HepG2 cells
was already described in the literature (Gémez-Lechdn et al., 2007; Cui et al., 2010),
and some studies had used it successfully to demonstrate the effects of marine products
against this disease. Zheng et al., 2018 used a synthetic agonist of a nuclear receptor
that plays a vital role in hepatic de novo lipogenesis to stimulate an aggravated new
synthesis and accumulation of triglycerides in HepG2 cells to investigate the influence of
siphonaxanthin, a rare marine carotenoid, on hepatic lipogenesis. The aim was to
investigate the potential of the natural products to prevent fat accumulation in the HepG2
cells, in other words, the potential to prevent hepatic steatosis and, consequently, more
complex stages of NAFLD. As described in the literature, to determine the lipid content

in the cells, the fluorescence emitted by the Nile red dye can be quantified, as it stains
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neutral lipids. Yet, this quantification needed to be optimized. As cells grow
heterogeneously distributed in the wells, a single measurement in the centre of the well
ends up giving a somewhat random result, since it may be a point that is not
representative of the well. Therefore, a technology that covered more than a single
specific centred point was needed. A procedure named area scan enabled fluorescence
measurement at multiple points in the well, allowing the coverage of a wider area. The
area scan granted a less arbitrary fluorescence quantification, as the final results of each
well became an average of multiple measurements. In the third approach, the
fluorescence quantification in the procedure was replaced for a cell-by-cell direct
measurement. Automated imaging in 96-well plates enabled to accurately identify the
cells through image processing and quantify the lipid droplets in each cell per well. As a
result, the total number of measurements obtained in each well increased enormously
from point fluorescence to imaging. Therefore, a higher value of measurements in each
well inevitably led to an increased precision in quantifications, because uncertainty
decreased while the confidence in the estimate increased (Grimmett and Stirzaker,
2001).

From a more general observation of the plots, it is important to highlight that data
obtained from point fluorescent had a higher dispersion, shown by a more considerable
interquartile range and a consequent higher standard deviation, indicative of the data
variation obtained between the three technical replicas (wells) of each assay. In contrast,
the data obtained from the area scan shown precisely the opposite, lower data
dispersion, with a smaller standard deviation. This is in line with what was explained
above. As the total number of measurements increases in each well, so does precision
of quantification and confidence, leading to a box-and-whisker plot with lower variability
outside the upper and lower quartiles and smaller interquartile ranges. The observation
of the data from the imaging process and its variability is a little more arduous to analyse.
Hundreds of cells were evaluated with an enormous range of biological complexity.
However, the extent of analysis per well is limited compared to the area scan, and some
of the observed variation will come from this fact. Future works may evaluate the number
of images per well to optimize the possible results and reduce variability.

Hence, the area scan and imaging seemed to be the two most adjusted
guantification methodologies for this assay. Therefore, when deciding on the most
promising extracts, area scan and imaging should be the ones to be taking into most
consideration. However, choosing among these two quantification methodologies has

more to be considered than only confidence and dispersion of the results. While imaging
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allows for a more detailed cell-by-cell result and more options to investigate the assay
output, it is also a much more time-consuming method to obtain results, which requires
one hour to read an entire 96-well plate and more effort after to analyse and process the
images so that the software recognises the object of study. Thus, both methodologies
seemed to be validated in terms of quality, each having its own advantages and
disadvantages that must be considered when opting for one of them to carry out the anti-
steatosis assay. This issue did not seem to have been raised yet in the existing literature,
and this fluorescence measurements optimization may consist of a new approach to this

in vitro anti-steatosis assay.

By observing the results of those two methodologies, area scan and imaging, for
the highest exposure concentration at 25 pg/mL, the HPP extracts extracted by acetone
with pressure, CS11, CS22 and CS35, showed a strong inhibitory effect of excessive
lipid accumulation on the HepG2 cell line. Furthermore, in the area scan, a correlation
was even observed between the activity of the extracts and the pressure applied in the
extraction, meaning that the higher the pressure applied, the more the extracts were able
to decrease the lipid content of HepG2 cells with induced steatosis. Although this
correlation pattern was not as evident in the imaging, there was still significant activity
verified in the extracts extracted with pressure but not in the controls without it, indicating
that some pressure was indeed necessary to extract the active compounds. In our work,
the same procedure described in Costa et al., 2019 study was used, in which the model
of HepG2 exposed to sodium oleate was applied to induce steatosis in the cells. Among
the 263 analysed fractions obtained from 46 cyanobacterial strains, they found, through
this model, 17 with promising lipid lowering activity a concentration of 10 pg/ml.

Furthermore, some effective natural products were described against NAFLD.
For example, 1500 mg of cinnamon in capsules were given to 25 patients with NAFLD
for 12 weeks, along with advice on implementing a balanced diet and physical activity.
This ingestion decreased insulin resistance index, fasting blood glucose, total
cholesteral, triglycerides, and abnormal liver enzymes profiles, compared to the placebo
(n=25) group, showing that cinnamon supplementation can be an adjuvant therapeutic
option for NAFLD (Askari et al., 2014). Another similar short-term supplementation with
1000 mg of curcumin to diagnosed NAFLD patients was performed for 8 weeks, along
with the lifestyle and dietary advice. In this study, ultrasonographic findings revealed a
75% improvement in curcumin supplementation patients. The hepatic transaminase

levels were also significantly reduced at the end of the trial, compared to the control
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group (Panahi et al., 2017). Additionally, a 12-week supplement of 320 mg of purified
anthocyanin extracted from Vaccinium myrtillus and Ribesnigrum improved indicators of
liver injury and clinical evolution in NAFLD patients. The evaluated biomarkers, alanine
aminotransferase, cytokeratin-18 M30 fragment, and myeloperoxidase, exhibited
significant decreases in the anthocyanin supplementation group compared to the control,
linked it to the improvement of NAFLD characteristics (Zhang et al., 2015). Another study
with natural products that revealed significant decreases in hepatic aminotransferase
levels in patients with NAFLD was a 12-week 500 mg green tea extract supplementation
(Pezeshki et al., 2015).

The microalgae C. vulgaris was also the subject of these kinds of trials in patients
with NAFLD. In three similar studies carried out over 2-3 months, patients received 1 g
supplementation of the microalgae in one study (Chitsaz et al., 2016) and 1.2 mg in the
other two (Panahi et al., 2012; Ebrahimi-Mameghani et al., 2014). Among these three
trials, two measurements significantly decreased in patients who received
supplementation with C. vulgaris, the enzyme alanine aminotransferase present in the
liver, a biochemical marker of liver injury, and the serum triglyceride levels. In
complement to supplementation trials with Chlorella biomass, in vitro assays can help to
identify the responsible compounds for such bioactivities or molecular modes of action.
This is particularly true nowadays, where human in vitro models have been developed,
and coculture models (Barbero-Becerra et al., 2015) and 3D models (Kozyra et al., 2018)
are already described. Moreover, other microalgae species are not recognised and
accepted for human consumption and therefore cannot be subjected to human trials.
That is the main reason why many microalgae studies have only been published in
animal models (Kumar et al., 2015; Mayer et al., 2021). Nevertheless, it was possible to
infer that the clinical trials and the in vitro anti-steatosis assays carried out in this study,
point to the fact that the microalgae C. vulgaris seems to have a lipid-lowering effect that
can be an effective treatment in NAFLD. Even more, the established optimisation in the
fluorescent quantification of the anti-steatosis HepG2 cell line model was a useful starting

point for supporting in vitro models to study the potential of a variety of marine species.

In the anti-obesity assay, the ability of extracts to reduce the neutral lipid content
was assessed. The lipid-lowering activity was also observed in the exposure to acetone
extracts of HPP extraction. The CS22 and CS35 extracts even showed significant
reductions in both assays. The main difference was that in the anti-steatosis assay, the

higher extraction pressure increased the activity, while in zebrafish assay the pressure
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was not essential. In fact, acetone controls were equally efficient in lipid-lowering activity
and the high pressure eliminated the bioactivity, probably by degrading the responsible
metabolites.

This fat metabolism assay with zebrafish larvae was initially described by Jones
et al., 2008 and had already been successfully applied in the past in studies carried out
with cyanobacterial fractions (Costa et al., 2019) and with known and novel chlorophyll
derivatives isolated from Nodosilinea sp. and Cyanobium sp. with anti-obesity activity
(Freitas et al., 2019). As for the effect of C. vulgaris on lipid metabolism, 6-week-old male
Wistar rats were fed with normal diets supplemented with 0, 5 or 10% C. vulgaris, and
high-fat diets, also with 0, 5 or 10% C. vulgaris supplementation, in its powder form (Lee
et al., 2008). After 9 weeks, serum total lipids and liver triglycerides concentration in 5
and 10% supplemented groups were significantly lower than in the 0% high fat diet
group. In addition, a significantly higher total faecal lipid, triglycerides, and total
cholesterol excretions were also verified in 5% and 10% C. vulgaris groups compared to
0% in normal and high fat diet groups. Thus, the authors concluded that C. vulgaris
effectively prevented high fat levels in the body, probably due to modulation of lipid
metabolism and increased faecal excretion of lipid. However, responsible compounds

were not described yet.

Obesity is usually regarded as a chronic inflammation, an inflammatory state that
lasts for a long time, characterized by the existence of macrophages and by the secretion
of inflammatory cytokines, usually from the adipose tissue (Stepien et al., 2014). This
state, in turn, is thought to lead to the development of other comorbidities such as T2DM
(Saltiel and Olefsky, 2017). Moreover, it is essential to assess the ability of the extracts
to reduce inflammation since it is a known state in obese individuals, which has
tremendous implications in the development of the disease.

In our results, all extracts with ethanol 96% and acetone had anti-inflammatory
activity, regardless of the applied pressure in HPP. In concordance, the anti-inflammatory
effect of C. vulgaris was already described in the same model of LPS-induced
inflammation in RAW?264.7 cells with C. vulgaris fractions from an extraction made by
ultrasounds with 80% ethanol (Sibi and Rabina, 2016). In that study, the anti-
inflammatory activity was confirmed by the decrease of nitric acid production and
adipokines like PGE2, TNF-a and IL-6.

Another study, performed with lipid extracts, extracted by homogenizing the

biomass with dichloromethane: methanol 2: 1 (v/v), from auto and heterotrophic C.
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vulgaris, showed 85% and 86% anti-inflammatory effects, respectively, by
cyclooxygenase 2 inhibitory screening assay (Couto et al., 2021). However, these results
were obtained with a 200x higher exposure concentration (5000 ug/ml) than the highest
concentration used in the present work (25 pg/ml). Even so, the results obtained by HPP
extracts with 96% ethanol and acetone showed anti-inflammatory effects of that order.

Additionally, and since C. vulgaris is approved for human consumption, another
study investigated a beneficial immunostimulatory effect of this microalgae on healthy
people. The subjects consumed 5 g of C. vulgaris (97% purity) for 8 weeks, which led to
an increment of the activity of natural killer cells and the production of cytokines (Kwak
et al., 2012). Thus, C. vulgaris appears to have an important and quite significant anti-
inflammatory effect, but also a very interesting immunostimulatory effect.

Although the compounds responsible for these activities have not yet been
identified in C. vulgaris, a study in Chlorella ellipsoidea using the same model with
RAW764.7 LPS-stimulated showed that its major carotenoid, violaxanthin, had anti-
inflammatory activity (Soontornchaiboon et al., 2012). Violaxanthin considerably inhibited
the NO production in a dose-dependent way, with its maximum effect at 60 uM exposure.
The other inflammatory mediator measured was prostaglandin E2, which was also
significantly inhibited, with the higher effect observed at 60 uM exposure. The purified
violaxanthin mechanism of action was assessed by quantitative real-time polymerase
chain reaction, western blot, and electrophoretic-mobility shift assay. The authors
suggested that violaxanthin activity may be based on inhibition of the NF-kB pathways.
As this microalgae belongs to the same genus as C. vulgaris, this may be a mechanism

of action shared by both, however further studies will be needed to demonstrate it.

T2DM is a disease characterized by the inability of tissues to capture glucose by
entering a state of insulin resistance (Xu et al., 2003). Thus, the discovery of compounds
capable of increasing glucose uptake is highly relevant to fight this comorbidity of obesity.
The model developed in zebrafish by Lee et al., 2013 was used in this project to study
the glucose flux, and it only required zebrafish larvae with 3 days of development after
fertilization. In addition to the low growth time, another advantage arises from this model.
Since the number of eggs produced by this species is very high, it is possible to screen
many compounds or extracts for each reproduction performed.

Accordingly, the anti-diabetes assay was based on the fluorescent quantification
of 2-NBDG, a fluorescent-tagged glucose probe with GLUTs as substrates, thus

illustrating the glucose uptake. The quantification was performed in both eye and yolk
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sac, as its expression at this stage of larval development has already been described
(Tseng et al., 2009). Exposure of zebrafish larvae to 10 pg/mL of the HPP extracts led
to a significant increase in glucose uptake exhibited in the higher pressure acetone
extracts exposure, CS11 (420 MPa), CS22 (300 MPa) and CS35 (100 MPa), although
the CS22 was the only one that demonstrated significant activity in both eye and yolk
sac quantification. This activity associated with the extraction combination of high
pressure and acetone as solvent was also verified in the anti-Ssteatosis assay.
Surprisingly, extracts extracted with water at higher pressures showed their only
promising activity in this assay, which was confirmed in both eye and yolk sac
guantifications. The potential of C. vulgaris to prevent insulin resistance had already
been demonstrated in high-fat diet obese mice (Vecina et al., 2014). This was assessed
by the increased glucose and insulin tolerance, verified by the improved insulin signalling
pathway at its main target tissues, liver, skeletal muscle and adipose tissue. Previously
to this study, Kim and Lee, 2009 reported the differences observed between Wistar rats
with normal diets and high-fat diets, both with 0, 5 or 10% supplementation with C.
vulgaris biomass for 9 weeks. They assessed that serum leptin concentration, a protein
associated with insulin resistance, was significantly lower in rats fed with both normal
and high-fat diets supplemented with 10% C. vulgaris than with the non-supplemented
normal and high-fat diet. Additionally, the fasting glucose concentration and homeostasis
model assessment of insulin resistance were also significantly lower in a high-fat diet
group supplemented with 10% C. vulgaris compared to the non-supplemented high-fat
diet group. Interestingly, a significantly higher expression of the glutamate transporter 4
protein was also observed between those two groups, which may explain the mechanism
of action of C. vulgaris in the prevention of insulin resistance. Furthermore, the GLUT4
translocation was also shown to be altered in another study where the effects of the
combination of Chlorella intake and aerobic exercise training in type 2 diabetic rats were
evaluated (Horii et al., 2019). Although the species of Chlorella was not discriminated, a
0.5% intake in normal diet combined with aerobic exercise training significantly
decreased fasting blood glucose, insulin levels and increased the insulin sensitivity
index. They suggested that, as the molecular mechanism of Chlorella intake-induced
activation of muscle protein kinase B and GLUT4 signalling may be similar to aerobic
exercise training, the combination of both could activate muscle phosphatidylinositol-3
kinase, protein kinase B, and GLUT4 signalling, leading to further improvement in

glycemic control.
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In general, the bioactivities shown in these four assays had already been
associated with the consumption of C. vulgaris. Nevertheless, the studies were carried
out by supplementation of the diet with its biomass. To the best of our knowledge, this
work is the first to investigate the impact of methodologies of extraction towards obesity
and associated comorbidities and to putatively identify those compounds. The bioactivity
exhibited by the acetone extracts on anti-steatosis activity was chosen to create the
molecular networking of the LC-MS/MS data.

This first approach compared the metabolite profile of CS11, CS22 and CS35
(active extracts) against CSC11 and CSC23 (non-active extracts), based on the anti-
steatosis assay at 25ug/mL exposure measured by imaging. The comparison between
these two groups should reveal the unique metabolites, meaning the compounds that
were only present in the active extracts. A bioinformatics approach, using GNPS for the
creation of the networks, and dereplication in mass spectrometry databases, should lead
to some putative identification of such unique compounds. Among these, it was possible
to highlight N?2-(15,16-Dihydroxy-9,12-octadecadienoyl)glutamine, a glutamine
derivative, which was only present in CS11 extract. Glutamine levels in human adipose
tissue had previously been inversely correlated with fat mass and inflammation (Petrus
et al., 2020). Additionally, an altered expression of glutamine-metabolizing genes in
adipose tissue was verified in obesity. This recent study also concluded that glutamine
levels appear to be proof of the link between obesity and inflammation. Furthermore,
another study proved that oral glutamine supplementation in Wistar rats on a high-fat
diet caused them to gain much less weight than those fed a high-fat diet without
supplementation, and in obese humans caused a reduced waist circumference (Abboud
et al., 2019).

As for the compound pheophytin a, a mixture of pheophytin a and b extracted
from Allophylus cominia Sw. decreased the lipid accumulation in 3T3-L1 when added
from the first day of the initiation of the adipocyte differentiation process (Semaan et al.,
2018).

These two putatively identified compounds seem to be related by knowledge from
the scientific literature to the decrease of some characteristics of obesity. Even so, all
identifications must be rigorously reviewed against the existing literature, and future work
needs to be developed with these isolated compounds to confirm their identifications
(e.g., comparison of MS/MS fragments). For the other 19 peaks that did not have a match
in mass spec databases, it could mean that they may represent novel compounds. This

result was in accordance with previous studies, where promising effects of extracts or
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fractions were observed on intestinal lipid absorption by cyanobacteria (Bellver et al.,
2021), on the reduction of lipids by seagrass (Mabrouk et al., 2020), by cyanobacteria
(Costa et al., 2019) or by actinobacteria (Santos et al., 2019), where the responsible

metabolites await their identification in future works.

As for a more detailed analysis of the mechanisms of action of CS11 and CS22,
a major change in protein expression was observed for C/EBPa of HepG2 fat overloaded
cells exposed to CS22 extract. C/EBPa and the PPAR-y are the transcription factors
responsible for the differentiation of preadipocytes into mature adipocytes (Tariq et al.,
2013). Although these exert a positive feedback mechanism in each other, it was
demonstrated that in wild-type C/EBPa and in C/EBPa null mutant cells, the ectopic
expression of PPAR-y was sufficient to activate the genetic machinery involved in
adipogenesis. However, it was found that the C/EBPa (-/-) cells expressed lower
amounts of fatty acid synthase, adipsin, and genes involved in adipogenesis than the
C/EBPa (+/+) cells. Additionally, the C/EBPa (-/-) cells accumulated smaller lipid droplets
within the cytoplasm (Wu et al., 1999). These findings are, in fact, in agreement with the
results obtained. Here, a decrease in the expression of C/EBPa in cells exposed to CS22
and CS11 extract was observed, which may imply that the compounds present in these
extracts have the C/EBPa regulation as a target, that might have consequences on the
amount of lipid droplets accumulated in the cytoplasm of the HepG2 cell. Moreover, the
importance of the C/EBPa transcription factor is notorious since it also has a crucial role
in regulating human fat mass and obesity-associated gene, also known as FTO Alpha-
Ketoglutarate Dependent Dioxygenase. This FTO gene has a proven contribution to
human obesity (Dina et al., 2007; Church et al., 2009; Fischer et al., 2009), and it has
been suggested that C/EBPa works as its positive regulator, binding to the FTO
promoter, activating the gene transcription (Ren et al., 2014). Even more interesting, this
so-called obesity gene was also described in mice, and C/EBPa is responsible for its

transcriptional activation as well (Hwang et al., 1996).

These findings all together constitute a new perspective on the study of the
microalgae C. vulgaris for its application in the research of new compounds for the
pharmaceutical industry, as well as for its targeted extraction to obtain biomass

applicable in several areas of nutraceuticals.



[BAPORTO

FCUP | 81

Evaluation of the microalgae Chlorella vulgaris for their potential beneficial effects

F FACULDADE DE CIENCIAS on obesity and associated comorbidities

UNIVERSIDADE DO PORTO

6.Conclusions

20 HPP extracts and 6 ohmic extracts from heterotrophic grown C. vulgaris were
screened through in vitro and in vivo bioassays to assess their potential against obesity
and associated comorbidities. From the results acquired by the four bioassays
performed, it was possible to infer that HPP extraction was more suitable to obtain active
compounds against these diseases than ohmic extraction. HPP extracts with acetone as
solvent revealed significant activities in all four bioassays. In the anti-steatosis assay, the
combination with pressure was necessary to reveal the activity in the extracts, and the
best results were achieved with 420 and 300 MPa. In contrast, acetone extracts that had
lipid reducing effects in the anti-obesity assay, pressure was not essential, and
eliminated bioactivity in the highest pressure group of 420 MPa. In the anti-diabetes
assay, acetone extracts with pressure processing increased glucose uptake, as well as
agueous extracts with high pressure. Concerning the anti-inflammatory assay, all
acetone and ethanol 96% extracts showed an almost total reduction of inflammation,
independent of the high pressure processing.

The active acetone extracts (CS11, CS22 and CS35) were compared to non-
active acetone extracts (CSC11 and CSC23) by molecular networking of the LC-MS/MS
data and revealed the presence of 33 nodes that were unique to active extracts on the
anti-steatosis assay. Among them, two putatively identified compounds had already
some reported characteristics associated with obesity, the N?-(15,16-Dihydroxy-9,12-
octadecadienoyl)glutamine and the pheophytin a. Additionally, 19 non-identified mass
peaks may also be responsible for the observed bioactivities and could represent novel
molecules.

The involvement of known protein targets for the CS22 extract activity was
uncovered by the western blot technique. The expression level of C/EBPa, one of the
transcription factors responsible for the differentiation of preadipocytes into mature
adipocytes, was significantly lower in cells exposed to CS22.

All these findings allowed us to unveil the enormous potential of C. vulgaris grown
under heterotrophic conditions to fight the obesity epidemic. Future work should be
developed in order to understand the mechanisms of action of all the extracts that
showed promising effects, as well as the isolation and identification of the compounds

behind that activity.
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8. Supplementary data
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Supplementary Figure 1 - HepG2 cell viability for anti-steatosis assay assessed by (a and c) HO-33342 fluorescence
reading and (b and d) SRB method. (a and b) Refer to 10 ug/mL exposure to HPP extracts; (c and d) refer to 10 pg/mL
exposure to ohmic extracts. Dark grey represents DMSO+MeOH control; black represents DMSO control; light grey
represents DMSO+SO control. The data have been derived from two independent assays and shown as box-and-
whisker plots (5-95 percentiles) as percentage considering 100% the DMSO+SO control. Statistical differences

compared to DMSO+SO control are indicated by asterisks (** = p-value < 0.01; * = p-value < 0.05).
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Supplementary Figure 2 - Cell viability MTT assay in RAW264.7 cell line of (a) pro-inflammatory assay with HPP extracts
10 pg/mL exposure; (b) anti-inflammatory assay with HPP extracts 10 pg/mL exposure; (c) pro-inflammatory assay with
ohmic extracts 10 pg/mL exposure; (d) anti-inflammatory assay with ohmic extracts 10 pg/mL exposure. Black represents
DMSO control; grey represents DMSO+LPS control. The data have been derived from two independent assays and shown
as box-and-whisker plots (5-95 percentiles) as percentage considering 100% the DMSO control. Statistical differences
compared to DMSO+LPS control are indicated by asterisks (****=p-value < 0.0001; *** = p-value < 0.001; ** = p-value <
0.01; * = p-value < 0.05).
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