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Preface to ”New Research in Dietary Supplements

and Healthy Foods ”

Dear Readers,

This book comprises 14 scientific manuscripts belonging to the Special Issue in Nutrients titled

“New Research in Dietary Supplements and Healthy Foods”, edited by me.

The subject of the book is the role of natural bioactive compounds contained in dietary

supplements and functional foods in the control of good health. The scientific manuscripts colllected

here constitute the state of art regarding the beneficial effects induced by the long-term comsuption

of functional foods or natural supplements, rich in antioxidant and anti-inflammatory compounds,

against the onset and progression of chronic diseases such as cardiovascular diseases, obesity, type

2 diabetes, insuline-resistance, dyslipidaemia, hepatic steatosis, neurodegeneration, and cancer.

Moreover, much of the data clarify the molecular mechanisms by which these compounds exert their

beneficial effects.

This book is addressed to researchers involved in the field of nutrition or food science, providing

an update to the most recent data in the field; to clinicians for integration in their therapies and

management; and also to academic professors to update the theoretical contents of their lectures.

I would like to thank all the eminent authors that contribuited to this book and also to the

editorial assistants for their valuable support.

Antonella Amato

Editor
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Abstract: Increasing evidence has demonstrated that amyloid-β peptide (Aβ), the hallmark of
Alzheimer’s disease (AD), evokes oxidative and inflammatory cascades, which ultimately lead to
the death of neurons. The purpose of the present study is to demonstrate the effect of nobiletin,
a representative compound of citrus peel, in preventive and therapeutic approaches against neuronal
damage by exposure to Aβ25–35. Nobiletin significantly ameliorated Aβ25–35-mediated cell death
by restoring abnormal changes in intracellular oxidative stress, cell cycle, nuclear morphology,
and activity of apoptotic caspase. Regarding anti-inflammatory responses, nobiletin significantly
suppressed interleukin-1β, tumor necrosis factor-α, nitric oxide (NO), and prostaglandin E2 production
in response to Aβ stimulation. Moreover, nobiletin inhibited Aβ-stimulated inducible NO synthase
and cyclooxygenase-2 expression, which was attributed to the blockade of nuclear factor-κB p65
and phosphorylation of its inhibitor, IκB-α. Interestingly, nobiletin decreased expression of c-Jun
N-terminal kinase and p38 without affecting extracellular signal-regulated kinase 1/2 activation.
Taken together, the novel data implicate nobiletin as a potential candidate for the prevention of AD
through the inhibition of oxidative stress, apoptosis, and inflammation.

Keywords: Alzheimer’s disease; amyloid-β peptide; oxidative stress; inflammation; nobiletin

1. Introduction

Amyloid-β peptide (Aβ) is the major component of amyloid plaque. Aβ is a characteristic marker
of Alzheimer’s disease (AD) and is believed to initiate the pathological cascade of the disease. Aβ is
a 39 to 43 amino acid peptide formed by β- and γ-secretases that catalyze the splitting of amyloid
precursor protein (APP) [1]. Aβ accumulation triggers the cascade of events, such as reactive oxygen
species (ROS) production, cell cycle dysregulation, tau phosphorylation, and inflammation, which,
ultimately, lead to the death of neurons [2,3].

The detrimental role of Aβ in the stimulation of oxidative stress has been reported in various
studies. In a transgenic mouse model, Aβ increased the levels of protein and lipid oxidation markers,
including protein carbonyls, 4-hydroxy-2-nonenal, and 3-nitrotyrosine [4,5]. The observed oxidative
injury appeared to be dependent on the methionine 35 of Aβ peptide [6]. Notably, Aβ can regulate
ROS generation and ROS can reciprocally promote overproduction of Aβ in a vicious cycle [7].

Nuclear factor-kappa B (NF-κB) regulates Aβ homeostasis through transcriptional upregulation
of various related enzymes and proteins [8]. Under physiological conditions, NF-κB regulates the
expression rates of genes for APP, β-secretase 1 (BACE1) and several components of the γ-secretase
complex. However, activation of NF-κB by Aβ regulates the transcription of all these genes and

Nutrients 2019, 11, 2648; doi:10.3390/nu11112648 www.mdpi.com/journal/nutrients
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over-stimulates Aβ production [9]. Mitogen-activated protein kinases (MAPKs), such as extracellular
protein regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK) and p38, can activate the NF-κB
pathway to produce a series of inflammatory factors.

Nobiletin (2-(3,4-dimethoxyphenyl)-5,6,7,8-tetramethoxychromen-4-one) is one of the major
polymethoxyflavones in the peel of citrus fruits, including oranges, mandarins, limes, and lemons [10].
Various pharmacological effects attributed to nobiletin include antioxidant, anti-inflammatory,
anti-diabetic, anti-atherogenic and anti-carcinogenic activities [11–15]. The neuroprotective property
of nobiletin has been demonstrated in several recent studies. The compound prevents ischemic
brain injury by regulating the Akt/cAMP-response element-binding protein (CREP)/Bcl-2 pathway in
Sprague–Dawley rats. Nobiletin reduces Aβ-stimulated memory impairment in several AD animal
models, including olfactory bulbectomy mice, APP-SL 7–5 Tg mice and 3XTg-AD mice [16–18].

Our previous study demonstrated the ability of nobiletin to non-competitively inhibit BACE1
via hydrogen-bond-mediated interactions with allosteric residues of the enzyme [19]. However, the
primary molecular mechanism underlying the neuroprotective effect of nobiletin on Aβ-induced
oxidative stress and inflammation has not yet been clearly demonstrated, which prompted the present
investigation of the possible effects of nobiletin on PC12 cell models.

2. Materials and Methods

2.1. Cell Culture and Aβ25-35 Stock Solution

PC12 cells were cultured in RPMI1640 medium supplemented with 10% horse serum, 5% fetal
bovine serum, and penicillin (100 U/mL) and treated with nobiletin (Sigma-Aldrich, St. Louis, MO, USA)
for 24 h at 37 ◦C in a 5% CO2 incubator. Aβ25-35 (Sigma-Aldrich) was dissolved in dimethylsulfoxide
(DMSO) at an initial concentration of 10 mM and diluted with phosphate buffered saline (PBS). Aβ25-35

solution was incubated at 37 ◦C for 48 h to permit aggregation before use.

2.2. Cell Viability Analysis

Cell viability was assessed using the established 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. PC12 cells (1×105 cells/well in a 96-well plate) were incubated with MTT reagent for
3 h at 37 ◦C. The medium was removed and the formazan crystals produced by the reduction of MTT were
dissolved in DMSO. The absorbance due to the formazan crystals was measured at 570 nm using a model
ELX808 spectrophotometer (BioTek, Winooski, VT, USA).

2.3. Intracellular ROS Analysis

PC12 cells were stained with CM-H2DCFDA in minimum essential medium without serum at
37 ◦C for 30 min in the dark and resuspended in Hank’s balanced salt solution. Cells were placed
on glass slides and cultured overnight. Imaging ROS was done by fluorescence spectrophotometry
with excitation and emission wavelengths of 485 and 528 nm, respectively, using a model FLX800
spectrometer (BioTek).

2.4. Apoptosis Assay by Hoechst 33342 Staining

PC12 cells were harvested with PBS and fixed in 4% paraformaldehyde for 20 min at 25 ◦C and
then washed with PBS before being exposed to Hoechst 33342 for 15 min in the dark. The apoptotic
morphology was observed using fluorescence microscopy (Olympus Optical Co., Tokyo, Japan) at
400×magnification.
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2.5. Fluorescence-Activated Cell Sorting (FACS) Analysis

PC12 cells were cultured in 24-well plates (5 × 105 cells/well) and incubated with 50 μM Aβ25-35

for 24 h after pretreatment with various concentrations of nobiletin for 1 h. After incubation, cells
were collected and analyzed using the MuseTM Cell Analyzer (Merck Millipore, Darmstadt, Germany).
Briefly, FACS analysis following staining with annexin V and 7-aminoactinomycin D (7-AAD) was
performed to detect apoptosis, and cell viability was determined using a DNA-binding dye. Cells
were fixed in cold 70% ethanol and stained with propidium iodide (PI), a membrane impermeant dye,
to analyze the cell cycle.

2.6. Assessment of Levels of Nitric Oxide (NO) and Prostaglandin E2 (PGE2)

PC12 cells (2 × 106) were seeded on 6-cell plates containing medium and incubated with Aβ25-35

for 24 h in the presence or absence of nobiletin. The formation of NO2
−, a stable end product that

has been extensively used as an indicator of NO accumulation, was assessed using Griess reagent.
The media were mixed with Griess reagent at RT for 10 min and the NO levels were analyzed using
the aforementioned ELX808 microplate reader at 570 nm.

The supernatants were mixed with primary antibody solution and PGE2 conjugate for 2 h, followed
by washing and addition of stop solution. The absorbance was measured at 450 nm using the ELX808
microplate reader.

2.7. Western Blot Analysis

Proteins (40μg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride (PVDF) membranes. The blots were blocked for 2 h
at RT with 5% skim milk in 0.1% Tween 20 in PBS (PBST) and then incubated overnight with
specific primary antibodies at 4 ◦C. The primary antibodies used were against β-actin (1:1000), tumor
necrosis factor-alpha (TNF-α; 1:1000), cyclooxygenase-2 (COX-2; 1:1000), inducible NO synthase
(iNOS; 1:1000), p-65 (1:1000), phospho (p)-IκB-α (1:1000), p-JNK (1:1000), p-p38 (1:1000), and p-ERK
(1:1000). Subsequently, horseradish peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibody or
anti-goat IgG was used. Protein bands were visualized using the EZ-capture device (Atto, Tokyo, Japan).

2.8. Statistical Analysis

Statistical analysis was performed using SAS 9.3 software (SAS Institute Inc., Cary, NC, USA).
All results are expressed as mean ± SD and are representative of the data obtained from three
independent experiments. Statistical comparisons of differences between groups were performed
through the Student’s t test, considering * p < 0.05, ** p < 0.01, and *** p < 0.001 as being
statistically significant.

3. Results and Discussion

3.1. Nobiletin Inhibits Cytotoxicity Evoked by Aβ25-35

To verify the neuroprotective effect of nobiletin, cell viability was assessed using the MTT
assay and FACS. As shown in Figure 1a, nobiletin did not adversely affect PC12 cell viability at
concentrations of 1 to 25 μM, which were used for further study. Treatment with 50 μM Aβ25-35 for
24 h induced approximately 40% cell death in comparison with the control group (p < 0.001; Figure 1b).
However, pretreatment with 1, 10, and 25 μM nobiletin significantly increased cell viability up to
78.1% ± 7.4%, 81.3% ± 4.5%, and 82.4% ± 4.7%, respectively. Notably, 10 μM nobiletin exhibited a
similar neuroprotective effect to that of resveratrol, a well-known positive control. Consistent with the
results of the MTT assay, nobiletin significantly prevented Aβ25-35-induced cell death in FACS analysis
(Figure 1c), and this effect was dependent on the dose of nobiletin. These data provided correlative
evidence indicating that nobiletin contributes to cell survival in PC12 cells damaged by Aβ25-35.
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      (a) 

 
        (b) 

  
  (c) 

  
(d) 

 

 

(e) 

Figure 1. Protective properties of nobiletin against Aβ25-35-mediated cell damage. (a) Evaluation of
cytotoxicity nobiletin alone in PC12 cells. Cells were pretreated with nobiletin for 1 h followed by
exposure to 50 μM of Aβ25–35 for 24 h, and cell viability was assessed by (b) MTT reduction assay and
(c) fluorescence-activated cell sorting (FACS) analysis. (d) Cell cycle progression was measured by
FACS. The percentage of cells in the G0/G0, S, and G0/M phases of the cell cycle was determined using
the Muse 1.5 Analysis software. (e) Intracellular ROS production was observed by CM-H2DCFDA
fluorescent dye. ### p<0.001, ## p < 0.01, and # p < 0.05 vs. control. *** p < 0.001, ** p < 0.01, and
* p < 0.05 vs. Aβ25–35.
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Cell cycle regulation is a crucial process of cell growth and proliferation in neurons [20]. As shown
in Figure 1d, Aβ25-35 significantly induced an increase in cells in the G0/G1 phase (p < 0.01) and a
corresponding decrease in cells in the S phase and G2/M phase (p < 0.05), suggesting that cells had
lower rates of growth and tended to be arrested at the G0/G1 transition. However, nobiletin restored
Aβ25-35-mediated cell cycle dysregulation in a concentration-dependent manner, which may contribute
to the enhanced cell viability effect of the compound.

Nobiletin was further evaluated for its antioxidant property in Aβ25-35-injured cells by ROS
regulation. As indicated in Figure 1e, fluorescence intensity and large numbers of bright particles in
cells were visibly increased by Aβ25-35 exposure, suggesting the presence of intracellular oxidative stress.
Aβ25-35 stimulated significant increase in ROS to 100% ± 4.86% (p < 0.001). However, pretreatment of
nobiletin decreased ROS generation in a dose-dependent manner (p < 0.05 and p < 0.001). These data
were consistent with previous descriptions of the antioxidant property of nobiletin. The compound
protected PC12 cells against H2O2-triggered damage by scavenging ROS, decreasing malonaldehyde
(MDA), and enhancing glutathione (GSH) and superoxide dismutase (SOD) contents [21]. In addition,
excessive intracellular ROS stimulates the activation of signal transduction cascades, which disturbs
calcium homeostasis and leads to the initiation of apoptosis. Nobiletin prevents mitochondrial
calcium overload as well as ROS generation in glutamate-induced cortical neurons [22]. In vivo,
the intraperitoneal administration of nobiletin reportedly reduced tau phosphorylation, the index of
protein oxidation, and protein carbonyl levels in SAMP8 mice, which were related to the recovery
of GSH/glutathione disulfide (GSSG) ratio and increased glutathione peroxidase (GPx) activity [23].
These results demonstrated that the neuroprotective role of nobiletin results, at least in part, from the
reduction of oxidative stress.

3.2. Nobiletin Reduces Aβ25–35-Mediated Apoptosis and Caspase-3 Activation

Intracellular oxidative stress plays a central role in the induction of neuronal apoptosis stimulated
by Aβ [24]. As shown in Figure 2a, cells treated with Aβ25–35 exhibited uneven morphology of
their nuclei as a result of membrane blebbing, chromatin aggregation, and nuclear condensation,
whereas the nobiletin pretreated group showed dispersed and weak fluorescence that is typical of live
cells. Particularly, nobiletin at 25 μM decreased apoptosis similar to the level of the positive control
group. Analysis of morphology alone is not sufficient to distinguish between early and late apoptotic
cells. Thus, flow cytometric analysis was employed to quantitatively analyze apoptotic cell death.
When exposed to Aβ25-35, early and late apoptosis was significantly increased to 26.39% ± 2.48% and
29.06% ± 2.33%, respectively, compared with the control group (p < 0.001, Figure 2b). Nobiletin—at all
concentrations—markedly reduced both early and late apoptosis. These results were consistent with
the anti-apoptotic activity of nobiletin in endoplasmic reticulum stress-induced PC12 and I/R-exposed
Kupffer cells [25].

Caspase-3 is a biomarker of oxidative-stress-stimulated cell death that has also been implicated
in the final stage of apoptosis. The caspase-3 was obviously activated in the Aβ25-35-treated group
(p < 0.001, Figure 2c). However, enhanced caspase-3 activity was dose-dependently decreased by
nobiletin. Aβ-triggered apoptotic cell death is related to the reduced anti-apoptotic Bcl-2 protein and
the increased pro-apoptotic molecule Bax expression. In a previous study, nobiletin displayed an
anti-apoptosis effect by decreasing the ratio of Bcl-2/Bax expression in H2O2-stimulated HT22 cells [26].

5
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(a) 

 
(b) 

 
(c) 

Figure 2. Activity of nobiletin in preventing Aβ25-35-evoked apoptosis and caspase-3. (a) Morphological
features of apoptotic cells were observed by fluorescence microscopy using Hoechst 33342 staining
(magnification ×400). (b) Flow cytometric analysis was used to investigate the properties of nobiletin
on Aβ25-35-stimulated apoptosis. The cell populations discriminated in each quadrant are live cells in
the lower-left quadrant, early apoptotic cells in the lower-right quadrant, late apoptotic cells in the
upper-right quadrant, and dead cells in the upper-left quadrant. (c) Caspase-3 activity was assessed
using the caspase-3 assay kit. ### p< 0.001 vs. control. *** p< 0.001, ** p< 0.01, and * p < 0.05 vs. Aβ25–35.

3.3. Nobiletin Suppresses Aβ25-35-Induced Release of Inflammatory Markers

Aβ25-35 exposure increases the release of NO and PGE2 by approximately 5-fold compared with
the control (Figure 3a,b). Notably, treatment with 10 and 25 μM nobiletin exhibited similar activity
as that of 50 μM resveratrol. Aβ25-35 treatment increased the expression level of pro-inflammatory
cytokines, such as TNF-α and interleukin (IL)-1β, by 3-fold (Figure 3c), but the expressions were
suppressed by 10 and 25 μM nobiletin.

As shown in Figure 3d, the level of iNOS stimulated by Aβ25-35 increased up to 202.5% ± 18.3%
compared with the control (p < 0.001). However, nobiletin promptly inhibited the expression of iNOS
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protein. Notably, the highest concentration of nobiletin resulted in almost complete suppression of the
enzyme production (118.3% ± 15.7%; p < 0.001). In parallel, Aβ25-35-mediated COX-2 expression was
also markedly blocked by nobiletin.

Several studies have demonstrated that nobiletin possesses strong anti-inflammatory ability
in lipopolysaccharide (LPS)-induced expression of pro-inflammatory cytokines in BV2 microglial
cells [27–29]. A recent in vivo study suggested that the oral administration of nobiletin (100 mg/kg/day)
for 6 weeks attenuated microglial activation and secretion of pro-inflammatory mediators, leading to
the restoration of memory deficits in mice [30].

  
(a) 

 
 

 

(b) 

 
 

  
(c) (d) 

Figure 3. Inhibitory properties of nobiletin on Aβ25-35-mediated expression of (a) NO, (b) PGE2,
(c) TNF-α and IL-β, and (d) iNOS and COX-2 in PC12 cells. The cells were pretreated with nobiletin for
1 h and then exposed to Aβ25-35 for 24 h. The culture supernatant was collected to evaluate the NO
and PGE2 formation. Protein expression of TNF- α, IL-β, iNOS, and COX-2 was measured by Western
blot analysis. The band intensities were quantified using Image J software and normalized to β-actin.
### p < 0.001 vs. control. *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. Aβ25–35.
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3.4. Nobiletin Regulates Aβ25-35-Induced NF-κB and MAPK Signaling Pathways

Aβ25-35 obviously elevated the phosphorylation of p65 and IκB-α by 227.4% ± 19.6% and
194.4% ± 10.1%, respectively. In contrast, pretreatment with nobiletin at 10 and 25 μM remarkably
repressed p65 expression (Figure 4a). Moreover, in the case of IκB-α, all doses of nobiletin indicated a
significant inhibitory effect in respect to Aβ25-35 treatment.

 

   
 

 
 

 
 

 
 

 
 

 

 
 

(a) (b) 
Figure 4. Inhibitory properties of nobiletin in the NF-κB/MAPKs pathway. Phosphorylation of (a) p65
and IκB-α, and (b) p38, ERK1/2, and JNK was examined by Western blot analysis. The cells were
pretreated with nobiletin for 1 h and then exposed to Aβ25-35 for 4 h (p65 and IκB-α) or 1 h (p38, ERK1/2,
and JNK). Quantification of band intensities was conducted using Image J software and normalized to
β-actin. ### p < 0.001 vs. control. *** p < 0.001, ** p < 0.01, and * p < 0.05 vs. Aβ25–35.
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As presented in Figure 4b, nobiletin suppressed Aβ25-35-evoked phosphorylation of p38 and JNK.
In particular, the level of phosphorylated JNK was markedly suppressed when treated with 25 μM
nobiletin (94.4% ± 9.8%, p < 0.001), indicating that the phosphorylation of MAPKs was closely related
with the inhibitory property of nobiletin on Aβ25-35-evoked activation of p65 and IκB-α.

Previous research has reported that BACE1 promoter transactivation is modulated by the NF-κB
signaling pathway, indicating that the suppression of NF-κB leads to inhibition of BACE1 activity [9].
In our previous study, we observed that nobiletin blocked BACE1 activity, suggesting that the
compound might modulate BACE1 activation by suppressing the NF-κB signaling pathway [19].
Another study reported that nobiletin inhibited H2O2-evoked cell death in HT22 murine hippocampal
cells, accompanied by decreased JNK and p38 phosphorylation [26]. In rat primary astrocytes, nobiletin
suppressed the overexpression of iNOS and NO by the inhibition of the NF-κB/p38 MAPK pathways.

Several animal studies clearly demonstrated that nobiletin (10–50 mg/kg) improves memory in rats
exposed to chronic intracerebroventricular infusion of Aβ1-40 [31]. In addition, daily supplementation
of nobiletin (10 mg/kg) for 4 months significantly lowers both Aβ1-40/42 and amyloid plaques in
9-month-old APP-SL 7–8 Tg mice [17]. Recently, Nakajima et al. demonstrated that nobiletin (10 mg/kg)
reduces tau phosphorylation in SAMP8 mice [23].

Bioavailability is an essential factor for the development of potential therapeutic agents. In addition,
the anti-AD agents must penetrate the blood–brain barrier to attain sufficient concentration for the
therapeutic application within the central nervous system. When nobiletin (50 mg/kg) was administered,
the content of intact nobiletin was detected in rat brains within 1 h after dosing, suggesting that this
compound can rapidly cross the blood–brain barrier and reach the brain. Furthermore, the concentration
of nobiletin was 2.4-fold higher in the brain than in plasma. Interestingly, nobiletin was detected for up
to 24 h in the brain, whereas in the plasma, it was observed up to 9 h, suggesting that elimination of
this compound from the brain was slower in comparison to plasma [32]. Of note, nobiletin has no
discernible toxicity in chronic treatments in mice and humans [33].

4. Conclusions

The novel results of the present study indicate that nobiletin, a natural compound in citrus peel,
has a neuroprotective effect on Aβ2 5-35-induced cytotoxic damage of PC12 cells. The data may provide
a preventive and/or therapeutic potential of nobiletin for degenerative disorders of the brain.
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Abstract: Osteoarthritis (OA) progression is associated with joint pain and stiffness. Intra-articular
hyaluronic acid (IAHA) injection in knee OA restores the viscoelasticity of the joint and prevents
cartilage damage. Shea nut oil extract (SNO) was shown to provide chondroprotection on
surgically-induced OA progression in rats. Here we aim to examine IAHA injection supplemented
with SNO diet for a synergetic evaluation on the disease progression in OA rats. We employed
an anterior cruciate ligament transection plus medial meniscectomy-induced knee OA rat model with
up to 12 weeks of sign/behavior observation (knee width, weight-bearing) and histological assessments
of joint damage. We found both IAHA and SNO alone significantly attenuated histological changes
of cartilage degeneration and synovial reactions in these knee OA rats. Nonetheless, oral SNO
alone mitigated OA pain and inflammation while IAHA alone had no significant impact on the
weight-bearing test and knee joint swelling. Moreover, with IAHA-treated rats fed with oral SNO diet,
additional anti-inflammatory and anti-nociceptive effects were found, which further enhanced and
maintained IAHA protection. Given the differential phenotype of oral SNO vs. IAHA, a regimen of
IAHA coupled with SNO supplement provides a long-term effect of IAHA treatment. Taken together,
the SNO supplement can be safely used as an adjuvant diet for chronic symptomatic relief of OA
coupled with IAHA management.

Keywords: shea nut oil; lipids; triterpenes; osteoarthritis; pain; hyaluronic acid; triterpenes; cartilage

1. Introduction

Osteoarthritis (OA) is a multifactorial joint disease and a common disabling condition affecting
the global population [1,2]. The increasing joint pain and stiffness gradually leads to reduced physical
function, quality of life, and frequent physician visits [3,4]. Up to 54.4 million adults experienced
doctor-diagnosed arthritis during 2013–2015 in United States, and 23.7 million had arthritis-attributable
activity limitations. In addition, adults with heart disease, diabetes, and obesity have a higher
prevalence of OA (49.3%, 47.1%, and 30.6%, respectively) and consequently arthritis-attributable
activity limitations [5]. Therefore, the management of these associated factors are recommended to
potentially reduce symptomatic knee and hip OA incidences [6,7].

OA pain is the predominant limiting factor for a patient’s activity and life quality, and it leads
those individuals affected to seek medical care [8]. The pain tends to be localized to the affected
joint and aggravated by joint use while relieved by rest. The ultimate goal of nonsurgical treatment
modalities is to reduce the pain and restore function while delaying total knee replacement (TKR),
a substantial direct health-care cost in OA patients with end-stage disease. Researchers have urged
into the preventive management of OA and development of disease-modifying OA drugs [9].
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HA (hyaluronic acid) is an intrinsic component within the knee joint and provides viscoelastic
properties to synovial fluid. Increasing HA levels through intra-articular (IA) injection restores the
viscoelasticity of the synovial fluid, which aids shock absorption, lubrication, and protection of the
joint, along with a good safety profile [10–12]. Moreover, several retrospective studies have shown
the potential of IAHA (intra-articular hyaluronic acid) to delay the time for TKR in patients with
OA [13–16].

Shea nut oil (SNO), extracted from the African shea tree (Vitellaria paradoxa), contains a high
nutritional value with high triterpene and oleic/stearic fatty acid concentration, vitamins, and minerals.
Importantly, their high triterpene alcohol and tocopherol content are considered to have
anti-inflammatory and anti-oxidant properties [17]. Clinical evidence suggests the bioactive triterpene
concentrate has anti-inflammatory effects under daily oral supplementation in OA patients [18].
Additionally, a clinical report demonstrated a decrease in pain and stiffness in patients after daily oral
SNO supplement for 16 weeks [19]. We previously reported that preventive oral administration of
SNO dose-dependently reduces cartilage degeneration in a rat model of anterior cruciate ligament
transection plus medial meniscectomy (ACLT + MMx)-induced OA [20]. It also reduces pain and
provides differential cartilage protection in both acute and chronic OA rats [21].

Regarding the complexity of this natural plant oil, the overall protective effect may be derived
from a combined mechanism of actions of the different triterpene concentrates (primary α, β-amyrin,
lupeol, and butyrospermol), monounsaturated oleic acid, or tocopherol found in this shea nut oil
product. For instance, in mouse inflammation models induced by complete Freund’s adjuvant and by
partial sciatic nerve ligation, daily oral intake of α and β-amyrin showed long-lasting antinociceptive
and anti-inflammatory effects via direct activation of cannabinoid receptors and a concomitant
inhibition of inflammatory NF-κB, cyclic adenosine monophosphate response element binding (CREB)
pathway [22]. Otuki et al.’s report suggested that the antinociceptive properties of mixed amyrins may
be involved in the inhibition of protein kinase A and protein kinase C pathways [23]. Others researchers
found that lupeol acetate ameliorates collagen-induced arthritis through suppression of inflammatory
cytokines and inhibition of bone erosion [24]. Indeed, the potential antioxidant and free radical
scavenging effects of amyrin and lupeol have been demonstrated both in vitro and in vivo [25–28].
A recent report showed increased antioxidant activity and suppressed proinflammatory cytokine
expressions in obese OA rats fed with SNO, further consolidating our previous findings [29]. Either of
the triterpenoids and their potential target mechanisms may play a key regulatory role in our OA
model and contribute to the antiarthritic action of SNO.

Although the protective potential of oral SNO supplementation differs from that of IAHA in many
aspects (route, dose frequency, and mechanism of action). But the combination of both therapeutic
models, like IA corticosteroid/anti-inflammatory drugs combined with IAHA, can lead to significant
improvement of the clinical outcome of either agent alone [30]; this however only provides short
duration, and is not feasible for persisting injection. Therefore, we sought to determine the role of
oral SNO as an adjuvant in combination with IAHA injections and compare the effectiveness in the
OA rat model. In this study, we compared the differences in protective potential between SNO and
IAHA in OA rats, and the hypothetical synergetic effect of SNO with IAHA on the prevention of OA
progression was also examined.

2. Materials and Methods

2.1. ACLT +MMx-Induced OA Animal Model

A rat model of surgically-induced OA was proceeded as described previously [20,21], and all animal
care and experimental protocols complied with institutional and international standards (Principles of
Laboratory Animal Care, National Institutes of Health) and were approved (Institutional Animal Care
and Use Committee [IACUC] no. 107-030) by the IACUC of Cathay General Hospital (Taipei, Taiwan).
Adult male Wistar rats were purchased from BioLASCO Taiwan Co., Ltd. (Yilan, Taiwan) and housed
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in Cathy Medical Research center with free access to the standard diet and water with a 12-h light/dark
cycle at a temperature of 22 ± 2 ◦C and 55% humidity.

All ACLT + MMx surgeries were performed on the right knee of the rats by a single research
specialist. Briefly, male Wistar rats (330–350 g) were anesthetized in an induction chamber using 5%
isoflurane and then maintained with 2% isoflurane via a custom-made facemask. The right knee joint
skin was shaved, and sterilized with povidone-iodine solution. An incision was made in the medial
aspect of the joint capsule; the anterior cruciate ligament was transected using a scalpel, and the
medial meniscus was removed completely using a tenotomy scissor. Following surgery, the joint was
irrigated with normal saline; the joint capsule was sutured with 4–0 Vicryl, and 4–0 monofilament
nylon was used for skin closure. Next, the wound area was sterilized, and cefazolin (100 mg/kg/day)
was administered intramuscularly for 3 days to prevent infection. For the sham-operated rats, the same
procedure was repeated, but neither ACLT nor removal of the medial meniscus was performed.

2.2. Experimental Design

As shown in Figure 1A, ACLT +MMx (n = 48) or sham surgery (Sham-OP, n = 9) was performed at
week 0. Body weights, widths of the knee joints, and weight-bearing symmetry were measured before
the surgery as the baseline. After the surgery, ACLT+MMx rats were assigned as the nontreated control
(OA-control, n= 12), the group treated with SNO (223.2 mg/kg, OA-SNO, n = 12, administered oral SNO
daily after the surgery, the effective dose was derived from our SNO dose-dependent animal report [20]),
the group treated with HA (50 μL per joint/week, OA-HA, n = 12, received IA injection of HA weekly at
weeks 2–4 and 9–11) and a group with combined treatment, HA plus SNO (OA-SNOHA, IA injection of
HA (50 μL per joint/week) at weeks 2–4 and 9–11 plus the daily oral SNO (223.2 mg/kg) beginning from
the 2nd week). The SNO concentrate provided by Universal Integrated Corp. (Taipei, Taiwan) was
administered by oral gavage with the aid of isoflurane anesthesia, and the HA (Seikagaku Corporation,
Ibaraki, Japan) was injected into the OA knee joint with a 25 G-needle syringe. As an injection
control, 50 μL of saline solution was injected to OA-control (n = 6) at week 2–4 (3 weekly injections),
and it showed no statistical difference in both knee width and weight-bearing test from non-injected
OA-control rats (n = 6) (Figure 1B). The 4th week and 12th week knee joint section confirmed the
progressive deterioration of OA joint with a reactive chondrocytes hypertrophy, and increasing
cartilage erosion accompanied by chondrocytes loss (Figure 1C).

2.3. Knee Width and Weight-Bearing Test

The width of the knee joint was measured using a steel caliper (resolution 0.01 mm,
E-Base Measuring Tools Co., Taipei, Taiwan) biweekly after the surgery, and the width of the
contralateral knee served as the naïve control. The data are expressed as the Δ knee width (mm);
the value was derived from the OA rats (knee width difference of the operated knee and naïve knee)
minus the mean value of the sham-OP rats (knee width difference of the operated knee and naïve knee)
and was determined as the actual joint swelling induced by ACLT +MMx.

Hind paw static weight-bearing was measured using an incapacitance tester (Linton Instrumentation,
Norfolk, UK) to detect OA-induced changes in postural equilibrium every two weeks. The rats were
placed on their hind paws in a box containing an inclined plane (65◦ from horizontal) that was placed
above the apparatus. After a brief accommodation period, the weight that the animals applied to
each hind limb was measured independently by the apparatus. Five measurements were taken and
averaged for each rat. The data are expressed as the difference between the weight applied to the naïve
hind limb and the weight applied to the operated hind limb (Δ Force, g); the change in the weight
distribution between the naïve and operated hind limb represents the OA pain of the rats [31,32].
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Figure 1. (A) The graphic scheme of study. (B) The knee width/weight-bearing changes of OA
(osteoarthritis) rats with 3 IA (intra-articular) injection (weekly) of 50 μL of saline, compared
to non-injected control. (C) The representative section of histological change of ACLT + MMx
(anterior cruciate ligament transection plus medial meniscectomy)-induced OA from 4 weeks to
12 weeks post-surgery as compared to sham-OP (sham operated) rats.

2.4. Histopathological Examination of Knee Joint

All rats were sacrificed via exsanguination under deep anesthesia on the 12th week post-surgery.
The OA knee joints were removed and fixed in 10% formalin for 2 days, followed by a decalcifying
solution based on EDTA disodium (12.5%, pH 7.0) for 4 weeks. After decalcification, the joints were
embedded in paraffin blocks, and histological coronal sections (5 μm-thick serial section, slides interval:
200 μm) were obtained. Toluidine blue/fast green staining was used to examine morphological changes
and the stained sections were digitalized using a Slide Scanner ZEISS Axio Scan Z1 image system
(Jena, Germany) and ZEN lite 2.6 (blue edition). The severity of articular cartilage damage on medial
tibial plateau was evaluated using the modified Osteoarthritis Research Society International (OARSI)
scoring system [33]. The cartilage matrix loss width, tibia cartilage degeneration score, total and
significant cartilage degeneration widths, and zonal depth ratio of the lesions and synovial reaction
were evaluated.

2.5. Metabolic Profile of Blood Biochemistry Assays

The OA-SNO and OA-control rats fasted for 12 h before the blood sample withdrawal;
blood samples were taken from the rat tail vein every 4 weeks post-ACLT +MMx surgery. The blood
samples were centrifuged (8000× g for 5 min) to separate sera and stored in a −80 ◦C freezer prior
to analysis. The serological levels of uric acid, glucose, total cholesterol (T-CHO), high-density
lipoprotein (HDL), and triglyceride (TG) were measured using the FUJI DRI-CHEM 4000i analyzer
(FUJIFILM Corporation, Tokyo, Japan) at the Taiwan Mouse Clinic (Academia Sinica, Taipei, Taiwan).
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2.6. Statistical Analysis

The data are expressed as the mean± SEM. All graphical representations and statistical calculations
were aided by GraphPad Prism version 6.01 and Microsoft Excel. The Shapiro–Wilk test was used
to check the normal distribution of data. Two-way ANOVA, Tukey’s multiple comparisons test,
Sidak’s multiple comparisons test, and Student’s t-test were used to analyze the data.

3. Results

3.1. SNO, but Not HA, Attenuates Knee Joint Pain and Inflammatory Swelling in ACLT +MMx-Induced
OA Rats

Immediately after ACLT + MMx surgery, rats were assigned to different treatment groups as
described in Figure 1A. Following the surgery, in the OA-control group, we found that ACLT + MMx
induced a constant and gradually increasing knee width as a result of progressive knee joint
inflammation. In contrast, a preventive and long-term oral administration of SNO reduced the
OA-induced knee joint swelling at 2 weeks post-treatment and eventually achieved a difference
of approximately 27.5% (OA-SNO: 1.89 ± 0.06 vs. OA-control: 2.61 ± 0.05 mm) at week 12.
However, such knee reduction was not evident in the HA-treated group (OA-HA: 2.48 ± 0.07 mm vs.
OA-control: 2.61 ± 0.05 mm) (Figure 2A). With an oral SNO (daily) added to the HA treatment as an
adjuvant supplement since the 2nd week, we started to observe the reduction in knee width from 4th
to 12th weeks post-surgery in OA-SNOHA rats, (Figure 2B). At the end, we found a 20.6% reduction in
the knee width compared to that of the OA-control group (OA-SNOHA: 2.07 ± 0.10 vs. OA-control:
2.61 ± 0.05 mm).

Figure 2. Joint swelling measurement of the OA rats. ACLT +MMx was performed to induce knee OA
at week 0, and different treatments were given according to the experimental design. (A) Biweekly knee
width measurements of the OA-control, OA-HA (hyaluronic acid), and OA-SNO (shea nut oil) rats.
(B) Biweekly knee width measurements of the OA-control, OA-HA and OA-SNOHA (hyaluronic acid
+ shea nut oil) rats. The data are presented as the Δ knee width (mm), and the values are expressed as
the mean ± SEM. Two-way ANOVA and Sidaks’s multiple comparisons test were used to analyze the
data. # p < 0.05, ##/** p < 0.01, ### p < 0.001.

We used the weight-bearing test to assess pain behavior during OA progression (Figure 3A).
Similar to our previous report, we found that ACLT +MMx-induced OA elicited a constant change in
weight-bearing asymmetry compared to that of the sham-OP group, which only presented acute pain
in the first few weeks as a result of the surgical procedure. The preventive and daily supplementation
of SNO reduced the pain behavior up to 87.9% compared to that of the untreated OA-control group
(OA-SNO: 5.22± 2.37 g vs. OA-control: 43.21± 6.93 g). However, HA alone did not yield any significant

17



Nutrients 2020, 12, 957

reduction in pain during our biweekly weight-bearing measurements; at the end, HA monotherapy
yielded only a 25.3% reduction in treated rats compared to OA-control rats (OA-HA: 32.33 ± 5.90 g
vs. OA-control: 43.21 ± 6.93 g). When the two treatments were given together since the 2nd week
(Figure 3B), the OA-SNOHA rats showed a maximum reduction in pain (71.6%) at the 10th week as
compared to O-control (OA-SNOHA: 15.51 ± 6.13 g vs. OA-control: 54.58 ± 7.90 g), and a 75.9%
reduction when compared to the rats treated with OA-HA alone (OA-SNOHA: 15.51 ± 6.13 g vs.
OA-HA: 64.37 ± 8.67 g).

Figure 3. Weight bearing test of the OA rats. ACLT + MMx was performed to induce knee OA at
week 0, and different treatments were given according to the experimental design. (A) Biweekly
weight-bearing measurements of the sham-OP, OA-control, OA-HA, and OA-SNO rats. (B) Biweekly
weight-bearing measurements of the sham-OP, OA-control, OA-HA, and OA-SNOHA rats. The data
are presented as the Δ Force (g) and expressed as the mean ± SEM and two-way ANOVA, and Sidaks’s
multiple comparisons test were used to analyze the data. # p < 0.05, ##/** p < 0.01, aaa/###/*** p < 0.001.

Next, we evaluated the synovial reaction as a microscopic sign of internal inflammation of the
joint. In the sham-operated joint, we found a single layer of synovial lining cells without proliferation
of the subsynovial tissue or vascular changes (Figure 4, sham-OP). As a result of the ACLT +MMx,
the OA-control joint showed an increased thickness of both synovial lining cells, and the subsynovial
tissue contained extensive extracellular matrix. Along with hypervascularity of the subsynovial
area, this result suggested a chronic synovial reaction as result of surgically-induced OA (Figure 4,
OA-control). Upon IAHA treatment (Figure 4, OA-HA), the histological findings showed a relative
reduction in the synovial reaction compared to that of the OA-control joint, which suggested attenuation
of OA with the lubricating action of IAHA. Moreover, with the addition of SNO supplementation to
IAHA (Figure 4, OA-SNOHA) or oral SNO alone (Figure 4, OA-SNO), the two modalities of treatment
offered better anti-inflammatory protection, as shown by the amelioration of the synovial reaction with
less synovial proliferation and subsynovial thickness.

3.2. SNO, HA Alone, and HA Plus SNO, Offered Significant Improvement in Cartilage Integrity in Knee
OA Rats

The cartilage deterioration was evaluated at 12th week post-surgery using the OARSI score system
as shown in Table 1 and Figure 5. It is clearly noted that ACLT +MMx (OA-control) caused significant
extensive matrix loss and a deformed cartilage surface, while the sham-OP cartilage showed a thin
and smooth surface and preserved cartilage integrity. The quantitative data of the OA-HA, OA-SNO,
and OA-SNOHA rats, showed a significant attenuation of cartilage matrix loss (specially in surface 0%
and mild-depth 50% level) compared to that of the OA-control rats.
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Figure 4. Synovium reaction of the OA joint. Representative sections of the medial femoral condyle
joint capsule of the knee joints from the sham-OP, OA-control, OA-HA, OA-SNO, and OA-SNOHA rats
at week 12 post-surgery were shown. ST = subsynovial tissue; S = synovial lining cells. Scale bar = 200 μm.

Table 1. Histological scoring of OA knee joint.

Sham-OP
(n = 7)

OA-Control
(n = 12)

OA-HA
(n = 12)

OA-SNO
(n = 12)

OA-SNOHA
(n = 12)

Cartilage matrix loss 0% (mm) 0 *** 2.292 ± 0.074 1.951 ± 0.087 ** 1.864 ± 0.107 ** 1.865 ± 0.060 ***

Cartilage matrix loss 50% (mm) 0 *** 0.792 ± 0.144 0.386 ± 0.102 * 0.342 ± 0.103 * 0.272 ± 0.116 **

Cartilage matrix loss 100% (mm) 0 ** 0.372 ± 0.093 0.183 ± 0.076 0.217 ± 0.075 0.160 ± 0.061

Medial Tibia Cartilage Degeneration Score 0 *** 6.208 ± 0.408 5.000 ± 0.371 * 5.750 ± 0.439 4.791 ± 0.307 **

Outside zone 0 *** 1.625 ± 0.334 1.458 ± 0.289 1.875 ± 0.326 1.375 ± 0.287

Middle zone 0 *** 1.875 ± 0.163 1.708 ± 0.185 2.042 ± 0.153 1.833 ± 0.130

Inside zone 0 *** 2.708 ± 0.195 1.833 ± 0.214 ** 1.833 ± 0.177 ** 1.583 ± 0.133 ***

Total cartilage degeneration width (mm) 0 *** 2.475 ± 0.073 2.213 ± 0.070 * 2.335 ± 0.073 2.215 ± 0.058 **

Significant cartilage degeneration width (mm) 0 *** 0.947 ± 0.111 0.612 ± 0.110 * 0.528 ± 0.127 * 0.368 ± 0.117 ***

Zonal depth ratio of lesions 0 *** 0.469 ± 0.039 0.358 ± 0.029 * 0.331 ± 0.024 ** 0.313 ± 0.020 ***

All operated knee joints were collected at 12 weeks post-surgery and were processed with toluidine/fast green
staining for evaluation using OARSI’s parameters. The bold text shows the value with statistical significance.
Asterisk denote the statistical examination of each group in comparison with OA-control using Student’s t-test.
* p < 0.05, ** p < 0.01, *** p < 0.001

The cartilage degeneration score showed that ACLT + MMx induced a total lesion score of
6.208 ± 0.408, with the inside zone (2.708 ± 0.195) being the most affected region. The treatment with
IAHA injection or combined SNO showed a significantly lower total degeneration score (5.000 ± 0.371
and 4.791 ± 0.307) than the OA-control (6.208 ± 0.408). In addition, we found that those rescues
were observed primary in the inside zone, where all treatments (HA, SNO, and SNOHA) showed
significant protective effects (1.833 ± 0.214, 1.833 ± 0.177, and 1.583 ± 0.133) compared to OA-control
(2.708 ± 0.195).

Next, we quantified the extension (measured in width, mm) of the cartilage degeneration.
The parameters are further subclassed as total (any type of degenerative change) or significant
(seriously compromised, 50% of chondrocytes are absent or necrotic) and as the zonal depth ratio.
Both OA-HA and combined treatment OA-SNOHA led to a significant attenuation of the 3 parameters,
while OA-SNO more specifically decreased the significant cartilage degeneration width and zonal
depth ratio. In summary, the oral SNO treatment alone significantly improved 5 of the 10 parameters
we measured, while both IAHA and SNOHA treatment yielded significant ameliorations of 7 out of
10 parameters.
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Figure 5. Representative section of medial tibial cartilage from each treatment (OA-HA, OA-SNO,
and OA-SNOHA) and control (sham-OP, OA-control) were shown. Scale bar = 500 μm.

3.3. Metabolic Profiling of OA Rats Receiving Daily Oral Supplementation of SNO

Firstly, we found no difference of body weight between sham-OP and OA-control, but a significantly,
but minor increase of body weight was detected in the OA-HA group at the 12th week (Figure 1A).
On the other hand, we found gradual and minor reduction of body weight in OA rats supplemented with
oral SNO, including those receiving IAHA at the same time (Figure 1B). We previously demonstrated
that long-term oral SNO supplementation in OA rats decreased body weight and blood TG level
without altering the blood aspartate transaminase (AST), blood urea nitrogen (BUN), and cholesterol
levels [21]. Here, we compared the full metabolic profile at the 4th, 8th, and 12th weeks. Similarly, we
found no alteration of uric acid, total cholesterol, and HDL at any of the time-points (Figure 6C–E).
Consistent with our previous report, a significant reduction in TG levels was observed as early as the
4th week (118.8 mg/dL vs. 98.08 mg/dL) and remained reduced until the 12th week (126.7 mg/dL vs.
88.25 mg/dL) (Figure 6C–E).

Figure 6. Cont.
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Figure 6. Body weight changes OA-control vs. OA-HA (A), or OA-control vs. OA-SNO and SNOHA
(B). Metabolic profile of OA-control vs. OA-SNO rats (glucose, uric acid, total cholesterol, high-density
lipoprotein (HDL), and triglyceride (TG)) at the 4th week (C), 8th week (D), and 12th week (E) after ACLT
+MMx surgery. Values are expressed as the mean ± SEM, and two-way ANOVA and Tukey/Sidaks’s
multiple comparisons test were used to analyze the data. #/* p < 0.05, ##/** p < 0.01, ##/*** p < 0.001.

4. Discussion

In the current study, we found that both daily oral SNO supplementation and 6 weekly doses of
IAHA alone are sufficient to attenuate post-traumatic OA-induced cartilage deterioration. In terms
of the knee joint swelling and pain assessment, we found a marked difference between the two
modalities of treatment, in which the long-term daily oral SNO supplement resolved better reduction
in inflammatory signs/symptoms of the knee as well as the synovial reaction in the joint cavity than
IAHA alone. The combination of both treatments demonstrated an additive effect, the SNO + IAHA
OA rats showed the best histological scores, and at 10 weeks of oral SNO supplement provided
additional anti-inflammatory and antinociceptive effects on visco-lubricative IAHA chondro-protection.
Moreover, long-term oral SNO supplementation caused no alteration in metabolic profiles, such as
serological uric acid, total cholesterol, and HDL levels, compared to those of control OA rats.
Surprisingly, there was a minor reduction in fasting blood glucose and significantly reduced TG levels
in the SNO-treated rats.

It is worth noting, a reduction of body weight was also observed in SNO and SNOHA treated rats.
This similar finding was reported recently in obese rats [29]. The anti-obesity effect of SNO could be the
result of reduction of OA pain, or vice versa. Given the fact that the clinical and pathogenic correlation
between OA and metabolic disorder has been extensively reviewed [34], thus the management of
body weight is strongly recommended by OARSI, American Academy of Orthopaedic Surgeons
(AAOS), and the American College of Rheumatology [35–37]. Clinical studies on weight loss and
preclinical studies targeting metabolic abnormalities in OA are an area of research interest and have
achieved important improvement in OA progression [38]. In rat model of type 2 diabetes mellitus,

21



Nutrients 2020, 12, 957

Onur et al. demonstrated the metabolic disease itself contributes to the onset and progression of knee
osteoarthritis [39]. Mooney et al. showed that surgically-induced OA mice fed a high-fat diet presented
not only higher fasting glucose levels and body weights compared to those of lean OA mice, but also
had worse OARSI histological scores and less cartilage thickness [40]. Moreover, a recent report also
demonstrated that cartilage deterioration was sustained even after the high-fat diet was withdrawn
from the OA mice, and the blood glucose and body weight were restored to the levels in normal diet
mice [41]. These findings suggested that an increased weight load is not the sole cause of the severity of
OA progression; instead, the lipid/glucose metabolic pathways could also jeopardize cartilage integrity
and synthesis.

Moreover, an emerging concept of gut–joint axis has associated the gut dysbiosis (perturbation of
gut microbiota (GM) biodiversity and function), and the leaky gut syndrome with the joint disease
progression [42,43]. In both human and rodent model, an increase in serum level of the pro-inflammatory
marker and bacterial metabolites were associated with OA severity [44,45]. This chronic low-grade
inflammation as result of dysbiosis explains a new OA phenotype, indicated as the metabolic OA [46].
In fact, long-term diet or prebiotic supplements have shown to shift GM colony with the improvement
of cartilage integrity [47]. The diary ingestion of high triterpenes SNO could have potential modulation
on the GM diversity, which may associate with both metabolic change and cartilage protection.
Future evaluation of GM colonies under long-term oral SNO remains to be explored.

On the other hand, in vitro evidence shows that a mixture of triterpenes (α, β-amyrin) significantly
reduced lipid droplet formation via suppression of PPARγ and C/EBPα expression, while enhancing
the translocation of glucose transporter GLUT4 onto the plasma membrane of 3T3-L1 cells [48].
Furthermore, reduction in blood glucose, total cholesterol, and TG levels were also observed in
streptozotocin-induced diabetic mice treated with an α, β-amyrin mixture [49]. Moreover, triterpene as
lupeol was also found to have a hypolipidemic effect (decreased total cholesterol, TG, and phospholipids)
in rats fed a high cholesterol diet [50]. The effect of SNO (with a high concentrate of triterpenes) on
lipid metabolism may be connected to the molecular mechanism of its chondro-protective effect.

As previously shown, the predominant fatty acids in femoral head cartilage are palmitic (16:0),
oleic (18:1), and linoleic (18:2) acids [51]. In the animal model of OA, those fatty acids were significantly
reduced in mice after destabilization of the medial meniscus [52]. Nonetheless, oleic acid exposure
downregulates the expression of MMP-1 and COX-2 in TNF-α stimulated human chondrocytes
culture while linoleic acid increased PGE2 production [53]. These results suggest that local fatty acid
concentrations could be results of OA and also contribute to OA progression. The high proportion of
oleic acid of SNO could be one of the chondro-protection factors.

The interval and multiple doses of IAHA showed a significant chondro-protective effect
in the treated group compared with the OA-control in our ACLT + MMx injured OA rats.
Surprisingly, we observed neither an antinociceptive effect nor a reduction in inflammatory
signs, as demonstrated by the weight-bearing asymmetry and knee swelling tests. In fact,
several animal studies on OA pain reported similar findings on the HA effect. Ikeuchi et al.
employed a monoiodoacetate (MIA)-induced OA pain model and found no significant difference
in weight-bearing asymmetry in HA-treated rats [54]. Boettger et al. also demonstrated in a rat
bradykinin/PGE2 pain model that HA lost its antinociceptive efficacy (shown as weight-bearing
asymmetry) from day 7 after injection [55]. Recently, IAHA was found unable to reduce ankle swelling
in MIA-induced ankle OA [56], which is similar to the knee width exam in our ACLT +MMx OA model.
However, the limited time of follow-up and the small sample size are the two major limitations of this
study. An evaluation with an extended follow-up observation will further elucidate the long-term
effect of IAHA alone or in combination with oral SNO for the treatment of chronic osteoarthritis.
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5. Conclusions

Although pharmacological treatments of OA are rapid and effective for symptomatic relief in
regular clinical practice, the long-term use is restricted by the associated adverse effects. IAHA has
been conditionally recommended for long-term treatment of knee OA with a favorable safety profile
over repeated IA corticosteroid. At and beyond 12 weeks of treatment, it may have the beneficial
effects on pain [57]. Nutraceuticals are safe candidates for long-term supplementation to provide
persistent effect as treatment adjuvant [58]. In fact, many nutraceutical products have been extensively
used for OA pain and their active compounds were identified for potential drug development [59].
In conclusion, the evidence and safety profiles observed in these surgically-induced OA rats suggest
that long-term oral SNO supplement can be used as an effective adjuvant for IAHA treatment to
enhance the symptomatic relief and delay the disease progression in clinical practice.
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Abstract: Osteoarthritis (OA) is a degenerative joint disease and a leading cause of adult disability.
Since there is no cure for OA and no effective treatment to slow its progression, current pharmacologic
treatments, such as analgesics and non-steroidal anti-inflammatory drugs (NSAIDs), only alleviate
symptoms, such as pain and inflammation, but do not inhibit the disease process. Moreover, chronic
intake of these drugs may result in severe adverse effects. For these reasons, patients have turned to the
use of various complementary and alternative approaches, including diverse dietary supplements and
nutraceuticals, in an effort to improve symptoms and manage or slow disease progression. The present
study was conducted to evaluate the anti-osteoarthritic effects of FlexPro MD® (a mixture of krill oil,
astaxanthin, and hyaluronic acid; FP-MD) in a rat model of OA induced by monosodium iodoacetate
(MIA). FP-MD significantly ameliorated joint pain and decreased the severity of articular cartilage
destruction in rats that received oral supplementation for 7 days prior to MIA administration and for
21 days thereafter. Furthermore, FP-MD treatment significantly reduced serum levels of the articular
cartilage degeneration biomarkers cartilage oligomeric matrix protein (COMP) and crosslinked
C-telopeptide of type II collagen (CTX-II), and the pro-inflammatory cytokines tumor necrosis factor
alpha (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), as well as mRNA expression levels of
inflammatory mediators, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and
matrix-degrading enzymes, matrix metalloproteinase (MMP)-2 and MMP-9, in the knee joint tissue.
Our findings suggest that FP-MD is a promising dietary supplement for reducing pain, minimizing
cartilage damage, and improving functional status in OA, without the disadvantages of previous
dietary supplements and medicinal agents, including multiple adverse effects.

Keywords: FlexPro MD; krill oil; astaxanthin; hyaluronic acid; inflammation; pain; osteoarthritis
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1. Introduction

Osteoarthritis (OA), also called degenerative joint disease, is a universal debilitating joint disease,
and is the most prevalent type of arthritis characterized by synovial inflammation, the gradual loss of
articular cartilage and degenerative changes in other surrounding tissues, including the synovium,
menisci, ligaments, and subchondral bone, that are caused by multiple risk factors such as age, weight,
excessive joint usage, and metabolic or genetic factors [1,2]. OA is the most common joint disorder
in the elderly around the world, which can decrease quality of life due to pain, stiffness, loss of
function, and disability [3]. Chronic joint pain is the main symptom of OA and is the primary reason
for patients to seek medical and pharmacological treatments. Although structural changes, cartilage
degeneration, and subchondral bone remodeling are the main contributors to disease progression
and joint pain in patients, inflammatory responses mediated by pro-inflammatory cytokines and
inflammatory mediators following joint injury also contribute to these pathological events in OA [4–8].

There is no treatment to prevent the development of OA or cure it once it has set in; thus, the goal
of OA treatments currently available in clinical practice is mainly aimed at reducing pain, minimizing
cartilage damage, and improving or maintain functional status. Commonly recommended treatments
include aerobic exercise, strengthening exercises, and medicinal agents, including non-steroidal
anti-inflammatory drugs (NSAIDs), corticosteroids, or acetaminophen, which treat OA primarily by
reducing pain and inflammation [9]. However, these medications cannot prevent progressive cartilage
degradation or repair the damaged cartilage of OA patients, and long-term use of these drugs can
lead to various adverse effects, including renal toxicity, gastrointestinal disturbances, diarrhea, nausea,
vomiting, or increased cardiovascular risks [10–12]. In addition, a recent clinical study reported that
chronic but not short-term use of NSAIDs was associated with no clinical improvement in pain and a
minimal, non-statistically significant improvement in clinical outcomes in persons with stiffness and
functional and structural changes due to OA [13]. Despite their questionable efficacy, prescription
NSAIDs are widely used in OA treatment due to the lack of more effective medications.

Therefore, the chronic nature of the disease has encouraged researchers and patients to try various
complementary and alternative approaches, including dietary supplements, functional health foods,
and nutraceuticals, to relieve pain and improve joint function as well as to manage or slow disease
progression [14–17]. The most widely used and studied dietary supplements or functional health
foods for joint pain include those related to chondroprotection, such as glucosamine, chondroitin
sulfate, methylsulfonylmethane (MSM), collagen hydrolysates, and hyaluronic acid [18]. However,
their effectiveness remains controversial; moreover, they can cause multiple adverse effects, such
as stomach upset, constipation, diarrhea, headache, and rash [19,20]. In addition, natural products
and nutraceutical products, including curcumin and turmeric extract, green tea extract, resveratrol,
citrus fruit extract, Boswellia serrata, omega-3 fatty acids, and many others, have been investigated as
potential candidates for joint-health promoting dietary supplements [21]. Interestingly, several studies
have hypothesized that gut microbiota modulation through the supplementation of specific dietary
ingredients including probiotics and prebiotics are able to modify the onset and the progression of
OA [22]. Although previous studies have investigated the gut-joint axis in animal model, clinical studies
in humans are lacking and no clear mechanism of action has been determined [23]. Therefore, future
perspectives should focus on a more detailed understanding of the effects of microbiota modulation in
OA patients. Nevertheless, dietary supplements with proven medical benefits, including managing
and slowing disease progression and reducing the symptoms of OA, may offer safer alternatives to
currently available pharmacological therapies [24,25].

FlexPro MD® (FP-MD), a novel, patented multi-ingredient dietary supplement formulation
consisting of krill oil, natural astaxanthin, and sodium hyaluronate, has been shown to markedly
reduce pain in subjects suffering from chronic mild-to-moderate knee joint pain [26]. Moreover,
another study demonstrated that FP-MD could effectively inhibit lipopolysaccharide (LPS)-induced
mRNA expression of pro-inflammatory cytokines and inflammatory markers by reducing nuclear
factor-kappa B (NF-κB) activation, both in RAW264.7 cells and in an LPS-induced arthritis mouse
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model. In addition, FP-MD effectively suppressed the expression levels of matrix metalloproteinases
(MMPs) at the transcriptional level in inflamed knee joint tissues [27]. However, its effects on the
structural joint damage and associated joint pain of OA have not been explored. In this study, we
investigated the effects of FP-MD on pain, and the structural changes and inflammatory responses
known to cause pain, in a rat model of OA induced by monosodium iodoacetate (MIA) injection.

2. Materials and Methods

2.1. Preparation of FP-MD

FlexPro MD® (FP-MD) is a commercially available dietary supplement containing a proprietary
combination of Superba® Antarctic krill (Euphausia superba) oil (Aker BioMarine Antarctic US LLC;
Metuchen, NJ, USA), Zanthin® natural astaxanthin derived from Haematococcus pluvialis, Flexonic®

sodium hyaluronate (the sodium salt of hyaluronic acid) produced from fermentation by Streptococcus
zooepidemicus (Valensa International, Inc.; Eustis, FL, USA), and food vehicles (Table 1). A sample of
FP-MD was produced as reported previously [28,29], then stored at room temperature until use. The
FP-MD sample consisted of 70% krill oil, 7% Haematococcus pluvialis extract, and 7% sodium hyaluronate,
along with 16% various excipients (beeswax, olive oil, etc.), as determined by high-performance liquid
chromatography (HPLC) and gas chromatography (GC), using the methods recommended by the
United States Pharmacopeia (USP) and Korean Pharmacopoeia (KP), respectively.

Table 1. Composition of FlexPro MD®.

Ingredient Amount (mg) Ratio (%)

Antarctic krill oil 321 70
Haematococcus pluvialis extract
(to deliver 2 mg astaxanthin) 25–35 5.5–7.5

Sodium hyaluronate 33 7.1
Excipients 73–83 1 15.4–17.4

Total 462 100
1 adjust the amount depending on the amount of Haematococcus pluvialis extract.

2.2. Animals and Ethics Statement

Adult male Sprague-Dawley (SD) rats (aged 7 weeks with body weights ranging 200–214.0 g)
were obtained from Orientbio Inc. (Sungnam, Gyeonggi, Korea) and housed in the animal facility
at Biotoxtech Co. Ltd. (Cheongju, Chungbuk, Korea), a non-clinical Good Laboratory Practice
(GLP)-certified Contract Research Organization (CRO). The rats were acclimated for 7 days and
maintained under conventional housing conditions at 23 ± 2 ◦C with a controlled 12 h light/dark cycle,
and were provided filtered tap water and a rodent chow diet (Envigo RMS Inc., Indianapolis, IN, USA)
ad libitum throughout the experiment. All animal experimental procedures complied with the National
Institute of Health Guide for the Care and Use of Laboratory Animals and the Korean National Animal
Welfare Law. The experimental animal facility and all protocols involving animals in this study were
reviewed and approved by the Institutional Animal Care and Use Committee of Biotoxtech (IACUC
approval number 180644).

2.3. Experimental Design and Administration

The experimental design of the study is shown in Supplementary Figure S1. Rats were randomly
distributed in six groups of eight rats each, consisting of a normal sham control (Sham) group; an
MIA-induced OA control (MIA) group; a positive control (PC) group; and three groups treated with
increasing doses of FP-MD (25 mg/kg, 50 mg/kg, or 100 mg/kg). All of the groups received treatments
via oral gavage once daily for 7 days before OA induction and then for 21 days thereafter until the
end of the experiment. The PC group received Celecoxib administered orally at a dose of 3 mg/kg.
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The Sham and MIA groups received equivalent volumes of vehicle (corn oil). The administration
volumes were 5 mL/kg body weight for all experimental groups. The animals were closely monitored
for individual clinical signs and other complications by a veterinarian. Body weight was measured
weekly, and the weight-bearing levels of the two hind limbs were measured at 0, 3, 7, 14, and 21 days
post-OA induction.

2.4. MIA-Induced OA Animal Model

Following the 7-day pretreatment period, the animals were anesthetized with 2% isoflurane
delivered via a nose cone and then their right hind knees were injected, either with 3 mg MIA
(Sigma-Aldrich Inc., St. Louis, MI, USA) in 50 μL saline or an equivalent volume of sterile saline
vehicle, through the infrapatellar ligament as previously described [30–32] while contralateral knees
remained intact. The choice of MIA dose was supported by previous work demonstrating that 3 mg of
MIA not only induced joint degeneration but also produced significant axonal injury to dorsal root
ganglion cells, reproducing the neuropathic pain component typically observed at the later stages
of OA development [33,34]. Following injection, the animals were allowed to fully recover from the
anesthesia and were monitored appropriately before returning them to the cages, and then continued
to receive the same oral doses of FP-MD, Celecoxib, or vehicle, respectively, for 3 weeks.

2.5. Weight-Bearing Test (Pain Assessment)

The weight-bearing distributions between the postoperative and normal hind limbs were
determined at 0, 3, 7, 14, and 21 days post-OA induction by using an incapacitance meter (Bioseb Co.;
Pinellas Park, FL, USA) as previously described [35,36], which independently measures the weight, in
grams, that the animal distributes to each hind paw. Generally, normal animals distribute their weight
equally on both hind paws, while animals with MIA-induced joint pain tend to favor the normal limb.
The rats were placed in a container with their hind paws comfortably resting on two separate sensor
plates. When the rats stand, they make natural adjustments to the weight distribution on both rear
paws based on the level of joint pain they are experiencing. The equipment was set to average the
weight measured by each sensor over a 5-second period, and a total of three measurements were taken
and averaged for each rat. The result was expressed as the mean of weight ratio between injured and
non-injured limbs.

2.6. Histological Analysis

Histological changes were assessed to determine the effects of FP-MD and Celecoxib on joint
cartilage degeneration. After 3 weeks post-OA induction, the rats were euthanized with CO2, and the
affected knee joints were dissected and fixed in 10% formalin for 24 h at 4 ◦C, decalcified with 5% formic
acid for 2 weeks, and then dehydrated in graded acetone and embedded in paraffin. Sections (thickness,
4–5 μm) were stained with hematoxylin and eosin (H&E) and Safranin-O/Fast green to evaluate
structural cartilage damage and the proteoglycan loss, respectively, and then observed under Carl Zeiss
Axio Imager A2 microscope (Carl Zeiss, Deisenhofen, Germany). All stained slides were histologically
evaluated and statistically graded on a scale of 0–13 by double-blind observation, according to the
modified Mankin scoring system [37].

2.7. Serum Analysis

Blood samples were collected serially, either from the jugular vein or abdominal vena cava, at 22
days post-OA induction. Blood samples were centrifuged at 3000 rpm for 12 min to separate the serum.
The sera were then stored at −70 ◦C until used for enzyme-linked immunosorbent assay (ELISA)
experiments. The serum levels of the pro-inflammatory cytokines tumor necrosis factor alpha (TNF-α),
interleukin-1 beta (IL-1β), and interleukin-6 (IL-6), and the cartilage degeneration mediators cartilage
oligomeric matrix protein (COMP) and C-telopeptide of type II collagen (CTX-II), were determined
using commercial ELISA kits (TNF-α: cat no. BMS622TEM, Invitrogen, MN, USA; IL-1β: cat no.
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BMS630; IL-6: cat no. BMS625; COMP: cat no. abx256440, Abbexa Ltd., Cambridge, UK; CTX-II: cat
no. E-EL-R2554, Elabscience Biotechnology Inc., Houston, TX, USA) according to manufacturer’s
protocol, respectively.

2.8. Real-Time PCR Analysis

Total RNA was extracted from articular cartilage tissues by using QIAzol® and purified using the
miRNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocol. Total
RNA was reverse transcripted into complementary DNA (cDNA) using a High Capacity RNA-to-cDNA
kit (Applied Biosystems, Foster City, CA, USA), and then subjected to quantitative real-time PCR
(qPCR) using QuantiFast® SYBR Green PCR master mix (Qiagen) with custom-designed specific
primers using 18S as house-keeping control on a StepOnePlusTM Real-Time PCR System (Applied
Biosystems). The primer sequences are listed in Table 2. Relative fold-changes in target gene expression
between groups were determined for all targets using the 2ΔΔCt method.

Table 2. List and sequences of real-time PCR primers for mRNA expression.

Gene Primer Sequence

iNOS
Forward 5′-CTTTACGCCACTAACAGTGGCA-3′
Reverse 5′-AGTCATGCTTCCCATCGCTC-3′

COX-2
Forward 5′-CCTCGTCCAGATGCTATCTTTG-3′
Reverse 5′-GAAGGTCGTAGGTTTCCAGTATT-3′

MMP-2
Forward 5′-CACCAAGAACTTCCGACTATCC-3′
Reverse 5′-TCCAGTACCAGTGTCAGTATCA-3′

MMP-9
Forward 5′-CCCAACCTTTACCAGCTACTC-3′
Reverse 5′-GTCAGAACCGACCCTACAAAG-3′

2.9. Statistical Analysis

Data were expressed as mean ± standard error of measurement (SEM) for the indicated number
of experiments. The statistical significance of the difference between groups was analyzed using
independent sample t-tests or one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc
test. Statistical analysis was performed using SPSS software version 20.0 (IBM Co.; Armonk, NY, USA).
For all tests, p-values below 0.05 were considered statistically significant.

3. Results

3.1. FP-MD Reduces the OA-Induced Joint Pain in Rats

We initially tested the effect of oral administration of FP-MD on joint pain in an MIA-induced
rat model of OA. Since OA is accompanied by pain, the severity of pain is mainly determined by
the asymmetric weight-bearing distribution in the hind limbs. Figure 1 demonstrates the latency
differences between right (ipsilateral) and left (contralateral) hind-paws in the sham control (Sham)
and experimental groups, which were analyzed to evaluate OA-induced pain using a capacitance
tester for 3 weeks. The MIA-induced OA control (MIA) group animals showed a quick reduction
of weight-bearing distribution in the OA-induced limbs compared to non-OA-induced knees due
to pain induced by MIA injection, while the weight distribution did not change in the sham control
group. In contrast, FP-MD- and Celecoxib-treated group animals showed decreased ipsilateral latency
throughout the experimental period as compared with MIA group. Moreover, rats treated with doses
of 50 and 100 mg/kg of FP-MD and the Celecoxib-treated rats were able to balance the right and left
hind-paws and practically returned to the normal control condition. These data indicate the significant
restoration of hind-limb weight bearing in the FP-MD-treated rats. In addition, we found that FP-MD
treatment does not affect regular body weight gain in rats (Supplementary Figure S2).
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Figure 1. Effects of oral administration of FlexPro MD® (FP-MD) on changes in hind-paws
weight-bearing distribution in monosodium iodoacetate (MIA)-induced osteoarthritis (OA) rats.
The weight-bearing distribution ratio was measured for 21 days after injection of MIA using an
incapacitance tester, compared to that of the vehicle-treated MIA-induced group. Data are expressed as
the mean ± S.E.M (n = 8). # p < 0.05 versus vehicle-treated Sham group and * p < 0.05 versus MIA.

3.2. FP-MD Suppressed Articular Cartilage Damage in MIA-Induced OA Rats

As articular cartilage degeneration is the major histopathological feature of OA joints, the effect
of FP-MD administration on the histopathological changes and severity of damage in the articular
cartilage were evaluated using H&E and Safranin O-fast green staining in the MIA-induced OA rats.
As shown in Figure 2A, the sham control group animals exhibited normal articular cartilage structures
with smooth articular surfaces, normal chondrocytes with columnar orientation, and intact tide marks
and subchondral bone. In contrast, the MIA group showed the severity of surface irregularity and cleft,
matrix loss of articular cartilage, degeneration of columnar orientation, degeneration of the tide mark,
and the penetration of subchondral bones. We found that oral administration of FP-MD attenuated the
structural morphological changes in the articular cartilage, reduced the penetration of the subchondral
bones, and reduced the degeneration of the tide marks in comparison to the MIA group. Proteoglycans
as one of the major components of the extra cellular matrix (ECM) have various functions in the
cartilage. Safranin O-fast green staining revealed that the joints of the MIA-induced OA rats showed
joint space narrowing with marked proteoglycan depletion, whereas sham control rats showed the
presence of intense proteoglycan in the ECM. Administration with FP-MD and Celecoxib effectively
decreased the loss of proteoglycan in the knee joints compared to MIA group. Furthermore, the
severity of OA lesions, graded using the modified Mankin’s scoring system, and the overall modified
Mankin’s scores were significantly lower in FP-MD and Celecoxib-treated groups compared with MIA
group (Figure 2B).
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Figure 2. Histological evaluation of joints activity after administration with FlexPro MD® (FP-MD)
in monosodium iodoacetate (MIA)-induced osteoarthritis (OA) rats. (A) Knee joints of the OA rats
were stained with hematoxylin and eosin (H&E) and Safranin O-Fast green. (B) The joint lesions were
graded on a scale of 0–13 using the modified Mankin’s scoring system, giving a combined score for
cartilage structure. Data are expressed as the mean ± S.E.M (n = 8). # p < 0.05 versus vehicle-treated
Sham group and * p < 0.05 versus MIA. CLX; celecoxib 3 mg/kg-treated.
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3.3. FP-MD Suppressed the Pro-Inflammatory Cytokine Levels in MIA-Induced OA Rats

The inflammatory response is an important factor associated with OA pathogenesis, and
pro-inflammatory cytokines play a prominent role in the maintenance of tissue injury and chronic
inflammation during the progression of OA [38]. We, therefore, examined the effect of FP-MD on
the production of inflammatory cytokines associated with OA, such as TNF-α, IL-1β, and IL-6, in
MIA-induced OA rats. As shown in Figure 3, the MIA group showed increased serum levels of
TNF-α, IL-1β, IL-6, and IFN-γ compared with those in the sham control group. In the FP-MD- and
Celecoxib-treated groups, the serum levels of pro-inflammatory cytokine were significantly decreased
in a dose-dependent manner when compared to the MIA group. These results suggest that FP-MD
protects cartilage in the MIA-induced OA model by modifying these pro-inflammatory cytokines.

Figure 3. Effects of oral administration of FlexPro MD® (FP-MD) on the level of tumor necrosis factor
alpha (TNF-α), interleukin (IL)-1β, and IL-6 in monosodium iodoacetate (MIA)-induced osteoarthritis
(OA) rats. The serum concentrations of (A) TNF-α, (B) IL-1β, and (C) IL-6 in FP-MD (25–100 mg/kg) +
MIA- or Celecoxib (CLX) (3 mg/kg)+MIA-induced OA rats were compared to those of the vehicle-treated
MIA group. Data are expressed as the mean ± S.E.M (n = 8). # p < 0.05 versus vehicle-treated Sham
group and * p < 0.05 versus MIA.

3.4. FP-MD Reduced Biomarkers of Chondrocyte Death in MIA-Induced OA Rats

The effect of FP-MD on the levels of COMP and CTX-II, which are well-established biomarkers
for OA diagnosis and progression, which are degradation products of joint tissues, especially the
cartilage ECM, during progressive destruction of articular cartilage in OA [39,40], was also investigated.
The serum levels of COMP and CTX-II were increased in OAC group by MIA-injection compared
with those in the sham control group. In contrast, the serum levels of COMP (Figure 4A) and CTX-II
(Figure 4B) were significantly lower in the OA rats treated with FP-MD at doses of 50 and 100 mg/kg,
but not 25 mg/kg, than in the OAC group. The MIA-induced overproduction of COMP and CTX-II
was also decreased by Celecoxib treatment.

Figure 4. Effects of oral administration of FlexPro MD® (FP-MD) on the production of cartilage oligomeric
matrix protein (COMP) and C-telopeptide of type II collagen (CTX-II) in monosodium iodoacetate (MIA)-
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induced osteoarthritis (OA) rats. The serum concentrations of (A) COMP and (B) CTX-II in FP-MD
(25–100 mg/kg) +MIA- or Celecoxib (CLX) (3 mg/kg) +MIA-induced OA rats were compared to those
of the vehicle-treated MIA group. Data are expressed as the mean ± S.E.M (n = 8). # p < 0.05 versus
vehicle-treated Sham group and * p < 0.05 versus MIA.

3.5. FP-MD Suppressed mRNA Expression of Inflammatory Mediators and Matrix-Degrading Ezzymes in
MIA-Induced OA Rats

We next investigated the effect of FP-MD on the mRNA expression levels of inflammatory mediators,
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and matrix-degrading enzymes,
matrix metalloproteinase (MMP)-2 and MMP-9, in the knee joint tissues of MIA-induced OA rats.
The mRNA expression of iNOS, COX-2, MMP-2, and MMP-9 increased in OAC group by MIA-injection
compared with those in the sham control group (Figure 5). In the FP-MD- and Celecoxib-treated
groups, the expression levels of those genes were significantly suppressed. These results suggested that
FP-MD inhibited inflammatory responses and articular cartilage damage by inhibiting inflammatory
cytokines and MMPs in MIA-induced OA rats.

Figure 5. Effects of oral administration of FlexPro MD® (FP-MD) on the expression of inflammatory
mediators and metalloproteinases (MMPs) in the knee joint in monosodium iodoacetate (MIA)-induced
osteoarthritis (OA) rats. The mRNA expression of (A) inducible nitric oxide synthase (iNOS),
(B) cyclooxygenase-2 (COX-2), (C) MMP-2, and (D) MMP-9 in FP-MD (25–100 mg/kg) + MIA- or
Celecoxib (CLX) (3 mg/kg) +MIA-induced OA rats were compared to those of the vehicle-treated MIA
group. Data are expressed as the mean ± S.E.M (n = 8). # p < 0.05 versus vehicle-treated Sham group
and * p < 0.05 vs. MIA.

4. Discussion

In the present study, we evaluated whether or not FP-MD exerts an anti-osteoarthritic effect
in the MIA-induced OA rat model, which is one of the well-established animal models for human
OA and joint pain. In rats, injection of MIA into joints successfully induces acute inflammation,
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articular cartilage degradation, and joint pain by the direct interruption of chondrocyte metabolism
and the subsequent induction of chondrocyte death, representative of the changes observed in patients
with OA [41]. Our data show that oral administration of FP-MD led to a significant reduction in
MIA-induced joint pain and a decrease in structural changes, including joint space narrowing and
cartilage destruction, which were associated with the reduction of pro-inflammatory cytokines and
articular cartilage degeneration biomarkers.

Several clinical studies have demonstrated that daily consumption of krill oil (2 g/day for 30 days)
improves the subjective symptoms of knee pain in adults with mild knee pain [42], mitigates the
subjective symptoms of OA as assessed by Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC), and reduces C-reactive protein (CRP) levels in patients with rheumatoid arthritis
or OA with CRP levels greater than 1.0 mg/dL [43]. In addition, the anti-arthritis, anti-pain, and
anti-inflammatory effects of krill oil were also observed in a carrageenan-induced mouse model of
inflammatory pain [44,45]. Furthermore, current studies have demonstrated that astaxanthin is a
promising anti-inflammatory and anti-pain agent against carrageenan-induced paw edema and pain
behavior, as well as neuropathic pain [46–48]. Hyaluronic acid is also known as a useful treatment
option for OA that can modify symptoms and relieve joint pain in OA [49–51]. Interestingly, krill
oil, astaxanthin, and hyaluronic acid have also been shown to play a role in gut flora modulation,
an emerging area of investigation that may also influence the development and progression of
osteoarthritis, and symptom management [52–54]. Considering the beneficial therapeutic properties of
krill oil, astaxanthin, and hyaluronic acid on arthritis, we have developed a novel multi-ingredient
dietary supplement formulation, FP-MD, consisting of krill oil, natural astaxanthin, and proprietary
lower molecular weight hyaluronic acid, to address the key factors involved in maintaining joint
health. In the present study, we performed in vivo animal studies to further investigate the therapeutic
potential of FP-MD for pain relief and chondroprotection in an MIA-induced OA rat model by
measuring weight-bearing distribution, histopathological changes, serum levels of pro-inflammatory
cytokines, and biomarkers for degradation products of articular cartilage.

Here, we demonstrated that oral administration of FP-MD has pain-relieving effects in MIA-induced
OA in rats, consistent with our previous findings in a clinical trial that showed remarkable pain relief
in subjects suffering from chronic mild-to-moderate knee joint pain [26]. Moreover, histopathological
analysis revealed that the FP-MD-treated group exhibited marked suppression of structural changes,
bone resorption, and proteoglycan degradation in the MIA-treated rat knee joint. Taken together,
these observations suggest that FP-MD possesses potential pain-relieving activity in OA by reducing
articular cartilage damage.

The degradation of articular cartilage, including the degradation of cartilage cells and matrix,
is the main pathological characteristic of OA, and matrix degeneration mainly results in the losses
of proteoglycans and type II collagen [55]. Several previous studies have demonstrated that the
serum levels of some structural molecules and fragments derived from articular cartilage, bone, and
the synovium, all of which are affected by OA, are elevated in OA patients and OA animal models,
thereby they can be used as diagnostic biomarkers which can potentially predict the increased risk
and progression of OA [56,57]. COMP and CTX-II are two biochemical markers that are degradation
products of joint tissues, especially the cartilage extracellular matrix, and can potentially predict the
destruction of articular cartilage in OA. COMP, a tissue-specific pentametric glycoprotein, is one of
the essential components of the extracellular matrix of the cartilage which binds to type II collagen
fibers and stabilizes the collagen fiber network of articular cartilage in cooperation with other matrix
proteins. However, when the articular cartilage is destroyed during the development of OA and under
inflammatory conditions, the levels of COMP is noticeably increased in synovial fluid and serum and
is positively correlated with joint damage in knee OA [58]. In addition, levels of CTX-II, a degradation
product of type II collagen produced by proteases activated by cartilage injury or degeneration, are
also elevated in OA patients as compared with normal individuals and are associated with both the
prevalence and progression of OA [59].
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Accordingly, the serum levels of these two factors, COMP and CTX-II, have the potential to be
prognostic biomarkers for monitoring cartilage degradation in patients with OA. Thus, the serum
levels of COMP and CTX-II were analyzed to assess the effects of FP-MD on the degradation of articular
cartilage. Consistent with previous studies [60,61], serum levels of both COMP and CTX-II were
significantly higher in the OAC group than in the sham control group; however, treatment with FP-MD
significantly reduced this increase. These findings suggest that the reduction in COMP and CTX-II
serum levels by FP-MD most likely represents suppressed MIA-induced degradation of cartilage, as
damaged cartilage is a major contributor to circulating COMP and CTX-II levels.

Increasing evidence has demonstrated that the significantly elevated levels of pro-inflammatory
cytokines observed in OA patients play a critical role in the promotion of the catabolic processes in
OA, causing cartilage degradation [62,63]. High levels of pro-inflammatory cytokines, such as TNF-α,
IL-1β, IL-6, and IL-10, have been found in synovial fluid from OA patients and several experimental
animal models of cartilage degradation [64]. Among these cytokines, TNF-α and IL-1β are highly
overexpressed in the cartilage as well as in the synovial tissue and are considered the major mediators
in the OA pathogenesis [65,66]. These cytokines are known to drive the inflammatory cascade, and
their increased production induces catabolic events as they downregulate the synthesis of ECM
structural components, including proteoglycan, by inhibiting the anabolic activities of chondrocytes
and enhancing MMPs, resulting in the loss of cartilage and increased bone resorption during the
development and progression of OA [65,67]. IL-6 has also been reported to play a major role in OA.
Although the production of IL-6 by chondrocytes is considerably low in physiological conditions, its
production can be stimulated by the number of other cytokines and inflammatory mediators, including
TNF-α, IL-1β, IFN-γ, and prostaglandin E2, resulting in decreased production of type II collagen [68].

Many previous studies have demonstrated that anti-inflammatory agents capable of inhibiting
the production of these cytokines might have the potential to control or treat OA [65–67]. Hence,
we investigated the anti-inflammatory effects of FP-MD by measuring the serum levels of the
pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in MIA-induced OA rats, and found that oral
administration of FP-MD effectively decreased the serum levels of these cytokines. In addition, FP-MD
significantly reduced the mRNA expression levels of inflammatory mediators, iNOS and COX-2,
and matrix-degrading enzymes, MMP-2 and MMP-9, in the knee joint tissue. Taken together, the
present results indicate that FP-MD has the potential to blunt inflammatory responses, and which may
subsequently reduce articular cartilage damage.

5. Conclusions

In conclusion, the present study has demonstrated that oral administration of FP-MD effectively
attenuates joint pain and the severity of articular cartilage destruction in an MIA-induced OA rat
model and that the anti-osteoarthritic effects of FP-MD were associated with the protection of articular
cartilage against inflammation-induced degradation thorough the suppression of pro-inflammatory
cytokines. Our findings suggest that FP-MD is a promising dietary supplement for reducing pain,
minimizing cartilage damage, and improving functional status in OA patients, and could overcome
the disadvantages of previous dietary supplements, including glucosamine and chondroitin sulfate,
as well as medicinal agents, such as corticosteroids and NSAIDs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/4/956/s1,
Figure S1: Schematic diagram of experimental design and schedule for animal experiments, Figure S2: Effects of
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Abstract: The beneficial effects of fatty acids (FAs) on human health have attracted widespread
interest. However, little is known about the impact of FAs on the handling of urate, the end-product
of human purine metabolism, in the body. Increased serum urate levels occur in hyperuricemia,
a disease that can lead to gout. In humans, urate filtered by the glomerulus of the kidney is majorly
re-absorbed from primary urine into the blood via the urate transporter 1 (URAT1)-mediated pathway.
URAT1 inhibition, thus, contributes to decreasing serum urate concentration by increasing net renal
urate excretion. Here, we investigated the URAT1-inhibitory effects of 25 FAs that are commonly
contained in foods or produced in the body. For this purpose, we conducted an in vitro transport
assay using cells transiently expressing URAT1. Our results showed that unsaturated FAs, especially
long-chain unsaturated FAs, inhibited URAT1 more strongly than saturated FAs. Among the
tested unsaturated FAs, eicosapentaenoic acid, α-linolenic acid, and docosahexaenoic acid exhibited
substantial URAT1-inhibitory activities, with half maximal inhibitory concentration values of 6.0,
14.2, and 15.2μM, respectively. Although further studies are required to investigate whether the
ω-3 polyunsaturated FAs can be employed as uricosuric agents, our findings further confirm FAs as
nutritionally important substances influencing human health.

Keywords: Docosahexaenoic acid; eicosapentaenoic acid; functional food; gout; human health;
hyperuricemia; PUFA; SLC22A12; transporter; uric acid; uricosuric activity

1. Introduction

Fatty acids (FAs) are physiologically important as energy sources and membrane constituents;
moreover, FAs have diverse biological activities that modulate numerous cell/tissue properties in living
organisms [1]. Accumulating evidence suggests that via such actions, dietary FAs can influence human
health, well-being, and the risk of disease development. For instance, intake of polyunsaturated
fatty acids (PUFAs) of the ω-3 family, such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), has been considered to reduce the risk of chronic diseases including cardiovascular
diseases; however, other effects of FAs consumption on human health remain controversial and need
further investigation [2–5]. In addition to cardiovascular diseases, it is currently acknowledged that
FAs influence a range of other diseases, such as metabolic and inflammatory diseases, as well as
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cancer [1]. However, little is known about the association between FAs and hyperuricemia, a common
urate-related disease, especially regarding the effects of FAs on urate-handling machineries in the body.

Hyperuricemia, which is characterized by elevated serum uric acid (SUA) levels, is a lifestyle-related
disease with high prevalence [6]. As hyperuricemia is a risk factor for gout, a very common form of
inflammatory arthritis, SUA management at appropriate levels is becoming increasingly important in
daily life [7,8]. Due to the lack of functional uricase (urate-degrading enzyme) in humans [9], uric acid is
the end-product of human purine metabolism; urate excretion from the body is, therefore, necessary for
the maintenance of uric acid homeostasis. The kidney is responsible for elimination of approximately
two-thirds of urate [10]. However, only 3%–10% of the urate filtered by the glomerulus of the kidney is
secreted to the urine [11] because most of it is re-absorbed from the primary urine into the blood in the
proximal tubule by the urate transporter 1 (URAT1, also known as SLC22A12)-mediated pathway [12].
Thus, inhibition of this urate re-absorption pathway contributes to SUA lowering via the increase of
net renal urate excretion.

URAT1 is a physiologically important renal urate re-absorber expressed on the brush border
membrane of proximal tubular cells. Among the already identified urate re-absorbers expressed on
the apical side of the renal cells, URAT1 is most strongly associated with SUA levels in humans [7],
as supported by the fact that URAT1 is the causative gene for renal hypouricemia type 1 [12], an inherited
disorder characterized by impaired urate re-absorption in the kidney that results in extremely low SUA
levels (SUA ≤ 2 mg/dL; normal range: 3.0–7.0 mg/dL). With hyperuricemia patients, this transporter is
also the pharmacological target of uricosuric agents, which promote the excretion of urate, such as
benzbromarone [12], lesinurad [13], and dotinurad [14]. In this context, daily consumption of nutrients
with URAT1-inhibitory activity may have a beneficial effect on SUA management in subjects with high
SUA levels. Actually, food ingredients that inhibit URAT1 function have attracted great interest; we
and other groups identified some such natural ingredients from fruit flavonoids [15], coumarins [16],
and wood pigments [17]. Nevertheless, despite the nutritional significance of FAs, their effects on
URAT1 activity remain to be elucidated.

In the present study, we examined the URAT1-inhibitory effects of 25 FAs using an in vitro
transport assay with mammalian cells transiently expressing URAT1. The cell-based assay revealed
that unsaturated FAs inhibited URAT1 more strongly than saturated FAs.

2. Materials and Methods

2.1. Materials

Critical materials and resources used in this study are summarized in Table 1. All other chemicals
used were commercially available and of analytical grade. The FAs were re-dissolved with dimethyl
sulfoxide (DMSO; Nacalai Tesque, Kyoto, Japan) after the solvents were gently evaporated with
nitrogen gas on the heat block at 50 ◦C. All experiments were conducted with the same lot of each
vector plasmid for URAT1 (URAT1 wild-type in pEGFP-C1) or mock (pEGFP-C1), which were derived
from our previous study [15].

2.2. Cell Culture

Human embryonic kidney 293-derived 293A cells were maintained in Dulbecco’s modified Eagle’s
medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (Biowest, Nuaillé,
France), 1% penicillin–streptomycin (Nacalai Tesque, Kyoto, Japan), 2 mM L-glutamine (Nacalai
Tesque, Kyoto, Japan), and 1 × non-essential amino acid (Life Technologies, Carlsbad, CA, USA) at
37 ◦C in a humidified atmosphere of 5% (v/v) CO2 in air.

URAT1-expressing or mock plasmids were transfected into 293A cells using polyethylenimine
“MAX” (PEI-MAX) (Polysciences, Warrington, PA, USA) as described previously [18], with some
modifications. In brief, before transfection, 293A cells were seeded onto 12-well cell culture plates at a
concentration of 0.92 × 105 cells/cm2. Then, 24 h after seeding, each plasmid vector was transiently
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transfected into the cells using PEI-MAX (1 μg of plasmid/5 μL of PEI-MAX/well). The medium was
replaced with fresh medium 24 h after transfection.

Table 1. Key resources.

Reagent or Resource Source Identifier

Antibodies
Rabbit polyclonal anti-EGFP Life Technologies Cat# A11122; RRID: AB_221569; 1:1,000 dilution 1

Rabbit polyclonal anti-α-tubulin Abcam Cat# ab15246; RRID: AB_301787; 1:1,000 dilution 1

Donkey anti-rabbit IgG-horseradish
peroxidase (HRP)-conjugate GE Healthcare Cat# NA934V; RRID: AB_772206; 1:3,000 dilution 1

Chemicals
[8-14C]-Uric acid (53 mCi/mmol) American Radiolabeled Chemicals Cat# ARC0513

Arachidonic acid Cayman Chemical Cat# 90010; CAS: 506-32-1; Purity: ≥98%

Benzbromarone FUJIFILM Wako Pure Chemical Cat# 028-1585; CAS: 3562-84-3; Purity: >98%

Butyric acid SIGMA-ALDRICH Cat# B103500-5ML; CAS: 107-92-6; Purity: ≥99%

Decanoic acid FUJIFILM Wako Pure Chemical Cat# 033-01073; CAS: 334-48-5; Purity: ≥98%

Dimethyl sulfoxide Nacalai Tesque Cat# 13445-74; CAS: 67-68-5

Docosadienoic acid Cayman Chemical Cat# 20749; CAS: 17735-98-7; Purity: ≥98%

Docosahexaenoic acid Cayman Chemical Cat# 90310; CAS: 6217-54-5; Purity: ≥98%

Docosatetraenoic acid Cayman Chemical Cat# 90300; CAS: 28874-58-0; Purity: ≥98%

Dodecanoic acid SIGMA-ALDRICH Cat# L556-25G; CAS: 143-07-7; Purity: ≥98%

Eicosadienoic acid Cayman Chemical Cat# 90330; CAS: 2091-39-6; Purity: ≥98%

Eicosapentaenoic acid Cayman Chemical Cat# 90110; CAS: 10417-94-4; Purity: ≥98%

Eicosatrienoic acid Cayman Chemical Cat# 90192; CAS: 20590-32-3; Purity: ≥98%

Henicosapentaenoic acid Cayman Chemical Cat# 10670; CAS: 24257-10-1; Purity: ≥95%

Hexanoic acid FUJIFILM Wako Pure Chemical Cat# 081-06292; CAS: 142-62-1; Purity: ≥99%

Linoleic acid Cayman Chemical Cat# 90150; CAS: 60-33-3; Purity: ≥98%

Myristic acid FUJIFILM Wako Pure Chemical Cat# 130-03432; CAS: 544-63-8; Purity: ≥98%

Octanoic acid SIGMA-ALDRICH Cat# C2875-10ML; CAS: 124-07-2; Purity: ≥99%

Oleic acid Cayman Chemical Cat# 90260; CAS: 112-80-1; Purity: ≥98%

Palmitic acid Cayman Chemical Cat# 10006627; CAS: 57-10-3; Purity: ≥98%

Palmitoleic acid Cayman Chemical Cat# 10009871; CAS: 373-49-9; Purity: ≥99%

Polyethelenimine “MAX” Polysciences Cat# 24765; CAS: 49553-93-7

Stearic acid SIGMA-ALDRICH Cat# S4751-1G; CAS: 57-11-4; Purity: ≥98.5%

α-Eleostearic acid Cayman Chemical Cat# 10008349; CAS: 506-23-0; Purity: ≥95%

α-Linolenic acid Cayman Chemical Cat# 90210; CAS: 463-40-1; Purity: ≥98%

γ-Linolenic acid Cayman Chemical Cat# 90220; CAS: 506-26-3; Purity: ≥98%

ω-3 Eicosatetraenoic acid Larodan Fine Chemicals Cat# 10-2024; CAS: 24880-40-8; Purity: ≥98%

ω-3 Docosapentaenoic acid Cayman Chemical Cat# 90165; CAS: 24880-45-3; Purity: ≥98%
Critical Commercial Assays
PierceTM BCA Protein Assay Reagent A & B Thermo Fisher Scientific Cat# 23223, Cat# 23224

PureLinkTM HiPure Plasmid Filter
Midiprep Kit

Thermo Fisher Scientific Cat# K210015

Recombinant DNA
The complete URAT1 cDNA Miyata et al., 2016 [18] NCBI Reference Sequence: NM_144585.3

Experimental Models: Cell Lines
293A Invitrogen R70507

Software and Algorithms
Excel 2019 Microsoft https://products.office.com/ja-jp/home

Statcel4 add-in software OMS Publishing http://www.oms-publ.co.jp/
1 All antibodies were used at indicated dilutions in Tris-buffered saline containing 0.05% Tween 20 and 1% bovine
serum albumin for 1 h at room temperature.

2.3. Preparation of Protein Lysates and Immunoblotting

Whole-cell lysates were prepared with cell lysis buffer A containing 50 mM Tris/HCl (pH 7.4),
1 mM dithiothreitol, 1% (w/v) Triton X-100, and protease inhibitor cOmplete, EDTA free (Roche, Basel,
Switzerland), and were treated with peptide N-glycosidase F (PNGase F) (New England Biolabs,
Ipswich, MA, USA) as described previously [19]. Protein concentration was determined using the
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PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific, Kanagawa, Japan) with BSA as a standard,
according to the manufacturer’s protocol.

Whole-cell lysate samples were separated by SDS-PAGE and transferred to an Immobilon-P
PVDF membrane (Millipore, Bedford, MA, USA) by electroblotting at 15 V for 60 min, as described
previously [15]. Blots were probed with appropriate antibodies (Table 1), and the signals were visualized
by chemiluminescence and detected using a multi-imaging Analyzer Fusion Solo 4TM system (Vilber
Lourmat, Eberhardzell, Germany).

2.4. Confocal Microscopy

For confocal laser scanning microscopic observation, 48 h after the transfection, 293A cells were
fixed with 4% paraformaldehyde for 15 min at room temperature, and further processed according
to previous studies [15,20]. In brief, the cells were treated with a fluorescent wheat germ agglutinin
conjugate (WGA, Alexa Fluor® 594 conjugate; Thermo Fisher Scientific) to visualize plasma membranes,
followed by nuclear staining using TO-PRO-3 Iodide (Molecular Probes, Eugene, OR, USA). Then,
the cells were mounted in VECTASHIELD Mounting Medium (Vector Laboratories, Burlingame, CA,
USA). To analyze the localization of EGFP-fused URAT1 protein, fluorescence was observed using the
FV10i Confocal Laser Scanning Microscope (Olympus, Tokyo, Japan).

2.5. Urate Uptake Assay Using URAT1-Expressing 293A Cells

The urate uptake assay using URAT1-expressing 293A cells was conducted according to our
previous studies [15,18] with minor modifications. In brief, 48 h after plasmid transfection, cells were
washed twice with Cl−-free transport buffer (Buffer T2: 125 mM Na-gluconate, 4.8 mM K-gluconate,
1.2 mM KH2PO4, 1.2 mM MgSO4, 1.3 mM Ca-gluconate, 25 mM HEPES, 5.6 mM D-glucose, and pH 7.4)
and pre-incubated in Buffer T2 for 15 min at 37 ◦C. The buffer was then exchanged with pre-warmed fresh
Buffer T2 containing 5 μM [8-14C]-urate with or without test compound at the indicated concentrations
(0, 0.1, 0.3, 1, 3, 10, 30, 100, or 300 μM), and the cells were further incubated for 20 sec; 1% DMSO
was used as a vehicle control. The cells were subsequently washed five times with ice-cold Buffer
T2 and then lysed with 500 μL of 0.2 M NaOH on ice with gentle shaking for 1 h. The lysates were
neutralized with 100 μL of 1 M HCl. Then, the radioactivity in the lysate was measured using a
liquid scintillator (Tri-Carb 3110TR; PerkinElmer, Waltham, MA, USA). The protein concentration was
determined using the PierceTM BCA Protein Assay Kit. The urate transport activity was calculated
as the incorporated clearance (μL/mg protein/min): (incorporated level of urate [disintegrations per
minute (DPM)/mg protein/min]/urate level in the incubation mixture [DPM/μL]). URAT1-dependent
urate transport activity was calculated by subtracting the urate transport activity of mock cells from
that of URAT1-expressing cells.

Urate uptake was measured in the presence of several concentrations of each test compound to
address their half maximal inhibitory concentration (IC50) values. URAT1-mediated transport activities
were then expressed as a percentage of control (100%). Based on the calculated values, fitting curves
were obtained according to the following formula using the least-squares method with Excel 2019
(Microsoft, Redmond, WA, USA):

Predicted value [%] = 100−
(

Emax ×Cn

ECn
50 + Cn

)
(1)

where Emax is the maximum effect, EC50 is the half maximal effective concentration, C is the concentration
of the test compound, and n is the sigmoid-fit factor. Finally, based on the results, the IC50 was calculated
as described previously [15].

2.6. Quantification and Statistical Analysis

All statistical analyses were performed using Excel 2019 with Statcel4 add-in software
(OMS publishing, Saitama, Japan). Different statistical tests were used for different experiments
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as described in the figure legends, which include the number of biological replicates (n). Briefly, when
analyzing multiple groups, the similarity of variance between groups was compared using Bartlett’s test.
When passing the test for homogeneity of variance, a parametric Tukey–Kramer multiple-comparison
test for all pairwise comparisons was used. To investigate the inhibitory effect of each FA on URAT1
function (vs. vehicle control indicated as 100%) in the screening stage, one-sample t-test (one-sided)
was conducted. Statistical significance was defined as p < 0.05 or 0.01.

Each experiment was designed to use samples required to obtain informative results and sufficient
material for subsequent studies. No specific statistical test was used to pre-determine the sample sizes
empirically determined in the current study. All experiments were monitored in a non-blinded fashion.

3. Results

3.1. URAT1-Mediated Urate Uptake in 293A Cells

Prior to screening the inhibitory effects of 25 FAs on URAT1, we verified our cell-based assay
system—an in vitro urate transport assay with mammalian cells transiently expressing URAT1 (Figure 1).
Expression of EGFP-tagged URAT1 (EGFP-URAT1) as a matured N-linked glycoprotein (Figure 1a)
and its plasma membrane localization (Figure 1b) in 293A cells were confirmed 48 h after plasmid
transfection by immunoblotting and confocal microscopy, respectively. Next, we successfully detected
URAT1-mediated urate uptake into URAT1-expressing cells, which showed a much stronger transport
activity compared to mock cells, representing background urate uptake, indicating that the assay
was suitable for the screening (Figure 1c). As expected, URAT1-mediated urate uptake was almost
completely inhibited by benzbromarone (30 μM), a URAT1 inhibitor employed as a uricosuric drug.
These results were consistent with our previous study [15]. A schematic illustration of this urate
transport assay is shown in Figure 1d.

Figure 1. Cell-based urate transport assay with 293A cells transiently expressing URAT1. (a) Immunoblot
detection of URAT1 protein in whole-cell lysates prepared 48 h after the transfection. α-Tubulin,
a loading control. (b) Intracellular localization of URAT1. Confocal microscopy images were obtained
48 h after the transfection. Nuclei were stained with TO-PRO-3 iodide (gray); plasma membrane was
labeled with Alexa Fluor® 594-conjugated wheat germ agglutinin (red). Bars, 10 μm. (c) Urate transport
activities. Urate uptake into cells treated with or without 30 μM of benzbromarone (Benz) was measured.
Data are expressed as the mean ± SD; n = 3. **, p < 0.01 (Tukey–Kramer multiple-comparison test).
(d) Schematic illustration of URAT1-mediated urate transport examined using 293A cells transiently
expressing URAT1.
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3.2. Unsaturated Fatty Acids Are Stronger Inhibitors of URAT1 Activity Than Saturated Fatty Acids

Next, we examined the inhibitory effects of 25 FAs—8 saturated (Figure A1) and 17 unsaturated
(Figure A2) FAs—at a concentration of 100 μM on URAT1 function (Figure 2). Despite some exceptions,
in this study, almost all of the unsaturated FAs showed a stronger inhibitory effect on URAT1 than
saturated FAs. Among the eight saturated FAs, relatively short FAs with chain lengths ranging from
C4 to C8 had little effect on URAT1-mediated urate transport; instead, the others (C10 to C18) mildly
inhibited URAT1 at the screening concentration. This result suggested that the length of FA could
have a substantial effect on the URAT1-inhibitory activity of FAs. Among the 17 unsaturated FAs,
9 inhibited URAT1 activity by over 50%. We therefore focused on these candidates.

Figure 2. Inhibitory effects of each fatty acid on URAT1-mediated urate transport. The effects of
each fatty acid (100 μM) on URAT1-mediated urate transport were investigated with the urate uptake
assay. Control, vehicle (non-fatty acid treated) control. Data are expressed as the mean ± SD; n = 3–4.
†, p < 0.05; ††, p < 0.01 vs. control (one-sample t-test). Red bars mean that the tested fatty acids inhibited
URAT1-mediated urate transporter activity by over 50% compared to control.

3.3. ω-3 Fatty Acids Are the Most Effective URAT1 Inhibitors

Further investigation of the dose-dependent inhibitory effects of the nine unsaturated FAs on
URAT1 determined the IC50 values that are illustrated in Figure 3. Based on the IC50 values, EPA
was the strongest URAT1 inhibitor among the nine unsaturated FAs examined. Furthermore, EPA
inhibited URAT1 activity more strongly than the other unsaturated FAs at low concentrations (≤1 μM)
(Figure 3g). Second to EPA, its biosynthetic precursor α-linolenic acid (ALA) (Figure 3a) as well as its
product DHA (Figure 3i) strongly inhibited URAT1, while ω-3 docosapentaenoic acid (DPA) showed an
IC50 of > 100 μM (Figures 2 and A3). Additionally, contrary to ALA, linoleic acid (LA) had a high IC50

(133 μM); however, LA could inhibit URAT1 at low concentrations (≤1 μM) (Figure A3). Interestingly,
considering the biosynthetic pathways of the above-described FAs distinguished by their structural
feature (ω-3 or ω-6 family) (Figure A4), ω-3 FAs seem to inhibit URAT1 more effectively than ω-6
FAs. Given that elevated intake of ω-6 FAs may reportedly promote inflammation, while ω-3 FAs help
reduce it [21], ω-3 FAs will be preferable to ω-6 FAs for the prevention of hyperuricemia/gout.
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Figure 3. Concentration-dependent inhibition of URAT1-mediated urate transport by unsaturated
fatty acids. The effects of each unsaturated fatty acid (0, 0.1, 0.3, 1, 3, 10, 30, 100, or 300 μM) on
URAT1-mediated urate transport were investigated with the urate uptake assay. (a) α-Linolenic acid
(ALA); (b) γ-linolenic acid; (c) eicosadienoic acid; (d) eicosatrienoic acid; (e) ω-3 eicosatetraenoic acid;
(f) arachidonic acid (ω-6 eicosatetraenoic acid); (g) eicosapentaenoic acid (EPA); (h) henicosapentaenoic
acid; (i) docosahexaenoic acid (DHA). Data are expressed as the mean ± SD; n = 4.

4. Discussion

In this study, to the best of our knowledge, we revealed for the first time the inhibitory effects
of FAs on URAT1-dependent urate transport in vitro. While further studies are highly warranted to
address the pathophysiological impact of our findings in terms of the possible effect on SUA and renal
urate excretion in hyperuricemia model animals as well as in humans, the obtained results will open a
new avenue for FAs as nutritionally important substances influencing human health.

Our findings may extend the potentially beneficial effects of PUFAs of the ω-3 family on reducing
the risk of hyperuricemia/gout. In fact, recent studies have shown that a dietary intake of certain ω-3
PUFAs, such as EPA and DHA can, at least partly, reduce a wide number of inflammation-related
biological reactions [1,4,5,22]. With respect to gout, a small case–control study on patients with this
inflammatory condition showed an association between high ω-3 FA levels in the blood and lower
frequency of gout attacks [23]. Additionally, ω-3 PUFA-rich fish consumption was reportedly associated
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with lower risk of recurrent gout attacks in a case-crossover study [24]. Moreover, the anti-inflammatory
effects of ω-3 PUFAs were supported by the results obtained in animal models of acute inflammation
induced by monosodium urate crystals [25,26]. Thus, in addition to the anti-inflammatory effects
previously observed, it should be confirmed in future studies whether ω-3 PUFAs can exhibit uricosuric
effects in hyperuricemia models or not.

The potential effects of the daily consumption of ω-3 PUFA-enriched foods on SUA will also be of
interest. While the available information is limited and currently inconclusive, a randomized controlled
trial in young healthy subjects showed that daily intake of fish oil (2 g; majorly consisting of DHA and
EPA) resulted in a significant decrease of SUA after 4 and 8 weeks of supplementation [27]. A similar
significant decline in SUA was also observed in healthy elderly men consuming daily supplement
pills characterized by ω-3 FAs such as DHA and EPA for three months, although the change was not
extensive [28]. Based on these pieces of evidence, increasing the daily intake of ω-3 FAs via eating
pattern changes, such as appropriate choice of aliments and cooking oils, might be beneficial to health
in terms of SUA management. On the other hand, the behavior of ω-3 FAs in the body has been hardly
investigated in those clinical investigations, which warrants further studies focusing on the beneficial
effects of dietary and/or endogenously produced ω-3 FAs on the renal urate handling in the body.
Additionally, in such cases, not only the URAT1-inhibitory activity but also the disposition of target
FAs should be considered.

There were some limitations to our study. First, the present study could not reveal how the
FAs inhibited URAT1 function. Addressing this issue in the future will provide a deeper insight
into the latent mechanistic features of URAT1. As an antiporter, URAT1 mediates urate transport
in exchange for monocarboxylates such as lactate [12], which suggests that URAT1 must have at
least two substrate recognition sites in its protein structure. Considering that FAs are carboxylic
acids with a long aliphatic chain, they might affect the recognition and/or subsequent membrane
transport of the counterpart substrates by URAT1 rather than the recognition of urate. Second,
we could not exclude the possibility that the FAs affected the plasma membrane properties, which
might result in the indirect decrease of URAT1 function. Nonetheless, given that the interaction
of free FAs with cellular membranes occurs within minutes [21] and usually requires biochemical
conversion of FAs into phospholipids, the experimental period we used in this study, 20 s incubation
for urate uptake, was so short that the tested FAs must have had a negligible effect on the plasma
membranes during the assay. Finally, the effects of FAs on other physiologically important urate
transporters—GLUT9/SLC2A9 [29,30], OAT10/SLC22A13 [31], and ABCG2/BCRP [32–34]—remain to
be elucidated. Since such urate transporters, including URAT1, coordinately regulate the behavior of
urate in the human body, comprehensive understanding of the latent interaction between FAs and
these transporters should be addressed in the future. Among them, GLUT9 expressed on the basal
membrane of proximal tubular cells is involved in the urate transport from the cells to the blood as a
counterpart of URAT1 [7]; GLUT9 is the causative gene for renal hypouricemia type 2 [30]. Given these
pieces of information, GLUT9 has the highest priority in the future investigation.

5. Conclusions

In conclusion, we herein found that FAs, especiallyω-3 PUFAs such as EPA and DHA, could inhibit
URAT1. To gain insight into the potential SUA-lowering effects of certain FAs, further investigations
including human studies are required.
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Appendix A

Figure A1. Chemical structures of saturated fatty acids tested in this study. (a) Butyric acid; (b) hexanoic
acid; (c) octanoic acid; (d) decanoic acid; (e) dodecanoic acid; (f) myristic acid; (g) palmitic acid; (h)
stearic acid.

Figure A2. Chemical structures of unsaturated fatty acids tested in this study. (a) Palmitoleic acid;
(b) oleic acid; (c) linoleic acid; (d) α-linolenic acid (ALA); (e) γ-linolenic acid; (f) α-eleostearic acid;
(g) eicosadienoic acid; (h) eicosatrienoic acid; (i) ω-3 eicosatetraenoic acid; (j) arachidonic acid (ω-6
eicosatetraenoic acid); (k) eicosapentaenoic acid (EPA); (l) henicosapentaenoic acid; (m) docosadienoic
acid; (n) docosatetraenoic acid; (o) ω-3 docosapentaenoic acid; (p) ω-6 docosapentaenoic acid;
(q) docosahexaenoic acid (DHA).
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Figure A3. Concentration-dependent inhibition of URAT1-mediated urate transport by each fatty acid.
Data are expressed as the mean ± SD; n = 4. (a) Linoleic acid; (b) ω-3 docosapentaenoic acid.

Figure A4. Biosynthetic route of fatty acids and half maximal inhibitory concentration (IC50) values
of each tested fatty acid against the urate transport mediated by URAT1. The IC50 values are from
Figures 2, 3 and A3. Three polyunsaturated fatty acids with substantial URAT1-inhibitory activities
are indicated in red. N.D., not determined in this study; FAs, fatty acids; des, desaturase; elo, elongase.
The metabolic pathway is adapted from a previous report [4], with some modifications.
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Abstract: Axillary osmidrosis (AO) is a common chronic skin condition characterized by unpleasant
body odors emanating from the armpits, and its aetiology is not fully understood. AO can seriously
impair the psychosocial well-being of the affected individuals; however, no causal therapy has been
established for it other than surgical treatment. Recent studies have revealed that human ATP-binding
cassette transporter C11 (ABCC11) is an AO risk factor when it is expressed in the axillary apocrine
glands—the sources of the offensive odors. Hence, identifying safe ways to inhibit ABCC11 may
offer a breakthrough in treating AO. We herein screened for ABCC11-inhibitory activities in 34
natural products derived from plants cultivated for human consumption using an in vitro assay
system to measure the ABCC11-mediated transport of radiolabeled dehydroepiandrosterone sulfate
(DHEA-S—an ABCC11 substrate). The water extract of soybean (Glycine max) was found to exhibit
the strongest transport inhibition. From this extract, via a fractionation approach, we successfully
isolated and identified genistein, a soy isoflavone, as a novel ABCC11 inhibitor with a half-maximal
inhibitory concentration value of 61.5μM. Furthermore, we examined the effects of other dietary
flavonoids on the ABCC11-mediated DHEA-S transport to uncover the effects of these phytochemicals
on ABCC11 function. While further human studies are needed, our findings here about the natural
compounds will help develop a non-surgical therapy for AO.

Keywords: axillary osmidrosis treatment; bioactivity investigation of food extract; body odor; food
ingredient; functional food; Glycine max; health promotion; MRP8; phytochemicals; transporter

1. Introduction

Offensive or strong body odors can be a source of social embarrassment. Axillary osmidrosis
(AO) is a chronic skin condition characterized by such body odors and excessive sweating from the
armpits [1]. In Asian countries such as Japan and China where fewer people have strong body odor,
AO is perceived even more negatively [2]. However, except for surgical treatments, no causal therapy
has been established for AO.

The inhibition of human ATP-binding cassette transporter C11 (ABCC11, also known as MRP8)—a
risk factor of AO—may induce physiological changes related to body odors [1,3–5]. ABCC11 is one of

Nutrients 2020, 12, 2452; doi:10.3390/nu12082452 www.mdpi.com/journal/nutrients
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the ABC proteins that transport various molecules across cellular membranes in an ATP-dependent
manner [6,7]. A non-synonymous single nucleotide polymorphism c.538G>A (p.Gly180Arg) in the
ABCC11 gene, which codes a functionally null variant with a high allele frequency in East Asians [8],
has been found to be a determinant of AO risk [1,3–5]. Considering the facts that (1) genetically
ABCC11-deficient subjects carry little AO risk and (2) the ABCC11 wild-type (WT) is expressed in
human axillary apocrine glands that produce a variety of odor precursors [9], the inhibition of ABCC11
may lead to ways to prevent and treat AO. However, no medication is currently approved for AO
treatment by ABCC11 inhibition. Hence, the exploration and identification of biologically safe ABCC11
inhibitors is an important issue.

In this study, we examined the ABCC11-inhibitory activities of 34 dietary plant products using
an in vitro transport assay system. By screening the plant extracts and a subsequent fractional
approach, genistein, a well-recognized soy isoflavone, was identified as a novel ABCC11 inhibitor with
a half-maximal inhibitory concentration (IC50) of 61.5 μM. Moreover, since little is known about food
ingredients with the potential to inhibit ABCC11, we further investigated the effects of other dietary
flavonoids on the ABCC11 function.

2. Materials and Methods

2.1. Materials

The key materials and resources used in this study are summarized in Table 1. All other chemicals
used were commercially available and of analytical grade. The full-length human ABCC11 WT (NCBI
accession: NM_033151) open reading frame in pcDNA3.1/hygro(−) plasmid [4] and recombinant
adenoviruses for the expression of the human ABCC11 WT [10] were constructed in our previous
studies; the plasmid/adenovirus vectors and the corresponding control vectors were prepared as a new
experimental lot in this study. The plant materials (Table A1) were purchased from local supermarkets
in Shizuoka, Japan, between July 2016 and July 2017.

Table 1. Key resources.

Reagent or Resource Source Identifier

Antibodies

Rat monoclonal anti-MRP8 (ABCC11)
antibody

Abcam, Cambridge, MA, USA Cat# ab91452 [M8I-74];
RRID: AB_2049125

Rabbit polyclonal anti-Na+/K+-ATPase
α antibody

Santa Cruz Biotechnology, Santa Cruz,
CA, USA

Cat# sc-28800;
RRID: AB_2290063

Goat anti-rat IgG–horseradish
peroxidase (HRP) conjugate

GE Healthcare, Buckinghamshire, UK Cat# NA935V; RRID: AB_772207

Donkey anti-rabbit IgG–HRP conjugate GE Healthcare, Buckinghamshire, UK Cat# NA934V; RRID: AB_772206
Chemicals

Clear-sol II Nacalai Tesque, Kyoto, Japan Cat# 09136-83
Dehydroepiandrosterone sulfate,
sodium salt, [1,2,6,7-3H(N)]

PerkinElmer, Waltham, MA, USA Cat# NET860; 60.0 Ci/mmol

Dimethyl Sulfoxide Nacalai Tesque, Kyoto, Japan Cat# 13445-74; CAS: 67-68-5
Methanol Nacalai Tesque, Kyoto, Japan Cat# 21929-23; CAS: 67-56-1
3-Hydroxyflavone Tokyo Chemical Industry,

Tokyo, Japan
Cat# H0379; CAS: 577-85-5;
Purity: ≥98%

Apigenin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 016-18911; CAS: 520-36-5;
Purity: ≥95%

Cardamonin R&D systems, Minneapolis, MN, USA Cat# 2509/10; CAS: 19309-14-9;
Purity: ≥98%

Daidzein FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 043-28071; CAS: 486-66-8;
Purity: ≥98%

Daidzein 7-β-D-glucuronide 4’-sulfate
disodium salt

Toronto Research Chemicals, North
York, ON, Canada

Cat# D103525; CAS: 1041134-19-3;
Purity: N/A
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Table 1. Cont.

Reagent or Resource Source Identifier

Chemicals

Dihydromyricetin EXTRASYNTHESE, Genay, France Cat# 1351-10mg; CAS: 27200-12-0;
Purity: ≥95%

Fisetin LKT Labs, Minneapolis, MN, USA Cat# F3473; CAS: 528-48-3;
Purity: ≥97%

Galangin ChromaDex, Irvine, CA, USA Cat# ASB-00007030-010; CAS:
548-83-4;
Purity: N/A

Genistein FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 073-05531; CAS: 446-72-0;
Purity: ≥98%

Genistein 7-β-D-glucuronide 4’-sulfate
disodium salt

Toronto Research Chemicals, North
York, ON, Canada

Cat# G349980; CAS: 176045-29-7;
Purity: N/A

Glycitein FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 070-04701; CAS: 40957-83-3;
Purity: ≥98%

Gossypetin ChromaDex, Irvine, CA, USA Cat# ASB-00007390-010; CAS:
489-35-0;
Purity: N/A

Hesperetin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 320-93841; CAS: 520-33-2;
Purity: ≥96%

Isoliquiritigenin Tokyo Chemical Industry, Tokyo,
Japan

Cat# I0822; CAS: 961-29-5;
Purity: ≥97%

Kaempferol FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 110-00451; CAS: 520-18-3;
Purity: ≥95%

Luteolin Cayman Chemical, Ann Arbor, MI,
USA

Cat# 10004161; CAS: 491-70-3;
Purity: ≥98%

Morin Combi-Blocks, San Diego,
CA, USA

Cat# QC-0527; CAS: 480-16-0;
Purity: ≥98%

Myricetin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 137-16791; CAS: 529-44-2;
Purity: ≥98%

Naringenin Tokyo Chemical Industry, Tokyo,
Japan

Cat# N0072-5g; CAS: 67604-48-2;
Purity: ≥93%

Naringenin chalcone ChromaDex, Irvine, CA, USA Cat# ASB-00014207-005; CAS:
73692-50-9;
Purity: N/A

Nobiletin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 149-09341; CAS: 478-01-3;
Purity: N/A

Phloretin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 160-17781; CAS: 60-82-2;
Purity: ≥98%

Quercetagetin ChromaDex, Irvine, CA, USA Cat# ASB-00017020-005; CAS:
90-18-6;
Purity: N/A

Quercetin ChromaDex, Irvine, CA, USA Cat# ASB-00017030-010; CAS:
117-39-5: Purity: ≥97%

(S)-Equol Cayman Chemical, Ann Arbor, MI,
USA

Cat# 10010173; CAS: 531-95-3;
Purity: ≥98%

Taxifolin EXTRASYNTHESE, Genay, France Cat# 1036; CAS: 17654-26-1;
Purity: N/A

Xanthohumol TOKIWA PHYTOCHEMICAL, Chiba,
Japan

Cat# P2217; CAS: 569-83-5;
Purity: ≥98%

(+)-Catechin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 038-23461; CAS: 154-23-4;
Purity: ≥99%

(−)-Catechin gallate Nagara Science, Gifu, Japan Cat# NH021302; CAS: 130405-40-2;
Purity: ≥98%

(−)-Epicatechin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 059-06751; CAS: 490-46-0;
Purity: ≥98%

(−)-Epicatechin gallate FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 052-06741; CAS: 1257-08-5;
Purity: ≥98%

(−)-Epigallocatechin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 059-08951; CAS: 970-74-1;
Purity: ≥99%

(−)-Epigallocatechin gallate FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 056-08961; CAS: 989-51-5;
Purity: ≥99%

(+)-Gallocatechin FUJIFILM Wako Pure Chemical,
Osaka, Japan

Cat# 075-06331; CAS: 970-73-0;
Purity: ≥99%

(−)-Gallocatechin gallate Nagara Science, Gifu, Japan Cat# NH021402; CAS: 4233-96-9;
Purity: ≥98%

57



Nutrients 2020, 12, 2452

Table 1. Cont.

Reagent or Resource Source Identifier

Adenoviruses

ABCC11-expressing adenovirus Toyoda et al. 2017 [9] N/A
EGFP-expressing adenovirus Toyoda et al. 2017 [9] N/A
Recombinant DNA

The complete human ABCC11 cDNA in
pcDNA3.1/hyg(−)

Toyoda et al. 2009 [4] NCBI Reference Sequence:
NM_033151

Experimental Models: Cell Lines
293A Invitrogen, Waltham, MA, USA R70507

N/A, not available.

2.2. Preparation of Plant Extracts

After the fruits were cleaned, the peels and pulps were carefully separated. The fresh and
dried materials (summarized in Table A1) were finely chopped with a knife and ground using a mill
(Crush Millser IFM-C20G; Iwatani, Tokyo, Japan), respectively. In the subsequent extraction step,
approximately 50 g of the preprocessed plant material were well liquidized in 100 mL of distilled
water using a juicer (Crush Millser IFM-C20G; Iwatani) and stirred for 30 min at room temperature.
The suspension was centrifuged at 12,000× g at 4 ◦C for 10 min to remove the debris. The supernatant
was collected and passed through ordinary filter paper. The filtrate was dialyzed against distilled
water (500 mL) at 4 ◦C overnight with a dialysis membrane with a molecular weight cut-off of
14,000 (Spectrum Chemical Mfg, New Brunswick, NY, USA). The distilled water containing the small
molecules that passed the dialysis membrane was lyophilized using FDU-2000 (EYELA, Tokyo, Japan).
The freeze-dried extracts were stored at −20 ◦C, dissolved in ultrapure water at 10 mg/mL (10,000 ppm),
and subjected to sonication as appropriate before use. Then, 5 μL of the solution were mixed with
20 μL of a transport buffer (10 mM Tris/HCl, 250 mM sucrose, and 10 mM MgCl2, and pH 7.4); 1 μL of
this clear liquid was used for a vesicle transport assay (total 20 μL/sample), as described below.

2.3. Cell Culture

Human embryonic kidney 293 (HEK293)-derived 293A cells were maintained in Dulbecco’s Modified
Eagle’s Medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine serum (Biowest,
Nuaillé, France), 1% penicillin-streptomycin (Nacalai Tesque), 2 mM L-glutamine (Nacalai Tesque),
and 1 × non-essential amino acid (Life Technologies, Tokyo, Japan) at 37 ◦C in a humidified atmosphere
of 5% CO2 in air (v/v), following our previous study [11]. To obtain ABCC11-expressing 293A cells
for the plasma membrane vesicles, we performed plasmid transfection using polyethylenimine MAX
(1 mg/mL in Milli-Q water, pH 7.0; Polysciences, Warrington, PA, USA) [12] or adenovirus infection [9],
as described previously.

2.4. Preparation of ABCC11-Expressing Plasma Membrane Vesicles

Plasma membrane vesicles were prepared from ABCC11-expressing 293A cells or control cells,
as described previously [12], and then rapidly frozen in liquid N2 and stored at −80 ◦C until use.
Unless otherwise indicated, the plasma membrane vesicles used in the present study were derived
from 293A cells 48 h after the plasmid transfection. The protein concentration of the plasma membrane
vesicles was quantified using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA) with bovine serum
albumin as a standard according to the manufacturer’s protocol.

2.5. Immunoblotting

The expression of ABCC11 protein in plasma membrane vesicles was examined by immunoblotting, as
described previously [4,9] with minor modifications. Briefly, the prepared samples were electrophoretically
separated on poly-acrylamide gels and transferred to a Hybond® ECLTM nitrocellulose membrane
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(GE Healthcare, Buckinghamshire, UK) by electroblotting at 15 V for 70 min. After blocking by Tris-buffered
saline containing 0.05% Tween 20 and 5% skim milk (TBST-skim milk) at 4 ◦C overnight, blots on the
membrane were probed with a rat monoclonal anti-ABCC11 antibody (M8I-74; Abcam, Cambridge, MA,
USA; diluted 200 fold) and a rabbit polyclonal anti-Na+/K+-ATPase α antibody (sc-28800; Santa Cruz
Biotechnology, Santa Cruz, CA, USA; diluted 1000 fold), followed by incubation with a goat anti-rat
immunoglobulin G (IgG)–horseradish peroxidase (HRP) conjugated antibody (NA935V; GE Healthcare;
diluted 2000 fold) and a donkey anti-rabbit IgG–HRP conjugated antibody (NA934V; GE Healthcare;
diluted 3000 fold), respectively. All antibodies were used in TBST-skim milk. HRP-dependent luminescence
was developed using the ECLTM Prime Western Blotting Detection Reagent (GE Healthcare) and detected
using a multi-imaging Analyzer Fusion Solo 4TM system (Vilber Lourmat, Eberhardzell, Germany).

2.6. Vesicle Transport Assay

The inhibitory effects of the various target extracts and compounds on the ABCC11 function
were examined using the in vitro vesicle transport assay, a well-established method to quantitatively
evaluate ABC transporter function [13]. For this purpose, the ATP-dependent transport of [1,2,6,7-3H(N)]-
dehydroepiandrosterone sulfate (DHEA-S) (PerkinElmer, Waltham, MA, USA), which is an ABCC11
substrate [7], into the ABCC11-expressing and control plasma membrane vesicles was quantified following
our previous study [9] with some minor modifications in the rapid filtration technique, as described below.

In brief, the plasma membrane vesicles (0.25 mg/mL or indicated concentrations) were incubated
with [1,2,6,7-3H(N)]-DHEA-S (100 nM or indicated concentrations) in a reaction mixture (total 20 μL:
10 mM Tris/HCl, 250 mM sucrose, 10 mM MgCl2, 10 mM creatine phosphate, 1 mg/mL creatine
phosphokinase, 50 mM ATP or AMP as a substitute of ATP, and pH 7.4) for 5 min at 37 ◦C, either
without (i.e., with only vehicle control) or with the individual target fractions/authentic chemicals at
the indicated concentrations. As the vehicle control, 1% water was used for plant extracts; 1% methanol
(Nacalai Tesque) or 1% dimethyl sulfoxide (DMSO; Nacalai Tesque) was used for the individual
target fractions, as described below. Since stock solutions of authentic chemicals were prepared with
DMSO at 10 mM, 1% DMSO was employed as the vehicle control for them. After incubation, the
reaction mixture was mixed with 980 μL of an ice-cold stop buffer (2 mM EDTA, 0.25 M sucrose,
0.1 M NaCl, 10 mM Tris-HCl, and pH 7.4) and rapidly filtered on a membrane filter (MF-Millipore
Membrane (HAWP02500; Millipore, Tokyo, Japan) for extract screening or Whatman™ Grade GF/F
Glass Microfiber Filter Paper (GE Healthcare) for the other experiments). After washing with 5 mL of
the ice-cold stop buffer three times, the plasma membrane vesicles trapped on the membrane filter
were dissolved in Clear-sol II (Nacalai Tesque). Then, the radioactivity incorporated into the plasma
membrane vesicles was measured with a liquid scintillator (Tri-Carb 3110TR; PerkinElmer).

The transport activity in each group was calculated as the incorporated clearance (μL/mg
protein/min = incorporated level of DHEA-S (disintegrations per minute (DPM)/mg protein/min)/
DHEA-S level in the incubation mixture (DPM/μL)). ATP-dependent DHEA-S transport was calculated
by the difference in transport activity with and without ATP. Similarly, ABCC11-mediated DHEA-S
transport activity was calculated by subtracting the ATP-dependent DHEA-S transport activity of
control plasma membrane vesicles from that of ABCC11-expressing ones. Unless otherwise indicated,
effects of the target fractions/compounds on the ATP-dependent DHEA-S transport activity were also
examined for the control plasma membrane vesicles.

2.7. Fractionation of Soybean (Glycine max) Extract

Medium-pressure liquid chromatography (MPLC) was conducted using a dual channel automated
flash chromatography system (EPCLC-W-Prep 2XY; YAMAZEN, Osaka, Japan), as described below.
All the eluates were evaporated to dryness and then stored at −20 ◦C. They were reconstituted in an
appropriate solvent before use in the vesicle transport assay for the evaluation of ABCC11-inhibitory
activities and/or chemical characterization by mass spectrometry (MS) analysis.
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The water extract of dry soybeans was separated into 12 fractions (Fr.#1-12) by MPLC on
an octadecyl-silica (ODS) column (DispoPackAT ODS-25; particle size 25 μm, column size 120 g,
i.d. 40 × 188 mm; YMC, Kyoto, Japan). The separation was performed in the linear gradient elution
mode with solvent A (0.2% formic acid in water) and solvent B (0.2% formic acid in acetonitrile)
(solvent A:solvent B (v/v): 0–5 min 95:5; 5–25 min 95:5 to 0:100; and 25–35 min 0:100) at a flow rate
of 40 mL/min, with UV monitoring at 265 nm using an equipped UV detector. Each fraction was
reconstituted (10 mg/mL) in an appropriate solvent (i.e., water for Fr.#1 and Fr.#2, 50% methanol for
Fr.#3-11, and methanol for Fr.#12) before use.

Among the 12 fractions, Fr.#11 (the target fraction reconstituted in 50% methanol) was further
subjected to MPLC over an ODS column (RediSep ODS GOLD; 5.5 g media, 20–40 μm spherical;
Teledyne Isco, Lincoln, NE, USA) in the stepwise elution mode using a mixture of the same A and
B solvents (solvent A:solvent B (v/v): 0–2 min 80:20; 2–9 min 50:50; and 9–17 min 0:100) at a flow
rate of 15 mL/min with UV monitoring at 254 nm. This gives three subfractions (Fr.#11-1 to Fr.#11-3)
plus a dominant peak eluted from 3.0 to 5.2 min. The dominant peak was collected and then further
separated in the same column with a linear gradient of 10–50% of solvent B in solvent A to give three
more subfractions (Fr.#11-4 to Fr.#11-6).

Finally, to further separate ABCC11-inhibitory ingredients, Fr.#11-5—the most active subfraction
among Fr.#11-1 to Fr.#11-6 in terms of ABCC11 inhibition—was purified by a recycling preparative
HPLC system (LaboACE LC-5060; Japan Analytical Industry, Tokyo, Japan) equipped with a gel
permeation column (JAIGEL-GS310; i.d. 20 × 500 mm; Japan Analytical Industry), using methanol
as a mobile phase at 5 mL/min and with refractive index monitoring and UV monitoring at 254 nm.
In brief, Fr.#11-5 was separated by the recycling mode for 120 min. Then, Fr.#11-5-1 and Fr.#11-5-2
were collected from 123 to 126 min and from 160 to 176 min, respectively. All the wastes were collected
and further processed as Fr.#11-5-3. Additionally, all the subfractions were evaporated to dryness and
then stored at −20 ◦C. They were reconstituted in DMSO (2 mg/mL) before use.

2.8. Chemical Characterizations

For the qualitative determination of the isolated compounds, chromatographic separations,
and subsequent MS (or MS/MS) analyses were carried out with an LC-quadrupole time-of-flight
(Q-TOF)-MS/MS system consisting of an HPLC instrument (Agilent 1100 Series equipped with a diode
array and multiple wavelength detector (DAD) (G1316A); Agilent Technologies, Santa Clara, CA, USA)
coupled with an Agilent 6510 Q-TOF (Agilent Technologies). The chromatographic conditions and MS
setting were drawn from our previous study [14] with some minor modifications. Briefly, the separation
was performed on a Zorbax Eclipse Plus C18 column (2.1 × 100 mm; Agilent Technologies) maintained
at 40 ◦C under gradient mobile conditions with a mixture of solvent C (0.1% formic acid in water) and
solvent D (acetonitrile) (solvent C:solvent D (v/v): 0–8 min 95:5 to 5:95, and 8–12 min 5:95) with a flow
rate of 0.5 mL/min. The detection range of the DAD was set from 190 to 400 nm, and the MS detection
system operated in the positive ionization mode at an MS scan range of m/z 100–1700. Peak analysis was
performed using the Agilent MassHunter Workstation software (version B.03.01; Agilent Technologies).

2.9. Calculation of the Half-Maximal Inhibitory Concentration Values

To calculate the IC50 value of genistein against DHEA-S transport by ABCC11, the DHEA-S
transport activities were measured in the presence of genistein at several concentrations. The ABCC11-
mediated DHEA-S transport activities were expressed as a percentage of the control (100%). Based on
the calculated values, fitting was carried out with the following formula using the least-squares
methods in Excel 2019 (Microsoft, Redmond, WA, USA), as described previously [15]:

Predicted value [%] = 100− (Emax ×Cn/ECn
50 + Cn) (1)
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where Emax is the maximum effect, EC50 is the half maximal effective concentration, C is the concentration
of the test compound, and n is the sigmoid-fit factor. IC50 was calculated based on these results.

2.10. Statistical Analysis

All statistical analyses were performed using Excel 2019 with the Statcel4 add-in software (OMS
publishing, Saitama, Japan). Various statistical tests were used for different experiments, as described in
the figure legends. Briefly, when analyzing multiple groups, the similarity of variance between groups
was compared using Bartlett’s test. When passing the test for homogeneity of variance, a parametric
Tukey–Kramer multiple-comparison test or a Dunnett’s test for comparisons with a control group
was used. To investigate the inhibitory effect of each dietary food ingredient on ABCC11 function
(vs. vehicle control as 100%), one-sample t-test (one-sided) was conducted. Statistical significance
was defined in terms of p < 0.05 or 0.01. The sample sizes were empirically determined to ensure
informative results and sufficient material for subsequent studies, and no specific statistical test was
used in deciding them. All experiments were monitored in a non-blinded fashion.

2.11. Availability of Data and Material

Data supporting the results of this study are included in this published article and its appendix or
are available from the corresponding author on reasonable request.

3. Results

3.1. Confirmation of ABCC11-Mediated Transport Activity

Prior to screening the ABCC11-inhibitory activities of natural products, we verified the transport
assay system used in the present study. Immunoblotting with the anti-ABCC11 antibody confirmed the
expression of ABCC11 protein as a matured N-linked glycoprotein in the plasma membrane vesicles
prepared from the ABCC11-expressing cells (Figure 1a). No detectable expression of ABCC11 was
observed in the control vesicles. We then measured the ATP-dependent DHEA-S transport into the
ABCC11-expressing plasma membrane vesicles (Figure 1b). The DHEA-S transport activities of the
ABCC11 vesicles were remarkably higher than those of the mock vesicles, which was enough for the
quantitative evaluation of ABCC11-mediated DHEA-S transport activity in subsequent processes.

Figure 1. Expression and function of ABCC11. (a) Immunoblot detection of ABCC11 protein in the
plasma membrane vesicles using an anti-ABCC11 antibody. Mock means plasma membrane vesicles
that were prepared from control cells transfected with an empty pcDNA3.1/hyg(−) vector. Arrowhead:
matured ABCC11 as an N-linked glycosylated protein. Na+/K+-ATPase (a plasma membrane protein)
was used for a loading control. (b) [1,2,6,7-3H(N)]-dehydroepiandrosterone sulfate (DHEA-S) transport
activities. Plasma membrane vesicles were incubated with or without ATP for 5 min. In this assay,
all incubation mixtures contained 1% dimethyl sulfoxide (DMSO). Data are expressed as the mean ± SD;
n = 3. Statistical analyses for significant differences were performed using Bartlett’s test, followed by
a parametric Tukey–Kramer multiple-comparison test. Different letters indicate significant differences
between groups (p < 0.05).
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3.2. Screening the ABCC11-Inhibitory Activities of Plant Extracts

For the ABCC11-inhibitory properties of natural products, we focused on plants commonly
found in the human diet including citruses, tea leaves, soybeans, and miso, a traditional grain-based
fermented food in Japan [16]. Each sample was extracted with water and then dialyzed, and the resulting
outer layer was lyophilized and reconstituted in water at 10 mg/mL. The 34 obtained concentrates
(final concentration at 100 ppm) were used for screening the ABCC11-inhibitory activity (Figure 2).
Since the extract of soybean (Glycine max) showed the highest inhibitory activities (approximately 70%
inhibition) and soybean is a common crop consumed globally, we further explored the ingredients
therein responsible for the ABCC11-inhibitory activity.
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75 100
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Figure 2. Screening of inhibitory effects of various plant extracts on the transport activity of ABCC11.
Inhibitory effect of each plant extract on the ABCC11-mediated [1,2,6,7-3H(N)]-DHEA-S transport
activity was investigated by the vesicle transport assay. Plasma membrane vesicles (0.375 mg/mL
in the reaction mixture) were incubated with the extract (100 ppm) in the presence of 50 μM
[1,2,6,7-3H(N)]-DHEA-S for 5 min; 1% water was used for the vehicle control. Data are expressed as %
of vehicle control, and they represent averages of two independent experiments.

3.3. Fractionation and Isolation of Glycine Max (Soybean) Extract by Chromatographic Separations

To determine the ABCC11-inhibitory ingredients in the water extract of soybeans, further
fractionation was conducted with liquid chromatographic separations in a total of three steps (Figure 3).
First, the water extract was separated with a preparative MPLC system to yield 12 fractions (Fr.#1-12)
(Figure 4a). The ABCC11-inhibitory activities of these 12 fractions were measured at 100 ppm (Figure 4b).
Fr.#1-9 showed no significant effect, whereas Fr.#10-12 significantly inhibited the ABCC11-mediated
DHEA-S transport. Secondly, since Fr.#11 exhibited the highest activity, we next further separated it
with a similar preparative MPLC to give a total of six subfractions (Fr.#11-1 to Fr.#11-6), as described
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in Materials and Methods (Section 2.7). Monitoring the MPLC effluent at 254 nm showed that,
among the six subfractions, the main compounds were collected in Fr.#11-5, which had the highest
ABCC11-inhibitory activity (approximately 22% of inhibition at 50 ppm) among the six subfractions.

2nd MPLC

1st MPLC

Water extract of Glycine max

Inner layer Outer layer

2 3 51 74 96 118 1210

Recycling 
HPLC

Dialysis

5 64

21 3

DP1 2 3

Figure 3. Separation scheme used to fractionate ABCC11 inhibitors in the soybean extract. In each
separation step, the fraction with the highest ABCC11-inhibitory activity is colored in red. DP: dominant
peak (details are described in Materials and Methods).

Figure 4. ABCC11-inhibitory activities for each fraction of soybean extract from the first separation
step with preparative medium-pressure liquid chromatography (MPLC). (a) A preparative MPLC
chromatogram for separating the water extract of soybeans. The chromatogram was recorded at 265 nm.
Red line indicates linear gradients of solvent B (0.2% formic acid in acetonitrile). (b) ABCC11-inhibitory
activity profile of each fraction (100 ppm) obtained from the first separation process. The effects on
ABCC11-mediated [1,2,6,7-3H(N)]-DHEA-S transport activity were investigated by the vesicle transport
assay; 1% methanol was used for the vehicle control. Data are expressed as % of vehicle and the mean
± SD; n = 3. **, p < 0.01 vs. control (Dunnett’s test).
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Thirdly, to isolate the substances responsible for the ABCC11 inhibition, Fr.#11-5 was further
subjected to recycling HPLC, which was repeated to afford components from peak #11-5-1 and peak
#11-5-2 (denoted as Fr.#11-5-1 and Fr.#11-5-2, respectively; Figure 5a). All the wastes of this process
were collected and further processed as Fr.#11-5-3. All three subfractions showed ABCC11-inhibitory
activities at 20 ppm, and Fr.#11-5-2 was the most active (Figure 5b) and therefore the object of further
analysis. Of note, the re-chromatography of Fr.#11-5-2 followed by LC-Q-TOF-MS and LC-DAD
analyses suggested that this subfraction was mainly composed of a single substance that should
be responsible for the ABCC11-inhibitory activity (Figure 5c). Indeed, a full LC-Q-TOF-MS scan of
Fr.#11-5-2 revealed a constituent with a retention time of 5.83 min. Ions were detected in the positive
ion mode at m/z 271.0616 and 293.0428, which corresponded to the [M+H]+ and [M+Na]+ of the
constituent, respectively (Figure 5d).
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Figure 5. Isolation of an ABCC11-inhibitory ingredient by means of recycling preparative HPLC.
(a) Recycling preparative HPLC chromatograms for the separation of fractions Fr.#11-5-1 and Fr.#11-5-2.
The upper chromatogram was recorded with a refractive index detector, and the lower one was recorded
with a diode array and multiple-wavelength detector at 254 nm. After separation under the recycling
mode (0–120 min), the mode was changed; Fr.#11-5-1 (123–126 min) and Fr.#11-5-2 (160–176 min) were
collected, and all the wastes were collected and further processed as Fr.#11-5-3. R, recycled peaks
for Fr.#11-5-1; r, recycled peaks for Fr.#11-5-2. (b) ABCC11-inhibitory activities of each subfraction
(20 ppm) in terms of ABCC11-mediated [1,2,6,7-3H(N)]-DHEA-S transport activity measured by the
vesicle transport assay; 1% DMSO was used for the vehicle control. Data are expressed as % of vehicle
and the mean ± SD; n = 3. **, p < 0.01 vs. control (Dunnett’s test). (c) Purity verification of the isolated
ingredient in Fr.#11-5-2 by spectrometric analyses. Left: UV chromatograms recorded at 265 nm. Right:
LC-quadrupole time-of-flight-MS (LC-Q-TOF-MS) base peak chromatograms, excluding peaks derived
from the plasticizing materials and injected solvent. †, a specific peak in Fr.#11-5-2 with a retention
time of 5.83 min. (d) Full scan mass spectrum obtained in the positive ion mode of this peak (indicated
by † in c) at 5.83 min. The inset is the magnified view for ions at m/z 271.0616 and 293.0428, which
corresponded to the [M + H]+ and [M + Na]+ of the target constituent, respectively.
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3.4. Structural Characterization of the Putative ABCC11 Inhibitor Derived from Soybeans

We next conducted a series of spectrometric analyses (Figure 6) to obtain structural information
about the candidate active ingredient, which was almost completely isolated from the soybean extract
into Fr.#11-5-2. Based on accurate mass information from the LC-Q-TOF-MS analysis (Figure 5d),
the elemental composition of the target analyte was determined as C15H10O5 (Δ−5.51 and Δ−2.84 ppm
from [M+H]+ and [M+Na]+, respectively). The three major soy isoflavones are genistein, daidzein,
and glycitein, with the respective formulas (monoisotopic mass) of C15H10O5 (270.0528), C15H10O4

(254.0579), and C16H10O4 (284.0685) [17]. Additionally, isoflavones exhibit an intense UV absorption
between 240 and 280 nm associated with their benzoyl system, and the target analyte showed a similar
spectrometric feature. Therefore, we hypothesized that the active ingredient would be genistein
(Figure 6a). This hypothesis was tested by spectroscopic analyses, which demonstrated that the
Fr.#11-5-2 and authentic genistein were identical in their retention time (Figure 6b), accurate mass of
parent ion and the ratios of adduct ions (Figure 6c), photoabsorption spectrum (Figure 6d), and MS/MS
spectrum (Figure 6e). Hence, the isolated substance should be genistein.
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Figure 6. Chemical characterization of an ABCC11 inhibitory activity-guided fraction from soybean
extract. Fraction (Fr.) #11-5-2 (upper panels) and authentic genistein (lower panels) were analyzed
by a high-performance liquid chromatography instrument coupled with a diode array and multiple
wavelength detector (DAD) and Q-TOF-MS system. (a) Chemical structure of genistein. (b) Extracted
ion chromatograms (EICs) with a single peak at m/z 271.0621 in the positive ESI spectrum. (c) MS
spectrums with a retention time of 5.83 min for the parent ion. (d) DAD spectrums. (e) Information on
the fragment ions derived from MS/MS analyses.

3.5. Identification of the Active Ingredient as Genistein

To check whether genistein was indeed responsible for inhibiting the ABCC11 function,
we examined the effects of genistein and the other two major soy isoflavones (daidzein and glycitein),
as well as their metabolites (genistein 7-β-D-glucuronide 4’-sulfate, daidzein 7-β-D-glucuronide
4’-sulfate, and equol) on the ABCC11 function (Figure 7a,b). As expected, genistein inhibited ABCC11;
its ABCC11-inhibitory activity was the highest among the tested compounds at 100 μM. The further
examination of its concentration-dependent inhibitory effects revealed an IC50 of 61.5 μM (Figure 7c).
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If the Fr.#11-5-2 of soybean extract only contained genistein, 20 ppm of this subfraction corresponded
to approximately 74 μM of genistein. The detected ABCC11-inhibitory effect of Fr.#11-5-2 at 20 ppm
was approximately 40% (Figure 5b), and this is consistent with the measured concentration-dependent
effects of genistein (Figure 7c). After combining these results and the determined structural characters
(Figure 6), we concluded that the active ingredient in the Fr.#11-5-2 was indeed genistein.
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(a) Chemical structures. Gein-7G-4’S, genistein 7-β-D-glucuronide 4’-sulfate; dein-7G-4’S, daidzein
7-β-D-glucuronide 4’-sulfate. (b) Inhibitory effects of each flavonoid (100 μM) on ABCC11-mediated
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DHEA-S transport by genistein. Data are expressed as % of vehicle and the mean ± SD; n = 3–6.
**, p < 0.01 vs. control (Dunnett’s test).

Daidzein and glycitein only exhibited weak and minimal ABCC11-inhibitory activity, respectively.
(S)-equol, which is a daidzein-derived metabolite produced by the intestinal bacterial flora in human
intestines [18], showed a stronger effect than daidzein (Figure 7b). Moreover, compared with the
non-conjugated forms, the glucuronide-sulfate diconjugates of genistein and daidzein showed lower
inhibitory activities, suggesting that the polyfunctionalization-mediated structural enlargement might
affect the interaction between the soy isoflavones and ABCC11 protein.

3.6. Investigation of ABCC11-Inhibitory Activities of Other Dietary Flavonoids

Finally, we investigated the effects of other dietary flavonoids of interest on the ABCC11 function.
The chemical structures of the selected compounds are shown in Figure A1. As shown in Table 2,
at 100μM (the same concentration used in Figure 7b), 13 of the flavonoids lowered the ABCC11-mediated
DHEA-S transport to less than 30% of that of the control. Among them, luteolin, nobiletin, myricetin,
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quercetagetin, isoliquiritigenin, and phloretin powerfully inhibited the transport activity of ABCC11.
Additionally, hardly any ABCC11-inhibitory activity was observed for (+)-catechin, (−)-epicatechin,
(−)-epigallocatechin, and (+)-gallocatechin in this study, but their galloylated forms inhibited ABCC11,
thus suggesting that the gallic acid esterified with catechins would be an important chemical structure
for an interaction with ABCC11. These results provide a framework for the further investigation of
naturally derived ABCC11 inhibitors.

Table 2. ABCC11-inhibitory activities of dietary flavonoids.

Class Tested Food Ingredients
ABCC11-Mediated DHEA-S
Transport (% of Control)

p Value †
Flavanonol Dihydromyricetin 56.9 ± 23.4 0.043

Taxifolin 43.2 ± 26.0 0.032
Flavone Apigenin 25.3 ± 12.5 0.005

Luteolin 0 * <0.001
Nobiletin 0 * <0.001

Flavanone Hesperetin 5.2 ± 26.9 0.013
Naringenin 38.4 ± 31.6 0.039

Flavonol 3-Hydroxyflavone 91.7 ± 1.1 0.003
Fisetin 37.7 ± 1.0 <0.001
Galangin 63.6 ± 5.9 0.004
Gossypetin 46.0 ± 8.4 0.004
Kaempferol 42.8 ± 1.0 <0.001
Morin 41.5 ± 3.4 <0.001
Myricetin 0 * 0.002
Quercetin 34.6 ± 18.3 0.013
Quercetagetin 0 * <0.001

Chalcone Cardamonin 73.4 ± 10.8 0.025
Isoliquiritigenin 0 * <0.001
Naringenin chalcone 12.4 ± 4.2 <0.001
Phloretin 0.6 ± 3.9 <0.001
Xanthohumol 19.7 ± 13.6 0.005

Catechins (+)-Catechin 91.9 ± 5.9 0.071 (NS)
(−)-Catechin gallate 10.5 ± 6.0 0.001
(−)-Epicatechin 85.2 ± 24.4 0.202 (NS)
(−)-Epicatechin gallate 29.8 ± 6.8 0.002
(−)-Epigallocatechin 83.6 ± 29.0 0.215 (NS)
(−)-Epigallocatechin gallate 37.5 ± 7.0 0.002
(+)-Gallocatechin 87.6 ± 27.6 0.259 (NS)
(−)-Gallocatechin gallate 24.0 ± 2.5 <0.001

Inhibitory effects of each food ingredient (100 μM) on ABCC11-mediated [1,2,6,7-3H(N)]-DHEA-S transport
activity were investigated by using plasma membrane vesicles (0.5 mg/mL in the reaction mixture) prepared form
ABCC11-expressing or control adenovirus-infected 293A cells. Additionally, major green tea catechins, based on
a previous study [19], were tested in this study. Data are expressed as % of vehicle and the mean ± SD; n = 3.
*, Values were calculated under 0; †, one-sample t-test (vs. vehicle control as 100%); NS, not significantly different
from control (p > 0.05).

4. Discussion

In this study, we examined the effects of water extracts of various dietary plant materials on
ABCC11-mediated DHEA-S transport activity as an indicator of their ABCC11 inhibitory function
(Figure 2). Among them, the extract of soybeans exhibited the strongest inhibition. Moreover, we
identified genistein as an active ingredient responsible for the activity in the extract (Figures 4–7).
Hitherto, interactions between ABC proteins and phytochemicals, especially flavonoids, have attracted
a lot of interest within the frameworks of multi-drug resistance (MDR) in cancer chemotherapy and
the intestinal absorption of a variety of drugs, bioactive food ingredients, and/or toxins upon oral
uptake because most ABC proteins are known to significantly affect the pharmacokinetic features of
their substrate xenobiotics. In this way, the effects of flavonoids on MDR-related and/or intestinal ABC
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transporters, such as ABCB1 (also known as P-glycoprotein—P-gp), ABCG2 (breast cancer resistance
protein—BCRP), and ABCC2 (multidrug resistance-associated protein 2—MRP2), have been studied,
including the inhibitory effects of genistein on several ABC transporters [20–23]. However, to the
best of our knowledge, no studies have examined the effects of phytochemicals on ABCC11 function.
In fact, in a completely different context, the present study is the first to address and demonstrate the
nutrient(s)-mediated ABCC11 inhibition by food extracts and dietary flavonoids.

Our findings may also provide a deeper understanding of the beneficial effects of flavonoids,
especially soy isoflavones, that have been proposed to have a number of positive effects on human
health [17,24,25]. Though the results have not been entirely consistent, there is considerable interest in
using soy isoflavones to prevent cardiovascular diseases, certain types of cancer, menopausal symptoms,
etc. This point of view is also supported by a recent umbrella review [26], which reported that the
consumption of soy and isoflavones generally provides more benefit than harm in a series of health
outcomes. While soy-based foods are traditionally consumed mainly in some Asian countries, their
potential health effects have attracted growing attention from health-conscious consumers elsewhere,
especially in Western countries [27]. Given this global interest, whether soy flavonoids can ameliorate
the constitution causing AO or not is worth studying from the perspectives of dermatology and
functional food ingredients.

Previous studies on the bioavailability and metabolism of isoflavones in humans have found
that most of the circulating isoflavones are the phase II metabolites including glucuronides and
sulfates [28–30], as well as that aglycons such as genistein and daidzein have good affinity for
protein binding (>80%) [31,32]. Additionally, after the oral administration of isoflavones to humans
(approximately 300 or 600 mg/day genistein and half this amount of daidzein), the plasma levels of
aglycones were only in hundreds of nano molar range [33]. Hence, it will not be easy to achieve
clinically relevant plasma concentrations of unbound isoflavones to inhibit ABCC11 expressed in the
apocrine glands. On the other hand, given that the human axillary apocrine glands open onto the hair
follicles that lead to the skin surface [34], the administration of natural extracts with ABCC11-inhibitory
activity or their isolated active ingredients on the affected skin may inhibit ABCC11. For this to be
effective, the treatment must produce appropriate levels of the active ingredients in the apocrine
glands and also must be safe for humans. In this context, our findings here could contribute to the
development of medical creams and cosmetic products targeting body odor.

Our results have also revealed a variety of dietary flavonoids that act as inhibitors for ABCC11
(Figure 7 and Table 2). However, how the structural components affect the inhibition needs to be
elucidated. With isoflavones, a hydroxy group at C5 and a carbonyl group at C4 could possibly
contribute positively and negatively to the ABCC11-inhibitory activities, respectively, as shown in
Figure 7. On the other hand, it remains inconclusive whether the existence of a C2 = C3 double
bond, a well-documented element for various bioactivities of flavonoids [35], might contribute to
the inhibitory activity. To gain more insight into the relationship between the chemical structure of
tested flavonoids and the inhibition of ABCC11-mediated DHEA-S transport activity, the quantitative
structure–activity relationship underlying the ABCC11-flavonoids interactions should be investigated
in the future.

Some of the limitations of our study and possible future directions are as follows. First, the present
study was only an in vitro evaluation for the ABCC11-inhibitory activities of food ingredients. To further
investigate the pathophysiological impact of our findings in the context of AO, in vivo evaluations in
animals on the scale of academic laboratory are desirable. However, mice and rats have no putative
orthologous gene corresponding to the human ABCC11 [10,36]. On the other hand, previous studies
have suggested that isoflavones are fairly safe for humans—exposure to them does not seem to
negatively influence human health, at least at the investigated intake levels in reported cases [24,37].
Considering these facts, well-designed human studies are highly warranted.
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Second, our data indicated that in addition to genistein, soybeans contain other ABCC11-inhibitory
ingredients. One of them could be daidzein, although we could not isolate it from soybean extract in
the present study. Regarding the fractions obtained in the first separation step (Fr.#1-12), qualitative
evaluation with accurate mass chromatograms revealed that daidzein and genistein were separately
fractionated into the Fr.#10 and Fr.#11, respectively. Besides Fr.#11, Fr.#10 and Fr.#12 also showed
noticeable ABCC11-inhibitory activity (Figure 4b). Thus, the activity of Fr.#10 could be at least
attributable to daidzein. On the other hand, judging from the UV absorption features, the ABCC11
inhibitor(s) in Fr.#12 must be non-flavonoid substances. Moreover, unknown active compounds
were collected in the recycling HPLC fractions Fr.#11-5-1 and Fr.#11-5-3 (Figure 5b). Given that these
fractions had little absorption peak at 254 nm (Figure 5a), such unknown compounds may not be
isoflavones. The identification of these compounds and the verification of their ABCC11-inhibitory
activities should be carried out in the future.

5. Conclusions

In conclusion, we found that the soybean extract inhibits the transport activity of ABCC11.
From this extract, we successfully identified genistein, a compound known to be fairly safe for humans,
as an active ingredient. Additionally, to the best of our knowledge, the present study is the first
one demonstrating that some dietary flavonoids can inhibit ABCC11, at least in vitro. While human
studies are needed to examine the effects of ABCC11-inhibitory phytochemicals on the AO phenotype,
our findings here may provide a new clue for treating AO.
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Appendix A

Table A1. Tested plant materials.

Descriptions in this Study Common Names Academic Names Details of Material *

Arctium lappa root Burdock root tea Arctium lappa Dried root for tea
Aspalathus linearis leaves Rooibos tea leaves Aspalathus linearis Dried leaves for tea
Barley (Hordeum vulgare) miso Barley miso Hordeum vulgare # Japanese traditional

fermented product
Citrus aurantiifolia peel Lime Citrus aurantiifolia Peel
Citrus depressa peel Shikuwasa Citrus depressa Peel
Citrus junos peel Yuzu Citrus junos Peel
Citrus maxima peel Pomelo Citrus maxima Peel
Citrus maxima placenta Pomelo Citrus maxima Inner white and soft tissue layer
Citrus natsudaidai peel Suruga elegant Citrus natsudaidai Peel
Citrus reticulata var
poonensis peel

Ponkan Citrus reticulata var. poonensis Peel

Citrus sinensis peel Blood orange Citrus sinensis Peel
Citrus sphaerocarpa peel Kabosu Citrus sphaerocarpa Peel
Citrus sudachi peel Sudachi Citrus sudachi Peel
(Citrus unshiu × Citrus sinensis)
× Citrus reticulata peel

Siranuhi (Dekopon) (Citrus unshiu × Citrus
sinensis) × Citrus reticulata

Peel

Citrus × Paradisi peel Grapefruit Citrus × Paradisi Peel
Citrus × Tangelo peel Mineola orange (Tangelo) Citrus × Tangelo Peel
Commercially available lemon
juice A

Not available Not available Commercially available product ‡

Commercially available lemon
juice B

Not available Not available Commercially available product ‡

Commercially available lemon
juice C

Not available Not available Commercially available product ‡

Ditrus sinensis Osbeck var.
brasiliensis Tanaka peel

Navel orange Ditrus sinensis Osbeck var.
brasiliensis Tanaka

Peel

Fortunella peel Kumquat Fortunella Peel
Glycine max Soybeans(yellow soybean) Glycine max Dried product
Hidenmame (Glycine max) Soybeans(green soybean) Glycine max Dried product
Humulus lupulus L. cone Hop Humulus lupulus L. Frozen hop cone
Ilex paraguariensis
leaves (roasted)

Yerba mate tea leaves Ilex paraguariensis Dried and roasted leaves for tea

Jasminum polyanthum leaves Jasmine tea leaves Jasminum polyanthum Dried leaves for tea
Matricaria recutita Chamomile Matricaria recutita Dried herb product
Prunus domestica extract Prune extract Prunus domestica Product of prune pulp extract ‡
Prunus domestica pulp Prune Prunus domestica Product of prune pulp without

seed
Psidium guajava leaves
(from China)

Guava tea leaves Psidium guajava Dried leaves for tea cultivated
in China

Psidium guajava leaves
(from Japan)

Guava tea leaves Psidium guajava Dried leaves for tea cultivated
in Japan

Rice (Oryza sativa) miso Rice miso Oryza sativa # Japanese traditional
fermented product

Smallanthus sonchifolius
tea powder

Yacon tea powder Smallanthus sonchifolius Dried product

Soybean (Glycine max) miso Soybean miso Glycine max # Japanese traditional
fermented product

*, Unless otherwise indicated, fresh materials were used; #, academic name of main material of miso product; ‡, after
defatting via liquid-liquid partition with an equal volume of ethyl acetate, the obtained water phase of each juice or
extract was subjected to lyophilization.
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Figure A1. Chemical structures of dietary flavonoids tested in this study. 1, dihydromyricetin; 2, taxifolin;
3, apigenin; 4, luteolin; 5, nobiletin; 6, hesperetin; 7, naringenin; 8, 3-hydroxyflavone; 9, fisetin; 10, galangin;
11, gossypetin; 12, kaempferol; 13, morin; 14, myricetin; 15, quercetin; 16, quercetagetin; 17, cardamonin;
18, isoliquiritigenin; 19, naringenin chalcone; 20, phloretin; 21, xanthohumol; 22, (+)-catechin; 23, (−)-catechin
gallate; 24, (−)-epicatechin; 25, (−)-epicatechin gallate; 26, (−)-epigallocatechin; 27, (−)-epigallocatechin
gallate; 28, (+)-gallocatechin; and 29, (−)-gallocatechin gallate.
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Abstract: Chlorella is a green unicellular alga that is commercially produced and distributed worldwide
as a dietary supplement. Chlorella products contain numerous nutrients and vitamins, including D
and B12, that are absent in plant-derived food sources. Chlorella contains larger amounts of folate
and iron than other plant-derived foods. Chlorella supplementation to mammals, including humans,
has been reported to exhibit various pharmacological activities, including immunomodulatory,
antioxidant, antidiabetic, antihypertensive, and antihyperlipidemic activities. Meta-analysis on the
effects of Chlorella supplementation on cardiovascular risk factors have suggested that it improves total
cholesterol levels, low-density lipoprotein cholesterol levels, systolic blood pressure, diastolic blood
pressure, and fasting blood glucose levels but not triglycerides and high-density lipoprotein cholesterol
levels. These beneficial effects of Chlorella might be due to synergism between multiple nutrient
and antioxidant compounds. However, information regarding the bioactive compounds in Chlorella
is limited.

Keywords: antioxidants; Chlorella; dietary fibers; dietary supplements; folate; lutein; vitamin B12;
vitamin D2

1. Introduction

Microalgae are primarily found in aquatic ecosystems, living in both seawater and freshwater,
and are photosynthetic eukaryotic organisms that contain chloroplasts and nuclei, similar to plants.
Microalgae more efficiently yield biomass than land-based plants owing to their higher performance
in utilizing sunlight and CO2, leading to their extremely high growth rates [1]. Therefore,
microalgae have been used in the food, pharmaceutical, and cosmetic industries, and their pigments,
nutrients, bioactive compounds and whole biomass are already in use worldwide. Recently,
various bioactive compounds and nutrients have been detected in both seawater and freshwater
microalgae, including cyanobacteria. These compounds and nutrients have been reported to promote
human health [1,2]. However, there is limited information regarding the bioactive compounds of
freshwater-living Chlorella species, which are classified as green algae.

Chlorella species can be mass-cultured, and their dietary supplement products are commercially
available worldwide. However, the commercial cultivation of their biomass has started only several
years ago. Chlorella vulgaris was discovered and reported in 1890 by Dr. Martinus Willem Beijerinck,
a famous microbiologist and botanist [3]. Another Chlorella species, distinguished by the presence
pyrenoids in chloroplasts, was identified and accordingly named C. pyrenoidosa in 1903 [4]. Since then,
more than 20 Chlorella species have been characterized, with over 100 strains described [5]. At present,
Chlorella species are divided into three varieties: C. vulgaris, C. lobophora, and C. sorokiniana [6].
C. sorokiniana is a sub-species first isolated in 1953 by Sorokin and originally thought to be a
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thermotolerant mutant of C. pyrenoidosa [7,8]. C. pyrenoidosa, the subject of many scientific studies,
is now called C. sorokiniana.

Investigations of the dietary value of Chlorella in human health began in the early 1950s, when the
use of Chlorella as a food source was initiated in the midst of a global food crisis [9]. Chlorella was
first produced and consumed in Asia, mainly in Japan, and then used as a dietary supplement
worldwide [10]. Chlorella is produced commercially for use in foods and as a source of its intrinsic
compounds. Using large-scale cultivation technology, C. vulgaris and C. pyrenoidosa are prepared as
commercial sources for dietary supplements [11]. Studies have shown that Chlorella cells contain
a variety of nutrients and bioactive compounds that promote human health and prevent certain
diseases [10,12], suggesting that Chlorella-derived natural compounds might provide substitutes for
synthetic compounds or drugs. The content of natural compounds in Chlorella differs greatly between
culture conditions and Chlorella species [13,14].

Here, we present updated information on the Chlorella content of nutrients and bioactive
compounds that promote human health. However, at present, there is limited information available
regarding the bioactive compounds responsible for its pharmacological activities, which might be due
to the synergistic effects of various nutrients and antioxidant compounds in Chlorella.

2. Nutrients in Commercial Chlorella Products

2.1. Macronutrients

The macronutrient content of 13 commercially available Chlorella products, based on information
provided on the packaging label, are summarized in Table 1. Humans cannot digest Chlorella cells
in their natural state because their cell walls are made of cellulose. Therefore, Chlorella cell walls are
mechanically broken down in most dietary supplements. An animal study has shown that more than
80% of Chlorella proteins are digestible [15].

Table 1. Nutrient content of 13 commercially available Chlorella products.

Macronutrients (Per
100 g Dry Weight)

A B C D E F G H I J K L M

Proteins (g) 50–65 61 63 65 57 50 56–72 50–67 50–70 62 60 58 57

Fats (g) 7–14 10 13 12 11 7–20 5–15 8–15 11 10 10 12

Carbohydrates (g) 15 11 5–23 8–42 8–20 20 18

Sugars (g) 5–21 7 5 0–1 0–5 2–23 1–10 11

Dietary fibers (g) 7–14 11 10 11 11 5–18 7–18 8–16 10

Remarks
*1

*2

78%

*1

*4 *2 *2

*1

*2

77–82%
*3

*2

75–85%
*3

*1

*2 83%
*3

*2

82%
*3

*4
*1

*3

*4

*1 Cell walls disrupted; *2 digestibility of proteins; *3 contains Chlorella extract; *4 C. pyrenoidosa.

These Chlorella products contain a large amount of proteins (approximately 59% based on dry
weight), coinciding with the analytical data of the protein contents of C. pyrenoidosa (57%) [16] and
C. vulgaris (51–58%) [17]. This protein content is higher than that of soybeans (approximately 33%,
dry weight). The amino acid composition of Chlorella products C and M are shown in Table 2.
These amino acid profiles indicate that all essential amino acids for humans (isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, valine, and histidine) are present in substantial
concentrations in these products. According to the essential amino acid index (EAAI) used to
evaluate protein quality for human nutrition, the quality of C. pyrenoidosa (EAAI, 1.35) [18] and a
commercially available Chlorella product (EAAI, 0.92) [19] are higher than that of soybean protein
(EAAI, 0.66) [18]. These results indicate that proteins in Chlorella products are of high or good quality.
Notably, Chlorella products contain a considerable amount of arginine (approximately 3200 mg/100
g dry weight), which serves as a substrate for the production of NO, a potent intracellular signaling
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molecule that influences every mammalian system [20]. Arginine also serves as a potent modulator of
immune functions [21].

Table 2. Amino acid content of commercially available Chlorella products C and M.

Amino Acids (mg/100 g Dry Weight) C M

Essential

Isoleucine 1820 2030
Leucine 4180 4480
Lysine 4659 3140

Methionine 1009 1240
Phenylalanine 2230 2580

Threonine 2209 2490
Tryptophan 1030 1090

Valine 2780 3090
Histidine 1141 1040

Non-essential

Tyrosine 1720 1940
Cystine 659 650

Aspartic acid 4469 4710
Serine 1930 2120

Glutamic acid 6209 6030
Proline 2320 2560
Glycine 2859 2990
Alanine 4009 4170
Arginine 3109 3260

Approximately 17% (dry weight) of carbohydrates are found in the commercially available
Chlorella products. Similar results have been reported for C. vulgaris [17]. As shown in Table 1,
more than 65% of the carbohydrate is dietary fiber, which appears to be derived from the Chlorella cell
wall. Various polysaccharides have been extracted and characterized [22–25]. Chlorella polysaccharides
exhibited a variety of biologically active compounds, including antioxidants [24] and stimulators of
plant growth [25]. Tabarsa et al. [26] characterized an immune-enhancing water-soluble α-glucan
prepared from C. vulgaris.

Commercially available Chlorella products contain a small amount of fats (approximately 11%,
dry weight) (Table 1), which coincides with the analytical data of the fat content of C. vulgaris
(14–22%) [17]. Chlorella products contain α-linolenic acid (approximately 10–16% of total fatty acids)
and linoleic acid (approximately 18% of total fatty acids) but not eicosapentaenoic acid, docosahexenoic
acid, or arachidonic acid [19,27]. Approximately 65–70% of the total fatty acids found in commercially
available Chlorella products are derived from polyunsaturated fatty acids [19,27].

Different growth conditions, such as temperature, nutrient composition, and light availability,
can readily alter the levels of biomass, macro- and micronutrients, and other valuable bioactive
compounds, including antioxidants, in Chlorella cells [28–30].

2.2. Micronutrients

2.2.1. Vitamins

As shown in Table 3, commercially available Chlorella products contain all the vitamins required
by humans, i.e., B1, B2, B6, B12, niacin, folate, biotin, pantothenic acid, C, D2, E, and K, and α- and
β-carotenes. Chlorella products contain substantial amounts of vitamins D2 and B12, both of which
are well known to be absent in plants. Commercially available Chlorella (C. vulgaris) products contain
higher amounts of folate (approximately 2.5 mg/100 g dry weight) than spinach [31]. Vitamin B12 and
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folate deficiencies induce the accumulation of serum homocysteine, which is involved in cardiovascular
diseases. In this section, we discuss vitamin D2, vitamin B12, and folate.

Table 3. Content of vitamins and related compounds in 13 commercially available Chlorella products.

Vitamins (Per 100 g
Dry Weight)

A B C D E F G H I J K L M

Vitamin B1 (mg) 1.9 2.5 6.5 1.0–3.0 1.0–3.0 1.8 1.6
Vitamin B2 (mg) 3–8 5.6 5.0 5.7 5.5 2.0–9.0 4.0–9.0 4.0–8.0 5.0 5.0 4.8
Vitamin B6 (mg) 0.9 2.5 1.7 1.0–3.0 1.0–3.0 1.0–3.0 1.8
Vitamin B12 (μg) 20.0 6.0–30.0 200.0–500.0 230.0

Niacin (mg) 20.4 50.0 40.0–80.0 20.0–50.0 10.0–40.0 45.9
Folate (mg) 0.3 2.0 1.2–3.6 1.4
Biotin (μg) 227.0

Pantothenic acid (mg) 1.0–6.0 1.8
Vitamin C (mg) 7.0 50.0 30.0 10.0–200.0 14.0

Vitamin D2 (mg) 1.4
Vitamin E (mg) 3.0 25.0 10.0–45.0 6.2
Vitamin K (mg) 1.4 1.1 0.3 0.5–3.5 *1 1.2 *1

Carotenoids (mg) 25.0 *2 36.0–150.0 *2 100.0–500.0 31.5 *3

*1 Vitamin K1 (mg), *2 β-Carotene (mg), *3 α-Carotene + β-Carotene (mg).

Vitamin D, a major regulator of calcium absorption, reduces the risk of osteomalacia in adults
and rickets in children [32]. The two main dietary forms of vitamin D are vitamin D2 and D3,
which are found in fungi such as mushrooms [33,34] and animal-derived foods such as fish and fish
products [35], respectively. Mushrooms have the ability to synthesize ergosterol (known as provitamin
D2), which is converted into ergocalciferol as vitamin D2 upon ultraviolet irradiation [34,36]. Thus,
ultraviolet-irradiated mushrooms are suitable for use as vitamin D2 sources in strict vegetarians [36].
Cell walls of mushrooms contain high concentrations of ergosterol, which plays a physiological role
in modulating cell membrane strength and fluidity similar to cholesterol in animals [37]. Sun-dried,
commercially available mushrooms reportedly contain approximately 17 μg of vitamin D2 per g dry
weight [38]. The bioavailability of vitamin D2 from mushrooms has been studied in humans [39,40].

Ergosterol was first reported as the main sterol compound in C. pyrenoidosa in the early 1950S [41].
C. vulgaris also contains a substantial amount of ergosterol [42,43]. Our unpublished data show that one
commercially available Chlorella product contains both ergosterol (1.68 mg/g dry weight) and vitamin
D2 (15.2 μg/g dry weight), similar in amounts to those in sun-dried mushrooms. The vitamin D2 in this
Chlorella product is synthesized from ergosterol upon exposure to sunlight during cultivation (Figure 1).
Although it has been reported that vitamin D3 is more effective than vitamin D2 at increasing the
concentration of circulating 25-hydroxyvitamin D [44], Chlorella products and sun-dried mushrooms
could become sources of vitamin D for vegetarians.

Figure 1. Structures of provitamin D2 and vitamin D2 found in commercially available Chlorella products.

Serum homocysteine (Hcy) is an established biomarker of cardiovascular disease in humans [45,46].
Hcy is a non-protein forming amino acid (Figure 2) produced as an intermediate compound of
methionine metabolism and is further metabolized to cystathionine via cystathionine β-synthetase,
a vitamin B6-dependent enzyme [46]. Alternatively, Hcy can be remethylated back to methionine by
methionine synthase, a vitamin B12-dependent enzyme. Folate is also required for the remethylation
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of Hcy by providing 5-methyltetrahydrofolate. Deficiencies in vitamin B12 [47], vitamin B6 [48],
and folate [49] cause hyper-homocysteinemia. Several clinical studies report a correlation between
atherosclerosis and deficiencies in vitamin B12 and folate [50,51]. Folate deficiency in women before
and during pregnancy is associated with neural tube defects in newborns [52]. Plants can synthesize
folate compounds de novo, but animals cannot [53]. Thus, plant-derived foods are sources of dietary
folates for humans. High concentrations of folate (approximately 1.69–2.45 mg/100 g dry weight) are
reported in commercially available Chlorella (C. vulgaris) products [31], with concentrations similar to
those of the products shown in Table 3 (0.3–3.6 mg/100 g dry weight). The main folate compounds
identified in Chlorella products are 5-CHO-H4 folate (60–62%) and 5-CH3-H4 folate (24–26%) and
the minor folate compounds are 10-CHO-folate (5–7%), H4 folate (4%), and fully oxidized folate
(3–6%) [31]. The chemical structures of the Chlorella folate compounds are shown in Figure 3. The main
dietary sources of folates are vegetables (25%), bread and cereal products (22%), dairy products (10%),
fruit (10%), and oils and fats (5%) [31]. Spinach has high folate content (165 μg/100 g fresh weight;
1.7 mg/100 g dry weight) [31,54], which is similar to that of Chlorella products. Thus, Chlorella products
are an excellent source of folate for humans.

 

Figure 2. Homocysteine metabolic pathway in mammals. Abbreviations: B6, vitamin B6; B12, vitamin B12;
CBS, cystathionine β-synthetase; DHF, dihydrofolate; MS, cobalamin-dependent methionine synthase;
SAM, S-adenosyl methionine; SAH, S-adenosyl homocysteine; THF, tetrahydrofolate.

Figure 3. Chemical structures of folate compounds found in commercially available Chlorella products.

Vitamin B12 (B12) is synthesized by certain bacteria and archaea but not by plants [55].
Animal-derived foods, such as meats, milk, fish, and shellfish, are the major dietary sources
of B12 for humans [56]. B12 content is high in beef, pork, and chicken livers (approximately
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25–53 μg/100 g fresh weight) [56] and in edible bivalves such as clams (approximately 60 μg/100 g
fresh weight) [57]. The reported B12 content of Chlorella products varies from <0.1 to 400 μg per
100 g of dry weight [58,59], consistent with that of the products shown in Table 3 (6–500 μg/100 g dry
weight). Among Chlorella species, the B12 content is much higher in C. pyrenoidosa than in C. vulgaris
when grown under open culture conditions [59]. B12 is not essential for the growth of these Chlorella
species [59,60], suggesting that Chlorella cells absorb and accumulate large amounts of exogenous
B12. Some of the high B12-containing Chlorella products contain inactive corrinoid compounds such as
5-methoxybenzimidazolylcobamide and cobalt-free corrinoid (Figure 4). Thus, if Chlorella products
with high B12 are consumed as a sole B12 source, accurate content estimation requires the identification
of B12 compounds using liquid chromatography–tandem mass spectrometry [59].

 

Figure 4. Chemical structures of vitamin B12 and related compounds found in commercially available
Chlorella products. Abbreviations: Factor IIIm, 5-methoxybenzimidazolylcobamide.

Rauma et al. [61] demonstrated that substantial consumption of Chlorella products can supply
adequate amounts of B12. Another study of strict vegetarians (vegans) with an elevated baseline of
serum methylmalonic acid (as an index of B12 deficiency) showed that ingestion of 9 g of C. pyrenoidosa
daily for 60 days resulted in significant decreases in serum methylmalonic acid in 88% of the subjects [62];
serum Hcy decreased and serum B12 tended to increase, although the mean corpuscular volume,
hemoglobin, and hematocrit levels were unchanged. These results suggest that Chlorella products with
high B12 and without inactive corrinoid compounds are suitable for use as B12 sources in humans,
particularly vegans.

2.2.2. Minerals

As shown in Table 4, commercially available Chlorella products contain a variety of minerals that are
required in humans. In particular, Chlorella products contain substantial amounts of iron (104 mg/100 g
dry weight) and potassium (986 mg/100 g dry weight), of which adequate intake prevents anemia [63]
and hypertension [64], respectively. Iron plays physiological roles in respiration, energy production,
DNA synthesis, and cell proliferation [65]. The phytates in grains potently inhibit the intestinal
absorption of iron because they chelate iron to form an insoluble complex [66]. Thus, people on vegan
and vegetarian diets may be at risk for iron-deficiency anemia [63]. Studies in rats and humans have
investigated whether Chlorella supplementation can prevent iron-deficiency anemia [67,68]. In a cohort
of 32 women in the second and third trimester of pregnancy, oral Chlorella supplementation (6 g/day)
for 12–18 weeks decreased markers of anemia as compared to the control group [68], suggesting that
Chlorella supplementation significantly reduces the risk of pregnancy-associated anemia.
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Table 4. Mineral content of 13 commercially available Chlorella products.

Minerals (Per
100 g Dry Weight)

A B C D E F G H I J K L M

Sodium (mg) 5–75 65 40 80–220 10–45 5–30 80 65 47
Iron (mg) 10–130 160 121 62 350–1600 100–200 50–100 110 113

Calcium (mg) 650 513 850 500–1500 100–300 433
Potassium (mg) 970 1075 350 200–500 500–1500 1020

Magnesium (mg) 350 250 23–420 298
Zinc (mg) 2 1

Copper (mg) 1 1
Phosphorus (mg) 1600 1320
Manganese (mg) 5

Selenium (Se) is an essential trace mineral that serves as a fundamental nutrient to human
health. It is a component of selenoproteins, such as thioredoxin reductase and glutathione peroxidases,
and protects against intercellular oxidative damage [69–71]. Therefore, low levels of Se show various
pharmaceutical activities, including antitumor and antiaging effects; however, high levels of Se induce
the generation of reactive oxygen species. Generally, the organic forms of Se are more bioavailable and
less toxic than the inorganic forms of Se. Selenite (SeO3

2−) and selenite (SeO4
2−) are the predominant

forms of Se in freshwater. Microalgae act as a major transporter of Se from water to filter-feeders
and other organisms. Although most plant species accumulate less than 25 μg Se/g dry weight [72],
some microalgae species can accumulate Se at high concentrations (100 μg Se/g dry weight) [73].
Se is essential for many algae and functions to protects them from oxidative damage. Sun et al. [74]
indicated that C. vulgaris can accumulate Se at high concentrations (857 μg/g dry weight) when grown
under Se concentrations of 0–200 mg/L in a growth medium and that relatively low Se concentrations
(75 mg selenite/L medium) positively promotes C. vulgaris growth and acts as an antioxidant by
inhibiting lipid peroxidation and intracellular reactive oxygen species. The maximum accumulation
of organic Se was found at 316 μg/g dry weight under relatively low Se (75 mg selenite/L medium)
conditions [75], indicating that C. vulgaris is an efficient Se accumulator and that Se-enriched Chlorella
cells might be useful for human supplementation.

2.3. Pigments

Carotenoids are secondary metabolites in the most abundant naturally occurring pigments that
participate in various biological processes in plants, including photosynthesis, photomorphogenesis,
photoprotection, and development [76]. They also serve as colorants and critical components
of the human diet, such as antioxidants and provitamin A [76]. More than 400 carotenoids
have been identified in living organisms [77], and β-carotene, astaxanthin, lutein, zeaxanthin,
and lycopene are widely known as the major carotenoids among them. The green microalgae
Dunaliella salina produces high concentrations of β-carotene of up to 14% of algal dry weight [78].
Haematococcus pluvialis increases astaxanthin concentration up to 4–5% of algal dry weight [79] under
stressful conditions. Chlorella products contain lower contents of total carotenoids (approximately
1.3%) [80], compared with the above-mentioned green algae. C. vulgaris reportedly produces lutein as
the primary carotenoid [81,82]. However, C. zofingiensis reportedly accumulates significant amounts of
astaxanthin, and it might be a suitable organism for the mass production of astaxanthin [83].

3. Pharmacological Activities of Chlorella Products

Because Chlorella cells contain various nutrients and biologically active compounds, the effects
of Chlorella supplementation on preventing the development of various diseases has been studied in
rats and mice, including disease-specific model animals. These animal studies have been useful for
elucidating the specific health effects of Chlorella supplementation. Moreover, the effects of Chlorella
supplementation on mitigating a variety of diseases in humans have been investigated. These studies
have used either C. vulgaris or C. pyrenoidosa because these species are commercially available as
Chlorella products.
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3.1. Antihypertensive Effects

Hypertension increases the risk of cardiovascular disease [84]. Antihypertensive compounds in
foods have been identified using a stroke-prone spontaneously hypertensive (SHRSP) rat model,
which is genetically predisposed to hypertension and cerebral stroke [85]. Sansawa et al. [86]
investigated the effects of dried Chlorella powder (C. regularis) on blood pressure, cerebral stroke lesions,
and the life span of SHRSP rats. In 12-week-old SHRSP rats fed Chlorella (5%, 10%, and 20%) for
13 weeks, elevated blood pressure significantly decreased in the 10% and 20% Chlorella groups compared
with the untreated controls. Serum total cholesterol levels were significantly lower in all Chlorella groups,
and their average life span was more than that of the controls. To characterize the antihypertensive
compounds in Chlorella, Chlorella powder was fractionated into hot-water-soluble, lipid-soluble,
and residual fractions. Blood pressure was significantly lower in rats fed the lipid or residual fraction
but not in those fed the hot-water-soluble fraction. The lipid fraction contained substantial amounts
of carotenoids, which are potent antioxidants, and phospholipids, which mediate aorta collagen and
elastin metabolism. The residual fraction contained a high level of arginine, which increases the
production of endothelium-derived relaxing factor. These beneficial effects of Chlorella powder on
SHRSP rats might result from synergism between its numerous bioactive compounds.

To evaluate whether daily Chlorella supplementation can reduce blood pressure in subjects
with mild to moderate hypertension, a pilot study was conducted in 24 participants administered
C. pyrenoidosa (10 g of Chlorella tablets and 100 mL Chlorella extract) [87]. After two months of
Chlorella supplementation, the average heart rate and sitting systolic and diastolic blood pressures
only slightly changed. On the other hand, for some subjects with mild to moderate hypertension,
Chlorella supplementation reduced or maintained their sitting diastolic blood pressure.

Arterial stiffness is a well-established risk factor of cardiovascular disease [88]. Previous studies
have reported that antioxidants [89], potassium [90], and n-3 unsaturated fatty acids [91] decrease
arterial stiffness. Nitric oxide (NO), derived from arginine in the vascular endothelium, is an important
modulator of arterial stiffness [92]. Chlorella products contain antioxidants, vitamins, potassium,
arginine, and n-3 unsaturated fatty acids. To evaluate the effects of Chlorella supplementation on arterial
stiffness, a single-blinded, placebo-controlled crossover study was conducted in 14 young participants
who were administered C. pyrenoidosa (6 g/day) or placebo for four weeks, with a 12-week washout
period between trials, in a randomized order [93]. No differences were observed in blood pressure or
heart rate before and after supplementation in both the placebo and Chlorella groups. Brachial-ankle
pulse wave velocity, a measure of arterial stiffness, decreased in the Chlorella group but not in the placebo
group [93]. A similar trial in 32 middle-aged and older subjects reports that the brachial-ankle pulse
wave velocity decreased after Chlorella supplementation but not after placebo supplementation [94].
These changes in brachial-ankle pulse wave velocity with Chlorella supplementation correlated with
the plasma NOx level. These results suggest that Chlorella supplementation decreases arterial stiffness
in both younger and older subjects.

The efficacy of Chlorella supplementation in reducing cardiovascular risk factors was assessed in a
meta-analysis of 19 randomized controlled trials including 797 subjects [95]. This study concluded that
Chlorella supplementation improves total cholesterol levels, low-density lipoprotein cholesterol levels,
systolic blood pressure, diastolic blood pressure, and fasting blood glucose levels but not triglyceride
levels, high-density lipoprotein cholesterol levels, and body mass index.

3.2. Antihypercholesterolemic and Antihyperlipemic Effects

Elevated total cholesterol and triglycerides and abnormal metabolism of lipoproteins and
apolipoproteins are responsible for an increased risk of cardiovascular disease [96–98]. The indigestible
components of foods, such as dietary fiber, decrease serum cholesterol by inhibiting the intestinal
absorption of neutral steroids [99]. Chlorella supplementation reportedly decreases serum cholesterol
levels in model animals [100]. To identify the bioactive compounds responsible for this effect,
the indigestible fraction of C. regularis powder was isolated and characterized, revealing a content of
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43% crude protein, 37.3% dietary fiber, 6.9% carbohydrate, 5.4% moisture, 4.3% crude fat, and 2.7%
ash [101]. Rats fed a diet with 5.3% of this indigestible fraction demonstrated lower serum and
liver cholesterol levels and higher fecal neutral steroid levels as compared with those fed a diet of
12.7% Chlorella powder. Both Chlorella powder and the indigestible fraction exhibited a high bile-acid
binding capacity in vitro. Furthermore, the indigestible fraction increased the hepatic mRNA levels
of cholesterol 7α-hydroxylase, which is the rate limiting enzyme for cholesterol catabolism and
bile-acid synthesis [102]. These results indicate that the indigestible fraction of Chlorella possesses
hypercholesteromic activity, which improves cholesterol catabolism via the upregulation of hepatic
cholesterol 7α-hydroxylase expression.

Chlorella supplementation is also reported to decrease serum cholesterol levels in hyperlipemia
and mild hypercholesterolemic patients in a small, open-label trial [103]. To evaluate the preventive
role of Chlorella in maintaining serum cholesterol levels against excess dietary cholesterol intake,
a double-blind, randomized, placebo-control study was conducted in 63 mildly hypercholesterolemic
subjects treated with either C. vulgaris (5 g/day) or placebo for four weeks [104]. A similar trial
investigated cholesterol levels in 34 participants administered 510 mg of dietary cholesterol from three
eggs concomitantly with either Chlorella (C. vulgaris) (5 g/day) or a matched placebo for 4 weeks [105].
Participants on the three-egg diet alone exhibited significant elevation in serum total cholesterol,
low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol levels. The administration
of Chlorella in addition to the three-egg diet significantly suppressed these increases in total cholesterol
and low-density lipoprotein cholesterol levels and significantly increased serum lutein and α-carotene
levels [105]. In mildly hypercholesterolemic subjects, Chlorella administration resulted in marked
changes in total cholesterol, triglycerides, lutein/zeaxanthin, andα-carotene levels as well as a significant
decrease in very low-density lipoprotein cholesterol, apolipoprotein B, non-high-density lipoprotein,
and high-density lipoprotein/triglyceride levels [104]. These results suggest that Chlorella might inhibit
the intestinal absorption of dietary and endogenous lipids. In addition, the observed changes in
serum lipids may be associated with changes in serum carotenoids. These results suggest that daily
consumption of Chlorella provides potential health benefits by reducing the levels of serum lipid risk
factors, such as triglycerides and total cholesterol, in mild hypercholesterolemic subjects.

3.3. Antidiabetic Effect

Type 2 diabetes, accounting for 90–95% of all diabetes cases, is a severe health problem affecting
over 380 million people worldwide [106]. Elevated blood glucose levels, insulin resistance, and low
insulin sensitivity are the main characteristics of patients with type 2 diabetes [107], resulting in serious
conditions, including arteriosclerosis, renal damage, and retinopathy [108]. In a streptozotocin-induced
animal model of diabetes, several studies have been conducted to elucidate the mechanisms underlying
the antidiabetic activity of Chlorella supplementation [109–111]. Shibata et al. [109] evaluated the effects
of Chlorella supplementation on antioxidant status and cataracts by feeding a diet containing 7.3% (w/w)
Chlorella powder (C. regularis) to 11-week old rats with streptozotocin-induced diabetes. After 11 weeks
of supplementation, serum lipid peroxide levels (an index of oxidative status) and blood glycated
hemoglobin were lower in Chlorella-supplemented rats than in control rats; however, the serum glucose
level did not differ between groups. Chlorella supplementation delayed the development of lens
opacities. These results indicate that Chlorella supplementation might be beneficial for preventing
diabetes complications such as cataracts, possibly due to the activity of its antioxidant compounds.

Cherng and Shih reported potential hypoglycemic effects of Chlorella supplementation in
streptozotocin-induced diabetic mice [110]. Oral administration of Chlorella 60 min before glucose
administration (0.5 g/kg body weight) resulted in a transient hypoglycemic effect at 90 min after
glucose administration without an increase in insulin secretion. Chlorella supplementation increased
2-deoxyglucose uptake in the liver and soleus muscles of streptozotocin-treated mice and was likely
the cause of the observed hypoglycemic effects [111].
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The prophylactic effect of Chlorella (C. vulgaris) supplementation on diabetes was studied by
Vecina et al. [112], who investigated body weight, lipid profile, blood glucose, and insulin signaling in
liver, skeletal muscle, and adipose tissue in high-fat diet-induced obese mice. Chlorella supplementation
improves glycemic control in obesity and diabetes because it decreases insulin resistance caused by
increased expression of glucose transporter 4 via the activation of protein kinase B phosphorylation
in skeletal muscle. Chlorella supplementation combined with aerobic exercise training showed more
pronounced effects on the improvement of glycemic control via increased activation of muscle
phosphorylation signaling in type 2-diabetic rats [113].

A randomized, double-blind, placebo-controlled human study was conducted in 28
borderline-diabetic participants treated with either Chlorella (8 g/day) or placebo for 12 weeks [114].
The expression levels of 252 genes, including six associated with type 2 diabetes, differed between
the two groups. Notably, the mRNA expression level of resistin, an insulin resistance inducer,
was significantly lower in the Chlorella group than in the placebo group and correlated with the
expression levels of hemoglobin A1c, tumor necrosis factor-a, and interleukin-6 [114], all of which are
involved in glucose metabolism and/or inflammation.

3.4. Hepatoprotective Effect

Li et al. [115] demonstrated that C. vulgaris extract has a potent hepatoprotective effect on carbon
tetrachloride-induced acute hepatic injury in mice. Chlorella extract of 50, 100, or 200 mg/kg of diet,
was administered to mice every other day for four weeks, and carbon tetrachloride was administrated
intraperitoneally 3 h after the final Chlorella supplement. Carbon tetrachloride treatment increased serum
alanine and aspartate aminotransferases levels, lipid peroxidation, and cytochrome P450 expression
and decrease in reduced glutathione and cellular antioxidant defense enzyme levels; all of these
changes were significantly lower in the Chlorella (100 and 200 mg/kg diet) groups. Although hepatocyte
necrosis was mildly diminished in the 50 mg/kg Chlorella-treated group, it was absent in the 100 and
200 mg/kg Chlorella-treated groups. These results indicate that Chlorella extract has a protective effect
on carbon tetrachloride-induced acute hepatic injury in mice, presumably due to the inhibition of
carbon tetrachloride-induced cytochrome P450 activation and the activation of antioxidant enzymes
and free radical scavengers.

Non-alcoholic fatty liver disease (NAFLD) is a group of metabolic disorders that involving
abnormal fat accumulation of more than 5–10% in hepatocytes [116]. It affects 10–35% of the
world population [117]. NAFLD includes steatosis, non-alcoholic steatohepatitis, fibrosis, cirrhosis,
and hepatocellular carcinoma [118]. Most NAFLD patients have at least one characteristic metabolic
syndrome, including insulin resistance, hypertension, dyslipidemia, diabetes, and obesity [119].
Seventy NAFLD patients were randomly administered C. vulgaris (1.2 g/day) or placebo for eight
weeks [120]. The mean body weight and serum concentrations of liver enzymes were significantly lower
in the Chlorella group than in the placebo group, and the serum insulin concentration was significantly
higher in the Chlorella group than in the placebo group. Therefore, Chlorella supplementation may
have beneficial effects on reducing weight and serum glucose levels and improving inflammatory
biomarkers as well as liver function in NAFLD patients [120,121].

To evaluate the safety and efficacy of Chlorella (C. pyrenoidosa) in patients chronically infected with
hepatitis C virus genotype 1, patients received daily oral supplement of Chlorella (both of Chlorella
extract and tablets) for 12 weeks [122]. The majority (approximately 85%) of the patients exhibited a
significant decrease in alanine aminotransferase levels from Week 0 to Week 12. Patients with decreased
alanine aminotransferase level showed a tendency toward decreased hepatitis C virus load.

3.5. Detoxification Effect

Dioxins are a group of polychlorinated dibenzo-p-dioxin and dibenzofuran-related compounds
that are industrial contaminants and ubiquitous environmental pollutants [123]. These compounds are
easily absorbed in the mammalian gastrointestinal tract [124] and then stored in the liver, adipose tissue,
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and breast milk due to their lipophilic properties [125]. An incident involving the consumption of
cooking oil contaminated with dioxins had tragic effects [126]. To investigate the effects of Chlorella
supplementation on fecal excretion of dioxins, rats were administered dioxin-contaminated rice oil [127].
The rats were fed 4 g of a 10% (w/w) Chlorella (C. vulgaris) diet or a control diet (without Chlorella)
once during the five-day experimental period, and the amounts of fecal dioxins were measured.
The fecal dioxin levels were significantly greater in the Chlorella group than in the control group.
In addition, Chlorella supplementation significantly inhibited the gastrointestinal absorption of dioxins
(approximately 2–53% decrease). These results indicate that Chlorella supplementation might be useful
in promoting dioxin excretion.

Heterocyclic amines have been established as carcinogenic chemicals that form when amino
acids, sugars, and creatine in muscle meats (beef, pork, fish, and poultry) react with one another
during cooking at high temperatures [128]. To evaluate the effect of Chlorella supplementation on the
detoxification of carcinogenic heterocyclic amines, a randomized, double-blind, placebo-controlled
crossover study with Chlorella supplementation (100 mg/day) for two weeks was conducted [129].
Chlorella supplementation decreased urinary excretion of the predominant metabolite of carcinogenic
heterocyclic amines [129], suggesting that Chlorella either inhibits the intestinal absorption of heterocyclic
amines or inactivates carcinogenic compounds.

Methylmercury is a neurotoxic metal compound that is converted from inorganic mercury by
microorganisms in aquatic environments and is then accumulated in fish and shellfish through marine
food chains [130]. Therefore, the major route of human exposure to methylmercury is the consumption of
seafood [130]. In many countries, pregnant women are cautioned against consuming large fish, such as
tuna, to prevent fetal exposure [131]. As Chlorella consumption is reported to increase the excretion of
methylmercury and lower tissue mercury levels in methylmercury-treated mice [132], an open-label
clinical trial was performed to estimate the effects of Parachlorella beijerinckii supplementation (9
g/day) for three months on mercury concentrations in the hair and blood of healthy subjects [133].
Chlorella supplementation reduced mercury levels in both the hair and blood [133]. Fecal excretion is
the major route of methylmercury elimination (90%) in humans [134]. Most of the methylmercury in
the liver is secreted as a glutathione complex via the bile duct, with a small portion excreted in the
feces [135]. The dietary fiber in Chlorella cells increases the amount of feces excreted by humans [136].
Dietary fiber has been shown to absorb some methylmercury in vitro [132]. These observations suggest
that the observed lowering of hair and blood mercury levels in Chlorella-treated participants may result
from the promotion of fecal methylmercury excretion via accelerated bile secretion, the binding of
methylmercury to dietary fiber in the intestinal tract, and increased feces production.

3.6. Immunomodulatory Effects

Allergic disease is a prevalent aberrant immune responsive against innocuous environmental
proteins (antigens) [137]. Allergen-specific CD4+ T cells involved in the initiation of allergic reactivity
can develop into either type 1 or type 2 helper T cells [138]. CD4+ T cells stimulated in the presence of
interleukin-12 andγ-interferon can develop into type 1 helper T cells [138], while interleukin-4 promotes
the development of type 2 helper T cells and inhibits the generation of type 1 helper T cells [139].
Since type 1 and 2 helper T cells regulate each other, interleukin-12 functions not only to induce the
type 1 helper T-cell response but also to regulate the type 2 helper T-cell response [140]. Interleukin-12
strongly suppresses the production of IgE by preventing type 2 helper T-cell development [141].
Allergen-specific IgE induces the pathogenesis of allergic disorder [142].

Hasegawa et al. [143] described the effects of a Chlorella (C. vulgaris) hot-water extract on
antigen specific response in mice. A 2% (w/w) Chlorella hot-water extract diet or control diet
(without Chlorella extract) was given to mice for two weeks before intraperitoneal administration
of casein/complete Freund’s adjuvant (an immunostimulant). Mice that received the hot-water
extract exhibited suppressed IgE production and mRNA expression of interleukin-6 involved in the
type 2 helper T-cell response. They also exhibited increased levels of interleukin-12 and g-interferon
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mRNA, increasing the type 1 helper T-cell response and suppressing the type 2 helper T-cell response.
These results suggest that Chlorella hot-water extract supplementation might be useful for suppressing
allergic responses with a predominant type 2 helper T-cell response. To clarify the mechanisms
underlying the immunomodulatory activity of Chlorella hot-water extract, soluble polysaccharides
were isolated from C. pyrenoidosa hot-water extract and characterized [144]. GC-MS analysis indicated
that the major monosaccharide components of the soluble polysaccharides are rhamnose (31.8%),
glucose (20.4%), galactose (10.3%), mannose (5.2%), and xylose (1.3%). These soluble polysaccharides
were intraperitoneally administrated (100 mg/kg of body weight) to 6–8-week-old mice. After 24 h,
lipopolysaccharide as an antigen was administrated to mice, and their serum was collected 1.5 h
later [144]. The soluble polysaccharides induced interleukin-1b secretion in macrophages via the toll-like
receptor protein kinase signaling pathway. Interleukin-1β is one of the most important mediators of
inflammation and host responses to infection [145]. These results suggest that Chlorella hot-water-soluble
polysaccharides could be used as an agent source to stimulate anti-microorganism activity.

Halperin et al. [146] evaluated the effect of C. pyrenoidosa supplementation (200 or 400 mg) on the
immune response to influenza vaccination. After 28 days of Chlorella supplementation, the antibody
response to the influenza vaccine was not elevated in the overall study population but was increased
in participants aged 50–55 years.

Salivary secretory immunoglobulin A (SIgA) plays a crucial role in mucosal immune function
and is the first line of defense against pathogenic microbial invasion in human [147]. To evaluate
whether Chlorella supplementation increases salivary SIgA secretion in humans, a blind, randomized,
crossover study was conducted in participants administered Chlorella (C. pyrenoidosa) (6 g/day) or
placebo for four weeks [148]. Although no difference was observed in salivary SIgA levels before and
after placebo ingestion, salivary SIgA levels were significantly elevated after Chlorella ingestion than at
baseline. The SIgA secretion rate increased significantly after Chlorella supplementation. These results
suggest that four-week Chlorella supplementation increases salivary SIgA secretion and improves
mucosal immune function in humans.

Natural killer cells are the predominant innate lymphocyte subsets that mediate antitumor and
antiviral responses [149]. To evaluate the effect of Chlorella supplementation on natural killer cell
activity and early inflammatory response in humans, a randomized, double-blinded, placebo-controlled
trial was conducted in healthy adults ingested with Chlorella (C. vulgaris) (5 g/day) or placebo [150].
After eight weeks of supplementation, serum interferon-γ and interleukin-1β levels were significantly
elevated and that of interleukin-12 tended to increase in the Chlorella group. Natural killer cell activities
were significantly elevated in the Chlorella group. These results suggest a beneficial immunostimulatory
effect of short-term Chlorella supplementation that increases natural killer cell activity and produces
interferon-γ, interleukin-12, and interleukin-1β.

3.7. Antioxidant Effects

C. vulgaris hot-water extract [151] and acetone extract [152] are reported to have antitumor activity.
A Chlorella aqueous extract containing substantial amounts of antioxidants also exhibit antiproliferative
activity in human hepatoma cells [153]. Lipophilic pigments, including carotenoids antheraxanthin,
zeaxanthin, and lutein, extracted from Chlorella cells were observed to significantly inhibit the growth
of human colon cancer cells [154]. These results suggest that the antitumor activity of Chlorella
might be the synergistic effect of multiple bioactive compounds. Romos et al. [155] reported that
Chlorella supplementation can modulate immunomyelopoietic activity and disengage tumor-induced
suppression of various cytokines and related cell activities in tumor-bearing mice. Interestingly,
a 63.1-kD antitumor glycoprotein was isolated from the culture supernatant of C. vulgaris strain
CK22 [156,157], and its chemical and antitumor properties were characterized [158], suggesting possible
contribution of this glycoprotein toward the observed antitumor activity.

Alzheimer’s disease is a severe neurodegenerative condition affecting humans [159].
The erythrocytes of Alzheimer’s disease patients are known to be in an excessively oxidized
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state [160]. α-Tocopherol and carotenoids such as lutein are important lipophilic antioxidants in human
erythrocytes [161]. Erythrocyte lutein levels were found to be significantly lower in Alzheimer’s
disease patients than in normal subjects [162]. Oral intake of lutein capsules increases lutein levels
and prevents phospholipid hydroperoxide accumulation in human erythrocytes [163], suggesting
that dietary lutein has the potential to act as an important antioxidant in erythrocytes and thus may
have beneficial effects in Alzheimer’s disease patients. According to the labels on Chlorella products D
and M, the products contain substantial amounts of lutein (approximately 200 mg/100 g dry weigh).
A randomized, double-blind, placebo-controlled human study was conducted to evaluate the effects
of Chlorella supplementation (8 g Chlorella/day/person; equivalent to 22.9 mg lutein/day/person) on
phospholipid hydroperoxide and lutein levels in erythrocytes [164]. After two months of Chlorella
supplementation, erythrocyte lutein levels increased 4.6-fold, but tocopherol levels did not change [164],
suggesting that daily Chlorella intake may be effective for improving and maintaining erythrocyte
antioxidant status and lutein levels in humans. These results suggest that Chlorella supplementation
contributes to maintaining the normal function of erythrocytes and has beneficial effects on Alzheimer’s
disease-related dementia in humans.

Major depressive disorder is a widespread mental disorder that greatly impairs the quality of
life of humans. Approximately 12% of people experience at least one episode of depression during
their lifetime [165]. Although various antidepressant drugs are available for treating depression,
a considerable proportion of patients are not responsive to these drugs and some experience side
effects [166,167]. Therefore, alternative antidepressant drugs with adequate efficacy and safety are
needed. The therapeutic effect of dried C. vulgaris extract administration (1.8 g/day) for six weeks
was evaluated in patients with major depressive disorder [168]. After treatment, the participants
exhibited improvements in physical and cognitive symptoms of depression [168]. As oxidative stress is
an important pathophysiological mechanism underlying major depressive disorder, major depressive
disorder has been effectively reversed via antioxidant therapy [169,170]. These observations suggest
that the therapeutic effectiveness of Chlorella supplementation may result from the action of its
antioxidant nutrients and compounds [171].

3.8. Other Effects

Stress is well known to disturb homeostasis, impairing immunological functions.
Chlorella supplementation reportedly stimulates the pool of hematopoietic stem cells and activates
leukocytes [172]. To further understand the influence of Chlorella (C. vulagaris) supplementation on
hematopoiesis, hematopoietic cell populations in the bone marrow of mice subjected to a single or
repeated stressor were measured [173]. Reduced numbers of hematopoietic progenitors in the bone
marrow were observed after treatment with either stressor. Both stressors induced a decrease in
mature myeloid and lymphoid populations but did not affect pluripotent hematopoietic progenitors.
Both stressors reduced the levels of interleukin-1α and interleukin-6. Chlorella supplementation
prevented the changes produced by both stressors in all of the parameters tested, suggesting that
Chlorella supplementation is an effective tool for the prophylaxis of myelosuppression caused by single
or repeated stressors.

Stressors are processed in the brain through the activation of several types of neurons.
Immediate early genes such as c-fos are extensively used to map brain areas involved in
stress responses [174]. Using c-fos expression, Oueiroz et al. [175] evaluated the effect of
acute pretreatment with Chlorella (C. vulgaris) on the peripheral and central responses to forced
swimming stress in rats. Chlorella supplementation produced a significant reduction in stress-related
hypothalamic–pituitary–adrenal axis activation due to decreased corticotrophin releasing factor gene
expression in the hypothalamic paraventricular nucleus and a lower adrenocorticotropic hormone
response. Hyperglycemia induced by the stressor was similarly reduced. These results suggest that
Chlorella supplementation might reduce the impact of stressors.
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A hot-water extract of Chlorella (C. pyrenoidosa) increased the lifespan of superoxide dismutase-1
mutant adults of Drosophila melanogaster in a dose-dependent manner (200–800 μg/mL) [176]. An active
compound was purified and identified as phenethylamine, an aromatic amine, which exhibited no
superoxide dismutase-like activity. Treatment with this compound extended the lifespan of the
mutant flies at very low concentration (60 ng/g diet) [176]. Similarly, supplementation of C. sorokiniana
(4 mg/mL) reportedly increased the lifespan of D. melanogaster by 10% increase as compared to a
control diet, likely due to the increased mRNA expression of antioxidative enzymes (Cu/Zn-superoxide
dismutase and catalase) [177].

However, for the beneficial effects described above, no human study has been conducted.

4. Conclusions

Commercially available Chlorella products contain a variety of nutrients essential for humans,
as well as a large amount of good quality protein, dietary fibers, and polyunsaturated fatty acids,
including α-linolenic and linoleic acids. In particular, Chlorella products contain vitamins D2 and B12,
which are absent from plant-derived food sources, and larger amounts of folate and iron than other
plant-derived foods. Mounting scientific evidence of the health benefits of daily Chlorella consumption
has been presented in animal and human studies. The pharmacological activities reported in Chlorella
studies include immunomodulation, antioxidative activity, and effects against diabetes, hypertension,
and hyperlipidemia. The beneficial effects of Chlorella might involve synergism between multiple
nutrient and antioxidant compounds. Overall, the information regarding bioactive compounds in
Chlorella is limited. Thus, new bioactive compounds responsible for its pharmacological activities may
be identified in future studies.
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Abstract: This study sought to evaluate the effects of Phaseolus multiflorus var. albus Bailey extract
(PM extract) and Pleurotus eryngii var. ferulae extract (PF extract) on the inhibition of digestive
enzymes and to confirm the anti-obesity effect of DKB-117 (a mixture of PM extract and PF extract)
in digestive enzyme inhibition in a mouse model of obesity induced by a high-fat diet. In in vitro
studies, PM extract and PF extract have increased dose-dependent inhibitory activity on α-amylase
(Inhibitory concentration (IC50 value: 6.13 mg/mL)) and pancreatic lipase (IC50 value; 1.68 mg/mL),
respectively. High-fat diet–induced obese mice were orally administered DKB-117 extracts at
concentrations of 100, 200, and 300 mg/kg/day, while a positive control group was given orlistat
(pancreatic lipase inhibitor) and Garcinia cambogia (inhibiting the enzymes needed to synthesize
carbohydrates into fat) at concentrations of 40 and 200 mg/kg/day, respectively, for eight weeks.
As a result, body weight, fat mass (total fat mass, abdominal fat, and subcutaneous fat) detected with
microcomputed tomography, fat mass (abdominal fat and inguinal fat) after an autopsy, and liver
triglyceride levels were decreased significantly in the DKB-117 (300 mg/kg/day) group compared
to those in the HFD control group. Additionally, we obtained results indicating that the presence
of carbohydrates was found more in the DKB-117-300 (300 mg/kg/day) group than in the HFD
control group. These data clearly show that DKB-117 extracts are expected to have an anti-obesity
effect through a complex mechanism that promotes carbohydrate release through the inhibition of
carbohydrate-degrading enzymes while blocking lipid absorption through lipase inhibition.

Keywords: Phaseolus multiflorus var. albus Bailey (PM); Pleurotus eryngii var. ferulae (PF); anti-obesity;
pancreatic lipase; α-amylase

1. Introduction

Obesity is a metabolic disorder characterized by an excess accumulation of fat in the body due to
one’s energy intake exceeding one’s energy expenditure [1]. Obesity is a very common global health
problem. It was reported by the World Health Organization in 2016 that more than 1.9 billion adults were
overweight and, of these, more than 650 million were obese [2]. Obesity is a risk factor for metabolic
syndrome and can lead to hypertension, type 2 diabetes (T2DM), dyslipidemia, cardiovascular disease
(CVD), and stroke [3,4].

Currently, four weight-loss medicines (orlistat marketed as Xenical®, Roche Holding AG, Basel
Switzerland or Alli®, GlaxoSmithKline, Brentford, UK; Contrave® from Nalpropion Pharmaceuticals,
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San Diego, CA, USA; Belviq® from Eisai, Tokyo, Japan; and Qsymia® from Vivus, Campbell, CA, USA)
have been approved by the United States Food and Drug Administration, with users’ body weight
regulated by pancreatic lipase inhibition, increased energy consumption, and appetite suppression [5,6].
However, existing synthetic drugs have been reported to cause heart attack and stroke as well as liver
damage [7].

Accordingly, there have been a number of studies conducted on the development of anti-obesity
materials that are effective in decreasing appetite and reducing weight by using natural substances
with long histories of use [8,9]. According to a recent report, many herbal extracts (Garcinia cambogia,
Plantago psyllium, Morus alba) have been suggested to act on fat and carbohydrate metabolism to
regulate body weight [10].

However, a lot of safety issues related to hepatic insufficiency, hepatitis, and heart disease have
been reported in the case of Garcinia cambogia extract, which is the most widely sold and health
functional food material in the world. Accordingly, it is required that new natural materials with good
safety and efficacy be developed.

White kidney beans (Phaseolus multiflorus var. albus Bailey; PM) are native to Italy and belong
to the Leguminosae family. Abdulwahid et al. reported that the white kidney bean–treated group
in a diabetic-induced mouse model showed glucose and weight loss effects compared to the control
group [10]. In addition, many studies on anti-obesity-related clinical trials have reported that white
kidney bean ingestion is effective in weight loss, waist circumference reduction, and weight loss
through α-amylase [11].

Pleurotus eryngii var. ferulae (PF) is a mushroom of the family Pleurotaceae that is rich in protein
and dietary fiber [12]. Wang et al. and Alam et al. reported on the antioxidative, anti-inflammatory,
and hypotensive effects of PF. In addition, PF water extracts reduced body weight, white adipose
tissue weight, and liver weight in a mouse model of obesity induced by a high-fat diet (HFD) while
improving glucose tolerance [1,13,14].

One of the most important strategies in the treatment of obesity includes the development of
nutrient digestion and absorption inhibitors in an attempt to reduce the degree of energy intake through
gastrointestinal mechanisms without altering any central mechanisms. The inhibition of digestive
enzymes is one of the most widely studied mechanisms used to determine the potential efficacy of
natural products as anti-obesity agents [15].

This study was carried out to develop a dietary supplement ingredient that improves convenience
of use and has good safety and obesity effects by respectively mixing natural plants having α-amylase
inhibitory and pancreatic lipase inhibitory effects. In the literature, α-amylase inhibitors are well
documented to be effective in reducing postprandial hyperglycemia by slowing the digestion of
carbohydrates and absorbing postprandial glucose [10]. Reducing postprandial hyperglycemia
prevents glucose uptake into adipose tissue to inhibit the synthesis and accumulation of triacylglycerol.
Lipase is a hydrolytic enzyme from the pancreas that changes triglycerides (TGs) to glycerol and fatty
acids. Thus, the inhibition of lipase has an important role in the treatment of obesity by inhibiting fat
absorption. Previously reported studies have shown the α-amylase–inhibitory effect of PM and the
pancreatic lipase–inhibitory effect of PF [12,13].

Research is actively underway to find effective anti-obesity drugs or anti-obesity health functions.
The authors of this study want to confirm the anti-obesity effect by mixing Phaseolus multiflorus var.
albus Bailey with α-amylase inhibitory effect and Pleurotus eryngii var. ferulae reported to have a
pancreatic lipase inhibitory effect. In this study, the optimum mixing ratio of PF extract and PF extract
was selected by an in vitro test, and we sought to determine the anti-obesity effect of DKB-117 in
digestive enzyme inhibition in a mouse model of obesity induced by HFD.
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2. Materials and Methods

2.1. Plant Material Collection and Extract Preparation

DKB-117, which is a mixture of PM extract and PF extract, was provided by Dongkook Pharm.
Co., Ltd. (Suwon, Korea). The lot number was DKB-117. PM (Phaseolus multiflorus var. albus Bailey)
used in this study was cultivated from Egypt and purchased through Solim trading Co., Ltd. in Korea.
PF (Pleurotus eryngii var. ferulae) was obtained from the DDLE A CHE Co., Ltd. (Cheonan, Korea).
A voucher specimen number (DK0117) has been deposited at the R&D Center, Dongkook Pharm. Co., Ltd.

PM and PF were cut into small pieces and extracted with a 5-fold volume of 30% ethanol (v/v)
at 80 ◦C for 10 h, in order to obtain two ethanolic extracts, namely PM and PF, respectively. After
extraction, each solution was concentrated on a rotary evaporator (BUCHI Labortechnik AG, Flawil,
Switzerland) until constant weight, and the PM extract was dried by freeze-drying and the PF extract
was dried using a spray dryer. DKB-117 was prepared by mixing the previously prepared PM extract
and PF extract at a weight ratio of 3:1.

2.2. α-Amylase Inhibition Assay

The measurement of α-amylase inhibitory activity was carried out via the iodine reaction method
as described by Wilson et al. with a slight modification [16]. Briefly, α-amylase (Sigma-Aldrich,
St. Louis, MO, USA) derived from human saliva was dissolved in phosphate-buffered saline (PBS)
at a concentration of 20 unit/mL. As a substrate for α-amylase, soluble starch was dissolved in PBS
at a concentration of 1%. To measure the inhibitory activity against α-amylase, 290 μL of PBS, 10 μL
of α-amylase solution (20 unit/mL), and 50 μL of the test substance were mixed and preincubation
was performed at 37 ◦C for 10 min. After preincubation, 350 μL of 1% soluble starch as substrate was
added and reacted at 37 ◦C for 30 min. To determine the amount of soluble starch remaining after the
reaction, 300 μL of iodine solution (0.1% KI + 0.01% I2/0.05 N HCl) was added to the reaction solution
and the absorbance was measured at 620 nm using an enzyme-linked immunosorbent assay (ELISA)
reader (Infinite 200 Pro; Tecan Austria GmBH, Grödig, Austria).

2.3. Pancreatic Lipase Inhibition Assay

Pancreatic lipase inhibitory activity was measured using the substrate p-nitrophenyl butyrate
(PNPB) as described by Eom et al. with slight modification [17]. Briefly, an enzyme buffer was prepared
by adding 30 μL of porcine pancreatic lipase (Sigma-Aldrich, St. Louis, MO, USA) in 10 mM of
morpholinepropane sulfonic acid and 1 mM of ethylene diamine tetra acetic acid (pH: 6.8) to 850 mL of
Tris buffer (100 mM of Tris-HCl and 5 mM of CaCl2; pH: 7.0). Then, 100 μL of DKB-117 or orlistat was
mixed with 880 mL of the enzyme buffer and incubated for 15 min at 37 ◦C. After incubation, we added
20 μL of the substrate solution (10 mM of PNPB in dimethyl formamide) and the enzymatic reactions
were allowed to proceed for 30 min at 37 ◦C. Pancreatic lipase inhibitory activity was determined
by measuring the hydrolysis of PNPB to p-nitrophenol at 405 nm with the use of an ELISA reader
(Infinite 200 Pro; Tecan Austria GmBH, Grödig, Austria). The activities of the negative control were
reviewed with and without the inhibitor. The inhibitory activity (%) was calculated according to the
formula below:

Lipase inhibition (%) = [1 − (B − b)/(A − a)] × 100

where A is the activity of the enzyme without the inhibitor, a is the negative control without the inhibitor,
B is the activity of the enzyme with the inhibitor, and b is the negative control with the inhibitor.

2.4. Animal Experiments

The protocol for animal study was approved by the Department of Biofood Research, KNOTUS
Life Science Co., Ltd. Animal Ethics Committee (17-KE-265). Male C57BL/ JJmsSlc mice, five weeks old
(18–20 g), were purchased from Central Lab Animal Inc. (Seoul, Republic of Korea). The animals were
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housed in polycarbonate cages (less than five mice/cage) under controlled temperatures (23 ± 3 ◦C),
relative humidity (55% ± 5%), and lighting conditions (lights on from 08:00 to 20:00 h), with food
and water made available ad libitum. Mice were fed either a regular diet (ND group; lab rodent
chow; Cargill-Agri Purina, Seongnam-Si, Republic of Korea) or a 60% HFD (HFD group; Saeronbio,
Uiwang-si, Republic of Korea). On the 19th day of HFD feeding, the body weight of the HFD group
was 10% higher than that of the ND group. At this time, the HFD group was divided into six additional
groups: an HFD control group, a DKB-117-100-treated group (100 mg/kg/day), a DKB-117-200-treated
group (200 mg/kg/day), a DKB-117-300-treated group (300 mg/kg/day), an orlistat-treated group
(40 mg/kg/day), and a Garcinia cambogia–treated group (200 mg/kg/day), respectively. For eight weeks,
the mice were daily treated with test article and HFD, with the exception of the ND group.

After eight weeks of treatment, the mice were not fed for 15 h and their body weight was measured.
Then, the mice were anesthetized with ether. Blood was drawn from the postcaval vein for serum
biochemical analysis. Extracted liver, abdominal fat, and inguinal fat tissue were weighed.

2.5. Blood Analysis

Separated serum was examined for total cholesterol (TCHO), triglycerides (TG), high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) levels using a blood biochemical analyzer
(model 7180; Hitachi Corp., Tokyo, Japan).

2.6. Micro-CT Analysis

At the end of the treatment, micro-CT (viva CT80; SCANCO Medical, Switzerland) was conducted,
and body fat mass was analyzed from the basal region of second lumbar to the distal end of the
fifth lumbar.

2.7. ELISA Assay

After eight weeks of treatment, carbohydrate levels in collected fecal samples and TG levels in
right-lobule liver tissue were measured. The analysis was carried out using a commercial ELISA kit
(Biochemical, MI, USA, USA, Triglyceride Assay kit, Asanpharm, Korea, Triglyceride Colorimetric
Assay Kit, Cayman, Chemical, USA).

2.8. Histopathological Analysis

Left-lobule liver tissue dissected from mice was fixed in 10% neutral-buffered formalin solution.
The dehydrated liver tissue was then embedded in paraffin wax, and sections were cut from the
paraffin-embedded tissues. These sections stained with Oil-Red-O. Histopathological changes were
assessed using an optical microscope (BX53, Olympus, Tokyo, Japan) and image analyzer (Zen 2.3 blue
edition; Carl Zeiss, Jena, Germany).

2.9. Statistical Analysis

The assumption of homogeneity was tested using Levene’s test. If the overall analysis of variance
was significant and the assumption of homogeneity of variance was met, Duncan’s multiple range test
was performed. If the assumption of homogeneity of variance was not met, Dunnett’s T3 test was used
as the post hoc test. In nonparametric multiple analysis, the Kruskal–Wallis H-test was adopted. If a
statistically significant difference was observed between groups, the Mann–Whitney U-test was used
to identify the groups. SPSS Statistics 18.0K (IBM Corp., Armonk, NY, USA) was used for all statistical
analysis and the level of significance was set at p < 0.05.

3. Result

In the α-amylase inhibitory activity test, the amount of soluble starch decreased by the enzyme
reaction was measured by the iodine reaction method. The inhibitory activity of PM extract against
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pancreatic α-amylase was determined using different concentrations (1.875, 3.75, 7.5, 15, and 30 mg/mL).
As shown in Table 1, the PM extract inhibited the enzyme activities in a dose-dependent way.

Table 1. α-Amylase inhibitory activity of PM (Phaseolus multiflorus var. albus Bailey) extract.

Sample Concentration (mg/mL) Inhibition (%)
Inhibitory Concentration

IC50 Value (mg/mL)

PM extract

30 77.6 ± 1.36

6.13
15 82.6 ± 3.20
7.5 55.0 ± 3.70
3.75 17.6 ± 2.52
1.875 5.4 ± 1.10

Acarbose 1 85.1 ± 1.66 -

Data are presented as medians ± standard deviations (n = 3).

Pancreatic lipase is the most important enzyme for the digestion of dietary triacylglycerols.
Pancreatic lipase is a key enzyme that hydrolyzes 50% to 70% of total dietary fat in the digestive system,
converting TGs to monoglycerides and free fatty acids [18]. Inhibiting pancreatic lipase is an important
strategy for treating obesity and other metabolic disorders [19]. In this study, PF extract inhibited
pancreatic lipase activity in a concentration-dependent manner, with an Inhibitory concentration (IC50)
value of 1.68 mg/mL (Table 2). The lipase inhibitory activity of PF extract may be able to suppress
dietary fat absorption in vivo as well.

Table 2. Pancreatic lipase (PL) inhibitory activity of PF (Pleurotus eryngii var. ferulae) extract.

Sample Concentration (mg/mL) Inhibition (%) IC50 Value (mg/mL)

PF extract

10 74.8 ± 2.29

1.68
5 76.4 ± 0.85

2.5 57.3 ± 1.46
1.25 23.9 ± 2.50

0.625 4.4 ± 0.76
Orlistat 1 89.3 ± 0.95 -

Data are presented as medians ± standard deviations (n = 3).

As a result of in vitro tests, the effect of inhibiting alpha amylase of PM extra and the effect of
inhibiting pancreatic lipase of PF extra were the highest at 15 and 5 mg/mL, respectively. Based on the
in vitro test results, a DKB-117 extract mixed with a PM:PF = 3:1 (w/w) ratio was prepared to perform
in vivo tests by concentration (100, 200, and 300 mg/kg).

The results of the eight weeks of body weight measurement showed that the HFD-treated group had
significantly higher values than the ND-treated group, while the DKB-117-300-, orlistat-, and Garcinia
cambogia–treated groups had significantly decreased weight as compared with the HFD-treated group
(p < 0.001). The administration of DKB-117-300 was considered to have affected the reduction of body
weight in obese models induced by HFD (Figure 1).

The concentrations of TCHO, TGs, and low-density lipoprotein (LDL) in the serum were also
remarkably higher in the HFD group compared to those in the normal diet (ND) group, which is also a
typical symptom of obesity [20].

As shown in Table 3, the HFD induced hyperlipidemia, with increases of plasma triacylglycerol
and cholesterol levels. The serum levels of total cholesterol (TCHO), TGs, high-density lipoprotein
(HDL), and LDL sharply increased in the HFD group compared to those in the ND group. LDL level
was significantly lower (p < 0.05) than in the HDF group and reduced by 19.7% after eight weeks of
DKB-117-300 administration. No significant alteration was observed in the serum levels of TCHO
and TGs. However, these conditions were improved after eight weeks of DKB-117-300 administration
(Table 3). These data clearly indicate that DKB-117 intake can effectively mitigate hyperlipidemia
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induced by HFD by reducing the lipid content in the blood. Furthermore, it was shown that the
effects of weight gain reduction by DKB-117-300 treatment had an overall effect on the blood lipid
metabolism index.

Figure 1. Effects of DKB-117 extracts on body weight in high-fat diet (HFD)–induced obese mice.
The values are presented as means ± standard error of the means (SEMs). *** A significant difference
at the p < 0.001 level was observed versus the normal diet group (ND). ### A significant difference
at the p < 0.001 level versus the HFD. ND, normal diet control group; HFD, high-fat diet control
group; DKB-117-300, DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg; DKB-117-100, DKB-117
100 mg/kg; Orlistat, orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.

Table 3. Effect of DKB-117 extracts on serum lipid profiles in HFD-induced obese mice after fasting for
15 h at the end of the study.

Experimental Group
Serum Lipid Profiles (mg/dL)

TCHO TG HDL LDL

ND 108.6 ± 3.6 60.5 ± 8.5 72.1 ± 1.9 5.2 ± 0.6
HFD 197.6 ± 9.9 *** 148.7 ± 7.5 *** 132.2 ± 4.4 *** 16.1 ± 0.8 ***

HFD+DKB-117-300 173.5 ± 6.9 *** 133.2 ± 7.7 *** 120.2 ± 5.1 *** 12.3 ± 0.6 ***, #
HFD+DKB-117-200 189.7 ± 7.3 *** 128.5 ± 9.5 *** 124.1 ± 5.3 *** 13.9 ± 0.7 ***
HFD+DKB-117-100 195.4 ± 4.7 *** 131.6 ± 9.2 *** 120.6 ± 5.4 *** 14.2 ± 1.1 ***

Orlistat 172.5 ± 5.4 *** 133.9 ± 10.8 *** 117.6 ± 2.6 *** 12.5 ± 0.9 ***, #

The values are presented as means ± SEMs. *** A significant difference at the p < 0.001 level was observed versus
the ND. # A significant difference at the p < 0.05 level was observed versus the HFD. ND, normal diet control
group; HFD, high-fat diet control group; DKB-117-300, DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg;
DKB-117-100, DKB-117 100 mg/kg; Orlistat, orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg, TG: triglyceride;
HDL, high-density lipoprotein, LDL: low-density lipoprotein, TCHO: total cholesterol.

Sung et al. reported that extracts exhibiting lipase inhibitory activity effectively lower cholesterol
and TG levels that were elevated due to HFD intake. In this experiment, the lipase inhibitor (orlistat)
effectively lowered TCHO, TGs, and LDL, which are increased by HFD intake [19]. Orlistat is known
to inhibit the hydrolysis of dietary fat to free fatty acids so that the fat is not absorbed in the intestine
but rather is excreted directly in the feces, thereby reducing a person’s weight and improving their
blood lipid levels and glucose metabolism [21]. The DKB-117-300-treated group appeared to present
improvements in the lipid metabolism index effectively through lipase inhibitory activity.

Micro-CT scans showed that the total fat, abdominal fat, and subcutaneous fat were all increased
in the HFD-induced obese mice compared with those in the ND mice. However, these fats were
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significantly decreased when DKB-117-100 administration was concomitant. Especially, DKB-117-100
showed an equal or superior effect to that of orlistat and Garcinia cambogia used as positive controls.
In the case of orlistat, only the visceral fat amount was significantly higher than that in the HFD-treated
group (Figure 2).

The experiment was carried out during eight weeks. We measured the weight of inguinal and
abdominal fat. After finishing the eight-week test, the weights of inguinal fat and abdominal fat,
respectively, were measured after the autopsy. The orlistat group showed a statistically significant
decrease in the inguinal fat mass compared to the HFD group, while the DKB-117-100 group showed a
statistically significant decrease in the absolute amount of abdominal fat and inguinal fat compared to
the HFD group (Figure 3).
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(C) 

(D) 

Figure 2. Effects of DKB-117 extracts on fat volume in HFD-induced obese mice. C57BL/6J mice
consumed a HFD or ND for eight weeks. (A) Transverse microcomputed tomography (micro-CT)
images. (B) Total fat volume, (C) abdominal fat volume, and (D) subcutaneous fat volume were
measured using micro-CT. The values are presented as means ± SEMs. ***/**/* A significant difference
at the p < 0.001/p < 0.01/p < 0.05 level was observed versus the ND. # A significant difference at the
p < 0.05 level was observed versus the HFD. ND, normal diet control group; HFD, high-fat diet control
group; DKB-117-300, DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg; DKB-117-100, DKB-117
100 mg/kg; Orlistat, orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.

(A) (B) 

Figure 3. Effect of DKB-117 extracts on (A) abdominal and (B) inguinal fat weight in HFD-induced
obese mice. The values are presented as means ± SEMs. ***/**/* A significant difference at the
p < 0.001/p < 0.01/p < 0.05 level versus the ND. ##/# A significant difference at the p < 0.01/p < 0.05
level versus the HFD. ND, normal diet control group; HFD, high-fat diet control group; DKB-117-300,
DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg; DKB-117-100, DKB-117 100 mg/kg; Orlistat,
orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.

As a result of the measurement of fat content in the liver using Oil-Red-O staining, the HFD-treated
group revealed a significant increase in fat area in the liver compared to the ND-treated group (p< 0.001).
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In the DKB-117-treated group (100, 200, or 300 mg/kg), the dose-dependent area of fat staining decreased,
and the DKB-117-100-treated group showed a significant decrease compared to the HFD-treated group
(p < 0.05). In addition, the DKB-117-100-treated group showed statistically equivalent efficacy results
compared to the Garcinia cambogia–treated group (Figure 4).
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(B) 

Figure 4. Effect of DKB-117 extracts on lipid accumulation in HFD-induced obese mice. (A) The
Oil-Red-O staining in liver sections (×400, magnification) and (B) quantification of the positively
stained area. The values are presented as means ± SEMs. ***/**/* A significant difference at the
p < 0.001/p<0.01/p<0.05 level compared to the ND. ###/# A significant difference at the p < 0.001/p < 0.05
level versus the HFD. ND, normal diet control group; HFD, high-fat diet control group; DKB-117-300,
DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg; DKB-117-100, DKB-117 100 mg/kg; Orlistat,
orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.

The liver is an important organ responsible for lipid metabolism, along with fat tissue [22].
Free fatty acids are the most basic elements of the energy metabolism in the body and are transferred
to other organs in the form of TGs [23]. An imbalance in lipid metabolism causes an intracellular
accumulation of TGs. We confirmed that liver fat was significantly accumulated by eating HFDs.
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As shown in Table 3 and Figure 5, the HFD induced hyperlipidemia, with increases in
plasma triacylglycerol and cholesterol levels and induced fatty liver along with an accumulation of
triacylglycerol in the liver.

Figure 5. Effect of DKB-117 extracts on liver TG levels in HFD-induced obese mice. The values are
presented as means ± SEMs. *** A significant difference at the p < 0.001 level versus the ND. ##/# A
significant difference at the p < 0.01/p < 0.05 level versus the HFD. ND, normal diet control group;
HFD, high-fat diet control group; DKB-117-300, DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg;
DKB-117-100, DKB-117 100 mg/kg; Orlistat, orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.

As a result of the analysis of TG content in liver, the HFD-treated group showed a significant
increase (p < 0.001) as compared with the ND-treated group, while the DKB-117-100-, orlistat- and
Garcinia cambogia–treated groups showed a significant decrease as compared with the HFD-treated
group (p < 0.05 or p < 0.001). Similar to the results of weight loss, the results here showed that
DKB-117-300 intake reduced liver lipid accumulation through a mechanism of digestive enzyme
inhibition (Figure 5).

The amount of carbohydrates in the feces was not different between the HFD and ND groups.
The DKB-117-100 group showed a significant increase (p < 0.01) in carbohydrate content as compared
with that in the HFD group, while the orlistat group showed a significant increase in TGs, TCHO,
and carbohydrates at the eighth week (Figure 6).

Figure 6. Effects of DKB-117 extracts on feces carbohydrate levels. The values are presented as
means ± SEMs. ***/* A significant difference at the p < 0.001/p < 0.05 level versus the ND. ###/## A
significant difference at the p < 0.001/p < 0.01 level versus the HFD. ND, normal diet control group;
HFD, high-fat diet control group; DKB-117-300, DKB-117 300 mg/kg; DKB-117-200, DKB-117 200 mg/kg;
DKB-117-100, DKB-117 100 mg/kg; Orlistat, orlistat 40 mg/kg; Garcinia, Garcinia cambogia 200 mg/kg.
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4. Discussion

In the present study, the effects of PM and PF extracts on digestive enzymes were assessed.
In in vitro studies, PM extract and PF extract have increased dose-dependent inhibitory activity on
α-amylase (IC50 value: 6.13 mg/mL) and pancreatic lipase (IC50 value: 1.68 mg/mL), respectively.
Notably, α-amylase, one of the digestive enzymes secreted from the pancreas and salivary glands,
is involved in important biological processes such as the digestion of carbohydrates. α-Amylase
inhibitors are well known to be effective in reducing postprandial hyperglycemia by slowing
the digestion of carbohydrates and absorbing postprandial glucose. Reducing postprandial
hyperglycemia prevents glucose uptake into adipose tissue, inhibiting the synthesis and accumulation
of triacylglycerol [24,25].

On the other hand, pancreatic lipase is one of the most important enzymes for the digestion of
dietary triacylglycerols. It is well known that dietary lipid is not directly absorbed from the intestines
unless it has been subjected to the action of pancreatic lipase [24]. It has been clinically reported that a
pancreatic lipase inhibitor, orlistat, prevented obesity and hyperlipidemia through the increment of fat
excretion in the feces and the inhibition of pancreatic lipase. Based on this fact, the inhibition of these
digestive enzymes is an important factor in the treatment of obesity [26,27].

We confirmed the anti-obesity effect of DKB-117 by way of digesting enzyme inhibition through
in vivo testing. As a result of the test, DKB-117 extracts revealed effects of reducing weight and
total fat in HFD-induced obese C57BL/6J mice. Micro-CT imaging was performed to quantify fat
volume (total fat, abdominal fat, and subcutaneous fat). This method can readily discriminate between
subcutaneous and abdominal fat [28]. Our results revealed that DKB-117 was able to reduce these
fats. The in vivo test results demonstrate that DKB-117 administration regulates serum biochemical
parameters (TCHO, TG, HDL, and LDL) in HFD-induced obese mice. These results are associated with
an anti-hypercholesterolemic effect of PF [13,14]. In addition, the DKB-117 extracts increased TG and
carbohydrate emissions in feces compared to those in the HFD group. It is expected that DKB-117
extracts promote the release of fat and carbohydrates due to the α-amylase inhibitory effect and the
lipase inhibitory effect. Garcinia cambogia, which is currently used as a dietary supplement, is known to
help reduce body fat by inhibiting the enzymes needed to synthesize carbohydrates into fat [29].

On the other hand, the DKB-117 extracts are expected to have an anti-obesity effect
through a complex mechanism that promotes carbohydrate release through the inhibition of
carbohydrate-degrading enzymes and which inhibits lipid absorption through lipase inhibition.
It was observed that DKB-117 can effectively inhibit weight gain in animal experiments through a
complex mechanism of inhibition of pancreatic lipase activity and inhibition of amylase activity, which
is considered to be a suitable anti-obesity measure for Koreans who use carbohydrate as a staple food.

While the existing research on herbal extract (Garcinia cambogia, Plantago psyllium, Morus alba)
single-action mechanisms is underway, it has been confirmed through this study that they are effective
in anti-obesity in the battle against DKB-117 multifunction machines. Based on the results of in vitro
and in vivo tests, the anti-obesity effects of DKB-117 in human application tests will be confirmed.
Furthermore, it is determined that active ingredients should be investigated through the study on the
separation of components of DKB-117.

In the future, the safety and efficacy of the DKB-117 extracts should be demonstrated through
ongoing clinical trials; we plan to search for the activity compound in the DKB-117 extracts as well as
perform additional testing of enzyme activity for lipid metabolism so that it can be widely used as a
functional food material.

5. Conclusions

In summary, results of the present study revealed that DKB-117 extracts possess significant
anti-obesity activities. These data clearly show that DKB-117 extracts are expected to have an
anti-obesity effect through a complex mechanism that promotes carbohydrate release through the
inhibition of carbohydrate-degrading enzymes while blocking lipid absorption through lipase inhibition.

107



Nutrients 2020, 12, 3053

Pancreatic lipase is an enzyme that is secreted from the pancreas and hydrolyzes the ester bonds of
triglycerides to produce glycerol and fatty acids.

Decomposed glycerol and fatty acids are absorbed by the mucosal cells of the small intestine and
are used as an energy source, but fat that has not been used as an energy source is synthesized into
triacylglycerol again through the monoacylglycerol pathway and accumulated in the body.

Suppressing pancreatic lipase activity inhibits hydrolysis of triacylglycerol into glycerol and
fatty acids, thus inhibiting liposuction through the small mucous membrane, reducing the amount
accumulated in the body to prevent obesity.

By suppressing the a-amylase activity, the hydrolysis of ingested polysaccharides is inhibited,
so that the absorption of excessively ingested carbohydrates in the body can be reduced and obesity can
be prevented. It was confirmed that DKB-117 exhibits an anti-obesity effect by a method in which not
only suppression of fat absorption but also suppression of excess carbohydrate absorption act together.

Based on the above results, our team plans to secure the anti-obesity effect and safety of DKB-117
extract through clinical trials.
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Abstract: Nowadays, one of the most important research directions that concerns the scientific world
is to exploit the earth’s resources in a sustainable way. Considering the increasing interest in finding
new sources of bioactive molecules and functional products, many research studies focused their
interest on demonstrating the sustainability of exploiting marine macroalgal biomass as feedstock
for wastewater treatment and natural fertilizer, conversion into green biofuels, active ingredients in
pharmaceutical and nutraceutical products, or even for the production of functional ingredients and
integration in the human food chain. The objective of the present paper was to provide an overview
on the recent progress in the exploitation of different macroalgae species as a source of bioactive
compounds, mainly emphasizing the latter published data regarding their potential bioactivities,
health benefits, and industrial applications.

Keywords: macroalgae; bioactive compounds; bioactivities; antimicrobial; antiproliferative
activity; polysaccharides

1. Introduction

Algae are part of a heterogeneous group of photosynthetic organisms. The division includes
multicellular organisms, macroalgae or seaweed (reaching sizes of up to 60 m in length), and unicellular
organisms, also known as microalgae (measuring from 1 mm to several cm). One way to classify
macroalgae is on the basis of their pigmentation: (i) brown seaweed (Phaeophyceae), (ii) red seaweed
(Rhodophyceae), and (iii) green seaweed (Chlorophyceae) [1].

Algae are distributed in diverse and extreme environments. They are valuable due to their high
content in compounds with different biological activities, including both complex organic compounds
and primary and secondary metabolites. Worth mentioning, among them are phytopigments
(xanthophylls and carotenoids), polyunsaturated fatty acids (PUFAs) comprising docosahexaenoic acid
(DHA), phenolic compounds, tannins, peptides, lipids, enzymes, vitamins, carbohydrates, terpenoids,
and others. Thus, algae are a viable and economical biomass source of valuable compounds with
potential applications in the nutraceutical, pharmaceutical, chemical, food, and cosmetic industries
due to their biologically active and regenerative properties [2–6].

In recent years, macroalgae have gained more and more interest owed to their various health
promoting properties that can decrease the risks of many chronic diseases and even help to extend
the lifespan [7,8]. Macroalgae can also be used for wastewater treatment or as a natural fertilizer in
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agriculture, therefore improving the quality of the products and minimizing the need for chemical
fertilizers [9–11]. The potential of macroalgae as a source of renewable energy is also of considerable
interest. These aquatic organisms have the ability to mitigate carbon dioxide emissions and nowadays
are being used as feedstock to produce “clean” or so-called “third generation biofuels” [12].

The most important applications of algae are synthetized in Figure 1.

Macroalgae applications

Biofuel production

Food industry

Antimicrobial compounds isolation

Antioxidant compounds isolation

Health care and cosmetic industry

Bioactive compounds extraction

Wastewater treatment

Biofertiliser

Figure 1. The main applications of macroalgae.

This review focuses on the recent progress in exploitation of different macroalgae species as a
source of bioactive compounds, mainly emphasizing the latter published data (between 2010 and 2020)
regarding the health benefits, their bioactivities, and potential applications.

2. Algae Chemical Composition

The use of different marine macroalgae (seaweed) as sources of bioactive compounds had the
advantage to exploit an under-utilized renewable natural resource. It was demonstrated that this
biomass produced a broad spectrum of nutrient and bioactive secondary metabolites. The chemical
composition of macroalgae varies considerably due to both environmental conditions (light intensity,
growth habitat, seawater salinity, temperature) and genetic differences among species [2,13].

Macroalgae have a protein content that can range from 7 to 31% of dry weight and a lipid content
ranging from 2 to 13% of dry weight [14]. A considerable amount of carbohydrate can also be found in
macroalgae (up to 32–60% of dry weight).

Regarding the macroalgae content in micronutrients, they are a good source of vitamins, especially of
the B-group representatives (i.e., B1, B12), as well as the lipophilic vitamins A and E (tocopherol) [13,15–17].
The richness in vitamin B12 propels the macroalgae-based products as dietary supplements for a vegan
lifestyle, considered to be at risk for vitamin B12 deficiency [18]. Within the mineral composition,
the most significant microelements present in the seaweeds are usually potassium, sodium, magnesium,
and calcium, accounting for more than 97% of the total mineral content. Other microelements such
as copper, iron, manganese, and zinc are found in small amounts (ranging from 0.001 to 0.094% of
seaweeds’ dry weight) [19].
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2.1. Protein and Amino Acid Composition

Proteins are a major class of compounds, essential for human nutrition. For food products,
the amount of protein is considered a quality parameter, but of equal importance for human health
is the protein quality (e.g., protein composition in amino acids, the ratio of essential amino acids,
their digestibility, and bioavailability). It is well known that seaweeds can be used as a nutrient source,
especially in developing countries. In this sense, macroalgae is considered a sustainable nutrient
alternative source, mainly due to high-value proteins.

Nine of the 21 amino acids are considered essential for humans, namely: histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine. Proteins of animal
source have a chemical score of 1.0, meaning that animal proteins contain all the essential amino acids
in a minimum proportion necessary for the human body. Instead, the chemical score for cereal proteins
normally ranges from 0.4 to 0.6, while the one for algae proteins ranges from 0.75 to 1.0 indicating that
the protein quality of algae is superior to most terrestrial plants [14]. Therefore, macroalgae are able to
cover the human requirements for essential amino acids [13].

The protein content of marine algae differs according to species. Although the protein level is
generally low in brown seaweeds (3–15% on dry weight basis (DW)), and moderate in green seaweeds
(9–26% DW), in red seaweeds the content can reach 47% DW [20]. One gram of algae meal from algae
with the highest protein levels (e.g., Enteromorpha intestinalis, Palmaria palmata, and Vertebrata lanosa)
contains equal to or higher amounts of all of the essential amino acids compared to rice, corn, and wheat.
In addition, the lysine content was reported to be three to nine times higher. The approximate amount
of free amino acids can range from 2 to 14.5%, the lowest amount being reported in the green algae and
highest in the red varieties [13]. If we consider nonessential amino acids, the green seaweed proteins
contain high levels of glutamic and aspartic acids (that can have a concentration up to 26 and 32% of
the total amino acids), but also alanine and glycine [20].

The seaweed varieties that have a high protein level can be used as ingredients in the manufacturing
process of different foods. Porphyra species are known to be used in the famous sushi preparations.
The same seaweeds are also processed into roasted products (such as yaki-nori) or they can be
boiled in soy sauce (tsukudani-nori) [6]. For instance, species such as Ulva pertusa, Enteromorpha sp.,
and Monostroma sp. (protein levels of 26, 19, and 20% dw, respectively) are mixed together to create
a food product called “aonori” (or green laver), a protein rich product very appreciated in Japan.
In Europe and Canada, Palmaria palmata is often used as a food ingredient. Due to its high protein
content (up to 35% dw), this specie of algae can be processed into dry flakes and used to obtain different
functional products [21,22].

2.2. Lipid and Fatty Acid Composition

The lipid content is relatively low in macroalgae species, with values less than 5% w/dw. Variations
in the quantity and in fatty acids profile can be attributed to both environmental (light intensity, seawater
salinity, temperature) and genetic differences among species. In general, it has been observed that
brown species have a higher lipid content compared to green varieties [23,24].

However, nearly half of lipids are polyunsaturated fatty acids such as eicosapentaenoic acid (EPA)
and arachidonic acid (AA). Red and brown algae are rich in EPA and AA, while green seaweeds such as
Ulva pertusa predominantly contain hexadecatetraenoic, oleic, and palmitic acids, and also significant
levels of PUFAs, such as linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3) [23,25]. Moreover, the ratio
between ω-6 and ω-3 and the ratio between PUFAs and SFAs (saturated fatty acids) found in red and
brown algae are more favorable for human health than those found in green algae [26].

Besides the fatty acids, the lipidic fraction of macroalgae contains glycolipids and phospholipids.
Glycolipids are carbohydrates (mono- or oligosaccharide) that are linked to a lipid (through a glycosidic
bound), being essential components of the cellular membrane. Several studies were conducted on
different glycolipids from seaweed (e.g., monoglycosyl diacylglycerol subfraction from Fucus distichus;
monogalactosyl diacylglycerols from Sargassum horneri; sulfoglycolipids from Porphyra crispata),
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showing their anti-inflammatory and antiproliferative effects, respectively [27–29]. Regarding lipid
extraction, Ramola et al. [30] and Margareta et al. [31] found that the most efficient solvent was a mixture
of chloroform: methanol (2:1) with an efficiency of 14% compared to hexane (2:1) with 12.5% efficiency.

2.3. Carbohydrates

Carbohydrates, which include mono-, oligo- and polysaccharides, are considered an important
and irreplaceable source of energy necessary to support different functions of the human body and
its physical activity [32]. Of these, algal polysaccharides such as alginates, carrageenan, fucoidan,
and laminarin, were found to exhibit a wide spectrum of biological activities, amongst which the
antioxidant, antithrombotic, anti-inflammatory, and neuroprotective activities are the most studied [33].
Additionally, the nondigestible oligosaccharides can act as prebiotic agents gaining increased attention
due to their positive influence on the gut flora [34–36]. The qualitative differences of the sugar
backbone, the molecular weight, and also the sulfation degree vary the pharmacological effects of algal
carbohydrates [37].

In general, edible seaweeds present a variable carbohydrate content. Reported to fresh weight,
carbohydrates levels vary from 4.1/100 g wet weight in Ulva sp., to 13.1/100 g wet weight in species
Ascophyllum nodosum, with species Laminaria digitata having a content of 9.9/100 g wet weight [3].
Furthermore, the Undaria pinnatifida species contains carbohydrates in a content of 9.14% [38]. Related
to dry matter, the total carbohydrate concentrations in the seaweed species represent up to 76% of
their dry weight. In this sense, species such as U. pinnatifida contains between 45 and 52% total
carbohydrates. A high content of carbohydrates can be also found in Saccharina japonica brown algae
(51.9% of dry weight), Gracilaria chilensis red algae (66.1% of dry weight), and Ulva compresa green algae
(48.2% of dry weight) [17,39,40].

According to literature data, the sulfated polysaccharides represents one of the main constituents [41,42].
The highest contents are found in genera such as Ascophyllum, Porphyra, and Palmaria. Additionally,
species Kappaphycus alvarezii and Eucheuma spinosum present a content of polysaccharides up to 56
and 40%, respectively [43]. Carrageenans are one of the major constituents of red seaweed cell walls
representing 30 to 75% of the algal dry weight. Ulvans are the major constituents of green seaweeds
cell walls representing 8 to 29% of the algal dry weight. Alginates and fucans are the major constituents
of brown seaweeds cell walls representing between 17 and 45%, respectively 5 to 20% of the algal
dry weight. Furthermore, brown seaweeds contain laminarin up to 35% of the algal dry weight [44].
Porphyran, a linear sulfated polysaccharide, was found to be one of the main components isolated from
Pyropia yezoensis (edible red alga cultivated and consumed mainly in East and Southeast Asia) [45].
Considering the applicability in the food industry, seaweed polysaccharides such as agar, alginates,
and carrageenan are the most important and economically feasible obtained products due to their
rheological gelling and thickening properties [17].

2.4. Pigments

Macroalgae use light as energy source and pigments play a key role in gathering solar energy.
These pigments absorb light from the visible spectrum [46,47]. Carotenoids are orange/red pigments
that absorb light energy and then pass it on to chlorophyll, therefore playing a secondary role in
photosynthesis [48]. Carotenoids supplement the light gathering potential of the algae. There is
an alteration for both chlorophyll and carotenoid content in seaweeds depending on the ultraviolet
radiation (UV) levels throughout the year. Both chlorophyll and carotenoid pigments possess
antioxidant and chemo preventive properties [37,49]. The main algal pigments in commercial use at the
present time comprise: beta-carotene, astaxanthin, lutein, phycocyanin, chlorophyll, and fucoxanthin.

2.4.1. Carotenoids

Carotenoids are terpenoid pigments widely distributed that are divided into two main groups:
carotenes (unsaturated hydrocarbons) and xanthophylls (carotenes’ oxygenated derivatives—of
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which in algae the most representatives are fucoxanthin, astaxanthin, lutein, and zeaxanthin) [50,51].
β-carotene is the major unsaturated hydrocarbon in brown and green seaweeds [37,52].

Carotenoids are a well-known as antioxidant agents [53]. Fucoxanthin exerts strong 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity, most of it under anoxic conditions, being also
recognized to exhibit anti-inflammatory properties. Its inhibitory activity against proinflammatory
agents, such as nitric oxide (NO), tumor necrosis factor alpha (TNF-α), interleukin-1β, prostaglandin E2
(PGE2), and interleukin-6 (IL-6) was reported in [54]. A number of studies suggest that fucoxanthin is a
promising and upcoming anticancer and antitumor agent and can suppress metastatic potential [55,56].
It also exhibited favorable levels of chemopreventive and/or chemotherapeutic activities against
different human colon cancer cell lines, in combination with troglitazone being able to induce cell
apoptosis via DNA fragmentation [57]. U. pinnatifida ethanolic extract, rich in fucoxanthin, was found
to improve the plasma and lipid profile in high-fat diet mice. Aki et al. [58] investigated the effects
of the seaweed carotenoids on unsaturated fatty acid metabolism in a hepatocyte culture (BRL-3A).
The molecular mechanism revealed that fucoxanthin and its physiological metabolite, fucoxanthinol,
caused alterations in fatty acid composition, leading to a decrease in EPA and the accumulation of
docosahexaenoic acid.

2.4.2. Chlorophylls

Chlorophylls are pigments which contain in their structure a central magnesium ion, playing a
functional role in the algae photosynthesis process but also a protective role ensuring the algal tissue
integrity against oxidative stress that may be excessive UV radiation [37]. Terrestrial plants and brown
algae are dominated by chl a, while chl b is mainly related to green algae. Additionally, brown algae
are considered the main source of chl c, while chl d is specific to red algae [59]. Chlorophyll is known
to be converted into pheophytin, pyropheophytin, and pheo-phorbide in processed vegetable food
and following ingestion by humans. These derivates show antioxidant and antimutagenic effect and
may play a significant role in cancer prevention [17]. Beside the biological activities and health effects
of the different chlorophyll catabolites, the seaweeds can also be considered as an alternative to replace
the synthetic pigments used in the food industry.

2.5. Phenolic Compounds

Among the current interests of the scientific community is to find a sustainable source of bioactive
molecules in order to reduce the use of synthetic compounds. In this sense, macroalgae phenolic compounds
have gained particular attention due to their specific bioactivities and health-promoting benefits,
including antioxidant, antiproliferative, antimicrobial, antiallergic, antidiabetic, and neuroprotective
properties [60–63]. Similar to terrestrial plants, these secondary metabolites are essential to the normal
growth and development of macroalgae, supporting the natural defense system against various
disturbing factors such as diseases, injuries, and environmental aggression [64]. Structurally, phenolic
compounds from terrestrial plants are derived from gallic and ellagic acid, while the algal compounds
are derived from polymerised phloroglucinol units (1,3,5-trihydroxybenzene) [17].

The phenolic compounds present in macroalgae vary from simple molecules, such as phenolic
and cinnamic acids or flavonoids, to the more complex phlorotannin polymeric structures,
their concentration being closely dependent on a number of intrinsic and extrinsic factors, such as
species, seasonal variations, and environmental conditions [64]. Of all the seaweed phenolic metabolites,
the main attention has been focused on phlorotannins (phloroglucinol, eckol, 7-phloroeckol, 6,6-bieckol,
phlorofucofuroeckol A, fucodiphloroethol), identified in considerable quantities in brown Ecklonia
species [40]. Other compounds such as hydroxybenzoic acid derivatives (gallic, p-hydroxybenzoic,
vanillic, and syringic acids), hydroxycinnamic acids (caffeic, ferulic, sinapic, and p-coumaric acids),
flavonoids (epicatechin, epigallocatechin, rutin, quercitrin, hesperidin, myricetin, and kaempferol),
and bromophenols were identified in variable concentrations in all green, red, and brown
species [17,40,64].
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3. Algae Applications in the Food Industry

Algae species have been used as plain food since ancient times. In Asia and in the East,
the tradition of eating algae is a long-standing one, while in the Western countries, the interest in
consuming algae-based products is quite recent but gaining increasing terrain [65]. Algae have
manifold uses in different industry fields as a result of their rich chemical composition and content
of bioactive substances. Moreover, their gelling, thickening, and stabilizing properties have driven
the isolation and development of products such as agar, alginate, and carrageenan [66,67]. Due to
these properties, algae have a main use in the food industry as hydrocolloids or as functional
ingredients in different fish and meat products (steaks, frankfurters, or sausages), milk-based and
fermented products [68–70], or cereal-based products (flour, pasta, bread, and biscuits) [4,21]. Moreover,
these algae-based hydrocolloids are of utmost importance for food industry innovative fields such as
molecular gastronomy.

In the dairy industry, algae were added in order to improve the nutritional value of cheese
and other milk-based products [68]. Laminaria was added to smoked cheese, yoghurt, and milk
deserts, giving them not only improved nutritional properties but also good sensory characteristics.
Laminaria saccharina algae from the North Sea can be also introduced into cottage cheese or fresh cheese
composition in order to improve their iodine content [69]. In addition to their nutritional properties,
algae have been shown to have the ability to increase product stability during shelf-life due to the
presence of compounds with antibacterial and antioxidant potential. In this sense, it was demonstrated
that when algae Wakame (U. pinnatifida) and Kombu (Laminaria japonica) were added into the cheese
composition, the product quality was maintained for a longer storage period [70]. In the meat industry,
algae were added in the diet of lambs and chickens in order to improve the content of DHA, EPA [71,72],
and antioxidants [73,74].

Recent studies on the bioactivity of some common species, such as H. elongata and U. pinnatifida,
recommend their use in the composition of functional foods, due to the high content of antioxidants
and the potential to alleviate the metabolic syndrome [75]. A wide range of studies reported the high
potential of using algae as a source of prebiotics [76]. Wang et al. [77] proved that rats which had
2.5% alginate supplementation exhibited an increase in Bifidobacterium and Lactobacillus. A dietary
supplementation of 1% laminarin was proved to result in an increase in Bifidobacterium number in
rats [78]. U. pinnatifida and Porphyra ternera extracts fed to rats resulted in lower bacterial enzyme
activity in the cecum, and also, the enzymatic activities that were reduced are implicated in the
conversion of procarcinogens to carcinogens, therefore implying a possible link between seaweed
extract intake and the reduced risk of colon cancer [79].

The most use species of algae in the food industry are summarized in Table 1 below.

Table 1. The most used species of algae in food industry and their general characteristics.

Laminaria digitata

Dark brown, to 2 m in length; presents a claw-like holdfast, a smooth, flexible stipe, and also a
laminate blade to 1.5 m long split into finger-like segments [80]

The species is rich in alginates, mannitol, and amino acids. [20,81]

Very rich in iodine; therefore, this seaweed promotes slimming and has antiseptic properties [82]

Dictyota dichotoma

Thallus is flat and leaf-like, up to 30 mm long and 5–30 mm broad. The fronds are thin and
translucent; colors differ from olive to golden-brown [80]

Produces large amounts of heterogeneous polysaccharides when submitted to the extraction
procedures used to obtain fucoidans [83]

Undaria pinnatifida
Thallus fixed by a ramified holdfast [84]

Rich source of eicosapentaenoic acid, an omega-3 fatty acid, and presents high levels of sodium,
calcium, iodine, thiamine, and niacin [16,38]
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Table 1. Cont.

Enteromorpha linza
Can be distinguished by its smooth thallus, most with a ruffled margin [85]

Rich in essential amino acids, fatty acids, vitamins, dietary fiber, and resistant protein [2,3,86]

Ecklonia cava

A perennial brown alga and exists mainly in subtidal areas off the coast of Japan and Korea [87]

Eckol isolated from E. cava attenuates oxidative stress-induced cell damage in lung fibroblast cells [88]

Exhibits radical scavenging activity, but also antiplasmin inhibiting activity, antimutagenic activity,
bactericidal activity, human immunodeficiency virus type 1 (HIV-1) reverse transcriptase,
and protease inhibition [89]

4. Health Effects

Seaweeds contain a large variety of bioactive compounds that may be involved in the prevention
and treatment of many diseases. They have several mechanisms for disease prevention and/or
treatment. In this regard, some epidemiological, clinical, and meta-analysis studies associate the lower
incidence of different chronic diseases, such as cancer, cardiovascular deficiency, diabetes, Parkinson
disease, obesity related disorders, and metabolic syndrome, with a diet profile that includes seaweed
consumption [49,90–93]. The main benefits on human health are presented in Figure 2.

Edible seaweeds

Immunity

Cancer prevention

Boosts immunity

Prevents inflammation

Antibacterial activity

Antioxidant activity

Skin benefits

Antiaging

Collagen boosting

Photoprotective action

Growth regulation

Supports bone growth

Regulates blood sugar

Reduces lipid accumulation

Figure 2. Health effects of macroalgae on human health and wellbeing.

4.1. Blood Pressure, Sugar, and Fat Reduction

Seaweeds are known to be rich in linolenic acid and its derivatives. These compounds can reduce
blood viscosity and also smooth the interaction between blood vessels and vasoconstrictor substances.
It was shown that when linolenic acid concentration increased by 1%, the blood pressure can diminish
by 5 mmHg [90,94–96]. In this sense, Ryan et al. [86] analyzed the possible reduction in blood pressure
using DHA algae oil and found that blood pressure reduction and heart rate were significantly reduced.

Alginate was shown to reduce blood sugar level, with sodium alginate supplementation
of patients with diabetes type II leading to a decrease in the blood peak glucose level [96–99].
Porphyran and peptides were also proved to reduce blood sugar and blood pressure in rats and rabbits
(Porphyra yezoensis in 1.6 g/L and 0.47 mg/mL) [100,101]. Fucoidan can reduce blood fat and sugar levels
by disrupting fat absorption. Fucoidan is known to improve endoplasmic reticulum stress-reduced
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insulin sensitivity through adenosine monophosphate-activated protein kinase activation, and it can
restore lipid homeostasis in mice with type II diabetes [102,103]. Linolenic acid aids the transformation
of low-density lipoprotein (LDL) cholesterol to high-density lipoprotein (HDL) cholesterol and,
therefore, can regulate fat metabolism [90,96,104].

4.2. Anticoagulant and Antithrombotic Properties

According to WHO, cardiovascular and cerebrovascular diseases have become the main cause
of population mortality. Sulfated polysaccharides extracted from algae possess anticoagulant and
antithrombotic properties [90]. In this regard, Ustyuzhanina et al. [105] showed that chemical
transformation of branched xylofucans isolated from the brown algae Punctaria plantaginea into
highly sulfated linear fucans effectively inhibited clot formation, having similar antithrombotic
and anticoagulant effects to that of the heparinoid Clexane (enoxaparin) and the native fucoidan
from S. latissima. E. cava was proved to be a great source of bioactive marine polyphenols, with
antihyperglycaemic, antihyperlipidaemic, anti-inflammatory, and antioxidant effects, supported
by evidence from in vitro studies as well as from those from human and animal trials already
completed [60].

4.3. Antiaging, Antidepression, and Antifatigue Properties

A number of different physical and physiological factors are relevant when it comes to aging.
The healthy function of the kidney and spleen plays an important role in human health. Seaweeds and
seaweed-derived bioactive substances regulate the nervous system function, repairing DNA, promoting
immunity, removing free radicals, regulating endocrine function, promoting healthy metabolism,
and enhancing the kidney and spleen function [106]. Fucus vesiculosus aqueous extract increases
the expression of integrin molecules. Topical application of the extract had a positive effect on the
thickness and mechanical properties of human skin [90,96,106,107]. Polysaccharides have a large
number of applications in the cosmetic industry. They act as rheology modifiers, suspending agents or
wound-healing agents [108]. Carotenoids are powerful antioxidants possessing anti-inflammatory
and antiaging properties. Several studies reported that astaxanthin, a xanthophyll carotenoid found
also in macroalgae, can lower the oxidative stress protecting the mitochondria from the cumulative
reactive oxygen species damage. Furthermore, astaxanthin was show to exhibit neuroprotective effects
suggesting its possible use in the therapeutic treatment or prevention of neurodegenerative diseases
such as Alzheimer’s or Parkinson’s disease [109,110].

Miyake et al. [111] performed a study on seaweed consumption and depressive symptoms during
pregnancy concluding that a rich seaweed diet can be associated with a lower prevalence of depressive
symptoms during pregnancy. Seaweed polysaccharides also possess antifatigue properties [112].
Higher hemoglobin, more oxyhemoglobin dissociation, and enhanced release of oxygen are responsible
for the antifatigue property.

4.4. Antimicrobial and Antioxidant Potential

The antimicrobial compounds in algae are from several chemical classes, their level varying
during algal growth and during seasons. In this sense, it was demonstrated that the Polysiphonia type
produces antibiotic compounds constantly throughout the year, the Laminaria type has the maximum
production during the winter, the Dictyota type during the summer, while Codium type has the best
efficiency during the spring [113].

Extracts obtained with different solvents from a wide range of algae species, including Ulva fasciata,
Bryopsis plumosa, Chaetomorpha antennina, Acrosiphonia orientalis, Sargassum wightii, Grateloupia filicina,
Hypnea pannosa, Gracilaria corticate Portieria hornemannii, Cheilosporum spectabile, Centroceras clavulatum,
Chnoospora bicanaliculata, and Padina tetrastromatica, were tested for their antimicrobial activity against
E. coli, S. aureus, and S. pyogenes. From the tested solvents, the mixture between methanol and toluene
(3:1 v/v) had the highest efficiency in extracting the compounds with antimicrobial potential from
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fresh biomass [114,115]. In another study, Tuney et al. [116] used methanol, acetone, diethyl ether,
and ethanol to extract the bioactive compounds from 11 seaweed species. Diethyl ether extracts
of fresh C. mediterranea, E. linza, U. rigida, G. gracilis, and E. siliculosus exerted high antimicrobial
effects (10–15-mm halo) against several organisms (including Enterococcus faecalis, Staphylococcus aureus,
Pseudomonas aeruginosa, and Escherichia coli). Instead, Bhuyar et al. [117] tested the ethanolic extract of
the red alga Kappaphycus alvarezii against Bacillus cereus, the results indicating an inhibition zone with
less than 10 mm of diameter.

The Phylum Rhodophyta (red algae) is recognized as one of the oldest groups of algae,
characterized by the presence of phycoerythrin (a red protein-pigment complex), carrageenan (a sulfated
polysaccharide), and phlorotannins. All of these compounds having strong antimicrobial activity.
Another red alga extracts, Symphyocladia latiuscula, were proved to exhibit antimicrobial activity
against a broad spectrum of microorganisms, the strongest antimicrobial effect being observed against
Vibrio mimicus (50 μg/mL) and Vibrio vulnificus (50 μg/mL) [113,118].

Species such as Laminaria saccharina, Laminaria digitata, Himanthalia elongata, Palmaria palmata,
and Enteromorpha spirulina are recognized as edible algae. Among these, H. elongata contains
considerable amount of phenolics, tannins, and flavonoids. These antioxidant compounds that
have a significant DPPH scavenging activity (50% inhibition (EC50) level at 0.125 μg/mL extract) can
promote H. elongata as a natural alternative for food preservation. Moreover, the H. elongata methanolic
extract at a concentration of 6% inhibited the growth of food spoilage (Pseudomonas aeruginosa and
Enterococcus faecalis) and food pathogenic microorganisms (Listeria monocytogenes and Salmonella abony).
Lower concentrations of the same brown seaweed extract (3%) extended the lag phase and decreased
the exponential growth rate and final population densities of microorganisms in the culture [61,119].

The antimicrobial activity of other bioactive compounds extracted from marine algae was assessed
against various microorganisms such as Staphylococcus aureus, Salmonella choleraesuis, Mycobacterium
smegmatis, Candida albicans, and Escherichia coli. From the isolated compounds, three of them (namely
cycloeudesmol (10–50 μg/mL), laurinterol (1–5 μg/mL), and debromolaurinterol (10–50 μg/mL))
exhibited antimicrobial activity at concentrations close to that of streptomycin (complete inhibition
after 48 h) [120,121].

Studies of Al-Saif et al. [122] revealed the high antimicrobial potential of several algae strains
(Ulva reticulate, Caulerpa occidentalis, Cladophora socialis, Dictyota ciliolate, and Gracilaria dendroides)
against Escherichia coli (ATCC 25322), Enterococcus faecalis (ATCC 29212), Pseudomonas aeruginosa
(ATCC 27853), and Staphylococcus aureus (ATCC 29213). The chloroform extract of Gracilaria dendroides
had the highest antimicrobial activity against E. coli (32.6 mm inhibition zone). Wahidi et al. [123]
tested the antimicrobial activity of extracts of macroalgae from Marrocan Atlantic coast against
Gram-positive (Bacillus subtilis and Staphylococcus aureus) and Gram-negative (Escherichia coli and
Pseudomonas aeruginosa) bacteria. Their results showed that the ethanolic extract of Cystoseira brachycarpa
(500 μg/disc) had the highest inhibition diameter (>20 mm) for all tested bacteria, similar to that of
control (rifampicine 30 μg).

In general, the microbial species on which the algae extracts have the strongest inhibitory activity
are Staphylococcus aureus [9], Escherichia coli [124], Salmonella spp [62,125,126], Bacillus cereus [127,128],
and Listeria monocytogenes [129,130]. For example, 100% ethanolic extracts of Pithophora oedogonium and
Botrydiopsis arhiza, at concentrations of 2, 4, 6, and 8 mg/mL, were investigated for their antimicrobial
activity against Salmonella and Staphylococcus sp. While B. arhiza extracts showed no inhibition
capacity, the P. oedogonium extract (4 mg/mL) inhibits the growth of the above-mentioned strains [126].
Jang and Lee [128] evaluated the antibacterial potential of 51 Korean domestic algae methanolic extracts
against foodborne pathogens, such as B. cereus, S. aureus, and L. monocytogenes. From the tested extracts,
microorganisms were specifically sensitive to Laurencia okamurae Yamada and Dictyopteris undulata
Holmes extracts which exerted antibacterial potential comparable with that of streptomycin [128].
C. linum methanolic extract at a concentration of 500 μg/mL was most effective against B. cereus, with a
27 mm inhibition zone, comparable with that of the standard antibiotic (chloramphenicol, 100 μg/mL).
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The high antimicrobial activity of the C. linum methanolic extract may be associated with its significant
phenolic content (672.3 mg/g gallic acid equivalent), and high scavenging activity (IC50 9.8 μg/mL) [62].

In the effort of finding new natural antimicrobials, the algae represent a rich source of bioactive
compounds with manifold activities. In this direction, several studies were conducted assessing
different fractions of methanolic or ethanolic seaweed extracts. For example, the ethyl acetate soluble
fraction of E. cava methanolic extract exhibits high antibacterial activity against L. monocytogenes
having an minimum inhibitory concentration (MIC) value of 256 μg/mL and an minimum bactericidal
concentration (MBC) value of 512 μg/mL. Instead, the chloroform fraction of the ethanolic extract of
Myagropsis myagroides was even more efficient in inhibiting the L. monocytogenes growth, with an MIC
value of 63 μg/mL [129,130].

One worthy nutritional property of algae is linked to their high content of polyphenols, flavonoids,
and carotenoids [131]. The major phenolic compounds isolated from the marine algae included
anthraquinones, coumarins, and flavonoids, with rutin, quercetin, and kaempferol flavonoids being
identified in all the algal species. According to Al-Saif et al. [122], the highest concentration of these three
flavonoids was found in alga Gracilaria dendroides (rutin, 10.5 mg/kg; quercetin 7.5 mg/kg; kaempferol
15.2 mg/kg). These compounds were proved to be the most effective flavonoids in inhibiting bacterial
growth (E. coli, P. aeruginosa, S. aureus, E. faecalis). The eckol (phlorotannin compound) isolated from
the ethyl acetate extracts of E. cava species showed potential antimicrobial activity against methicillin
resistant S. aureus, the MIC values ranging from 125 to 250 μg/mL [132]. In the case of phlorotanins
isolated from E. bicyclis, namely eckol, dieckol, dioxinodehydroeckol, fucofuroeckol-A, 7-phloroeckol,
and phlorofucofuroeckol-A, the MIC values for the inhibition of S. aureus and methicillin-resistant
S. aureus ranged between 32 and 64 μg/mL [133]. The antioxidant activity of three representative Black
Sea macroalgae, Ulva lactuca (green algae), Cystoseira barbata (brown algae), and Ceramium rubrum
(red algae), was assessed according to the antioxidative capacity in lipid soluble substances procedure
(ACL method). Of these, C. barbata showed the highest antioxidant activity (141.5 Trolox equivalent
units, nmols/g dry weight) [134].

4.5. Antiallergic Effect

The worldwide trend is to use natural substances to cure allergies, and this has led to an increased
interest in algal bioactive compounds, particularly in seaweed phenols. From the phenolic compounds,
curcumin, epigallocatechin gallate, flavonoids, and quercetin were proved to have a significant
antiallergic activity [20,21]. Additionally, fucoidan extracted from U. pinnatifida was proved to reduce
the chemical and immunological responses in an animal model [21,135,136].

The porphyran, a sulfate polysaccharide isolated from Porphyra tenera and Porphyra yezoensis,
is also known to possess antiallergic properties. The oral administration of porphyran (obtained from
dried nori, 2% in drinking water) to mice with ear edema suppressed the evolution of the disease [137].
Aside from the antiallergic potential, the porphyran was also found to exert anti-inflammatory activity,
their reactive oxygen species scavenging potential being considered the main mechanism responsible
for this action [21]. Phlorotannins from E. arborea have been used since ancient times as folk medicine
due to their antiallergic properties as reported by literature data [138]. Phlorotannins, carotenoids,
polysaccharides, PUFAs, and phycocyanins were all found to exhibit antiallergic properties [139].

4.6. Anticancer Properties

For several decades, macroalgae have been promoted for their potential role in preventing cancer
occurrence, tumor progression, and even health recovery after radio- or chemotherapy treatments [78,136].
Iodine may also exert an anticancer effect, due to the ability to cause apoptosis in cancer cells. The same
property can be attributed to the omega-3 fatty acids such as stearidonic acid and hexadecatetraenoic
acid found in edible marine algae such as Undaria and Ulva up to 40% of total fatty acids [140].

Alginate, laminaran, fucoidan, and many other seaweed polysaccharides were proven to have
antitumor activities. A high amount of polysaccharide (~65% of polysaccharide in total dry weight) can
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be found in the many seaweeds such as Ulva, Ascophyllum, Porphyra, and Palmaria [141]. Alginate is able
to clean up the intestinal tract, therefore improving immunity and intestinal tract health levels, reducing
the risk of cancer. Laminaran and fucoidan are able to induce apoptosis in order to prevent cancer,
but some unidentified seaweed polysaccharides can also exhibit direct or indirect antitumor effects.
Sargassum latifolium inhibited cytochrome P450 1A and glutathione S-transferases and reduced 1301
cell viability, inducing apoptosis [142]. Ulva fasciata extract inhibits the growth of tumor cells in human
colon cancer by 50% at a concentration of 200 μg/mL [143]. Gracilariopsis lemaneiformis was shown to
have antitumor activity by inducing apoptosis in several cancer cell lines (e.g., human lung cancer
cell line A549, the gastric cancer cell line MKN28, and the mouse melanoma cell line B16) attributed
to neutral polysaccharide with a linear structure of repeated disaccharide agarobiose units [144].
Furthermore, the extracts of Hydroclathrus clathratus and its purified polysaccharide fractions were able
to suppress the ascitic Sarcoma 180 tumor growth and prolonged the life span of the tumor-bearing
mice with 30–40%, while presenting low toxicity to the normal cells [145].

Fucoidans extracted from Dictyota ciliolata, Padina sanctae-crucis, and Sargassum fluitans brown
algae were reported to possess a high antioxidant activity being able to protect HepG2 cells from
oxidative stress. Moreover, at a concentration of 2mg/mL, none of the fucoidan extracts had cytotoxic
effects [146]. The isolated fucoidan from Sargassum polycystum exhibited potent antioxidant, anticancer,
and antiproliferative properties against human breast cancer cell line MCF 7 at 150 g/mL and an IC50 of
50 g/mL [147]. Fucoidans from Fucus evanescens at a concentration of 800 μg/mL were reported to have
anticancer properties by inhibiting the proliferation of melanoma SK-MEL-28 cell [148]. These findings
underline once more that algae fucoidans are worth considering for the development of functional
food, supplements, or drugs that can be used in the prevention of oxidative stress induced diseases.

The administration of extracts of the red alga Eucheuma cottonii to rats significantly improved the
oxidative state of cells, and contributed to the tumor suppression response against MB-MDA-431 cell
lines [149].

Meroditerpenoids are reported to be present mostly in brown algae. Metabolites such
as fallahydroquinone, fallaquinone, fallachromenoic acid, sargaquinone, sargaquinoic acid,
sargahydroquinoic acid, and sargachromenol were identified from the Sargassum fallax brown algae
and reported to possess lower to moderate antitumor activity against a P388 Murine Leukaemia cell
line [150].

4.7. Anti-Inflammatory Property

Inflammation is one of the most complex medical problems. It can be initiated by several factors,
namely environmental pollution, chemical intoxication, and bacterial infection, which lead to injury or
death of cells. Approximately 20% of all human cancers are caused due to chronic inflammation [151].
Several studies on the anti-inflammatory effect of different species of algae are listed in Table 2 below.

Table 2. The anti-inflammatory effect of different species of algae.

Algae Species
Active

Extract/Compound
Biological Activity Reference

Phorphyra dentate Methanolic extracts Anti-inflammatory effect in lipopolysaccharide (LPS)
induced mouse RAW 264.7 macrophages cell line. [152]

Caulerpa mexicana Methanolic extracts Decrease the xylene-induced ear edema and reduce cell
migration to different sites. [153]

Myagropsis myagroides Fucoxanthin LPS-stimulated RAW 264.7 macrophages. [154]

Ulva reticulate Methanolic extracts Carrageenan-induced hind paw edema in rats and
peritonitis in acute and chronic inflammatory models. [155]

Laminaria saccharina Sulfated polysaccharides Inhibits leukocyte recruitment in rat and the neutrophil
adhesion to platelets. [156]
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Table 2. Cont.

Algae Species
Active

Extract/Compound
Biological Activity Reference

Porphyra dioica
Palmaria palmate
Chondrus crispus

β-carotene
fucoxanthin PUFA

Able to inhibit LPS-induced inflammatory pathways in
human macrophages. [157]

Caulerpa cupressoides Sulfated polysaccharides Decrease neutrophils migration.
Strongly reduced the carrageenan-induced rat paw edema. [158]

Dictyota menstrualis Heterofucan

Binds to the surface of leucocytes and inhibits migration of
leucocytes to the site of injury.

Inhibit the chemical-induced leukocyte migration into the
peritoneal cavity.

[159]

Dictyopteris prolifera
Grateloupia lanceolata

Grateloupia filicina
Ethanolic extract

Concentration-dependent reduction of LPS-induced
prostaglandin E2 production.

Suppresses the expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) at the

protein level in RAW 264.7 cells.
Reduced the release of tumor necrosis factor alpha
(TNF-α) and interleukin 6 (IL-6) into the medium.

[160]

Gracilaria cornea Sulfated polysaccharide
fraction

Significantly inhibits rat paw edema induced by different
inflammatory agents (carrageenan and dextran,

histamine and L-arginin).
Downregulates interleukin-1β (IL-1β), TNF-α, and COX-2

mRNA and protein levels.

[161]

Porphyra yezoensis Dc-porphyran Inhibits nitric oxide (NO) production in LPS-stimulated
RAW 264.7 cells. [162]

Pyropia yezoensis Astaxanthin Xanthophyl Anti-inflammatory action. [163]

Lobophora variegata Fucans Inhibits the paw edema, plasma exudation, nitrite content,
and leukocyte migration. [164]

Red algae
Carrageenan, Fucoidan,

Chondroitin

Lowered the expression of inducible nitric oxide
synthase (iNOS).

Inhibited the expressions of TNF-α, IL-1β, and interferon-c
(IFN-c). Repressed pro-inflammatory cytokines and

suppressed the activity of COX-2.

[41,165–167]

Fucus vesiculosus Fucoidan Anti-atopic dermatitis [103,107]

4.8. Antifungal Effects

The antifungal effects of macroalgae were also assessed by many studies. Species such as E. cava
were found to have potential as a novel antifungal agent against T. rubrum at an MIC of dieckol of
200 μM [168], while Halimeda tuna methanolic extracts were very effective against Aspergillus niger,
Aspergillus flavus, Aspergillus alternaria, Candida albicans, and Epidermophyton floccosum [7]. Studies of
Ertürk et al. [169] evaluated the antifungal activity of Enteromorpha linza and Padina pavonica, and it was
found to be stronger than the standard antifungal activity (100 units of nystatin) against Aspergillus
niger and Candida albicans. Instead, the acetone extract of T. conoides exerted a mild antifungal capability
against Aspergillus niger, with an inhibition zone diameter close to 3 mm [170]. In a study performed
on 45 chronic asthmatic patients with acute respiratory distress, Mickymaray et al. [171] observed
the highest antifungal activity against C. albicans in the case of L. paniculata, followed by U. prolifera,
Cladophoropsis sp., A. specifera, and Tydemania sp. ethanolic fraction extracts. The minimum fungicidal
concentration and MIC values of the above algal ethanolic fractions ranged between 125 and 1000μg/mL
and 125 and 500 μg/mL, respectively [171].

Like most bioactivities of algae, the antifungal activity of seaweed extracts can be related to
the presence of phenolic compounds, polyunsaturated fatty acids, and various terpenoids [172,173].
For example, bromophenols were successfully isolated from the red alga Odonthalia corymbifera,
and others obtained by chemical transformation of bis(hydroxyphenyl)methanes with bromine were
tested for antimicrobial and antifungal activities by Oh et al. [174]. Among the natural bromophenols,
2,2′,3,3′-tetrabromo-4,4′,5,5′-tetrahydroxydiphenylmethane isolated from Odonthalia corymbifera
showed good antifungal activity against C. albicans, A. fumigatus, T. rubrum, and T. mentagrophytes while

122



Nutrients 2020, 12, 3085

two of the synthesized compounds exhibited effective antibacterial activity against S. aureus, B. subtilis,
M. luteus, P. vulgaris, and S. typhimurium [174].

4.9. Antiviral Effects

Although the research regarding the antiviral potential of algae against food-borne viruses is
gaining interest in recent years, currently, the available data are still scarce. The main compounds
from algae that have been proved to have antiviral potential are sulphated polysaccharides,
including fucoidan, sulphoglycolipids, carrageenan, and sesquiterpene hydroquinone. Marine-derived
polysaccharides and their lower molecular weight oligosaccharide derivatives have been shown to
possess a variety of antiviral activities and also exert antioxidant and antimicrobial effects. In general,
algal polysaccharides can suppress the DNA replication and inhibit the host cell colonization by
the virus. For example, the antiviral potential of polysaccharides from brown seaweeds revealed a
significant inhibiting activity against hepatitis B virus (HBV) DNA polymerase, therefore affecting
its replication [175]. The antiviral activity of these polysaccharides is exerted through suppression of
virus adhesion to the host cells (U. pinnatifida, Cystoseira indica, Ascophylum nodosum) [176]. Fucoindan
extract from Cladosiphon okamurans was used to inhibit New Castle Disease Virus in vitro in early
stages of viral infection (0–60 min post-infection), the compound displaying high selectivity index
(IS50 > 2000) for inhibiting syncytia formation [177]. Grateloupia indica, Scinaia hatei, Gracilaria corticata,
Stoechospermum marginatum, Cystoseira indica, and Caulerpa racemosa sulfated polysaccharide extracts
were screened for antiviral activity against the four serotypes of dengue virus (DENV). DENV-2
was the most susceptible serotype to all polysulfates, with inhibitory concentration 50% values in
the range 0.12–20 μg/mL [178]. Krylova et al. [179] found that modified and native fucoidans from
marine macroalgae Fucus evanescens presented antiviral properties against herpes virus or human
immunodeficiency virus. Eom et al. [180] studied the antiviral activity of phlorotannin from Eisenia
bicyclis. The results showed a strong antiviral potential against norovirus (murine norovirus, MNV)
with EC50 of 0.9 μM [180]. Serkedjieva [181] analyzed the influence of Ceramium rubrum water extract
on the reproduction of a range of influenza viruses in vitro and in ovo. The results showed that the
virus-inhibitory effect was selective, dose-dependent, and strain-specific. At a concentration over
0.5 mg/mL, the extract also inhibited the reproduction of herpes simplex virus (HSV) type 1 with MIC90

of 1.4 mg/mL.
However, there is still the need for more research to comprehensively understand the antiviral

action mechanisms of algae compounds and to benefit from their use as functional ingredients in
pharmaceutical and food industries [124].

5. Conclusions and Future Trends

Nowadays, macroalgae are gaining more interest due to their demonstrated health promoting
properties. They can be seen as a valuable source of bioactive compounds that can sustain the human
health, preventing or reducing the convalescence period for various diseases, due to their antioxidant,
anti-inflammatory, antiproliferative, antiviral, and antibacterial activities.

Although algae have been extensively analyzed regarding their content in biologically active
compounds, the potential beneficial and toxicological effects on the human body are still of major interest.
The identification of compounds directly responsible for the antimicrobial, antiviral, and anticancer
activities of algae is still a relatively incipient domain that must be elucidated. Furthermore, the research
must be oriented on their use as a substitute for antibiotics through a viable and sustainable
approach, this strategy representing progress in solving the major emerging problems related to
antibiotic resistance.

A future valorization strategy can be sustained trough an integrated biorefinery concept developed
based on cost-effective and environmentally-friendly extraction methods. In this context, more research
is needed to evaluate nutritional properties and mechanisms underlying the health benefits of a wide
variety of macroalgal products.
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Abstract: While the human body maintains homeostasis by altering the balance in the autonomic
nervous, endocrine, and immune systems, a prolonged imbalance in these systems can result in
physical and mental symptoms, including a decline in sleep quality and work efficiency. Euglena
gracilis (Euglena) is a single-celled microalga with the properties of both plants and animals and
contains abundant nutrients, such as vitamins, minerals, amino acids, and fatty acids, which have
various beneficial health effects. This study evaluated the effects of Euglena intake on the mood states
and stress coping under mental workload tasks, and subjective sleep quality. We assigned men and
women aged 20 to 64 years to Euglena and placebo intake groups, and measured indices related to the
autonomic nervous system, psychological states, and sleep quality together with the application of
workload stress before food intake, and 4, 8, and 12 weeks after commencing intake. Euglena intake
regulated the autonomic nervous system under a workload and improved psychological parameters
and sleep conditions. These results indicate that the consumption of Euglena may regulate the balance
of the autonomic nervous system during stress and may have a favorable effect on psychological
status and sleep quality.

Keywords: Euglena gracilis; paramylon; autonomic nervous system

1. Introduction

Stress is a general term for the defense response to external stimuli, such as pain, cold, and infection,
and can include mental tension and worry [1]. Recently, there has been considerable interest in the
effects of psychological stress on the body, particularly in light of the discovery of a neural pathway
that transmits stress signals from specific areas of the cerebral cortex, which processes psychological
stress and emotions, to the hypothalamus, which controls the sympathetic nervous system [2]. The
human body is constantly exposed to stress and works to maintain a constant internal environment via
the control of the autonomic nervous, endocrine, and immune systems for protection [3]. However,
excessive stress weakens the body’s stress resistance, resulting in physical and psychological symptoms,
including a deterioration in the quality of sleep and reduced work efficiency [4].

The autonomic nervous system, which includes the sympathetic and parasympathetic
nervous systems, plays several important roles in the regulation of biological functions, such as
respiration/circulation, digestion/absorption, secretion, and metabolism in a coordinated manner to
maintain homeostasis [5]. For example, an imbalance in the autonomic nervous system may prevent the
activation of the sympathetic nervous system, even during activities when it is typically activated, or
the activation of the parasympathetic nervous system, even during recovery and rest. These conditions
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lead to an inability to concentrate and various ailments, such as poor sleep quality, reduced immunity,
poor bowel movements, as well as various diseases [5]. Eliminating the underlying stress is an effective
approach to balancing the autonomic nervous system. However, adjustments in lifestyle and nutrition
are also effective.

Euglena gracilis (Euglena) is a single-celled microalga with plant and animal properties. Euglena
consists of various nutrients, such as vitamins, minerals, amino acids, and fatty acids, and are
used as nutritional and general supplements [6]. Previous studies have confirmed that Euglena
intake effectively suppresses elevated blood glucose levels [7], suppresses fat accumulation [8,9],
attenuates lifestyle-related disease symptoms [10], promotes immune function [11,12], and improves
bowel movements [13]. Autonomic nervous system activity plays an important role in maintaining
homeostasis and is involved in biological processes such as lipolysis, blood glucose regulation, immune
function, and digestion. For example, the autonomic nervous system of the pancreas contributes
to the regulation of blood glucose levels by regulating insulin secretion [14]; in white adipose
tissue the autonomic nervous system is involved in lipolysis [14,15]; in the spleen, it is involved in
immunity [16,17], and in the stomach and intestines it is involved in the promotion of peristaltic
movements [18]. These findings led us to hypothesize that various beneficial health effects of Euglena
intake are mediated by its regulation of the autonomic nervous system balance.

In this study, we investigated the effects of the ingestion of Euglena-containing food for 12 weeks
on the autonomic nervous system, psychological factors, and quality of sleep in men and women aged
20 to 64 years suffering from decreased motivation and a decline in sleep quality.

2. Materials and Methods

2.1. Materials

Euglena gracilis powder was obtained from euglena Co. Ltd. (Tokyo, Japan). The placebo food
was the same formula but without Euglena powder.

2.2. Ingestion Study

2.2.1. Target Population

The study was conducted between July to November 2019. Subjects were healthy men and
women between the ages of 20 and 64 years who were presented with reduced motivation based on
the vitality (VT) measured by 36-Item Short-Form Health Survey (SF-36) and poor quality of sleep
based on the Pittsburgh Sleep Quality Index (PSQI) total score. The purpose and content of the study
were thoroughly explained to the subjects both verbally and in writing, and the subjects consented to
participation by providing written informed consent. This study was conducted in accordance with
the tenets of the Declaration of Helsinki and the Ethical Guidelines for Medical and Health Research
Involving Human Subjects. Protection of the human rights of the subjects was always ensured, and
the study was implemented under the supervision of a doctor with the approval of the ethics review
committee of the Miura Clinic (approval number: R1816, approval date: 27 June 2019). This trial is
registered with UMIN ID: 000037726.

2.2.2. Test Method

This study was designed and implemented as a double-blind placebo-controlled trial. Subjects
were selected after screening based on the level of motivation and quality of sleep. After baseline (week
0) measurements were obtained before the first dose, and the subjects received 500, 1000, or 3000 mg of
Euglena powder or placebo powder (starch), divided into two doses per day (after breakfast and after
dinner) for 12 weeks. The same measurements were taken at 4, 8, and 12 weeks after commencing
intake. Subjects were instructed not to eat or drink after 10:00 p.m. on the day prior to the test and not
to consume anything other than water until the designated meal was consumed on test day. On the
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examination day, subjects consumed the designated meal (200 g of rice) at least 4 h before they visited
the hospital and had only water until the end of the examination. On the day measurements were
taken, the subjects underwent a subjective index survey using Visual Analog Scale (VAS), Profile of
Mood States 2nd Edition (POMS2), SF-36, PSQI, Ogri-Shirakawa-Azumi Sleep Inventory MA Version
(OSA-MS), autonomic system response indicator measurements, saliva collection, blood collection, and
physical measurements such as height, weight and body mass index (BMI). After resting for 30 min,
the subjects were subjected to the Uchida–Kraepelin [19–22] test for workload stress. The test took
30 min, including 15 min for the first half and 15 min for the second half with a break in the middle,
while changing each line of simple single-digit addition once a minute. The correct answer rate for
15 min was calculated. The autonomic system response indicator measurements, saliva collection, and
subjective index survey were repeated immediately after the Uchida–Kraepelin test. After resting for
60 min, the autonomic system response indicator measurements, saliva collection, and subjective index
survey were performed again. During the test, the subjects drank water (about 100 mL) between the
second subjective index survey and before starting the 60 min rest period.

Autonomic System Response Indicator Measurements

The balance of the autonomic nervous system, an indicator of fatigue and stress, was evaluated
at three points for each test, i.e., before Uchida–Kraepelin stress loading, immediately after
Uchida–Kraepelin stress loading, and 60 min after Uchida–Kraepelin stress loading. The tests
were conducted before intake and at 4, 8, and 12 weeks after starting intake. The vital monitor VM-302
(Fatigue Science Laboratory Inc., Osaka, Japan) was used to simultaneously measure the pulse wave
(PPG) and cardiac wave (ECG) signals, and to analyze high-frequency (HF) and low-frequency (LF)
components of heart rate fluctuation [21]. HF reflects the parasympathetic response and LF reflects the
sympathetic response.

Measurements of Health-Related Quality of Life through the 36-Item Short-Form Health
Survey (SF-36)

The health of the subjects was surveyed with a quality of life questionnaire before intake and
at 4, 8, and 12 weeks after starting intake using an SF-36 v2 [23–25], based on universally applicable
health-related concepts. A five-point scale was used for responses to each of the 36 questions, and the
questions included eight items; physical functioning (PF), role physical (RP), bodily pain (BP), general
health (GH), vitality (VT), social functioning (SF), role emotional (RE), and mental health (MH).

Measurements of Mood States Using the Profile of Mood States 2nd Edition (POMS2)

Six items, anxiety and tension, hostility and anger, depression and discouragement, vitality and
activity, fatigue and lethargy, and confusion and perplexity, were evaluated based on the T score using
the Japanese version of the POMS2 [22,26,27] at three points for each test, before Uchida–Kraepelin
stress loading, after Uchida–Kraepelin stress loading, and 60 min after Uchida–Kraepelin stress loading.
Measurements were obtained before intake and at 4, 8, and 12 weeks after starting intake.

Visual Analog Scale (VAS)

The 100-mm VAS was used to quantify fatigue, irritability, concentration, mood, motivation,
tension, and satisfaction with sleep for 1 week at three points for each test, before Uchida–Kraepelin
stress loading, after Uchida–Kraepelin stress loading, and 60 min after Uchida–Kraepelin stress loading,
before intake and at 4, 8, and 12 weeks after starting intake. Each VAS question had an endpoint of 0
indicating a “positive situation” and an endpoint of 100 indicating a “negative situation.” Subjects
were asked to mark the position on the line that represented their mood at the time. The distance from
the endpoint of 0 to the mark was measured in mm.
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Measurements of Quality of Sleep Using the Ogri-Shirakawa-Azumi Sleep Inventory MA
Version (OSA-MA)

The sleep profile of the subjects was confirmed using OSA-MA [28,29], which includes five items
related to sleep: sleepiness on rising, initiation and maintenance of sleep, frequent dreaming, refreshing,
and sleep length. Items were assessed before intake and at 4, 8, and 12 weeks after starting intake. As
for the score polarity, the direction of the good feeling of sleep had the highest score.

Pittsburgh Sleep Quality Index (PSQI)

The Japanese versionof the PSQI (PSQI-J) [29,30] was used to evaluate sleep quality before intake
and at 4, 8, and 12 weeks after starting intake. The questions refer to the subject’s sleep profile in the
past month and can be assigned to seven components: subjective sleep quality, sleep latency, sleep
duration, sleep efficiency, sleep disturbance, use of sleep medication, and daytime dysfunction. These
seven categories are assigned scores from 0 to 3, and a higher total score (0 to 21) indicates a worse
sleep quality.

Saliva and Blood Samples

Saliva samples were collected to measure cortisol, a stress hormone, at three points for each
test, before Uchida–Kraepelin stress loading, after Uchida–Kraepelin stress loading, and 60 min after
Uchida–Kraepelin stress loading, before intake and at 4, 8, and 12 weeks after starting intake. A blood
test was also performed at these times to confirm the safety of ingesting the test substance before intake
and at 12 weeks.

2.2.3. Statistical Analyses

The baseline characteristics of the participants were analyzed using one-way analysis of variance
(ANOVA). After accounting for normality, two-way repeated-measures ANOVAs were performed
since the autonomic nervous system response indices, salivary cortisol, POMS2, SF-36, OSA, and
Uchida–Kraepelin test (correct answer rate) were normally distributed. Sessions (weeks 0, 4, 8, and 12)
were within-subject independent variables and the study group (placebo and Euglena intake groups)
were between-group independent variables. If a significant main effect of group, or a session x group,
the interaction was found, we then followed up with post hoc comparisons using Dunnett’s test.
Kruskal–Wallis test was performed for VAS and PSQI since no normal distribution was found. If the
Kruskal–Wallis test was significant, the Steel’s test was then performed. Dunnett’s test or Steel’s test
was used to compare the measured values at each measurement time point and/or the degree of change
from week 0 to after test among the four groups. Numerical values are shown as means ± standard
deviation (SD). Significance levels were set as follows: <5% in two-sided tests indicated a significant
difference. In addition, < 10% in the two-tailed test showed a significant trend. R version 3.5.1 (R
development Core Team), and JMP (ver. 12) were used for statistical analyses.

3. Results

3.1. Subjects

In total, 122 participants were enrolled as the analysis set. After screening, 80 individuals were
selected for the study. As three subjects withdrew during the trial, data for 77 subjects were analyzed
(Figure 1).

Baseline data for subjects are shown in Table 1. There were no significant differences in parameters
measured at baseline between the placebo and Euglena intake groups.
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Preliminary assessment 
using questionnaires

(n = 122)

3,000 mg Euglena intake
group (n=20)

Placebo intake group 
(n=20)

Final number of 
participants = 20

Eligible (n=80)

Excluded (n=42)

Final number of 
participants = 18

500 mg Euglena intake
group (n=20)

1,000 mg Euglena intake
group (n=20)

Final number of 
participants = 20

Final number of 
participants = 19

Withdrawn from study
(n = 2)

Withdrawn from study
(n = 1)

Figure 1. Flow chart for subject participation.

3.2. Safety Evaluation

Four complaints of symptoms were received during the study period, including fatigue,
constipation, headache, and stiffness in the shoulder, although the symptoms were present before
study participation and, although the cause could not be identified, the symptoms were mild and
thus were judged by the investigator to be unproblematic. No abnormal values were found for vital
signs such as blood pressure and pulse, nor in the blood test results. Subjects’ blood pressure, pulse
rate, and blood test results are summarized in Supplementary Tables S1 and S2. Although some items
significantly differed between weeks, most average values remained within the range of the reference
value. No adverse events or other associated issues were observed.

3.3. Efficacy Evaluation

3.3.1. Autonomic System Response Indicator Measurements

The low-frequency/high-frequency (LF/HF) ratio is summarized in Table 2. LF and HF, which
represent the balance of the sympathetic nervous system and the parasympathetic nervous system in
the autonomic nervous system, were measured at three points for each test (before Uchida–Kraepelin
stress loading, after Uchida–Kraepelin stress loading, and 60 min after Uchida–Kraepelin stress loading)
before intake and at 4, 8, and 12 weeks after starting intake. The LF/HF ratio was 3.7 in the placebo
intake group, 3.3 in the Euglena 500 mg intake group, 4.1 in the 1000 mg intake group, and 4.7 in the
Euglena 3000 mg intake group after Uchida–Kraepelin stress loading at week 0. The LF/HF ratio was
6.3 in the placebo intake group, 4.7 in the Euglena 500 mg intake group, 2.9 in the 1000 mg intake group,
and 5.1 in the Euglena 3000 mg intake group after Uchida–Kraepelin stress loading at week 4 of intake.
These findings suggest that the continuous intake of Euglena reduced disruptions in the balance of the
autonomic nervous system. However, there were no significant differences.

The mean change amount of the LF/HF ratio before and after Uchida–Kraepelin loading at week
0 was 0.7. Thus, we defined subjects with a change amount greater than 0.7 as being more prone to
workload stress based on Uchida–Kraepelin (Table 3). The LF/HF ratio in the Euglena 1000 mg intake
group after Uchida–Kraepelin stress loading at week 4 of intake was significantly lower than that in
the placebo intake group (p = 0.024, Dunnett’s test). This suggests that the intake of Euglena 1000 mg
regulates the balance of the autonomic nervous system during work stress. No difference was found in
the balance of the autonomic nervous system in subjects without Uchida–Kraepelin stress. After week
8 of intake, these differences were difficult to discern.
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3.3.2. Analysis of SF-36

Table 4 summarizes the SF-36 results. The role physical (RP) values were significantly higher at
weeks 8 and 12 of treatment with Euglena 3000 mg intake group (53.5 ± 5.2 and 55.4 ± 3.5) than in the
placebo intake group (47.3 ± 8.4 and 49.2 ± 8.2), suggesting that intake of Euglena improves RP (p =
0.036, p = 0.021, Dunnett’s test). At week 12 of intake, vitality (VT) tended to be higher in the 3000 mg
Euglena intake group (51.2 ± 7.2) than in the placebo group (45.3 ± 5.5), indicating that the continuous
intake of Euglena may also improve vitality (p = 0.065, Dunnett’s test).

Table 4. Analyses of role physical (RP) and vitality (VT) based on SF-36. After accounting for normality,
a two-way repeated measure ANOVA was performed. The results showed a main effect of group in RP
(p = 0.023) and a session x group interaction in VT (p = 0.052). Therefore, we followed up with post-hoc
comparisons using Dunnett’s test. Dunnett’s test was used for intergroup comparisons of mean values
in the placebo intake group and Euglena intake group at 0, 4, 8, and 12 weeks.

Group n 0 Weeks 4 Weeks 8 Weeks 12 Weeks

RP

Placebo 18 Mean 44.2 48.5 47.3 49.2
SD 10.0 8.7 8.4 8.2

Euglena 19 Mean 43.9 48.7 48.7 50.2
500 mg SD 10.3 8.8 6.7 7.8

Euglena 20 Mean 44.3 44.1 47.5 50.2
1000 mg SD 9.6 10.4 9.5 7.6

Euglena 20 Mean 46.9 54.1 53.5 * 55.4 *
3000 mg SD 8.3 3.9 5.2 3.5

VT

Placebo 18 Mean 39.9 46.8 44.3 45.3
SD 5.9 6.5 8.7 5.4

Euglena 19 Mean 41.8 46.2 47.8 49.0
500 mg SD 7.1 9.4 10.9 9.4

Euglena 20 Mean 38.6 42.7 43.9 45.1
1000 mg SD 6.0 8.7 10.1 9.1

Euglena 20 Mean 39.0 48.6 49.7 51.2 †
3000 mg SD 5.7 7.3 6.2 7.2

* p < 0.05, † p < 0.1 vs. the placebo intake group. SF-36: 36-Item Short-Form Health Survey, RP: role physical,
VT: vitality.

3.3.3. POMS Analysis

Table 5 shows the results of a POMS analysis. Results from the intake of 500 mg of Euglena
indicate that the scores for friendliness were significantly higher than those of the placebo intake group
before, immediately after, and 60 min after Uchida–Kraepelin stress loading at week 4 (p = 0.009,
p = 0.007, and p = 0.0006, respectively, Dunnett’s test); before, immediately after, and 60 min after
Uchida–Kraepelin stress loading at week 8 (p = 0.004, p = 0.062, and p = 0.040, respectively, Dunnett’s
test); and immediately after and 60 min after Uchida–Kraepelin stress loading at week 12 (p = 0.007,
and p = 0.003, respectively, Dunnett’s test), respectively.

3.3.4. VAS Analysis

Tables 6 and 7 show the VAS results. The amount of change in tension from before Uchida–Kraepelin
stress loading to 60 min after Uchida–Kraepelin stress loading in week 8 was 0.86 ± 1.67 in the placebo
intake group, −0.41 ± 1.61 in the 500 mg Euglena intake group, and −0.29 ± 1.43 in the 3000 mg Euglena
intake group, demonstrating a reduction in tension (p = 0.097, p = 0.099, Steel’s test). The degree of change
in tension from before Uchida–Kraepelin stress loading to 60 min after Uchida–Kraepelin stress loading in
week 12 was 0.91 ± 1.77 in the placebo intake group and −0.74 ± 1.51 in the 1000 mg Euglena intake group,
indicating a significant easing of tension (p = 0.023, Steel’s test).
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The amount of change in irritability from before Uchida–Kraepelin stress loading to immediately
after Uchida–Kraepelin stress loading in week 12 was 1.79 ± 2.00 in the placebo intake group and 0.27
± 1.59 in the 1000 mg Euglena intake group (p = 0.057 Steel’s test). The amount of change in irritability
from before Uchida–Kraepelin stress loading to 60 min after Uchida–Kraepelin stress loading in week
12 was 1.29 ± 2.02 in the placebo intake group and −0.54 ± 1.30 in the 1000 mg Euglena intake group,
showing a significant easing of irritability caused by Uchida–Kraepelin stress (p = 0.008, Steel’s test).

The amount of change in the level of subjective satisfaction with sleep from week 0 to 4 was -0.89
± 1.44 in the placebo intake group and −2.61 ± 1.75 in the 3000 mg Euglena intake group, showing a
significant increase in the level of subjective satisfaction with sleep (p = 0.007, Steel’s test). The amount
of change in the level of subjective satisfaction with sleep from week 0 to 12 was −0.65 ± 1.22 in the
placebo intake group, −2.22 ± 3.08 in the 500 mg Euglena intake group, −2.69 ± 2.31 in the 1000 mg
Euglena intake group, and −3.41 ± 2.26 in the 3000 mg Euglena intake group, showing a significant
difference increase in the level of subjective satisfaction with sleep (p = 0.028, p = 0.012, p = 0.0006,
respectively, Steel’s test).

3.3.5. OSA Analysis

Table 8 shows the OSA results. Sleepiness on rising was significantly higher after 8 weeks of the
continuous intake of Euglena 500 mg (47.7 ± 9.0) than in the placebo intake group (41.5 ± 5.3) (p =
0.027, Dunnett’s test); at week 12 after the continuous intake of Euglena 500 mg (48.9 ± 10.8) than in the
placebo intake group (41.4 ± 7.2) (p = 0.027, Dunnett’s test); and at week 12 after the continuous intake
of Euglena 3000 mg (48.3 ± 8.9) than in the placebo intake group (41.4 ± 7.2) (p = 0.040, Dunnett’s test).
These results suggest that the quality of sleep may improve with the intake of Euglena.

The “refreshing” index tended to be higher at week 8 after the continuous intake of Euglena 500
mg (47.0 ± 8.5) than in the placebo intake group (41.1 ± 4.7) (p = 0.055, Dunnett’s test). This index was
significantly higher in week 12 after the continuous intake of Euglena 500 mg (48.4 ± 8.0) than in the
placebo intake group (41.6 ± 7.0) (p = 0.032, Dunnett’s test). This index was significantly higher at
week 12 after the continuous intake of Euglena 3000 mg (49.0 ± 8.2) than in the placebo intake group
(41.6 ± 7.0) (p = 0.016, Dunnett’s test). These results suggest that the quality of sleep may improve with
the intake of Euglena.

Sleep length tended to be longer in week 12 after the continuous intake of Euglena 500 mg (51.3 ±
9.3) than in the placebo intake group (44.5 ± 7.1) (p = 0.060, Dunnett’s test). Sleep length tended to
be longer in week 12 after the continuous intake of Euglena 3000 mg (50.7 ± 10.9) than in the placebo
intake group (44.5 ± 7.1) (p = 0.089, Dunnett’s test). These findings suggest that the quality of sleep
may improve with the intake of Euglena.

3.3.6. PSQI Analysis

Table 9 shows the results of a PSQI analysis. The total PSQI score was significantly lower at week
4 after the continuous intake of Euglena 3000 mg (5.1 ± 2.0) than in the placebo intake group (7.1 ± 2.6)
(p = 0.039, Steel’s test); at week 12 after the continuous intake of Euglena 3000 mg (4.2 ± 2.1) than in the
placebo intake group (6.3 ± 2.3) (p = 0.026, Steel’s test); and after the continuous intake of Euglena 1000
mg (4.7 ± 2.1) compared with the placebo intake group (6.3 ± 2.3) (p = 0.070, Steel’s test). These results
suggest that the quality of sleep may improve with the intake of Euglena.
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Table 9. Analysis of sleep based on PSQI. After accounting for normality, Kruskal–Wallis test was
performed. If the Kruskal–Wallis test was significant, the Steel’s test was then performed. Steel’s test
was used for intergroup comparisons of mean values in the placebo group and Euglena intake groups
at 0, 4, 8, and 12 weeks.

Group n 0 Weeks 4 Weeks 8 Weeks 12 Weeks

Total score Placebo 18 Mean 7.7 7.1 6.2 6.3
SD 2.6 2.6 2.4 2.3

Euglena 19 Mean 8.1 5.9 5.5 5.7
500 mg SD 3.1 2.2 1.5 2.3

Euglena 20 Mean 7.4 5.8 5.4 4.7 †
1000 mg SD 2.4 2.3 2.6 2.1

Euglena 20 Mean 6.8 5.1 * 4.9 4.2 *
3000 mg SD 2.2 2.0 2.4 2.1

p-value (Kruskal–Wallis test) 0.5557 0.0803 † 0.2304 0.0243 *

* p < 0.05, † p < 0.1 vs. the placebo intake group. PSQI: Pittsburgh Sleep Quality Index.

3.3.7. Analysis of Saliva Samples

No significant differences were observed in the salivary cortisol levels.

3.3.8. Uchida–Kraepelin Results

Table 10 shows the correct answer rates in the Uchida–Kraepelin test. The correct answer rate in
the first half increased significantly in weeks 8 and 12 of intake of Euglena 1000 mg (p = 0.009, and p =
0.020, respectively, Dunnett’s test).

Table 10. Correct answer rates (%) for the Uchida–Kraepelin test. After accounting for normality, a
two-way repeated measure ANOVA was performed. The results showed a main effect of group (p
= 0.098) in “First half;” therefore, we followed up with post-hoc comparisons using Dunnett’s test.
Dunnett’s test was used for intergroup comparisons of mean values in the placebo group and Euglena
intake groups at 0, 4, 8, and 12 weeks.

0 Weeks 4 Weeks 8 Weeks 12 Weeks

Group n First
Half

Latter
Half

First
Half

Latter
Half

First
Half

Latter
Half

First
Half

Latter
Half

Placebo 18 Mean 98.7 98.8 98.9 98.7 98.7 99.0 98.6 98.7
SD 1.4 1.2 1.3 1.2 1.4 1.0 1.4 1.2

Euglena 19 Mean 98.7 99.1 99.1 99.2 99.3 † 99.2 99.3 99.2
500 mg SD 1.5 0.9 0.9 0.8 0.8 1.0 1.0 1.1

Euglena 20 Mean 99.2 99.2 99.3 99.2 99.6 ** 99.5 99.5 * 99.4
1000 mg SD 0.5 0.5 0.7 0.6 0.5 0.5 0.6 0.6

Euglena 20 Mean 99.1 99.0 99.0 99.2 99.2 99.2 99.4 † 99.4
3000 mg SD 0.7 1.2 0.8 0.7 0.6 0.7 0.8 0.5

** p < 0.01, * p < 0.05, † p < 0.1 vs. the placebo intake group.

The correct answer rate in the first half tended to increase in week 8 with the continuous intake of
Euglena 500 mg (p = 0.083, Dunnett’s test), in week 12 with the continuous intake of Euglena 3000 mg (p
= 0.067, Dunnett’s test).

4. Discussion

We conducted a double-blind placebo-controlled trial to evaluate the effects of Euglena intake on
various properties, such as the autonomic nervous system, psychological parameters, and quality of
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sleep. Our results indicated that the intake of Euglena regulates the autonomic nervous system balance
and improves various symptoms caused by stress loading. In addition, we observed no adverse events
with a maximum intake of 3000 mg of Euglena per day, confirming that this dose is safe.

The subjects included in the study were concerned about a lack of motivation and a decline in
the quality of sleep. However, the sympathetic nervous system was in a dominant state in these
individuals, with a high LF/HF ratio, which is an indicator of the autonomic nervous system balance,
exceeding the normal value of 2.0. Previous studies have shown that Uchida–Kraepelin stress affects
heart rate variability [31–34]. We selected subjects who felt that taking the Uchida–Kraepelin test was
stressful had a substantial increase in their LF/HF ratios. We found that the intake of Euglena at 1000
mg suppressed the LF/HF ratio compared with that in the placebo intake group. When the LF/HF
ratio was broken down into the components LF and HF, a decrease in LF had a relatively large impact
upon 500 mg and 1000 mg Euglena intake. Therefore, Euglena may have suppressed the excitation of
the sympathetic nervous system. The intake of Euglena significantly suppressed the LF/HF ratios in
individuals subjected to work stress and appeared to regulate the autonomic nervous system balance.
The most effective dose was 1000 mg.

Irritability and tension during work stress were maintained at high levels even 60 min after
exposure to work stress in the placebo intake group; however, these parameters were suppressed in
the Euglena intake groups of 500 mg or more and were significantly suppressed in the 1000 mg intake
group, indicating an improvement in the psychological state. In other words, the intake of Euglena
may have alleviated the tension caused by Uchida–Kraepelin stress loading.

In a POMS2 analysis, which evaluates emotions, the score for friendship (F) was significantly
higher in the group taking 500 mg of Euglena per day at weeks 4, 8, and 12 after starting intake, both
before and after Uchida–Kraepelin stress loading. This suggests that the continuous intake of 500 mg
Euglena can enhance friendliness. However, this did not occur upon taking Euglena at doses other than
500 mg. In SF-36, which evaluates health-related quality of life, a significant difference was observed
in daily physical function (role physical), which represents physical fatigue.

Improvement of sleep quality with the intake of Euglena was confirmed based on three sleep
tests: VAS, OSA, and PSQI. These effects increased in a dose- and time-dependent manners. The
parasympathetic nervous system is enhanced at the onset of sleep [35]; accordingly, the improvement
in sleep quality by Euglena intake was likely due to an improvement in the balance of the autonomic
nervous system.

Euglena intake also increased the correct answer rate on the Uchida–Kraepelin test. These findings
suggest that the continuous intake of Euglena may improve concentration and work efficiency.

The autonomic nervous system includes the sympathetic nervous system and the parasympathetic
nervous system. It regulates various functions, such as respiration/circulation, digestion/absorption,
secretion, and metabolism, and serves an important role in the maintenance of homeostasis in the body.
However, when stress signals are transmitted to the hypothalamus in the brain, the autonomic nervous
system is excited, depending on the type of stress. An imbalance in the autonomic nervous system due
to excessive stress may prevent the proper activation of the sympathetic or parasympathetic nervous
system. These conditions may cause excessive irritability, an inability to concentrate, deterioration of
sleep quality, weakened immunity, and various ailments, including problems with bowel movements.
For example, patients with chronic fatigue syndrome caused by stress experience a decrease in
parasympathetic nervous system function and a relative increase in sympathetic nervous system
function, depending on the degree of subjective fatigue evaluated by the VAS. This shows that there is
a relationship between fatigue and the autonomic nervous system [36]. Therefore, it is important to
maintain a well-balanced autonomic nervous system. In this study, the intake of Euglena improved
the autonomic nervous system balance, thereby improving irritability and tension as well as the
quality of daily sleep. Previous studies have evaluated improvements in autonomic nervous system
activity after nutritional supplementation in healthy subjects [37–40]. When stress is transmitted to
the hypothalamus in the brain, a signal is sent to excite the autonomic nervous system, depending
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on the type of stress, and a command is simultaneously sent to the pituitary gland to stimulate the
thyroid, adrenal medulla, and adrenal cortex via the release of hormones. In addition, signals from
the hypothalamus stimulate the adrenal cortex in response to stress; the pituitary gland secretes
the adrenocorticotrophic hormone, adrenocorticotropic hormone (ACTH), and the adrenal cortex
secretes the hormone cortisol. In this way, the hypothalamus, which controls the autonomic nervous
system, also controls the pituitary gland, which secretes various hormones and neurotransmitters.
Therefore, a mutual relationship exists whereby an imbalance in the autonomic nervous system affects
the secretion of hormones and neurotransmitters, thereby affecting the balance of the autonomic
nervous system. Proteins, B vitamins, and minerals, such as magnesium, are required for hormones
and neurotransmitters. A lack of vitamin B6 makes it difficult for the body to produce serotonin
and melatonin, leading to insomnia and autonomic nervous system ataxia. The overconsumption
of zinc is related to stress, and a shortage of vitamin B makes it difficult to produce energy in the
mitochondria, which increases fatigue and malaise. Euglena consist of a wide variety of nutrients,
such as vitamins, minerals, amino acids, and unsaturated fatty acids. The ingestion of Euglena assists
in replenishing these nutrients in the body, which not only improves autonomic nervous system
activity but also normalizes the secretion of hormones and neurotransmitters, contributing to the
regulation of the autonomic nervous system balance. In this study, we found no changes in cortisol
levels, which suggests that hormone levels are being affected rather than cortisol levels and that the
stress of Uchida–Kraepelin may not affect cortisol production [41]; this warrants further investigation.

Meanwhile, previous studies have used in vitro cell-type-specific calcium imaging to prove
that Euglena directly induces Ca2+ signaling in dorsal root ganglia (DRG) neurons, suggesting that
Euglena excites visceral afferents [42]. Although the mechanism underlying the beneficial effects of
Euglena in our study remains unclear, its ability to excite neurons may contribute to improvements in
health-related quality of life [12]. Further studies are needed to better clarify the physiological role of
visceral afferents in response to food constituents.

The storage polysaccharide paramylon in Euglena regulates the immune balance. Previous studies
of mouse models have confirmed that the ingestion of Euglena or paramylon alleviates the symptoms
of influenza infection [11], rheumatoid arthritis [43], and atopic dermatitis [44]. The autonomic
nervous system is involved in the regulation of immunity, and immunity is generally enhanced in
situations where the parasympathetic nervous system is dominant, contributing to defense against
infection [16,17]. Cortisol also suppresses the immune system [45]. Previous studies have investigated
the ability of paramylon to regulate immunity by binding to Dectin-1 expressed on intestinal immune
cells [46,47]; however, it could also mediate immunity by the regulation of the autonomic nervous
system and endocrine system.

The results of this study suggest that the intake of Euglena-containing food may regulate the
autonomic nervous system balance under stress and may have favorable effects on work efficiency,
psychological factors, and sleep quality. However, this study had some limitations. First, although this
study was conducted with a small homogeneous cohort of individuals from one population, future
studies are required to further elucidate these aspects with various ethnicities and people with different
backgrounds and stress levels. Furthermore, although some of the effects were dependent on intake
dose, other effects were observed for which an optimal dose may exist independent of intake, thus
requiring further investigation. In the future, we would like to further investigate the mechanism
underlying these beneficial effects as well.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2072-6643/12/11/
3243/s1, Table S1: Summary of blood test results. Table S2: Summary of blood pressure and pulse rate test results.
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Abstract: Background: Aphanizomenon flos-aquae (AFA) is a unicellular cyanobacterium considered
to be a “superfood” for its complete nutritional profile and beneficial properties. We investigated
possible beneficial effects of an AFA extract, commercialized as AphaMax®, containing concentrated
amount of phycocyanins and phytochrome, in 2,4 dinitrobenzensulfonic acid(DNBS)-induced colitis
in rats. Methods: Effects of preventive oral treatment of AphaMax® (20, 50 or 100 mg/kg/day)
in colitic rats were assessed and then macroscopic and microscopic analyses were performed to
evaluate the inflammation degree. Myeloperoxidase (MPO) activity and NF-κB, pro-inflammatory
citockines, cycloxygenase-2 (COX-2), and inducible NOS (iNOS) levels of expression were determined,
as Reactive Oxygen Species (ROS) and nitrite levels. Results: AphaMax® treatment attenuated
the severity of colitis ameliorating clinical signs. AphaMax® reduced the histological colonic
damage and decreased MPO activity, NF-κB activation, as well as iNOS and COX-2 expression.
AphaMax® treatment improved the altered immune response associated with colonic inflammation
reducing IL-1β, IL-6 expression. Lastly, AphaMax® reduced oxidative stress, decreasing ROS and
nitrite levels. Conclusions: Preventive treatment with AphaMax® attenuates the severity of the
inflammation in DNBS colitis rats involving decrease of the NF-kB activation, reduction of iNOS
and COX-2 expression, and inhibition of oxidative stress. Due its anti-inflammatory and antioxidant
proprieties AphaMax® could be a good candidate as a complementary drug in inflammatory bowel
disease (IBD) treatment.

Keywords: inflammation; Aphanizomenon flos-aquae; blue-green algae; inflammatory bowel disease

1. Introduction

Inflammatory bowel diseases (IBDs), are chronic and non-resolving intestinal inflammatory
diseases, which include two clinical entities: Crohn’s disease (CD) and ulcerative colitis (UC).
Their etiology is far from being fully understood, although it is widely recognized that genetic,
environmental, microbial, and immune factors are functionally integrated in the IBD pathogenesis [1].
A pivotal role seems to play a worsening and inappropriate mucosal immune response. In particular,
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NF-κB activation, production of pro-inflammatory cytokines such as IL-6 and IL-1β [2–4],
myeloperoxidase (MPO), expression of cycloxygenase-2 (COX-2), and inducible nitric oxide synthase
(iNOS) collectively enhance inflammatory response in the colon and lead to a concomitant reduction in
antioxidant levels. These molecular events could culminate in a serious damage of epithelial cell and
disruption of the mucosal barrier [5,6].

Conventional IBD therapies have various side effects, and many patients do not respond to these
treatments [7]. Thus, to identify effective new therapeutic options for improving colitis signs with
fewer or no side effects, has becoming essential.

In recent years, attention was increased on complementary medicine approaches based on
natural ingredients.

Various bioactive compounds, such as phycocyanins, carotenoids, γ-linolenic acid, fibers,
and plant sterols, have been reported to clinically improve IBD-related symptoms [8]. However,
the efficacy and mechanism of action of these products require further studies in vitro and in vivo
models. The cyanobacteria blue-green algae (BGA), are photosynthetic prokaryotes present in aquatic
ecosystems, rich in these bioactive molecules [9,10]. Recent studies highlight that their consumption
is associated with ameliorative effects on the components of human metabolic syndrome [11], to the
decrease of inflammation markers in hypertensive patients [10], as well as in obese patients. Moreover,
immunomodulatory effects of BGA supplementation has been shown in healthy volunteers [12].
Aphanizomenon flos-aquae (AFA) also known as “Klamath algae”, is as cyanobacterial dominant
species growing in the Upper Klamath Lake (Oregon, USA) [13].

AFA, consumed as a “superfood”, is a rich source of mycosporine-like amino acids (MAAs) and
phycocyanins (PCs), likely responsible for its various health benefits. AphaMax® is a unique patented
extract from AFA, manufactured by Nutrigea, containing a concentrated amount of AFA-phycocyanins
and AFA-phytochrome, the Klamath microalgae components showing the greatest antioxidant,
anti-inflammatory, anticancer, and cardiovascular properties. These molecules, which are unique to
Klamath microalgae, increased the beneficial proprieties compared to other blue-green algae. Indeed,
AFA-PCs due to their peculiar structure [14] have up to 200 times higher antioxidant power compared
to other PCs [15]. AFA-PCs have neuroprotective effects and ameliorate psychological stress and
on menopausal well-being [16] In addition, AphaMax® is rich in some smaller molecules, endowed
with similar antioxidant properties, as many as the AFA-mycosporines (MAAs, or mycosporine-like
amino acids) [17], 15 carotenoids, including zeaxanthin, lutein, canthaxanthin, a wide spectrum of
polyphenols as caffeic acid, and an high content of chlorophyll.

Given the well-demonstrated anti-inflammatory and antioxidant effects of the majority of
the molecules present in Klamath algae, as phycocyanins that selectively inhibit key enzymes in
inflammatory disease as COX-2, and iNOS, and the high concentration of these components in
AphaMax®, the aim of our study was to investigate the possible protective potential of this extract
in an animal model of IBD, the 2,4-dinitrofluorobenzenesulfonic acid (DNBS) -induced rat colitis.
DNBS rat colitis shares many of the pathological features of human Crohn’s disease and is considered
useful for studying the etiopathogenesis of IBD as well as for providing an inexpensive model useful
for investigating new potential treatments [18].

2. Materials and Methods

2.1. Animals

Thirty healthy adult Wistar male rats (8–9 weeks old, 250–300 g) were purchased from ENVIGO
Srl (San Pietro al Natisone UD, Italy) and housed randomly in temperature-controlled rooms on a 12 h
light cycle at 22–24 ◦C and 50–60% humidity. Animals had free access to standard pellet chow and
water ad libitum throughout the experimental protocol. They were acclimatized for one week prior to
experimentation. The experimental protocol, followed throughout the study, was conducted in the
conformity of the Italian D.Lgs 26/2014”, following the criteria outlined by the European Community
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Council Directive 2010/63/UE, recognized and adopted by the Italian Government, and approved by
the Ethical Committee for Animal Experimentation of the University of Palermo and by the Italian
Ministry of Health (Authorization n 921/2018–released Rome, Italy).

2.2. Induction of DNBS Colitis and Treatment Protocol

AphaMax® extract (Nutrigea Research s.r.l., Borgo Maggiore, Republic of San Marino) was
dissolved in 0.5 mL water, and then sonicated (twice for 60 s) immediately prior to the gavage.
20, 50 or 100 mg/kg AphaMax® solution was administered by oral gavage once a day for 14 days
starting 7 days before the induction of colitis (day-7). Rats were randomly assigned into six groups
(n = 5 animals/each): (1) control group (sham group); (2) group with colitis; (3) sham group +
AphaMax® (100 mg/Kg/day); (4) group with colitis + AphaMax® (20 mg/Kg/day); (5) group with
colitis + AphaMax® (50 mg/Kg/day); (6) group with colitis + AphaMax® (100 mg/Kg/day). To induce
the colitis intracolonic (i.c.) instillation of 2, 4-dinitrobenzensulfonic acid (DNBS; Sigma-Aldrich Inc.,
St. Louis, MO, USA), was performed as already described [19–21]. Briefly, rats were fasted overnight
and then, under light anesthesia with 1% isoflurane (Merial Italia Spa, Assago, MI, Italy), DNBS
(15 mg) dissolved in a solution of 50% ethanol, was deposited in the colon through an 8 cm plastic
catheter (PE90).

To avoid reflux actions, the rats were kept for 5 min in a Trendelenburg position, and then allowed
to recover with food and water supplied. The control group (sham group) received i.c instillation of
vehicle alone (50% ethanol).

None of the rats died during the study or was excluded from the study for any reason. Assessment
of colitis-induced damage was performed minimizing the suffering of animals, in a blinded fashion as
previously described [18–21].

2.3. Evaluation of Colitis

2.3.1. Monitoring of Change in Body Weight, Consistency of Stools and Rectal Bleeding

The animals were monitored daily during the experimental period and scored for body weight
loss percentage (initial body = 100%), stool consistency and the presence of rectal blending. All these
parameters were ranged and calculated as described by Cooper et al. [22].

2.3.2. Macroscopic Scores

Seven days after colitis induction, rats were sacrificed, and laparotomy was performed and the
appearance of colon was then examined. Distal colon was rapidly removed, opened longitudinally and
gently washed with saline. For each specimen wet weight (mg)weight/length (cm) ratio was calculated
as indicator of colonic edema. For macroscopic damage, each animal was scored by Appleyard and
Wallace classification system score [23], The sum of scores for the ulceration (0 = No mucosal damage,
1 = Localized hyperemia but no ulcers, 2 =Ulcers without hyperemia/bowel wall thickening, 3 =Ulcers
with hyperemia/bowel wall thickening at 1 site, 4 =Two or more sites of ulceration or inflammation,
5 Area of damage (necrosis) extended >1 cm along length of colon, 6–10 Area of damage extended
>2 cm along length of colon; increasing the score was by 1 for each additional cm involved) for the
adhesions (0 = No adhesions, 1 =Minor adhesions (no difficult separation of the colon from the other
tissue), 2 =Major adhesions) and for the evaluation of thickness (Wall thickness(x) of bowel calculated
in mm) were calculated.

2.3.3. Analysis of Microscopic Inflammatory Damage

The colon tissues of rats were fixed in 4% formaldehyde (Sigma–Aldrich, Inc., St. Louis, MO, USA),
embedded in paraffin for histological studies and sectioned (5 μm thick). The slices were stained
with haematoxylin and eosin (Bio-Optica Milano SpA, Milano, Italy). Histological sections were
examined in a blinded fashion, and photos of sections were taken by light microscope (Olympus BX50,
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Olympus Optical Co., Tokio, Japan). The microscopic damage following score was calculated the
Hunter et al. [24] classification method: by adding the histological finding (0 = normal, 1 =minimal,
2 =mild, 3 = severe), the degree of inflammatory infiltration (0 = normal, 1 = minimal, 2 = mild,
3 = severe), the layers infiltrated (0 = normal, 1 =minimal, 2 =mild, 3 = severe), the mucosal damage
(0 = normal,1 =minimal, 2 =mild, 3 = severe), and the edema in the mucosa (0 = absent, 1 = present).

2.4. Assay of MPO Activity

The activity of myeloperoxidase (MPO) is an important marker for inflammatory damage.
The MPO activity was estimated spectrophotometrically using hydrogen peroxide and o-dianisidine as
substrate for MPO enzyme, as previously described [20,21] by following a method of Moreels et al. [25]
The absorbance value was read at 460 nm (Beckman-Coulter Inc, Brea, CA, USA). MPO activity was
expressed as units per gram tissue (U gram tissue−1), taken that 1 unit of enzyme reduces 1 μmole
hydrogen peroxide (H2O2) per minute.

2.5. ELISA Assay for Pro-Inflammatory Cytokines

Commercial ELISA Kits (Cloud-Clone Corp, Wuhan, Hubei, China) was used for the evaluation
of colonic amounts of interleukin-1β and interleukin-6 according to the manufacturer’s instructions,
as previously described [20,21].

2.6. NFκ-B, iNOS and COX-2 mRNA Analysis by Real-Time PCR

Total RNA was extracted from colon tissues (10 mg) using RNAeasy Mini kit (Qiagen,
Valencia, CA, USA). 2 ng of total RNA were reverse transcribed into cDNA using RT FirstStrand
kit (Qiagen, Valencia, CA, USA). The amplification of synthesized cDNAs was performed using
SYBR Premix Ex Taq II (TaKaRa, Bio Inc., Foster City, CA, USA) and StepOne Real-Time instrument
(Applied Biosystems, Foster City, CA, USA). Gene expression of inducible NOS (iNOS), COX-2 and
beta actin, a housekeeping gene that is not subject to regulation, was performed in triplicate, using
specific primers and amplification conditions. The oligonucleotide primer sequences were reported
in Table 1.

Table 1. Primers used for qRT-PCR.

Gene Description Forward Primer Reverse Primer Ref.

β-actin 5′-CTAAGGCCAACCGTGAAAAG-3′ 5′-GCCTGGATGGCTACGTACA-3′ [26]

COX 2 5′-TGCGATGCTCTTCCGAGCTGTGCT-3′ 5′-TCAGGAAGTTCCTTATTTCCTTTC-3′ [27]

iNOS 5′-AGAAGGGGACGAACTCAGC-3′ 5′-TCGAACATCGAACGTCTCAC-3′ [28]

NFκ−B p65 5′-GTCATCAGGAAGAGGTTTGGCT-3′ 5′-TGATAAGCTTAGCCCTTGCAGC-3′ [29]

The program for PCR was 1 cycle of 95 ◦C (10 min), followed by 45 cycles of amplification.
Consisting of denaturation at 95 ◦C (15 s), annealing at 60 ◦C (30 s), and extension for at 72 ◦C (30 s).
For terminal elongation period, the samples were incubated at 72 ◦C (additional 10 min) at the end
of the final cycle. The expression level was calculated from the PCR cycle number (CT) where the
increased fluorescence curve passes across a threshold value. The relative gene expression of the target
genes was calculated using 2−ΔΔCt approximation method algorithm.

2.7. Analysis of Reactive Oxygen Species (ROS) Generation

The conversion of non-fluorescent DCFH-DA to 2′, 7′ dichlorofluorescein (DCF) was evaluated,
as previously described [20,21], to monitor the amount of hydrogen peroxidase in the sample.
Sample was analyzed by fluorimeter (Microplate reader WallacVictor 2-1420 Multilabel Counter;
PerkinElmer, Inc., Waltham, MA, USA) at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm.
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2.8. Nitric Oxide (NO) Concentration Assay

Nitric oxide concentration was measured using the Griess reaction [30]. Briefly after
homogenization of rat colon tissue (10 mg) with 1 mL PBS, pH 7.2 and centrifugation (14,000 rpm,
for 30 min, 4 ◦C) the supernatant was incubated with equal volume of Griess reagent (room temperature,
15 min in the dark) and the absorbance was measured at 550 nm with a spectrophotometric
Microplate reader (WallacVictor 2 Multilabel Counter, Perkin Elmer, Apeldoorn, The Netherlands) NO
concentration was evaluated by using a standard curve.

2.9. Data Analysis and Statistical Tests

Results are shown as the mean ± SEM: ‘n’ indicates the number of animals. Statistical analysis was
performed using GraphPad Prism 6.0 software, and sets were assessed by one-way ANOVA followed
by Tukey’s multiple comparison test. p value < 0.05 means statistically significant. To compute the
sample size G*Power version 3.1.2 [31], was used, given power (1 − β) = 0.8.

3. Results

DNBS challenge in rats induced a substantial decrease in the body weight starting by day 2
following the enema, in contrast to the sham group which showed body weight gain. During the
same period DNBS group experienced diarrhea and also rectal bleeding was observed. AphaMax®

(20–100 mg/Kg for 14 day) dose-dependently prevented the drop in the animal weight and improved
the diarrheal status and bleeding in DNBS treated rats (Table 2).
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3.1. AphaMax® Effects on Macroscopic Changes in Colon of Colitis Animals

Macroscopic evaluation demonstrated that in the sham group, the distal colon showed no epithelial
damage differently from colitis group in which intense mucosal damage, increased wall thickness,
hyperemia, ulceration, edema and necrosis were observed associated with high macroscopic score
(Figure 1A). DNBS rats revealed also colon shortening accompanied by an increased in the ratio colon
weight/length, a marker of tissue inflammation, (13.27 ± 0.46 cm vs. 9.75 ± 0.41 cm colon length in
Sham group and in DNBS group respectively p < 0.05; 1330.01 ± 120.3 mg vs. 3167.10 ± 443.21 mg
colon weight in Sham group and in DNBS group respectively p < 0.05) (Figure 1B). AphaMax®

(20, 50, or 100 mg/kg) treatment decreased the DNBS-induced macroscopic changes by improving the
inflammation symptoms in colon tissues such as mucosal injury, size of ulcer area and also a reduction
of the colon weight/length ratio, (11.25 ± 0.45; 12.16 ± 0.65 and 12.91 ± 0.47 cm in colon length
in DNBS + AphaMax® 20, 50, or 100 mg/kg respectively ; 2447.03 ± 147.51 mg, 2141.66 ± 80.01 mg,
2095.01 ± 122.03 mg colon weight in in DNBS+AphaMax® 20, 50, or 100 mg/kg respectively, Figure 1B).
Diffuse adhesions of the colon with other organs, typically observed during the acute phase of colitis,
were unremarkable and only sporadically observed in AphaMax®-treated animals at all doses tested.

AphaMax® per se, at the highest dose used, 100 mg/Kg, had no effect on sham animals (Figure 1A,B).

Figure 1. Effects of Aphamax® on DNBS-induced macroscopic colonic damage. (A) Macroscopic
damage score based on Appleyard and Wallace method and (B) Colon weight/Length ratio in sham rats
or in Aphamax®-treated rats with or without colitis induction. Data are means ± S.E.M. n = 5 animals
/group. * p < 0.05 versus Sham animals; § p < 0.05 versus 2,4 dinitrobenzensulfonic acid (DNBS) animals.

3.2. AphaMax® Effects on Histopathological Changes in Inflamed Colon Tissue

Histological analyses showed in the sham group a colon tissue with normal mucosa, submucosa,
crypts, muscularis, lamina propria, and serosa, without inflammatory cell infiltration and necrosis.
A score of the histological changes in colitis-induced rats was calculated, as previously described [18–21]
(Table 2). In the DNBS group, the colon showed serious histological changes with high scores of
microscopic damages, characterized by large ulcers with necrosis, transmural inflammation, disrupted
crypts and massive infiltration into lamina propria and submucosa of inflammatory cells, consisting of
lymphocytes, macrophages, and neutrophils. A net distinction of the colon layers from one another was
not allowed AphaMax® (20–100 mg/Kg) treatment induced a progressive reduction of inflammatory
cell infiltration and decreased the DNBS-mediated colonic damages leading to an improvement in
the microscopic damage score; however no one of the concentrations tested completely resolved the
histological changes (p < 0.05 compared to sham group) (Figure 2A,B).
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Figure 2. Effects of Aphamax® on DNBS-induced histological damage. (A) Photomicrographs of the
colon stained with H&E from (a) Sham animals, (b) Sham rats treated with Aphamax® (100 mg/kg),
(c) DNBS animals showing colonic damage and a diffuse infiltration of inflammatory cells in mucosa
and submucosa or (d) DNBS rats treated with Aphamax® (20 mg/kg), (e) or with Aphamax® (50 mg/kg),
showing progressive reduction of submucosal infiltration of inflammatory cells in submucosal layer
and (f) DNBS rats treated with Aphamax® (100 mg/kg) showing few inflammatory cells close to the
mucosal layer. (Scale bar = 100 μm, magnification 20×, red arrows = colonic damage, black arrows
= inflammatory infiltrate)) (B) Microscopic damage scored with Hunter method and (C) activity of
colonic myeloperoxidase in sham rats or Aphamax® treated rats with or without colitis induction.
Data are means ± S.E.M. n = 5 animals for each group. * p < 0.05 versus Sham group; § p < 0.05 versus
2,4 dinitrobenzensulfonic acid (DNBS) group.
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3.3. AphaMax® Effects on MPO and Cytokine Levels

To explore the possible action mechanism of AphaMax® extract, we examined, at first,
the myeloperoxidase levels, index of a massive infiltration of neutrophil into the inflamed tissue.
In DNBS animals, the MPO activity was significantly increased compared to the sham group.
MPO activity was reduced by AphaMax® treatment in a dose-dependent manner, confirming the
histological observation showing a lower infiltration of leukocytes in the colonic tissue (Figure 3C).
Moreover, we evaluated the production of proinflammatory cytokines, highly involved in IBD, such as
IL-1β and IL-6. In accordance with the immune cell infiltration detected in the histological examination
of the DNBS colon, increased levels of IL-1β, IL-6 in comparison to sham animals were observed.
Moreover, the reduction in the histological score was correlated with a significant reduction of the
levels of IL-1β and IL-6 in AphaMax®-treated animals, compared with DNBS group, being however
still significantly higher compared to sham group (p < 0.05) (Figure 3A).

Figure 3. Effects of Aphamax® on pro-inflammatory mediator levels (A) Levels of IL-1β, IL-6 levels;
(B) NF-kB, (C) COX-2 and (D) iNOS mRNA expression. Data are means ± S.E.M. n = 5 animals for each
group. * p < 0.05 versus Sham group; § p < 0.05 versus 2,4 dinitrobenzensulfonic acid (DNBS) group.

3.4. AphaMax® Effect on NF-κB p65, COX-2 and iNOS mRNA Expression

We assessed the expression of the activated NF-κB p65 subunit, which plays a crucial
proinflammatory role during the pathogenesis of IBD. The colon from the DNBS group showed
an extensive increase in the mRNA expression of NF-κB p65. NF-κB p65 subunit mRNA expression
was significant decreased in AphaMax®-treated animals suggesting that a down-regulation of these
proinflammatory factors could be implicated in AphaMax® beneficial protective effects (Figure 3B).

As already mentioned, the beneficial effects of blue-green algae could be partly ascribed to the
ability of their components to selectively inhibit key enzymes in inflammatory disease as COX-2 and
iNOS [32]. Thus, we analyzed mRNA expression of both enzymes in the colonic tissues from the
different animal groups. DNBS group showed an increased expression of both enzyme compared to
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control group, which was reduced after AphaMax® treatment in dose-dependent manner, (p < 0.05
compared to DNBS and to sham group) (Figure 3C,D).

3.5. AphaMax® Effect on Nitrite and ROS Production

Lastly, to investigate possible antioxidant proprieties of AphaMax® we evaluated if the treatment
could affect the tissue NO and ROS generation.

DNBS induced a significant increase of the levels of nitrites and ROS in the colon of DNBS group
compared with sham group (p < 0.05). AphaMax® at the different doses tested induced a moderate
(p < 0.05 compared to sham groups) but significant down-regulation in the production of both nitrites
and ROS in colitis rats (p < 0.05 compared to DNBS group) (Figure 4A,B).

Figure 4. Effects of Aphamax® on ROS and nitrite levels. (A) ROS levels measured using
DCFH-DA, a peroxide/redox-sensitive fluorescent method. (B) nitrite levels detected using Griess
assay. Data are means ± S.E.M. n = 5 for each group. * p < 0.05 versus Sham group; § p < 0.05 versus
2,4 dinitrobenzensulfonic acid (DNBS) group.

4. Discussion

The use of microalgae recently attracted considerable attention worldwide due to their
considerable application potential in the biopharmaceutical and nutraceutical industries. They are
renewable, sustainable, and inexpensive sources of bioactive molecules and food with surprising
pharmacological and biological qualities. In particular, blue-green algae were demonstrated to have
remarkable antioxidant and anti-inflammatory properties due to the presence of many bioactive
substances [9–12]. Among the blue-green algae extracts, AphaMax® contains high concentrated
amount of AFA-phycocyanins and AFA-phytochrome, which are the components with the greatest
antioxidant, anti-inflammatory, anticancer, and cardiovascular properties.

The aim of this study was to test the effects of AphaMax®, a commercial extract of the blue-green
Klamath microalgae (AFA), on colonic inflammatory condition induced in an experimental model of
colitis, the DNBS rats.

The rationale for this comes by the awareness that the current IBD therapies have significant side
effects and modest results for long-term management and that recently, much evidence supports the
key role of diet and nutritional factors in IBD. Our results indicate the AphaMax® supplementation
is able to reduce colon injury induced by DNBS in rats, mainly due to its antiinflammatory and
anti-oxidant effects.
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As previously reported [18–21], intracolonic administration of DNBS causes an acute colitis in
rats, characterized by marked reduction in body weight, diarrhoea with occasional blood in the stool,
colonic shortening, an augmented colonic wall thickness, with a significant increase in the colonic
weight/length ratio, reliable indicator of tissue oedema, and an extensive transmural, granulomatous
inflammation of the distal colon.

Fourteen days of AphaMax® treatment leaded to a reduction of the aforementioned parameters
as the deterioration of body weight, diarrhoea, and the increased colon weight/length ratio.
Also histological analysis of the colon confirmed the macroscopic observations, suggesting that
AphaMax® presents an antiulcerogenic effect, as confirmed by preservation of the colon architecture
and by the attenuation of mucosal disruption, as well as of histopathological damage and oedema.

Few studies have been conducted on the possible protective effects of BGA against experimental
colitis, but this is the first study about the effect of Klamath algae in such conditions. Oral administration
of cyanobacterium Spirulina Platensis was reported to have protective effects in other models of
experimental colitis showing both antioxidant (reduction in oxidative stress and augmented endogenous
antioxidant mechanisms) and anti-inflammatory (reduction in inflammatory cytokine levels and
neutrophil infiltration) effects [33]. Moreover, in ulcerative colitis patients, diet supplementation with
the green algae Chlorella pyrenoidosa accelerated wound healing [34].

Furthermore, we can speculate about the mechanisms underlying the intestinal beneficial effects
of the AFA extract. Among the possible mechanisms we can suppose a relation with the well-known
positive properties, ascribed to the majority of the blue-green algae extracts, due to their content in
compounds, as phycocyanins.

In particular, Klamath algae contains the pigment C-phycocyanin (C-PHY) bound to a structural
component phycoerythrocyanin (PEC). PEC is a photosynthetic component identified only in a limited
number of cyanobacterial species, likely responsible for the higher antioxidant and anti-inflammatory
effects of Klamath algae compared to other cyanobacters [14,15]. C-phycocyanins can act as radical
scavenger in oxidative stress-induced diseases and they have strong antioxidant and anti-inflammatory
proprieties as demonstrated by various in vitro and in in vivo evidences [35,36].

Moreover, in our experimental model of colitis, AphaMax® treatment induced an attenuation of
the neutrophil infiltration, as shown by both histological observations and biochemical data showing
a significant reduction in colonic myeloperoxidase activity, confirming the ability of this extract to
modulate the altered immune response, likely ascribable to the C-phycocyanins action. This observation
is in agreement with Gonzalez et al. [37] where C-phycocyanins extracted from the Blue-green algae
Arthospira maxima, have been reported to reduce significantly myeloperoxidase activity, inflammatory
cell infiltration and colonic damage in acetic acid-induced colitis in rats. We are aware that the model of
colitis generation in Gonzales et al. [37] is different from our model; however, it is possible to observe
that in our study the highest doses of AphaMax® (25% AFA-PC concentration) was more effective in
the reduction of myeloperoxidase activity of Spirulina (80% PC concentration) indicating the major
anti-inflammatory and protective power of AFA-phycocyanins.

Although in our study, AphaMax®, at all doses tested, attenuated the colitis signs in the
colonic tissue, we can suggest that the higher dose tested, 100 mg/Kg, containing a concentration of
AFA-phycocyanins and AFA-phytochrome, carotenoids and polyphenols able to significantly improve
all the analyzed scores, could be considered the best to attenuate the severity of colitis.

Moreover, the observation that AphaMax® extract, even at the highest dose tested, did not affect
sham rats, might indicate that AphaMax® extract exerts its anti-inflammatory and antioxidant effects,
only in the course of inflammation.

Interestingly, AphaMax® treatment is sufficient to attenuate activation of NF-κB p65. NF-κB,
is a redox-sensitive transcription factor, key regulator of inflammation, innate immunity, and tissue
integrity. NF-κB phosphorylation and its nuclear translocation correlate with the severity of intestinal
inflammation [38,39] due to the regulation of gene expression of molecules playing a pivotal role
in inflammation as molecules of adhesion, chemokines, and cytokines [40]. We can suppose that
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the attenuation of DNBS colitis features, observed in our study, could be the consequence of the
inhibition of early steps of inflammation. A reduced activation of NF-κB would lead to the infiltrating
cells to decrease the amounts of inflammatory mediators and subsequently to preserve mucosal
integrity. Once more, such an effect could be also positively related to the high concentration of
C-phycocyanins present in the extract, which include C-phycocyanins + PEC (phycoerythrocyanins),
and C-phycocyanins by themselves have been reported to be able to suppress activation of NF-κB in
RAW 264.7 macrophages stimulated with LPS [41].

The DNBS model is also commonly associated with the T-helper (Th)1 response, and with
an overproduction of proinflammatory cytokines, as IL-6 and IL 1β. Many of the IBD treatments
act to regulate the levels of proinflammatory cytokines [42]. These immunoregulatory cytokines
are involved in the initiation of the inflammatory response in colitis, amplifying the inflammatory
reaction by triggering a cascade of immune cells, impairing intestinal permeability, and causing severe
colonic infiltration [43] In addition, IL-1β contributes to the induction of the epithelial cell necrosis.
Our results indicated that AphaMax® treatment caused a dose-dependent reduction of both IL-6
and IL- 1β cytokine levels in colitis rats, thus ameliorating the deregulated immune response typical
of experimental colitis. Once more, such an effect could be likely due to the high concentration of
AFA C-phycocyanins.

Moreover, AphaMax® significantly attenuated expression of the enzymes COX-2 and iNOS which
were up-regulated in colitis rats. COX-2 is a key enzyme in the pathogenesis of IBD involved in the
biosynthesis of prostaglandin [44], and target of many drugs used in the treatment of human IBD,
including aminosalicylates [45,46]. This inhibition is not unexpected since C-phycocyanins are reported
to be selective COX-2 inhibitors [31,47]. The expression of iNOS at sites of inflammation, acting in
synergy with COX-2 to produce excessive inflammatory mediators has been reported. Their products
may be detrimental to the colon integrity and contribute to the intestinal hypomotility and subsequent
bacterial overgrowth [48], a typical features of the inflammatory reaction [49]. Accordingly, AphaMax®

treatment reduced nitrite levels in colitis rats. Considering that expression of both COX-2 and iNOS is
regulated by NF-κB [50,51] the observed inhibition of NF-κB and its downstream effectors, COX-2 and
iNOS, can be crucial for the protective role played by AphaMax® treatment in DNBS colitis rats.

Lastly, in colorectal biopsies of human IBD [52,53] and in different experimental models of
colitis, including the DNBS model, a mucosal production of reactive oxygen mediators was described,
which would contribute to tissue damage during chronic intestinal inflammation [54].

The major effects of oxidative stress reported are local intestinal cell damage and activation of
several signaling pathways, initiating inflammation [54].

In our preparations, AphaMax® treatment was able to modulate the redox status by scavenging
ROS and to reduce the severity of the colitis, effect that is likely ascribable to AFA-phycocyanins,
which possess antioxidant activity 75 to 200 times greater than that other more common
phycocyanins [14]. Phycocyanins were reported to be able to scavenge hydroxyl and alcoxyl radicals in
an acetic acid-induced colitis model [36]. Thereafter, since free radical generation could contribute to
the initial infiltration of neutrophils in the colonic mucosa, we can speculate that ability of our extract
in preserving the colonic mucosa from oxidative insult could participate to decrease the neutrophil
infiltration DNBS-induced. However, whether the antioxidative effect precedes the anti-inflammatory
one or not is still uncertain and has yet to be explored.

We focused our attention on the AphaMax® effects on the local production of ROS and oxidant
insult in colonic tissue; however, since a plasmatic increase of advanced oxidation protein products
formed during oxidative stress in IBD patients was also reported [55], further studies investigating
possible AphaMax® systemic effects are warranted.

5. Conclusions

In conclusion, taken together, data presented in this study demonstrate that AphaMax® powder
has pharmacologically promising positive activity on DNBS-mediated experimental colitis.
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Although several mechanisms could be proposed to explain AphaMax® beneficial effects,
we highlight the reduction of inflammatory and oxidant mediators. However, further studies
should be performed to resolve the exact molecular mechanisms. A limitation of this study is the lack
of long-term observation following AphaMax® treatment, since DNBS rats recovered within 10 days
of the experiment, making it difficult to observe and compare the long-term effects of treatment on IBD.
In addition, hapten-administration shares many features with human inflammatory bowel diseases,
but the “acute” inflammatory response evoked should be different from the mechanism of chronic
colitis in human IBD.

Moreover, the aim of the current study did not include the analysis of the effects of AphaMax®

treatment on the colon functions, we are aware that changes in colon motility and in intestinal
permeability are described in DNBS-induced colitis in rats. Since it is well reported that antioxidant
compounds are able to improve intestinal motility [56], additional studies could be performed to
assess whether the mitigation of the inflammatory process by the AphaMax® treatment, could help
the colonic mucosa and the smooth muscle to recover their functionality. We hope that results of this
study can prompt further investigations on AphaMax® as a natural product in the management of
intestinal inflammatory diseases.
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Abstract: Recent studies have reported an association between myopia development and local ocular
inflammation. Lactoferrin (LF) is an iron-binding protein present in saliva, tears, and mother’s milk.
Furthermore, sequestering iron by LF can cause its antibacterial property. Moreover, LF has an
anti-inflammatory effect. We aimed to determine the suppressive effect of LF against the development
and progress of myopia using a murine lens-induced myopia (LIM) model. We divided male C57BL/6J
mice (3 weeks old) into two groups. While the experimental group was orally administered LF
(1600 mg/kg/day, from 3-weeks-old to 7-weeks-old), a similar volume of Ringer’s solution was
administered to the control group. We subjected the 4-week-old mice to −30 diopter lenses and no
lenses on the right and left eyes, respectively. We measured the refraction and the axial length at
baseline and 3 weeks after using a refractometer and a spectral domain optical coherence tomography
(SD-OCT) system in both eyes. Furthermore, we determined the matrix metalloproteinase-2 (MMP-2)
activity, and the amount of interleukin-6 (IL-6), MMP-2, and collagen 1A1 in the choroid or sclera.
The eyes with a minus lens showed a refractive error shift and an axial length elongation in the
control group, thus indicating the successful induction of myopia. However, there were no significant
differences in the aforementioned parameters in the LF group. While LIM increased IL-6 expression
and MMP-2 activity, it decreased collagen 1A1 content. However, orally administered LF reversed
these effects. Thus, oral administration of LF suppressed lens-induced myopia development by
modifying the extracellular matrix remodeling through the IL-6–MMP-2 axis in mice.

Keywords: myopia; lactoferrin; IL-6; MMP-2; collagen

1. Introduction

There has been a significant rise in the incidence of myopia in the past five decades. Furthermore,
myopia is rapidly becoming the primary cause of visual impairment worldwide [1–3]. Thus,
myopia prevention will avert visual impairment and retinal complications. The molecular basis of
myopia has not been completely elucidated. Nonetheless, several researchers have reported on the role
of inflammation [4] and remodeling of the scleral extracellular matrix (ECM) in the onset and progress
of myopia [5]. Patients with inflammatory diseases, such as type 1 diabetes, uveitis, and systemic
lupus erythematous, show a higher incidence of myopia. Topical application of cyclosporine A,
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an immunosuppressive agent, slows down the progress of the monocular form of deprivation-induced
myopia. In contrast, it is accelerated by the topical application of lipopolysaccharide, an inflammation
inducer [6]. The concentrations of interleukine-6 (IL-6) and matrix metalloproteinase-2 (MMP-2) in the
aqueous humor are greater in highly myopic eyes than in ametropic or mildly myopic eyes. Moreover,
the contents are positively associated with axial length [7]. While the content of collagen I, the most
abundant structural collagen in the sclera, decreases via suppression of the COL1A1 gene, it increases
because of collagen degradation enzymes, such as MMP-2 and -9 [8–11]. The latter reportedly leads to
collagen fiber thinning, followed by scleral thinning and weakening, thus causing axial elongation.

Lactoferrin (LF) is an iron-binding glycoprotein not only abundant in cow’s milk but also abundant
in body fluids, such as colostrum, saliva, and tears [12,13]. It possesses various biological functions,
such as immunomodulation and the prevention of oxidative damage and photo damage [14–17].
LF reportedly affects collagen synthesis and degradation. Bovine LF enhances the transcription
of the COL1A1 gene and collagen I synthesis in human dermal fibroblasts [18]. In addition,
LF hydrolyzate attenuates interleukin-1β-induced expression of MMP-1, -3, and -13 in human
articular chondrocytes [19]. Furthermore, it has beneficial effects against eye dysfunctions, including
dry eye, choroidal neovascularization, and age-related lachrymal gland dysfunction [15,20–22].
Considering the association between inflammation and collagen turnover, and between myopia onset
and progress, LF can counteract these effects. Thus, we hypothesized that daily LF supplementation
prevents or suppresses myopia development. We showed that oral administration of LF attenuated
minus-lens-induced myopia development in C57BL6J mice. Furthermore, LF suppressed lens-induced
myopia (LIM)-induced MMP-2 activation, besides increasing COL1A1 expression.

2. Materials and Methods

Experimental animals: All animal experiments in this study were approved by the Animal
Experimental Committee of the Keio University (Permit number: 16017-3). Our study adhered to
the Institutional Guidelines on Animal Experimentation at the Keio University, the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research, and the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
for the use of animals in research. We purchased male C57BL/6J mice (3-week-old) from CLEA Japan
(Yokohama, Japan). We maintained five mice in one cage by free intake with standard chow and
water. We kept them in an environment with a 12 h/12 h light/dark cycle (the dark cycle extended from
8:00 p.m. to 8:00 a.m.) at 23 ± 3 ◦C. We maintained the light cycle using a 50-lux background according
to a previous report on experimental myopia induction [23,24].

Lactoferrin (LF) administration: We purchased LF from bovine milk from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). LF was dissolved in Ringer’s solution at a concentration of
160 mg/mL and stored it at -30 ◦C until use. We orally administered 1600 mg/kg/day LF once a
day to 3-week-old mice for 4 weeks. We administered a similar volume of Ringer’s solution to the
control group.

Lens-induced myopia (LIM): We measured the refraction, choroidal thickness, and axial length of
all eyes before (4-week-old) and after inducing myopia (7-week-old) using a refractometer (Steinberis
Transfer Center, Tübingen, Germany) and spectral domain optical coherent tomography (SD-OCT;
Envisu R4310, Leica, Wetzlar, Germany), respectively. We anesthetized the mice with 0.75 mg/kg
medetomidine (Sandoz K.K., Tokyo, Japan), 4 mg/kg midazolam (Domitor; Orion Corporation, Espoo,
Finland), and 5 mg/kg butorphanol tartrate (Meiji Seika Pharma Co., Ltd., Tokyo, Japan) dissolved
in normal saline. Several eyes could not be measured because of corneal abnormalities, which were
observed in a certain percentage of cases and not specifically in this study. At baseline for myopia
induction, we fixed −30 diopter (D) lenses and frames without lenses onto the right and left eyes (as a
control), respectively. Furthermore, we maintained this setup for 3 weeks, until the mice were 7 weeks
old. Figure 1 outlines the protocol for LF administration and LIM.
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Figure 1. Procedure for oral lactoferrin (LF) administration and minus-lens-induced myopia.

Tissue preparation: After myopia induction, we harvested the complete choroid and sclera of
each eye for gel zymography and cytokine analysis. We pooled the issues from the LIM and control
eyes of three mice in 1 tube and subsequently homogenized them to obtain a protein lysate (three
samples each of LIM and control eyes). We homogenized the tissues in an RIPA buffer (50 mM HEPES
(pH 7.5), 150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 1 mM EDTA, 5 mM benzamidine,
10 mM β-glycerophosphate, 1 mM Na3VO4, 50 mM NaF, and 1 mM PMSF) containing a Halt protease
inhibitor cocktail (Thermo Fisher Scientific, MA, USA) using Precellys (M&S Instruments Inc., Osaka,
Japan). After centrifugation, we collected the supernatant and stored it at −80 ◦C until use.

Gelatin zymography: We performed zymography as previously described with some
modifications. We added a 6× non-reducing sample buffer (Nacalai Tesque, Kyoto, Japan) to the
supernatant and added a 1× non-reducing sample buffer, thus adjusting the concentration to 0.5 g/L.
The samples were loaded onto 10% SDS-PAGE gels containing 1 mg/mL gelatin (Sigma-Aldrich Japan,
Tokyo, Japan). After electrophoresis, we rinsed the gels twice for 30 min in a washing buffer (2.5% Triton
X-100; 50 mM Tris-HCl pH 7.5; 5 mM CaCl2; 1 μM ZnCl2, all chemicals were purchased from Wako
chemical, Tokyo, Japan), incubated them for 24 h in an incubation buffer (1% Triton X-100; 50 mM
Tris-HCl pH 7.5; 5 mM CaCl2; 1 μM ZnCl2) at 37 ◦C, used a staining solution (0.5% Coomasie Blue;
40% methanol; 10% acetic acid, all chemicals were purchased from Wako chemical, Tokyo, Japan) for 1 h,
and destained the samples to expose gelatinolytic bands. We obtained the gel images and quantified
them using GELSCAN-2 (iMeasure, Nagano, Japan) and ImageJ software (version 1.63), respectively.

Western blotting: We added a reducing sample buffer (Nacalai Tesque, Kyoto, Japan) to the
remaining supernatant and boiled it at 95 ◦C for 5 min. The samples were loaded onto a 4–15%
gradient SDS-PAGE gel (Thermofisher Scientific, Waltham, MA, USA), transferred to a PVDF membrane
(Merck Millipore, Burlington, MA, USA), and blocked by Blocking One (Nacalai Tesque). Furthermore,
we incubated them overnight with anti-MMP2, anti-IL-6, anti-Collagen1A1, and anti-GAPDH (Cell
Signaling Technologies Japan, Tokyo, Japan) at 4 ◦C. After washing with TBS-T, we incubated the
membranes with a horseradish peroxidase-conjugated secondary antibody. We visualized the bands
using EzWestLumi plus (ATTA, Tokyo, Japan) and LAS-4000 (GE Healthcare, Chicago, IL, USA).
After visualization, densitometric analysis was performed using ImageJ software (version 1.63).

Statistics: All data are expressed as means± standard deviations (SDs). We analyzed the differences
between groups by one-way analysis of variance (ANOVA) or Student’s t test. A p-value < 0.05 was
considered statistically significant.
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3. Results

3.1. Oral LF Supplementation Suppressed Minus-Lens-Induced Myopia Development in C57BL/6J Mice

There was no impact of LF administration on body weight. A −30 D lens induced refractive shift
and axial elongation, thus indicating successful myopia development in the control group (Figure 2a,b).
In contrast, LIM failed to induce axial elongation and refractive shift in the LF group (Figure 2a,b).
Therefore, LF supplementation suppressed lens-induced myopia in C57BL6J mice.

Figure 2. Scleral ER stress suppression or induction was sufficient to modulate axial elongation.
(a) lens-induced myopia (LIM)-induced axial elongation was inhibited by oral administration of LF
(lactoferrin) for 3 weeks (n = 4 per group); * p < 0.05. (b) LIM-induced myopic shift in refraction was
inhibited by oral LF administration for 3 weeks (n = 4 per group); * p < 0.05.

3.2. While LIM Increased Active MMP-2 Activity and IL-6 Expression in the Choroid and Sclera,
LF Administration Reversed This Effect

Axial length elongation was accompanied by scleral remodeling, such as a suppression of collagen
production and an increase in the activity of collagen degradative enzymes. Thus, we assessed
pro-MMP-9, pro-MMP-2, and active MMP activity by gelatin zymography from the choroid and sclera
(Figure 3a). The gelatin digesting activity of pro-MMP-9 and active-MMP-2 was enhanced in LIM
in the right eyes of the control group. In contrast, the MMP activity was comparable between LIM
and control eyes in the LF-treated group (Figure 3b). Consistent with the results of zymography,
the expression level of MMP-2 protein was also higher in the myopia-induced group than in the
control group, and there was no difference in the expression level of MMP-2 protein between the
control and myopia-induced groups in mice treated with LF (Figure 3c,d). Thus, LF administration
inhibited LIM-induced proteolytic activity of MMP-2 and MMP-9, followed by the suppression of
myopia development.
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Figure 3. LIM activated MMP-2 activity and oral LF administration reversed this effect. (a) Gel image
of gelatin zymography. (b) Quantified data of pro-MMP-2, active MMP-2, and pro-MMP-9; * p < 0.05.
(c) Immunoblots showing that LIM increased IL-6 and MMP-2 expression and that LF suppressed them;
representative blots from 3 independent experiments are shown. (d) The densitometry quantitation of
MMP-2 (upper) and IL-6 (lower) blots; the Ringer’s–no lens (NL) group was assigned a value of 1.0;
all other values are expressed relative to this value; * p < 0.05.

LF has anti-inflammatory properties and its administration decreased the expression level of
inflammatory cytokines, such as tumor necrosis factor-α and IL-6 [13]. As IL-6 is a positive regulator
of MMP2 expression and is increased in myopic conditions [25,26], we hypothesized that IL-6 is an
upstream factor in the increased MMP-2 activity in myopic eyes and examined the effect of LIM and
LF on IL-6 expression level. As shown in Figure 3c,d, IL-6 expression level was higher in −30 D
lens-wearing eyes in the Ringer’s group, however, the expression level of IL-6 was comparable between
the no-lens (NL) and −30 D eyes in the LF-treated group. Taken together, it is suggested that myopic
stimuli induced IL-6 expression, followed by enhanced MMP-2 expression/activity, and that LF can
reverse it.

3.3. LIM Decreased the Content of Collagen 1A1 Protein in Choroid and Sclera, and LF Administration
Reversed This Effect

Collagen 1A1 is the most abundant structural collagen in the sclera. Furthermore, its content is
decreased by form-deprived and minus-lens-induced myopia, which reduces COL1A1 expression and
increases its degradation by MMP. Therefore, we assessed the effects of LIM and orally administered LF
on the protein expression of collagen 1A1. LIM decreased the level of its expression in the choroid and
sclera (but not statistically significantly; p = 0.062). In contrast, there was an increase in the expression
level in the LIM sclera of the LF-treated group (Figure 4a,b), suggesting the protective effect of LF
against LIM-induced collagen 1A1 degradation.
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Figure 4. LIM decreased collagen 1A1 expression and oral administration of LF reversed its effect.
(a) Immunoblotting showed a decrease in collagen 1A1 expression in the right eye in the control group;
this decrease was absent in the LF group. (b) The densitometry quantitation of blots: the Ringer’s–NL
group was assigned a value of 1.0; all other values are expressed relative to this value; * p < 0.05.

4. Discussion

In the present study, we demonstrated that LF suppresses myopia in a mouse LIM model. This was
concomitant with the inhibition of an LIM-induced IL-6 increase, MMP-2 activation, and a decrease in
collagen 1A1 in the sclera and choroid.

Scleral ECM remodeling reportedly plays an essential role in myopia development. Furthermore,
MMP-2 is a key player in scleral remodeling and myopia development. In myopic schlera, the expression
of MMP-2 was increased when compared with control eyes in mice, chicks, tree shrews, and guinea
pigs [27–29]. An increase in MMP-2 levels in the human aqueous humor was positively correlated
with axial length [27]. Forced expression of MMP-2 in the sclera was sufficient to induce a myopic
shift in refraction. Moreover, an injection of Adeno-associated virus 8 packaging with shRNA to
MMP-2 suppressed the form of deprivation-induced increases in the latter’s expression and in myopia
development [29]. We demonstrated that while LIM enhanced MMP-2 activity, oral administration
of LF reversed this effect. Therefore, LF suppressed LIM-induced MMP-2 activation. Inoculation of
Escherichia coli enhanced MMP-2, -3, and -9 activities in cervical tissue. In contrast, pre-treatment with
LF before E. coli inoculation suppressed the increase [30]. Apolactoferrin inhibited the catalytic domain
of MMP-2 in the metal-free forms of LF in vitro [31]. Our results suggest that orally administered LF
inhibited MMP-2 activation during LIM, followed by a suppression of myopia development.

Inflammation is a critical factor in myopia onset and development [6]. Consistent with previous
studies, IL-6 expression was increased by myopia-inducing stimuli. We also found that the increase
did not occur in the LF group. The changes in MMP2 activity and expression levels with myopia
induction and LF administration were consistent with this IL-6 expression pattern, and IL-6 is a positive
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regulator of MMP-2 expression [25,26], suggesting that LF suppresses the activation of MMP-2 by
myopia induction through its anti-inflammatory effects, including IL-6 expression.

MMP-2 is an ECM degradation enzyme. Furthermore, its activation induces collagen degradation,
followed by a weakening of scleral stiffness. Myopia development is concomitant with an increase in
MMP-2 expression and a decrease in collagen 1A1 content [5,8,32,33]. We reproduced a decrease in
collagen 1A1 by LIM. Moreover, oral administration of LF could prevent this decrease. LF reportedly has
a suppressive effect on MMPs [30,31] that is consistent with the present study (Figure 3). Furthermore,
LF stimulates COL1A1 transcription and collagen I synthesis in human dermal fibroblasts [18].
Fibroblasts are the dominant cell population in the sclera. Thus, LF can counteract myopia development
by suppressing collagen I degradation by MMP-2 inhibition, and by enhancing collagen I synthesis in
scleral fibroblasts.

In conclusion, oral administration of LF can prevent negative-lens-induced myopia in mice by
suppressing the IL-6–MMP-2 axis and collagen 1a1 degradation. Hence, LF is considered beneficial to
prevent myopia development in humans.

5. Patents

Patent registered in Japan for the myopia induction model (#WO2018/164113 by K.T., T.K., S.-i.I.,
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Abstract: In Cameroon, local plants are traditionally used as remedies for a variety of ailments. In this
regard, several papers report health benefits of Cameroonian spices, which include antioxidant and
anti-microbial properties, whereas gastric anti-inflammatory activities have never been previously
considered. The present study investigates the antioxidant and anti-inflammatory activities of
hydro-alcoholic extracts of eleven Cameroonian spices in gastric epithelial cells (AGS and GES-1
cells). The extracts showed antioxidant properties in a cell-free system and reduced H2O2-induced
ROS generation in gastric epithelial cells. After preliminary screening on TNFα-induced NF-κB
driven transcription, six extracts from Xylopia parviflora, Xylopia aethiopica, Tetrapleura tetraptera,
Dichrostachys glomerata, Aframomum melegueta, and Aframomum citratum were selected for further
studies focusing on the anti-inflammatory activity. The extracts reduced the expression of some
NF-κB-dependent pro-inflammatory mediators strictly involved in the gastric inflammatory process,
such as IL-8, IL-6, and enzymes such as PTGS2 (COX-2), without affecting PTGS1 (COX-1).
In conclusion, the selected extracts decreased pro-inflammatory markers by inhibiting the NF-κB
signaling in gastric cells, justifying, in part, the traditional use of these spices. Other molecular
mechanisms cannot be excluded, and further studies are needed to better clarify their biological
activities at the gastric level.

Keywords: gastric inflammation; ethnopharmacology; Cameroonian plants; interleukin 8; interleukin 6;
NF-κB; COX-2; antioxidant

1. Introduction

Gastritis is an inflammatory-based pathology which can be classified as acute or chronic.
Acute gastritis is provoked by several risk factors which include stress, alcohol abuse, the use
of non-steroidal anti-inflammatory drugs (NSAIDs), and bile reflux; chronic conditions are mainly due
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to Helicobacter pylori (H. pylori) infection. Infected people can also develop more severe pathologies,
such as peptic ulcer or gastric cancer [1,2]. In 1994, the WHO assessed H. pylori as a class I carcinogen
for gastric cancer. Several transcription factors are involved in gastric inflammatory conditions,
including NF-κB [3]; according to the literature, in vitro studies demonstrate that H. pylori and some
pro-inflammatory cytokines (i.e., TNFα) are able to induce the activity of this transcription factor
in gastric epithelial cells [4,5]. NF-κB plays a pivotal role in the expression and release of some
pro-inflammatory mediators, such as IL-8, IL-6 and enzymes such as prostaglandin endoperoxide
synthase 2 (PTGS2) (COX-2), which, in turn, lead to the amplification of the gastric phlogistic
process [6,7]. IL-8 is considered a key element involved in the development of gastritis. At this regard,
Crabtree et al. demonstrated the increased expression of this chemokine in the epithelium of the
infected gastric mucosa [8,9]. In this context, an over-production of oxygen reactive species (ROS) leads
to increased oxidative stress contributing to exacerbate the inflammatory process [10]. Indeed, it has
been demonstrated that several ROS can enhance IL-8 expression in gastric epithelial cells through the
NF-κB activation [11].

NSAIDs act on prostaglandin synthesis, through the inhibition of cyclooxygenase enzymes, PTGS1
(COX-1) and PTGS2 (COX-2). The latter is encoded by an NF-κB-dependent gene, strictly involved in
the inflammatory process, whose expression can be rapidly up-regulated by cytokines and growth
factors; otherwise, PTGS1 gene is constitutively expressed in human epithelial cells, contributing to
preserve the protective mucus layer by cytoprotective prostaglandin production; therefore, the blockage
of PTGS1 (COX-1) activity is the main factor responsible for the gastric side effects (e.g., peptic ulcers) of
NSAID chronic drug treatment [12–14]. These findings underline the importance of selective inhibitor
agents for COX-2, able to preserve COX-1 activity.

In Cameroon, the traditional use of natural products for the treatment of several diseases is
largely diffused and constitutes the first health approach among the population [15]. The efficacy of
the traditional use of plants for human health is not generally fully supported by scientific evidence.
Many plants are traditionally employed in Cameroon for the treatment of different ailments, such as
diabetes, hypertension, malaria, and gastric disorders [16–18]. Nkui and Nahpoh are two traditional
soups of the eastern region which contain many spices, among which there are plants used in the present
study. These plants are widely distributed in eastern and central Africa, and their fruits and seeds,
normally boiled with the help of a thread or a stick of bamboo, are pounded and used in cooked foods
or as spices for sauces or beverages. As a traditional remedy, they are mainly employed in association
with other botanicals for the treatment of various ailments, including stomach disorders [18–20].
According to the literature, several papers report the potential health benefits of these Cameroonian
spices, including anti-microbial, anti-inflammatory, and hypoglycemic properties [19,21–23]. However,
no study has investigated the anti-inflammatory activity of Cameroonian spices at the gastric level.

The aim of this study is to investigate the potential anti-inflammatory and antioxidant effects
of the hydroethanolic extracts from eleven selected Cameroonian spices in human gastric epithelial
cells. Human GES-1 and AGS cells are used as reliable in vitro models of human gastric epithelium.
The extracts are assessed on the TNFα-induced expression of different NF-κB-dependent mediators,
such as IL-8, IL-6 and PTGS2 (COX-2), and the effect on the TNFα-induced NF-κB-driven transcription
is assessed as well. Among the extracts tested, six showed promising activity as anti-inflammatory
agents, confirming their use in Cameroonian traditional medicine for the treatment of gastric disorders.

2. Materials and Methods

2.1. Preparation of the Hydroethanolic Extracts

The material from eleven different species of plants was harvested in different areas of the West
Cameroon in September 2017, as previously described [24,25]. Plants collected were: Xylopia aethiopica
(Dunal) A.Rich. (XA), Xylopia parviflora Spruce (XP), Scorodophloeus zenkeri Harms (SZ), Monodora myristica
(Gaertn.) Dunal (MM), Tetrapleura tetraptera (Schum. and Thonn.) Taub. (TT), Echinops giganteus A.
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Rich. (EG), Dichrostachys glomerata (Forssk.) Chiov. syn. Dichrostachys cinerea (L.) Wight and Arn.
(DG), Afrostyrax lepidophyllus Mildbr. (AL), Aframomum melegueta K.Schum. (AM), Aframomum citratum
(C. Pereira) K. Schum. (AC), and Zanthoxylum leprieurii Guill. and Perr. (ZL).

Selected samples consisted of different fruits, seeds, or roots, and were identified in the National
Herbarium of Cameroon (http://irad.cm/national-herbarium-of-cameroun/) in Yaoundè (Cameroon),
by comparison with preserved specimens [24,25]. The plant material (100 g) of each species was
powdered and extracted, under stirring, with 100 mL of an hydroalcoholic (ethanol:water, 70:30)
mixture for 4 h at room temperature, in dark conditions. Then, the extract was filtered, and the plant
material was recovered and subjected to a second overnight extraction with fresh solvent. The solvent
was removed through rotary evaporator (Laborota 4000 efficient, Heidolph Instruments, Schwabach,
Germany), and subjected to lyophilization. All the extracts were dissolved in pure DMSO, aliquoted,
and stored at −80 ◦C. Parts used, aspect, color, and extraction yield were previously reported in [25].
The extracts were characterized by gas chromatography coupled with mass spectrometry, as previously
reported [24].

2.2. ORAC Assay

The oxygen radical absorbance capacity (ORAC) assay was carried out according to Ou B. et al.
and Dávalos A. et al. [26,27], with minor modifications. Briefly, 20 μL of stock solution of each extract
(1 μg/mL) was distributed into a black 96-well plate. Then, 120 μL of fluorescein solution (70 nM final
concentration), previously prepared with a phosphate buffer (pH 7.4, 75 mM), was added to each well.
Peroxyl radicals were generated by adding 60 μL of AAPH 40 mM (Sigma-Aldrich, St. Louis, MO,
USA). The final concentration of each extract in the assay well was 0.1 μg/mL. The plate was put in a
spectrophotometer (Victor X3, PerkinElmer, USA) and the fluorescence detector was set at excitation
and emission wavelengths of 484 and 528 nm, respectively. The fluorescence was read, after shaking,
every 2 min for 60 min at 37 ◦C. Trolox (0–50 μM) was used as reference inhibitor. The area under the
curve (AUC), of each extract, was calculated and the results were expressed as μM Trolox equivalent.

2.3. Cell Culture

Human adenocarcinoma gastric epithelial cells (AGS, CRL-1739, LGC Standard S.r.l., Milano,
Italy) were grown in DMEM/F12 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with penicillin 100 units/mL (Gibco, Thermo Fisher Scientific, Waltham, MA, USA),
streptomycin 100 mg/mL (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), L-glutamine 2 mM
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 10% heat-inactivated fetal bovine serum
(Euroclone S.p.A, Pero, Italy), at 37 ◦C in humidified atmosphere containing 5% CO2. Human normal
gastric epithelial cells (GES-1, kindly provided by Dr. Dawit Kidane-Mulat (University of Texas, Austin)
were grown in RPMI 1640 medium, supplemented as previously described, and in the same atmospheric
conditions. When cells reached 80–90% of confluence, usually every 4 days, they were detached from
the flask (Euroclone S.p.A., Milan, Italy) using trypsin-EDTA 0.25% (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), counted, and replaced in a new flask (1 × 106 cell density per flask) to promote
cell growth.

2.4. Cytotoxicity Assay

Cell morphology was checked by light microscope inspection. Cell viability was measured, after 6 h
co-treatment with the stimulus (TNFα, 10 ng/mL) and the extracts, by the 3,4,5-dimethylthiazol-
2-yl-2,5-diphenyltetrazolium bromide (MTT) method (Sigma-Aldrich, St. Louis, MA, USA) [28].
This method evaluates the succinate dehydrogenase activity, which is an index of cell viability.
Six hours later, the medium was removed from each well and 0.1 mg/mL of MTT solution (200 μL)
was added for 45 min at 37 ◦C, in dark conditions. Violet formazan salt was extracted from the cells
with 200 μL of a mixture isopropanol:DMSO (90:10), and the absorbance was read at 570 nm (Envision,
PerkinElmer, Waltham, MA, USA). The extracts were assessed in the range 0.1–20 μg/mL.
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2.5. Cell Treatment

To investigate the release and gene expression of the pro-inflammatory mediators, the NF-κB
driven transcription, and IL-8 promoter activity, cells were seeded in 24-well plates (DB FalconTM) at the
density of 30,000 cells/well. After 72 h, cells were co-treated with the pro-inflammatory stimulus (TNFα,
10 ng/mL) and the extracts for 6 h, using serum-free medium: DMEM/F12 or RPMI 1640 medium
(Gibco, Thermo Fisher Scientific, Waltham, USA), supplemented with L-glutamine 2 mM (Gibco,
Thermo Fisher Scientific, Waltham, USA), penicillin 100 units/mL (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), and streptomycin 100 mg/mL (Gibco, Thermo Fisher Scientific, Waltham, USA).
Then, the medium or the cell lysate was collected for the biological assays. To assess the effect of the
extracts on ROS generation, AGS and GES-1 cells were seeded in black 96-well plates (PerkinElmer,
USA) at the density of 10,000 cells/well; after 72 h, cells were pre-treated with the extracts for 24 h in
serum-free medium, and subsequently challenged with H2O2 for 2 h.

2.6. ROS Production

The intracellular ROS level was measured, in GES-1 and AGS cells, with the oxidant-sensitive
fluorescence probe CM-H2DCFDA (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). After the
treatment, cells were incubated for 30 min with the fluorescent probe (10 μM), washed with PBS and
stimulated with H2O2 for 2 h. The fluorescence intensity was read at an excitation wavelength of
485 nm and an emission wavelength of 535 nm using a plate reader (Envision, Perkin Elmer, Waltham,
MA, USA). Trolox (500 μM) was used as reference compound. Data were expressed as mean ± SD of at
least three experiments.

2.7. Transient Transfection Assays

GES-1 and AGS cells were transiently transfected in 24-well plates with two different reporter
plasmids, the NF-κB-Luc (50 ng/well) or the IL-8-Luc (100 ng/well) [29]. The NF-κB-Luc contains the
luciferase gene under control of the E-selectin promoter characterized by three κB responsive elements,
while IL-8-Luc contains the luciferase gene under control of a fragment of the native promoter of
the human IL-8. The plasmid NF-κB-Luc was a kind gift of Dr. N. Marx (Department of Internal
Medicine-Cardiology, University of Ulm, Ulm, Germany)m whereas the native IL-8-Luc promoter
was kindly provided by Dr. T. Shimohata (Department of Preventive Environment and Nutrition,
University of Tokushima Graduate School, Tokushima, Japan). GES-1 cells were transfected using
Lipofectamine® (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), whereas AGS cells by
the calcium phosphate method. Sixteen hours later, the cells were treated for 6 h with extracts in the
presence of the pro-inflammatory mediators (TNFα 10 ng/mL). Six hours later, cells were harvested
and the luciferase assay was carried out using the BriteliteTM Plus reagent (PerkinElmer Inc., Waltham,
MA, USA), according to the manufacturer’s instructions. The results (mean ± SD of at least three
experiments) were expressed as percentage, relative to stimulated control, which was arbitrarily
assigned the value 100%.

2.8. IL-8 and IL-6 Release

IL-8 and IL-6 were quantified in cell media after the treatment with TNFα and plant extracts, using
two different ELISA kits, a Human Interleukin-8 ELISA Development Kit and a Human Interleukin-6
ELISA Development Kit (Peprotech Inc., London, UK). Briefly, Corning 96-well EIA/RIA plates
(Sigma-Aldrich, St. Louis, USA) were coated with the corresponding antibody provided by the ELISA
Kit (Peprotech Inc., London, UK) and incubated overnight at room temperature. The non-specific
binding sites were blocked with albumin 1%. A total of 200 μL of samples was transferred in
duplicate into wells at room temperature for 2 h. The amount of IL-8 and IL-6 in the samples was
detected at 450 nm by measuring the colorimetric reaction between horseradish peroxidase enzyme
and 3,3′,5,5′-tetramethylbenzidine substrate (Sigma-Aldrich, St. Louis, MO, USA). The absorbance
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was read at 450 nm using a spectrophotometer (Victor X3, PerkinElmer, USA). IL-8 and IL-6 were
quantified by optimization of the standard curve provided with the ELISA kit (8.0–1000 pg/mL for IL-8
and 32–2000 pg/mL for IL-6). Epigallocatechin-3-O-gallate (EGCG, 20 μM) was used as a reference
molecule able to inhibit TNFα-induced IL-8 and IL-6 secretion. The results (mean ± SD of at least
three experiments) were expressed as percentage, relative to stimulated control, which was arbitrarily
assigned the value 100% (values around 1000 and 1500 pg/mL, respectively for IL-8 and IL-6 under
stimulated conditions).

2.9. Gene Expression

GES-1 and AGS cells were lysed with QIAzol Lysis Reagent (Qiagen, Hilden, Germany), RNA was
purified using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) and quantified by spectrophotometric
analysis at 260 nm (NanoDrop ND-100, Thermo Fisher Scientific, Waltham, MA, USA). Primers for IL-8,
IL-6, PTGS1 (COX-1), PTGS2 (COX-2) and GAPDH (housekeeping gene) genes Are reported in Table S1.
IL-8, IL-6, PTGS1 (COX-1), and PTGS2 (COX-2) mRNA levels were investigated through SYBR Green
method (iTaq Universal SYBR Green One-Step Kit, Bio-Rad Laboratories Srl, Segrate, Italy). The total
RNA (10 ng/μL) from each sample was mixed with SYBR Green, corresponding primers and the reverse
transcription enzyme, the real-time PCR was assessed using the CFX384TM Real-Time PCR Detection
System (coupled to C1000TM Thermal Cycler; Bio-Rad Laboratories Srl, Segrate, Italy). The threshold
values were set manually, the relative expression of each gene was calculated by normalizing the data
on the basis of the housekeeping gene (GAPDH). The experiments were repeated, at least, three times.

2.10. Statistical Analysis

All results are expressed as mean (±SD) of at least three experiments. Data were analyzed by
unpaired one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. Gene expression
results were calculated using the ΔΔCt method. ΔΔCt values were analyzed by unpaired t-test or
unpaired one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test, and graphed as
mean relative expression (2ˆΔΔCt) values (± SEM). Statistical analyses were calculated using GraphPad
Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA) as well as IC50s. p < 0.05 was
considered statistically significant.

3. Results

3.1. Cytotoxicity of the Extracts in Gastric Epithelial Cells

The cytotoxicity of the extracts was assessed in the concentration range 0.1–20 μg/mL in both
human gastric epithelial cells (GES-1 and AGS cells) by means of the MTT assay. After 6 h treatment,
XA extract showed cytotoxic effects only at 20 μg/mL in both the cell cultures (data not shown), and this
concentration was not used for assessing the biological activity of the extract.

3.2. Hydroalcoholic Extracts Inhibit ROS Production in AGS and GES-1 Cells

The extracts were investigated for their ability to block peroxyl radicals in a cell-free system
(ORAC) assay, and to reduce ROS generation in AGS and GES-1 cells. XP and AM extracts were the
most active in ORAC assay (around 9.5 and 8.5 μmol Trolox equivalents, respectively), followed by EG
and AC extracts (around 6 μmol Trolox equivalents) (Figure 1A).

ROS generation in AGS and GES-1 cells stimulated with hydrogen peroxide (200 μM in AGS
and 100 μM in GES-1 cells) was close to 2.5-fold and 3.5-fold compared to the unstimulated controls,
respectively. Most of the extracts inhibited ROS production induced by H2O2.
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Figure 1. Antioxidant activity of the extracts. Oxygen radical absorbance capacity (ORAC) assay (A).
Data are expressed as ORAC value (μmol Trolox Equivalent/g of sample). Effect of the extracts on
intracellular ROS production induced by hydrogen peroxide in human gastric adenocarcinoma (AGS)
(B) and gastric epithelial (GES-1) (C) cells. Antioxidant activity is expressed as μmol Trolox equivalent.
Data reported in panels B and C are expressed as percentage versus the stimulated control (grey bar),
to which is arbitrarily assigned the value 100%. * p < 0.05; ** p < 0.01; *** p < 0.001.
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SZ, MM, TT, and AM exhibited a statistically significant inhibition in AGS cells (p< 0.05, Figure 1B),
while in GES-1 cells the effects were more pronounced since all the extracts, except for ZL, showed a
significant effect approximately halving the levels of ROS (Figure 1C).

3.3. Effect of the Extracts on the TNFα-Induced NF-κB-Driven Transcription in AGS and GES-1 Cells

The eleven hydroalcoholic extracts were preliminary screened at 10 μg/mL for their ability to
impair the TNFα-induced NF-κB driven transcription, in AGS and GES-1 cells. TNFα increased the
NF-κB driven transcription around 10-folds compared to unstimulated cells, in both cell lines (Figure 2);
XP, TT, DG, AM, and AC extracts significantly impaired the activation in both cell lines, while XA only
in AGS cells. The effect was more pronounced in AGS than in GES-1 cells.
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Figure 2. Effect of the extracts (10 μg/mL) on the NF-κB-driven transcription in human gastric
adenocarcinoma (AGS) (A) and gastric epithelial (GES-1) (B) cells. Data are expressed as percentage
versus the stimulated control, which is arbitrarily assigned the value 100% (grey bar). * p < 0.05;
** p < 0.01; *** p < 0.001.

XA, XP, TT, DG, AM, and AC extracts were further investigated for their ability to inhibit the
TNFα-induced NF-κB driven transcription in a concentration-dependent manner (Figures S1 and S2).
The extracts were tested in the range 0–10 μg/mL, and the corresponding IC50 values were calculated.
In AGS cells, all the extracts, except for XA, showed an IC50 below 10 μg/mL (the highest concentration
tested) and DG was the most active (IC50 2.1 μg/mL). In GES-1 cells, the IC50s were higher compared
to those obtained in AGS cells, and only TT and DG extracts showed IC50 values below 10 μg/mL
(Table 1).

Table 1. Half-maximal Inhibitory Concentration (IC50) (μg/mL) of the extracts on the TNFα-induced
NF-κB driven transcription in human gastric adenocarcinoma (AGS) and gastric epithelial (GES-1) cells.

AGS Cells GES-1 Cells

IC50 (μg/mL)

Xylopia parviflora Spruce (XP) 4.1 >10
Xylopia aethiopica (Dunal) A. Rich. (XA) >10 >10

Tetrapleura tetraptera (Schum. and Thonn.) Taub (TT) 9.7 5.9
Dichrostachys glomerata (Forssk.) Chiov. (DG) 2.1 8.8

Aframomum melegueta K.Schum (AM) 9.9 >10
Aframomum citratum (C.Pereira) K.Schum (AC) 6.8 >10
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3.4. Plant Extracts Inhibit TNFα-Induced IL-8 Release and Expression in AGS and GES-1 Cells

IL-8 is a well-known NF-κB-dependent chemokine strictly involved in the inflammatory process
at the gastric level [5,7]; for this reason, the selected extracts (XP, XA, TT, DG, AM, and AC) were
assessed for their ability to reduce its release as well as its promoter activity induced by TNFα in AGS
and GES-1 cells. All the extracts, at concentrations ranging between 0.1 and 10 μg/mL, were able to
reduce IL-8 secretion with different IC50s (Figures S3 and S4), whose values were lower in AGS cells
compared to GES-1 cells, as previously observed on the NF-κB driven transcription. The extracts also
inhibited the IL-8 promoter activity, in AGS and GES-1 cells (Figures S5 and S6), suggesting that the
effects showed on IL-8 release could be due, at least in part, to the impairment of the promoter activity
(Table 2).

Table 2. Half-maximal Inhibitory Concentration (IC50) (μg/mL) of the extracts on the TNFα-induced
IL-8 release and expression in human gastric adenocarcinoma (AGS) and gastric epithelial (GES-1) cells.

AGS Cells GES-1 Cells

IC50 (μg/mL)

IL-8 release IL-8 promoter activity IL-8 release IL-8 promoter activity

Xylopia parviflora
Spruce (XP) 0.3 1.0 8.4 >10

Xylopia aethiopica (Dunal)
A. Rich. (XA) 8.1 >10 >10 >10

Tetrapleura tetraptera
(Schum. and Thonn.)

Taub (TT)
1.4 1.4 5.7 4.6

Dichrostachys glomerata
(Forssk.) Chiov. (DG) 0.2 0.3 4.2 >10

Aframomum melegueta
K.Schum (AM) 1.2 1.9 >10 >10

Aframomum citratum
(C.Pereira)

K.Schum (AC)
0.4 2.0 2.3 >10

Since IC50s on IL-8 release were not always comparable with those on promoter activity,
we investigated the inhibitory mechanism at mRNA level; concentrations corresponding to the
IC50 values obtained on IL-8 release by each extract were tested for this purpose.

In GES-1 cells, the extracts with an IC50 >10 μg/mL (XA and AM) were tested at 10 μg/mL.
As shown in Figure 3, in AGS cells, the IL-8 mRNA levels were around 40–50% lower with respect to
stimulated control; however, this effect was not statistically significant. In GES-1 cells, XP, DG, and TT
extracts were able to reduce the IL-8 mRNA levels of around 60%, while the activity of AC extract was
around 40% lower. These results confirmed that the activity on IL-8 release could be attributed to an
effect at transcriptional level (Figure 3).
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Figure 3. Effect of the extracts on IL-8 mRNA levels in human gastric adenocarcinoma (AGS) (A) and
gastric epithelial (GES-1) (B) cells. Data are expressed as fold changes versus stimulated control
(grey bar). * p < 0.05; *** p < 0.001.

3.5. Effect of the Extracts on the TNFα-Induced IL-6 Release and Expression in AGS and GES-1 Cells

IL-6 is a cytokine dependent on the NF-κB activation involved in H. pylori-induced gastric
inflammation [30]. Thus, the possible ability of the extracts to counteract gastric inflammation through
the decrease of IL-6 release and expression was investigated as well. In these studies, just GES-1 cells
were considered since TNFα did not induce any detectable IL-6 secretion in AGS cells (data not shown).
The extracts were tested on IL-6 release in the range 0–10 μg/mL (Figure S7), while the activity on IL-6
gene expression was screened at 10 μg/mL. XP and DG extracts inhibited IL-6 release both with an IC50

of 3.5 μg/mL, whereas the effect of TT and AC was lower (4.9 and 5.1 μg/mL, respectively); XA and
AM exhibited an IC50 higher than 10 μg/mL (Table 3).

Table 3. Half-maximal Inhibitory Concentration (IC50) (μg/mL) of the extracts on the IL-6 release in
gastric epithelial (GES-1) cells.

GES-1 Cells
IC50 (μg/mL)

Xylopia parviflora Spruce (XP) 3.5
Xylopia aethiopica (Dunal) A. Rich. (XA) >10

Tetrapleura tetraptera (Schum. and Thonn.) Taub (TT) 4.9
Dichrostachys glomerata (Forssk.) Chiov. (DG) 3.5

Aframomum melegueta K.Schum (AM) >10
Aframomum citratum (C.Pereira) K.Schum (AC) 5.1

The effect of DG extract (10μg/mL) on IL-6 gene expression was statistically significant, as displayed
in Figure 4; XP, DG, and TT also reduced IL-6 mRNA levels; however, this effect was not statistically
significant. XA and AM extracts did not show any activity (Figure 4).
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Figure 4. Effect of the extracts on IL-6 mRNA levels in gastric epithelial (GES-1) cells. Results are
expressed as fold changes versus stimulated control (grey bar). * p < 0.05; *** p < 0.001.

3.6. Tetrapleura Tetraptera Extract Inhibits PTGS2 (COX-2) Gene Expression in AGS and GES-1 Cells

The gene expression, induced by TNFα, of the two cyclooxygenases, PTGS1 (COX-1) and
PTGS2 (COX-2), was investigated at different times (1, 3, and 6 h) in AGS and GES-1 cells. PTGS1 (COX-1)
expression, as expected, was not induced by the stimulus in both cell lines; PTGS2 (COX-2) mRNA
was considerably increased in GES-1 cells at 6 h, while a mild increased after 1 h stimulation was
observed in AGS cells (data not shown). The activity of the extracts on the gene expression of the two
isoforms of cyclooxygenase was evaluated in GES-1 cells after 6 h treatment, in basal and inflammatory
conditions. The PTGS2 (COX-2) mRNA level of the cells treated with TT extract and TNFα was the
only condition non-statistically different with respect to unstimulated control (Figure 5), suggesting the
ability of this extract to reduce TNFα-induced PTGS2 (COX-2) gene expression; the effect was exerted
without affecting the gene expression of the PTGS1 (COX-1) isoform. TT extract was also inactive on
PTGS2 (COX-2) and PTGS1 (COX-1) mRNA levels in the basal conditions (Figure 5). Interestingly,
TT extract did not affect the enzymatic activity of PTGS1 (COX-1) and PTGS2 (COX-2) isoforms in a
cell-free system (data not shown).
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Figure 5. Effect of the extracts on prostaglandin endoperoxide synthase 2 PTGS2 (COX-2) and
prostaglandin endoperoxide synthase 1 PTGS1 (COX-1) mRNA levels in the presence (A,B) or in the
absence (C,D) of TNFα, in gastric epithelial (GES-1) cells. Data are expressed as fold changes versus
control (grey bar). * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

Gastritis is an inflammatory-based condition promoted by a variety of risk factors, which include
stress, alcohol or drug abuse, and others; the most severe chronic form of gastritis is mainly caused
by Helicobacter pylori infection. Unfortunately, the infection is diffused in several countries with
unsustainable economic situation, and the conventional therapy against gastric inflammatory processes
or for H. pylori eradication is not easily available.

This work investigates the anti-inflammatory and radical scavenger activities at the gastric level
of eleven hydroalcoholic extracts obtained from plants widely used in Cameroon as spices and in the
traditional medicine against a variety of diseases, including gastric disorders.

The study was carried out using two gastric cell models (AGS and GES-1 cells) stimulated with
TNFα, which contributes to the inflammatory process in infected gastric epithelium [31]. AGS cells,
a tumor gastric epithelial cell line, is a well-established in vitro model, while GES-1 cells are considered
an in vitro model closer to the gastric epithelium of healthy subjects [32].
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A prolonged oxidative stress may cause lipid peroxidation and DNA damages, leading to an
increased risk to develop gastric cancer [33,34]; several extracts included in this study prevented
H2O2-induced ROS generation in AGS and GES-1 cells, this effect could be explained with the presence
of compounds able to counteract the excessive amount of ROS, derived from the unbalance between
ROS production and endogenous antioxidant systems, acting as scavengers. The extracts displaying
the highest antioxidant effect were those with the highest phenol content, as previously reported [25].

The investigation on the anti-inflammatory activity identified six extracts (XA, XP, DG, TT,
AM, and AC) able to reduce the release and the gene expression of two NF-κB-dependent
pro-inflammatory mediators, IL-8 and IL-6, which contribute to the amplification of the gastric
inflammatory process [6,8,31]; the effect on the NF-κB pathway suggests that this transcription factor
could be involved in the molecular mechanism responsible for the observed activity. In addition,
the IC50s on IL-8 release in our experiments reflected in halved IL-8 mRNA level, suggesting the
important contribution of the transcription, although not always statistically confirmed. The different
activity on the IL-8 promoter, especially evident in GES-1 cells, may be partly justified by the
intervention of post-transcriptional regulatory mechanisms. The chemical analysis of the extracts has
been previously reported by our group [24]; on the basis of this characterization, the hydroalcoholic
extracts contain previously quantified secondary metabolites able to act as NF-κB inhibitors, such as
pimaric acid in XP (8.73%), gingerol and shogaol in AM (0.7% and 2.05% respectively), chlorogenic
acid and catechins, identified in some extracts [35–40]. Although further investigation is needed,
these individual compounds could contribute, at least in part, to the anti-inflammatory activity
displayed by the extracts. According to the literature, the anti-inflammatory effects could be linked
to the antioxidant properties of the extracts, since it has been demonstrated that ROS are able to
over-express IL-8 by activating oxidant-sensitive nuclear factors, such as NF-κB, in gastric epithelial
cells [11].

Although the six extracts inhibited IL-8 release in both gastric cell models, only XP, TT, DG,
and AC reduced IL-6 levels. Again, the mRNA analysis showed that all the extracts influenced the
IL-6 at the transcriptional level, in particular DG, which obtained a statistically significant difference
with respect to the stimulated control. Our results allow to speculate that XA and AM do not inhibit
other important transcription factors for IL-6, such as CREB, but further studies are needed to confirm
this hypothesis.

NSAIDs are not used in the therapy of gastric inflammatory diseases, since they act on
prostaglandin-endoperoxide synthase (cyclooxygenase) enzymes blocking also the PTGS1 (COX-1)
isoform, which is involved in the protection of the gastric mucosa [14]. In this context, TT extract could
be considered the most promising extract, for the ability to inhibit TNFα-induced PTGS2 (COX-2) gene
expression without affecting the PTGS1 (COX-1) mRNA basal levels. Indeed, Tetrapleura tetraptera (TT)
extract did not reduce the enzymatic activity of PTGS1 (COX-1) and PTGS2 (COX-2) isoforms in a
cell-free system; however, these findings need further investigation.

In the literature, different studies have demonstrated the beneficial effects of the fruits of this
plant including antimalarial, anti-inflammatory, hypotensive, anti-insulin resistance, and antilipidemic
properties [22,41,42].

This study demonstrates the antioxidant and anti-inflammatory activity, at the gastric level,
of different hydroalcoholic extracts from Cameroonian plants, selecting those with the most promising
effects. XA, XP, TT, DG, AM, and AC are largely used and diffused in some African countries as spices,
thus making these plants interesting as functional foods, especially XP, TT, DG, and AC. Further studies
are clearly needed to collect more evidence, especially for TT extract, although our findings provide a
sound scientific support to the traditional use of these plants against gastric disorders. In particular,
studies on the stability of the extracts in the gastric environment should reinforce the translational
value of this work. Considering the order of the inhibitory concentrations (0.1–10 μg/mL) and the
yields of extraction [23], it is plausible that the dietary consumption of 1–10 mg of Cameroonian spices

192



Nutrients 2020, 12, 3787

may achieve the bioactivity at gastric level. Thus, these products could be useful to alleviate gastric
inflammation in countries where conventional therapy is not easily available.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3787/s1,
Figure S1: Effect of the extracts on the NF-κB driven transcription in AGS cells. Data are expressed as percentage
versus the stimulated control, which is arbitrarily assigned the value 100%., Figure S2: Effect of the extracts on
the NF-κB driven transcription in GES-1 cells. Data are expressed as percentage versus the stimulated control,
which is arbitrarily assigned the value 100%, Figure S3: Effect of the extracts on the IL-8 release in AGS cells.
Data are expressed as percentage versus the stimulated control, which is arbitrarily assigned the value 100%,
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Abstract: Gum Arabic (GA) is a widely-used additive in food processing, but is also historically
used in a number of traditional therapies. It has been shown to have a broad range of health
benefits, particularly in improving important cardiovascular risk indicators. Metabolic syndrome
and its associated cardiac outcomes are a significant burden on modern healthcare systems, and
complementary interventions to aid in its management are required. We aimed to examine the
effect of GA on those with, or at risk of, metabolic syndrome to identify an effect on improving
important disease parameters related to cardiovascular outcomes. A single-blind, randomized,
placebo-controlled trial was conducted to identify the effects of daily GA supplementation on
metabolic and cardiovascular risk factors. A total of 80 participants were randomized to receive
20 g of GA daily (n = 40) or placebo (1 g pectin, n = 40) for 12 weeks. Key endpoints included
body-anthropometric indices, diet and physical activity assessment, and blood chemistry (HbA1c,
fasting glucose, and blood lipids). Of the 80 enrolled, 61 completed the study (intervention: 31,
control: 30) with 19 dropping out due to poor treatment compliance. After 12 weeks, the participants
receiving the GA showed significant decreases in systolic and diastolic blood pressure, fat-free body
mass, energy and carbohydrate consumption, and fasting plasma glucose, as well as increased
intake of dietary fiber. They also reported improvements in self-perceived bloating and quality of
bowel movements, as well as a decreased appetite score following GA consumption. These results
suggest that GA could be a safe and beneficial adjunct to other treatments for those with, or at risk of,
metabolic syndrome.

Keywords: metabolic syndrome; Gum Arabic; Acacia senegal; Acacia seyal

1. Introduction

Gum Arabic (GA) or Acacia gum is a soluble dietary fiber obtained from the stems
and branches of the Acacia senegal and Acacia seyal plants, which grow mainly in the
African region of Sahe in Sudan [1]. It is often associated with health benefits relevant
to reducing the risk of metabolic syndrome (MetS). GA contains three different fractions
of highly-branched carbohydrate structures that vary in molecular mass and protein
content, which are believed to underlie its physiological effects. These are commonly
known as the arabinogalactan-protein, arabinogalactan, and glycoprotein fractions [2].
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However, the composition of GA may change depending on the source, climate, and soil [3].
Because of the physical properties of GA, it has been widely used in various industries
including cosmetics, textiles, ceramics, pharmaceuticals and foods [4]. GA is commonly
used in industrial food production as an emulsifier, a stabilizer, and a thickener due to
its nondigestibility, low-solution viscosity, and safety [5]. Used as a traditional remedy
for many years, several studies have described the antioxidant properties of GA and its
capacity to neutralize reactive oxygen substances [6–8]. Research also suggests it may
have an effect on lipid metabolism [9], as well as renal function [10–12] and satiety [13],
lending support to its use as an adjunct in the prevention and treatment of metabolic
syndrome. Broadly, GA appears to have a hypocholesterolemic effect, decreasing low-
density lipoproteins (LDL) and very low density lipoproteins (VLDL) without affecting
high-density lipoproteins (HDL) and triglycerides in animal models [6]. GA has shown
potential to relieve the effects of chronic renal failure by improving creatinine clearance
as well as excretion of magnesium and calcium [14]. It has also been reported to decrease
blood pressure in mice, and has been shown to lower caloric intake significantly, potentially
due to increased dietary-fiber intake increasing satiety [5]. This reduction in energy intake
makes GA a strong candidate for adjunct weight-control therapies.

Metabolic syndrome describes a cluster of conditions including increased blood pres-
sure, high blood glucose, excess body fat, and dyslipidemia occurring simultaneously [15].
Metabolic syndrome is one of the most significant risk factors for a wide range of noncom-
municable diseases (NCDs) such as cardiovascular diseases and diabetes [16]. According
to the World Health Organization (WHO), NCDs are responsible for 71 percent of deaths
globally, with cardiovascular disease being the leading cause of death, followed by cancer,
respiratory diseases, and diabetes [17]. Most NCDs share common behavioral risk factors
such as poor diet, physical inactivity, and smoking, as well as the key MetS risk factors
such as overweight, obesity, high blood sugar, and hypercholesterolemia [18]. This makes
reducing the burden of MetS a key element in the prevention of NCDs [16].

Given the significant burden of MetS and its associated risk of NCDs, there is a need
for novel interventions to help prevent its onset. This study aimed to investigate the effect
of consuming 20 g of Gum Arabic-Acacia Senegal (GA-AS) per day based on key metabolic
parameters in adults with, or at risk of, metabolic syndrome. It is the hope that the
results of this study will provide insight into the dietary effects of consistent consumption
of Gum Arabic-Acacia Senegal. It is hypothesized that GA-AS will provide benefits to
the metabolic health of the participants with regular use and will be well tolerated by
individuals taking it.

2. Materials and Methods

2.1. Study Design

The present study was a controlled, randomized, single-blind, parallel-design study
comparing an intervention group receiving 20 g of GA-AS daily for 12 weeks with a control
group receiving a daily placebo containing 1 g of pectin for the same period. The primary
endpoints of the study were blood glucose, lipid profile, blood pressure, body composition,
gastrointestinal motion, and satiety. The study was conducted at the department of Nu-
trition and Health, College of Food and Agriculture at United Arab Emirates University
(UAEU) during the period from January to May 2018. This study was conducted according
to the principles of the Helsinki declaration on human research ethics and was approved
by the UAEU scientific research ethics committee (ref. no. ERH_2016_4372).

2.2. Study Participants

Participants were recruited from the UAEU (students and staff) through face-to-face
interviews, email, social media, and printed advertisements on the campus and in the
dormitories of the university. Participants were given both verbal and written information
about the aim of the study, data to be collected, and the duration of intervention, and they
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were required to sign a written informed-consent form to participate in the study prior
to screening.

Participants were screened for eligibility at the nutrition clinic at UAEU. Participant
eligibility was based on the presence of metabolic-syndrome risk factors. Inclusion and
exclusion criteria are summarized in Table 1. Risk factors assessed included waist circumfer-
ence (females > 80 cm and males > 94 cm), systolic blood pressure (≥130 mm Hg), diastolic
blood pressure (≥80 mm Hg), blood-fasting glucose (≥100 mg/dL), HDL cholesterol level
(for female < 50 mg/dL and males < 40 mg/dL), and triglycerides level (≥150 mg/dL).
Participants with more than three risk factors, or with two risk factors and one borderline,
were included in the study. Participants were excluded from the study if they were smokers,
pregnant women, lactating women, or were taking permanent medication.

Table 1. Nutrient composition of GA per 20 g dose.

Nutrient Per 20 g Dose

Energy (kcal) 1.8
Protein (g) 0.4

Carbohydrate (g) 17.1
Fat (g) 0.02

Total dietary fiber (g) 17.1
Sodium (mg) 2.8
Calcium (mg) 214.8

Magnesium (mg) 78.0
Potassium (mg) 182.8

Iron (mg) 0.2

Participants were asked to complete a health-screening questionnaire that contained
questions about medical conditions and medications that might influence glucose control,
appetite, and energy expenditure. All participants signed an informed-consent form before
taking part in the study. This study was conducted according to the guidelines in the
Declaration of Helsinki. All procedures involving human subjects were approved by the
United Arab Emirates University (UAEU) Scientific Research Ethics Committee.

Participants were randomly assigned to control and intervention groups via com-
puter software, with the experimental group receiving 20 g of GA-AS powder per day
and the control group receiving 1 g of placebo (pectin) powder per day for a period of
12 weeks. This dose was selected based on previous research showing metabolic effects
with doses of 10–30 g per day for 4–12 weeks, with lipid effects being most significant after
5 weeks [3,13,19,20]. GA powder and placebo were provided in premeasured sachets, and
participants were asked to consume the GA powder or the placebo two times per day by
adding it to hot water, tea, milk, or on any meal. The nutrient composition of the study
dose of Gum Arabic is presented in Table 1. Body weight (kg), height (cm), waist circum-
ference (cm), body composition, blood glucose, blood-lipid profile, glycated hemoglobin
A1c (HbA1c), and blood pressure were measured at baseline (week 0) and 12 weeks. In
addition, participants were asked to complete a bowel-movement questionnaire and satiety
scale at the baseline and endpoint of the study.

2.3. Research Parameters
2.3.1. Anthropometric Measurements

Body weight was recorded to the nearest 0.01 kg while the subject was wearing mini-
mal clothes (as per local cultural requirements) and no shoes. Body composition was as-
sessed via a bioimpedance device (InBody720, InBody, CA, USA), providing measurement
of percentage body fat (%BF), fat mass (kg), and fat free mass (kg). Waist circumference
was measured using measuring tapes, according to standard methods at the mid-point
between inferior costal margin and superior border of the iliac crest. In obese individuals,
the measurement was taken at the level of the umbilicus [21]. Body mass index (BMI) was
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calculated as BMI = kg/m2. All measurements were taken at baseline and after 12 weeks
of intervention.

2.3.2. Diet and Physical Activity Assessment

During the study period, the participants were asked to maintain their normal lifestyle.
Participants were asked to record their dietary intake at baseline (week 0) and at week 12
of the study period. Food records were taken over three days including two weekdays
and one weekend day. Photographs of food with different portion sizes were used to help
participants estimate the correct portion size consumed. The Food Processor® Nutrition
and Fitness Software, ESHA food-analysis program (version 10.4), and the Kuwaiti Food
Composition database were used to analyze the energy and nutrient contents of the
consumed foods [22].

Physical activity level was assessed using the International Physical Activity Ques-
tionnaire (IPAQ) (Arabic and English versions) at baseline and week 12 [23].

2.3.3. Bowel Movement and Satiety Questionnaires

Participants were asked to answer a bowel-movement questionnaire including fre-
quency and intensity of constipation, bloating, diarrhea, and heartburn. A satiety ques-
tionnaire with scoring points was used to assess satiety after 60 min of ingestion of either
GA-AS or the placebo intervention. The questionnaires were administered at both baseline
and at the end of the study (adapted from [24,25]). In the satiety questionnaire, participants
answered the following questions: How did the meal (with the study treatment or placebo)
you just ate make you feel? Did it satisfy your hunger, or did you feel like you needed to
snack later? Then they rated their feelings of satiety for 60 min using a score of 100 [24,25].

2.3.4. Biochemical Parameters

A fasting, venous blood sample was collected (5 mL) by a certified phlebotomist
at baseline and at end of the study period. Fasting blood glucose (FBG), HbA1c, serum
triglyceride (TG), high-density lipoprotein cholesterol (HDLC), low-density lipoprotein
cholesterol (LDLC), and total cholesterol (TC) were analyzed using Cobas C111 automated
biochemical analyzer (Roche Diagnostics, Indianapolis, IN, USA). All data were collected
at the laboratory facilities of the Nutrition and Health Department.

2.4. Statistical Analysis

G*Power 3.1.9.2 software was used for sample-size calculation of repeated measures
ANOVA with parallel design. Power calculation identified a sample size of at least 54
participants to detect a medium-effect size (0.25) with 95% power with significance level set
at 0.05. The statistical analysis was performed using SPSS version 24.0 and results presented
as (Mean ± Standard Deviation). Repeated measures ANOVA was used to detect the main
effects of time and group on study measures. Paired t-tests and independent t-tests were
employed to compare the effect of time and groups (Control vs. Intervention), respectively.
Binary data was assessed for statistical significance with the N-1 chi square test. Results
were considered statistically significant at p-value < 0.05.

3. Results

The study sample consisted of 80 participants from the United Arab Emirates Uni-
versity, aged 18–50 years with a mean age of 25.51 ± 9.5 years, mean BMI of 33.9 ± 5.4,
and with 62.3% being female. Nineteen participants dropped out of the study due to poor
treatment compliance, with 61 ultimately completing the 12-week intervention. Dropouts
were largely due to failure to take prescribed GA or placebo, or failure to present for follow
up testing. The control group consisted of 30 participants, and the experimental group 31
(Figure 1). There were no significant differences in baseline characteristics between groups
(Table 2).
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Figure 1. Summary of study recruitment.

Table 2. Baseline characteristics of the subjects (N = 61).

Variable
Control (n = 30)

Mean ± SD
Intervention (n = 31)

Mean ± SD
p-Value

Age (years) 25.6 ± 9.9 28.3 ± 11.8 0.452
Weight (kg) 91.7 ± 20.8 92.1 ± 17.4 0.948
Height (cm) 168.3 ± 11.6 164.3 ± 7.5 0.163

BMI (kg/m2) 31.9 ± 4.7 34.1 ± 5.9 0.174
Waist circumference (cm) 100.5 ± 16.1 101.2 ± 12.7 0.867

Body Fat (%) 39.7 ± 8.4 43.7 ± 7.6 0.088
Fat free mass (kg) 53.8 ± 14.5 50.9 ± 9.4 0.382

Systolic Blood Pressure (mm Hg) 114.8 ± 16.4 118.3 ± 17.0 0.482
Diastolic Blood Pressure (mm Hg) 75.8 ± 9.9 81.1 ± 9.2 0.066

Physical Activity Levels

Vigorous (min/week) 11.1 ± 3.0 14.4 ± 3.2 0.683
Moderate (min/week) 59.4 ± 5.7 62.1 ± 8.9 0.117

Light (min/week) 190.2 ± 13.1 193.5 ± 3.2 0.939
Sedentary Activity (h/day) 9.20 ± 0.4 10.5 ± 0.35 0.155

Nutritional Intake

Energy (kcal) 2142 ± 551.8 2036.9 ± 601.5 0.534
Carbohydrate (g) 256 ± 57.7 239.4 ± 84.3 0.446

Fat (g) 82.2 ± 34.1 80.5 ± 30.7 0.852
Protein (g) 81.7 ± 28.9 86.9 ± 38.4 0.609

Dietary fiber (g) 15.0 ± 9.8 17.1 ± 15.2 0.648
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Table 2. Cont.

Variable
Control (n = 30)

Mean ± SD
Intervention (n = 31)

Mean ± SD
p-Value

Biochemical Parameters

HbA1c (%) 6.1 ± 0.9 6.0 ± 1.7 0.763
Glucose (mg/dL) 101.5 ± 14.0 105.6 ± 36.0 0.635

Triglycerides (mg/dL) 94.7 ± 41.6 100.9 ± 53.9 0.661
Total Cholesterol (mg/dL) 150.7 ± 34.3 157.9 ± 28.2 0.413

LDLC (mg/dL) 2.5 ± 0.9 2.50 ± 0.7 0.926
HDLC (mg/dL) 46.3 ± 12.1 45.1 ± 12.1 0.747

After 12 weeks of GA treatment, the experimental group showed significant decreases
in both systolic (p = 0.008) and diastolic blood pressure (0.009), as well as fat free mass
(p = 0.03), with no intragroup difference in the control group. No significant inter- or
intragroup differences were observed in BMI, waist circumference, or body fat between
baseline and week 12 (Table 3).

Table 3. Changes in physical characteristics for study population after 12 weeks.

Control Intervention
Intergroup

Difference (Week 12)

Variable
Baseline

(Mean ± SD)
Week 12

(Mean ± SD)
p-Value

Baseline
(Mean ± SD)

Week 12
(Mean ± SD)

p-Value p-Value

Weight (kg) 91.74 ± 20.8 93.0 ± 22.3 0.37 92.09 ± 17.4 91.43 ± 17.0 0.116 0.778
BMI (kg/m2) 31.92 ± 4.7 32.6 ± 5.6 0.288 34.07 ± 5.9 33.90 ± 6.0 0.465 0.43

Waist circ. (cm) 100.50 ± 16.1 100.6 ± 18.9 0.937 101.20 ± 12.7 99.07 ± 13.0 0.155 0.728
Body Fat (%) 39.72 ± 8.4 40.90 ± 8.90 0.206 43.70 ± 7.6 44.10 ± 7.8 0.094 0.198

Fat Free Mass (kg) 53.79 ± 14.5 58.80 ± 9.70 0.185 50.85 ± 9.4 55.38 ± 8.9 0.030 * 0.206
Systolic (mm Hg) 114.80 ± 16.4 117.0 ± 15.0 0.242 118.30 ± 17.0 111.30 ± 19.8 * 0.008 * 0.273
Diastolic (mm Hg) 75.8 ± 9.90 79.50 ± 9.7 0.102 81.1 ± 9.2 76.70 ± 13.2 * 0.009 * 0.419

* p = < 0.05.

3.1. Diet and Physical-Activity Assessment

After 12 weeks of GA treatment, the intervention group showed a decrease in carbohy-
drate (p = 0.008) and calorie (p = 0.014) intake and an increase in dietary fiber consumption
(p ≤ 0.001), with no intergroup change in the controls (Table 4). There were also inter-
group differences in carbohydrate (p = 0.004) and dietary-fiber (p ≤ 0.001) consumption
at 12 weeks. The intervention group also showed a trend toward lower energy intake
compared to controls after 12 weeks; however, this did not reach significance (p = 0.069).
There were no inter- or intra-group changes to physical activity parameters either in fat or
protein consumption (Table 4).

Table 4. Dietary and physical-activity characteristics of the study population.

Control Intervention
Intergroup Difference

(Week 12)

Variable
Baseline

(Mean ± SE 1)
Week 12

(Mean ± SE 1)
p-Value

Baseline
(Mean ± SE 1)

Week 12
(Mean ± SE 1)

p-Value p-Value

Vigorous (min/week) 11.1 ± 3.0 10.7 ± 2.8 0.101 14.4 ± 3.2 18.4 ± 6.0 0.91 0.55
Moderate (min/week) 59.4 ± 5.7 71.5 ± 16.6 0.525 62.1 ± 8.9 59.0 ± 10.2 0.665 0.709

Light (min/week) 190.2 ± 13.1 206.5 ± 14.2 0.408 193.5 ± 3.2 198.4 ± 20.6 0.923 0.863
Sedentary Activity

(h/day)
9.20 ± 0.4 10.9 ± 0.4 0.089 10.5 ± 0.35 10.7 ± 0.43 0.677 0.847

Energy (kcal) 2142 ± 62.4 2092 ± 55.0 0.644 2036.9 ± 68.0 1810 ± 62.5 * 0.014 0.069
Carbohydrate (g) 256 ± 6.5 256 ± 6.7 0.976 239.4 ± 9.5 194.1 ± 8.8 * 0.008 0.004

Fat (g) 82.2 ± 3.9 73.2 ± 3.11 0.259 80.5 ± 3.5 71.3 ± 3.2 0.139 0.815
Protein (g) 81.7 ± 3.3 87.0 ± 3.6 0.453 86.9 ± 4.3 84.9 ± 5.2 0.836 0.854

Dietary fiber (g) 15.0 ± 1.1 16.1 ± 1.2 0.829 17.1 ± 1.7 31.9 ± 1.64 * 0.001 <0.001

1 Standard Error, * p = <0.05.
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3.2. Biochemical Assessment

After 12 weeks of GA treatment, the intervention group had significantly decreased in
fasting plasma glucose (p = 0.046), with the control group showing no change; however,
there was no difference between the groups at the endpoint (p = 0.101). There were no
changes to HbA1c or blood lipid profile in either group (Table 5).

Table 5. Biochemical measurements of study population.

Control Intervention
Intergroup

Difference (Week 12)

Variable
Baseline

(Mean ± SD)
Week 12

(Mean ± SD)
p-Value

Baseline
(Mean ± SD)

Week 12
(Mean ± SD)

p-Value p-Value

HbA1c (%) 6.10 ± 0.90 6.0 ± 0.4 0.662 6.0 ± 1.7 6.00 ± 0.8 0.938 0.145
Glucose (mg/dL) 101.50 ± 14.00 99.5 ± 14.2 0.489 105.6 ± 36.0 92.90 ± 13.20 * 0.046 0.55

Triglycerides
(mg/dL) 94.70 ± 41.60 94.9 ± 41.0 0.955 100.9 ± 53.9 93.90 ± 44.0 0.936 0.832

Total Cholesterol
(mg/dL) 150.7 ± 34.30 151.2 ± 37.8 0.941 157.9 ± 28.20 152.60 ± 30.6 0.892 0.709

LDLC (mg/dL) 2.50 ± 0.90 2.3 ± 0.8 0.433 2.50 ± 0.70 2.4 ± 0.7 0.625 0.925
HDLC (mg/dL) 46.3 ± 12.1 46.2 ± 13.2 0.951 45.1 ± 12.1 44.8 ± 13.9 0.736 <0.001

* p = <0.05.

3.3. Bowel Movement

The intervention group reported significant reductions (p = 0.005) in bloating and
improvement in bowel movement (0.047) compared to the control group. Although there
were no statistically significant differences in abdominal pain, better digestion, or reduction
in nausea, the intervention rate responses were almost double those of the control group
(Table 6).

Table 6. The effect of GA on the bowel movement at week 12 in the Control and Intervention Groups.

Response Rate for
Week 12

Control (Yes, %) Intervention (Yes, %) p-Value

Improved bowel movements 33.3 54.8 0.047 *
Reduction in bloating feelings 20.0 51.6 0.005 *
Reduction in abdominal pain 10.0 22.6 0.094

Feeling of better digestion 23.3 41.9 0.062
Reduction in nausea 10.0 25.8 0.056

Satiety Scores Baseline (Mean ±SD) 60 min (Mean ±SE)

Control 44.9 ± 24.7 51.6 ± 24.2 0.174
Gum Arabic 48.7 ± 22.3 62.5 ± 27.5 0.011

* p = <0.05.

3.4. Feeling of Satiety

One hour after taking the GA treatment, the participants in the intervention group
showed a significant increase in appetite score (reflective of a decreased appetite) compared
to controls receiving the placebo treatment (p = 0.01) (Table 6).

4. Discussion

To the best of our knowledge, the current study is the first to examine the effect
of Gum Arabic on individuals with, or at risk of developing, metabolic syndrome. The
daily treatment with GA caused improvement in a number of parameters important to
modifying outcomes and risk of metabolic syndrome, including fasting plasma glucose,
blood pressure, and energy intake. However, contrary to some other studies, our trial found
no significant reduction in body weight or BMI. In one study, 30 g of GA per day for 6 weeks
caused significant reductions in BMI, body-fat percentage, and weight in adult females
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compared to placebo-treated controls [3]. Another study on daily GA administration (30 g)
for three months also found that BMI, visceral-adiposity index, and body-adiposity index
were significantly lowered in the intervention group [26]. The difference in findings may
reflect the relative size of the studies, as, while in our study these parameters did not reach
significance, there was some evidence of a trend. With a larger group, the results may have
become significant. The differences may also be due to differences in patient demographic.
In the first study, the participants were younger and generally healthier, and while in the
second study they were significantly older, they had a much lower BMI.

The demonstrated decreases in energy and carbohydrate consumption are significant
in the context of metabolic syndrome, characterized in large part by impaired glucose
metabolism and obesity. Reducing the intake of these through nonpharmacological supple-
mentation could provide a means of management or prevention of the syndrome. While
the exact mechanism underlying the behavior change is unclear, it may be due to the
increased feelings of satiety following GA administration. These findings are echoed in
another study, which showed that supplementation with two blends of GA (EmulGold1
(EG) and PreVitae1 (PV)) decreased the caloric intake significantly three hours after con-
sumption and increased subjective ratings of satiety [19]. An increase in fat free mass
(FFM) was also identified in this study. While interesting and potentially of benefit to the
population studied, these results should be interpreted with caution. The bioimpedance
device used in this study reports two-compartment FFM which measures bone, muscle,
connective tissue, and water as one. While this is a reliable measure of body fat, it is unable
to discriminate between beneficial changes in muscle or bone mass from increases in water
retention [27]. To evaluate a potential change in bone or muscle parameters, measuring
body composition by either four-compartment or dual-Xray absorptiometry (DXA) is
required. This provides some support for the clinical use of GA in the management of
obesity, potentially providing a means to lower the burden of invasive bariatric surgery or
harsh pharmacotherapeutic avenues.

Another significant finding of the study at hand was its significant impact on the blood
pressure of the participants receiving GA. As the most significant outcomes of metabolic
syndrome are cardiovascular diseases, such as myocardial infarction and stroke, interven-
tions lowering cardiac risk are particularly important. Again, the specific mechanism for
this is unclear; however, it has been reported that intake of dietary fiber, including GA, was
associated with a significant fall in mean systolic blood pressure [SBP] in normal individ-
uals who neither had hypertension nor diabetes [10]. Another study of GA treatment in
people living with diabetes also found a decrease in blood pressure with SBP decreasing
by 5.9% and diastolic blood pressure (DBP) by 5.4% [26].

Gum Arabic is a soluble fermentable fiber that has shown hypoglycemic, antioxidant
effects and improved lipid metabolism in previous studies [6,26,28]. Our data showed
a significant reduction in blood glucose in the intervention group, a key parameter of
metabolic syndrome. An animal model showed that GA has a glucose-lowering effect
in rabbits with alloxan–induced diabetes. They showed that GA (at doses of 2, 3, and
4 mg/kg) significantly reduced the blood-glucose concentration of normal but not diabetic
rabbits. They therefore concluded that GA initiated the release of insulin from pancreatic b
cells in normal rabbits [29]. Another study suggested that the glycemic effects of GA may
be due to its viscosity, which slows gastric emptying and alters the absorption kinetics in
the intestine [30]. It has also been suggested that GA may have a prebiotic effect, which
may underlie some of its metabolic effects [20], as it has recently been identified as a
novel modulator of lipid profiles in vivo. Studies of GA have also demonstrated that
consumption of 10 g/d for four weeks is associated with higher numbers of bifidobacteria
and lactobacilli [19], both of which have been associated with beneficial effects on health
in vivo.

In this study, 51% of the participants in the intervention group reported a significant
improvement in reducing bloated feelings after 12 weeks of intake of GA-AS. The interven-
tion group reported better responses in bowel movement, reduction in abdominal pain,
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better digestion, and reduction in nausea, but the results were insignificant compared
with the control group. These findings may be due to the high dietary-fiber content in
GA-AS (85%), which aids in healthy digestion and bowel movement. In addition to what
has been previously reported, GA is not degraded in the stomach and small intestine, but
undergoes complete fermentation within the cecum of rats [31,32] and humans [33]. Such
fermentation promotes bacterial proliferation, which contribute to the prebiotic effect of
GA [13,34].

5. Conclusions

Daily ingestion of 20 g of GA-AS for 12 weeks was shown to improve satiety and
significantly reduce energy and carbohydrate intakes. It also improves blood pressure,
blood glucose, and bowel movement, while increasing perceived satiety. This positions GA
as a potential addition to the management of those with or at risk of developing metabolic
syndrome. GA is a strong candidate for supplementation, as it is edible, safe, and already
widely available in industry settings. It appears to have beneficial effects in a number
of key areas relevant to improving the outcomes of those with metabolic syndrome, and
could be a means of lowering the disease burden of NCDs globally. Future large-scale trials
should evaluate the long-term use of GA in patients with metabolic syndrome to clarify its
effects as well as identify optimal dose strategies and long-term efficacy.

Author Contributions: Conceptualization, A.S.A.D.; Formal analysis, A.H.J., J.F., M.F.B.; Inves-
tigation, A.H.J.; Methodology, A.S.A.D.; Resources, A.S.A.D.; Supervision, A.H.J. and A.S.A.D.;
Writing—original draft, A.H.J. and A.S.A.D.; Writing—review & editing, A.H.J., L.S., V.A., J.F., M.F.B.,
L.C.I. and A.S.A.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the UAEU scientific research ethics committee (ref. no.
ERH_2016_4372, 8 June 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to university privacy guidelines.

Acknowledgments: Authors would like to express their sincere gratitude to everyone who partici-
pated in the study, as well as to the Perfect Life Food Company who provided the Gum Arabic powder.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Islam, A.; Phillips, G.; Sljivo, A.; Snowden, M.; Williams, P. A review of recent developments on the regulatory, structural and
functional aspects of gum arabic. Food Hydrocoll. 1997, 11, 493–505. [CrossRef]

2. Williams, P.A.; Phillips, G. Gum arabic. In Handbook of Hydrocolloids; Elsevier: Amsterdam, The Netherlands, 2009; pp. 252–273.
3. Babiker, R.; Merghani, T.H.; Elmusharaf, K.; Badi, R.M.; Lang, F.; Saeed, A.M. Effects of gum Arabic ingestion on body mass index

and body fat percentage in healthy adult females: Two-arm randomized, placebo controlled, double-blind trial. Nutr. J. 2012, 11,
111. [CrossRef] [PubMed]

4. Verbeken, D.; Dierckx, S.; Dewettinck, K. Exudate gums: Occurrence, production, and applications. Appl. Microbiol. Biotechnol.
2003, 63, 10–21. [CrossRef] [PubMed]

5. Patel, S.; Goyal, A. Applications of natural polymer gum arabic: A review. Int. J. Food Prop. 2015, 18, 986–998. [CrossRef]
6. Ali, B.H.; Ziada, A.; Blunden, G. Biological effects of gum arabic: A review of some recent research. Food Chem. Toxicol. 2009, 47,

1–8. [CrossRef] [PubMed]
7. Gado, A.M.; Aldahmash, B.A. Antioxidant effect of Arabic gum against mercuric chloride-induced nephrotoxicity. Drug Des. Dev.

Ther. 2013, 7, 1245. [CrossRef] [PubMed]
8. Kaddam, L.; Fadl-Elmula, I.; Eisawi, O.A.; Abdelrazig, H.A.; Salih, M.A.; Lang, F.; Saeed, A.M. Gum Arabic as novel anti-oxidant

agent in sickle cell anemia, phase II trial. BMC Hematol. 2017, 17, 4. [CrossRef]
9. Tiss, A.; Carrière, F.; Verger, R. Effects of gum arabic on lipase interfacial binding and activity. Anal. Biochem. 2001, 294, 36–43.

[CrossRef]

205



Nutrients 2021, 13, 194

10. Glover, D.A.; Ushida, K.; Phillips, A.O.; Riley, S.G. Acacia (sen) SUPERGUM™(Gum Arabic): An evaluation of potential health
benefits in human subjects. Food Hydrocoll. 2009, 23, 2410–2415. [CrossRef]

11. Ali, B.H.; Ziada, A.; Al Husseni, I.; Beegam, S.; Al-Ruqaishi, B.; Nemmar, A. Effect of Acacia gum on blood pressure in rats with
adenine-induced chronic renal failure. Phytomedicine 2011, 18, 1176–1180. [CrossRef]

12. Matsumoto, N.; Riley, S.; Fraser, D.; Al-Assaf, S.; Ishimura, E.; Wolever, T.; Phillips, G.; Phillips, A.O. Butyrate modulates TGF-β1
generation and function: Potential renal benefit for Acacia (sen) SUPERGUM™(gum arabic)? Kidney Int. 2006, 69, 257–265.
[CrossRef] [PubMed]

13. Calame, W.; Thomassen, F.; Hull, S.; Viebke, C.; Siemensma, A.D. Evaluation of satiety enhancement, including compensation, by
blends of gum arabic. A methodological approach. Appetite 2011, 57, 358–364. [CrossRef] [PubMed]

14. Salih, N.K.M. 23-Applications of Gum Arabic in Medical and Health Benefits. In Gum Arabic; Mariod, A.A., Ed.; Academic Press:
Cambridge, MA, USA, 2018; pp. 269–281. [CrossRef]

15. Kaur, J. A comprehensive review on metabolic syndrome. Cardiol. Res. Pract. 2014, 2014, 1–21. [CrossRef] [PubMed]
16. Esmailnasab, N.; Moradi, G.; Delaveri, A. Risk factors of non-communicable diseases and metabolic syndrome. Iran. J. Public

Health 2012, 41, 77–85. [PubMed]
17. World Health Organisation. Noncommunicable Diseases; World Health Organization: Geneva, Switzerland, 2018.
18. Collaborators, G.R.F. Global, regional, and national comparative risk assessment of 79 behavioural, environmental and occupa-

tional, and metabolic risks or clusters of risks, 1990–2015: A systematic analysis for the Global Burden of Disease Study 2015.
Lancet 2016, 388, 1659.

19. Calame, W.; Weseler, A.R.; Viebke, C.; Flynn, C.; Siemensma, A.D. Gum arabic establishes prebiotic functionality in healthy
human volunteers in a dose-dependent manner. Br. J. Nutr. 2008, 100, 1269–1275. [CrossRef]

20. Kaddam, L.; Fadl-Elmula, I.; Eisawi, O.A.; Abdelrazig, H.A.; Saeed, A.M. Acacia senegal (Gum Arabic) Supplementation Modulate
Lipid Profile and Ameliorated Dyslipidemia among Sickle Cell Anemia Patients. J. Lipids 2019, 2019, 3129461. [CrossRef]

21. WHO. Waist Circumference and Waist-Hip Ratio: Report of a WHO Expert Consultation, Geneva, 8–11 December 2008; World Health
Organization: Geneva, Switzerland, 2011.

22. Dashti, B.H.; Al-Awadi, F.; Khalafawi, M.S.; Al-Zenki, S.; Sawaya, W. Nutrient contents of some traditional Kuwaiti dishes:
Proximate composition, and phytate content. Food Chem. 2001, 74, 169–175. [CrossRef]

23. Helou, K.; El Helou, N.; Mahfouz, M.; Mahfouz, Y.; Salameh, P.; Harmouche-Karaki, M. Validity and reliability of an adapted
arabic version of the long international physical activity questionnaire. BMC Public Health 2018, 18, 49. [CrossRef]

24. Holt, S.H.; Miller, J.C.; Petocz, P.; Farmakalidis, E. A satiety index of common foods. Eur. J. Clin. Nutr. 1995, 49, 675–690.
25. Jarrar, A.H.; Beasley, J.M.; Ohuma, E.O.; Ismail, L.C.; Qeshta, D.A.; Mohamad, M.N.; Al Dhaheri, A.S. Effect of High Fiber Cereal

Intake on Satiety and Gastrointestinal Symptoms during Ramadan. Nutrients 2019, 11, 939. [CrossRef] [PubMed]
26. Babiker, R.; Elmusharaf, K.; Keogh, M.B.; Saeed, A.M. Effect of Gum Arabic (Acacia senegal) supplementation on visceral adiposity

index (VAI) and blood pressure in patients with type 2 diabetes mellitus as indicators of cardiovascular disease (CVD): A
randomized and placebo-controlled clinical trial. Lipids Health Dis. 2018, 17, 56. [CrossRef] [PubMed]

27. Alemán-Mateo, H.; Huerta, R.H.; Esparza-Romero, J.; Méndez, R.O.; Urquidez, R.; Valencia, M.E. Body composition by the
four-compartment model: Validity of the BOD POD for assessing body fat in mexican elderly. Eur. J. Clin. Nutr. 2007, 61, 830–836.
[CrossRef] [PubMed]

28. Pouteau, E.; Ferchaud-Roucher, V.; Zair, Y.; Paintin, M.; Enslen, M.; Auriou, N.; Macé, K.; Godin, J.-P.; Ballèvre, O.; Krempf, M.
Acetogenic fibers reduce fasting glucose turnover but not peripheral insulin resistance in metabolic syndrome patients. Clin.
Nutr. 2010, 29, 801–807. [CrossRef] [PubMed]

29. Wadood, A.; Wadood, N.; Shah, S. Effects of Acacia arabica and Caralluma edulis on blood glucose levels of normal and alloxan
diabetic rabbits. J. Pak. Med. Assoc. 1989, 39, 208–212. [PubMed]

30. Leclere, C.J.; Champ, M.; Boillot, J.; Guille, G.; Lecannu, G.; Molis, C.; Bornet, F.; Krempf, M.; Delort-Laval, J.; Galmiche, J. Role of
viscous guar gums in lowering the glycemic response after a solid meal. Am. J. Clin. Nutr. 1994, 59, 914–921. [CrossRef]

31. Ross, A.H.M.; Eastwood, M.A.; Brydon, W.G.; Busuttil, A.; McKay, L.F.; Anderson, D.M. A study of the effects of dietary gum
arabic in the rat. Br. J. Nutr. 1984, 51, 47–56. [CrossRef]

32. Walter, D.; Eastwood, M.; Brydon, W.; Elton, R. Fermentation of wheat bran and gum arabic in rats fed on an elemental diet. Br. J.
Nutr. 1988, 60, 225–232. [CrossRef]

33. Idris, O.; Williams, P.; Phillips, G. Characterisation of gum from Acacia senegal trees of different age and location using multidetec-
tion gel permeation chromatography. Food Hydrocoll. 1998, 12, 379–388. [CrossRef]

34. Cherbut, C.; Michel, C.; Lecannu, G. The prebiotic characteristics of fructooligosaccharides are necessary for reduction of
TNBS-induced colitis in rats. J. Nutr. 2003, 133, 21–27. [CrossRef]

206



nutrients

Review

Risks Associated with the Use of Garcinia as a Nutritional
Complement to Lose Weight

Naroa Andueza 1, Rosa M. Giner 2,3 and Maria P. Portillo 1,3,4,5,*

Citation: Andueza, N.; Giner, R.M.;

Portillo, M.P. Risks Associated with

the Use of Garcinia as a Nutritional

Complement to Lose Weight.

Nutrients 2021, 13, 450. https://

doi.org/10.3390/nu13020450

Academic Editor: Antonella Amato

Received: 4 December 2020

Accepted: 24 January 2021

Published: 29 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Nutrition and Obesity Group, Department of Pharmacy and Food Science, Lucio Lascaray Research Institute,
University of the Basque Country (UPV/EHU), 01006 Vitoria, Spain; naroaandueza97@gmail.com

2 Department of Pharmacology, Faculty of Pharmacy, University of Valencia, 46100 Burjassot, Spain;
Rosa.M.Giner@uv.es

3 Spanish Agency of Food Safety and Nutrition (AESAN), 28014 Madrid, Spain
4 Bioaraba Health Research Institute, 01009 Vitoria, Spain
5 CIBEROBN Physiopathology of Obesity and Nutrition, Institute of Health Carlos III, 01006 Vitoria, Spain
* Correspondence: mariapuy.portillo@ehu.eus; Tel.: +34-945013067; Fax: +34-945013014

Abstract: Nowadays, obesity is one of the great nutritional problems facing public health. The
prevalence of this pathology has increased in a worrying way over recent years, currently reaching
epidemic proportions. In this context, nutritional supplements are presented as a therapeutic
alternative to which more and more people are turning to. Nutritional supplements to lose weight
based on the Garcinia plant, specifically on Garcinia cambogia, are commonly used. The active principle
of this plant to which these properties have been attributed, is hydroxycitric acid (HCA). The aim of
the present review is to gather reported data concerning the effectiveness of nutritional supplements
based on Garcinia extracts on weight loss and their possible negative effects. Contradictory results
have been observed regarding the effectiveness of the supplements. While statistically significant
weight loss was observed in some studies, no changes were found in others. Regarding safety,
although Garcinia supplements have been revealed as safe in the vast majority of the studies carried
out in animal models and humans, some cases of hepatotoxicity, serotonin toxicity and mania
have been reported. In conclusion, the results suggest that Garcinia-based supplements could be
effective in short-term weight loss, although the data are not conclusive. In addition, the safety of the
complement should be further studied.

Keywords: Garcinia cambogia; nutritional supplements; weight loss; hepatotoxicity; serotonin toxicity

1. Introduction

Obesity is one of the most common nutritional problems worldwide, currently reach-
ing epidemic proportions. This pathology was previously considered typical in developed
countries, but nowadays it also shows a high prevalence in underdeveloped countries.
According to figures from the World Health Organization (WHO), in 2019 more than
1.9 billion adults aged ≥18 years were overweight, and of them more than 650 million were
obese [1]. Since 1975 the worldwide prevalence of obesity has tripled, thus leading to a
major public health problem. Obesity is associated with a large number of comorbidities,
such as type 2 diabetes mellitus, hypertension, dyslipidemia, non-alcoholic fatty liver
disease and cardiovascular diseases, among others. Furthermore, according to the WHO,
people with obesity have a 50 to 150% increased risk of death from any cause compared to
individuals with normal weight [2].

Hypocaloric diets and physical activity based treatments for overweight and obesity
represent the first line of therapy. Due to the difficulty in achieving and maintaining an
adequate adherence to this treatment, many people often turn to nutritional supplements
that promise to help them lose weight in the short run or at least, to maintain it. For many
people it is an easy solution, which enables them not to modify their lifestyle too much. In
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many instances, the motivation for the use of these supplements is due to aesthetic reasons,
since the beauty standards that mark our society today encompass being slim.

These supplements work through five basic mechanisms, these being stimulation
of thermogenesis, reduction in lipogenesis, increase in lipolysis, suppression of appetite,
and decrease in lipid absorption. Among these nutritional supplements we find those
based on plant extracts, which have been used for many centuries in the Eastern world.
Nowadays, their use has become more and more prevalent throughout the world. Among
them, Garcinia cambogia is one of the most promoted as a potential anti-obesity agent and
has received a lot of attention in the media [3].

Although the current consumption of herbs and dietary supplements is unknown,
in a study carried out in six European countries, it was estimated that 18.8% of the 2358
consumers selected for the study consumed one or more dietary supplements, not taking
into account herbal products. The percentages of plant food supplement consumers were
9.6% in Finland, 16.9% in Germany, 22.7% in Italy, 17.9% in Romania, 18.0% in Spain and
19.1% in the United Kingdom [4].

The aim of this review is to gather the reported information concerning both the
effectiveness and the side-effects of nutritional supplements based on Garcinia cambogia to
promote weight loss. In addition, the efficacy of other Garcinia species is also presented.
For this purpose, a selective literature search in PubMed and Cochrane databases was
performed. To search for the effects on body weight loss, the terms Garcinia, HCA, weight
loss, fat mass and obesity were introduced, adding “and”, “or”, “not” to improve the
classification. In addition, the filters “clinical trial” and “meta-analysis” were used. To
search for toxic effects, the terms Garcinia, HCA and toxic effects were used. In the
Cochrane Library database we sought the term “Garcinia” in the title or the abstract in
meta-analyses and clinical trials. The search was extended to a total of 25 years (Figure 1).

Figure 1. Flow chart showing the process for the inclusions of articles.

2. Active Principle and Mechanisms of Action

The genus Garcinia, native to Asia and Africa, belongs to the Clusiaceae family and
includes more than 300 species, such as Garcinia cambogia (Figure 2), Garcinia mangostana and
Garcinia atroviridis [5]. Potential therapeutic effects, such as anti-obesity, anti-ulcerogenic,
antioxidant, anti-diabetes, anti-fungal, anti-inflammatory and anti-neoplasic [6], have
been attributed to this genus. This has led to multiple investigations by pharmaceutical
companies [5]. Some of the bioactive compounds isolated from Garcinia are garcinol,
isogarcin, (−)-hydroxycitric acid (HCA), mangostin, and xanthoquimol [6]. It should be
noted that out of the species mentioned above, Garcina cambogia is the most used as a
nutritional supplement for weight loss or maintenance. The anti-obesity properties have
been attributed to HCA, which is present in the rind or epicarp of the fruit and represents
20–30% of the dry weight [7]. Many food supplements containing HCA are currently
marketed for weight reduction.

208



Nutrients 2021, 13, 450

Figure 2. Tree, branch, and fruit of Garcinia cambogia.

The effects of HCA are associated with a reduction in food intake via serotonin level
regulation and metabolic modifications, such as an increase in fat oxidation, a decrease in
de novo lipogenesis and the stimulation of hepatic glycogenesis, thus promoting energy
expenditure. HCA is a competitive inhibitor of adenosine triphosphate (ATP)-citrate lyase,
an enzyme that catalyzes the extramitochondrial breakdown of citrate into oxalacetate and
acetyl-CoA, thus limiting the availability of acetyl-CoA, a compound that plays a key role
in the synthesis of fatty acids in diets rich in carbohydrates (Figure 3).

Figure 3. Mechanisms of action of hydroxycitric acid (HCA). CPT: Carnitine palmitoyltransferase.

3. Effectiveness of Garcinia to Lose and Maintain Body Weight

In in vitro studies, HCA has been shown to inhibit fatty acid synthesis [8]. Specifically,
in isolated hepatocytes, HCA inhibits the synthesis of fatty acids from glucose, but not
from acetate. Therefore, HCA is an inhibitor of lipogenesis only if cytoplasmic acetyl-CoA
is produced by ATP-citrate lyase. Nevertheless, fatty acid synthesis is able to continue as
long as acetate, another acetyl-CoA precursor, is available. As the synthesis of acetyl-CoA
is reduced, that of malonyl-CoA is reduced too, thus decreasing the negative feedback of
carnitine acyltransferase. This produces an increase in lipid transport in the mitochondria
and inefficient oxidation, that promotes the formation of ketone bodies. These molecules
can pass into the bloodstream and reach the brain, where they constitute an energy reserve
in the event of fasting [8].

In preclinical studies using animal models, chronic oral administration of HCA to rats
significantly reduces food intake in the first hour after administration, together with body
weight and concentrations of cholesterol, triglycerides and fatty acids. When evaluating
the acute and chronic effects of HCA on energy metabolism in mice, it was observed that
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oral administration of 10 mg increased serum concentration of free fatty acids and glycogen
concentration in skeletal muscle [9].

Leonhardt et al. (2002) studied the long-term effect of HCA in male Sprague–Dawley
rats after a notable body weight loss in two different experiments. Each experiment had 23
or 24 rats, respectively [10]. The rats were fed a 1% fat diet or a 12% fat diet, depending on
the experiment. Both diets were supplemented with 3% HCA. HCA produced a long-term
reduction in body weight recovery in both groups (in both rats fed 1% fat or 12% fat diets).
However, only HCA produced a long-term suppressive effect in the case of the group of
rats fed the 12% fat diet. No effect on plasma β-hydroxybutyrate levels was observed, so
the hypothesis that increased fatty acid oxidation in the liver is involved in suppressing
food intake by HCA was not supported by these results [11]. In another study, young lean
and obese female Zucker rats were fed a diet (70% glucose, 1% corn oil) supplemented
with HCA (52.6 mmol/kg diet) for 39 days. Amongst the lean rats, HCA decreased food
intake, body weight, the percent of body fat, and fat cell size. Amongst the obese rats, food
intake and body weight were lowered, but body fat percentage remained unchanged [10].

In other studies, instead of isolated HCA, extracts of Garcinia were used for sup-
plementation. Saito et al. (2005) studied the ability of a Garcinia cambogia extract, con-
taining HCA, to suppress the accumulation of body fat in growing male obese Zucker
rats (6 weeks) [12]. They were given diets containing different amounts of the extract,
which provided 10, 51, 102 or 154 mmol of HCA/kg of diet, respectively, for 92–93 days.
Rats fed the highest amount of extract, and therefore receiving the highest dose of HCA
(154 mmol HCA/kg diet), significantly decreased epididymal fat accumulation, compared
to the other groups.

Table 1 presents a summary of the results obtained in 20 reported intervention studies
in humans [13–32]. In 12 studies, statistically significant reductions in body weight were
observed [14,15,18–22,26–28,30,31]. Conversely, the supplementation turned out to be
ineffective in the remaining studies [13,16,17,23–25,29,32]. In the studies where significant
weight loss was observed, the average value was between 2 and 6 kg in 2–4 months, with
the exception of one where a loss of 14 kg was induced in 6 months [31]. Interestingly, in
11 studies [19–21,23,24,26,27,29–32], significant reductions in other parameters, such as
waist and hip circumference, triglycerides, cholesterol and glucose were also observed
regardless of body weight loss. It was specified in the vast majority of the studies that the
supplement should be consumed approximately half an hour before meals. Splitting the
doses of HCA has also been shown to be more effective than utilizing the same amount
given as a single dose.

Table 1. Characteristics and results of published intervention studies in humans.

Reference Type of Study Participants Diet and Physical
Activity

Treatment Treatment
Duration

Results

Weight loss
and Related
Parameters

Other Results
Observed after

the Intervention

Heymsfield
et al., 1998 [13]

Randomized,
double-blind,

placebo-
controlled

study.

135 subjects
BMI 27–38
aged 18 to
65 years.

Control: 69
Intervention: 66.

1200 Kcal/d diethigh in
fibre:

-Proteins: 30%
-Lipids: 20%

-Carbohydrates: 50%
Regular physical

activity

Pills: 500 mg
Garcinia cambogia

(50% HCA), 2
pills,

3 times/day

3 months No significant
differences.

Mattes et al.,
2000 [14]

Double-blind,
placebo-

controlled
parallel group

study.

89 women mean
BMI of 28.6 aged

18 to 65 years.
Control: 42

Intervention: 47

1200 Kcal/diet (30%
lipids) Exercise was
encouraged, but no
formal regimen was

prescribed.

Capsules: 400
mg of Garcinia
cambogia (50%

HCA),
3 times/day

3 months

Significant
weight loss.

Reduction in
waist

circumference.

Thom et al.,
2000 [15]

Randomized
double-blind

study

40 subjects
BMI 27.5–39.0

aged ≥18 years.
Control: 20

Intervention: 20.

Participants were given
diet lists with advice on

low-fat foods,
supplying an energy

intake of approximately
1200 Kcal/d, and were
recommended to use
this diet during the

study.

Suco-Blo™
(tablets): 200 mg
Phaseolus vulgaris
extract, 200 mg

inulin and 50 mg
Garcinia cambogia

extract
3 times/day.

3 months

Significant
reductionin
body weight

andbody mass.
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Table 1. Cont.

Reference Type of Study Participants Diet and Physical
Activity

Treatment Treatment
Duration

Results

Weight loss
and Related
Parameters

Other Results
Observed after

the Intervention

Kovacs et al.,
2001 [16]

Double-blind,
placebo-

controlled,
randomized, and
cross-over study.

11 obese men
mean BMI of

27.4 mean age of
47 years.

Diet was divided in
3 meals without

restrictions on the type
and quantity of food

and a maximum of one
glass of alcohol drink

per day.

Isoenergetic
snack (cereal

bar): 4 times/d
Intervention

1:500 mg HCA
Intervention

2:500 mg HCA +
3 g MCT

3
Intervention
periods of 2

weeks
separated by

washout
periods of
4 weeks.

No significant
differences.

Kovacs et al.,
2001 [17]

Double-blind,
placebo-

controlled,
randomized, and
crossover study.

21 obese subjects
mean BMI of 27

mean of age
43 years.

Diet was divided in
3 meals without

restrictions on the type
and quantity of food

and a maximum of one
glass of alcoholic drink

per day.

Isoenergetic
snack (cereal

bar): 4 times/d
Control: no

supplementation
Intervention

1:500 mg HCA
Intervention

2:500 mg HCA +
3 g MCT

3
intervention
periods of 2

weeks
separated by

washout
periods of 2
or 6 weeks

No significant
differences.

Hayamizu
et al., 2003 [18]

Double blind,
randomized,

placebo-
controlled,

parallel-group
study.

44 subjects
aged 20 to
65 years

visceral fat area
>90 cm2

Control: 21
Intervention: 23

Maximun 2250 Kcal/d
for men and

1800 Kcal/d for women.

Tablets:
185.25 mg of

Garcinia cambogia
extract (60%

HCA) 3 tablets
before each meal
(9 tablets/day)

3 months + 1
month of

placebo in
both groups
at the end.

Reduction in
visceral fat area,
subcutaneous
fat area and

total fat area.

Preuss et al.,
2004 [19]

Randomized,
double-blind,

placebo-
controlled

study.

30 subjects
BMI > 26

aged 21 to 50
years

Control:10
Intervention 1:10
Intervention 2:10

2000 Kcal/d divided in
3 meals:

- Proteins: 17%
- Lipids: 25%

- Carbohydrates: 58%
30 min supervised
walking exercise

program (5 days a
week).

HCA-SX (4667
mg) divided in 3

doses:
Intervention

1:2800 mg/d of
HCA

Intervention
2:2800 mg/d of

HCA, 4 mg
niacin-bound

chromium and
400 mg Gymnema
sylvestre extract.

2 months

Significant
weight loss in

both
intervention

groups.
Reduction in
food intake.

Reduction in
total cholesterol,
LDL-c, TG, and

leptin levels.
Increase in fat

oxidation, HDL
levels and

serotonin levels.

Preuss et al.,
2004 [20]

Randomized,
double-blind,

placebo-
controlled

study.

60 subjects
BMI > 26 aged 21

to 50 years
Control: 20

Intervention 1:20
Intervention 2:20

2000 Kcal/d
- Proteins: 17%
- Lipids: 25%

- Carbohydrates: 58%
30 min supervised
walking exercise

program (5 days a
week).

HCA-SX (4667
mg) divided in 3

doses:
Intervention

1:2800 mg/d of
HCA

Intervention
2:2800 mg/d of

HCA, 4 mg
niacin-bound

chromium and
400 mg Gymnema
sylvestre extract.

2 months

Significant
weight lossand

reduction in
food intake in

both
intervention

groups.

Reduction in
total cholesterol,
LDL-c, TG and
serum leptin
levels in both
intervention

groups. Increase
in HDL-c and
excretion of
urinary fat

metabolites in
both

intervention
groups.

Roongpisuthipong
et al., 2007 [21]

Randomized,
double-blind,

placebo-
controlled

study

50 women
BMI 25–30

aged 18 to 75
years

Control: 25
Intervention: 25

1000 Kcal/d
- Proteins: 50 g

- Fats: 33 g
- Carbohydrates: 125 g

Sachets: 1.15 g of
Garcinia

artroviridis
(HCA)

3 times/day

2 months

Significant
weight loss

during the first
4 weeks.

No significant
differences over
the following 4

weeks.
Decrease in fat
mass, bicipital,

subscapular
and suprailiac

folds and upper
arm

circumference.

Increase in lean
mass and body

water.
Decrease in TG.
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Table 1. Cont.

Reference Type of Study Participants Diet and Physical
Activity

Treatment Treatment
Duration

Results

Weight loss
and Related
Parameters

Other Results
Observed after

the Intervention

Toromanyan
et al., 2007 [22]

Double blind,
randomized,

parallel group,
placebo-

controlled
study.

60 subjects
BMI 25–44
aged 25 to
65 years

Control: 30
Intervention: 30.

Diet and exercise
performed regularly.

Slim339™
(tablets): 132 mg

of Garcinia
cambogia (HCA)

+ Matricaria
chamomilla, Rosa

damascena,
Lavandula

officinalis and
Cananga odorata

3 times/d.

2 months
Significant

weight
reduction.

Vasques et al.,
2008 [23]

Randomized
double-blind

study

58 subjects
BMI 30–39.9
aged 25 to
60 years

Control: 26
Intervention: 32

Capsules: 800
mg of Garcinia

cambogia (HCA)
+ 500 mg de

Amorphophallus
konjac →

3 times/day

3 months
No significant
reduction in
body weight.

Reduction in
total cholesterol

and LDL-c.

Kim et al.,
2011 [24]

Randomized,
double-blind,

placebo-
controlled

study

86 subjects
BMI 23–29
aged 20 to
60 years.

Control: 29
Glycine max

leaves (GML): 28
Garcinia cambogia

(GC): 29

Diet and habitual
physical activity

Pills: 2 g/d of
the substances

corresponding to
each group. In
the case of the
placebo and

GML 4 pills/d
and for Garcinia

cambogia
8 pills/day.

2.5 months
No significant
reduction in
body weight.

GML reduced
total cholesterol
and increased

HDL-c
(significant
differences

compared to the
placebo group

and the GC and
placebo group,
respectively).

Lu et al., 2012
[25]

Randomized
double-blind

study

114 overweight
subjects Nutritional education

Super CitriMax™
(HCA)

2800 mg/day
2 months

No significant
reduction in
body weight.

Stern et al.,
2013 [26]

Randomized,
double-blind,

placebo-
controlled

clinical study

60 subjects
BMI 30–40
aged 21 to
50 years

Control: 30
Intervention: 30

Participants were given
free prepared meals.

2000 Kcal/d
- Proteins: 14%
- Lipids: 25%

- Carbohydrates: 61%
Physical activity

(walking) 30
min, 5 times/d.

Capsules: 400
mg of

Sphaeranthus
indicus + Garcinia
mangostana, ratio
3:1 2 times/day

2 months

Significant
reduction in
body weight,

BMI and waist
circumference.

Decrease in total
cholesterol and
TG and increase
in adiponectin.

Stern et al.,
2013 [27]

Randomized,
double-blind,

placebo-
controlled

clinical study

95 subjects
BMI 30–40
aged 36 to
40 years

Control: 46
Intervention: 49

Same diet
and physical activityas

in reference 26.
In this case the diet is
divided into 3 intakes.

Same treatment
as in

reference 26.
2 months

Reduction in
body weight,

BMI, waist and
hip circumferences.

Decrease in total
cholesterol, TG

and fasting
glucose. Increase

in adiponectin.
Improvement in
physical function
and self-esteem

(IWQOL
questionnaire).

Chong et al.,
2014 [28]

Randomized,
placebo-

controlled,
double-blind

parallel group
study

91 caucasian
subjects

BMI 25–32
aged 18 to
60 years

Control: 45
Intervention: 46

Dietary advice +
balanced diet with a

deficit of 500 Kcal.
−30% lipids.

Tablets: 850 mg
3 tablets

2 times/day.
Composition:

650 mg of
Garcinia cambogia
(HCA) + 100 mg

of Camellia
sinensis + 75 mg
of Coffea arabica +

25 mg of
Lagerstroemia

speciosa

3.5 months

Significant
weight loss and

reduction in
BMI, body fat,
waist and hip

circumferences
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Table 1. Cont.

Reference Type of Study Participants Diet and Physical
Activity

Treatment Treatment
Duration

Results

Weight loss and
Related

Parameters

Other Results
Observed after

the Intervention

Vasques et al.,
2014 [29]

Randomized
double-blind

study

43 women
BMI > 25)
aged 25

to 60 years
Control: 13

Intervention: 30

Individualized diet,
with an average caloric

restriction of
1523 ± 185 Kcal/day

Regular physical
activity.

Capsules: 800
mg of Garcinia

cambogia (HCA)
3 times/day

2 months
No statistically

significant
differences.

Reduction in TG
level.

Kudiganti
et al., 2016

[30]

Randomized,
double-blind,

placebo-
controlled

clinical study

60 subjects
mean BMI of 28.3

aged 21 to
50 years

Control: 30
Intervention: 30.

2000 Kcal/d
- Proteins: 17%
- Lipids: 25%

- Carbohydrates: 58%

Capsules:
400 mg of

Meratrim™:
extracts from the
flower heads of

Sphaeranthus
indicus and the
fruit rinds of

Garcinia
mangostana

2 times/day

4 months

Significant
weight loss and

reduction in BMI,
waist and hip

circumferences.

Reduction in TG
and LDL-c
cholesterol.
Increase in

HDL-c.

Maia-Landim
et al., 2018

[31]

Non-
randomized
prospective
controlled

intervention
study

214 subjects
BMI > 25

older than
18 years

Balanced diet and
regular physical activity,
smoking not permitted
and controlof alcohol

intake.

Capsules: 500
mg of

Garcinia cambogia
(HCA) +

500 mg of
Amorphophallus

konjac
2 times/day

6 months

Reduction in
total fat mass

and visceral fat
mass after 3 and

6 months of
intervention.

Increase in basal
metabolic rate
Reduction in
glucose, total

cholesterol and
TG.

Watanabe
et al., 2018

[32]

Prospective,
randomized,
controlled,

parallel study

22 obese women
with insulin

resistance
aged 18 to
65 years

Control: 11
Intervention: 11

Hypocaloric diet (300
Kcal restriction) +

physical activity of
moderate intensity
- Proteins: 20–25%

- Lipids: 30%
- Carbohydrates:

45–50%

Capsules: 400
mg of Garcinia
mangostana 1

time/day

6.5 months
No significant
reduction in
body weight.

Reduction in
insulin

concentration
and HOMA-IR.

BMI: body mass index; HCA: hydroxycitric acid; HOMA-IR: insulin resistance index, MCT: medium chain triglyceride; TG: triglycerides;
IWQOL: impact of weight on quality of life—lite.

Of note, important differences in the experimental design can be observed among
the reported studies. The number of participants ranged from 11 to 214. The fact that
the majority of the studies had a small sample size limits the reliability of the results.
In addition, in some cases there is a lack of proportion between men and women. The
inclusion of both genders is important in order to determine whether there is sexual
dimorphism in the effectiveness of the nutritional supplement. Conversely, in all the
selected studies, the participants were overweight or obese (based on body mass index)
and the duration of treatments ranged from 2 to 4 months in the majority studies, with the
exception of two longer ones, in which the duration was 6 or 6.5 months.

The variability is also observed in the type of supplement administered. Upon that,
Garcinia cambogia/HCA was used in 15 studies, Garcinia mangostana in four studies and
Garcinia artroviridis in one study. Lastly, in some cases HCA or Garcinia appeared to be
combined with other ingredients, such as glucomannan (fiber), Sphaeranthus indicus or
Coffea arabica. Consequently, it is not possible to determine whether the effect produced
was due to the HCA content, to other ingredients, or to a combination of the effects of
the different ingredients. The dose administered is another differential aspect among
the studies. Last of all, the presentation of the supplement is different (pills, capsules or
sachets). It is indicated in all cases that the supplement should be consumed before the
meal (approximately half an hour before).

Differences in other aspects of the experimental design, such as diet and physical
activity can also be found. In some studies, the participants were instructed to continue with
their usual diet and physical activity, while in others they were given specific instructions.
Lastly, in others they were prescribed a hypocaloric diet along with specific practice of
regular physical activity.

213



Nutrients 2021, 13, 450

Some of these differential aspects could explain the lack of effect observed in sev-
eral studies, for instance, the lowest sample size in the studies reported by Kovacs et al.
(2001) [16], Kovacs et al. (2001) [17] and Watanabe et al. (2018) [32] In the study reported
by Heymsfield et al. (1998) [13], Garcinia cambogia was not effective since the diet was low
in energy and high in fiber. The amount of fiber could have inhibited the gastrointestinal
absorption of HCA (active compound in Garcinia cambogia) and the low energy supplied
(approximately 1200 Kcal) could have affected the usefulness of HCA. In addition, the dose
of HCA was lower than that used in other studies. Another parameter that could have
an influence was the excess of calcium used to stabilize HCA, that could have reduced
the solubility of this bioactive compound, and therefore its bioavailability [8]. In a similar
way, the lack of effect in the studies carried out by Roongpisuthipong et al. (2007) [21] and
Vasques et al. (2014) [29] could be related to the low amount of energy provided by the
diet (1000 Kcal/d and 1500 Kcal/d, respectively). In the study conducted by Vasques et al.
(2008) [23], the only apparent potential reason could be that neither dieting, nor practicing
physical activity were recommended. In contrast, in all the studies in which positive results
were obtained, a healthy lifestyle was either prescribed or recommended. Last of all, in the
studies conducted by Kim et al. (2011) [24] and Hayamizu et al. (2003) [18], in an Asian
population, it is believed that the fact that the fruit of the Garcinia is of common use as part
of the traditional diet, could have led to a reduced susceptibility to its effects.

Onakpoya et al. (2011) published a systematic review and meta-analysis of random-
ized clinical trials devoted to evaluating the effectiveness of Garcinia extracts as weight
reduction agents [33]. The authors concluded that these extracts generated short-term
weight loss. However, the scale of this effect was small, since it was not statistically sig-
nificant when only rigorous randomized clinical trials were considered. Therefore, the
clinical relevance of these products appears to be questionable and they do not represent
an altogether effective measure of the treatment of overweight and obesity.

4. Negative Effects on Health

4.1. Animal Toxicity Studies

Studies of acute, short-term, sub-chronic, and chronic toxicity, as well as studies
of genotoxicity, cytotoxicity and toxicity in reproduction, have been conducted in dif-
ferent animal species, although mainly in rats and rabbits. These studies have shown
that Garcinia/HCA have good safety profiles, so that they may be used as nutritional
supplements for the treatment of obesity [34–36].

Ohia et al. (2002) evaluated the effects of Super Citri-Max™, a novel calcium/potassium-
HCA extract (HCA-SX), containing 60% HCA, administered for 14 days. This extract is
considerably more soluble and bioavailable than calcium-based HCA ingredients [37]. The
study was conducted in Albino rats (males and females) fed ad libitum, treated with a
dose of 5000 mg/kg (through a gastric probe), which is equivalent to 350 g or 233 times
the maximum dose of 1.5 g/day of HCA in humans. The authors did not report any
death or significant clinical changes. Furthermore, no significant tissue injuries were ob-
served during the necropsy, which led them to suggest that the LD50 oral administration
of HCA-SX in rats was over 5000 mg/kg. Similarly, in another study carried out by the
Wil Research Laboratories, it was shown that 5000 mg HCA/kg of body weight did not
produce visible symptoms of toxicity or death in animal models. In line with these studies,
Clouatre et al. (2013) defended that HCA was extremely safe and this was corroborated by
various reviews where it was claimed that HCA from Garcinia cambogia had a protective
effect on the liver [38].

Shara et al. (2003) analyzed the effects of HCA intake on weight, testicular and
liver lipid peroxidation, and DNA fragmentation, in addition to possible histopatholog-
ical changes in Sprague–Dawley rats [39]. The animals received 0.2, 2.0, or 5.0% HCA
(100–2500 mg/kg) in their diet, equivalent to approximately 100, 1000, and 2500 mg/kg/day,
respectively, in humans. The lowest dose was equivalent to the daily recommended dosage
in humans, but the doses of 2.0 and 5.0% are 10 to 25 times higher doses. The rats were
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euthanized at 30, 60, and 90 days of treatment. After 90 days of HCA administration, rats
showed decreased body weight, without changes in liver or testicular lipid peroxidation or
in DNA fragmentation In a follow-up study, the same authors did not find differences in
the weight of various organs. Moreover, no haematological or biochemical disorders or
significant histopathological changes or mortality differences were found [40].

As an exception, Kim et al. (2013) in a study addressed in rats fed a high-fat diet (45%
of total energy), it was shown that after 16 weeks of treatment with Garcinia cambogia (1%,
w/w, 60% HCA) oxidative stress, inflammation and liver fibrosis were triggered [41]. Con-
sequently, it appears that the form of HCA regarding its extraction process and the residual
compounds, among other factors, may spur differences between study outcomes [42].

Toxicological studies have been also addressed with other Garcinia species. Farombi et al.
(2013) carried out a study in adult male Wistar rats randomly assigned to four groups of
10 rats each group given Garcinia kola orally at different doses (0, 250, 500 and 1000 mg/kg)
for 6 weeks [43]. After conducting the study, it was concluded that the administration of
Garcinia kola increased the antioxidant status and did not produce adverse effects on the
liver, testicles and sperm. Saiyed et al. (2015) performed various toxicological studies both
in vitro and in animals to evaluate the safety of Meratrim™, a supplement that contains
Garcinia mangostana [44]. Meratrim™ was determined to be non-irritating to the skin, mildly
irritating to the eyes, not mutagenic, and the no-observed-adverse-effect level (NOAEL) for
this supplement was 1000 mg/kg body weight/day (in Sprague–Dawley rats). The authors
concluded that the safety of Meratrim was demonstrated given the results observed in this
study, added to the clinical trials of tolerability already carried out.

4.2. Clinical Toxicity

Based on toxicological studies, Soni et al. (2004) noted that there was sufficient
quantitative and qualitative scientific evidence, from both animal and human data, to
suggest that HCA intake up to 2800 mg/day is safe for human consumption [35]. As a
result, a NOAEL of 2800 mg/d was established [34,35].

Accordingly, none of the studies included in Table 1, devoted to analyzing the effects of
Garcinia on body weight reductions at doses below this value have found serious adverse
effects. Some of the minor side effects observed were leg cramps, heartburn, diarrhoea,
increased gas, higher appetite, headaches, heartburn, rash, menstrual bleeding, and general
weakness. In spite of this, other authors have reported toxic manifestations, including
hepatotoxicity, acute pancreatitis, serotonin toxicity and psychosis after the consumption of
Garcinia-containing products (either as an extract containing other components or pure). In
16 of the 21 cases described in Table 2 [45–60], these adverse effects have occurred after the
intake of formulations which contained other ingredients besides Garcinia. One of these
formulations is Hydroxycut™. Fourteen different products are marketed under this name,
but only eight of them contain Garcinia cambogia. In addition, all of them are polyherbal
products that can contain up to 20 different substances [34]. When toxic effects are induced
by supplements that, in addition to Garcinia, contain other components, it has not been
possible to confirm that Garcinia is the agent responsible for the side-effects. In spite of this,
the FDA (US Food and Drug Administration) issued a warning in 2009 on Hydroxycut™
products related to hepatotoxicity, which led to the recall of these products.

Table 2. Cases of liver damage associated with the consumption of Garcinia cambogia supplements in humans.

Reference Ageyears Sex
Type of

Supplement
Duration Symptoms Test Performed

Diagnosis/Type
of Liver Injury

Stevens et al.,
2005 [45] 27 M

Hydroxycut™

3 capsules,
3 times/d.

5 weeks Fatigue and jaundice.

Laboratory analysis:
elevated AST, ALT, AF

and PT. Serological study:
negative.

Hepatotoxicity
Cholestatic
liver injury

pattern.
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Table 2. Cont.

Reference Ageyears Sex
Type of

Supplement
Duration Symptoms Test Performed

Diagnosis/Type
of Liver Injury

Stevens et al.,
2005 [45] 30 M Hydroxycut™

9 capsules/d. 5 days Fever, vomiting,
fatigue, and jaundice.

Laboratory analysis: AST,
ALT, AF and PT elevated

and low albumin.
Serological study:
negative. CT and
cholangiography:

normal.

Hepatotoxicity
Hepatocyte
necrosis was

the likely
pattern of

injury.

Dara et al.,
2008 [46] 40 W Hydroxycut™

6 capsules/d. 1 week

Mid-epigastric
abdominal pain,

non-bloody diarrhea,
fevers, chills, nausea,
vomiting, anorexia

and profound
fatigue.

Laboratory analysis:
acute hepatitis (elevated

AST, ALT and AF)
Serological study:

negative.

Acute
hepatitis.

Dara et al.,
2008 [46] 33 W Hydroxycut™ 2 weeks

Nausea, crampy
abdominal pain,
jaundice, acholic

stools, dark-colored
urine, pruritus and
profound fatigue.

Physical examination:
jaundice and scleral
icterus. Laboratory

analysis: elevated AST,
ALT, TB and DB.
Serological study:

negative.

Acute
hepatitis.

Shuster et al.,
2010 [47] 25 M

Exilis: Garcinia
cambogia,
Garcinia
sylvestre,

L-carnintine
and chrome

3 weeks

Two weeks after
starting treatment:
fatigue and dark

urine. In the third
week: fever, nausea,
vomiting and pain.

Laboratory analysis:
elevated ALT, AST, TB

and INRA
comprehensive study

was conducted to
determine the etiology of
liver damage, but all tests

were negative.

Hepatic en-
cephalopathy
Liver trans-
plantation
required.

Sharma et al.,
2010 [48] 19 M Hydroxycut™ 1 week

Fever, severe fatigue,
myalgia, arthralgia,
and erythematous
rash over in lower

extremities.

Physical examination:
toxic appearance, marked

jaundice and fever
(39.4 ◦C). Laboratory

analysis: elevated ALT,
AF, bilirubin and PT. low

blood cell count and
hemoglobin. Blood

culture, urinalysis, X-rays,
abdominal ultrasound,
CT and MRCP: normal.

Serological study:
negative. Hepatic biopsy:

acute cholangitis.

Acute
cholangitis

Mancano
et al., 2015

[49]
42 W Garcinia

cambogia pure 1 week

Right upper
quadrant abdominal

pain and nausea
(without emesis).

Laboratory analysis:
elevated ALT, AST, AF,

ferritin and INR
Serological study:

negative. Abdominal
ultrasound: normal.

Acute hepatitis

Melendez-
Rosado et al.,

2015 [50]
42 W Garcinia

cambogia pure 1 week

Abdominal pain in
the right upper

quadrant, nausea
without emesis and

clamminess.

Laboratory analysis:
elevated ALT, AST, AF
and ferritin. Serological

study: negative.
Abdominal ultrasound:

mildy coarse hepatic
echotexture. CT: normal.

Acute hepatitis
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Table 2. Cont.

Reference Ageyears Sex
Type of

Supplement
Duration Symptoms Test Performed

Diagnosis/Type
of Liver Injury

Araujo et al.,
2015 [51] 41 M

Hydroxycut
SX-7 Clean
Sensory™

2 capsules/day
4 times/week

2 months

Malaise, jaundice,
fatigue, nausea,
vomiting and

asterixis

Physical examination:
jaundice and liver edge
percussed. Laboratory
analysis: elevated AST,
ALT, TB, DB, PT and

creatinine. Serological
study: negative.

Abdominal ultrasound:
increased liver

echogenicity and
liver length.

CIOMS/RUCAM: 9

Acute
hepatocellular

liver injury

Smith et al.,
2016 [52] 26 M

Multi-
ingredient

protein
supplement

with Garcinia
cambogia (70%).

1 week Jaundice, fatigue and
asterixis.

Laboratory analysis:
elevated ALT, AST,

AFand bilirubin.
Serological study:

negative. Hepatic biopsy:
liver necrosis. CIOMS: 6

Hepatotoxicity
Liver trans-
plantation
required.

Corey et al.,
2016 [53] 52 W

Garcinia
cambogia

supplement:
Garcinia
cambogia

extract (936
mg, 60% HCA),

calcium,
chromium,
potassium

2 capsules/d
(1000 mg/day)

3.5 weeks

Decreased appetite,
worsening fatigue,
and intermittent

confusion.

Physical examination:
abdominal distention and

jaundice. Laboratory
analysis: elevated ALT,

AST, AF, TB, DB and INR,
and low platelet count.

CT: nodular liver
compatible with necrosis
and ascites. Serological
study: negative. Biopsy:

severe acute hepatitis
with necrosis and

parenchymal collapse.
MELD: it was evolving

until it reached a score of
40. CIOMS: 7

Acute liver
failure. Liver
transplanta-

tion
required.

Lunsford
et al., 2016

[54]
34 M

Garcinia
cambogia pure 2
capsules of 80

mg, 3
times/day

6.5 months.
Nausea, vomiting,

abdominal pain, and
dark urine.

Laboratory analysis:
elevated transaminases
and bilirubin. Asterixis,
jaundice, and confusion.
Elevated transaminases,
bilirubin, elevated INR.

Images: cirrhosis or
hepatocellular carcinoma.

MR: no tumor
process.Serological study:

positive antinuclear
antibody.Hepatic biopsy:
necrosis with collapse of

the liver architecture.

Severe liver
injury. Liver
transplanta-

tion
required.

Crescioli
et al., 2018

[55]
61 W

SUPER
ANANAS

SLIM™:
Garcinia

cambogia (60%),
Ananas comosus

and Ilex
paraguariensis.

2 months

Abdominal pain,
nausea, progressive
weakness, jaundice,

dark stools, and
acholic stools.

Laboratory analysis: ALT,
AST, TB, DB, albumin,
AF, GGT out of normal

range. Serological study:
negative. Abdominal

ultrasound, MRI.
Doppler: normal. CT:

small peritoneal effusion
and perihepatic

lymphadenopathy.
Biopsy: cholestatic

hepatitis. CIOMS: 7.

Herbal-
induced liver

damage.
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Table 2. Cont.

Reference Ageyears Sex
Type of

Supplement
Duration Symptoms Test Performed

Diagnosis/Type
of Liver Injury

Crescioli
et al., 2018

[55]

39 W

Two
sipplements:
OBLESS™:

Garcinia
cambogia (72 mg

of HCA) and
other

components:
1 capsule/day

and

1 month Jaundice, asthenia,
loss of appetite, and
right hypochondrial

pain.

Laboratory analysis:
elevated ALT, AST, TB,
DB, AF, GGT, CRP and
lactate dehydrogenase.

Serological study:
nonspecific antinuclear
antibodies and positive

bile antibodies.
Abdominal ultrasound:

normal. CIOMS: 6

Acute
cholestatic

Magistral
preparation of
different herbs

extracts: 1
capsule/day

15 days

Crescioli
et al., 2018

[55]
47 W

THERMO
GIALLO™:

Garcinia
cambogia (200
mg HCA) and
chromium: y 2
capsules/da.

1 month Severe abdominal
pain.

Laboratory analysis:
elevated AST, ALT and
TB. Serological study:

negative.
CIOMS: 6.

Acute
hepatitis.

Crescioli
et al., 2018

[55]
52 W

2 JILL COOPER
BE SLIM™:

Garcinia
cambogia (240

mg) and Green
Coffee extract 1
capsule / d of
each product

1 month

Laboratory analysis:
elevated AST, ALT, BT,

GGT and AF. Serological
test: negative. CIOMS: 6.

Acute
hepatitis.

Sharma
et al., 2018

[56]
57 W

Garcinia
cambogia (100%)
and vitamin A

and D
supplement 2

capsules/d
(2800 mg/d)

1 month

Abdominal pain
(more intense in the

right upper quadrant)
and vomiting.

Laboratory analysis:
elevated ALT, AST, TB,
DB, INR, PT. Normal

vitamin A and D levels.
Serological study:

negative Abdominal
ultrasound: normal liver

CIOMS/RUCAM: 11

Hepatitis
secondary to

the
consumption

of Garcinia
cambogia. After
withdrawal of
the supplement

the levels of
the altered
enzymes

normalized.
After six

months they
elevated again,

coinciding
with the

reintroduction
of the

supplement.
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Table 2. Cont.

Reference Ageyears Sex
Type of

Supplement
Duration Symptoms Test Performed

Diagnosis/Type
of Liver Injury

Philips
et al., 2018

[57]

33 W

Safe Lean™:
Garcinia

cambogia (600
mg), Allium

sativum (250 mg)
and Trigonella

foenum graecum
(100 mg) 1
capsule, 2
times/day

1 month Nausea, loss of
appetite

Laboratory analysis:
elevated AST, ALT, AF,
TB, gamma-glutamyl

transferase, albumin and
INR. Serological study:

negative. CT:
hepatomegaly. RUCAM:

8

Drug induced
liver injury,

secondary to
Safe Lean™.

Calcium,
vitamin A and

folic acid
supplement 1

time/day

3 months

Yousaf et al.,
2019 [58] 21 W

Garcinia
cambogia

1400 mg/day
4 weeks

Abdominal pain for 1
wk associated with
nausea, vomiting,

anorexia and
myalgias.

Abdominal ultrasound
Laboratory analysis:
elevated ALT, AST,

alkaline phosphatase

Hepatomegaly
Acute liver

failure.

Khetpal
et al., 2020

[59]
22 W Hydroxycut™ 2

capsules/day 3 months
Chest pain, fatigue,

palpitations and
shortness of breath

Physical examination:
tachycardia, low oxygen
saturation and asterixis.

Laboratory analysis:
elevated AST, ALT, INR,

leukocytes and white
blood cells. Serological

study: negative.
Abdominal ultrasound:
hepatomegaly. RUCAM:

9.

Acute
drug-induced

liver injury
likely due to

Hydroxycut™.

Ferreira
et al., 2020

[60]
26 W

1800 mg of
Garcinia

cambogia (900
mg HCA), 1275
mg of green tea
extract with 450

mg of Veldt
raisin and 1200

mg of Coffea
arabica daily.

7 months Fatigue, nausea and
jaundice.

Laboratory analysis:
acute hepatitis (elevated
AST, ALT, TB and INR).
Abdominal Ultrasound:
normal. MRCP: normal.

Transjugular liver biopsy:
acute hepatitis.

Serological study:
negative. RUCAM: 6.

Subacute liver
failure

secondary to
the

consumption
of Garcinia

cambogia. Liver
transplanta-

tion
required.

M: men; W: women; ALT: alanine aminotransferase; AST: aspartate aminotransferase; AF: alkaline phosphatase; GGT: gamma-glutamyl
transferase; TB: total bilirrubin; DB: direct bilirrubin; INR: international normalized ratio; PT: prothrombin time; CRP: C-reactive protein;
CT: computed tomography; MRCP: magnetic resonance cholangiopancreatography; MR: magnetic resonance; CIOMS/RUCAM: scale for
diagnosing drug-induced liver damage; MELD: scale to measure the severity of chronic liver disease. In cases where information about
dose is not provided, it is because it was not indicated in the article.

The FDA warned consumers about the serious adverse effects associated with the
consumption of Hydroxycut™. This recommendation was based on 23 cases of liver
damage, including one death and a liver transplant. All this led to the withdrawal of the
supplement from the market. Later on, García-Cortés et al. (2016) reported 29 cases of liver
damage induced by this supplement [61].

Taking this into account, as it can observed in Table 2, hepatotoxic effects have also
been reported when using pure Garcinia cambogia extracts [49,50,54] or supplements that
only contained Garcinia cambogia with minerals or vitamins [53,55,56]. The reason that
justifies the occurrence of hepatotoxic effects in these cases, but not in all the studies
gathered in Table 1, is not clear. Genetic interindividual variability leading to different
susceptibility to the action of Garcinia cannot be ruled out. Nevertheless, it is important
to emphasize that counting all the subjects that participated in the studies described in
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Table 1, the lack of toxic effects refers to a quite big sample, whereas toxic effects have only
been described in a reduced number of subjects.

The common pattern of symptoms, observed in all these cases, consisted of abdom-
inal pain (predominantly in the right upper quadrant), vomiting, nausea, fatigue and
alterations in liver parameters such as transaminases, alkaline phosphatase and bilirubin.
Serological tests were performed to rule out other possible causes of liver damage and/or
infection, such as hepatitis, Epstein–Barr virus, cytomegalovirus, etc. In eight cases the
CIOMS/RUCAM scale was used. This scale is a scoring system used to establish the etiol-
ogy of drug-induced liver damage, and depending on the score obtained, the substance is
classified as a highly probable cause (≥9), probable cause (6–8), possible cause (3–5), unlike
cause (1–2) or excluded cause (0) of liver injury. The scores obtained for the supplements
in these studies ranged from 6 to 11 points; in other words, probable to highly probable
cause. Importantly, after Garcinia supplement withdrawal, the symptoms subsided and all
the altered parameters returned to normal levels, although in four cases the patient finally
required liver transplantation.

Regarding acute pancreatitis, one case has been reported in an 82-year-old man with
past medical history of obesity and two previous episodes of acute pancreatitis in the past.
He denied any alcohol use and reported no recent changes in his medications, as well as
the intake of Garcinia cambogia recently as an appetite suppressant. He was treated with
bowel rest and intravenous fluid hydration, providing a significant improvement in his
symptoms [62].

Other adverse effects associated with Garcinia cambogia ingestion are mania and psy-
chosis, as shown in Table 3 [63–66]. Nevertheless, currently the existing scientific evidence
is limited and a causal association has not yet been established with certainty. In some
cases, the participants had a previous psychiatric history and/or were treated with se-
lective serotonin reuptake inhibitors (SSRI). HCA acts as a selective serotonin reuptake
inhibitor, thus increasing serotonin levels and increasing the risk of toxicity due to this
neurotransmitter [63,66]. The most relevant symptoms were irritability and agitation. After
the withdrawal of the supplement, the symptoms remitted, and all the altered parameters
returned to normal levels.

To conclude, another type of toxicity associated with the consumption of Garcinia
cambogia can be observed in patients with pre-existing metabolic disorders. In this line,
Bystrak et al. (2017) described the case of a 56-year-old insulin-dependent, hypertensive
woman with chronic hepatitis C, who developed diabetic ketoacidosis, pancreatitis, and car-
diomyopathic stress after consuming a Garcinia cambogia supplement (1400 mg HCA/day)
to lose weight [67]. Applying the algorithm described by Naranjo et al. (1981) [68] to
estimate the causality of an adverse drug reaction, a value of five was obtained, meaning a
probable adverse reaction to the use of Garcinia cambogia [67].

Table 3. Cases of mania and serotonin toxicity associated with the intake of Garcinia cambogia supplements in humans.

Reference Ageyears Sex
Previous

Psychiatric
History

Type of
Supplement and

Treatment
Duration

Psychotropic/
Antidepressant

Drugs
Symptoms Diagnosis

Lopez et al.,
2014 [63] 35 W No

1000 mg Garcinia
cambogia

(60% HCA),
chromium,

potassium and
calcium 2 capsules,
3 times/day. 2–3

months.

Yes: escitalopram
(SSRI). 1 year.

Stuttering speech
pattern,

spontaneous
ankle clonus,

bilateral ocular
clonus, rhythmic
jaw movements,

profuse sweating,
hypertension,

tachycardia, and
hyperreflexia.

Serotonin
toxicity

associated with
Garcinia
cambogia

ingestion.
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Table 3. Cont.

Reference Ageyears Sex
Previous

Psychiatric
History

Type of
Supplement and

Treatment
Duration

Psychotropic/
Antidepressant

Drugs
Symptoms Diagnosis

Hendrickson
et al., 2016

[64]

50 M Type I bipolar
disorder

Garcinia cambogia:
2 capsules/day. 2

months.

No: he had been
stable off

medications for
6 years.

Irritability,
pressured speech,

grandiosity,
excessive
spending,

increased social
activity and

decreased need
for sleep.

Bipolar I
disorder,

manic, severe.

25 M No
Garcinia cambogia:

1–2 capsules/day.2
months.

No

Inflated
self-esteem,
grandiosity,

decreased need
for sleep,

increased activity,
excessive
spending,

pressured speech,
paranoia and

religious
delusions.

Bipolar I
disorder,

manic, severe
with psychosis.

34 W

Type II bipolar
disorder and

past
SSRI-induced
hypomania

Garcinia cambogia
For 1–2 months.

Yes: aripiprazole,
bupropion and

topiramate.

Irritability,
pressured speech,
decreased need

for sleep and
agitation.

Recurrence of
bipolar

disorder type
II, hypomania,

moderate.

Cotovio
et al., 2017

[65]
51 W Type I bipolar

disorder

Garcinia cambogia,
calcium, chromium

and potassium.

Yes: paroxetine
(SSRI) and valproic

acid

Irritability,
agitation,

increased energy
and decreased
need for sleep.

Hypomanic
episode

associated with
ingestion of

Garcinia
cambogia.

Nguyen
et al., 2019

[66]
22 W No

Garcinia cambogia
PlusTM: 500 mg

Garcinia cambogia
per capsule
(60% HCA)

1 capsule/day
during de first 5
days and then 3

capsules/d during
the next 5 days.

No

Expansive mood,
psychomotor

agitation,
disorganized and
pressured speech,

flight of ideas,
grandiosity,

delusions and
auditory

hallucinations.

Mania and
psychosis

secondary to
Garcinia
cambogia

ingestion.

M: men; W: women; SSRI: selective serotonin reuptake inhibitor.

5. Concluding Remarks

The reported scientific literature shows that nutritional supplements based on Garcinia
extracts are effective in just over half of the reported studies. In these cases, the supplements
should not constitute a treatment per se but, they should represent complementary tools to
the conventional treatment of excess body fat. Moreover, due to their positive effects on
lipid and glycemic profile, these supplements could be useful for the management of the
co-morbidities associated with obesity.

Garcinia-based supplements have been shown to be safe in numerous human exper-
iments, but the growing number of cases that report significant adverse effects, mainly
associated with liver damage, and to a lesser extent with serotonin toxicity and mania,
may lead to reconsideration of the safety of them. Although very often HCA has been
signaled as the main element responsible for the toxic effects of Garcinia supplements,
it should be noted that the fruit of Garcinia cambogia, an important source of HCA, has
been consumed for centuries in Southeast Asia and has been generally recognized as safe
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(GRAS) [69]. On the other hand, as explained before in this review, in many cases Garcinia
supplements contain a great number of components. Consequently, the toxicity cannot be
reliably attributable to Garcinia, and it is difficult to make conclusions without giving rise
to doubts or objections. Furthermore, potential negative effects due to the combination of
the Garcinia supplement with other dietary supplements included in the consumer diet, or
even with several drugs, cannot be discarded.

Importantly, adverse effect case reports usually reflect the associations between the
observed toxicity and the intake of the dietary supplement, rather than causality. These
associations need to be rigorously examined and, if finally, the supplements are found
to be the causative factors for the alterations observed, the true agents need to be firmly
identified, along with the dose at which the negative effects are induced [69]. In this regard,
an important problem in diagnosing the cause that produces the adverse effects, is that
many people perceive these type of products as not harmful or as “natural” products, thus,
they tend to forget to mention them when they are asked about the foods, beverages and
medications that they have consumed. It is therefore likely, that there are more cases than
those diagnosed, and consequently, the magnitude of the problem may be underestimated.
When the dose administered or the exact content of HCA are not specified, it is not possible
to identify whether the dose exceeds the value established as NOAEL. Another important
aspect, is that the issue of obesity-related liver co-morbidities as a cause of liver alterations,
has been poorly handled in toxic effect reports. Much more attention should be paid to
obesity-associated liver diseases in the causality assessment of dietary supplements used
for weight reduction [70].

In this scenario, more studies are needed to evaluate the efficacy and safety of these
products, using larger sample sizes and longer follow-up periods. Finally, it should be
pointed out that there are certain population groups in which the use of these supplements
should be discouraged. This is the case for pregnant and lactating women. HCA can affect
the production of fatty acids and cholesterol, and can directly influence the production
of sterols and steroid hormones. Pregnancy is a time of extreme sensitivity to steroid
hormones, therefore, these products are not recommended. In the case of children—
although it has not been possible to prove that they are dangerous—the advice is not to
consume them in large doses and for long periods of time. On the other hand, the evolution
of patients with mild depression or with occasional episodes of hypomania who consume
Garcinia should be monitored, since their situation may worsen.
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