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A B S T R A C T

Lipid-related disorders, including lipid accumulation into adipose tissue, obesity, insulin resistance, as well as 
fatty liver disease share oxidative stress as one of the key pathways involved. Antioxidant molecules obtained 
from natural sources can be used to encounter consumers’ concerns about chemically synthesized ones. It is well 
established that microalgae are a reliable source of a wide variety of environmentally friendly and safe anti
oxidant molecules. In particular, Porphyridium cruentum has been studied as an abundant source of phycoerythrin 
and sulfated exopolysaccharides, both endowed with a potent antioxidant activity. Here, for the first time, 
phycoerythrin and sulfated exopolysaccharides were explored for their ability to interfere with 3T3-L1 adipo
cytes differentiation, affect de novo lipogenesis and enhance lipolysis in mature adipocytes, as well as to coun
teract lipid storage in AML12 hepatocytes, used as a hepatic steatosis model. The isolated antioxidant molecules 
affected pre-adipocytes differentiation inhibiting the master regulator of adipogenesis and genes involved in 
adipocyte maturation. In the hepatic steatosis model, sulfated exopolysaccharides were able to inhibit de novo 
lipogenesis whereas phycoerythrin showed a pro-fat effect. This study highlights that counteracting the oxidative 
stress is a necessary although not sufficient condition to counteract all lipid-related disorders.

1. Introduction

Oxidative stress is defined as an imbalance between reactive oxygen 
species (ROS) production and their clearance, resulting in cellular 
damage and metabolic alteration [1]. As highly reactive molecules, ROS 
can damage cellular macromolecules, altering their functions and pro
moting the insurgence of diseases of different nature and severity [2–4]. 
Oxidative stress, inflammation and obesity onset are strongly related 
[5], as oxidative stress can enhance pre-adipocyte proliferation, adipo
cyte differentiation and growth, as well as lipid storage in the liver [6]. 
Indeed, oxidative stress alters mitochondrial activity and inflammation 
mediators, both responsible for promoting lipogenesis and stimulating 
pre-adipocytes differentiation into mature adipocytes, responsible for 
the adipogenic processes [7,8]. The antioxidant pathways modulate also 
non-alcoholic fatty liver disease (NAFLD), a term referred to a wide 
range of chronic liver diseases, phenotypically indistinguishable from 

alcoholic hepatitis but that occurs independently from ethanol con
sumption [6,9–11]. Even if the real pathogenesis of NAFLD is still not 
identified, it is clear that the build-up of fat in the liver, as well as 
oxidative stress, play a crucial role in hepatic dysfunction. Currently, 
NAFLD treatments include diet, physical exercise, and medication, but 
no specific treatments have been found so far [12].

In this scenario, natural antioxidants could offer promising ways to 
prevent lipid metabolism-related diseases by mitigating oxidative stress 
and inflammation [13–15]. Microalgae are photosynthetic microor
ganisms, able to live in different environments, producing many 
bioactive molecules, such as polyunsaturated fatty acids (PUFAs), pig
ments (chlorophylls, carotenoids and phycobiliproteins), carbohydrates, 
and proteins. Many of these molecules show antioxidant, anticancer, 
antibacterial, antiviral, and antifungal activity [61]. In particular, a 
peculiar photosynthetic light-harvesting antenna complex, the phyco
bilisome, is present in Cyanobacteria (blue-green algae), Rhodophyta (red 
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algae), Cryptophytes and Glaucophytes [16,17]. The phycobilisome is 
composed by different phycobiliproteins, mainly represented by 
phycocyanin and phycoerythrin. Each phycobiliprotein is a chimera 
between a protein and a phycobilin [18]. Phycoerythrin (PE) in partic
ular, is a high-value bioactive metabolite, largely used as a molecular 
marker thanks to its brilliant red color, but also in the cosmetics and food 
industry as a dye (e.g. for lipsticks, eyeliners, eye shadows, ice cream, 
candies) [19,20]. Phycoerythrin’s ability to act as an anti-inflammatory 
molecule, as a preventive antioxidant agent, and to chelate metal ions 
responsible for the production of ROS, depicts it as the perfect candidate 
for therapeutic applications in oxidative stress-related diseases [21]. 
However, only few microalgae strains belonging to Porphyridiophyaceae 
class are able to synthesize high PE levels [22].

Besides PE, polysaccharides (PSs), represent up to 50 % of total algal 
biomass dry weight and serve as storage and/or structural compounds 
within algal cells [23]. In particular, sulfated polysaccharides (s-PSs) are 
well known for their primary antioxidant activity [24]. Given their 
structure and bioactivity, s-PSs may be used in the production of cos
metics, pharmaceuticals, and high-nutritional food additives. In partic
ular, their antioxidant activity can be exploited for cosmetic or skin-care 
products as anti-aging and wrinkle-removing compounds [25]. It has 
been reported that PSs from microalgae, in particular from Chlorella 
pyrenoidosa and Spirulina platensis, are able to reduce fat accumulation 
by modulating fat deposition in the liver and epididymal white adipose 
tissues of obese mice [26]. Among microalgae, the red marine mesophile 
microalga Porphyridium cruentum is an interesting candidate for the 
extraction of high-value antioxidants. Indeed, P. cruentum is a well- 
known PE and sulfated exopolysaccharides (s-EPSs) producer, with the 
latter being released in the culture medium during cell growth.

In our previous papers, the set-up of P. cruentum cultivation and a 
biorefinery process for the extraction of proteins, s-EPSs, carotenoids 
and lipids has been reported, along with a deep chemical and biological 
characterization of PE and s-EPSs [27,28]. PE was isolated following a 
green approach to obtain the protein with an analytical purity grade (≥
4), which allowed to resolve its crystallographic structure [27]. s-EPSs, 
isolated from the exhausted culture medium, were chemically charac
terized by GC–MS chromatography which revealed the presence of 
xylose, galactose, glucose and by elemental analysis, which showed a 7 
% of sulfur content, a value commonly found in s-EPSs biologically 
active [27]. Both molecules exerted a strong antioxidant activity on cell- 
based models, inhibiting ROS production, preventing GSH depletion and 
blocking lipid peroxidation [28]. Starting from the antioxidant activity 
of PE and s-EPSs, here, for the first time, these molecules were used to 
study their ability to counteract adipocytes differentiation, to affect lipid 
metabolism in mature 3T3-L1 adipocytes, as well as to prevent hepatic 
steatosis in AML12 cell-based model.

2. Materials and methods

2.1. Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA), unless differently indicated.

2.2. Microalgae cultivation and bioactive molecules extraction

Porphyridium cruentum (CCALA 415) was purchased from the Culture 
Collection of Autotrophic Organism (CCALA, Centre for Phycology, 
Institute of Botany of the AS CR, Dukelská 135, TŘEBOŇ CZ-379 82, 
Czech Republic) and grown in closed systems with constant light (13 ± 1 
PAR [(μmolphotons/m2)/s]) and temperature (25 ± 1 ◦C) as previously 
reported [27]. At the end of cell growth, P. cruentum culture was har
vested by centrifugation (30 min, 1200 g, room temperature) to separate 
the culture medium from the wet biomass. Phycoerythrin (PE) was 
extracted from the wet biomass, whereas s-EPSs were recovered from 
the medium as previously reported [27]. Briefly, the equivalent of 200 

mg dry weight biomass, were washed two times in double distilled H2O, 
resuspended in 20 mL of PBS 50 mM pH 7.4, and sonicated for 20 min 
(30″ on, 30″ off) on ice at 40 % amplitude of the instrument (Bandelin 
Sonoplus HD 3200, MS73 tip). Then, Phycoerythrin was isolated by a 
single step size-exclusion chromatography, performed by using a 
Sephadex G-75 equilibrated in PBS 50 mM pH 7.4, and PE purity grade 
was measured using the Abs562nm/Abs280nm ratio. s-EPSs were isolated 
by ethanol precipitation (1:2 medium:ethanol v/v), recovered by 
centrifugation (12000 g, 30 min, 4 ◦C), and lyophilized.

2.3. Cell culture and biocompatibility evaluation

Murine pre-adipocytes (3T3-L1) and mouse hepatocyte (AML12) cell 
lines were purchased from ATCC (Manassas, VA, USA). 3T3-L1 were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO, BRL 
Life Technologies, Grand Island, NY), supplemented with 10 % fetal 
bovine serum, 2 mM L-glutamine, and antibiotics, whereas AML12 were 
grown in DMEM/HAM’s F12 Glutamax (GIBCO, BRL Life Technologies, 
Grand Island, NY) medium supplemented with 10 % fetal bovine serum, 
5 μg/mL transferrin, 5 ng/mL selenium, 5 μg/mL insulin, 40 ng/mL 
dexamethasone and antibiotics. Both cell lines were cultured at 37 ◦C in 
a 5 % CO2 humidified atmosphere. The biocompatibility of PE and s- 
EPSs on 3T3-L1 was evaluated by the MTT assay. Cells were seeded in a 
96-well plate at a density of 3 × 103 cell/well and incubated with 
increasing concentrations of s-EPSs (0.5–50 μg/mL) and PE (0.01–20 
nM). After 24 and 48 h incubation, cell viability was assessed by the 
MTT assay [29]. Cell survival was expressed as the percentage of viable 
cells in the presence of the molecules compared to control cells (i.e., cells 
grown in DMEM in the absence of any molecule).

2.4. Experimental cell system

3T3-L1 preadipocytes were differentiated into their adipocyte 
phenotype as previously reported [30] and incubated with different 
concentrations of PE or s-EPSs at every step of differentiation, until day 
8. As for the AML12, cells were seeded in 6-well plates at 2 × 105 cells/ 
well concentration and incubated with Palmitic Acid (PA) to induce 
triglyceride accumulation mimicking an in vitro steatosis model as re
ported by González-Arceo and colleagues [31]. After 72 h from seeding, 
cells were incubated with 0.3 mM PA for 18 h in the presence or absence 
of the molecules. For both cell lines, PE was tested at 5 and 10 nM, 
whereas s-EPSs were added at 5, 10, and 12 μg/mL. Images of cells 
before and after treatment were acquired by an Olympus CH optical 
microscope (Olympus, Tokyo, Japan) at 10× magnification. At the end 
of the experiments, cells were harvested and lysed to analyze triglyc
eride accumulation, mRNAs and proteins expression.

2.5. Effect of PE and s-EPSs on 3T3-L1 mature adipocytes

To analyze the effect of P. cruentum PE and s-EPSs on mature adi
pocytes, 3T3-L1 cells were differentiated as reported above until day 12 
and then treated for 24 h with either PE (5 and 10 nM) or s-EPSs (5, 10, 
12 μg/mL). At the end of the treatment, cells were extensively washed 
with 0.01 M PBS pH 7.4 to measure triglyceride accumulation and 
analyze mRNAs and proteins expression.

2.6. Triglyceride and protein content evaluation

Total triglycerides (TG) content was measured spectrophotometri
cally by using a commercial kit (Spinreact, Girona, Spain), as previously 
reported [32]. Briefly, cells were harvested by adding 150 μL/well of 
lysis buffer (0.01 M Tris-HCl pH 7.4, 0.15 M NaCl, 1 mM EDTA) sup
plemented with protease inhibitors and sonicated for 5 s continuously at 
40 % of the instrument amplitude (Branson Digital Sonifier SFX 550). 
Total TG content were measured and reported as the percentage of the 
ratio between mg of TG and mg of total protein, measured by the 
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Bradford assay [33], with respect to control cells, i.e., cells differentiated 
in the absence of molecules.

2.7. Western blot analyses

Proteins expression levels were measured by Western Blot analyses. 
At the end of treatments, cells were harvested by adding 150 μL/well of 
RIPA buffer, supplemented with proteases and phosphatases inhibitors, 
and lysed by incubating samples on ice for 30 min, vortexing every 5 
min. Proteins were recovered in the supernatant by centrifugation at 
14000 g for 15 min at 4 ◦C and quantified by the BCA assay (Thermo- 
Fisher, Waltham, MA, USA) [34]. 30 μg of proteins were separated by 
SDS-PAGE in 4–15 % polyacrylamide gradient gels and electroblotted on 
polyvinylidene difluoride (PVDF) membranes by constant amperage (1 
mA/cm2). Membranes were blocked for 1 h with 4 % BSA at room 
temperature and then incubated with specific antibodies: anti-CCAAT 
Enhancer Binding Protein Beta (c/EBPβ, Cell Signaling, Danvers, MA, 
USA, #3087, rabbit), anti-Peroxisome Proliferator-Activated Receptor 
gamma (PPARγ, Cell Signaling, #2430, rabbit), anti-Adiponectin (Cell 
Signaling, #2789, C4B-10, rabbit), anti-phospho-Acetyl-CoA Carbox
ylase (pACC, Cell Signaling, #3661, rabbit), anti-Acetyl-CoA Carbox
ylase (ACC, Cell Signaling, #4190, rabbit), anti-phospho-Hormone 
Sensitive Lipase (pHSL, Cell Signaling, #4126, rabbit), anti-Hormone 
Sensitive Lipase (HSL, Cell Signaling, #4107, rabbit), anti-Fatty Acid 
Synthase (FAS, Abcam, ab128870, rabbit), anti-Adipose Triglyceride 
Lipase (ATGL, Cell Signaling, #2138, rabbit) and anti-β-actin (Sigma- 
Aldrich, A5441, mouse). Band detection and densitometric analyses 
were performed using a ChemiDoc (Biorad, Hercules, CA, USA), ac
cording to the manufacturer’s instruction.

2.8. RNA extraction and qRT-PCR

The effect of s-EPSs and PE on the genes related to preadipocyte 
differentiation pathway and lipid metabolism was analyzed by quanti
tative Real-Time Polymerase Chain Reaction (qRT-PCR) on the purified 
and retro-transcribed mRNA extracted from 3T3-L1 at day 8 and day 13, 
as previously reported [35]. Relative Cebpβ, Srebf1, Pparγ, Adiponectin, 
Glut4, Acc, Hsl, Fas and Atgl mRNA levels were measured by Real-Time 
PCR (RT-PCR) (CFX96 Real-Time System) at 60 ◦C by adding 4.75 μL of 
each cDNA to a mixture of 5 mM of forward and reversed primers, and 
SYBR Green Master Mix (Applied Biosystems). β-actin was used as 
housekeeping gene. Results are expressed as fold changes in threshold 
cycle (Ct) values compared to the controls using the 2− ΔΔCt method [36]. 
Specific commercially synthesized primers sequences are reported in 
Table 1.

2.9. Statistical analyses

Results are reported as mean of three independent experiments 
(mean ± S.D.) and compared through one-way analysis of variance 
(ANOVA) according to Bonferroni’s method (post hoc), using GraphPad 
Prism for Windows, version 6.01. For cell viability, triglyceride- 
lowering effects, gene and protein expressions, each concentration 
tested was compared to control cells. No comparison among cell groups 
was carried out. In the case of hepatocytes, each treated group was 
compared either to control hepatocytes or hepatocytes incubated with 
Palmitic Acid alone. Statistical significance was set at p ≤ 0.05.

3. Results

3.1. Porphyridium cruentum cultivation, s-EPSs isolation and 
phycoerythrin purification

Porphyridium cruentum was cultivated in column photobioreactors 
with a specific growth rate of 0.2 d− 1, reaching a maximum biomass 
concentration of 0.5 g/L D.W. At the end of the exponential phase, the 

culture was harvested by centrifugation to separate the s-EPSs-enriched 
exhausted medium from algae biomass. The biomass yield was 0.63 ±
0.05 g/L. s-EPSs were isolated by ethanol precipitation (1:2 v/v) from 
800 mL of exhausted medium, with a final yield of 300 ± 67 mg/L. In a 
previous publication [27], the monosaccharide composition of s-EPSs 
fraction was reported and xylose, galactose, glucose, and traces of 
rhamnose, glucuronic acid, and glucosamine were found. Additionally, 
an elemental analysis was carried out to reveal the presence of 7 % sulfur 
content [27]. Finally, the Bradford assay revealed negligible amount of 
proteins (data not shown). In the same paper, PE was isolated from the 
aqueous extract, starting from the equivalent of 200 mg D.W. biomass. 
After ultrasound assisted extraction, 35 ± 4 % of total proteins were 
recovered, with 3.0 ± 0.4 % related to PE content [27]. Then, PE was 
purified by a size exclusion chromatography, achieving a purity grade of 
4 (A₅₆₅nm/A₂₈₀nm), consistent with analytical-grade standards [37].

3.2. s-EPSs and PE biocompatibility on 3T3-L1 pre-adipocyte

As the evaluation of any possible toxic effect of bioactive molecules is 
a mandatory step for their commercial use in cosmeceutical or in 
pharmaceutical industries, the biocompatibility of s-EPSs and PE was 
evaluated on 3T3-L1 pre-adipocytes. Cell viability was measured by the 
MTT assay, as described in Material and Methods section. As reported in 
Fig. 1a, s-EPSs exerted a slight toxicity at high concentrations (25 μg/ 
mL), whereas PE was found to be fully biocompatible at any experi
mental condition analyzed (Fig. 1b). Based on these results, and 
considering the concentration previously established as antioxidant (10 
μg/mL for s-EPSs and 10 nM for PE, [27]), the range of concentration 
used for further analyses was between 0.5 and 12 μg/mL for s-EPSs and 
0.5 and 10 nM for PE.

3.3. Effect of s-EPSs and PE on triglyceride accumulation in 3T3-L1 pre- 
adipocytes maturation

Given the above-mentioned correlation with oxidative stress, s-EPSs 
and PE from P. cruentum were tested for their ability to inhibit 3 T3-L1 
pre-adipocyte differentiation. Total intracellular TG content was 
measured on cells after 8 days treatment with increasing concentrations 
of both molecules. The results are reported in Fig. 2, where the 

Table 1 
Primer sequences for real-time PCR genes.

Gene Forward primer Reverse primer

Cebpβ 5’-CAAGCTGAGCGAGTCCA-3′ 5’-CAGCTGCTCCACCTTCTTCT- 
3′

Srebf1
5’-GTCGTTGGCATCCTGCTATC- 
3′

5’- 
TAGCTGGAAGTGACGGTGGT-3′

Pparγ
5’-TCGCTGATGCACTGCCTATG- 
3′ 5’-GAGAGGTCCACAGAGCTG-3′

Adiponectin 5’- 
GACGACACCAAAAGGGTCCA-3’

5’-GAGTGCCATCTCTGCCA-3’

Atgl 5’-GAGCTTCGCGTCACCAAC-3’ 5’-CACATCTCTCGGAGGACC-3’

Glut4 5’-GTCCTCACAGTACTCCCTGC- 
3’

5’- 
AGGTATCTGGGGCTCTCAGG-3’

Acc
5’- 
GGAGCCAGAAGGGACAGTAG- 
3’

5’- 
CAGCCAAGCGGATGTAAACT-3’

Hsl 5′- AGCCCCTCAAGTGCACAGTG- 
3’

5′- TGCCAATGTGTTTTCCCTGA- 
3’

Fas 5’-AGCCCCTCAAGTGCACAGT- 
3’

5’-TGCCAATGTGTTTTCCCTG- 
3’

β-actin
5’-CCCGCGAGTAGAACCTTCT- 
3’

5’-CGTCATCCATGGCGAACT-3’

Cebpβ: CCAAT Enhancher Binding Protein Beta; Srebf1: Sterol Regulatory 
Element-Binding Factor 1; Pparγ: Peroxisome Proliferator-Activated Receptor 
gamma; Atgl: Adipose Trygliceride Lipase; Glut4: Glucose Transporter Type 4; 
Acc: Acetyl-CoA Carboxylase; Hsl: Hormone Sensitive Lipase; Fas: Fatty Acid 
Synthase.
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percentage of the ratio between TG (mg) and total proteins (mg) with 
respect to the ratio obtained for control cells (i.e., cells differentiated in 
the absence of antioxidants) is showed for each experimental condition. 
Interestingly, s-EPSs were able to significantly inhibit TG accumulation, 
from about 50 % at 0.5 μg/mL, up to almost 90 % at 10 μg/mL. PE was 
active from 5 nM (about 70 % inhibition).

3.4. Effects of s-EPSs and PE on the expression of protein involved in 3T3- 
L1 pre-adipocytes maturation

The genes involved in different phases of the adipogenic process 
were then analyzed: (i) c/EBPβ, a protein involved in the beginning of 
the transcriptional cascade which can activate the expression of (ii) 
PPARγ, the master regulator of adipogenesis, whose activation initiates 
the progression of cells into a mature adipocyte phenotype, via the 
activation of specific genes related to maturation, such as (iii) adipo
nectin and ATGL [38]. Considering the lowest concentration able to 
inhibit TG accumulation, the concentrations selected to investigate the 
mechanism of action exerted by s-EPSs and PE were 5 μg/mL and 5 nM, 
respectively. As shown in Fig. 3, both molecules were able to signifi
cantly affect the expression of the proteins analyzed, at different extent: 

s-EPSs induced about 40 % inhibition of c/EBPβ expression, whereas PE 
showed 70 % inhibition. Conversely, s-EPSs exerted 80 % inhibition of 
PPARγ expression, whereas PE 60 %. In the case of adiponectin, both 
molecules were able to inhibit its expression almost completely (about 
90 %).

3.5. Effects of s-EPSs and PE on the expression of genes involved in 3T3- 
L1 pre-adipocytes maturation

qRT-PCR analyses were performed on three key proteins identified 
by Western Blot with two additional markers: (i) Srebf1, which encodes 
for the Sterol Regulatory Element-Binding Protein 1 (SREBP-1c), pri
marily found in adipose tissues, where it plays a crucial role in regu
lating lipid metabolism proteins by specifically up-regulating PPARγ 
expression, thus driving adipocyte differentiation; (ii) ATGL, a specific 
lipase synthetized by mature adipocytes, whose expression is related to 
adipocyte differentiation. Results are presented in Fig. 4, in which 
relative mRNA levels, normalized to β-actin levels, are reported. s-EPSs 
significantly inhibited the transcription of all the analyzed genes, sug
gesting that s-EPSs act on c/EBPβ, PPARγ and adiponectin at a tran
scriptional level. PE induced a slight but significant inhibition of Cebpβ 

Fig. 1. Effects of s-EPSs and PE from P. cruentum on 3T3-L1 cell viability. Dose-response and time-dependent curves of 3 T3-L1 cells after 24 h (black circles) and 
48 h (empty circles) incubation with increasing concentration of s-EPSs (0.5–50 μg/mL) (a) and PE (0.01–20 nM) (b). Cell viability was evaluated by the MTT assay 
and cell survival was expressed as percentage of viable cells in the presence of bioactive molecules, with respect to control cells grown in the absence of the 
molecules. * indicates p < 0.05 with respect to control cells upon 24 h incubation; a indicates p < 0.05, b indicates p < 0.01 with respect to control cells upon 48 
h incubation.

Fig. 2. 3T3-L1 pre-adipocyte triglyceride (TG) content after differentiation. Triglyceride accumulation was measured in 3T3-L1 preadipocytes after 8 days of 
differentiation in the presence or absence of s-EPSs and PE. (a) TG content upon incubation with different s-EPSs concentration: 0.5 μg/mL, dark grey bars; 5 μg/mL, 
light grey bars; 10 μg/mL, white bars and 12 μg/mL, dashed bars. (b) TG content upon incubation with different PE concentrations: 0.5 nM of PE, dark grey bars; 5 
nM, light grey bars and 10 nM, white bars. Data are reported as the percentage of TG content with respect to cells differentiated in the absence of molecules (black 
bars), normalized to the total protein content. Results are reported as means ± S.D. of three independent experiments. * Indicates p < 0.05, ** p < 0.005, with respect 
to control cells.

E. Giustino et al.                                                                                                                                                                                                                                Algal Research 93 (2026) 104463 

4 



Fig. 3. Effect of s-EPSs and PE on c/EBPβ, PPARγ and adiponectin protein expression in 3T3-L1 pre-adipocytes. Cells were differentiated for 8 days as reported 
in Material and Methods section in the presence of 5 μg/mL s-EPSs (a) and 5 nM PE (b, c) added during all the differentiation steps. Cells were analyzed by Western 
Blot, using specific antibodies against c/EBPβ, PPARγ and adiponectin. β-actin was used as housekeeping protein. The relative densitometric analysis of c/EBPβ, 
PPARγ and adiponectin is reported in the histograms. Black bars refer to cells differentiated in the absence of any treatment and used as control. Data shown are the 
means ± S.D. of three independent experiments. * Indicates p < 0.05, ** indicates p < 0.005, *** p < 0.001, with respect to control cells.
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(about 20 %), sufficient to inhibit the whole transcriptional cascade, 
confirmed by a significant inhibition of Pparγ, Adiponectin and Atgl 
expression at a transcriptional level. Neither s-EPSs or PE were able to 
inhibit the expression of Srebf1.

3.6. Effects of s-EPSs and PE on 3T3-L1 mature adipocytes

In light of the interesting results obtained on adipocytes differenti
ation, the effect of s-EPSs and PE on mature adipocytes was investigated 
by measuring TG content after 24 h incubation with each molecule. A 
significant reduction (about 30 %) was observed when cells were treated 
with the highest concentration of s-EPSs (Fig. 5), but no significant 
reduction was observed upon PE incubation. Thus, 12 μg/mL s-EPSs was 
chosen for Western Blot and qRT-PCR analyses. PE was further used at 
10 nM, the concentration endowed with antioxidant activity [28].

Changes in genes and proteins involved in the de novo lipogenesis 
(Acetyl-CoA Carboxylase, Acc and Fatty Acid Synthase, Fas) were 
analyzed in mature adipocytes, upon incubation with either s-EPSs or 
PE. FAS is known to be involved in the first steps of fatty acid synthesis, 
whereas ACC is involved in the upstream process, as it catalyzes the 
conversion of Acetyl-CoA in Malonyl-CoA [39]. The ratio pACC/ACC 

was measured, as ACC is inactivated upon phosphorylation. In the case 
of s-EPSs, Western Blotting and qRT-PCR analyses did not show any 
significant alteration in ACC or FAS levels, with respect to untreated 
cells (Fig. 6a, Fig. 6b and Fig. 7, grey bars). PE exerted a significant 
inhibition only in Fas gene expression (Fig. 7), but this effect was not 
confirmed at protein level (Fig. 6b, white bars), meaning that de novo 
lipogenesis was not affected.

For the lipolytic pathway, two enzymes involved in triglycerides 
breakdown were analyzed: Hormone-Sensitive Lipase (Hsl) and Adipose 
Triglyceride Lipase (Atgl), as well as the Glucose transporter (Glut4), the 
main transporter responsible for glucose uptake. During lipolysis, ATGL 
catalyzes TG hydrolyses into diglycerides (DGs), which are then 
degraded into monoglycerides by phosphorylated HSL [40]. Upon 
treatment with s-EPSs, ATGL protein expression significantly decreased 
compared to untreated cells (Fig. 6c, grey bar), whereas no changes in 
the pHSL/HSL protein expression was observed (Fig. 6d, grey bar). This 
regulation is only related to protein expression, as no changes in Atgl and 
Hsl gene expression were observed (Fig. 7). Different results were ob
tained with PE, able to increase pHSL/HSL ratio (Fig. 6d, white bar), 
indicative of an activation of the last step of the lipolytic pathway. 
Accordingly, also the Hsl gene expression was significantly increased 
(Fig. 7). However, neither ATGL protein or mRNA were affected upon 
incubation with PE (Fig. 6c, white bar and Fig. 7).

3.7. Effect of s-EPSs and PE on a hepatic steatotic model system

Finally, s-EPSs and PE were tested for their potential ability to 
counteract lipid accumulation in AML12 cells, a hepatic steatosis cell 
model. Thus, lipid accumulation was induced by palmitic acid (PA) and 
the experimental system set-up was verified by measuring TG content, 
lipolysis pathway (ATGL and pHSL/HSL ratio) and markers of de novo 
lipogenesis (pACC/ACC ratio and FAS) (Fig. 8). Globally, when cells 
were incubated with PA, a significant increase in TG content was 
measured (Fig. 8a), suggesting a successful steatosis induction. Western 
blot analyses revealed a significant decrease in the pACC/ACC levels in 
cells treated with PA (Fig. 8b, grey bars), thus suggesting the activation 
of the de novo lipogenesis, as well as a significant decrease in the pHSL/ 
HSL ratio (Fig. 8e), indicating the inhibition of the lipolytic pathway. 
However, the lipid accumulation after PA treatment was not supported 
by FAS upregulation (Fig. 8c). This result could be ascribed either to 
high intracellular fatty acid consumption, so that TG content increases 
bypassing FAS activity, or to a negative regulation of the enzyme [41]. 
These hypotheses are supported by some evidence: FASN knockout in 
liver promoted hepatic steatosis in mice on a zero-fat diet [42,43]; in 
NAFLD state, the increased FAs intake induces a significant increase in 
their mitochondrial oxidation for a compensatory adaptation mecha
nism. This results in an increase in oxidative stress and inflammation, 

Fig. 4. Effects of s-EPSs and PE from P. cruentum on pre-adipocyte matu
ration gene expression. Relative mRNA levels of C/ebpβ, Srebf-1, Pparγ, Adi
ponectin and Atgl in 3T3-L1 cells differentiated for 8 days in the presence or 
absence of 5 μg/mL of s-EPSs (grey bars) or 5 nM of PE (white bars). Results are 
expressed as fold changes in threshold cycle (Ct) values compared to controls 
(black bars) using the 2− ΔΔCt method. Data shown are means ± S.D. of three 
independent experiments. * Indicates p < 0.05, ** indicates p < 0.005, *** p <
0.001 with respect to cells differentiated in absence of any bioactive molecule.

Fig. 5. Effects of s-EPSs and PE from P. cruentum on 3T3-L1 mature adipocyte triglyceride content. Triglyceride accumulation on mature adipocytes after 24 h 
treatment with (a) 5 μg/mL (dark grey bars), 10 μg/mL (white bars) or 12 μg/mL (white dashed bars) of s-EPSs; (b) 5 nM (grey bars) or 10 nM (white bars) of pure PE. 
Data are reported as the percentage of TG content with respect to cells differentiated in the absence of any molecule (black bars) and used as control. Results are 
reported as means ± S.D. of three independent experiments. * Indicates p < 0.05.
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which, in turn, negatively affects FAS synthesis but activates some 
inflammation-related markers (e.g. mTORC1 and PDE3) to turn on the de 
novo lipogenesis [44,45]. Once defined the experimental system, s-EPSs 
and PE activity were investigated after 18 h incubation. As shown in 
Fig. 9, s-EPSs partially prevented TG accumulation starting from 10 μg/ 
mL (Fig. 9a, 45 %). In the case of PE treatment, the co-incubation with 
PA induced a significant increase in TG (Fig. 9b). Interestingly, s-EPSs 
treatment induced a significant increase in the pACC/ACC ratio, thus 
suggesting the prevalence of the enzyme in its phosphorylated-inactive 
form, along with a significant inhibition in FAS synthesis (Fig. 10a and 
Fig. 10b, grey bars), with respect to cells treated with PA. No alteration 
in pHSL/HSL ratio and ATGL expression was observed, indicating no 
activation of the lipolytic pathway. The negative results on TG 

accumulation upon PE incubation were corroborated by a reduction in 
pACC/ACC ratio, related to the active form of the enzyme, responsible 
for triglyceride synthesis (Fig. 10a, white bar). However, the significant 
decrease in FAS expression level (Fig. 10b, white bar) may suggest that 
no complete maturation of triglycerides occurs. Moreover, PE treatment 
did not modify ATGL expression but significantly reduced the pHSL/HSL 
ratio (Fig. 10c and Fig. 10d, white bars), suggesting no lipolysis 
activation.

4. Discussion

A sedentary lifestyle combined with external factors, such as a high- 
fat diet, can drastically increase lipid accumulation, which are stored in 
lipid droplets in the adipose tissue. The excessive number and the 
enlarged size of adipocytes can significantly alter their structure, leading 
to the development of skin-related disorders and, in worst cases, obesity 
[46]. It has been reported that oxidative stress is involved in many 
deleterious pathologies linked to an imbalance of lipid metabolism [47]. 
Indeed, oxidative stress enhances preadipocyte proliferation, adipocyte 
differentiation and growth [6] leading to adipocyte hypertrophy or 
hyperplasia, significantly affecting adipose tissue health and structure 
[48,49]. Consequently, cytokines and adipokines secreted by enlarged 
adipose cells induce insulin resistance, reduce lipolysis, and thus directly 
induce the translocation of fatty acids to the liver. These changes may 
represent the starting point for hepatic inflammatory states (also known 
as hepatic steatosis or nonalcoholic fatty liver disease (NAFLD)) that, in 
the worst-case scenario, can lead to the development of cirrhosis and 
hepatocellular carcinoma [4,50]. In this work, PE and s-EPSs obtained 
from the red microalga P. cruentum were tested as new tools for man
aging lipid metabolism in in vitro models of adipose tissue and hepatic 
steatosis. Both molecules were found to be fully biocompatible on 3T3- 
L1 cells, in line with the results previously reported by Liberti and col
leagues on immortalized human keratinocytes (HaCaT) and immortal
ized murine fibroblasts (Balb/c-3T3) up to 72 h incubation [28]. Results 
obtained for s-EPSs highlighted their ability to reduce TG accumulation 

Fig. 6. Effect of s-EPSs and PE on the protein expression of de novo lipogenesis and lipolysis markers in 3T3-L1 mature adipocytes. 3T3-L1 mature adi
pocytes were incubated for 24 h with 12 μg/mL s-EPSs (grey bars) or 10 nM PE (white bars). Western blots show the phosphorylation levels of ACC (a) and HSL (c) 
with respect to their total amount; FAS and ATGL (b, d) are normalized with respect to β-actin. Black bars refer to cells differentiated in absence of any treatment and 
used as control. Data shown are the means ± S.D. of three independent experiments. * Indicates p < 0.05, ** indicates p < 0.005 with respect to control cells.

Fig. 7. Effects of s-EPSs and PE from P. cruentum on de novo lipogenesis 
and lipolysis-related genes. Relative mRNA levels of Glut4, Acc, Fas, Atgl and 
Hsl in mature 3T3-L1 after 24 h treatment with 12 μg/mL s-EPSs (grey bars) and 
10 nM PE (white bars). Results are expressed as fold changes in threshold cycle 
(Ct) values compared to the controls (black bars) using the 2− ΔΔCt method. Data 
shown are the means ± S.D. of three independent experiments. * Indicates p 
< 0.05.
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in 3T3-L1 pre-adipocytes in a dose-dependent manner, up to 90 % at the 
highest concentration tested (12 μg/mL). To date, only EPSs from pro
biotic or prebiotic bacterial strains were successfully used to inhibit TG 
accumulation. In particular, Lee reported a 60 % inhibition of TG con
tent in pre-adipocytes upon treatment with 50 μg/mL of EPSs isolated 
from Lactobacillus plantarum [51], whereas Zhang and colleagues 
reached a 50 % inhibition with 10 μg/mL of EPSs from Lactobacillus 
rhamnosus GG [46]. Moreover, s-EPSs tested at 5 μg/mL were able to 
inhibit the gene and protein expression of three key transcriptional 
factors: c/EBPβ, PPARγ and adiponectin, thus affecting the differentia
tion process by modulating the early stages of the pathway. Coherent 
results have been reported also by Lee, who demonstrated that EPSs 
extracted from Lactobacillus plantarum inhibited adipocyte differentia
tion affecting c/EBPα and PPARγ gene and protein expression through 
AMPK signaling pathway [51]. Overall, despite the significant reduction 
in TG content on mature adipocytes, the present results do not fully 

clarify the small delipidating effect observed. Indeed, no significant 
modulation of de novo lipogenesis was observed, and a slight but sig
nificant inhibition of the lipolytic pathway (reduction in ATGL protein 
expression) was found. These contrasting results need a further inves
tigation to understand if other enzymes involved in TG degradation or 
triacylglycerol mobilization might be upregulated or if lipophagy is 
involved, where the role played by ATGL is still controversial [52,53]. 
On the other hand, positive results were obtained in the hepatic steatosis 
model of AML12 treated with Palmitic Acid. In particular, even if s-EPSs 
did not activate the lipolytic pathway, they partially prevented TG 
accumulation. This could be explained by the inhibition of de novo 
lipogenesis, as indicated by ACC and FAS expression levels. The same 
results were reported by Zhang and colleagues who analyzed the protein 
expression in mice liver treated with EPSs obtained from Lactobacillus 
rhamnosus GG [46]. Despite studies on polysaccharides and exopoly
saccharides from different sources, this is the first time in which s-EPSs 

Fig. 8. Set-up of hepatic steatosis model on AML12 upon PA incubation. (a) Triglyceride accumulation on AML12 after 18 h incubation with palmitic acid (PA, 
dark grey bars); Western blots show the phosphorylation levels of ACC (b) and HSL (e) with respect to their total amount; FAS and ATGL (c, d) are normalized with 
respect to β-actin. Black bars refer to untreated cells used as control. Data shown are the means ± S.D. of three independent experiments. * Indicates p < 0.05; ** 
Indicates p < 0.005.
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from microalgae have been tested for their ability to affect lipid meta
bolism in two cellular systems. Interestingly, the isolation of s-EPSs from 
microalgae do not require an extensive purification process, as it has 
been reported for those obtained from Lactobacillus rhamnosus GG [46]. 
Indeed, s-EPSs from microalgae require a simple ethanol precipitation to 
obtain pure polysaccharides, minimizing downstream purification steps 
and reducing processes costs. In addition, the presence of sulfur groups 
in s-EPSs may allow the formation of electrostatic bonds with surface 
receptors or intracellular proteins, influencing downstream signaling 
pathways [54,55].

The second analyzed molecule was Phycoerythrin, extracted from 
the wet biomass of P. cruentum. The purified protein was found to be 
fully biocompatible on 3T3-L1 cells and to induce a significant inhibition 
on TG production on 3T3-L1 pre-adipocytes, inhibiting the gene and 

protein expression of c/EBPβ, PPARγ and adiponectin. When mature 
adipocytes were treated with PE, no significant regulation of de novo 
lipogenesis protein markers was observed, even if a decreasing trend 
was observed, with the increase ACC inactive form and a decrease in the 
FAS protein and gene expression. Interestingly, PE incubation increased 
Hsl gene expression in its active form, thus boosting the activation of the 
last step of the lipolytic pathway. However, PE-induced lipogenesis at a 
molecular level, is not sufficient to reduce TG accumulation. In the case 
of AML12, the negative result on TG accumulation was corroborated by 
an increase in the active form of ACC, responsible for triglyceride syn
thesis. However, the significant decrease in FAS expression level may 
suggest that no complete maturation of triglycerides occurs. Moreover, 
lipolysis seemed not to be activated, as no alteration in ATGL expression 
was observed, whereas the pHSL/HSL ratio was significantly reduced.

Fig. 9. Effects of s-EPSs and PE from P. cruentum on AML12 triglyceride accumulation. Triglyceride accumulation on AML12 after 18 h incubation with palmitic 
acid (PA, black bars) in presence or absence of s-EPSs (a) and PE (b). (a) 5 μg/mL (grey bars), 10 μg/mL (white bars) or 12 μg/mL (white dashed bars) of s-EPSs; (b) 5 
nM (grey bars) or 10 nM (white bars) of pure PE. Data are reported as the percentage of TG content, with respect to PA-treated cells (black bars) used as control, 
normalized to the total protein content. Results are reported as means ± S.D. of three independent experiments. * p < 0.05 with respect to PA-treated cells.

Fig. 10. Effect of s-EPSs and PE on AML12 lipid metabolism. AML12 hepatocytes were incubated for 18 h with 0.3 mM PA in the presence or absence of 10 μg/mL 
s-EPSs (grey bars) or 10 nM PE (white bars). Western blots show the phosphorylation levels of ACC (a) and HSL (c) with respect to their total amount; FAS and ATGL 
(b, d) are normalized with respect to β-actin. Black bars refer to cells treated with 0.3 mM PA alone and used as control. Data shown are the means ± S.D. of three 
independent experiments. * Indicates p < 0.05, ** indicates p < 0.005 with respect to PA-treated cells.
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The peculiar behavior observed for PE reflects its distinctive three- 
dimensional structure. As a globular protein of approximately 250 
kDa, PE is unlikely to directly interact with transcription factors, but it 
may modulate intracellular molecular dynamics. Moreover, PE has been 
reported to regulate intracellular oxidative stress, a pathway strictly 
linked to lipid alteration [56–59]. Noteworthy, no evidence are present 
in literature about PE use on the proposed model system, with the 
exception of Qiang, who demonstrated the lipid-lowering activity in 
obese rats treated with a mixture of phycobiliproteins, fucoxanthin and 
krill oil [60].

Although the present study is pioneering, as PE and s-EPSs from a red 
marine microalga were used for the first time to study their activity on 
lipid metabolism, one should keep in mind that in-depth analyses are 
needed to unravel the interplay among the different involved pathways, 
such as lipophagy and oxidative stress. This study highlights the 
importance of defining the specific mechanism of action of each isolated 
molecule. Indeed, s-EPSs can inhibit adipocytes maturation and de novo 
lipogenesis on hepatic cells, whereas the interesting results obtained 
with PE on the inhibition of adipocytes maturation require more 
investigation, as the pro-fat effect induced on hepatic cells may repre
sent a warning for possible therapeutic applications.

5. Conclusions

Lipid metabolism disorders share some common pathways, such 
oxidative stress impairment. However, each disorder is governed by 
specific key markers that define the onset of the pathology. This work 
highlights that antioxidant molecules can affect lipid metabolism dis
orders at different extents and that these pathologies are highly coor
dinated, with differences also at transcriptional and/or post- 
transcriptional level. Indeed, PE and s-EPSs from the red marine 
microalaga P. cruentum, despite the antioxidant activity, have a different 
mechanism of action, which can be due to their different physico- 
chemical characteristics. It is reasonable to speculate that the combi
nation of different molecules from a single strain could enhance their 
individual potential, resulting in an innovative yet entirely natural 
therapeutic product.
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