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Abstract: Microalgae such as Phaeodactylum tricornutum (PT) are a sustainable source of nutrients,
especially eicosapentaenoic acid (EPA), fucoxanthin (Fx), and chrysolaminarin (Chrl), the concen-
trations of which can vary depending on the culture conditions. We generated three types of diets
containing either an EPA- and Fx-rich (EPA/Fx) or Chrl-rich microalgae (with 5, 15, or 25% added
to the diet) or an isocaloric control diet (CD). These diets were evaluated over 14 days in young
C57BL/6J mice for safety and bioavailability, short-chain fatty acid (SCFA) production, and micro-
biome analysis. Both microalgae diets increased body weight gain dose-dependently compared to
the CD. Microalgae-derived EPA was well absorbed, resulting in increased liver and fat tissue levels
and a decrease in the n-6:n-3 ratio in liver tissue. Both microalgae diets increased the production of
selected SCFA and decreased the Firmicutes/Bacteriodota ratio, whereas the Chrl-rich diet led to
an increase in Akkermansia. Doses of up to 4621 mg Chrl, 920 mg EPA, and 231 mg Fx per kg body
weight daily were tolerated without adverse effects. This pre-clinical study shows that PT is suitable
for mouse feed, with positive effects on microbiota composition and SCFA production, suggesting
beneficial effects on gut health.

Keywords: Phaeodactylum tricornutum; eicosapentaenoic acid; fucoxanthin; β-glucan; chrysolaminarin

1. Introduction

Climate change will alter the quantity and quality of food. Consumption and pro-
duction patterns need to be adapted in a sustainable way to achieve the 2030 sustainable
development goals. One aim is the sustainable use of the oceans [1]; therefore, a change in
fishing practice needs to be undertaken. Microalgae could be used as an alternative raw
material; they can be grown in bioreactors without farmland and provide a nutrient-rich
alternative to high-value compounds, such as proteins and fatty acids [2]. In particular,
the diatom PT seems to be interesting for human nutrition. It is a unicellular microalga
living in water and containing high amounts of protein, the carotenoid Fx, EPA, an omega-3
polyunsaturated fatty acid (n-3 PUFA), and Chrl, a β-glucan [3]. It can be cultivated at
different salt concentrations (marine, brackish, and even lower (<10 gNaCl L−1). Under
nutrient-repleted growth conditions, PT generates large amounts of Fx and EPA.

Fx is synthesized by photosynthetic organisms for photoprotection and light harvest-
ing and belongs to the xanthophylls. It is a significant carotenoid in brown (micro)algae
and seaweeds [4,5]. Fx accumulation in the liver and adipose tissue [6] in mice was previ-
ously demonstrated, as well as metabolization and safe intake in humans [7]. Due to its
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antioxidant and anti-inflammatory properties [8], as well as anti-obesity effects [9], Fx is
already being investigated for health benefits [10]. Microalgae are generally the primary
producers of EPA and docosahexaenoic acid (DHA). However, the microalga PT, which was
used in this study, mainly produces EPA [11]. Its biomass composition varies according to
species and environmental factors [12]. EPA and DHA are important for human nutrition
because the essential fatty acid (FA) α-linolenic acid (ALA) is insufficiently converted into
EPA and DHA [13]. The direct consumption of 250–300 mg EPA+DHA daily or consump-
tion of fish one to two times per week is recommended [14], as the immune mediators
produced from DHA and EPA shift the balance towards anti-inflammation [15]. Because
fish only acquire n-3 PUFAs by eating microalgae, the direct consumption of microalgae is
a sustainable alternative [16]. Schizochytrium sp. and Ulkenia sp. oils are already approved
as DHA sources for human consumption. The microalga Odontella aurita, rich in EPA, is
also approved as whole microalga but only in small amounts (0.5–1.5%) for flavoring [17].
For health benefits, more significant amounts of microalgal biomass in human nutrition
need to be investigated. PT is not yet approved as a whole microalga, although its nu-
tritional composition is similar to Odontella aurita [18]. In the USA, an EPA-rich oil from
PT is already on the market; in Europe, the product is still in the approval process by the
European Food Safety Authority (EFSA). Eating this microalga after cell disruption by a
ball mill has already been shown to result in good bioavailability of EPA and accumulation
in mouse liver tissue [19] and human plasma [7]. A further component of PT biomass is
Chrl, a water-soluble β-(1,3)/β-(1,6 β−glucan (11:1) that is accumulated from PT under
nutrient-depleted cultivation conditions [11]. It serves as primary energy and carbon stor-
age and is dissolved in the cytosol [20]. Macroalgae, such as brown algae of the genera
Laminaria and Saccharina, possess β-glucan laminarin, which is very similar to Chrl, with
a β-(1,3)/β-(1,6) glucan structure (15:1) [21], and can be used in animal feed [22]. Other
sources of β-glucans include grain, fungi, bacteria, and yeast [23]. They are already used
in foods, medicine, and cosmetics [24] due to nutraceutical functions, such as antitumor,
anti-inflammatory, antioxidant, anticoagulant, and immunostimulant effects [23,25]. Simi-
lar properties have already been reported for laminarin [26], Chrl [27,28], and Chrl from
PT [29,30]. Due to the various ingredients of PT and their health-promoting properties,
it is suspected to promote intestinal health. These include the formation of short-chain
fatty acids (SCFA), the promotion of SCFA-producing bacteria, and strengthening of the
intestinal barrier [31–33].

The current study evaluates the difference and safety of two different biomass samples
of the microalga PT. An EPA- and Fx-rich (EPA/Fx) and Chrl-rich biomasses (Chrl-rich)
were added at doses of 5%, 15%, and 25% to the feed of adult female C57BL/6 mice
for 14 days and compared to a PT-free control diet (CD). Diets were evaluated for safety
aspects, such as feed consumption, energy in feces, fatty acid content, and gut health
benefits, such as gut intestinal permeability. Therefore, the relative expression of zonula
occludens protein-1 (ZO1), which activates the tight junctions (TJ) and occludin, a tight
junction protein of the intestinal barrels that keep the TJ closed, are measured in the ileum.
In feces, SCFA and the gut microbiome were analyzed by 16S ribosomal RNA sequencing.

2. Materials and Methods
2.1. Phaeodactylum Tricornutum Culture and Experimental Diets

In this study, PT biomass was used from the strain PT SAG 1090-1b. This biomass was
produced at the Fraunhofer CBP (Leuna, Saxony-Anhalt, Germany) using 180 L flat-panel
airlift (Subitec GmbH, Stuttgart, Germany) reactors under outdoor conditions. Two batches
of the biomass (Fx/EPA-rich and Chrl-rich) were produced under cultivation conditions.
The EPA/Fx-rich biomass was produced under nutrient-repleted conditions. In contrast,
the Chrl-rich biomass was cultivated under nitrogen-depleted conditions for several days
before the harvest. After the harvest, both batches of biomass were treated the same.
First, the biomass was concentrated to approximately 250 g L−1 via centrifugation (Clara
20, Alfa Laval, Glinde, Germany) and stored at −20 ◦C until further processing. After
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thawing, the biomass was diluted with deionized water to 100 g L−1. Subsequently, the
cells were disrupted in a ball mill (PML-2, Bühler AG, Uzwil, Switzerland) according to
Derwenskus et al. [34], freeze-dried, and pulverized as described previously [7]. The feed
manufacturer, sSniff Spezialdiäten GmbH (ssniff Spezialdiäten GmbH, Soest, Germany)
added both versions of PT at concentrations of 5%, 15%, and 2% (Table 1) to the diets, which
were isocaloric and isoproteinogenic to the CD. The Fx content in chow was measured at
the Fraunhofer IGB by high-performance liquid chromatography (HPLC) as described by
Derwenskus et al. [34].

Table 1. Food composition of different diets.

Treatment
Suppl ME SFA UFA PUFA MUFA EPA

n-3:n-6
Fx β-Carotin Chrl

[%] [MJ/kg] [g/kg] [g/kg] [g/kg] [g/kg] [g/kg] [g/kg] [g/kg] [g/kg]

Control
diet 15.6 9.33 11.18 3.60 7.58 0.00 0.08 0 0 0

PT_Chrl
5 15.6 16.98 30.83 51.45 21.59 0.00 0.10 0.14 0.02 10.92

15 15.6 19.24 43.19 45.57 24.68 5.11 0.31 0.42 0.05 32.77
25 15.6 19.11 49.58 27.50 24.41 8.32 0.90 0.71 0.09 54.62

PT_EPA/Fx
5 15.6 20.49 33.81 68.14 24.534 3.32 0.16 0.57 0.07 0.66

15 15.6 22.44 52.96 72.56 26.68 11.14 0.30 1.71 0.22 1.98
25 15.6 21.23 53.57 60.74 24.01 15.17 0.47 2.85 0.37 3.3

Measured fatty acids, carotenoids, and Chrl within the diet pellets and other parame-
ters are available in [19]. Abbreviations: Suppl, supplementation; ME, metabolizable energy;
SFA, saturated fatty acids; UFA, unsaturated fatty acids; PUFA, polyunsaturated fatty acids;
MUFA, monounsaturated fatty acids; EPA, eicosapentaenoic acid; n-3:n-6, omega-3-to-
omega-6 ratio; Fx, fucoxanthin; Chrl, chrysolaminarin belonging to the β-glycans; PT,
microalgae Phaeodactylum tricornutum; PT_ Chrl, diet with Chrl-rich PT, PT_EPA/Fx, diet
with EPA- and Fx-rich PT. Fatty acids were measured in chow by gas chromatography. Fx
was measured by high-performance liquid chromatography.

2.2. Mouse Feeding Experiment

A total of 56 6- to 8-week-old female C57BL/6J mice were obtained from the animal
care unit of the University of Hohenheim, Germany. The experiment was set up as described
by Neumann et al. [19]. All experiments were approved by the local Institutional Animal
Care and Use Committee (Regional Council Stuttgart, permit number: V326-15EM). The
mice were divided into seven groups, with eight animals each supplemented with a CD diet;
a Chrl-rich diet at concentrations of 5, 15, and 25%; and an EPA/Fx diet at concentrations
of 5, 15, and 25%. Clinical health scores were assessed daily, and animals were weighed
every three days. On days 9 and 14, the animals were housed solitary in metabolic cages
(Tecniplast S.p.A, Buguggiate, Italy) to collect 24 h feces and determine food intake. Feces
from day 9 were used for energy calculation, and feces from day 14 were used for SCFA
measurement and 16-S gut microbiome sequencing. Mice were sacrificed, and organs
(spleen, liver, and colon) were removed, weighed, and stored at −80 ◦C or in 4% PBS-
buffered formalin solution (Carl Roth GmbH & Co., Karlsruhe, Germany).

2.3. Histological Analyses

Histological analysis was performed as described by Neumann et al. [19]. Formalin-
fixed tissue samples of the 15% and 25% dosage diets, as well as the CD, were embedded
in paraffin using hematoxylin-eosin (Sigma Aldrich, Schnelldorf, Germany) staining and
analyzed. Samples of the ileum and colon were analyzed for cell infiltration (score 0–3)
and tissue damage (score 0–3), and livers were scored from 0 to 3 for steatosis, infiltration,
and tissue damage. The thickness of the muscularis externa was measured from captured
images of the colon and ileum using the scaled ocular (20×) Axio Vision Rel. 4.8 software
(magnification 200×, Zeiss, Oberkochen, Germany).
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2.4. Measurement of Liver Fat Content

The fat content in the liver was measured by Folch extraction but with modifications,
as described by Gille et al. [35].

2.5. Fatty Acid Analyses in Mouse Tissues and Chow

Liver and fat in white adipose tissue (WAT), especially inguinal (subcutaneous) WAT
(iWAT) and epididymal (visceral) WAT (eWAT), were homogenized in 200 µL methanol
with a TissueRuptor (Qiagen, Hilden, Germany). Furthermore, fatty acids were analyzed
in the chow, the homogenized liver, and fat tissue as described in [36] using an Agilent
7890A (Agilent, Santa Clara, CA, USA) gas chromatograph with a Supelco SBP-PUFA
30 m × 0.32 mm × 0.2 µm column (Sigma-Aldrich, Schnelldorf, Germany) and an FID
detector. Results were compared to a certified C4–C24 FAME mix (Supelco-18919-1AMP,
Sigma-Aldrich, Schnelldorf, Germany). The analyses covered saturated fatty acids (C 14:0,
C16:0, C17:0, C18:0, C20:0, C21:0, C22:0, C23:0, and C24:0) and unsaturated fatty acids (C
14:1, C15:1, C16:1n7, C17:1, 18:1n9c, -t, C18:2n6c, -t, 18:3n6, C18:3n3, C20:1n9, C20:2n6,
C20:3n6, C20:5n3, C20:4n6, C22:1n9, C22:2n6, C22:3n6, and C24:1n9). For the measurement
of the n-6:n-3 ratio, the totals of all n-6 PUFAs and n-3 PUFAs were calculated and divided
by one another.

2.6. Real-Time Quantitative Reverse Transcription PCR

RNA was extracted from ileum tissue (50–100 mg) using peqGOLD TriFast (PEQLAB,
Erlangen, Germany) according to the manufacturer’s instructions, and 1 µg of RNA was
transcribed into cDNA with SuperScript® IV Reverse-Transcriptase (Thermo FisherSci-
entific, Darmstadt, Germany) after DNAse treatment (Promega, Madison, WI, USA). For
the real-time PCR, Eva Green Universal PCR master mix (Bio-Rad Laboratories, Munich,
Germany) was used to prepare the PCR mix as described in more detail by Zimmermann
et al. [37]. The primers are shown in Table 2; the amplification programs for primers were
as follows: Tumor necrosis factor-α (TNFα): 95 ◦C for 3 min, 39 cycles at 95 ◦C for 5 s, and
60 ◦C for 10 min; zonula occludens-1 (ZO1), occludin, interleukin (IL)-1β: 95 ◦C for 3 min,
40 cycles at 95 ◦C for 5 s, and 60 ◦C for 10 s. IL-6: 95 ◦C for 3 min, 45 cycles at 95 ◦C for 5 s,
and 60 ◦C for 10 s. The comparative CT method was used to determine gene quantity as
described in [37].

Table 2. Primer sequences used in quantitative real-time PCR.

Primer Forward (5′-3′) Reverse (5′-3′)

Occludin ACTCCTCCAATGGACAAGTG CCCCACCTGTCGTGTAGTCT
ZO1 CCACCTCTGTCCAGCTCTTC CACCGGAGTGATGGTTTTCT

TNFα ACCACCATCAAGGACTCA AGGTCTGAAGGTAGGAAG
IL-1β ACGGATTCCATGGTGAAGTC GAGTGTGGATCCCAAGCAAT
IL-6 AGTCACAGAAGGAGTGGCTA CTGACCACAGTGAGGAATGT

Abbreviations: ZO1, zonula occludens-1; TNFα, tumor necrosis factor-α; IL-1β, inflammatory-1β; IL-6,
inflammatory-6.

2.7. Fecal Energy Loss and Fecal Energy Ratio

Energy was measured and energy loss was calculated with samples from day 9 as
previously described [19]. The fecal energy ratio was calculated by dividing the intake
(feed intake in calories) by the ingested energy at day 9.

2.8. SCFA Analysis

For SCFA analysis, a minimum of 200 mg of feces was used, following the method
described in [7]. However, no dry mass of feces could be determined due to the low amount
available. Thus, the SCFA concentrations are given as wet fecal mass. Due to the small
masses of feces collected in the cages, some samples could not be measured as the biomass
was used as well for microbiota analysis (CD n = 5; Chrl5 n = 7, Chrl15 n = 6, Chrl25 n = 3,
EPA/Fx5 n = 7, EPA/Fx15 n = 2, EPA/Fx25 n = 6).



Nutrients 2022, 14, 2504 5 of 16

2.9. Gut Microbiota Analysis

For 16S ribosomal ribonucleic acid (rRNA) gene sequencing, feces samples from day
14 after the start of experimental feeding were used, bacterial DNA was extracted, and 16S
Ribosomal RNA (rRNA) gene amplicons of 2× 300 bp length were sequenced on the MiSeq
platform at the University of Minnesota Genomics Center following a protocol similar to
that described in [7]. Samples with sequencing reads below 10.000 were excluded, resulting
in CD (n = 5), Chrl5 (n = 8), Chrl15 (n = 7), Chrl25 (n = 8), EPA/Fx5 (n = 4), EPA/Fx15
(n = 6), and EPA/Fx25 (n = 6), which were included in the microbiome analysis. Microbial
alpha and beta diversity and taxonomies from phylum to species were assigned. Before
analysis, data were converted into relative abundance, and values below 0.15% were in all
samples. This resulted in 151 operational taxonomic units (OTUs).

2.10. Statistical Analyses

All parameters were tested for normal distribution using the Kolmogorov–Smirnov
test; for normally distributed data, one-way ANOVA was used to compare statistically
significant differences (p < 0.05) between microalga diet groups and the CD. Variances were
tested with the Brown–Forsythe test. Tukey’s multiple comparison post hoc test was used
for equal variances, and for unequal variances, Dunnett’s T3 multiple comparisons test was
used. Correlation analyses were performed with two-tailed Spearman-rank correlation,
with coefficients in the range of 0.0 to 0.3 (0.0 to−0.3) interpreted as a negligible correlation,
whereas correlations in the range of 0.3 to 0.5 or −0.3 to −0.5 were regarded as positive or
negative correlations, respectively. All statistical analyses were performed using GraphPad
Prism version 9.3.1 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Microalgae Diet Acceptance and Effects on Body Weight (Bw) and Energy Uptake

Feed consumption varied between 2.5 and 2.6 g/day (Figure 1A), and the caloric intake
(Figure 1B) was similar in all diets. Both PT diets increased the bw gain (p < 0.001), especially
in higher doses compared to the PT-free CD (Figure 1C). Only the EPA/Fx5 diet, which did
not induce weight gain, increased liver fat compared to the CD (p = 0.001; Figure 1D). Fecal
energy loss measured on day 9 was lower in the 5 and 15% Chrl-rich diet groups and the
25% EPA/Fx diet group compared to the CD group (p = 0.01; Figure 1E). Figure 1F shows
a higher energy ratio associated with the Chrl5-rich and −15 diets (p = 0.001) compared
to the CD. Further analyses, including the weight of organs (not shown) and histological
analyses, showed no differences in the CD-fed mice (see Table S1).

3.2. Short-Chain Fatty Acids, Markers of Intestinal Permeability, and Inflammation

Both microalgae diets caused increased production of SCFA in the feces of mice. The
increase was less consistent in butyric acid in association with the Chrl-rich15 diet (p < 0.001)
and occurred only in trend associated with the EPA/Fx25 (p = 0.1) diet compared to the CD
(Figure 2A). Acetic acid increased the most in association with PT-rich diets compared to the
CD (p < 0.001) (Figure 2B). Propionic acid increased only in association with the 25% EPA/Fx
diet (p = 0.04) (Figure 2C), and valeric acid showed an increasing trend in association with
the microalgae diets compared to the CD (p = 0.01) (Figure 2D). For intestinal permeability,
the relative expressions of zonula occludens protein-1 (ZO1) and occludin were measured in
the ileum, and no differences were observed. The proinflammatory tumor necrosis factor-α
(TNF-α), interleukin (IL)-6, and IL-1β genes were measured in the ileum. Only TNF-α
mRNA expression was higher (p < 0.001) in association with the lowest-dose Chrl-rich diet
and the two highest-dose Chrl25-rich and EPA/Fx25 diets compared to the CD (Table 3).
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Figure 1. Daily feed (A) and caloric intake (B) of C57BL/6J mice, body weight gain within 14 days (C),
and the percentage of liver fat content at day 14 (D). The fecal energy loss on day 9 was measured
with a calorimeter (E), and the energy ratio of day 9 was calculated by dividing the feed intake on
day 9 by the fecal energy loss on day 9 (F) of C57BL/6J mice. Concentration values are expressed as
mean ± SD from n = 8 samples per group. Diets supplemented with concentrations of 5%, 15%, and
25%. Statistics: * indicates differences relative to CD. * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations:
CD, control diet; EPA, eicosapentaenoic acid; Fx, fucoxanthin; Chrl, diet with chrysolaminarin-rich
PT; EPA/Fx, diet with EPA- and Fx-rich microalgae PT; d, day.
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Figure 2. The microalgae diets increased the content of SCFAs, such as butyric acid (A), acetic acid (B),
and propionic acid (C), with an increasing tendency of valeric acid (D), in feces after supplementation
with both versions of the microalgae as measured on day 14 by gas chromatography. Data are
expressed as mean ± SD (CD n = 5; Chrl5 n = 7, Chrl15 n = 6, Chrl25 n = 3, EPA/Fx5 n = 7, EPA/Fx15
n = 2, EPA/Fx25 n = 6). Statistics: * indicates differences from CD. (*) p < 0.1, * p < 0.05, ** p < 0.01,
*** p < 0.001. Abbreviations: see Figure 1.
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Table 3. Intestinal and inflammatory markers measured in the ileum tissue.

Treatment Suppl [%] ZO1 Occludin TNF-α IL-6 IL-1β

CD 29.94 ± 15 39.17 ± 27 10.06 ± 8.6 49.75 ± 82 5.850 ± 2.8

Chrl
5 59.92 ± 30 46.56 ± 24 69.87 ± 28 ** 148.8 ± 127 25.23 ± 15
15 25.67 ± 21 28.50 ± 18 22.58 ± 17 113.2 ± 135 14.18 ± 14
25 25.31 ± 26 48.57 ± 40 118.5 ± 94 ** 8.526 ± 8 29.60 ± 49

EPA/Fx
5 24.15 ± 22 39.07 ± 26 32.88 ± 26 244.8± 344 18.73 ± 14
15 16.90 ± 8 27.18± 15 27.57± 18 93.87 ± 129 7.355 ± 5.3
25 96.19 ± 161 75.82 ± 105 62.58± 40 * 152.3 ± 99 32.19 ± 48

Increase in TNF-α associated with Chrl5/25 and EPA/Fx25 diets compared to CD analyzed by ANOVA. Diets
supplemented with 5%, 15%, and 25%. Statistics: * indicates differences relative to CD. * p < 0.05, ** p < 0.01.
Abbreviations: CD, control diet; Suppl, supplementation; ZO1, zonula occludens-1; TNF-α, tumor necrosis
factor-α; IL-6, inflammatory-6; IL-1β, inflammatory-1β; for other abbreviations, see Table 1 and Figure 1.

3.3. Microbiome Analysis in Feces

Gut microbiome analysis showed no changes in β-diversity as measured by the Bray–
Curtis distance and no effect on α-diversity compared to the CD (Figure 3A,B). Taxonomies
changed between the microalgae diets and the CD from phylum to species. At the phylum
level, Bacteriodota, Firmicutes, Desulfobacterota, Verrucomicrobiota, Cyanobacteria, and
Proteobacteria were the most dominant bacteria and changed compared to the CD. The
Firmicutes-to-Bacteroidota (F/B) ratio led to a significant reduction in association with all
microalgae diets compared to the CD (p < 0.001; Figure 3C). In detail, the relative abundance
of Bacteroidota was higher in association with all microalgae diets except for the Chrl25-rich
diet (p < 0.001) (Figure 3D), and a lower abundance was demonstrated for the Firmicutes in
association with all microalgae diets compared to the CD (p < 0.001). Further changes are
shown in Figure 3D and Table S2. At the class level, the abundance of Verrucomicrobiae was
higher following higher doses of Chrl15-rich and -25 (p < 0.001) diets compared to the CD
(Figure 3E; other results see Table S2). The order level showed a reduction in Lachnospirales
after higher doses of both PT biomass supplementations (p < 0.01; Table S2). At the genus
level, results consistently showed a higher abundance of Clostridia vadinBB60 in association
with both highest-dosed Chrl25 and EPA/Fx15 and 25 diets (p < 0.001) compared to CD
(Figure 3F). Akkermansia abundance was higher in association with both higher-dosed
Chrl-rich diets (p < 0.001) compared to the CD (Figure 3G). The results were less consistent
for Alistipes, which presented with higher abundance only in association with the lowest
Chrl-rich supplementation (p = 0.002) and all EPA/Fx diets (p < 0.04) compared to the CD
(Figure 3H). At the species level, the abundance of Cyanobacteriia Chloroplast was higher
in association with all Chrl-rich diets compared to the CD and EPA/Fx diets (p < 0.001;
Figure 3I). The abundance of Muribaculaceae;s_unidentified was increased in association with
all Chrl-rich (p = 0.003; Figure 3J) diets. For more details, see Table S2.

3.4. Fatty Acids Measured in the Liver and the White Adipose Tissue (WAT)

Fatty acids were measured in the liver and WAT to compare their bioavailability
and differences in absorption levels. Both microalgae diets showed a lower monoun-
saturated fatty acid (MUFA) concentration (p < 0.001) (Figure 4A) and a lower n-6: n-3
ratio in the liver at higher doses compared to the CD (p < 0.001; Figure 4B). The PUFA
concentration did not show any differences in the liver (Figure 4C) and iWAT (Figure 4E)
but higher concentrations in eWAT in association with the EPA/Fx diet compared to the
CD (p = 0.001; Figure 4G). EPA concentrations increased dose-dependently in the liver
(p < 0.001; Figure 4D) and fat tissue compared to the CD (Figure 4F,H). Following ingestion
of the EPA/Fx diet with higher EPA doses, higher amounts were measured in the liver and
eWAT compared to the Chrl diet (Figure 4D,H).
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Figure 3. Both PT diets effected changes in the gut microbiome after 14 days of supplementation
compared to the CD. The α-diversity, i.e., the species richness (observed OUTs, (A)), and the species
diversity, i.e., the Shannon index (B) were not affected. At the phylum level, the F/B ratio was lower
in association with PT diets (C), and the relative bacterial abundances [%] of Bacteroidota, Firmicutes,
and others changed in association with PT diets compared to the CD (D). At the class level, the
abundance of Verrucomicrobiae was higher in association with Chrl-rich diets (E). At the genus level,
the abundance of Clostridia_vadinBB60 (F), Akkermansia (G), and Alistipes changed compared to the
CD (H). The abundances of Cyanobacteriia chloroplast (I) and Muribaculaceae at the species level
were higher in association with Chrl-rich diets (J). Further results are presented in Supplementary
Table S2. Data are shown as box plots with median, 25%, and 75% percentiles and a heat map of
the phylum as relative bacterial abundances [%] (CD n = 5; Chrl5 n = 8; Chrl15 n = 7; Chrl25 n = 8;
EPA/Fx5 n = 4; EPA/Fx15 n = 6; EPA/Fx25 n = 6). Statistics: * indicates differences relative to CD, and
# indicates the difference between Chrl and EPA/Fx diets. */# p < 0.05, **/## p < 0.01, ***/### p < 0.001.
Abbreviations: OTUs, operational taxonomic units; F/B, Firmicutes/Bacteroidota ratio; for other
abbreviations, see Table 1 and Figure 1.
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Figure 4. Fatty acids were measured by gas chromatography in the liver (A–D), subcutaneous
WAT (E,F), and visceral WAT (G,H). MUFA amounts were lower in association with all microalgae
diets (A), and the ratio of n-6-to-n-3 PUFA (B) decreased in association with higher supplementation
of the two microalgae diets. PUFA content was increased in eWAT (G) in association with the EPA/Fx
diets, and EPA content increased in all tissues with higher supplementation of the EPA/Fx diets and
in the liver in association with the Chrl25 diet (D,F,H). Data are expressed as mean ± SD (n = 8 per
group). Statistics: * indicates difference relative to CD, and # indicates the difference between Chrl
and EPA/Fx diets. * p < 0.05, **p < 0.01, ***/### p < 0.001. Abbreviations: WAT, white adipose tissue;
iWAT, inguinal (subcutaneous) WAT; eWAT; epididymal (visceral) WAT; see Table 1 and Figure 1 for
other abbreviations.

3.5. Correlations

For correlation analysis, the daily Chrl, Fx, and EPA intakes were calculated separately
in mg/day and mg/g bw per day and correlated with fecal SCFA levels, the n-6:n-3 ratio
in the liver, and the most important bacteria at different levels (Figure 5). The microalgae
and EPA intake correlated with all SCFA amounts measured in feces. The daily Fx intake
correlated with all SCFA levels except valeric acid, and the Chrl uptake expressed in
mg/day correlated with SCFA levels except acetic acid. The Chrl intake expressed in mg/g
bw correlated with butyric and valeric acid fecal concentrations. All intakes correlated
negatively with the n-6:n-3 ratio in the liver. The intake of the whole microalgae and the
components EPA, Fx, and Chrl measured daily was negatively correlated with the F/B
ratio, Firmicutes, and Actinobacteria abundance at the phylum level and Lachnospirales
abundance at the order level. A positive association was observed between the intake and
the relative abundance of Verrucomicrobiae at the phylum level and Akkermansia at the
genus level. Clostridia vadinBB60 was positively associated with EPA and Fx but not with
Chrl intake. Further results showed that a higher abundance of Cyanobacteriia at the class
level and Cyanobacteriia_Choroplast at the genus level is only associated with Chrl intake.
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Figure 5. Heat map of Spearman’s rank correlation measured by Spearman rho (R) comparing the
microalgae intake/day, EPA, Fx, and Chrl intake mg/day and mg/g bw with the n:6-n:3 ratio in the
liver, SCFA amounts (acetic, propionic, butyric, and valeric acid), and gut microbiome as the relative
bacterial abundances [%] at the phylum, class, order, genus, and species levels. Abbreviations: X, no
significance at p-values > 0.05; bw, body weight; EPA, eicosapentaenoic acid; Chrl, chrysolaminarin
intake; F/B, Firmicutes/Bacteroidota ratio; for further abbreviations, see Table 1 and Figure 1.

The connection between the SCFA amounts and some bacteria was elucidated. A
positive correlation was demonstrated for acetic acid between Bacteriodota at the phylum
level and Clostridia vadinBB60 at the genus level. The Bacteriodota Verrucomicrobiae at the
phylum level and Akkermansia and Clostridia vadinBB60 at the genus level are positively cor-
related with propionic acid. The propionic acid amount and the Actinobacteria abundance
are negatively correlated at the phylum level. For butyric acid, a positive correlation was
detected between the Verrucomicrobiae at the phylum level; Cyanobacteriia at the class level;
and Akkermansia, Clostridia vadinBB60, and Cyanobacteriia_Choroplast at the genus level. A
negative correlation was shown between the abundance of Firmicutes and Actinobacterota
at the phylum level and Lachnospirales at the order level. For valeric acid, Bacteroidota and
Cyanobacteriia_Choroplast were positively correlated at the phylum level, whereas Firmicutes
correlated negatively at the phylum level.

4. Discussion

In this study, we investigated two biomass samples from the microalgae PT contain-
ing different amounts of EPA, Fx, and Chrl due to different cultivation conditions. The
investigation in mice comprised acceptance and safety issues, as well as aspects of gut
health, such as microbiota and fecal SCFA analyses. Such analyses are also needed to
approve microalgae PT biomass as a novel food. This study provides information on the
safe intake of microalgae biomass and demonstrates possible beneficial effects on gut health
in a preclinical setting.

With respect to safety issues, we assessed the integrity of the intestinal barrier by
measuring occludin and zonula occludens 1 in the intestinal mucosa. According to these
measurements, the intestinal barrier was not impaired by the PT diets, suggesting the
possibility of safe intake of PT. It has been reported that β-glucans can enhance the expres-
sion of TJ proteins in obese mice [38] and normal-weight pigs [39]. Although PT contains
the β-glucan Chrl, we did not observe a beneficial effect of PT diets on the barrier, likely
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because our mice were healthy and no severe barrier impairment was expected before the
intervention. Other PT ingredients, such as EPA and Fx, might also play a protective role in
the recovery of TJ proteins following inflammatory processes [40–42]. Whereas no benefit
was observed in our healthy mice when fed PT diets, a beneficial effect can be anticipated
if the recipients suffer from an impaired gut barrier.

Interestingly, the PT diets did not induce a clear inflammatory response, although we
observed an increase in TNF-α mRNA levels in the ileum. However, other proinflammatory
cytokine mRNA levels, such as IL-6 and IL-1β, were not affected. A negative correlation
was measured between the n-3 PUFA in the liver, which was increased by the PT diets,
and pro-inflammatory IL-1β, suggesting an anti-inflammatory effect of PT, which is further
supported by the reducing effect of the PT diets on the n-6:n-3 ratio. The Chrl-rich extract
of PT (0.06%) has immunomodulatory effects in sea bream [30], which might be related to
induction of intestinal TNF-α levels. The increase in TNF-α levels observed in our studies
requires further investigation, and measurement inaccuracies must be prevented. Accord-
ing to own previous data, PT intake has anti-inflammatory rather than proinflammatory
effects [36].

Considering the medium dose of 15% microalgae content in the diet, we conclude
that our data demonstrated a safe intake of Fx of up to 4.3 mg/day in mice with a bw of
approx. 18 g (231 mg/kg bw per day). Such doses cannot be easily extrapolated to the
human situation. Equivalent amounts in human diets are usually lower because of a slower
metabolic turnover in humans compared to rodents; on the other hand, higher doses are
often administered for medical use. In a recent pilot trial in humans, we demonstrated a
safe intake of up to 30 mg/day of Fx [7], and the EFSA published a recommendation for
15 mg/day of pure Fx extracted from Undaria pinnatifida thallus [43]. Further human studies
are needed to evaluate safe recommended dietary allowance.

With respect to EPA, this study confirms good bioavailability from both PT diets
and a safe intake of EPA of up to 17 mg/day related in mice with a bw of approx. 18 g
(920 mg/kg bw per day). As expected, higher EPA concentrations of the EPA/Fx diets
resulted in higher absorption of EPA in the liver and fat tissue than the Chrl-rich diets.
Regarding the dietary intake limits for Chrl, the present study showed no tissue changes
or damage associated with intakes of up to 86.6 mg/day in mice with a bw of approx.
18 g (4621 mg/kg bw). EFSA has already been approved for the human diet with a dose
of up to 600 mg/day of -(1,3)/(1,6)-glucan derived from the cell wall of baker’s yeast
Saccharomyces cerevisiae [44]. A toxicological study in rats demonstrated a safe intake of up
to 100 mg/kg bw of this type of β-glucan [45]. Therefore, we assume that the Chrl type
of β-(1,3)/(1,6)-glucan derived from PT should also be approved soon. Other microalgae
containing β-(1,3)/(1,6)-glucan or β-(1,3)-glucans, such as Odontalla auritia and Euglena
gracilis, are already authorized in the EU [17,46]. A drug derived from Euglena gracilis is
already on the market for immune stimulation (BioGlenaTM; Algatechnologies Inc. Eilot,
Israel). Thus, no safety issues should be expected because of the β-(1,3)/(1,6)-glucan
contained in PT; instead, beneficial effects should be assumed, supporting the idea of using
PT-based products for human nutrition.

Although a literature search did not reveal any studies reporting infection or intox-
ication by the diatom PT [47], some recent studies suggest that PT can produce β-N-
methylamino-L-alanine (BMAA) under particular culture conditions [48,49]. BMAA is a
neurotoxin produced by certain cyanobacteria, diatoms, and dinoflagellates, with adverse
effects on humans [50]. BMAA is found in mussels and scallops and is thus transferred
to the food chain [51,52]. However, our previous studies in cell culture, in mice, and
humans, as well as the present study, did not reveal any signs of neurotoxicity, such as
abnormal movement or behavior in the mice, which calls into question the relevance of
BMAA in the PT biomass, possibly because of the different culture conditions we used
in our studies [7,19,36]. On the other hand, BMAA in PT biomass should be quantified,
and the amounts should be toxicologically evaluated in mice and humans to complete a
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qualified presumption of safety (QPS) procedure used by EFSA Scientific Panels for risk
assessment of biological agents [47].

Our preclinical data revealed that PT diets are safe and possibly also healthy, as they
showed some beneficial effects on the intestinal microbiota and possibly also on the genera-
tion of SCFAs. SCFAs have been attributed to beneficial effects on gut health, nourishing
the mucosa, preventing colon cancer, and protecting against leaky gut [53,54]. SCFAs
are produced from dietary fibers, such as β−glucans fermented to SCFAs by commen-
sal bacteria [55]. This concept was supported by studies showing an increase in acetic
acid and butyric acid after supplementation with β-glucans from barley [56,57], oats [58],
and laminarin from Laminaria spp. [59,60]. Interestingly, n-3 PUFA has also been found
to promote SCFA production. Apart from their anti-inflammatory effects, n-3 PUFAs are
considered prebiotics, as studies have provided evidence that n3-PUFAs promote SCFA pro-
duction [61,62] and an increase in LPS-suppressing bacteria, such as Bifidobacteria [63]. The
daily intake of Fx may also influence SCFA production, as demonstrated by Sun et al. [32].

Due to the similar structure of Chrl compared to other β-glucans, such as laminarin,
and the high content of EPA and Fx, we assumed similar effects. We observed an increase in
acetic acid and a higher amount of butyric acid after administration of the Chrl15-rich diet.
Correlation analyses confirmed this assumption, and we demonstrated, for the first time,
that SCFA levels correlated with Chrl uptake from diet. The current EPA/Fx diet increased
acetic acid in association with all three diets. Additionally, correlation analysis confirmed
that the highest dose of the diet also increased propionic acid levels. This increase suggests
a possible benefit for gut health, as propionic acid is essential for mucosal healing and anti-
inflammation [64]. A lower daily dose of 286 mg EPA+DHA did not change SCFA levels
in a previous clinical trial conducted by our group after two weeks of PT intake [7]. The
results suggest that Chrl, EPA, and Fx could promote SCFA production. Further evaluation
is required, as the SCFA changes were minor and not always consistent for the different
supplementation groups.

Due to the effects of PT diets on SCFA production in the gut, we also expected
changes in the gut microbiome. As shown by other studies, the supplementation of
n-3 PUFA, β-glucan [65,66], and Fx [32] increased bacterial diversity. However, in our
study, we were not able to confirm these results. However, the PT diets modified the gut
microbiome at the phylum level; they reduced the F/B ratio, confirming other studies
supplementing with β-glucan from barley [66] and laminarin from macroalgae [67,68].
Correlation analyses revealed that the F/B ratio is negatively associated with microalgae
intake, as well as EPA and Chrl intake. Furthermore, the Chrl-rich diets enhanced the
abundance of the SCFA-producing Akkermanisa sp. [53]. Our data confirm an increase in
Akkermanisa sp. after supplementation with the β-(1,3)-glucan paramylon, as reported
in previous studies [69]. Additionally, n-3 PUFA supplementation is thought to increase
Akkermansia sp. [70], especially Akkermansia muciniphila [71]. Therefore, Akkermansia sp.
have been identified as “next-generation probiotics” [72]. Our murine data were less clear
in this respect. However, a recent human study performed by our group demonstrated that
consuming an EPA/Fx-rich PT diet increased Akkermansia after 14 days of intervention [7].
We conclude that Chrl-rich PT intake increases the abundance of Akkermansia.

The distinctive effect of the Chrl-rich diet could be due to the increase in the abun-
dance of Cyanobacteriia_chloroplasts, possibly resulting from the formation of chloroplasts
following cyanobacterial endosymbiosis [73]. Minor other changes included a lower abun-
dance of Lachnospirales associated with PT diets, a butyric acid-producing bacteria [74].
Supplementation with n-3 PUFA was previously to shown to result in an increase in Lach-
nospirales due to conditional promotion by DHA [65]. The fact that the PT diet is mainly
rich in EPA could be a possible explanation for the decline. Further changes were observed,
including an increase in bacteria involved in mucosal sugar uptake [75], such as species
Muribaculaceae_unidentified associated with the Chrl-rich diet and Alistepes in association
with the EPA/Fx diet. The higher abundance of Clostridia_vadinBB60 at the genus level is
very poorly classified, and their role in the microbiota [76] requires further investigation.



Nutrients 2022, 14, 2504 13 of 16

5. Conclusions

Our preclinical study in healthy mice shows that the intake of two types of PT diets
containing Chrl, EPA, and Fx as bioactive compounds is safe and well accepted by mice.
With the same calorie intake and increased weight gain, we assume energy absorption. Due
to the increase in TNF-α levels, further investigation is needed, and the mean dose of the
two PT diets is described as the safest diet. Health benefits, such as the increase in SCFA,
need to be further investigated, as the available results are inconsistent. The microbiota
results could show positive effects, such as a decrease in the F/B ratio, and the Chrl-rich
diet mainly led to an increase in the SCFA-producing bacteria Akkermansia sp. The data
suggest that PT diets could be suitable for human nutrition, which must be confirmed in
human trials.
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