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Abstract
In our previous study, black raspberry (BR) reduced the serum levels of trimethylamine-N-oxide and cholesterol in rats fed 
excessive choline with a high-fat diet (HFC). We hypothesized that gut microbiota could play a crucial role in the produc-
tion of trimethylamine and microbial metabolites, and BR could influence gut microbial composition. This study aimed 
to elucidate the role of BR on changes in gut microbiota and microbial metabolites in the rats. The phylogenetic diversity 
of gut microbiota was reduced in the rats fed HFC, while that in the BR-fed group was restored. The BR supplementation 
enriched Bifidobacterium and reduced Clostridium cluster XIVa. In the BR-fed group, most cecal bile acids and hippuric 
acid increased, while serum lithocholic acid was reduced. The BR supplementation upregulated Cyp7a1 and downregulated 
Srebf2. These results suggest that BR extract may change gut bacterial community, modulate bile acids, and regulate gene 
expression toward reducing cholesterol.
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Introduction

Dietary intake is a well-known factor affecting gut micro-
biota and metabolic phenotype (Cotillard et al., 2013; Mes-
lier et al., 2020). Various studies have reported that not only 
macronutrients but also bioactive compounds can modulate 

the gut bacterial community by changing its richness and 
composition, which can affect host metabolism and health in 
chronic diseases (Cotillard et al., 2013). Therefore, research-
ers now consider the gut microbiota as a therapeutic target, 
thus trying to find some new natural and bioactive materials 
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with a prebiotic-like activity from dietary interventions in 
both preclinical and clinical models (Luo et al., 2021).

Rubus occidentalis (black raspberry, BR) is relatively 
high in polyphenols and anthocyanins compared to other 
Rubus fruits (Jung et al., 2015; Moyer et al., 2002). The con-
sumption of plant foods is known to be beneficial for cardio-
vascular health due to their antioxidant activity (Jeong et al., 
2014). However, major bioactive polyphenols in BR, such 
as anthocyanins and ellagitannins, were reported to be rela-
tively low in bioavailability (de Ferrars et al., 2014). Their 
intact form and metabolites are known to be rarely detected 
in peripheral organs and circulation system (de Ferrars et al., 
2014). Therefore, polyphenols in berry fruits and gut micro-
biota are considered to be highly interacted, which can affect 
host health. Few studies have reported the modulating effect 
of whole berry or a fraction of BR on gut microbial compo-
sition so far (Gu et al., 2019; Lee et al., 2019).

Excessive choline intake has been linked to cardiovascu-
lar diseases (CVD) due to the production of trimethylamine-
N-oxide (TMAO), a putative promoter of CVD (Romano 
et al., 2015; Wang et al., 2011). Some species of gut bac-
teria are capable of converting specific trimethylamine 
(TMA)-containing molecules, such as choline, l-carnitine, 
and betaine, into TMA through the action of TMA lyase 
(Romano et al., 2015; Wang et al., 2011; Zhu et al., 2016). It 
is thus of utmost importance to determine the dietary effect 
on gut microbial composition to potentially prevent or allevi-
ate the development of CVD.

In addition to TMA, a precursor of TMAO, microbial 
metabolites such as secondary bile acids (BAs) and short-
chain fatty acids (SCFAs) can also affect the pathogenesis of 
CVD (Ding et al., 2018; Poll et al., 2020; Wahlström et al., 
2016). Primary BAs produced in hepatocytes are modified 
into secondary BAs by gut microbiota (Winston and The-
riot, 2020). BAs regulate cholesterol metabolism and their 
own synthesis as hormones do via the gut-BAs-host axis 
(Winston and Theriot, 2020). When sufficient BAs bind 
to ileal farnesoid X receptor (FXR; Nr1h4), BA synthesis 
from cholesterol is repressed by inhibiting hepatic cho-
lesterol 7α-hydroxylase (CYP7A1) (Winston and Theriot, 
2020). However, the affinity of BAs toward FXR is var-
ied depending on their structural characteristics (Winston 
and Theriot, 2020). Thus, BA profile and gut microbiota 
are highly associated with serum cholesterol levels (Huang 
et al., 2019; Winston and Theriot, 2020). SCFAs produced 
by gut microbiota, such as acetate, propionate, and butyrate, 
can also influence gene expression at peripheral organs and 
regulate metabolism and inflammatory response (Poll et al., 
2020). Therefore, the connection between microbial metabo-
lites and the pathogenesis of chronic diseases has recently 
become more understood.

Our previous study reported that high-choline intake 
increased serum cholesterol levels, one of the CVD risk 

factors, in rats fed a high-fat diet, and intake of BR extract 
could lower the levels of cecal TMA and serum TMAO as 
well as serum cholesterol (Lim et al., 2020). Based on the 
results of the previous study, we hypothesized that consistent 
intake of BR extract could improve the serum lipid profile 
and inflammatory biomarkers through prebiotic-like activ-
ity. It was because (1) major bioactive compounds in BR 
have been known to be hardly absorbed into the circulation 
system; and (2) the supplementation of BR could reduce 
the TMA level in the gut. Therefore, to comprehensively 
elucidate the role of BR in rats with elevated levels of serum 
TMAO and cholesterol, this study aimed to evaluate the 
effect of BR extract on gut microbiota, microbial metabo-
lites, and cholesterol and BA metabolisms in rats fed exces-
sive choline with a high-fat diet.

Materials and methods

Materials and reagents

Anti-β-actin and anti-CYP7A1 antibodies were purchased 
from Abcam (Cambridge, England); and anti-flavin monoox-
ygenase 3 (FMO3) antibody was from Proteintech Group 
(Rosemont, IL, USA). Horseradish peroxidase-linked anti-
rabbit immunoglobulin G was purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Enhanced chemilu-
minescence (ECL) solution was purchased from GenDEPOT 
(Katy, TX, USA). α-Muricholic acid (α-MCA), β-MCA, 
ω-MCA, tauro-α-MCA (Tα-MCA), tauro-β-MCA(Tβ-
MCA), and glycine-β-MCA (Gβ-MCA) were purchased 
from Cayman Chemical (Ann Arbor, MI, USA). All the 
other standards were purchased from Sigma-Aldrich (St. 
Louis, MO, USA).

Preparation of BR extract powder

BR fruits harvested in Gochang (Korea) were purchased 
and extracted to obtain the powder form of BR extract 
as previously described (Lim et al., 2020). Briefly, BR 
extract was filtered and lyophilized for further use after 1 h 
extraction with 80% (v/v) aqueous ethanol solution. The 
extracted BR powder mainly consisted of carbohydrates 
(approximately 70% of the powder) with bioactive com-
pounds including phenolics and anthocyanins (Shaddel 
et al., 2018). The solvent was chosen based on the content 
of total phenolics (42.7 ± 6.9 mg gallic acid equivalent/g) 
and anthocyanins in the powder (Lim et al., 2020). Major 
anthocyanins detected in the powder were cyanidin-3-ruti-
noside (3.49 ± 0.13 μmol/g), cyanidin-3-xylosylrutinoside 
(1.39 ± 0.08 μmol C3R equivalent/g), and cyanidin-3-glu-
coside (1.03 ± 0.02 μmol/g) (Lim et al., 2020).
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Animals and diets

Serum, liver, and cecal content were obtained from our pre-
vious animal experiment, and the experimental design was 
described in our previous publication (Lim et al., 2020). 
Briefly, after 1 week of acclimation, female Sprague–Daw-
ley rats (initial body weight: 136.7 ± 7.4 g) were randomly 
divided into four groups (n = 10 each) and housed two per 
cage: CON, fed AIN-93G diet; HF, fed 45% high-fat diet; 
HFC, fed high-fat diet with water containing 1.5% (w/w) 
choline chloride (Jinan Pengbo Biotechnology Co., Ltd., 
Jinan, China); and HFCB, fed high-fat diet supplemented 
with 0.6% BR extract powder and water containing 1.5% 
(w/w) choline chloride. All the groups were fed experi-
mental diets and water ad libitum for 8 weeks. Water was 
replaced every 2 days. All animal experiments were con-
ducted according to the ARRIVE guidelines and all pro-
tocols were approved by the Institutional Animal Care and 
Use Committee of Seoul National University (Approval No.: 
SNU-171103-1-5). All the rats were fasted for 6 h and were 
euthanized by asphyxiation with CO2.

16S ribosomal RNA (rRNA) gene sequencing

Total bacterial genomic DNA (gDNA) was extracted from 
cecal content using QIAamp Fast DNA Stool Mini Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’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 beads (Scientific Indus-
tries, Inc., Bohemia, NY, USA) and homogenized using Tis-
sueLyser (Qiagen) at 30 Hz for 5 min and another 5 min. The 
homogenated soup was then heated at 95 °C for 5 min. After 
the loading and washing steps, the gDNA was incubated 
with 50 μL ATE buffer for 5 min and eluted by centrifuga-
tion (16,000×g, 1 min).

The V3 and V4 hypervariable regions of the 16S rRNA 
gene were amplified with TaKaRa Ex Taq DNA Polymer-
ase (Takara Bio, Otsu, Shiga, Japan) and universal prim-
ers (341F/805R) with overhang adapter attached, followed 
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). The Miseq 
libraries were prepared using Illumina Nextera XT Index Kit 
(Illumina Inc.) according to the manufacturer’s instruction. 
Paired-end sequencing (2 × 300 bp) was performed on Illu-
mina 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. 

DADA2 plugin (Callahan et al., 2016) in QIIME2 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 
α- and β-diversity analyses, the feature table was rarefied not 
to exclude any individuals by subsampling randomly (15,883 
reads). Taxonomic analysis was conducted by a pre-trained 
classifier based on Greengenes 13_8 99% operational taxo-
nomic units (OTUs).

BA profile and hippuric acid concentration

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 μL) was immersed in 80% (v/v) ice-cold methanol (800 
μL and 400 μL, respectively), vortexed for 5 min and 1 min, 
respectively, and then centrifuged at 12,000×g for 5 min at 
4 °C. The supernatant was filtered using a 0.22 μm syringe 
filter (Pall Co., Port Washington, NY, USA), and the filtrate 
was concentrated only for the cecal samples by centrifuga-
tion at 15,000×g for 25 min at 4 °C in a Vivaspin centrifugal 
concentrator (Vivaspin 500, MWCO 3000, VS0192; Sarto-
rius Stedim Lab, Stonehouse, UK).

Sixteen BAs and hippuric acid (Table S1) were separated 
using an Acquity UPLC system (Waters Co.) equipped with 
an HSS T3 column (2.1 mm × 100 mm, 1.7 μm, Waters Co.) 
heated at 50 °C. The 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). The flow rate was set at 0.4 mL/
min, and the 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 quantitation are shown in Supplementary Material 
(Table S1). Data quantitation was performed using Mass-
Lynx software 4.1 (Waters Co.).

Cecal SCFA composition

SCFA concentrations in the cecum were determined by 
gas chromatography (GC) equipped with a Nukol fused 
silica capillary column (30 m × 0.25 mm, 0.25 μm) and a 
flame ionization detector. Cecal content (about 100 mg) 
was homogenized with 1 mL of distilled water. Sulfuric 
acid (20 μL) was then added into the homogenate and 
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remained for 5 min at room temperature. The mixture 
was centrifuged at 13,000×g for 5 min, and 500 μL of the 
supernatant was mixed with the same volume of diethyl 
ether. The mixture was vortexed for 1 min and centrifuged 
for 13,000×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 μL, and the split ratio 
was 100:1.

Real‑time quantitative polymerase chain reaction 
(qPCR) analysis

RNA extraction and cDNA synthesis were performed 
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 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. All the gene expressions were normalized 
to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) 
expression.

Western blot analysis

Liver tissue was added to a mixture of RIPA buffer and 
PIC #6 at a ratio of 100:1 and homogenized using Tissue-
Lyser (DE/85220, Qiagen). The homogenized liver samples 
were agitated at 4 °C for 1 h, followed by centrifugation 
(12,000×g, 4 °C, 30 min). The supernatants were mixed with 
5× loading buffer (Biosesang, Seongnam, Korea) and heated 
at 100 °C for 15 min. The protein samples were loaded into 
Mini-protein TGX gel 10% (Bio-Rad Laboratories Inc., Her-
cules, CA, USA) and separated at 200 V for 45 min. The 
proteins were then transferred onto nitrocellulose membrane 
(Bio-Rad Laboratories Inc.) at 350 mA for 90 min. The 
blotted membranes were washed with Tris-buffered saline 
containing 0.1% (v/v) Tween 20 (TBST) and then blocked 
with blocking buffer (TBST containing 5% skim milk) for 
1 h. After blocking and washing, the membranes were incu-
bated overnight with 1:1000 (anti-CYP7A1 and anti-β-actin) 
or 1:500 (anti-FMO3) dilution of primary antibodies. The 
membranes were washed three times with TBST for 5 min 
each and incubated with 1:1000 dilution of secondary anti-
body for 1 h. The membranes were then washed three times 
with TBST for 5 min each. Protein bands were detected 
using ECL solution and determined by densitometric analy-
sis using Chemidoc XRS+ (Bio-Rad Laboratories Inc.).

Statistical analysis

All statistical analyses were conducted using SPSS program 
(version 26.0, SPSS, Chicago, IL, USA). One-way analysis 
of variance (ANOVA) with Duncan’s multiple range test 
(for SCFA composition, hippuric acid concentrations, and 
mRNA and protein expressions of genes; at p < 0.05) or 
Kruskal–Wallis test with Dunn’s test (for microbiome and 
BA composition) was used to compare statistical signifi-
cance between the groups. Permutational multivariate analy-
sis of variance (PERMANOVA) test was used to analyze 
significant differences in β-diversity analysis using QIIME2 
command line (qiime diversity beta-group-significance) 
(Bolyen et al., 2019). Spearman correlation analysis was 
conducted to examine the association between either indi-
vidual taxa or microbial metabolites, and biochemical data. 
Among the biochemical data for correlation analysis, TC, 
LDL-C, TMAO, and TMA levels were retrieved from the 
previous study (Lim et al., 2020).

Results and discussion

Changes in gut microbiome in the rat cecum

Polyphenols in BR were reported to have poor bioavail-
ability and to be degraded in the gut despite several stud-
ies showing their cardio-protective effect (de Ferrars et al., 
2014). Therefore, we hypothesized that they could act as 
prebiotics, remodeling the composition of the gut micro-
biota and further metabolite profile. α-Rarefaction (observed 
OTUs) curves at different sampling depths are shown in 
Fig. 1(A). The curves reached the plateau phase by 15,883 
reads, indicating that sampling depths were sufficient to 
investigate following diversity analysis. α-Diversity (Shan-
non, Pielou’s evenness, and Faith’s phylogenetic diversity 
(PD)) was analyzed to investigate the richness and evenness 
of the gut microbiome in each rat (Fig. 1(B)). There were 
no significant differences in bacterial community diversity 
(Shannon) and evenness (Pielou’s evenness) among the 
groups; however, Faith’s PD index, phylogenetic distance 
between OTUs in each sample, was significantly lower in 
the HFC than in the CON (p = 0.019), which was reverted 
in the HFCB (p = 0.009). Depleted gut microbial diversity is 
generally associated with diseases (Wilmanski et al., 2019). 
Cho et al. (2017) reported that healthy men who can produce 
a high level of TMAO have a less diverse gut microbiome. 
In this study, it was revealed that BR extract could restore 
the decreased microbial diversity induced by high-choline 
intake.

Principal coordinate analyses (PCoA) were performed to 
assess the beta diversity of the gut microbiome between the 
groups (Fig. 1(C)). Based on the weighted and unweighted 
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UniFrac distances, the HFC seemed to be clustered away 
from the other groups, which was confirmed by PER-
MANOVA tests (weighted UniFrac distance: pseudo-
F = 1.65, p = 0.001; unweighted UniFrac distance: pseudo-
F = 2.59, p = 0.011).

At the phylum level, the proportion in Firmicutes tended 
to increase in the HFC and decrease in the HFCB, although 
there was no significant difference among the 5 taxa 
(Fig. 1(D)). On the other hand, the proportion in Bacteroi-
detes showed the opposite tendency. The relative abundance 
of Proteobacteria tended to be lower in the HFC. The ratio 
of Firmicutes/Bacteroidetes tended to be higher in the HFC 
but lower in the HFCB.

At the genus level, the relative abundance of Adler-
creutzia was higher in the HFC and HFCB than in the 
HF (Fig.  1(E)). The HFC showed higher tendencies in 

the relative abundances of Allobaculum and Clostridium 
(Clostridiaceae), while these shifts tended to be reversed by 
the BR supplementation (p = 0.130 and 0.144, respectively). 
There are several studies showing that the bacterial abun-
dances of genera Adlercreutzia and Allobaculum increased 
in rats fed a high-choline diet (Lin et al., 2016). The BR-
supplemented group was higher in Bifidobacterium than the 
HF (p < 0.01) and HFC (p < 0.05) but lower in unclassified 
YS2 (order) than the CON and HF.

Numerous studies have reported that intake of polyphe-
nols or polyphenol-rich extracts has a beneficial effect on the 
growth of the Bifidobacterium, thereby ameliorating chronic 
diseases (Gowd et al., 2019). We also measured the abun-
dances of bacterial genera with choline-TMA lyase (CutC) 
activity. The genera Clostridium (Clostridiaceae), Collin-
sella (Coriobacteriaceae), and Clostridium cluster XIVa 

Fig. 1   Gut microbiome analysis in rats fed a high-fat diet with 
choline only or choline plus black raspberry extract (n = 5). (A) 
α-Rarefaction curves based on the number of observed operational 
taxonomic units (OTUs). (B) Box plots of α-diversity (Shannon, Pie-
lou’s evenness (Pielou_e), and Faith’s phylogenetic diversity (Faith_
PD)). (C) Principal coordinate analysis plots of β-diversity (weighted 

and unweighted UniFrac distances). (D) Taxonomic classification 
at the phylum levels of gut microbiota. (E) Relative abundance of 
6 OTUs at the genus level of gut microbiota. CON (AIN-93G diet), 
HF (45% high-fat diet), HFC (HF + 1.5% choline water), and HFCB 
(HFC + 0.6% black raspberry extract)
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including Clostridium, Eubacterium, Ruminococcus, Cop-
rococcus, Dorea, Lachnospira, and Roseburia were reported 
to have TMA lyase activity or to be associated with blood 
TMAO level (Cho et al., 2017; Rath et al., 2020; Romano 
et al., 2015; Zhu et al., 2016). In this study, Clostridium 
cluster XIVa was enriched in the cecum of rats fed a high-
choline diet, which was reversed by the BR supplementation 
(Fig. 1(E)). Unclassified YS2 was the only taxa not restored 
to the CON by the BR supplementation. It was reported that 
YS2 was the characteristic taxa of a high TMAO-producing 
strain (C57BL/6J) along with Prevotella compared to a 
low TMAO-producing one (NZW/LacJ) (Zhu et al., 2016), 
meaning that it could be likely to produce TMAO when 
unclassified YS2 is enriched in the gut. Therefore, it sug-
gests that BR consumption might repress the accumulation 
of TMAO by reducing the relative abundance of YS2.

Therefore, these results suggest that the BR supplementa-
tion might lead to a reduction in the ability of the gut bacte-
rial community to produce TMA from choline. In addition, 

it was reported that CutC was less abundant in herbivores 
than in omnivores and carnivores based on the result of a 
gene-targeted assay, suggesting that consumption of phyto-
chemicals may reduce the TMA-producing ability of the gut 
bacterial community (Rath et al., 2020).

BA profile in cecum and serum

BAs can act as ligands for BA receptors, including FXR and 
TGR5 (G protein-coupled BA receptor 1) and regulate the 
expression of genes involved in their synthesis, transport, 
conjugation, and excretion (Ding et al., 2018). Primary BAs 
are synthesized in host hepatocytes and metabolized into 
secondary BAs by gut microbiota. Therefore, BA composi-
tion is highly associated with the gut microbial composition 
and can affect cholesterol and BA metabolisms (Winston and 
Theriot, 2020).

Most of the BAs showed relatively low concentrations 
in the cecum of the HFC compared to the HF and HFCB 

Fig. 2   Unconjugated (A) and conjugated (B) bile acids in the cecal 
content of rats fed a high-fat diet with choline only or choline plus 
black raspberry extract. Unconjugated (C) and conjugated (D) bile 
acids in the serum of the rats. All data represent the means and stand-
ard errors of the means (n = 9). Statistically significant differences 
between the groups were assessed by Kruskal–Wallis test and Dunn’s 

test (*p < 0.05, **p < 0.01, and ***p < 0.001). CON (AIN-93G diet), 
HF (45% high-fat diet), HFC (HF + 1.5% choline water), and HFCB 
(HFC + 0.6% black raspberry extract). MCA muricholic acid; CA 
cholic acid; CDCA chenodeoxycholic acid; DCA deoxycholic acid; 
LCA lithocholic acid; UDCA ursodeoxycholic acid; G glycine-conju-
gated; T taurine-conjugated
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Fig. 3   Short-chain fatty acid (A) and hippuric acid (B) concentrations 
in the cecal content of rats fed a high-fat diet with choline only or 
choline plus black raspberry extracts. All data represent the means 
and standard errors of the means (n = 9–10). Different small letters 

above bars indicate significant 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), HFC (HF + 1.5% choline water), 
and HFCB (HFC + 0.6% black raspberry extract)

Fig. 4   Hepatic mRNA expressions of the genes responsible for cho-
lesterol and bile acid metabolisms in rats fed a high-fat diet with 
choline only or choline plus black raspberry extract. Relative gene 
expressions were normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase. All data represent the means and stand-

ard errors of the means (n = 8–9). Different small letters above bars 
within the same genes indicate significant 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), HFC (HF + 1.5% 
choline water), and HFCB (HFC + 0.6% black raspberry extract)
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(Fig. 2(A), (B)). Especially, deoxycholic acid (DCA), one 
of the dominant secondary BAs, was lower in the HFC than 
in the HF and HFCB. Similar tendencies were observed in 
cholic acid (CA) and tauro-DCA (TDCA). This might be 
attributed to the increased activity of bile salt hydrolase in 
the gut microbiome, thereby resulting in increases in uncon-
jugated secondary BAs.

As shown in Fig. 2(C) and (D), primary BAs including 
CA, chenodeoxycholic acid (CDCA), and β-MCA signifi-
cantly decreased in the serum of the HFC and were restored 
in that of the HFCB, but not significant between the two 
groups. On the other hand, interestingly, lithocholic acid 
(LCA), one of the major secondary BAs, was higher in the 
HF and HFC than in the CON and HFCB. The ratio of sec-
ondary BAs to primary BAs tended to increase in the serum 
of rats fed excessive choline. Likewise, it was reported that 
the relative percentage of secondary BAs increased in the 
serum of TMAO-fed Apoe knockout mice while that of pri-
mary BAs decreased (Ding et al., 2018).

Since BA receptors, including FXR, pregnane X recep-
tor, and TGR5, were known to be differentially activated 
by specific individual BAs (Parks et al., 1999), changes in 
BA profile by BR extract might be a key factor regulating 
cholesterol levels in the host.

SCFA profile and hippuric acid concentration 
in cecum

Among six SCFAs (acetate, propionate, butyrate, isobu-
tyrate, valerate, and isovalerate), the concentrations of 
major SCFAs, including acetate, propionate, and butyrate, 

in rat cecum were not significantly different among the treat-
ments (Fig. 3(A)). Although a little change was observed 
in the branched SCFAs, there was no significant difference 
between the HFC and HFCB. Therefore, the cholesterol-
lowering effect of BR extract may be due to changes in BA 
composition, not SCFA profile, which was similar to our 
previous results (Lim et al., 2022), since the supplementa-
tion of BR extract did not induce any significant difference 
in SCFA profile no matter which compound (choline as a 
precursor of TMA or TMAO itself) was used for cholesterol 
accumulation. The group fed BR extract showed a significant 
increase in the content of hippuric acid (Fig. 3(B)). In our 
previous study, hippuric acid also increased in the groups 
fed BR extract. We assume that hippuric acid might be one 
of the contributing metabolites that benefit the gut and car-
diovascular health since it was reported to be correlated with 
the diversity of gut microbiota and metabolic syndrome (Pal-
lister et al., 2017).

Expression of the genes involved in cholesterol 
and BA metabolisms

In our previous study, serum levels of total cholesterol and 
LDL-cholesterol were higher in the HFC than in the CON 
and HF but lower in the HFCB (p < 0.05) (Lim et al., 2020). 
Thus, to better understand the potential mechanism of BR 
extract in rats with elevated levels of cholesterol by admin-
istration of excessive choline, the mRNA expressions of 
the genes related to cholesterol and BA metabolisms in the 
liver tissues were explored. The mRNA (Fig. 4) and pro-
tein (Fig. 5(A), (B)) expressions of Cyp7a1, a rate-limiting 

Fig. 5   Protein expressions of 
cholesterol 7 α-hydroxylase 
(CYP7A1) (A, B) and flavin 
monooxygenase 3 (FMO3) (A, 
C) in the liver of rats fed a high-
fat with choline only or choline 
plus black raspberry extract. All 
data represent the means and 
standard errors of the means 
(n = 8–9). 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), HFC (HF + 1.5% 
choline water), and HFCB 
(HFC + 0.6% black raspberry 
extract)

FMO3

β-Actin

CYP7A1

(A)

CON HF HFC HFCB

(C)(B)
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enzyme of BA synthesis, were significantly (p < 0.05) 
higher in the HFCB than in the HFC. However, Cyp27a1 
expression was not significantly (p > 0.05) different among 
the groups (Fig. 4). Among transcription factors that can 
activate transcription of genes involved in cholesterol and 
BA metabolisms, including liver X receptor-alpha (LXR-
α), FXR, and sterol regulatory element-binding protein-2 
(SREBP-2) (Nr1h3, Nr1h4, and Srebf2, respectively), only 
Srebf2 expression was significantly different among the 
groups (p < 0.05) and was the most upregulated in the HFC. 
Among cholesterol and BA transporters, the mRNA expres-
sion of Abcg5, a transporter facilitating the excretion of cho-
lesterol into bile (Molusky et al., 2018), was the highest in 
the HFCB. The mRNA (Fig. 4) and protein (Fig. 5(A), (C)) 
expressions of FMO3, an enzyme generating the oxidized 
product TMAO from TMA, were upregulated in the HFC 
and HFCB, but not significantly (p > 0.05) different between 
the two groups regardless of the BR supplementation.

Based on the results, it appeared that BR extract 
could reduce the elevated level of serum cholesterol via 

upregulation of Cyp7a1 and downregulation of Srebf2 
expression. There are plenty of studies reporting that reverse 
cholesterol transport (RCT) is the major pathway to reduce 
CVD risk via the conversion of cholesterol into BAs (Cham-
bers et al., 2019). CYP7A1 plays an important role in RCT 
since it can initiate BA synthesis from cholesterol (Chi-
ang, 2004). Polyphenols, such as resveratrol, chlorogenic 
acid, and catechin, can modulate hepatic Cyp7a1 expres-
sion, enhancing RCT (Chambers et al., 2019). On the other 
hand, TMAO was reported to inhibit RCT and cholesterol 
removal from peripheral macrophages and to downregu-
late the hepatic mRNA expression of Cyp7a1 and Cyp27a1 
(Koeth et al., 2013). SREBP-2 modulates the expressions 
of genes involved in the regulation of cellular cholesterol 
levels (Brown and Goldstein, 1997). Similar to our result, 
polyphenols from black chokeberry were reported to modu-
late Srebf2 expression in Caco-2 cells so that it can encour-
age cholesterol flux (Kim et al., 2013). The hepatic mRNA 
and protein expressions of FMO3, an enzyme converting 
TMAO from TMA in the liver (Koeth et al., 2013), was not 

Fig. 6   Heatmap generated by Spearman’s correlation analysis 
between gut microbiota and biochemical results (A) and between 
microbial metabolites and biochemical results (B) in the rats (n = 20). 
Red, positive correlation; white, no correlation; and blue, negative 
correlation. *p < 0.05; and **p < 0.01. Biochemical data, including 
total cholesterol (TC), LDL-cholesterol (LDL-C), trimethylamine-

N-oxide (TMAO), and trimethylamine (TMA), were retrieved from 
the previous study (Lim et al., 2020). Uncl. Unclassified; Clostridium, 
Clostridiaceae Clostridium; MCA muricholic acid; CA cholic acid; 
CDCA chenodeoxycholic acid; DCA deoxycholic acid, LCA litho-
cholic acid, UDCA ursodeoxycholic acid; G glycine-conjugated; T 
taurine-conjugated
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significantly (p > 0.05) changed regardless of the BR sup-
plementation, indicating that the TMAO-lowering effect of 
BR extract in our previous work (Lim et al., 2020) may be 
due to the less production of TMA in the intestine.

Correlation analysis

Clostridium (Clostridiaceae) and Clostridium cluster XIVa, 
known to have TMA lyase activity (Rath et al., 2020), were 
positively associated with serum TC level (Fig. 6(A)). The 
relative abundance of Adlercreutzia (Coriobacteriaceae) 
was positively associated with serum TMAO, cecal TMA, 
and hepatic Fmo3 expression. Microbial metabolites, includ-
ing BAs and hippuric acid, except for ω-MCA and glycine-
conjugated BAs, tended to be negatively associated with 
serum TC and LDL-C (Fig. 6(B)). Especially, serum TC 
level was negatively associated with cecal levels of CA, 
LCA, and TCA. Serum LDL-C level was negatively asso-
ciated with taurine-conjugated BAs, including Tα-MCA, 
TCA, and TUDCA. Serum TMAO level was negatively 
associated with CA and DCA. Cecal TMA level was posi-
tively associated with GCA. Hepatic Cyp7a1 expression was 
positively associated with LCA, TCA, TDCA, UDCA, and 
hippuric acid, while hepatic Srebf2 expression was nega-
tively associated with CA, DCA, LCA, and TDCA.

In our previous study, BR extract reduced cecal TMA and 
serum TMAO and cholesterols in rats fed excessive choline 
with a high-fat diet. We revealed that this might be because 
the BR extract increased the phylogenetic diversity of gut 
microbiota and changed the relative abundance of some spe-
cific genera, such as Bifidobacterium and Clostridium cluster 
XIVa. The altered gut microbiota might also lead to chang-
ing the profile of microbial secondary metabolites, mainly 
BAs. We also revealed that the genes involved in cholesterol 
metabolism, especially Cyp7a1 and Srebf2 were regulated by 
the BR extract in the rats fed a high-choline diet. The main 
limitation of this study is the problem of direct translation 
of the present results to human cases due to the difference in 
not only gut microbial composition but also BA metabolism 
between humans and rats (Nagpal et al., 2018). However, 
since the role of specific taxa in TMA production and the 
role of major microbial metabolites were similar between 
humans and rats, this study can provide insight into how 
BR rich in polyphenols can lower serum cholesterol levels 
in rats induced by high-choline administration in terms of 
changes in gut microbial composition and metabolite profile.
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