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Black raspberry extract can lower serum LDL cholesterol
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profile in rats fed trimethylamine-N-oxide with a high-fat diet
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Abstract Blood trimethylamine-N-oxide (TMAO) has
been associated with cardiovascular disease. Black rasp-
berry (Rubus occidentalis, BR) has been regarded to be
beneficial for cardiovascular health. This study aimed to
investigate how BR extract affects serum lipid profile, gut
microbial composition, metabolites in rats fed TMAO with
a high-fat diet. Dietary TMAO increased serum LDL
cholesterol, while BR extract decreased its level. o-
Diversity of gut microbiota was not changed; however, in
the rats fed TMAO, Macellibacteroides and Mucispirillum
were enriched, while Ruminococcaceae was reduced. The
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BR supplementation could restore Macellibacteroides,
Clostridium, and Ruminococcaceae. The BR supplemen-
tation increased cecal hippuric acid and serum farnesoid X
receptor-antagonistic bile acids, including ursodeoxycholic
acid (UDCA), tauro-o-muricholic acid, and tauro-UDCA.
The BR supplementation tended to upregulate Cyp7al and
Abcg5 expressions while downregulating Srebf2 and
Hmgcr expressions. BR extract affects the gut bacterial
community and microbial metabolites, lowering serum
LDL cholesterol in rats with elevated serum TMAO.

Keywords Black raspberry - Trimethylamine-N-oxide -
Gut microbiota - FXR-antagonistic bile acid - Hippuric acid

Introduction

Cardiovascular disease (CVD) is one of the major causes of
mortality worldwide. About a decade ago, it emerged that
trimethylamine-N-oxide (TMAQO) might be a putative
promoter of CVD (Wang et al., 2011; Tang et al., 2013).
Since then, the link between TMAO and CVD risk has
revealed that cholesterol uptake, protein conformation,
platelet hyperreactivity, and thrombosis potential could be
induced by TMAO, leading to increase in CVD risk (Seldin
et al., 2016; Zhu et al., 2016). Since TMAO can be pro-
duced from trimethylamine (TMA), a microbial metabolite
generated from dietary quaternary amines, attention has
also been paid to TMA precursors in developing CVD
(Koeth et al., 2013; Tang et al., 2013; Zhu et al., 2016). The
intakes of TMA-containing compounds, such as choline,
lecithin, L-carnitine, and betaine, have been shown to
increase blood TMAO level (Koeth et al., 2013; Tang et al.,
2013; Wang et al., 2011).
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Blood TMAO level can be increased by consuming
foods rich in TMAO or TMA-containing compounds.
Several studies have been reported to investigate the diet-
ary effects of food containing TMAO or TMA-containing
compounds on CVD risk factors (Wang et al., 2019; Yin
et al., 2020). Some seafood and saltwater fish are com-
monly rich in TMAO (Summers et al., 2017). However,
there has been no clinical evidence that CVD risk could be
elevated by consuming TMAO-rich foods, although con-
suming those foods can result in a higher level of TMAO
(Svensson et al., 1994). The point of view that TMAO itself
may be harmful has been highly debated so far. Therefore,
modulation of the gut microbiome could be a potential
strategy to decrease blood TMAO level in a higher con-
sumption of a diet rich in TMA-containing compounds. It
has been investigated which dietary components can
reduce CVD risk in models elevated with serum TMAO
level via modulating gut microbial composition (He et al.,
2019; Hu et al., 2015).

Black raspberry (Rubus occidentalis, BR) contains high
amounts of polyphenols and anthocyanins (Jung et al.,
2015; Tulio Jr. et al., 2008), of which cyanidin-3-glucoside,
cyanidin-3-rutinoside (C3R), and ellagitannins were
reported to have strong anti-oxidative and anti-inflamma-
tory activities (Jung et al., 2014; Kula and Krauze-Bara-
nowska, 2016). Therefore, several in vitro and in vivo
studies also suggested that mechanisms of action of BR for
cardio-protective effect may be explained at the endothelial
level (Jung et al., 2015; Krga and Milenkovic, 2019).
However, flavonoid glycosides with a di-/tri-saccharide
and ellagitannins in BR were reported to be barely absor-
bed in the small intestine (de Ferrars et al., 2014). Thus, it
may be explained that the majority of the cardio-protective
effect of BR resulted from their influences on the gut
environment.

Gut microbiota can alter host physiology via various
kinds of microbial metabolites such as secondary bile acids
(BA) and short-chain fatty acids (SCFA). These metabo-
lites act as endocrine fashions for crosstalk between gut
microbiota and host. Gut microbiota contributes to diver-
sification and concentrations of BA and SCFA in the host,
thereby influencing host metabolism since microbial
metabolites bind distinctively to corresponding receptors
(Wahlstrom et al., 2016; Winston and Theriot, 2020).

Based on this point of view, this study aimed to inves-
tigate the effects of BR extract on changes in serum lipid
profile, gut microbial composition, and metabolite profile
(BA and SCFA) in rats fed TMAO water with a high-fat
diet. The hepatic mRNA expressions of the genes involved
in cholesterol and BA metabolisms were also investigated.
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Materials and methods
Standards

o-Muricholic acid (a-MCA), B-MCA, o-MCA, tauro-o-
MCA (Ta-MCA), tauro-B-MCA(TB-MCA), and glycine-p-
MCA (GB-MCA) were purchased from Cayman Chemical
(Ann Arbor, MI, USA). All the other standards were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

BR extract preparation and its characteristics

BR fruits harvested in Gochang (Korea) were purchased
and extracted to obtain the powder form of BR extract (Lim
et al., 2020). Briefly, BR fruits crushed by hand were added
into 80% (v/v) aqueous ethanol solution and extracted for
1 h. The extract was filtered using Whatman No. 2 filter
paper (Whatman International Ltd., Maidstone, England)
and the filtrate was concentrated using a vacuum rotary
evaporator (A-10005, Eyela Co., Tokyo, Japan). The con-
centrated BR extract was freeze-dried and powdered to
prepare the experimental diets. Total phenolic content and
anthocyanin composition were determined using spec-
troscopy and high-performance liquid chromatography
(Lim et al., 2020). The total polyphenol content in the BR
extract was 251.0 &= 40.3 pmol gallic acid equivalent/g
(Lim et al., 2020). The contents of C3R, cyanidin-3-xylo-
sylrutinoside, and cyanidin-3-glucoside in the BR extract
were 3.49 £ 0.13 pmol/g, 1.39 £ 0.08 pmol C3R equiv-
alent/g, and 1.03 £ 0.02 pmol/g, respectively (Lim et al.,
2020).

Experimental design

All protocols used in this study were conducted in accor-
dance with institutional policies for animal health and well-
being and approved by the Institutional Animal Care and
Use Committee of Seoul National University (Approval
No.: SNU-190417-12-1). Fifty Sprague—Dawley rats were
randomly divided into 5 groups after 1-week acclimation
and two were housed per cage: CON, fed AIN-93G diet
(16% calories from fat); HF, fed high-fat diet (45% calories
from fat); HFB, fed high-fat diet with 0.6% (w/w) BR
extract; HFT, fed high-fat diet and 0.15% (w/w) TMAO
water; and HFTB, fed high-fat diet with 0.6% BR extract
and 0.15% TMAO water. The concentrations of BR extract
and TMAO water were decided based on our previous
study (Lim et al., 2020) and preliminary experiment results
for the determination of TMAO water concentration (Fig-
ure S1 in the Supplementary Material), respectively. All
the groups were fed ad libitum experimental diet and water
and raised for 8 weeks under controlled temperature
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(23 £ 3 °C), humidity (50 £ 10%), and a 12/12 h light-
dark cycle. Water was replaced every two days.

Blood and tissue collection

All the rats were fasted for 6 h and were euthanized by
asphyxiation with CO,. Blood was centrifuged at
3000x g at 4 °C for 20 min after coagulation. Liver tissue
and cecal content were isolated and immediately stored
at — 80 °C until analysis.

Quantification of serum TMAQO

The serum sample was mixed with 80% (v/v) ice-cold
methanol solution, vortexed for 1 min, and centrifuged at
12,000x g for 5 min at 4 °C. The supernatant was filtered
using a 0.22 pm syringe filter (Pall Co., Port Washington,
NY, USA) and the filtrate was used for future analysis. The
analyte was separated on an Acquity ultra-performance
liquid chromatography (UPLC) (Waters Co., Milford, MA,
USA) equipped with Acquity UPLC BEH amide column
(2.1 mm x 100 mm, 1.7 pm, Waters Co.) heated at 50 °C.
The mobile phase consisted of two eluents: 0.5 mM
ammonium formate (pH 8.1) in water (A) and acetoni-
trile (B). The gradient program was: 0-2.5 min, 95-5% B;
2.5-5 min, 5-95% B, and 5-6 min, 95% B. Flow rate was
0.6 mL/min. The ion transition (m/z 76.07 — 59.07 for
TMAO) was used for quantitation. The sample was ana-
lyzed using SYNAPT G2-Si mass spectrometer (Waters
Co.) in positive ion electrospray mode. Capillary and
sampling cone voltages were set at 0.5 kV and 15V,
respectively. Flow rates of desolvation gas and cone gas
were 650 L/h and 250 L/h, respectively. Desolvation
temperature was 150 °C. Data acquisition and quantitation
were carried out using MassLynx software 4.1 (Waters
Co.).

Serum lipid profiling

Serum total glycerides (TG), total cholesterols (TC), and
HDL cholesterol (HDL-C) were determined with com-
mercial kits (Asan Pharmaceutical Co., Ltd., Seoul, Korea)
according to the manufacturer’s instructions based on
enzymatic colorimetric methods. Absorbance was mea-
sured by a spectrophotometer (Spectramax190, Molecular
Devices). Serum LDL cholesterol (LDL-C) level was cal-
culated by the following formula (Friedewald et al., 1972):
LDL-C (mg/dL) = TC (mg/dL) — HDL-C (mg/dL) — TG
(mg/dL)/5.

Total bacterial gDNA extraction and 16S rRNA gene
sequencing analysis

Total bacterial genomic DNA (gDNA) was extracted from
cecal content using QIAamp Fast DNA Stool Mini Kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instruction with some modifications. Briefly, about
100 mg of cecal content was added into 0.7 mL InhibitEX
buffer containing sterilized 0.1 mm glass bead (Scientific
Industries, Inc., Bohemia, NY, USA) and homogenized
using TissueLyser (Qiagen) at 30 Hz for 5 min and another
5 min. The homogenated soup was then heated at 95 °C for
5 min. After loading and washing steps, the gDNA was
incubated with 50 pL. ATE buffer for 5 min and eluted by
centrifugation (16,000xg, 1 min).

The V3 and V4 hypervariable regions of the 16S rRNA
gene were amplified with TaKaRa Ex Taq DNA Poly-
merase (Takara Bio, Otsu, Shiga, Japan) and universal
primers (341F/805R) with overhang adapter attached, fol-
lowed by AMPure XP bead (Beckman Coulter, Brea, CA,
USA) cleanup. The amplicon was quantified by Qubit 3.0
System (Thermo Fisher Scientific, Hampton, NH, USA).
Miseq libraries were prepared using Illumina Nextera XT
Index Kit (Illumina Inc.) according to the manufacturer’s
instruction. Paired-end sequencing (2 x 300 bp) was per-
formed on Illumina Miseq Platform (Illumina Inc., San
Diego, CA, USA).

Bioinformatics analysis

Quantitative Insights Into Microbial Ecology 2 (QIIME2, v
2020.2) software (Bolyen et al., 2019) was used to analyze
the raw data obtained from 16S rRNA gene sequencing.
DADAZ2 plugin (Callahan et al., 2016) in QIIME?2 was used
to merge and filter the sequence data. Forward and reverse
sequences were trimmed (—p-trim-left-f 17 and —p-trim-
left-r 21, respectively) and the parameters for truncation
was set at 280 bp and 220 bp (—p-trunc-len-f 280 and —p-
trunc-len-r 220, respectively) to get rid of reads having low
quality. For o- and p-diversity analyses, the feature
table was rarefied not to exclude any individuals by sub-
sampling randomly (15,883 reads). Taxonomic analysis
was conducted by pre-trained classifier based on Green-
genes 13_8 99% operational taxonomic units (OTUs).

BA profile and hippuric acid level analyses

To analyze the BA profile (in cecum and serum) and hip-
puric acid (in cecum), UPLC SYNAPT G2-Si Q-TOF mass
spectrometer (Waters Co., Milford, MA, USA) was used.
Each of the cecal content (about 40 mg) and serum samples
(100 pL) was immersed in 80% (v/v) ice-cold methanol
(800 pL and 400 pL, respectively), vortexed for 5 min and
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1 min, respectively, and then centrifuged at 12,000x g for
S min at 4 °C. The supernatant was filtered using a
0.22 pm syringe filter (Pall Co., Port Washington, NY,
USA) and the filtrate was concentrated only for the cecal
samples by centrifugation at 15,000x g for 25 min at 4 °C
in a Vivaspin centrifugal concentrator (Vivaspin 500,
MWCO 3000, VS0192; Sartorius Stedim Lab, Stonehouse,
UK).

Sixteen BAs and hippuric acid (Table S1 in the Sup-
plementary Material) were separated using an Acquity
UPLC system (Waters Co.) equipped with an HSS T3
column (2.1 mm x 100 mm, 1.7 pm, Waters Co.) heated
at 50 °C. Mobile phase consisted of two eluents: water with
0.1% (v/v) formic acid (A) and acetonitrile with 0.1% (v/v)
formic acid (B). Flow rate was set at 0.4 mL/min and
gradient was as follows: 0-2.5 min, 15% B; 9 min, 95% B;
9-13 min, 95% B; 13.1 min, 95% B; and 13.1-15 min 15%
B. BAs were detected by SYNAPT G2-Si Q-TOF mass
spectrometer (Waters Co.) in negative ionization mode.
Mass parameters were set as follows: Tof-MRM mode;
capillary voltage, 2.5 kV; sampling cone voltage, 25 V;
desolvation gas, 600 L/h; cone gas, 50 L/h; and desolvation
temperature, 400 °C. The ion transitions used for quanti-
tation are shown in Table S1 in the Supplementary Mate-
rial. Data quantitation was performed using MassLynx
software 4.1 (Waters Co.).

Cecal SCFA composition analysis

SCFA concentrations in the cecum were determined by gas
chromatography (GC) equipped with a Nukol fused silica
capillary column (30 m x 0.25 mm, 0.25 pm) and a flame
ionization detector. Cecal content (about 100 mg) was
homogenized with 1 mL distilled water. Sulfuric acid (20
pL) was then added into the homogenate and remained for
5 min at room temperature. The mixture was centrifuged at
13,000x g for 5 min and 500 pL of the supernatant was
mixed with the same volume of diethyl ether. The mixture
was vortexed for 1 min and centrifuged for 13,000x g for
5 min. The organic phase was collected and transferred
into a vial for GC analysis. GC analysis was performed as
follows: Oven temperature was held at 170 °C and the
injector and detector temperatures were 225 °C. The
injected volume was 2 pL and the split ratio was 100:1.

RNA extraction and real-time qPCR analysis

RNA extraction and cDNA synthesis were carried out
according to the method in our previous paper (Lim et al.,
2020). qPCR was performed using Applied Biosystems
StepOne Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) with SYBR Green PCR Master Mix
(Applied Biosystems) with 2 min denaturation at 95 °C
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followed by 40 cycles of 15 s at 95 °C and 60 s at 58 °C.
All primer sequences used in this study are listed in
Table S2 in the Supplementary Material. All the gene
expressions were normalized to glyceraldehyde-3-phos-
phate dehydrogenase (Gapdh) expression.

Statistical analysis

All statistical analyses were conducted using SPSS pro-
gram (version 26.0, SPSS, Chicago, IL, USA). One-way
analysis of variance (ANOVA) with Duncan’s multiple
range test (for analyses of SCFA composition, hippuric
acid concentrations, and mRNA expression of genes; at
p < 0.05) or Kruskal-Wallis test with Dunn’s test (for
analyses of a-diversity, bacterial composition at phylum
and genus levels, and BA profile) was used to compare
statistical significance between the groups. Permutational
multivariate analysis of variance (PERMANOVA) test was
used to analyze significant differences in B-diversity anal-
ysis using QIIME2 command line (qgiime diversity beta-
group-significance) (Bolyen et al., 2019).

Results and discussion
Body weights and daily intakes of food and water

Daily food intake was the highest in the CON among the
groups and was not affected by dietary BR extract and
TMAO (Table S3 in the Supplementary Material). How-
ever, there was no significant difference in daily energy
intake and weight gain among the groups, although the
high-fat diet-fed groups showed significantly lower food
intake. Daily water intake was not significantly different
among the groups regardless of the TMAO
supplementation.

Serum TMAO and lipids

The effect of the black raspberry extract on the circulating
level of TMAO was evaluated. The groups fed TMAO
water showed a significantly higher level of TMAO than
those fed plain water as expected. However, the BR sup-
plementation did not affect the circulating level of TMAO
(Figure S2 in the Supplementary Material). Serum levels of
TG and HDL-C were not significantly different among the
groups (Fig. 1). However, serum levels of TC (p = 0.123)
and LDL-C (p < 0.05) were the highest in the HFT, indi-
cating that dietary TMAO may contribute to an increase in
serum cholesterol level in the rats fed a high-fat diet. On
the other hand, the dietary BR extract reduced serum levels
of TC (p = 0.123) and LDL-C (p < 0.05).
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Fig. 1 Serum lipid profile of female rats fed a high-fat diet with
trimethylamine-N-oxide (TMAO) and/or black raspberry (BR)
extract. All data represent the means and standard errors of means.
Different small letters above bars indicate significant differences
among the groups (p < 0.05; one-way ANOVA and Duncan’s
multiple range test). CON (AIN-93G diet), HF (45% high-fat diet),
HFB (HF + 0.6% (w/w) BR extract), HFT (HF + 0.15% (w/w)
TMAO water), and HFTB (HFT + 0.6% (w/w) BR extract). NS not
significant

To determine whether CVD risk was elevated in our
model, we first measured the serum levels of lipids and
TMAQO. In this study, levels of TG and HDL-C were not
changed by TMAO with a high-fat diet, while those of TC
(p = 0.123) and LDL-C (p < 0.05) increased. The role of
dietary TMAO in lipid abnormality is controversial.
Recently, it was reported that 0.02% (w/w) TMAO might
promote atherosclerosis in ApoE~'~ mice under a low-fat
diet (under 10% calories from fat) rather than a high-fat
diet (Yu et al., 2020). Hence, the 45% high-fat diet with
0.15% TMAO feeding in this study may tend to increase
serum TC level with no significance. Elevation of serum
levels of LDL-C in the rats fed TMAO with a high-fat diet
might be due to an imbalance in cholesterol transport by
TMAO (Chen et al., 2016; Ren et al., 2016). Interestingly,
the BR supplementation did not lower serum TMAO level,
suggesting that BR extract may lower serum cholesterol
level by regulating cholesterol metabolism, not by reducing
TMAO level.

a-Diversity and p-diversity of gut microbiota

After denoise and merge, the mean depth of sequences was
29,717 reads per sample and the number of features was
1203. o-Rarefaction (observed OTUs) curves at different
sampling depths are shown in Fig. 2A. The curves reached

the plateau phase by 21,109 reads, indicating that the
sampling depths were sufficient to investigate following
diversity analysis. o-Diversity (Shannon, Pieolu’s even-
ness, and Faith’s phylogenetic diversity (PD)) was ana-
lyzed to explore the richness and evenness of the gut
microbiome in each rat. Although the median values of the
Shannon index and Pielou’s evenness were the lowest in
the HFT, there were no significant differences in the o-
diversity of gut microbiota based on the three indices
(Fig. 2B). Principal coordinate analyses (PCoA) were
carried out to evaluate gut microbiome variation among the
groups. As shown in the PCoA plots based on the weighted
and unweighted UniFrac (Fig. 2C) distances, only PCoA of
the unweighted UniFrac showed significant clustering of
samples.

Gut microbial composition

Taxonomic analysis was performed to compare relative
bacterial abundance in rat cecum among the groups at the
phylum and genus levels. There was no significant differ-
ence among the 5 dominant phyla (data not shown). At
genus level, Macellibacteroides was only detected in the
rats fed TMAO with a high-fat diet (Fig. 3). The proportion
of genera Mucispirilum and Paraeggerthella (Coriobac-
teraceae) increased in the rats fed TMAO with a high-fat
diet (HFT and HFTB) compared to the HF (p < 0.01) and
CON (p < 0.01), respectively. Dietary TMAO with a high-
fat diet enriched the genera rc4-4 (Peptococcaceae) and
Clostridium (Erysipelotrichaceae) compared to the CON,
which was restored by the supplementation with BR
extract. Relative abundance of unclassified Ruminococ-
caceae showed a significant decrease in the HFT compared
to the CON (p <0.05), HF (p <0.05), and HFTB
(p < 0.01). Unclassified $24-7 (p <0.05) and RF32
(» <0.01) in the HFB were reduced in their relative
abundance compared to those in the HF.

We found that both dietary TMAO and BR extract could
modulate the growths of specific gut bacteria in rats fed a
high-fat diet. Yardeni et al. (2019) reported that the redox
status in the gut plays a crucial role in the relative abun-
dance of S24-7, Lachnospiraceae, Ruminococcaceae, and
Clostridiales. Especially, aged mice, which are abundant in
high reactive oxygen species (ROS), showed a significant
increase in the relative abundance of $S24-7 and a signifi-
cant decrease in Ruminococcaceae (Yardeni et al., 2019).
Since BR extract has a strong anti-oxidative activity, it
could scavenge ROS in the gut environment, leading to
modulation of the growths of Clostridium, S24-7, and
Ruminococcaceae. Moreover, it was reported that Cori-
obacteriaceae, including Parraeggerthella and Adler-
creutzia, can cleave polyphenol nucleus and improve the
absorption of phenolic metabolites, enhancing the
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Fig. 2 A o-Rarefaction curves based on the number of observed
operational taxonomic units (OTUs). B Box plots for o-diversity
(Shannon index, Pielou_E, and Faith_PD) of the bacterial commu-
nities in the rat cecum. C Principal coordinate analysis plots for -
diversity based on the distances of weighted and unweighted UniFrac.
Pieloue_E, Pielou’s evenness; and Faith_PD, Faith’s phylogenetic
diversity. Statistically significant differences in a-diversity between

bioavailability of polyphenols (Espin et al., 2017). There-
fore, it suggests that elevated levels of Clostridiaceae and
Coriobacteriaceae by dietary TMAO might degrade
polyphenols in BR extract so that their bioavailability can
be improved. It indicates that the absorbed polyphenols can
more circulate in the blood, directly and positively affect-
ing cardiovascular health.

Bile acid profile

Since individual BAs showed differential activities for the
receptors (Song et al., 2015), concentrations of 16 indi-
vidual BAs in the rat cecum and serum were identified. In
the cecum, dietary TMAO did not show any significant
differences in the levels of individual BAs, while the high-
fat diet seemed to exert changes in the levels of DCA
(Fig. 4A). Among conjugated bile acids, the levels of Ta-
MCA (p < 0.05) and TUDCA (p < 0.01) were signifi-
cantly lower in the HFT than in the CON (Fig. 4B). In
serum BA profile, dietary TMAO and a high-fat diet affect
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the groups were assessed by Kruskal-Wallis test with Dunn’s test.
PERMANOVA test was used to measure dissimilarity of gut
community between the groups based on the distance matrices of
weighted and unweighted UniFrac (number of permutations: 999).
CON (AIN-93G diet), HF (45% high-fat diet), HFB (HF + 0.6% (w/
w) BR extract), HFT (HF + 0.15% (w/w) TMAO water), and HFTB
(HFT + 0.6% (w/w) BR extract)

the concentrations of various kinds of BAs, including B-
MCA, o-MCA, and UDCA (Fig. 4C), and Ta-MCA and
TUDCA (Fig. 4D). The HF and HFT showed a significant
reduction in cecal levels of B-MCA, ®-MCA, and UDCA
compared to the CON. Interestingly, meanwhile, the levels
of UDCA (p = 0.067), Ta-MCA (p < 0.05), and TUDCA
(p < 0.05), which were considered as Farnesoid X receptor
(FXR)-antagonistic BAs, were higher in the HFTB than in
the HFT.

Metabolites produced by gut microbiota, such as sec-
ondary BAs and SCFAs, can affect the pathogenesis of
CVD (Ding et al., 2018; Kriaa et al., 2019; Poll et al., 2020;
Wabhlstrom et al., 2016). BAs can act as ligands for BA
receptors and regulate expressions of genes involved in
their synthesis, transport, conjugation, and excretion (Ding
et al., 2018). Primary BAs are synthesized in hepatocytes
and transformed into secondary BAs by gut microbiota.
Therefore, abnormal changes in physiological status may
commonly perturbate the gut environment, resulting in
alteration of gut microbial composition, subsequently bile
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Fig. 3 Relative abundances of 8 operational taxonomic units at the
genus level of gut microbiota in the cecal content of female rats fed a
high-fat diet with trimethylamine-N-oxide (TMAO) and/or black
raspberry (BR) extract. Statistically significant differences between
the groups were assessed by Kruskal-Wallis test with Dunn’s test

acid dysmetabolism (Winston and Theriot, 2020). In
addition, BA composition is highly associated with
cholesterol and bile acid metabolisms that may play critical
roles in CVD development (Winston and Theriot, 2020). In
this study, dietary TMAO did not affect BA composition in
rat cecum. However, in the serum of the BR-fed groups,
FXR-antagonistic BAs such as UDCA, To-MCA, and
TUDCA increased. Likewise, Ding et al. (2018) reported
0.3% TMAO administration for 8 weeks induced aortic
lesion development by altering BA profile in male
ApoE™'~ mice. Since various receptors that can bind BAs
as hormones, including FXR, pregnane X receptor, vitamin
D receptor, and G-protein-coupled bile acid receptor
(TGRS), were differentially activated depending on the
type of BAs (Parks et al., 1999), changes in the composi-
tion of BAs by the BR extract can be a crucial factor
regulating cholesterol metabolism.

(*p < 0.05 and **p < 0.01). g_, genus; f_, family; and o_, order.
Uncl., unclassified. g_Clostridium, Erysipelotrichaceae Clostridium.
CON (AIN-93G diet), HF (45% high-fat diet), HFB (HF + 0.6% (w/
w) BR extract), HFT (HF + 0.15% (w/w) TMAO water), and HFTB
(HFT + 0.6% (w/w) BR extract)

Short-chain fatty acid profile and hippuric acid level
in the cecum

SCFAs as well as BAs are regarded as other major sig-
naling molecules produced by gut bacteria. Among six
SCFAs (acetate, propionate, butyrate, isobutyrate, valerate,
and isovalerate), dietary TMAO with a high-fat diet
increased the levels of acetate, propionate, isobutyrate, and
isovalerate (Fig. 5A). However, the supplementation of BR
extract did not show any change in the levels of SCFAs.
Therefore, BR extract may lower LDL-C due to the
changes in the composition of secondary microbial
metabolites, mainly BAs, but not SCFAs.

We examined if the BR supplementation changed the
concentrations of small phenolic metabolites in the gut
environment. Among various candidates for phenolic
metabolites, only hippuric acid significantly increased in
the rats fed BR extract (Fig. 5B). Hippuric acid, one of the
microbial metabolites converted from phenolic com-
pounds, can be a metabolomic marker for microbial
diversity due to the correlation between its increasing trend
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Fig. 4 Unconjugated and conjugated bile acids in the cecal content
(A, B) and serum (C, D) of female rats fed a high-fat diet with
trimethylamine-N-oxide (TMAO) and/or black raspberry (BR)
extract. All data represent the means and standard errors of means.
Statistically significant differences between the groups were assessed
by Kruskal-Wallis test with Dunn’s test (*p < 0.05 and **p < 0.01).

and diversity (Pallister et al., 2017). Furthermore, hippuric
acid was also reported to be negatively correlated with the
prevalence of metabolic syndrome (Pallister et al., 2017).
The increased hippuric acid in cecum after consuming BR
extract might be one of the contributing factors in lowering
CVD risk.

Expression of the genes involved in cholesterol
and bile acid metabolisms

To investigate the potential mechanism underlying the
protective effect of BR extract in rats with elevated levels
of serum TMAO and cholesterol, the mRNA expressions of
the genes responsible for cholesterol and BA metabolisms
in the liver tissue were explored.

The mRNA expressions of Cyp7al and Cyp27al were
higher in the HFTB than in the other groups without sig-
nificant differences (Fig. 6). Polyphenols have been
reported to modulate hepatic Cyp7al expression and
enhance reverse cholesterol transport (RCT) (Xu et al,,
2010). On the other hand, Liang et al. (2020) reported that
TMAO could inhibit RCT and cholesterol removal from
peripheral macrophages and down-regulate hepatic

@ Springer

CON, AIN-93G diet; HF, 45% high-fat diet; HFB, HF + 0.6% (w/w)
BR extract; HFT, HF + 0.15% (w/w) TMAO water; and HFTB,
HFT + 0.6% (w/w) BR extract. MCA, muricholic acid; CA, cholic
acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid, LCA,
lithocholic acid, UDCA, ursodeoxycholic acid; G, glycine-conju-
gated; and T, taurine-conjugated

expressions of Cyp7al and Cyp27al. In this study, it
seemed that the BR supplementation tended to upregulate
hepatic Cyp7al expression due to the activity of increased
levels of FXR-antagonistic BAs in serum. UDCA,
TUDCA, and conjugated MCAs are considered as FXR
antagonists that can suppress FXR signaling and promote
hepatic Cyp7al expression (Zhang et al., 2018). FXR-fi-
broblast growth factor 15/19 (FGF15/19) signaling path-
way is a well-known system to regulate cholesterol
metabolism in a BA-dependent manner. Once ileal FXR is
activated, FGF15/19 circulates and binds to fibroblast
growth factor receptor 4, which rapidly inhibits mRNA
expression of Cyp7al (Song et al., 2009).

Among transcription factors that can activate transcrip-
tion of the genes involved in the regulation of cholesterol
and BAs including FXR and sterol regulatory element-
binding protein 2 (SREBP-2) (Nrih4 and Srebf2, respec-
tively), the administration of TMAO tended to upregulate
the mRNA expressions of Nrih4 and Srebf2, while the
supplementation of BR extract tended to down-regulate
them, although not significant. The mRNA expression of
hmgcr showed a similar tendency to the result of Srebf2.
Among the genes involved in cholesterol and BA
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Fig. 5 Short-chain fatty acid profile (A) and hippuric acid concen-
tration (B) in the cecal content of female rats fed a high-fat diet with
trimethylamine-N-oxide (TMAO) and/or black raspberry (BR)
extract. All data represent the means and standard errors of means.
Different small letters above bars indicate significant differences
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Fig. 6 Hepatic mRNA expressions of the genes responsible for
cholesterol and bile acid metabolisms in female rats fed a high-fat diet
with trimethylamine-N-oxide (TMAO) and/or black raspberry (BR)
extract. Relative gene expressions were normalized to Gapdh
expression. All data represent the means and standard errors of
means. Different small letters above bars indicate significant

transporters, the mRNA expressions of ATP-binding cas-
sette transporter 5 (ABCGS5) and bile salt export pump
(BSEP) (Abcg5 and Abcbl 1, respectively) were measured.
Among them, the mRNA expression of Abcg5, a trans-
porter facilitating the excretion of cholesterol into bile
(Molusky et al., 2018), significantly increased in the HFTB.
The upregulated expression of ABCGS can contribute to
avoiding  hypercholesterolemia and  atherosclerosis
(Seeram, 2008). Similar to our result, polyphenol-rich
extract from black chokeberry was reported to modulate

among the groups (p < 0.05 by one-way ANOVA and Duncan’s
multiple test). CON (AIN-93G diet), HF (45% high-fat diet), HFB
(HF 4+ 0.6% (w/w) BR extract), HFT (HF + 0.15% (w/w) TMAO
water), and HFTB (HFT + 0.6% (w/w) BR extract)

Nr1h4 Srebf2

Relative expression
Relative expression

CON HF HFB HFT HFTB CON HF HFB HFT HFTB

Abcg5 Fmo3

Relative expression
Relative expression

CON HF HFB HFT HFTB CON HF HFB HFT HFTB

differences among the groups (p < 0.05 by one-way ANOVA and
Duncan’s multiple range test). CON (AIN-93G diet), HF (45% high-
fat diet), HFB (HF + 0.6% (w/w) BR extract), HFT (HF + 0.15%
(w/w) TMAO water), and HFTB (HFT + 0.6% (w/w) BR extract)

mRNA expressions of Srebf2 and Abcg5 in Caco-2 cells
(Kim et al., 2013). FMO3 is an enzyme converting TMAOQO
from TMA in liver (Liang et al., 2020). In this study,
TMAQO itself did not change Fmo3 expression. Hepatic
Fmo3 expression was not affected by the BR supplemen-
tation as well.

In conclusion, the dietary administration of BR extract
affected lipid profile, gut microbial composition, microbial
metabolites, and hepatic gene expressions in the rats fed
TMAO with a high-fat diet. The possible mechanism is that
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BR extract consumption can affect gut microbial compo-
sition and microbial meatoblites shifted by TMAO in a
positive way, leading to lowering serum LDL-C. To be
specific, the BR supplementation could restore gut micro-
bial composition, such as Macellibacteroides, Clostridium,
and Ruminococcaceae and increase cecal hippuric acid and
serum FXR-antagonistic BAs. Collectively, BR extract
may regulate cholesterol efflux and clearance by modifying
the gut microbiome and subsequently affecting microbial
metabolites and cholesterol metabolism.
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