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Abstract: Choline is converted to trimethylamine by gut microbiota and further oxidized to
trimethylamine-N-oxide (TMAO) by hepatic flavin monooxygenases. Positive correlation between
TMAO and chronic diseases has been reported. Polyphenols in black raspberry (BR), especially
anthocyanins, possess various biological activities. The objective of this study was to determine the
effects of BR extract on the level of choline-derived metabolites, serum lipid profile, and inflammation
markers in rats fed high-fat and high-choline diets. Forty female Sprague-Dawley (SD) rats were
randomly divided into four groups and fed for 8 weeks as follows: CON (AIN-93G diet), HF
(high-fat diet), HFC (HF + 1.5% choline water), and HFCB (HFC + 0.6% BR extract). Serum levels of
TMAO, total cholesterol, and low-density lipoprotein (LDL)-cholesterol and cecal trimethylamine
(TMA) level were significantly higher in the HFC than in the HFCB. BR extract decreased mRNA
expression of pro-inflammatory genes including nuclear factor-κB (NF-κB), interleukin (IL)-1β, IL-6,
and cyclooxygenase-2 (COX-2), and protein expression of NF-κB and COX-2 in liver tissue. These
results suggest that consistent intake of BR extract might alleviate hypercholesterolemia and hepatic
inflammation induced by excessive choline with a high-fat diet via lowering elevated levels of cecal
TMA and serum TMAO in rats.
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1. Introduction

Choline, one of the components of phospholipids in cell membrane and neurotransmitter, is
regarded as an essential nutrient [1]. However, choline is also a precursor of trimethylamine-N-oxide
(TMAO), which has been reported to act as a putative promoter of chronic diseases in human [2–6]. A
part of excessive dietary choline is metabolized by gut microbiota to produce trimethylamine (TMA).
Once TMA is absorbed from intestine, it is transported to liver via portal circulation and further
oxidized to TMAO by hepatic flavin monooxygenases [2].

Since various epidemiological studies revealed connection between TMAO and cardiovascular
diseases (CVD) [5,7,8], studies on TMAO and its precursors, such as choline, lecithin, and L-carnitine,
have focused on vascular inflammation, endothelial dysfunction, and cholesterol homeostasis [3–5,9–12].
In addition, the effects of TMAO and its precursors on glucose intolerance [6] and hepatotoxicity [9,12]
have been investigated. Taken together, it would likely be possible that TMAO can act in various
organs throughout the body. More recently, TMAO has been demonstrated to induce expressions of
cytokines and adhesion molecules in primary human aortic endothelial cells and vascular smooth
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muscle cells [3]. These inflammatory responses were also reported to be mediated via activation of
nuclear factor-κB (NF-κB) signaling pathway, which is pivotal in inflammation, immunity, and cell
death of various cell types [3].

Both epidemiological and experimental studies have revealed positive correlation between
TMAO and chronic diseases such as CVD, renal disease, and diabetes [5–8,13–16]. Besides, evidences
that TMAO might be able to cause hepatotoxicity or inflammation in adipose tissue have been
provided [6,9,12]. However, consumption of fruits and vegetables has been widely known to be able to
prevent incidence of chronic diseases. Phytochemicals, bioactive compounds in plants, contribute to
reduce risks of those diseases mostly by their anti-oxidant activity [17].

Black raspberry (Rubus occidentalis; BR) is relatively high in anthocyanins among Rubus
fruits [18]. It has been found that the major bioactive compounds in BR were anthocyanins,
mainly cyanidin-3-rutinoside (C3R), cyanidin-3-glucoside (C3G), and cyanidin-3-xylosylrutinoside
(C3XR) [19,20]. BR has been known to possess anti-oxidative, anti-inflammatory, and anti-cancer
activities [21]. Especially, C3R and C3G were demonstrated to have anti-inflammatory activity
through down-regulating NF-κB expression and inhibiting inhibitory κB (I-κB) degradation in
lipopolysaccharide (LPS)-treated murine macrophages [19]. However, to the best of our knowledge,
protective effects of polyphenols in BR on inflammation induced by excessive choline intake have not
been reported.

The aims of this study were to investigate the effect of excessive choline intake on serum lipid
profile and inflammation in rats fed high-fat diet and to evaluate the effect of polyphenols including
anthocyanins in BR on choline-induced inflammation of the rats.

2. Materials and Methods

2.1. Materials and Chemicals

BR (Rubus occidentalis) fruits harvested in 2017 were purchased from Gochang, Korea. C3G, C3R,
TMA, TMAO, and Folin-Ciocalteu reagent were the products of Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Choline chloride was obtained from Jinan Pengbo Biotechnology Co., Ltd. (Jinan, China).
Trizol reagent was purchased from Invitrogen (Carlsbad, CA, USA). Radioimmune precipitation assay
(RIPA) buffer and protease inhibitor cocktail (PIC) #6 were purchased from Biosesang Inc. (Seongnam,
Korea). Anti-I-κB, anti-NF-κB, and horseradish peroxidase (HRP)-linked anti-rabbit immunoglobulin
G (IgG) were purchased from Cell Signaling Technology (Danvers, MA, USA); anti-COX-2 from Novus
Biologicals (Littleton, CO, USA); and anti-β-actin from Abcam (Cambridge, England). Enhanced
chemiluminescence (ECL) solution was obtained from GenDEPOT (Katy, TX, USA).

2.2. Preparation of BR Extract

BR fruits (60 g) were crushed by hand and mixed with 80% (v/v) ethanol solution (300 mL) for 1 h
by an overhead stirrer (WiseStir HS-30D, Daihan Scientific, Wonju, Korea). The extract was filtered
with Whatman No. 2 filter paper (Whatman International Ltd., Maidstone, UK). The filtrate was
concentrated using a vacuum rotary evaporator (A-10005, Eyela Co., Tokyo, Japan). The concentrate
was freeze-dried using a freeze dryer (FDI06-85, Soritech, Hwaseong, Korea) to obtain powder form of
the extract and stored at −20 ◦C for further studies.

2.3. Determination of Total Phenolic Content (TPC)

TPC in the BR extract was determined according to the method of Singleton et al. with a slight
modification [22]. The BR extract (10 mg) was dissolved in 1 mL water followed by addition of 100 µL
Folin-Ciocalteu reagent. After 3 min, 300 µL 20% (w/v) sodium bicarbonate solution was added to the
mixture. The mixture was incubated at 40 ◦C for 30 min and then absorbance was measured at 765 nm
by a spectrophotometer (Spectramax190, Molecular Devices, San Jose, CA, USA). TPC was presented
as gallic acid equivalent (GAE).
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2.4. HPLC-UV Analysis of Anthocyanins in BR Extract

The BR extract powder (100 mg) was dissolved in 10 mL methanol containing 0.01% (v/v)
hydrochloric acid. To separate anthocyanin fraction, 3 mL of the dissolved BR extract was injected into
a Sep-Pak Plus C-18 cartridge (Waters Co., Milford, MA, USA), and the eluate was filtered using a 0.22
µm syringe filter (Pall Co., Port Washington, NY, USA). Composition and content of anthocyanins in
the fraction were analyzed using a reversed-phase HPLC (Waters 2996 Separation Module, Waters Co.,
Milford, MA, USA) equipped with an XBridge C18 column (4.6 × 250 mm, 5 µm, Waters Co., Milford,
MA, USA). Mobile phase was 5% (v/v) formic acid aqueous solution (A) and acetonitrile (B) with a
gradient as follows: 0–1 min, 2% B; 1–2 min, 2–10% B; 2–15.5 min, 10–12.5% B; 15.5–21 min, 12.5–60% B;
21–26 min, 60–2% B; and 26–30 min, 2% B. Flow rate and column temperature were 1 mL min−1 and 30
◦C. Anthocyanins were identified and quantified matching retention times of C3R and C3G standards
at 520 nm.

2.5. Animals and Diets

Forty female Sprague-Dawley (SD) rats (5 weeks old) were purchased from Koatech (Pyeongtaek,
Korea). Female rats were selected since hepatic activity of flavin monoxygenase 3 is relatively higher
in females than in males; therefore, they are prone to accumulation of TMAO in blood [5,23]. The
rats were acclimatized to laboratory environment for 1 week under controlled temperature (23 ± 3
◦C), humidity (50 ± 10%), and 12/12 h light-dark cycle. All the rats had free access to autoclaved
tap water and normal chow diet during acclimation period of 1 week. After acclimated, they were
randomly divided into 4 groups. Compositions of control AIN (American Institute of Nutrition)-93G
diet and high-fat diet were shown in Table S1. High-fat diet supplemented with 0.6% BR extract was
customized by Raonbio (Yongin, Korea). Treated groups were as follows: CON (AIN-93G diet (16%
calories from fat)), HF (high-fat diet (45% calories from fat)), HFC (high-fat diet with 1.5% (w/w) choline
water), and HFCB (high-fat diet with 1.5% (w/w) choline water and 0.6% BR extract). The CON and HF
groups were given autoclaved tap water. All the animals were allowed free access to diet and water for
8 weeks and the water was replaced every two days. All protocols for animal experiment used in this
study were conducted in accordance 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-171103-1-5).

2.6. Blood and Tissue Collection

At the end of the experiment, all the rats were fasted for 6 h but allowed free access to water. All
the animals were euthanized by asphyxiation with CO2. Blood was collected by cardiac puncture and
centrifuged to get serum at 3000× g at 4 ◦C for 20 min after coagulation. Liver and adipose tissue were
isolated and washed with saline. All the tissues were immediately stored at −80 ◦C until analysis.

2.7. Quantification of Choline, TMA, and TMAO

To determine the effect of choline intake on the production of choline-derived metabolites, cecal
choline, TMA, and TMAO and serum TMAO were measured. To analyze the levels of choline-derived
metabolites in cecum, cecal content was mixed with 80% (v/v) ice-cold methanol solution, vortexed for
5 min, 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.) and the filtrate was concentrated by centrifugation (15,000× g, 25 min, 4
◦C) in a Vivaspin centrifugal concentrator (Vivaspin 500, MWCO 3000, VS0192; Sartorius Stedim Lab,
Stonehouse, UK). The concentrate was used for further analysis. Serum samples were mixed with 80%
(v/v) ice-cold methanol solution, vortexed for 1 min, 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.) and the filtrate was used for
further analysis.
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All the analytes were separated on an Acquity UPLC (Waters Co., Milford, MA, USA) equipped
with Acquity UPLC BEH amide column (2.1 mm × 100 mm, 1.7 µm, Waters Co., Milford, MA, USA)
heated at 50 ◦C. Mobile phase consisted of two eluents: (A) 0.5 mM ammonium formate (pH 8.1) in
water and (B) acetonitrile. The gradient program was: 0–2.5 min, 95–5% B; 2.5–5 min, 5–95% B; 5–6 min,
95% B. Flow rate was 0.6 mL min−1. The ion transitions (m/z 104.08→ 60.08 for choline; m/z 60.08→
44.05 for TMA; and m/z 76.07→ 59.07 for TMAO) were used for quantitation. Samples were analyzed
by SYNAPT G2-Si mass spectrometer (Waters Co., Milford, MA, USA) in positive ion electrospray
mode. Capillary voltage and sampling cone voltage were set at 0.5 kV and 15 V, 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., Milford, MA, USA).

2.8. Serum Lipid Profile

Serum triglyceride (TG), total cholesterol (TC), and high-density lipoprotein-cholesterol (HDL-C)
concentrations were determined with commercially available kits (Asan Pharmaceutical Co., Ltd.,
Seoul, Korea) according to the manufacturer’s instructions which are based on enzymatic colorimetric
methods. Absorbance was measured by a spectrophotometer (Spectramax190, Molecular Devices).
Serum low-density lipoprotein-cholesterol (LDL-C) level was calculated from Friedewald formula [24].

2.9. Total RNA Extraction, cDNA Synthesis, and Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA were extracted from liver and adipose tissue using Trizol reagent according
to the manufacturer’s instruction. Purity and quantity of RNA were evaluated by a
NanoDrop spectrophotometer (NANO-200, Allsheng, Hangzhou, China). The RNA samples were
reverse-transcribed using a GoScript Reverse Transcription kit (Promega, Madison, WI, USA) with
random primers. qPCR was carried out with SYBR Green PCR Master mix (Applied Biosystems, Foster
City, CA, USA) using Applied Biosystems StepOne Real-Time PCR system (Applied Biosystems, Foster
City, CA, USA) under following conditions: 2 min at 95 ◦C for initiation, 15 s at 95 ◦C for denaturation,
and 60 s at 60 ◦C for annealing up to 40 cycles. All qPCR primer sequences used in this study are
listed in Table 1. All the relative expressions of genes were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression and quantified using 2−∆∆Ct method [25].

Table 1. Primer sequences used in real-time quantitative PCR.

Gene Sequence

GAPDH
Forward (5′-3′): ACCACAGTCCATGCCATCAC
Reverse (5′-3′): TCCACCACCCTGTTGCTGTA

NF-κB
Forward (5′-3′): TGGACGATCTGTTTCCCCTC
Reverse (5′-3′): CCCTCGCACTTGTAACGGAA

TNF-α
Forward (5′-3′): GTAGCCCACGTCGTAGCAAAC
Reverse (5′-3′): ACCACCAGTTGGTTGTCTTTGA

IL-6
Forward (5′-3′): TCCTACCCCAACTTCCAATGCTC
Reverse (5′-3′): TTGGATGGTCTTGGTCCTTAGCC

IL-1β Forward (5′-3′): GACTTCACCATGGAACCCGT
Reverse (5′-3′): CAGGGAGGGAAACACACGTT

IL-10
Forward (5′-3′): GCTAACGGGAGCAACTCCTT

Reverse (5′-3′): ATGTCCCCTATGGAAACAGCTT

COX-2
Forward (5′–3′): TGTATGCTACCATCTGGCTTCGG
Reverse (5′-3′): GTTTGGAACAGTCGCTCGTCATC

iNOS
Forward (5′-3′): GCCATCCCGCTGCTCTAATA
Reverse (5′-3′): GTTGGGAGTGGACGAAGGTA

GAPDH (glyceraldehyde-3-phosphate dehydrogenase), NF-κB (nuclear factor-κB), TNF-α (tumor necrosis factor-α),
IL (interleukin), COX-2 (cyclooxygenase-2), and iNOS (inducible nitric oxide synthase).
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2.10. Western Blot Analysis

Liver tissue (100 mg) was homogenized with the mixture of RIPA buffer and PIC #6 at a ratio of
100:1 (1 mL) using a Tissuelyser (DE/85220, Qiazen, Hilden, Germany). The homogenized sample was
agitated at 4 ◦C for 1 h and centrifuged at 12,000× g at 4 ◦C for 30 min (Smart R17, Hanil Scientific Inc.,
Gimpo, Korea). The supernatant was used to determine protein concentration using a modified Lowry
protein assay kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacturer’s
instruction. The protein samples were loaded at 10 µL per well into 10% sodium dodecyl sulfate
polyacrylamide gel and separated out at 60 V for 20 min and then at 120 V for 80 min. After the
electrophoresis, proteins were transferred to nitrocellulose membrane (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) at 370 mA for 100 min. Membranes were washed with Tris-buffered saline
containing 0.1% (v/v) Tween 20 (TBST) and then blocked in blocking buffer (TBST containing 5% skim
milk) for 1 h.

Each of primary antibodies, anti-NF-κB, anti-COX-2, and anti-β-actin, was diluted to 1:500 in
blocking buffer. Anti-I-κB was diluted to 1:250 in blocking buffer. Secondary antibody, HRP-linked
anti-rabbit IgG, was diluted to 1:1000 in blocking buffer. After blocking, the membranes were incubated
with primary antibodies on a shaker for 2 h. In turn, the membranes were washed 4 times for 5 min
each using TBST and incubated with secondary antibody for 1 h. The membranes were then washed
4 times for 5 min each with TBST. Protein bands were visualized by ECL followed by densitometric
analysis using Chemidoc XRS+ (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.11. Statistical Analysis

Results were expressed as means ± standard deviations. All statistical analyses were performed
using SPSS program (version 23.0, SPSS, Chicago, IL, USA). Data were evaluated for normal distribution
by means of Shapiro-Wilk test. Thereafter, either one-way analysis of variance (ANOVA) with Duncan’s
multiple range test or Kruskal-Wallis test with Mann-Whitney U test was performed where applicable
for analysis of differences among mean values at p < 0.05.

3. Results and Discussion

3.1. Chemical Properties of the BR Extract

A previous study reported that the major component of the BR extract using ethanol solution
was carbohydrates (approximately 70% of the BR extract, wet basis) and small amounts of soluble
proteins, ash, and anthocyanins [26]. Since biological properties of BR and its extract have been largely
related to their phenolic-type phytochemicals [27,28], bioactive compounds in the BR extract used in
this study would most likely be polyphenols.

In the present study, TPC in the BR extract was 42.7 ± 6.9 mg GAE g−1. Since C3XR standard
was not commercially available, it was identified by comparison with chromatograms from Jung
et al. [19] and presented as C3R equivalent (C3RE). The contents of C3XR, C3G, and C3R in the
anthocyanin fraction were 0.83 ± 0.02 mg C3RE g−1, 0.50 ± 0.01 mg g−1, and 2.08 ± 0.08 mg g−1 (dry
basis), respectively. C3R was the major anthocyanin accounting for 60% of total anthocyanins, which
agrees with a previous study [19].

3.2. Body Weights and Food and Water Intakes

At the end of the experimental period, body weight and daily food intake were significantly
higher in the CON and HF groups than in the HFC and HFCB (Table 2). This result might be due to
the difference in food intake. Although notable difference was not observed between the body weights
of the CON and HF, the HF group showed a significant increase in food efficiency ratio. In addition,
no matter which became obese or not, hyperlipidemia, oxidative stress, and inflammation could be
induced in high-fat diet-fed SD rats [29,30]. Meanwhile, supplementation of black raspberry resulted
in a significant reduction in food efficiency ratio.
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Table 2. Body weights, weight gain, food and water intakes, and food efficiency ratio (FER) of rats.

Group

CON HF HFC HFCB

Initial body weight (g) 135.3 ± 8.9 137.1 ± 6.1 137.5 ± 7.5 137.0 ± 7.9

Final body weight (g) 249.2 ± 25.5 a 255.5 ± 19.3 a 214.0 ± 22.1 b 207.6 ± 22.7 b

Weight gain (g·d−1) 2.0 ± 0.3 a 2.1 ± 0.3 a 1.4 ± 0.4 b 1.3 ± 0.4 b

Food intake (g·d−1) * 26.5 ± 2.3 a 24.7 ± 4.3 a 18.3 ± 2.3 b 17.6 ± 2.7 b

Water intake (mL·d−1) * 40.2 ± 4.3 41.7 ± 4.0 43.4 ± 1.9 39.3 ± 8.3

FER * 0.15 ± 0.01 a,b 0.17 ± 0.01 a 0.15 ± 0.01 a,b 0.14 ± 0.02 b

FER = weight gain (g·d−1)/food intake (g·d−1). Values represent means and standard deviations (n = 10). * n = 5.
Values with different superscripts within each row are significantly different 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).

3.3. Serum TMAO Level and Cecal Choline, TMA, and TMAO Levels

The groups fed choline water showed significant higher level of choline in cecal content of the
rats compared to the group fed autoclaved tap water (Figure 1A). The HFC group showed the highest
level of TMA in cecum and supplementation of BR extract decreased the choline-induced elevated
cecal TMA level. Likewise, serum TMAO level was significantly higher in the HFC group, while
lower in the HFCB (Figure 1B). However, cecal TMAO levels were not significantly different when
compared between the HFC and HFCB (Figure 1A). Dietary choline can be transformed into TMA by
gut bacteria having TMA lyase (CutC) activity [31]. TMA produced once in the gut is absorbed from
intestine and further oxidized to TMAO in liver. Therefore, it is necessary to reduce cecal TMA level
for reduction of circulating plasma TMAO level. Some researchers reported that polyphenols, such as
resveratrol, and probiotics, such as Lactobacillus plantarum, Bifidobacterium animalis, and Enterobacter
aerogenes could be good sources to reduce elevated level of TMAO in blood by reduction of microbial
TMA production [4,32–34]. There are also several studies showing that polyphenol-rich extract from
various natural sources could have a prebiotic-like activity [35,36]. Therefore, the result suggests that
BR extract rich in polyphenols, especially anthocyanins, might have potent to reduce cecal TMA level
via modulation of gut bacteria.
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respectively, with no significant difference (Figure 2A). Serum TG level of the HFCB group was 21.6% 

Figure 1. Effect of excessive choline intake on choline-derived metabolites in Sprague-Dawley rats.
(A) Choline, trimethylamine (TMA), and trimethylamine-N-oxide (TMAO) in cecal content of the rats.
(B) Serum TMAO level in the rats. All data represent the means and standard deviations (n = 8). Within
the same metabolite, 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).

3.4. Serum Lipid Profile

Serum TG level of the HFC group was 27.9% and 16.1% higher than those of the CON and HF,
respectively, with no significant difference (Figure 2A). Serum TG level of the HFCB group was 21.6%
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and 34.3% lower than those of the HF and HFC, respectively, with no significant difference. It has been
reported that intake of 3% choline water could elevate serum TG level in male Kunming mice [9,12].
However, in female LDL-receptor−/− C57BL/6J mice, intake of 1.3% choline water did not change
plasma TG level compared to control group [3]. It remains unclear whether and how excessive choline
or TMAO intake affect blood TG level.

Serum levels of TC and LDL-C in the HFC group were higher than those in the CON, HF,
and HFCB (p < 0.05), while these three groups had no significant difference (Figure 2B,D). There
was no significant difference in serum HDL-C level among the groups (Figure 2C). The elevated
serum TC level in the HFC group is in agreement with the results of Chen et al. [4] and Ren et
al. [12], who reported that diet containing 1% choline and water containing 3% choline could raise
serum TC in apolipoprotein E (ApoE)−/− mice and healthy mice, respectively. It was suggested that
the choline-induced elevation of serum TC might be because TMAO down-regulates expression of
hepatic cholesterol 7 alpha-hydroxylase (CYP7A1), which is a key enzyme in bile acid synthesis from
cholesterol [4].

In the present study, when the rats were fed both excessive choline and BR extract, serum TC level
was significantly lower than the ones fed excessive choline alone. It was demonstrated that C3G intake
could lower serum TC via up-regulating hepatic CYP7A1 expression in ApoE−/− mice [37]. Therefore,
BR extract rich in anthocyanins might lower choline-induced elevation of serum TC.
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Figure 2. Serum triglycerides (A), total cholesterol (B), high-density lipoprotein (HDL)-cholesterol
(C), and low-density lipoprotein (LDL)-cholesterol (D) in Sprague-Dawley rats. All data represent
the means and standard deviations (n = 7–8). 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).

3.5. Relative mRNA Expression of Genes Involved in Inflammatory Response in the Liver and Adipose Tissue

The mRNA expressions of NF-κB, interleukin (IL)-1β, IL-6, IL-10, tumor necrosis factor (TNF)-α,
cyclooxygenase (COX)-2, and inducible nitric oxide synthase (iNOS) in liver and adipose tissue were
determined by qPCR. NF-κB plays an important role in an inflammation response via regulating the
expression of pro-inflammatory genes of cytokines, chemokines, and adhesion molecules [38]. In this
study, the HFC group showed higher hepatic mRNA expression of NF-κB than the CON and HF (p >

0.05) (Figure 3). Although precise mechanism regarding effects of TMAO on NF-κB signaling pathway
has not been clarified, trace amine-associated receptor (TAAR) 5, which is activated by TMA, has been
suggested to be a possible mediator of TMAO activation due to the structural similarity between TMA
and TMAO [3]. Also, another possible molecular mechanism has been suggested that uptake of TMAO
into cells would mediate activation of NF-κB through collaborating with protein kinase C activator [11].
Despite these hypotheses, the exact mechanism of TMAO activity is still unclear. However, it might be
able to regulate NF-κB expression in some ways. In the present study, NF-κB mRNA expression of the
HFCB group was significantly lower than that of the HFC. Similar to this result, it was reported that
anthocyanins from mulberry and sweet cherry (mainly C3G and C3R, respectively) down-regulate
hepatic mRNA expression of NF-κB in diet-induced obese mice [39].
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HFC (p > 0.05) (Figure 4). The mRNA levels of NF-κB, IL-1β, IL-10, TNF-α, and iNOS did not 
significantly differ among the groups. It was reported that the mRNA expressions of inflammatory 
cytokines such as IL-6 and IL-1β in epididymal adipose tissue were upregulated when the mice were 
fed high-fat diet containing 0.2% TMAO for 12 weeks [6]. Thus, previous studies have reported that 

Figure 3. Relative mRNA level of genes involved in pro- and anti-inflammation in the
liver of Sprague-Dawley rats. All the relative expressions of genes were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. All data represent the means and standard
deviations (n = 7–8). 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).

Once NF-κB is activated, it starts to induce inflammatory cytokines that can regulate immune
response, such as IL-1β, IL-6, and TNF-α [38]. In the present study, hepatic mRNA expressions of IL-1β
and IL-6 in the HF group were higher than in the CON (p > 0.05) and those in the HFC group were even
higher than in the HF (p > 0.05) (Figure 3). Gao et al. [6] reported that mice fed high-fat diet containing
0.2% TMAO had higher mRNA expressions of those genes in epididymal adipose tissue than mice fed
high-fat diet alone. In the present study, mRNA expressions of IL-1β and IL-6 in the HFCB group were
markedly suppressed compared to the HFC. Likewise, intake of C3G-rich jaboticaba peel powder was
able to suppress the expressions of IL-1β and IL-6 genes via decreasing phosphorylation of I-κB in liver
of high-fat diet-fed mice [40]. IL-10 is known to be an anti-inflammatory cytokine inhibiting synthesis
of pro-inflammatory cytokines such as IL-1, TNF-α, and interferon-γ secreted from macrophages
and monocytes [41]. The mRNA expression level of IL-10 did not differ among all the groups in this
study. In contrast to this result, intake of high-fat diet containing 0.2% TMAO decreased IL-10 mRNA
expression in the epididymal adipose tissue of mice [6]. In the present study, there was no significant
difference in mRNA level of TNF-α among all the groups. Effect of choline or TMAO intake on TNF-α
mRNA expression has been reported to vary from organ to organ [3,6,10].

COX-2 and iNOS are highly inducible enzymes in specific circumstances associated with
pro-oxidant and pro-inflammatory responses under regulation of NF-κB [42]. iNOS is regarded
as a biomarker of inflammatory response because it can induce overexpression of nitric oxide, which
can react with superoxide and further cause cytotoxicity [43]. In the present study, mRNA expression
of COX-2 in the HFC group was higher than that in the HF (p > 0.05) and HFCB (p < 0.05) (Figure 3).
However, there was no significant difference in mRNA expression of iNOS among all the groups.
According to Seldin et al. [3], chronic intake of choline could up-regulate mRNA expression of COX-2
in aorta of atherosclerosis-prone LDLR−/− mice.

In the adipose tissue, mRNA expressions of IL-6 and COX-2 in the HFC group tended to be higher
than in the CON and HF, and those in the HFCB group tended to be lower than those of the HFC (p
> 0.05) (Figure 4). The mRNA levels of NF-κB, IL-1β, IL-10, TNF-α, and iNOS did not significantly
differ among the groups. It was reported that the mRNA expressions of inflammatory cytokines such
as IL-6 and IL-1β in epididymal adipose tissue were upregulated when the mice were fed high-fat
diet containing 0.2% TMAO for 12 weeks [6]. Thus, previous studies have reported that inflammatory
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responses of macrophages in adipose tissue only occurred in prolonged (≥8 weeks) high-fat feeding in
the rat [44–46]. Accordingly, long-term (≥8 weeks) experiment should be needed to evaluate the effect
of excessive choline and BR extract on adipose tissue of rats fed high-fat diet.
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Figure 4. Relative mRNA levels involved in pro- and anti-inflammation in the adipose
tissue of Sprague-Dawley rats. All the relative expressions of genes were normalized to
glyceraldehyde-3-phosphate dehydrogenase expression. All data represent the means and standard
deviations (n = 4–6). CON (AIN-93G diet), HF (45% high-fat diet), HFC (HF + 1.5% choline water), and
HFCB (HFC + 0.6% black raspberry extract).

Collectively, excessive dietary choline might exacerbate hepatic inflammation in rats fed high-fat
diet via up-regulating mRNA expressions of NF-κB, IL-6, IL-1β, and COX-2. BR extract could ameliorate
choline-induced inflammation via down-regulating those genes. However, eight weeks of experiment
might not be enough to change the expressions of genes related to inflammatory response in adipose
tissue of the rats fed high-fat diet with or without BR extract and choline.

3.6. Protein Expression of NF-κB, I-κB, and COX-2 in the Liver

NF-κB dimer exists in the cytoplasm as an inactivated complex combined with I-κB. When cells
are stimulated by specific stimuli such as antigen receptors, cytokines, reactive oxygen, and LPS,
phosphorylation of I-κB occurs and then phosphorylated I-κB is degraded by protesome, releasing
NF-κB dimer. NF-κB dimer then translocates into nucleus and binds to κB site of target genes [47].
In the present study, protein expression of NF-κB and COX-2 were significantly higher in the HFC
group than in the CON, HF, and HFCB (Figure 5A–C,E). Similarly, it was reported that intake of
C3R-rich black currant extract suppressed the hepatic protein expressions of NF-κB and COX-2 in
diethylnitrosamine-initiated hepatocarcinogenesis of SD rats, as C3G-rich riceberry bran extract also
did in gentamicin-induced liver damage [48,49]. Meanwhile, there was no effect of excessive choline or
BR extract intake on the hepatic protein expression of I-κB (Figure 5A,D). In contrast to Jung et al. [19],
who reported anthocyanins of BR could protect I-κB from LPS-induced degradation in macrophages,
neither excessive choline nor BR extract affects protein expression of I-κB in this study.
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4. Conclusions 

Excessive choline can cause hypercholesterolemia and induce hepatic inflammation via, in part, 
NF-κB signaling pathway in rats fed high-fat diet. It might be due to elevated levels of cecal TMA 
and serum TMAO. Consistent intake of BR extract could lower the levels of cecal TMA and serum 
TMAO, which might result in the improvement of serum lipid profile in diet-induced 
hypercholesterolemia in rats. The result that BR could alter cecal TMA level suggests that BR 
polyphenols may act as a prebiotic in human gut as well. It could also alleviate hepatic inflammation 
via down-regulating the mRNA and protein expressions of genes related to inflammation. Further 
study, such as microbiome analysis, may be needed to elucidate the role of BR polyphenols, which 
seem to have a potent activity in reduction of cecal TMA level via modulation of gut bacteria. 
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(HFC + 0.6% black raspberry extract).

4. Conclusions

Excessive choline can cause hypercholesterolemia and induce hepatic inflammation via, in part,
NF-κB signaling pathway in rats fed high-fat diet. It might be due to elevated levels of cecal TMA and
serum TMAO. Consistent intake of BR extract could lower the levels of cecal TMA and serum TMAO,
which might result in the improvement of serum lipid profile in diet-induced hypercholesterolemia in
rats. The result that BR could alter cecal TMA level suggests that BR polyphenols may act as a prebiotic
in human gut as well. It could also alleviate hepatic inflammation via down-regulating the mRNA and
protein expressions of genes related to inflammation. Further study, such as microbiome analysis, may
be needed to elucidate the role of BR polyphenols, which seem to have a potent activity in reduction of
cecal TMA level via modulation of gut bacteria.
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