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Abstract: The present study evaluated the ability of KlamExtra®, an Aphanizomenon flos aquae
(AFA) extract, to counteract metabolic dysfunctions due to a high fat diet (HFD) or to accelerate their
reversion induced by switching an HFD to a normocaloric diet in mice with diet-induced obesity. A
group of HFD mice was fed with an HFD supplemented with AFA (HFD-AFA) and another one was
fed with regular chow (standard diet—STD) alone or supplemented with AFA (STD-AFA). AFA was
able to significantly reduce body weight, hypertriglyceridemia, liver fat accumulation and adipocyte
size in HFD mice. AFA also reduced hyperglycaemia, insulinaemia, HOMA-IR and ameliorated the
glucose tolerance and the insulin response of obese mice. Furthermore, in obese mice AFA normalised
the gene and the protein expression of factors involved in lipid metabolism (FAS, PPAR-γ, SREBP-1c
and FAT-P mRNA), inflammation (TNF-α and IL-6 mRNA, NFkB and IL-10 proteins) and oxidative
stress (ROS levels and SOD activity). Interestingly, AFA accelerated the STD-induced reversion of
glucose dysmetabolism, hepatic and VAT inflammation and oxidative stress. In conclusion, AFA
supplementation prevents HFD-induced dysmetabolism and accelerates the STD-dependent recovery
of glucose dysmetabolism by positively modulating oxidative stress, inflammation and the expression
of the genes linked to lipid metabolism.

Keywords: Klamath algae; high fat diet; insulin resistance; adiposity; inflammation; oxidative stress

1. Introduction

The rapid epidemiological and nutritional transitions occurring in much of the world
over the last 50 years has led to a global obesity epidemic, contributing to the progressive
increase in the prevalence of diabetes and other diet-related chronic diseases such as
cardiovascular diseases, fatty liver disease and cancer [1].

The constant positive energy balance contributes to the development of obesity, as
excess energy is efficiently deposited in the form of triglycerides in adipose tissue through
the lipogenic pathway. The dramatic increase in fat mass is responsible for hyperplasia
and hypertrophy development in the visceral adipose tissue. Hypertrophic adipocytes
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have been shown to be associated with an increased rate of lipolysis, pro-inflammatory cy-
tokines release and reactive oxygen species (ROS) production, that, in turn, are involved in
insulin resistance (IR) and non-alcoholic fatty liver disease (NAFLD) development [2]. The
pro-inflammatory cytokine hypersecretion participates in IR development by attenuating
insulin receptor substrate 1 (IRS-1)-mediated insulin signalling [3], and it also promotes
adipocyte lipolysis leading to augmented levels of serum free fatty acids (FFA) in the
bloodstream. FFA and glycerol hydrolysed from visceral adipocytes are transported to the
liver, contributing to hepatic fat accumulation and steatosis development. Excessive hepatic
lipid accumulation in obesity can also be caused by other different metabolic perturbations
such as excessive dietary FFA, new hepatic FFA synthesis through de novo lipogenesis
or reduced export of Very Low-Density Lipoproteins (VLDL). The increased hepatic lipid
deposition induces high rates of β-oxidation, increased ROS production, activation of
pro-inflammatory pathways, oxidative stress and cellular damage [4].

Among the common approaches for the weight control are lifestyle interventions
and the pharmacotherapy, but their effectiveness is usually compromised because of poor
compliance. In fact, a long-term caloric restriction could compromise diet adherence and
reduce weight loss success and the related improvement of metabolic dysfunctions [5]. In
recent years, scientific research has been heavily dedicated to the identification of foods or
natural supplements with better-tolerated anti-obesity properties [6–8]. An alternative font
of functional foods and nutraceuticals is represented by microalgae which are a good option
for developing foods that are useful in metabolic disorders management [9–11]. Microalgae
contain minerals, vitamins and metabolites with nutritional antioxidant, anti-inflammatory
and neuromdulating properties, offering a large spectrum of possible applications and
utilizations [12]. The market for microalgae nutraceuticals is dominated by two cyanobac-
teria, Spirulina and Aphanizomenon flos-aquae (AFA). AFA grows in the Upper Klamath Lake
in Oregon, and it is known as Klamath algae. While different types of experimental data
clearly show health positive effects of Spirulina [13], the functional effects of Klamath algae
have not been fully evaluated. Klamath is rich in natural antioxidants, organic minerals,
vitamins, polyunsaturated fatty acids (PUFA), amino acids and enzymes [14]. Klamath
algae also contains phenylethylamine (β-PEA), an important neuromodulator, by which
Klamin®, an AFA extract that concentrates β-PEA, exerts protective effects against neuro-
logical diseases [15,16], neuroinflammation [14] and intestinal dysmotility [17]. Klamath
algae is also source of a unique type of phycocyanins (AFA-phycocyanins) significantly
concentrated in another AFA extract, named AphaMax®. Phycocyanins are known for the
antioxidant, anti-inflammatory [18,19], and antiproliferative [20] properties. AFA algae is
also a significant source of chlorophyll and omega 3 fatty acids, which exert significant
anti-inflammatory activity by suppressing pro-inflammatory cytokines production [21–23].
Thus, the direct application of Klamath algae as a nutritional supplement might be a promis-
ing strategy in counteracting obesity-related metabolic disorders. KlamExtra® is a new
combination of two patented AFA extracts: Klamin®, showing neuro- and immunomod-
ulatory properties [14–16], and AphaMax®, having antioxidant and anti-inflammatory
properties [18–20]. KlamExtra® supplementation is addressed to support the homeosta-
sis of the cardiovascular, nervous and immune systems [24]. Recent data revealed that
KlamExtra® is able to counteract the neuronal damages caused by HFD through decreasing
neuroinflammation [25]. In particular, in the present study we evaluated the ability of
KlamExtra® to ameliorate obesity-related metabolic dysfunctions induced by chronic expo-
sure to an hyperlipidic diet and to potentiate the reversion of HFD-induced dysmetabolism
obtained by switching an HFD to a normocaloric diet (standard diet-STD) in a mouse
model of diet-induced obesity. The KlamExtra® effects were evaluated against glucose and
lipid dysmetabolism, hepatic steatosis and adiposity, liver and adipose tissue inflammation,
oxidative stress and abnormal lipid metabolizing gene expression induced by HFD. From
now on, KlamExtra® will be indicated as AFA.
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2. Materials and Methods
2.1. Animals and Experimental Protocols

All procedures used complied with the Italian legislative decree N◦ 26/2014, and the
European directive 2010/63/UE. The experimental protocols were approved and authorised
by the Italian Ministry of Health (Rome, Italy; Authorization Number 46/2020-PR).

Forty male C57BL6/J (Envigo Laboratories, San Pietro Al Natisone Udine, Italy) mice
were purchased at 4 weeks of age and were acclimated to a 12:12 h light–dark cycle for
1 week, consuming regular chow and water freely. After acclimation, mice were randomly
divided into different groups as described in Figure 1: Lean control (Lean; n = 8), fed
a regular standard diet (code 4RF25, Mucedola, Milan, Italy) for 18 weeks, and HFD
obese control (HFD; n = 32), fed a high fat diet with 60% of caloric intake deriving from
fat (HFD; code PF4051/D, Mucedola) for 10 weeks to establish obesity and metabolic
dysfunctions [26]. At the end of the 10 weeks, after having ascertained the development
of the HFD-dependent dysmetabolic state, obese mice were further subdivided into four
groups: one group fed an HFD (HFD) for a further 8 weeks; another one fed with an HFD
supplemented with AFA (HFD-AFA; n = 8) for 8 weeks; and another group had their diet
switched from an HFD to a standard diet, alone (STD; n = 8) or supplemented with AFA
(STD-AFA; n = 8), for further 8 weeks.
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Figure 1. Graphical illustration of experimental design. C57BL/6J male mice were fed a standard
diet for 18 weeks or a high-fat diet (HFD) for 10 weeks to establish obesity. Subsequently, HFD obese
mice were divided in four sub-groups fed different diets for further 8 weeks: HFD and HFD-AFA
groups fed, respectively, HFD alone or supplemented with AFA; STD and STD-AFA fed, respectively,
standard diet alone or supplemented with AFA.

The HFD and STD diets supplemented with AFA were custom designed and prepared
by Mucedola S.R.L, by adding 8,33 g/Kg of KlamExtra® for both HFD-AFA (code PF20432;
Mucedola S.R.L, Milan, Italy) and STD-AFA (code PF20458; Mucedola S.R.L, Milan, Italy).
AFA extract composition is reported in Table S1 (Supplementary Data).

The KlamExtra® dose was chosen based on the humane dosage, and it corresponds
to 25 mg AFA ingested/day/mouse. Food intake and body weight were recorded at each
1-week interval. The percentage of weight changes was calculated following the formula:
starting weight from the switch diets minus weekly weight/(starting weight) × 100. Food
intake was calculated according to the weight change of the chow box in an interval of 24 h.

At the end of the 23 weeks, in vivo analyses were performed, and then all animals were
weighed and sacrificed by cervical dislocation, and the liver and visceral adipose tissue
(VAT) were removed for necropsy. Blood was collected via cardiac puncture and transferred
into tubes containing ethylenediaminetetraacetic acid (EDTA) 1 mg/mL. Samples were
centrifuged at 3000 rpm for 10 min and the obtained plasma stored at −80 ◦C. VAT and liver
were weighed, and one part of each tissue was stored at −80 ◦C until biomolecular analysis;
the second part was collected in 4% neutral formalin solution for histological analysis.
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2.2. Biochemical Analyses

The blood cholesterol and triglyceride concentrations were determined using the
analyser MultiCare (Biochemical Systems International-Srl, Arezzo, Italy). The glucose
levels were measured in a drop of blood from the tail vein with a glucometer (GlucoMen
LX meter, Menarini, Italy). Levels of insulin in the plasma were measured using an
ELISA kit (Alpco diagnostics, Salem, NH, USA). We evaluated both glucose and insulin
sensitivity with the Intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance
test (ITT), respectively. Mice fasting for 16 h received an intraperitoneal (i.p.) injection of
glucose (2 g/kg body weight) in 0.9% saline for IPGTT, or insulin (0.5 U/kg body weight)
(Lantus 100 UI/10 mL, code 03572421; Sanofi, Milano, Italy) in 0.9% saline for ITT. Then,
blood glucose was measured at different time intervals (0, 15, 30, 60, and 120 min from
i.p. injection). The Homeostasis Model Assessment of basal Insulin Resistance (HOMA-
IR), an index of insulin resistance, was obtained as described below: fasting glucose
(mg/dL) × fasting insulin (mU/L) divided by the constant 22.5.

The liver lipids were extracted from the fresh liver homogenate using Folch’s method
as previously described [27], and the extracts were evaporated in a vacuum and weighed.

2.3. Liver and Adipose Tissue Histology

Liver and VAT were fixed in 4% formaldehyde, washed thoroughly, subsequently
dehydrated in ethanol and embedded in paraffin. Consecutive sections (5 µm) were
mounted on slides and stained with haematoxylin/eosin. Under the light microscope,
5 randomly chosen liver and adipose tissue fields were analysed. The section images were
acquired with a light microscope (Leica DMLB, Meyer instruments, Houston, TX, USA)
provided with a DS-Fi1 camera (Nikon, Florence, Italy) and 10× and 20×magnification
were used. The staging of liver steatosis was based on the amount and types of the fat
(macrovesicular and microvesicular), and defined as absent, light, moderate or severe when
1%, 30%, 30–60% or 60% of the hepatocytes were, respectively, involved. Adipose cell size
was calculated with image analysis software Basic research NIS elements F 2.30 (Nikon,
Florence, Italy), by manual tracing of at least 500 adipocytes for each field.

2.4. Real-Time PCR

Total RNA from liver and VAT was extracted using the High Pure RNA Isolation Kit
(Roche, Vienna, Austria) following the manufacturer’s instructions. The mRNA was reverse
transcribed using a QuantiNova Reverse Transcription kit (Qiagen, Milan, Italy). Real-
time PCR reactions were then performed using the PowerTrack SYBER Green Master Mix
(Applied Biosystem, Foster City, CA, USA) on a StepOne Real-Time (Applied Biosystem,
Foster City, CA, USA), in triplicate. The following thermal cycling conditions were used:
2 min of initial denaturation at 95 ◦C, followed by 45 cycles of one-step PCR denaturation
at 95 ◦C for 15 s and annealing/extension at 60 ◦C for 30 seconds. The specificity of the real-
time PCR was verified via melting-curve analysis of each PCR reaction. Primers specific
to mouse GAPDH were used as the control to normalise loading. The levels of the target
mRNAs were determined using the 2−∆∆Ct values between the target and loading control.
The primers used for real-time PCR are listed in the Table 1.

Table 1. Oligonucleotide sequence of primers for real-time PCR.

Gene Forward Primer Reverse Primer

TNF-α 5′-GCCCACGTCGTAGCAAACCAC-3′ 5′-GGCTGGCACCACTAGTTGGTTGT-3′

IL-6 5′-TCCAGTTGCCTTCTTGGGAC-3′ 5′-GTGTAATTAAGCCTCCGACTTG-3′

GAPDH 5′-GCCAAATTCAACGGCACAGT-3′ 5′-AGATGGTGATGGGCTTCCC-3′

TNF-α: Tumor Necrosis Factor-α; IL-6: Interleukin-6; GAPDH:Glyceraldehyde-3-phosphate dehydrogenase.
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2.5. Semi-Quantitative RT-PCR

Total RNA from liver and VAT was used also for semi-quantitative RT-PCR. For RT-
PCR amplification a Taq polymerase mix was used (yourSIAL Taq HS Mix, Sial, Rome,
Italy) in which 10 µM forward and reverse primers specific for the fatty acid synthase (FAS),
peroxisome proliferator-activated receptor gamma (PPAR-γ), Sterol Regulatory Element-
Binding Protein (SREBP)-1c, Fatty acid transporter (FAT)-P and β-actin genes, were added,
to a final volume of 25 µL. The primer sequences of the genes investigated are presented
in Table 2. The PCR products’ size was visualised using an ultra-violet lamp following
electrophoresis in 1.8% agarose gel stained with ethidium bromide. Intensities of the PCR
bands were analysed densitometrically using E-Gel GelQuant Express Analysis Software
(version 1.14.6.0 Dongle-Thermo Fisher Scientific, Monza, Italy).

Table 2. Oligonucleotide sequence of primers for semi-quantitative RT-PCR.

Gene Forward Primer Reverse Primer

FAS 5′-TACTTTGTGGCCTTCTCCTCTGTAA-3′ 5′-CTTCCACACCCATGAGCGAGTCCAGGCCGA-3′

PPAR-γ 5′-GGGCTGAGGAGAAGTCACAC-3′ 5′-TCAGTGGTTCACCGCTTCTT-3′

SREBP-1c 5′-GGAGACATCGCAAACAAGC-3′ 5′-GGTAGACAACAGCCGCATC-3′

FAT-P 5′-CGCCGATGTGCTCTATGACT-3′ 5′-ACACAGTCATCCCAGAAGCG-3′

FAS: fatty acid synthase, PPAR-γ: Peroxisome Proliferator-Activated Receptor-gamma; SREBP-1c: Sterol Regulatory
Element-Binding Protein-1c; (FAT)-P: Fatty acid transporter-P.

2.6. Western Blot Analysis

Liver and VAT samples were homogenized on the ice-cold buffer (50 mM Tris-HCl pH
7.4, 0.5% Triton X-100, 150 mM NaCl, 1 mM DTT, 2 mM PMSF, 0.1% SDS) with protease
and phosphatase inhibitor cocktail II (Amersham, Life Science, Les Ulis, France and Sigma-
Aldrich, Poole, Dorset, UK, respectively). The Bradford method (Bio-Rad, Segrate, Italy)
was used to quantify total proteins. Then, 50 µg of proteins were separated with 10% or
12% acrylamide gel and then transferred onto nitrocellulose filter. The filter was incubated
with anti-interleukin 10 (IL-10, 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-NFkB p65 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), Insulin-Receptor
(1:1000, Thermo Fisher Scientific, MA USA) and anti-β-actin (1:10,000, Sigma-Aldrich, St.
Louis, MO, USA). The Odyssey® scanner (LI-COR Biosciences, Lincoln, NE, USA) was
used to detect primary antibodies, according to the manufacturer’s instructions, using
anti-mouse and anti-rabbit secondary antibodies labelled with IR790 and IR680 (1:10,000;
Life Technology, Carlsbad, CA, USA). Band intensities were analysed with ImageJ software
1.53 m and expression was normalised to the β-actin expression.

2.7. Detection of Oxidative Levels: DCFH-DA Assay

By using dichlorofluorescein diacetate, (DCFH-DA; Sigma-Aldrich, St. Luois, MO,
USA) the ROS levels in livers and VAT were measured, according to the method described
by Mudò [28], with some modifications. Briefly, 10 mg of liver or VAT was suspended
on 1000 µL of PBS1× with 10 µL of protease inhibitors (Amersham Life Science, Les Ulis,
France). Samples were added to the dichlorofluorescein diacetate (DCFH-DA-1 mM) for
10 min, at room temperature and in the dark. Then, the samples were washed with PBS,
and analysed with a fluorimeter (Glomax Microplate reader; Promega Italia Srl, Milano,
Italy) by setting the excitation filter at 485 nm and the emission filter at 530 nm. Relative
ROS generation was expressed as the change in fluorescence among the experimental
groups compared to the respective control group (100%).

2.8. SOD Activity

Liver and VAT were separated in PBS with protease inhibitors (Amersham Life Science;
Milano, Italy). The homogenized tissues were sonicated and centrifuged (14,000 rpm, at
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4 ◦C, for 30 min) to remove insoluble material. Total proteins obtained from supernatant
were quantified using the Bradford method. According to manufacturer’s instructions,
50 µg of protein was used for total SOD enzymatic activity quantification, and the SOD
assay kit (Sigma-Aldrich, St. Luois, MO, USA). Glomax Microplate Reader (Promega Italia
Srl, Milano, Italy) was used to read absorbance by setting the filter to 450 nm.

2.9. Statistical Analysis

Statistical analysis was performed using Prism 6.0, GraphPad (San Diego, CA, USA).
Comparisons between the three experimental groups were made by using ANOVA fol-
lowed by the Bonferroni post hoc test. Differences were considered statistically significant
when p < 0.05. Results were expressed as mean ± SEM.

3. Results
3.1. Effects of 10 Weeks of HFD on Metabolic Parameters

After ten weeks, mice fed with the HFD displayed higher body weights, calorie
intakes and blood lipid levels than the lean mice group (Figure 2A–D). HFD mice also
showed hyperglycaemia and altered glucose and insulin sensitivity compared to the lean
mice (Figure 2E–I), confirming that ten weeks of a hyperlipidemic diet are enough to
affect metabolic homeostasis. Then, HFD mice were sub-divided in four groups and were
differently fed, with or without AFA extract, for a further 8 weeks.
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glycaemia, (F) glucose tolerance test (GTT), (G) area under the curve (AUC) for GTT, (H) insulin
tolerance test (ITT), (I) area under the curve for ITT in lean and HFD mice groups. Data are the
means ± S.E.M. (n Lean = 8; n HFD = 32). Asterisk denotes significant difference compared with the
lean group (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.2. Impact of AFA on Body Weight, Food Intake and Lipidaemia

The hyperlipidic diet for 18 weeks exacerbated obesity, increased caloric intake and
dyslipidemia in HFD animals compared to the lean mice (Figure 3A–D). Although AFA
supplementation started at the 10th week of HFD, the final body weight, the weight gain
and the triglyceride levels of HFD-AFA mice were significantly reduced compared to the
HFD animals (Figure 3A,B). On the contrary, AFA did not potentiate the reductions in
body weight, weigh loss or blood levels of lipids observed in STD animals (Figure 3A,B,D).
Moreover, AFA diets did not affect food intake of either HFD or STD mice (Figure 3C).
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significant difference compared to the HFD group (# p < 0.05; ## p < 0.01; ### p < 0.001).

3.3. Impact of AFA on Glucose Homeostasis

AFA supplementation exerted positive effects on glucose metabolism. Indeed, HFD-
AFA mice had a significant reduction in their fasting glucose concentration (Figure 4A) and
an improvement in their glycemic response, as shown by the lower blood glucose levels
during the GTT (Figure 4B,C) in comparison with obese animals. AFA supplementation
also prevented HFD-dependent hyperinsulinemia (Figure 4D). Accordingly, the insulin
sensitivity test demonstrated that the reduction in insulin sensitivity observed in HFD
mice was significantly ameliorated in the HFD + AFA group (Figure 4E,F). Moreover, the
HOMA-IR was lower in HFD + AFA animals compared to HFD, becoming similar to lean
mice (Figure 4G). These results reveal that AFA extract is potentially able to counteract
the HFD-induced insulin-resistance. Western blot analysis strengthened this hypothesis,
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revealing a reduced expression of the insulin receptor in the HFD-AFA livers compared to
HFD (Figure 4H,I).
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was able to prevent the HFD-induced severe grading of steatosis. In fact, in the HFD-AFA 
livers, lipid droplets were partially suppressed, showing a steatosis grading as moderate. 
Accordingly, the absolute and relative (%) liver weight and the intrahepatic lipid content 
were markedly reduced in the animals fed an HFD supplemented with AFA compared to 
obese controls (Figure 5B–D). 

AFA was not able to induce further improvements in the steatosis reversion induced 
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Figure 4. Effects of AFA on glucose metabolism. (A) Fasting glycaemia, (B) glucose tolerance test
(GTT), (C) area under the curve (AUC) for GTT, (D) insulin tolerance test (ITT), (E) area under the
curve for ITT, (F) plasma insulin levels, (G) HOMA index, (H) protein expression levels of insulin
receptor and β-actin in liver and (I) densitometric quantification in Lean, HFD, HFD-AFA, STD and
STD-AFA mice. Data are the means ± S.E.M. (n = 8/group). Asterisk denotes significant difference
compared with the lean group (* p < 0.05; ** p < 0.01; *** p < 0.001); hash denotes significant difference
compared with the HFD group (# p < 0.05; ## p <0.01; ### p < 0.001); dollar denotes significant
difference compared with the STD group ($ p < 0.05; $$$ p < 0.001).

AFA supplementation also potentiated an improvement in glucose metabolism induced
by STD consumption. In fact, STD-AFA mice showed fasting glucose levels (Figure 4A) and
area under curve (AUC) for ITT, HOMA-IR and hepatic IR protein expression that were
lower than the STD group and similar to that of the lean mice (Figure 4E–I). Although AFA
supplementation did not further ameliorate the glucose tolerance (Figure 4B,C).

3.4. Impact of AFA on Hepatic Steatosis and Adiposity

Liver histological analysis (Figure 5A) showed normal liver parenchyma with absence
of steatosis in lean mice. Conversely, the HFD livers showed severe steatosis with intra- and
extrahepatic fat vacuoles accumulation. Interestingly, AFA supplementation was able to
prevent the HFD-induced severe grading of steatosis. In fact, in the HFD-AFA livers, lipid
droplets were partially suppressed, showing a steatosis grading as moderate. Accordingly,
the absolute and relative (%) liver weight and the intrahepatic lipid content were markedly
reduced in the animals fed an HFD supplemented with AFA compared to obese controls
(Figure 5B–D).
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weight and the fat index were increased in HFD mice when compared to the lean group 
(Figure 6B–D). However, these increments were significantly reduced by the HFD-AFA 
diet, suggesting that the AFA supplementation counteracts HFD-induced hypertrophy. 
Moreover, the adipocyte size distribution analysis revealed that, in HFD-AFA mice, the 
major cell distribution was for adipocytes with a smaller area (9000–10,000 µm2) with re-
spect to HFD adipocytes, in which the major cell distribution was achieved for adipocytes 
with an area of >15,000 µm2 (Figure 6E). 

The adipocyte size, adipose tissue weight, and fat index reduction observed in STD 
mice was similar to that observed in the adipose tissue of the STD-AFA group, and similar 
to the lean group, suggesting that AFA supplementation did not potentiate STD-induced 
hypertrophy regression.  

Figure 5. Effects of AFA on hepatic steatosis. (A) Histological cross-sections of the liver stained
with haematoxylin and eosin (original magnification: ×100); (B) intrahepatic lipid content; (C) liver
weight; (D) liver weight/body weight ratio in lean, HFD, HFD-AFA, STD and STD-AFA mice. Data
are the means ± S.E.M. (n = 8/group). Asterisk denotes significant difference compared with the
lean group (* p < 0.05; ** p < 0.01); hash denotes significant difference compared with the HFD group
(# p < 0.05; ## p <0.01; ### p < 0.001).

AFA was not able to induce further improvements in the steatosis reversion induced
by the standard diet. In fact, both livers of STD and STD-AFA mice showed an absence of
steatosis (Figure 5A) and the same degree of reduction for intrahepatic lipid content and
the absolute and relative liver weight ratio (Figure 5B–D).

VAT histological analysis showed that the adipocytes area in HFD mice was signifi-
cantly higher than that in lean mice, suggesting hypertrophy (Figure 6A,B). Adipose tissue
weight and the fat index were increased in HFD mice when compared to the lean group
(Figure 6B–D). However, these increments were significantly reduced by the HFD-AFA
diet, suggesting that the AFA supplementation counteracts HFD-induced hypertrophy.
Moreover, the adipocyte size distribution analysis revealed that, in HFD-AFA mice, the
major cell distribution was for adipocytes with a smaller area (9000–10,000 µm2) with
respect to HFD adipocytes, in which the major cell distribution was achieved for adipocytes
with an area of >15,000 µm2 (Figure 6E).



Cells 2023, 12, 2706 10 of 18Cells 2023, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 6. Effects of AFA on adiposity. (A) Histological cross-sections of adipose tissue stained with 
haematoxylin and eosin (original magnification: ×200); (B) VAT weight; (C) VAT weight normalised 
to body weight (fat index); (D) Adipocyte area (E) and size distribution (%) in lean, HFD, HFD-AFA, 
STD and STD-AFA mice. Data are the means ± S.E.M. (n = 8/group). Asterisk denotes significant 
difference compared with the lean group (** p < 0.01; *** p < 0.001); hash denotes significant differ-
ence compared with the HFD group (# p < 0.05; ## p <0.01; ### p < 0.001). 

3.5. Impact of AFA on the Lipid Metabolizing Gene Expression in the Liver and Adipose Tissue 
Our results clearly revealed a hypolipidemic effect of AFA in the liver and adipose 

tissue of obese mice. So, we evaluated the impact of AFA supplementation on the lipid 
metabolism-related gene expression changes in liver and adipose tissue of lean, HFD and 
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As shown in Figure 7, FAS, PPAR-γ, SREBP-1c and FAT-P mRNA levels were over-
expressed in the liver and VAT of obese mice in comparison with the lean group (Figure 
7A–D). In the livers of HFD-AFA mice a slight reduction in PPAR-γ and FAT-P, and a 
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7A,B). In the HFD-AFA adipose tissue, FAS, SREBP-1c and FAT-P mRNA levels were 
strongly reduced in comparison with the obese controls (Figure 7C,D). 

Figure 6. Effects of AFA on adiposity. (A) Histological cross-sections of adipose tissue stained with
haematoxylin and eosin (original magnification: ×200); (B) VAT weight; (C) VAT weight normalised
to body weight (fat index); (D) Adipocyte area (E) and size distribution (%) in lean, HFD, HFD-AFA,
STD and STD-AFA mice. Data are the means ± S.E.M. (n = 8/group). Asterisk denotes significant
difference compared with the lean group (** p < 0.01; *** p < 0.001); hash denotes significant difference
compared with the HFD group (# p < 0.05; ## p <0.01; ### p < 0.001).

The adipocyte size, adipose tissue weight, and fat index reduction observed in STD
mice was similar to that observed in the adipose tissue of the STD-AFA group, and similar
to the lean group, suggesting that AFA supplementation did not potentiate STD-induced
hypertrophy regression.

3.5. Impact of AFA on the Lipid Metabolizing Gene Expression in the Liver and Adipose Tissue

Our results clearly revealed a hypolipidemic effect of AFA in the liver and adipose
tissue of obese mice. So, we evaluated the impact of AFA supplementation on the lipid
metabolism-related gene expression changes in liver and adipose tissue of lean, HFD and
HFD-AFA, by using RT-PCR analysis.

As shown in Figure 7, FAS, PPAR-γ, SREBP-1c and FAT-P mRNA levels were overex-
pressed in the liver and VAT of obese mice in comparison with the lean group (Figure 7A–D).
In the livers of HFD-AFA mice a slight reduction in PPAR-γ and FAT-P, and a significant
decrease in SREBP-1c mRNA levels compared to HFD, were observed (Figure 7A,B). In the
HFD-AFA adipose tissue, FAS, SREBP-1c and FAT-P mRNA levels were strongly reduced
in comparison with the obese controls (Figure 7C,D).
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teins NFkB and IL-10 resulted in dysregulated HFD livers and adipose tissues compared 
to the lean group (Figure 8A–F). All of these results confirmed the presence of inflamma-
tion in the HFD tissues. AFA supplementation significantly ameliorated hepatic inflam-
mation. In fact, the HFD-AFA livers showed TNF-α and IL-6 gene expression levels that 
were significantly downregulated compared to HFD mice, and NFkB and IL-10 protein 
levels significantly improved in comparison with HFD livers, similar to that observed in 
the lean controls. A slight but not significant improvement in the TNF-α and IL-6 gene 
expression and the protein levels of NFkB and IL-10 were also observed in the HFD-AFA 
adipose tissue compared to the HFD mice (Figure 8A–F). Interestingly, AFA supplemen-
tation was also able to potentiate the STD-induced regression of inflammation; in fact, a 
significant reduction in IL-6 and TNF-α gene expression was observed in the livers and 
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Figure 7. Effects of AFA on the expression of genes involved in lipid metabolism. Representative
images of the RT-PCR results and mRNA levels of FAS, PPAR-g, SREBP-1c and FAT-P in the livers
(A,B) and adipose tissues (C,D) of lean, HFD and HFD-AFA mice. Data are the means S.E.M.
(n = 8/group). Asterisk denotes significant difference compared with the lean group (* p < 0.05;
** p < 0.01; *** p < 0.001); hash denotes significant compared with the HFD group (# p < 0.05; ### p < 0).

3.6. Impact of AFA on Hepatic and Adipose Tissue Inflammation

In order to clarify if AFA counteracted glucose dysmetabolism by ameliorating in-
flammatory status, the gene and protein expression of several inflammatory markers were
investigated in the livers and VAT of the different groups of animals. Gene expression
analysis revealed an up-regulation of TNF-α and IL-6 in both the livers and adipose tissues
of obese animals compared to lean controls. At the same time, the levels of the proteins
NFkB and IL-10 resulted in dysregulated HFD livers and adipose tissues compared to the
lean group (Figure 8A–F). All of these results confirmed the presence of inflammation in
the HFD tissues. AFA supplementation significantly ameliorated hepatic inflammation.
In fact, the HFD-AFA livers showed TNF-α and IL-6 gene expression levels that were
significantly downregulated compared to HFD mice, and NFkB and IL-10 protein levels
significantly improved in comparison with HFD livers, similar to that observed in the lean
controls. A slight but not significant improvement in the TNF-α and IL-6 gene expression
and the protein levels of NFkB and IL-10 were also observed in the HFD-AFA adipose
tissue compared to the HFD mice (Figure 8A–F). Interestingly, AFA supplementation was
also able to potentiate the STD-induced regression of inflammation; in fact, a significant
reduction in IL-6 and TNF-α gene expression was observed in the livers and adipose tissues
of STD-AFA mice in comparison with STD mice (Figure 8A,D). No improvement was
observed in the hepatic and VAT NFkB and IL-10 protein expression between the STD-AFA
and STD groups (Figure 8E,F).
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bands of hepatic (B) and adipose tissue (E) NFkB, IL-10 and β-actin protein expression; densitomet-
ric analysis of hepatic (C) and adipose tissue (F) NFkB and IL-10 protein levels normalised for β-
actin levels in Lean, HFD, HFD-AFA, STD and STD-AFA mice. Data are the means ± S.E.M. (n = 
8/group). Asterisk denotes significant difference compared with the lean group (* p < 0.05; ** p < 0.01; 
*** p < 0.001); hash denotes significant difference compared with the HFD group (# p < 0.05; ## p 
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stress. Accordingly, the liver and the adipose tissue from obese animals showed increased 
levels of ROS (Figure 9A–C) and reduced SOD activity (Figure 9B–D) in comparison with 
lean mice. Both AFA diets showed positive effects against oxidative stress. In fact, ROS 
levels were significantly reduced in the livers and adipose tissues of the HFD-AFA mice 
compared to obese mice, and in STD-AFA mice in comparison with STD animals (Figure 
9A–C). Hepatic SOD activity was significantly ameliorated in HFD-AFA mice compared 
to obese controls, while no further improvement for the enzymatic activity was observed 
between the livers of STD-AFA and STD mice (Figure 9B). SOD activity of adipose tissue 
was not modified by the different diets. 

Figure 8. Effects of AFA on inflammation. IL-6 and TNF-α gene expression changes in livers
(A) and adipose tissue (D) of lean, HFD, HFD-AFA, STD and STD-AFA mice. Representative
Western blot bands of hepatic (B) and adipose tissue (E) NFkB, IL-10 and β-actin protein expression;
densitometric analysis of hepatic (C) and adipose tissue (F) NFkB and IL-10 protein levels normalised
for β-actin levels in Lean, HFD, HFD-AFA, STD and STD-AFA mice. Data are the means ± S.E.M.
(n = 8/group). Asterisk denotes significant difference compared with the lean group (* p < 0.05;
** p < 0.01; *** p < 0.001); hash denotes significant difference compared with the HFD group (# p < 0.05;
## p <0.01; ### p < 0.001); dollar denotes significant difference compared with the STD group
($ p < 0.05; $$ p < 0.01).

3.7. Impact of AFA on Oxidative Stress in Liver and Adipose Tissue

The chronic consumption of a hyperlipidic diet is related to increased oxidative stress.
Accordingly, the liver and the adipose tissue from obese animals showed increased levels of
ROS (Figure 9A–C) and reduced SOD activity (Figure 9B–D) in comparison with lean mice.
Both AFA diets showed positive effects against oxidative stress. In fact, ROS levels were
significantly reduced in the livers and adipose tissues of the HFD-AFA mice compared to
obese mice, and in STD-AFA mice in comparison with STD animals (Figure 9A–C). Hepatic
SOD activity was significantly ameliorated in HFD-AFA mice compared to obese controls,
while no further improvement for the enzymatic activity was observed between the livers
of STD-AFA and STD mice (Figure 9B). SOD activity of adipose tissue was not modified by
the different diets.
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HFD, HFD-AFA, STD and STD-AFA mice. Adipose tissue levels of ROS (C) and SOD activity (D) in 
lean, HFD, HFD-AFA, STD and STD-AFA mice. Data are the means ± S.E.M. (n = 8/group). Asterisk 
denotes significant difference compared with the lean group (* p < 0.05; ** p < 0.01; *** p < 0.001); 
hash denotes significant difference compared with the HFD group (# p < 0.05; ## p <0.01; ### p < 
0.001); dollar denotes significant difference compared with the STD group ($ p < 0.05). 
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zomenon flos aquae (AFA) KlamExtra® is able to alleviate obesity-related dysmetabolism 
and to potentiate the improvement of the HFD-induced metabolic abnormalities obtained 
by switching from hyperlipidic diet to a low-fat diet in mice with diet-induced obesity. 
AFA exerts its beneficial effects by positively modulating the expression of factors linked 
to inflammation, oxidative stress and lipid metabolism.  

During the last few decades, developed and developing countries have experienced 
a significant shift in food habits, characterised by the high consumption of high fat, hy-
percaloric and salty foods [29,30]. This unhealthy nutrition predisposes people to various 
chronic non-communicable diseases, including obesity and related metabolic dysfunc-
tions such as hyperglycaemia, impaired glucose response, insulin resistance, hepatic ste-
atosis and adiposity [31–33]. The most common therapeutic approach against obesity and 
the related disorders involves lifestyle interventions, such as hypocaloric diets and in-
creased physical activity. The effectiveness of hypocaloric diets is often linked to the con-
sumption of foods or nutraceuticals rich in antioxidant and anti-inflammatory phyto-
chemicals [34–36].  

An interesting source of bioactive anti-obesity compounds is represented by micro-
algae. Recently, we demonstrated that an Aphanizomenon flos aquae (AFA) extract, 
KlamExtra®, is able to counteract neurodegeneration in obese mice [25]. Here, we investi-
gated the impact of KlamExtra® supplementation on obesity-related metabolic dysfunc-
tions in mice with HFD-induced obesity. Mice fed with a HFD develop obesity and a 
plethora of metabolic dysfunctions similar to human metabolic syndrome such as weight 
gain, glucose and lipid impaired metabolisms, hepatic steatosis, adipose tissue hypertro-
phy, increased inflammation and oxidative stress [37,38]. To analyse the efficacy of AFA 
to counteract the progression of the dysmetabolism induced by a chronic hyperlipidic 

Figure 9. Effects of AFA on oxidative stress. Hepatic levels of ROS (A) and SOD activity (B) in lean,
HFD, HFD-AFA, STD and STD-AFA mice. Adipose tissue levels of ROS (C) and SOD activity (D) in
lean, HFD, HFD-AFA, STD and STD-AFA mice. Data are the means ± S.E.M. (n = 8/group). Asterisk
denotes significant difference compared with the lean group (* p < 0.05; ** p < 0.01; *** p < 0.001); hash
denotes significant difference compared with the HFD group (# p < 0.05; ## p <0.01; ### p < 0.001);
dollar denotes significant difference compared with the STD group ($ p < 0.05).

4. Discussion

The results of the present study show that the supplementation with the Aphani-
zomenon flos aquae (AFA) KlamExtra® is able to alleviate obesity-related dysmetabolism
and to potentiate the improvement of the HFD-induced metabolic abnormalities obtained
by switching from hyperlipidic diet to a low-fat diet in mice with diet-induced obesity.
AFA exerts its beneficial effects by positively modulating the expression of factors linked to
inflammation, oxidative stress and lipid metabolism.

During the last few decades, developed and developing countries have experienced
a significant shift in food habits, characterised by the high consumption of high fat, hy-
percaloric and salty foods [29,30]. This unhealthy nutrition predisposes people to various
chronic non-communicable diseases, including obesity and related metabolic dysfunctions
such as hyperglycaemia, impaired glucose response, insulin resistance, hepatic steatosis
and adiposity [31–33]. The most common therapeutic approach against obesity and the
related disorders involves lifestyle interventions, such as hypocaloric diets and increased
physical activity. The effectiveness of hypocaloric diets is often linked to the consumption of
foods or nutraceuticals rich in antioxidant and anti-inflammatory phytochemicals [34–36].

An interesting source of bioactive anti-obesity compounds is represented by mi-
croalgae. Recently, we demonstrated that an Aphanizomenon flos aquae (AFA) extract,
KlamExtra®, is able to counteract neurodegeneration in obese mice [25]. Here, we investi-
gated the impact of KlamExtra® supplementation on obesity-related metabolic dysfunctions
in mice with HFD-induced obesity. Mice fed with a HFD develop obesity and a plethora of
metabolic dysfunctions similar to human metabolic syndrome such as weight gain, glucose
and lipid impaired metabolisms, hepatic steatosis, adipose tissue hypertrophy, increased
inflammation and oxidative stress [37,38]. To analyse the efficacy of AFA to counteract the
progression of the dysmetabolism induced by a chronic hyperlipidic diet, or to accelerate
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healing from obesity due to hypocaloric diet, we started with 8 weeks of AFA supplemen-
tation in mice with obesity induced by 10 weeks of HFD feeding. The achievement of the
dysmetabolic condition was confirmed by an in vivo analysis performed in HFD mice at
the end of the 10 weeks of hyperlipidic diet.

4.1. Does AFA Prevent the Long-Term HFD Dependent Metabolic Dysfunctions?

First, we demonstrated that AFA supplementation prevents HFD-induced weight gain,
as suggested by the lower final body weight and reduced weight gain observed in the HFD-
AFA mice compared to HFD controls. The absence of effects on caloric intake led us to exclude
the involvement of the product in the central mechanisms regulating food intake.

It is known that the HFD-induced body weight increase is due to hyperplasia and
hypertrophy of visceral adipose tissue [39,40]. Accordingly, our obese control mice showed
a higher VAT weight, fat index and adipocytes mean area than the lean controls, confirming
hypertrophy of adipose tissue. Interestingly, mice fed with a HFD supplemented with
AFA showed a significant reduction in hypertrophy in comparison with obese animals,
indicating that AFA extract is able to prevent the HFD-dependent fat-mass accumulation.

VAT expansion is supported by lipogenesis involving both de novo synthesis and
increased uptake of triglycerides and fatty acids [41]. Many transcription factors regulate
lipogenesis including the peroxisome proliferator-activated receptor gamma (PPAR-γ) and
the Sterol Regulatory Element-Binding Protein (SREBP)-1c. Moreover, lipogenic-related
enzymes, such as fatty acid synthase (FAS), play important roles in lipid accumulation
during lipogenesis. PPAR-γ is considered as one of the main activators of lipogenesis; in
fact, PPAR-γ inhibitors were shown to be useful tools to treat obesity [42]. SREBP-1c is
expressed in tissues in which fatty acid de novo synthesis is highly active, such as liver
and adipose tissue. When activated, SREBP-1c translocate into the nucleus and act as
transcriptional activators of genes mediating both cholesterol and lipid synthesis, including
FAS [43]. Fatty acid transporter (FAT)-P is a membrane protein, mediating fatty acid uptake
from extracellular milieu. It has been reported that the upregulation of FAT-P mRNA
increases fatty acid uptake in the adipose tissue and livers of obese mice [44].

Our results showed that PPAR-γ, SREBP-1c, FAS and FAT-P genes were upregulated in
the visceral adipose tissue of obese mice, confirming their involvement in the HFD-induced
fat accumulation. For the first time our results revealed the epigenetic potential of microal-
gae extracts because the AFA diet was able to prevent the HFD-induced upregulation of
SREBP-1c, FAS and FAT-P in the adipose tissue. The anti-obesogenic effects exerted by AFA
were reflected by a significant reduction in both plasma triglyceride concentrations and fat
liver accumulation in HFD-AFA mice compared to obese controls. The steatosis prevention
could be related to the SREBP-1c downregulation observed in HFD-AFA livers. In fact, the
SREBP-1c-dependent pattern upregulation is known as one of the main molecular mech-
anisms in nutrient-induced hepatic steatosis [45]. Various phytocompounds contained
in AFA extract, such as omega-3 [46], AFA-phycocyanins [47] and chlorophyll [48], have
been reported to have anti-adiposity potential by acting as positive modulator of lipid
metabolizing gene expression. As such, we can speculate that these microalgae compounds
are responsible for the observed hypolipidemic action.

C57BL/6J mice fed long-term HFD develop hyperglycaemia, hyperinsulinemia, im-
paired glucose, and insulin-resistance [49]. Here, we showed that AFA supplementation
exerts positive impact also on the HFD-induced impaired glucose metabolism, as shown
by the significantly reduced fasting glycaemia and insulinaemia and strongly improved
glucose tolerance and insulin sensitivity in HFD-AFA mice compared to the obese controls.
Moreover, the HOMA-IR, an index of IR, and the protein expression of insulin receptor in
the liver resulted significantly reduced in obese mice fed AFA, confirming that microal-
gae extracts can effectively prevent the insulin resistance due to excess fat consumption.
Consistent with our results, AFA extracts have been reported to be able to reduce blood
glucose levels in Iranian type 2 diabetes patients [50] and to ameliorate basal glycaemia in
streptozotocin-induced diabetic rats [51].
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Chronic inflammation and oxidative stress are among the mechanisms responsible
for abnormal glucose homeostasis due to a chronic consumption of a hyperlipidic diet.
Indeed, HFD dependency increased the activation of TNF-α and NFkB involved in the
mechanisms, leading to an altered insulin signalling [52,53]. Several compounds enriched
in KlamExtra® have high anti-inflammatory and anti-oxidant properties [14,54–57]. So, we
evaluated the hypothesis that the AFA euglycemic effect is linked to the improvement of
the inflammatory response and oxidative stress in the liver and adipose tissue of obese
animals. The observation that AFA extract prevented the HFD-induced liver inflammation
by strongly reducing gene expression of pro-inflammatory IL-6 and TNF-α cytokines,
as well as the protein expression of NFkB, and by increasing the expression of the anti-
inflammatory IL-10 protein, provides evidence for AFA extract’s ability to ameliorate
glucose dysmetabolism by reducing inflammatory status. Consistent with our results,
phycocyanobilin, one of the AFA phytocompounds [57], has been reported to exert anti-
inflammatory effects by inhibiting the NFkB-dependent inflammatory signal pathways [58].

Oxidative stress is another mechanism associated with impaired insulin signalling [59],
hepatic steatosis [60] and adiposity [61].

We observed that the AFA diet was able to strongly reduce ROS levels both in the
liver and adipose tissue. On the other hand, NFkB is also involved in the control of ROS
generation [62] and carotenoids, phycoerythrins, and phycocyanins, which are present
in AFA composition, have strong antioxidant properties. Accordingly, microalgae extract
strongly ameliorated the HFD-induced SOD activity impairment by bringing back its levels
to that observed in lean mice. In line with our results, in vitro and in vivo studies have
revealed the anti-inflammatory and antioxidant properties of Klamin® and AphaMax®, the
two AFA extracts included in KlamExtra® formulation [14,20,63]. Therefore, it is possible
to hypothesise that the AFA extract is also able to ameliorate insulin resistance, steatosis
and adiposity by reducing oxidative stress.

4.2. Does AFA Accelerate the Reversion of the Obesity-Related Dysmetabolism Obtained by
Switching from HFD vs. STD?

Switching a high-fat diet for a normocaloric diet could reverse HFD-induced metabolic
abnormalities [64,65], although the success of the diet seems to depend on the long-standing
consumption of an HFD [9,66], or by the adherence to the diet which can be “optimised”
by accelerating the achievement of the weight loss goals [5].

As such, another goal of our study was to evaluate the ability of AFA to potentiate
the reversion of the HFD-induced dysmetabolism when the HFD diet was switched to a
standard diet (STD).

In our experimental conditions, AFA’s impact on several dysfunctions, including body
weight loss, hepatic steatosis, and adiposity, could not be revealed because they were fully
recovered by standard diet alone. However, further experiments are necessary to clarify
these results, considering for example, a shorter experimental protocol.

Interestingly, AFA was able to potentiate the STD-induced reversion of glucose dys-
metabolism as demonstrated by the significant reduction in basal glycaemia, HOMA-index
and the improved insulin sensitivity observed in mice fed an STD supplemented with AFA
in comparison to mice fed normal chow. Furthermore, we observed that AFA accelerates
the recovery from inflammation and oxidative stress in liver and adipose tissue of STD-
AFA mice confirming that AFA counteracts metabolic glucose impairment by acting as
anti-inflammatory and antioxidant agent.

5. Conclusions

In conclusion, by using an animal model of diet-induced obesity, we revealed that
KlamExtra® is able to prevent body weight gain, impaired glucose metabolism, hepatic
steatosis and hypertrophy of the adipose tissue induced by a chronic hyperlipidic diet. We
also highlighted the AFA’s ability to accelerate the reversion of the HFD-induced glucose
dysmetabolism by consuming a normocaloric diet. These beneficial effects appear to
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be linked to the AFA’s potential to positively modulate the expression of factors linked
to inflammation, oxidative stress, and lipid metabolism. Although human studies are
necessary to confirm the effects of AFA extract, the present study offers a new potential
and natural approach to the treatment of obesity-related dysfunctions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12232706/s1, Table S1: Composition of AFA extract.
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Pierzchała, M. Effects of Dietary n-3 and n-6 Polyunsaturated Fatty Acids in Inflammation and Cancerogenesis. Int. J. Mol. Sci.
2021, 22, 6965. [CrossRef] [PubMed]

24. KlamExtra®. KlamathShop EU. Available online: https://www.klamathshop.eu/product/klamextra (accessed on 20 November 2023).
25. Galizzi, G.; Deidda, I.; Amato, A.; Calvi, P.; Terzo, S.; Caruana, L.; Scoglio, S.; Mulè, F.; Di Carlo, M. Aphanizomenon flos-aquae

(AFA) Extract Prevents Neurodegeneration in the HFD Mouse Model by Modulating Astrocytes and Microglia Activation. Int. J.
Mol. Sci. 2023, 24, 4731. [CrossRef] [PubMed]

26. Siersbæk, M.S.; Ditzel, N.; Hejbøl, E.K.; Præstholm, S.M.; Markussen, L.K.; Avolio, F.; Li, L.; Lehtonen, L.; Hansen, A.K.; Schrøder,
H.D.; et al. C57BL/6J substrain differences in response to high-fat diet intervention. Sci. Rep. 2020, 10, 14052. [CrossRef]
[PubMed]

27. Terzo, S.; Attanzio, A.; Calvi, P.; Mulè, F.; Tesoriere, L.; Allegra, M.; Amato, A. Indicaxanthin from Opuntia ficus-indica Fruit
Ameliorates Glucose Dysmetabolism and Counteracts Insulin Resistance in High-Fat-Diet-Fed Mice. Antioxidants 2021, 11, 80.
[CrossRef] [PubMed]

28. Mudò, G.; Frinchi, M.; Nuzzo, D.; Scaduto, P.; Plescia, F.; Massenti, M.F.; Di Carlo, M.; Cannizzaro, C.; Cassata, G.; Cicero, L.; et al.
Anti-inflammatory and cognitive effects of interferon-β1a (IFNβ1a) in a rat model of Alzheimer’s disease. J. Neuroinflam. 2019, 16, 44.
[CrossRef]

29. Christ, A.; Lauterbach, M.; Latz, E. Western diet and the immune system: An inflammatory connection. Immunity 2019, 51,
794–811. [CrossRef]

30. Nasreddine, L.M.; Kassis, A.N.; Ayoub, J.J.; Naja, F.A.; Hwalla, N.C. Nutritional status and dietary intakes of children amid the
nutrition transition: The case of the Eastern Mediterranean Region. Nutr. Res. 2018, 57, 12–27. [CrossRef]

31. Bortolin, R.C.; Vargas, A.R.; Gasparotto, J.; Chaves, P.R.; Schnorr, C.E.; Martinello, K.B.; Silveira, A.K.; Rabelo, T.K.; Gelain, D.P.;
Moreira, J.C.F. A new animal diet based on human Western diet is a robust diet-induced obesity model: Comparison to high-fat
and cafeteria diets in term of metabolic and gut microbiota disruption. Int. J. Obes. 2018, 42, 525–534. [CrossRef]

32. Johnson, A.R.; Wilkerson, M.D.; Sampey, B.P.; Troester, M.A.; Hayes, D.N.; Makowski, L. Cafeteria diet-induced obesity causes
oxidative damage in white adipose. Biochem. Biophys. Res. Commun. 2016, 473, 545–550. [CrossRef] [PubMed]

33. Carillon, J.; Romain, C.; Bardy, G.; Fouret, G.; Feillet-Coudray, C.; Gaillet, S.; Lacan, D.; Cristol, J.P.; Rouanet, J.M. Cafeteria diet
induces obesity and insulin resistance associated with oxidative stress but not with inflammation: Improvement by dietary
supplementation with a melon superoxide dismutase. Free Radic. Biol. Med. 2013, 65, 254–261. [CrossRef] [PubMed]

34. Chiurazzi, M.; Cacciapuoti, N.; Di Lauro, M.; Nasti, G.; Ceparano, M.; Salomone, E.; Guida, B.; Lonardo, M.S. The Synergic Effect
of a Nutraceutical Supplementation Associated to a Mediterranean Hypocaloric Diet in a Population of Overweight/Obese
Adults with NAFLD. Nutrients 2022, 14, 4750. [CrossRef] [PubMed]

35. Hernando-Redondo, J.; Toloba, A.; Benaiges, D.; Salas-Salvadó, J.; Martínez-Gonzalez, M.A.; Corella, D.; Estruch, R.; Tinahones,
F.J.; Ros, E.; Goday, A.; et al. Mid- and long-term changes in satiety-related hormones, lipid and glucose metabolism, and
inflammation after a Mediterranean diet intervention with the goal of losing weight: A randomized, clinical trial. Front. Nutr.
2022, 9, 950900. [CrossRef] [PubMed]

36. Escoté, X.; Félix-Soriano, E.; Gayoso, L.; Huerta, A.E.; Alvarado, M.A.; Ansorena, D.; Astiasarán, I.; Martínez, J.A.; Moreno-Aliaga,
M.J. Effects of EPA and lipoic acid supplementation on circulating FGF21 and the fatty acid profile in overweight/obese women
following a hypocaloric diet. Food Funct. 2018, 9, 3028–3036. [CrossRef] [PubMed]

37. Zandani, G.; Anavi-Cohen, S.; Yudelevich, T.; Nyska, A.; Dudai, N.; Madar, Z.; Gorelick, J. Chiliadenus iphionoides Reduces Body
Weight and Improves Parameters Related to Hepatic Lipid and Glucose Metabolism in a High-Fat-Diet-Induced Mice Model of
NAFLD. Nutrients 2022, 14, 4552. [CrossRef] [PubMed]

38. Trzepizur, W.; Gaceb, A.; Arnaud, C.; Ribuot, C.; Levy, P.; Martinez, M.C.; Gagnadoux, F.; Andriantsitohaina, R. Vascular and
hepatic impact of short-term intermittent hypoxia in a mouse model of metabolic syndrome. PLoS ONE 2015, 10, e0124637.
[CrossRef]

39. Jeffery, E.; Church, C.D.; Holtrup, B.; Colman, L.; Rodeheffer, M.S. Rapid depot-specific activation of adipocyte precursor cells at
the onset of obesity. Nat. Cell Biol. 2015, 17, 376–385. [CrossRef]

40. Wang, Q.; Tao, C.; Gupta, R.; Scherer, P.E. Tracking adipogenesis during white adipose tissue development, expansion and
regeneration. Nat. Med. 2013, 19, 1338–1344. [CrossRef]

https://doi.org/10.3390/molecules23082065
https://doi.org/10.3390/antiox11020201
https://doi.org/10.3390/md19100531
https://doi.org/10.3390/md17030155
https://www.ncbi.nlm.nih.gov/pubmed/30845724
https://doi.org/10.1111/j.1365-2125.2012.04374.x
https://www.ncbi.nlm.nih.gov/pubmed/22765297
https://doi.org/10.3390/ijms22136965
https://www.ncbi.nlm.nih.gov/pubmed/34203461
https://www.klamathshop.eu/product/klamextra
https://doi.org/10.3390/ijms24054731
https://www.ncbi.nlm.nih.gov/pubmed/36902167
https://doi.org/10.1038/s41598-020-70765-w
https://www.ncbi.nlm.nih.gov/pubmed/32820201
https://doi.org/10.3390/antiox11010080
https://www.ncbi.nlm.nih.gov/pubmed/35052584
https://doi.org/10.1186/s12974-019-1417-4
https://doi.org/10.1016/j.immuni.2019.09.020
https://doi.org/10.1016/j.nutres.2018.04.016
https://doi.org/10.1038/ijo.2017.225
https://doi.org/10.1016/j.bbrc.2016.03.113
https://www.ncbi.nlm.nih.gov/pubmed/27033600
https://doi.org/10.1016/j.freeradbiomed.2013.06.022
https://www.ncbi.nlm.nih.gov/pubmed/23792771
https://doi.org/10.3390/nu14224750
https://www.ncbi.nlm.nih.gov/pubmed/36432436
https://doi.org/10.3389/fnut.2022.950900
https://www.ncbi.nlm.nih.gov/pubmed/36466401
https://doi.org/10.1039/C8FO00355F
https://www.ncbi.nlm.nih.gov/pubmed/29766165
https://doi.org/10.3390/nu14214552
https://www.ncbi.nlm.nih.gov/pubmed/36364811
https://doi.org/10.1371/journal.pone.0124637
https://doi.org/10.1038/ncb3122
https://doi.org/10.1038/nm.3324


Cells 2023, 12, 2706 18 of 18

41. Moreno-Indias, I.; Tinahones, F.J. Impaired adipose tissue expandability and lipogenic capacities as ones of the main causes of
metabolic disorders. J. Diabetes Res. 2015, 2015, 970375. [CrossRef]

42. Kumar, S.; Sinha, K.; Sharma, R.; Purohit, R.; Padwad, Y. Phloretin and phloridzin improve insulin sensitivity and enhance glucose
uptake by subverting PPAR/Cdk5 interaction in differentiated adipocytes. Exp. Cell. Res. 2019, 383, 111480. [CrossRef] [PubMed]

43. Eberle, D.; Hegarty, B.; Bossard, P.; Ferré, P.; Foufelle, F. Srebp transcription factors: Master regulators of lipid homeostasis.
Biochimie 2004, 86, 839–848. [CrossRef] [PubMed]

44. Memon, R.A.; Fuller, J.; Moser, A.H.; Smith, P.J.; Grunfeld, C.; Feingold, K.R. Regulation of putative fatty acid transporters and
Acyl-CoA synthetase in liver and adipose tissue in ob/ob mice. Diabetes 1999, 48, 121–127. [CrossRef] [PubMed]

45. Parlati, L.; Régnier, M.; Guillou, H.; Postic, C. New targets for NAFLD. JHEP Rep. 2021, 3, 100346. [CrossRef] [PubMed]
46. Dias, B.V.; Gomes, S.V.; Castro, M.L.D.C.; Carvalho, L.C.F.; Breguez, G.S.; de Souza, D.M.S.; Ramos, C.O.; Sant’Ana, M.R.;

Nakandakari, S.C.B.R.; Araujo, C.M.; et al. EPA/DHA and linseed oil have different effects on liver and adipose tissue in rats fed
with a high-fat diet. Prostaglandins Other. Lipid Mediat. 2022, 159, 106622. [CrossRef] [PubMed]

47. Ma, P.; Huang, R.; Jiang, J.; Ding, Y.; Li, T.; Ou, Y. Potential use of C-phycocyanin in non-alcoholic fatty liver disease. Biochem.
Biophys. Res. Commun. 2020, 526, 906–912. [CrossRef] [PubMed]

48. Lee, H.G.; Lu, Y.A.; Je, J.G.; Jayawardena, T.U.; Kang, M.C.; Lee, S.H.; Kim, T.H.; Lee, D.S.; Lee, J.M.; Yim, M.J.; et al. Effects of
Ethanol Extracts from Grateloupia elliptica, a Red Seaweed, and Its Chlorophyll Derivative on 3T3-L1 Adipocytes: Suppression
of Lipid Accumulation through Downregulation of Adipogenic Protein Expression. Mar. Drugs 2021, 19, 91. [CrossRef]

49. Winzell, M.S.; Ahren, B. The high-fat diet-fed mouse: A model for studying mechanisms and treatment of impaired glucosetoler-
ance and type 2 diabetes. Diabetes 2004, 53, S215–S219. [CrossRef]

50. Sanaei, M.; Ebrahimi, M.; Banazadeh, Z.; Shafiee, G.; Khatami, F.; Ahadi, Z.; Heshmat, R. Consequences of Aphanizomenon Flos-aquae
(AFA) extract (Stemtech (TM) ) on metabolic profile of patients with type 2 diabetes. J. Diabetes Metab. Disord. 2015, 14, 50. [CrossRef]

51. Ismail, Z.M.; Kamel, A.M.; Yacoub, M.F.; Aboulkhair, A.G. The effect of in vivo mobilization of bone marrow stem cells on the
pancreas of diabetic albino rats (a histological & immunohistochemical study). Int. J. Stem Cells 2013, 6, 1–11. [CrossRef]

52. Hotamisligil, G.S.; Peraldi, P.; Budavari, A.; Ellis, R.; White, M.F.; Spiegelman, B.M. IRS-1-mediated inhibition of insulin receptor
tyrosine kinase activity in TNF-alpha- and obesity-induced insulin resistance. Science 1996, 271, 665–670. [CrossRef] [PubMed]

53. Samuel, V.T.; Shulman, G.I. The pathogenesis of insulin resistance: Integrating signaling pathways and substrate flux. J. Clin.
Investig. 2016, 126, 12–22. [CrossRef] [PubMed]

54. Kushak, R.I.; Drapeau, C.; Winter, H.D. The effect of blue-green algae Aphanizomenon Flos Aquae on nutrient assimilation in
rats. JANA 2001, 3, 35–39.

55. Kamat, J.P.; Boloor, K.K.; Devasagayam, T.P.A. Chlorophyllin as an effective antioxidant against membrane damage in vitro and
ex vivo. Biochim. Biophys. Acta (BBA) Mol. Cell Biol. Lipids 2000, 1487, 113–127. [CrossRef]

56. Rinalducci, S.; Roepstorff, P.; Zolla, L. De novo sequence analysis and intact mass measurements for characterization of
phycocyanin subunit isoforms from the blue-green alga Aphanizomenon flos-aquae. J. Mass Spectrom. 2009, 44, 503–515.
[CrossRef] [PubMed]

57. Benedetti, S.; Benvenuti, F.; Scoglio, S.; Canestrari, F. Oxygen radical absorbance capacity of phycocyanin and phycocyanobilin
from the food supplement Aphanizomenon flos-aquae. J. Med. Food 2010, 13, 223–227. [CrossRef] [PubMed]

58. Li, Y. The Bioactivities of Phycocyanobilin from Spirulina. J. Immunol. Res. 2022, 2022, 4008991. [CrossRef] [PubMed]
59. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.; Makishima, M.; Matsuda, M.;

Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic syndrome. J. Clin. Investig. 2004, 114, 1752–1761.
[CrossRef]

60. Farzanegi, P.; Dana, A.; Ebrahimpoor, Z.; Asadi, M.; Azarbayjani, M.A. Mechanisms of beneficial effects of exercise training on
non-alcoholic fatty liver disease (NAFLD): Roles of oxidative stress and inflammation. Eur. J. Sport Sci. 2019, 19, 994–1003. [CrossRef]

61. Yazıcı, D.; Sezer, H. Insulin Resistance, Obesity and Lipotoxicity. In Advances in Experimental Medicine and Biology; Engin, A.,
Engin, A., Eds.; Springer: Cham, Switzerland, 2017; Volume 960, pp. 277–304. [CrossRef]

62. Dong, Z.; Zhuang, Q.; Ye, X.; Ning, M.; Wu, S.; Lu, L.; Wan, X. Adiponectin Inhibits NLRP3 Inflammasome Activation in
Nonalcoholic Steatohepatitis via AMPK-JNK/ErK1/2-NFκB/ROS Signaling Pathways. Front. Med. 2020, 7, 546445. [CrossRef]

63. Nuzzo, D.; Contardi, M.; Kossyvaki, D.; Picone, P.; Cristaldi, L.; Galizzi, G.; Bosco, G.; Scoglio, S.; Athanassiou, A.; Di Carlo, M.
Heat-Resistant Aphanizomenon flos-aquae (AFA) Extract (Klamin®) as a Functional Ingredient in Food Strategy for Prevention
of Oxidative Stress. Oxid. Med. Cell. Longev. 2019, 2019, 9481390. [CrossRef]

64. Guo, J.; Jou, W.; Gavrilova, O.; Hall, K.D. Persistent diet-induced obesity in male C57BL/6 mice resulting from temporary
obesigenic diets. PLoS ONE 2009, 4, e5370. [CrossRef]

65. Hatzidis, A.; Hicks, J.A.; Gelineau, R.R.; Arruda, N.L.; De Pina, I.M.; O’Connell, K.E.; Seggio, J.A. Removal of a high-fat diet, but
not voluntary exercise, reverses obesity and diabetic-like symptoms in male C57BL/6J mice. Hormones 2017, 16, 62–74.

66. Hill, J.O.; Melanson, E.L.; Wyatt, H.T. Dietary fat intake and regulation of energy balance: Implications for obesity. J. Nutr. 2000,
130 (Suppl. S2), 284S–288S. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1155/2015/970375
https://doi.org/10.1016/j.yexcr.2019.06.025
https://www.ncbi.nlm.nih.gov/pubmed/31279631
https://doi.org/10.1016/j.biochi.2004.09.018
https://www.ncbi.nlm.nih.gov/pubmed/15589694
https://doi.org/10.2337/diabetes.48.1.121
https://www.ncbi.nlm.nih.gov/pubmed/9892232
https://doi.org/10.1016/j.jhepr.2021.100346
https://www.ncbi.nlm.nih.gov/pubmed/34667947
https://doi.org/10.1016/j.prostaglandins.2022.106622
https://www.ncbi.nlm.nih.gov/pubmed/35091082
https://doi.org/10.1016/j.bbrc.2020.04.001
https://www.ncbi.nlm.nih.gov/pubmed/32279997
https://doi.org/10.3390/md19020091
https://doi.org/10.2337/diabetes.53.suppl_3.S215
https://doi.org/10.1186/s40200-015-0177-7
https://doi.org/10.15283/ijsc.2013.6.1.1
https://doi.org/10.1126/science.271.5249.665
https://www.ncbi.nlm.nih.gov/pubmed/8571133
https://doi.org/10.1172/JCI77812
https://www.ncbi.nlm.nih.gov/pubmed/26727229
https://doi.org/10.1016/S1388-1981(00)00088-3
https://doi.org/10.1002/jms.1526
https://www.ncbi.nlm.nih.gov/pubmed/19053161
https://doi.org/10.1089/jmf.2008.0257
https://www.ncbi.nlm.nih.gov/pubmed/20136460
https://doi.org/10.1155/2022/4008991
https://www.ncbi.nlm.nih.gov/pubmed/35726224
https://doi.org/10.1172/JCI21625
https://doi.org/10.1080/17461391.2019.1571114
https://doi.org/10.1007/978-3-319-48382-5_12
https://doi.org/10.3389/fmed.2020.546445
https://doi.org/10.1155/2019/9481390
https://doi.org/10.1371/journal.pone.0005370
https://doi.org/10.1093/jn/130.2.284S

	Introduction 
	Materials and Methods 
	Animals and Experimental Protocols 
	Biochemical Analyses 
	Liver and Adipose Tissue Histology 
	Real-Time PCR 
	Semi-Quantitative RT-PCR 
	Western Blot Analysis 
	Detection of Oxidative Levels: DCFH-DA Assay 
	SOD Activity 
	Statistical Analysis 

	Results 
	Effects of 10 Weeks of HFD on Metabolic Parameters 
	Impact of AFA on Body Weight, Food Intake and Lipidaemia 
	Impact of AFA on Glucose Homeostasis 
	Impact of AFA on Hepatic Steatosis and Adiposity 
	Impact of AFA on the Lipid Metabolizing Gene Expression in the Liver and Adipose Tissue 
	Impact of AFA on Hepatic and Adipose Tissue Inflammation 
	Impact of AFA on Oxidative Stress in Liver and Adipose Tissue 

	Discussion 
	Does AFA Prevent the Long-Term HFD Dependent Metabolic Dysfunctions? 
	Does AFA Accelerate the Reversion of the Obesity-Related Dysmetabolism Obtained by Switching from HFD vs. STD? 

	Conclusions 
	References

