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Abstract

Obesity is associated with an increased risk of metabolic abnormalities, such as hyperlipidaemia and hyperglycaemia. We investigated
whether polyphenol-rich blackcurrant extract (BCE) can prevent high fat/high cholesterol (HF/HC) diet-induced metabolic disturbances
in mice. Male C57BL/6J mice were fed a modified AIN-93M diet containing HF/HC (16% fat, 0-25% cholesterol, w/w) or the same diet
supplemented with 0-1% BCE (w/w) for 12 weeks. There were no differences in total body weight and liver weight between groups.
Plasma total cholesterol (TC) and glucose levels were significantly lower in BCE group than in controls, while plasma TAG levels were
not significantly different. There was a decreasing trend in hepatic TAG levels, and histological evaluation of steatosis grade was markedly
lower in the livers of mice fed BCE. Although the mRNA levels of major regulators of hepatic cholesterol metabolism, i.e. 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGR) and LDL receptor (LDLR), were not significantly altered by BCE supplementation, protein
expression of mature sterol-regulatory element-binding protein and LDLR was significantly increased with no change in HMGR protein.
The expression of proprotein convertase subtilisin/kexin type 9 that facilitates LDLR protein degradation, as well as one of its tran-
scriptional regulators, i.e. hepatocyte nuclear factor 4o, was significantly decreased in the livers of mice fed BCE. Taken together, BCE
supplementation decreased plasma TC and glucose, and inhibited liver steatosis, suggesting that this berry may be consumed to prevent
metabolic dysfunctions induced by diets high in fat and cholesterol.
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Obesity is among several global health concerns and a leading
preventable cause of death, second only to tobacco smoking
and elevated blood pressure”. Existing research has ident-
ified that a subpopulation of obese subjects appears to be
metabolically healthy and less likely to progress to states of
obesity-associated disease®. Therefore, it is not obesity
alone that has resulted in health risk but rather the progression
of obesity to metabolic dysfunction, including hyperlipidae-
mia, hyperglycaemia and insulin resistance®®. These abnormal
metabolic conditions can lead to the development of CVD,
type 2 diabetes and non-alcoholic fatty liver disease. There-
fore, effective dietary strategies to prevent obesity-associated
metabolic diseases are needed.

Epidemiological studies have shown that consumption of
fruits and vegetables is negatively correlated with the risk of
chronic diseases™™. Berries are of particular interest due to

their suggested health benefits, which are largely attributed
to their high contents of polyphenols, anthocyanins in particu-
Jar =™ While blueberry, cranberry, blackberry and raspberry
are commonly consumed in the USA, blackcurrant (Ribes
nigrum) has only recently gained popularity. Blackcurrant is
a rich source of anthocyanins and vitamin C'*. We previously
reported that blackcurrant contains four major anthocyanins,
including delphinidin-3-rutinoside, cyanidin-3-rutinoside, del-
phinidin-3-glucoside and cyanidin-3-glucoside, contributing to
approximately 98% of total anthocyanins in blackcurrant™® .
Blackcurrant is known to have higher antioxidant capacity
than other commonly consumed berries due to its high poly-
phenol contents™4~ 10,

Studies have shown that blackcurrant exerts anti-
inflammatory, antioxidant and anti-microbial effects, which
provide potential health benefits against hypertension, CVD,

Abbreviations: ALT, alanine transaminase; BCE, blackcurrant extract; CPT-1, carnitine palmitoyltransferase 1; HC, high cholesterol; HF, high fat; HMGR,
3-hydroxy-3-methyl-glutaryl-CoA reductase; HNF, hepatocyte nuclear factor; LDLR, LDL receptor; mSREBP-2, mature sterol-regulatory element binding
protein 2; PCSK9, proprotein convertase subtilisin/kexin type 9; SCAP, sterol-regulatory element binding protein cleavage-activating protein; SREBP-2,
sterol-regulatory element binding protein 2; TC, total cholesterol; UCP, uncoupling protein.
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neurodegenerative disease, ocular diseases and hypercholes-
terolaemia’®'7=?. In addition, blackcurrant consumption
has been shown to improve insulin sensitivity and inhibit
inflammation”. A study using mice fed a high fat (HF) diet
showed that blackcurrant lowered body weight, body fat,
plasma glucose, insulin, alanine transaminase (ALT), inflam-
matory markers and liver TAG®®. A clinical study with healthy
women also showed that blackcurrant improved postprandial
metabolic responses to sucrose, i.e. a slower rise in serum
glucose and insulin, and improved glycaemic profile®”.
However, mechanisms of action for the health benefits
of blackcurrant have been limitedly understood. In the
present study, we sought to investigate potential roles and
mechanisms of polyphenol-rich blackcurrant extract (BCE)
in the prevention of obesity-associated metabolic abnor-
malities in mice fed a diet high in fat and cholesterol.

Materials and methods
Animal care and diet

Male C57BL/6] mice (Jackson Laboratory) at 15 weeks of age
were randomly assigned to a control (z 11) or a BCE group
(n 13). After 1 week of acclimation, the control group of mice
was fed a modified AIN-93 diet®*2” containing HF/high choles-
terol (HC) (15% fat, 0-25% cholesterol, w/w), while the BCE
group was on the HF/HC diet supplemented with 0-1% of
BCE (w/w). The standardised BCE powder containing 25 %
anthocyanins and 40 % polyphenols was provided by Artemis
International, Inc. Based on body surface normalisation to a
70 kg individual®”, 0-1% BCE containing 25 % anthocyanins is
equivalent to daily consumption of approximately 540 mg BCE
and 135mg anthocyanins in human subjects. As the average
daily intake of anthocyanins per person has been estimated to
be approximately 200 mg in the USA®Y we believe the dietary
level of berry extracts is attainable in human subjects. Mice were
housed in a controlled environment with 12-h light—12-h dark
cycles and were fed ad libitum throughout the study. Body
weight and food consumption were recorded weekly, and
blood draws were performed monthly from the lateral tail
vein. After 12 weeks on the experimental diets, mice were
fasted for 8 h and anaesthetised by injecting ketamine/xylazine
(100/10 mpk) (Henry Schein Animal Health). Blood samples
were collected into a 2-ml BD vacutainer containing EDTA by
cardiac puncture and mice were killed by exsanguination
followed by cervical dislocation. Blood was centrifuged at
1500 g for 10 min at 4°C. Livers were weighed, and subsamples
were snap frozen in liquid N, and stored at —80°C until use or
fixed in 10% formalin. All animal procedures were approved
by the Institutional Animal Care and Use Committee of the
University of Connecticut.

Liver histology and hepatic lipid content

Formalin-fixed livers were processed to paraffin, sections
were cut at 4-5Spm and stained with haematoxylin and
eosin at the Connecticut Veterinary Medical Diagnostic
Laboratory, Department of Pathobiology and Veterinary

Science, University of Connecticut (Storrs, CT). Histological
evaluation was performed twice to ensure consistency by a
veterinary pathologist (J. A. S.) who was blinded to the
study treatments. All sections were graded for steatosis at a
X200 magnification. A commonly used semi-quantitative
scoring system was used to assess the severity of hepatic
steatosis as described previously®®. For steatosis, grades 0,
I, IT and IIT indicate 0, <33, 33—64 and =065 % of hepatocytes
are steatotic, respectively. Grade III was later sub-divided into
II-1, 1I-2 and III-3 to represent mice with 65-70, 71-89
=90% steatotic hepatocytes within the hepatic parenchyma.
The ranking was made within grading bands based on the
mean score of all X200 fields.

Plasma chemistry and liver lipids

Plasma concentrations of total cholesterol (TC) and TAG were
determined by enzymatic analysis using a cholesterol reagent
from Pointe Scientific and an L-Type TG-M kit from Wako
Chemical USA, respectively, as we described previouslym).
Plasma ALT and glucose levels were determined using
a Liquid ALT (SGPT) Reagent Set and a Liquid Glucose
(Oxidase) Reagent Set from Pointe Scientific according to
the manufacturer’s protocol. Lipids were extracted from liver
samples by Folch’s method®® | and TC and TAG were deter-
mined by enzymatic analysis as described earlier.

Gene expression analysis by quantitative real-time PCR

Total RNA was extracted from liver samples using TRIzol
reagent (Invitrogen). Quantitative RT-PCR analysis was con-
ducted to measure the expression of genes related to fat,
cholesterol and glucose metabolism using the SYBR Green
procedure and CFX96 real-time PCR detection system (Bio-
Rad) as described previously®* ™. Primer sequences were
designed according to GenBank database using the Beacon
Designer software (Premier Biosoft) and the sequences will
be available upon request. Ribosomal protein large PO was
used as an internal control.

Western blot analysis

Liver lysates were prepared and Western blot analysis was per-
formed as described previouslym). The following antibodies
were used: LDL receptor (LDLR; Abcam), 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGR; Santa Cruz Biotechnol-
ogy), mature sterol-regulatory element binding protein 2
(mSREBP-2; Abcam) and B-actin (Sigma). The blots were
developed using horseradish peroxidase (Thermo Fisher
Scientific) and densitometry analysis was performed using
Chemidoc XRS+ (Bio-Rad) and Image Lab software
(Bio-Rad). B-Actin was used as a loading control.

Statistical analysis

Unpaired Student’s ¢ tests were conducted to compare the
mean difference between groups using GraphPad InStat 6
(GraphPad Software, Inc.). An a-level of P<0-05 was
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Table 1. Body weight, plasma chemistry and liver lipid levels of C57BL/6J mice fed a high fat’/high cholesterol diet supplemented with 0-1%

blackcurrant extract (BCE) (w/w) for 12 weeks
(Mean values with their standard errors)

Body weight Plasma ALT Plasma glucose Liver wet Liver TAG
change (%) (units/l) (mmol/l) weight (g) (mg/g) Liver TC (mg/g)
n Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Control 1 0-35 0-02 316 5.5 199 1.3 2.23 0-2 168-5 10-8 15.6 1.5
BCE 13 0-30 0-03 27-8 3.0 131 1.6 2.04 0-1 136-4 126 133 11

ALT, alanine aminotransferase; TC, total cholesterol.
* Mean value was significantly different from that of control (P<0-05).

considered statistically significant and all data are expressed
as means with their standard errors.

Results

Effect of blackcurrant extract supplementation on body
weight and plasma chemistry

After 12 weeks on the HF/HC diets, there were no significant
differences in final body weight and body weight change
between control and BCE-fed mice (Table 1). Diet con-
sumption (data not shown) and plasma ALT levels were not
significantly altered by BCE supplementation. While plasma
TAG was not significantly different between groups, plasma
TC and glucose levels were significantly less in mice fed
BCE than in control mice (Fig. 1 and Table D).

Decreased liver steatosis in mice fed a blackcurrant
extract-supplemented diet

Control and BCE-fed mice had no significant differences in
liver weight and TC contents (Table 1). However, there was
a decreasing trend of liver TAG in the mice fed BCE
(P=0-072). Furthermore, histological examination of liver
samples demonstrated that there was a marked reduction in
lipid accumulation in five (38-5%) of the BCE mice (steatosis
score grade 1), while the control mice all had steatosis grade
3 (Fig. 2). Furthermore, on sub-categorising grade 3 mice,
most (72%) of the control mice had grade III-3 hepatic steato-
sis, whereas approximately only 37-5% of grade 3 BCE-fed
mice had grade III-3 (Table 2).

Reduced expression of lipogenic genes in hepatic tissue by
blackcurrant extract supplementation

To gain mechanistic insights into the TC-lowering effect of
BCE, we measured the hepatic expression of LDLR and
HMGR, and sterol-regulatory element binding protein 2
(SREBP-2), a transcriptional regulator of LDLR and HMGR.
mRNA abundance of LDLR and HMGR did not differ between
the control and BCE groups (Fig. 3(a)). However, protein
levels of mSREBP-2 and LDLR were significantly higher in
BCE-fed mice than in controls, with no difference in HMGR
protein levels (Fig. 3(b) and (c)). The expression of proprotein
convertase subtilisin/kexin type 9 (PCSK9), an enzyme known
for LDLR protein degradation, and its transcriptional factor,

i.e. hepatocyte nuclear factor (HNF)4a, was also significantly
repressed by BCE supplementation (Table 3). The expression
of two lipogenic genes, SREBP-1c¢ and fatty acid synthase
(FAS), was lower in the livers of BCE-fed mice than that of
controls, but FAS protein was not decreased by BCE sup-
plementation (data not shown). mRNA levels of genes
involved in fatty acid oxidation, such as carnitine palmitoyl-
transferase 1 (CPT-1a, CPT-1P and acylCoA oxidase 1, were
not significantly altered by BCE supplementation. There was
no significant difference in the hepatic expression of gluco-
neogenic genes, such as phosphenolpyruvate carboxykinase
and glucose-6-phosphatase, between the two groups.

Discussion

With the increasing obesity epidemic, co-morbidities of
obesity, notably insulin resistance, type 2 diabetes, CVD and
non-alcoholic fatty liver disease, are major health problems
in the USA“?. Dyslipidaemia and hyperglycaemia commonly
associated with obesity are likely to contribute to the patho-
genesis of metabolic diseases. Therefore, identification of
dietary products effective in lowering blood lipids and
blood glucose would be beneficial for reducing disease risk.
Blackcurrant farming has a short history in the USA, but the
berry has garnered significant attention due to its potential
health benefits. We previously showed that blackcurrant
anthocyanins exert potent antioxidant and anti-inflammatory

effects’. In the present study, we found that BCE

(a) 250 (b) 60

1T -
= 200 % -g) -
= 40
E 150} §
= <
© 100 - ©
£ £ 201
© (2]
a 50} &

Control BCE Control BCE

Fig. 1. Plasma lipid levels of male C57BL/6J mice fed a high fat/high cholesterol
control or 0-1% (w/w) blackcurrant extract (BCE) supplemented diet for
12 weeks. (a) Plasma total cholesterol (TC), n 11 for control and n 12 for BCE.
(b) Plasma TAG, n 11 for control and n 13 for BCE. Values are means, with their
standard errors represented by vertical bars. *Mean value was significantly
different from that of control (P<<0-05). To convert cholesterol in mg/dl to mmol/l,
multiply by 0-0259. To convert TAG in mg/dl to mmol/l, multiply by 0-0113.
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(a) antrol ‘ (b) BCE

Fig. 2. Histological sections of haematoxylin and eosin-stained liver of male
C57BL/6J mice after 12 weeks on a high fat/high cholesterol (HF/HC) control
or 0-1% (w/w) blackcurrant extract (BCE) supplemented diet. Liver section of
a mouse fed an HF/HC control diet (steatosis grade 3) (a), and that from
a mouse fed a BCE-supplemented diet (steatosis grade 1) (b). Scale
bar = 100 um.

supplementation lowered plasma TC, which is likely attribu-
table, at least in part, to the inhibition of PCSK9-dependent
LDLR protein degradation in the liver. Furthermore, BCE also
decreased fat accumulation in the liver as well as plasma
glucose without altering the expression of genes involved
in lipogenesis, fatty acid oxidation or gluconeogenesis.
Therefore, the inhibition of hepatic steatosis and hypergly-
caemia by BCE is presumed to be secondary to the effects of
BCE on extra-hepatic tissues, such as skeletal muscle.

Induction of LDLR expression and activity in the liver is one
of the preventive/therapeutic goals to lower circulating
cholesterol. Statins, the most prescribed cholesterol-lowering
drugs, inhibit HMGR activity and therefore increase LDLR
eXpression(“). The induction of LDLR expression primarily
depends on SREBP-2, a well-known transcriptional regulator
of LDLR, which also up-regulates HMGR expression‘*#4>
When cellular cholesterol levels are high, insulin-induced
genes bind to SREBP-2 in complex with SREBP cleavage-
activating protein (SCAP) in the endoplasmic reticulum,
preventing the translocation of the SREBP-2/SCAP complex
to the Golgi®’. Upon depletion of cellular cholesterol,
SREBP-2/SCAP is released from insulin-induced genes and
transported to the Golgi, where the complex undergoes
two-step proteolytic cleavage to release N-terminal transcrip-
tional activation domain, ie. mSREBP-2, which induces
LDLR and HMGR transcription. In the present study, despite
a significant increase in mSREBP-2 protein in the livers of
BCE-fed mice, LDLR and HMGR mRNA levels were not signifi-
cantly altered. Hepatic LDLR protein levels, however, were
increased by approximately 80 % in the BCE group compared
with controls. The result suggests that BCE is likely to increase
LDLR protein at post-transcriptional levels.

Recent studies have suggested that PCSK9 plays an important
role in the post-transcriptional regulation of LDLR expression.
PCSK9 is highly expressed in the liver and intestine, and it
promotes LDLR protein degradation by lysosomes(47749).
Gain-of-function mutations in PCSK9 lead to familial hyper-
cholesterolaemia®®®?, while loss-of-function mutations are
present in hypocholesterolaemic subjects®?. Therefore, the
inactivation of PCSK9 has emerged as a therapeutic target to
lower LDL cholesterol concentrations. We found that there
was an approximately 40% decrease in hepatic PCSK9
expression in the BCE group compared with controls,

suggesting that decreased PCSK9 expression may be respon-
sible, at least in part, for increased hepatic LDLR protein in
BCE-fed mice. Several transcription factors have been suggested
to regulate PCSK9 expression. Studies have shown that both
LDLR and PCSK9 are activated by SREBP when cellular choles-
terol is depleted®>>®. Costet et al.®> also demonstrated that
PCSK9 expression is induced by insulin via SREBP-1c. However,
in the present study, we did not observe a change in LDLR
mRNA, while PCSK9 was decreased in the livers of the
BCE-fed group. In contrast, there was a decreasing trend for
SREBP-1c mRNA expression in the BCE group (P=0-052).
Given that LDLR expression is under the regulation of
SREBP-2 rather than SREBP-1¢®®| it can be presumed that
reduced SREBP-1c expression by BCE may contribute to the
decrease in hepatic PCSK9 expression. HNFla is also known
to transcriptionally regulate PCSK9 expression in cooperation
with mSREBP-2°7. Despite increased mSREBP-2 protein,
PCSK9 mRNA was repressed in the livers of BCE-fed mice.
Therefore, the present results do not support the role of
HNF1oa/SREBP-2 in mediating the effect of BCE on LDLR
expression. Interestingly, BCE supplementation significantly
decreased HNF4a expression by approximately 40 %, whereas
HNFla expression was not significantly altered. Ai et al.®®
suggested that repression of HNF4a and HNFla can decrease
PCSK9 expression, increasing hepatic LDLR protein levels. At
present, it is not clear how HNF and SREBP play a role in the
hepatic regulation of PCSK9 by BCE and further investigation
is necessary to gain better mechanistic insight.

Histological analysis demonstrated that liver steatosis was
reduced in mice fed BCE compared to controls. To determine
mechanisms of action, the expression of genes involved in
lipogenesis and fatty acid oxidation was measured. Although
BCE supplementation significantly decreased FAS mRNA in
the liver, its protein levels were not different between
groups (data not shown). Furthermore, genes related to mito-
chondrial fatty acid oxidation, ie. CPT-la and CPT-1B,
showed a trend towards a decrease, but not an increase, in
the livers of mice fed BCE. The mRNA expression of acylCoA
oxidase 1, an important enzyme for peroxisomal fatty acid
oxidation, was not altered by BCE supplementation. There-
fore, the inhibitory action of BCE in the development of
liver steatosis is not likely attributed to lipogenesis or fatty
acid oxidation. Of interest is our recent report that in the
skeletal muscle of mice fed BCE, the expression of genes
related to energy expenditure and mitochondrial biogenesis,
including PPARa, PPARS, uncoupling protein (UCP)-2, UCP-3

Table 2. Histological analysis for steatosis grade in the livers of
C57BL/6J mice fed a high fat/high cholesterol control diet or diet
supplemented with 0-1 % blackcurrant extract (BCE) (w/w)

Grade Steatotic hepatocytes (%) Control (n) BCE (n)
0 0 0 0
| <33 0 5
1] 33-64 0 0
111-1 65-70 1 2
-2 71-89 2 3
-3 90= 8 3
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Fig. 3. Expression of mMRNA and protein levels of lipogenic genes in the livers of male C57BL/6J mice fed a high fat/high cholesterol control or 0-1 % (w/w) black-
currant extract (BCE) supplemented diet for 12 weeks. (a) mRNA expression. (b) Protein levels (quantification). (c) Western blot image. Values are means, with
their standard errors represented by vertical bars (n 11 for control (m) and n 13 for BCE (m)). LDLR, LDL receptor; HMGR, 3-hydroxy-3-methyl-glutaryl-CoA
reductase; mMSREBP-2, mature sterol-regulatory element binding protein 2. *Mean value was significantly different from that of control (P<0-05).

and mitochondrial transcription factor A, were significantly
increased®. Furthermore, we did not detect any significant
changes in the expression of genes for lipid metabolism in
the adipose tissue. These observations support that the
decrease in liver steatosis may be secondary to the effect of
BCE on energy metabolism in the skeletal muscle. It should
also be noted that BCE supplementation significantly
decreased plasma fasting glucose levels by approximately
35%. The hepatic expression of gluconeogenic genes, i.e.
glucose-6-phosphatase and phosphenolpyruvate carboxy-
kinase, was not significantly altered by BCE. UCP-2 and UCP-3

(60,61)’ and

play a critical role in glucose and lipid metabolism
over-expression of Ucp-3 in skeletal muscle displayed lower
fasting plasma glucose and insulin®®. Therefore, we propose
the beneficial effects of BCE supplementation in the prevention
of liver steatosis and hyperglycaemia are likely attributed to
enhanced energy utilisation in the skeletal muscle. Future
study should be warranted to test this possibility.

In conclusion, the present study demonstrated that dietary
supplementation of BCE rich in polyphenols reduced the
percentage mice with severe steatosis, hypercholesterolaemia,
hyperglycaemia and liver steatosis in mice fed an HF and
HC diet. Repressive effect of BCE on the hepatic expression
of PCSK9, resulting in increased LDLR protein, is presumed
to be responsible for the cholesterol-lowering effect of BCE.
To our knowledge, this is the first study that demonstrates
the modulation of PCSK9/LDLR axis by dietary components
for lowering plasma TC levels. Another important finding
of the present study is the reduction of fasting glucose and
liver steatosis by BCE supplementation, which we attribute
to enhanced energy utilisation in the skeletal muscle.

Although detailed molecular mechanisms of action for the
health-promoting effects of BCE and identification of bioactive
compounds that exert the effects need further investigation,
the present study strongly suggests that BCE may be
consumed to prevent various metabolic dysfunctions related
to HF and HC diet.

Table 3. mRNA expression of genes in the livers of C57BL/6J mice fed
a high fat/high cholesterol control diet or diet supplemented with 0-1 %
blackcurrant extract (BCE) (w/w)*

(Mean values with their standard errors, n 11 for control and n 13 for
BCE)

Control BCE
Function Mean SEM Mean SEM P
Lipogenesis
SREBP1c 1.07 0-11 0-74 012 0-052
FAS 1.18 0-21 0-66 0-09 0-030
SCD-1 1-11 0-18 0-98 0-14 0-539
Fatty acid oxidation
CPT-1a 1.02 0.-07 0-78 0-11 0-083
CPT-1B 1-09 0-13 0-71 0-14 0-060
ACOX-1 1.02 0-06 0-92 0-10 0-417
Gluconeogenesis
PEPCK 1.08 0-13 0-96 0-16 0-556
G6P 1.07 012 0-82 013 0-163
PCSK9 metabolism
PCSK9 119 0-19 0-71 0-11 0-042
HNF1«a 1.15 0-06 1.12 0-18 0-899
HNF4« 1.05 0-11 0-62 0-09 0-006

SREBP1c, sterol-regulatory element binding protein 1c; FAS, fatty acid synthase;
SCD-1, stearyol CoA desaturase 1; CPT-1, carnitine palmitoyltransferase 1;
ACOX-1, acyl CoA oxidase 1; PEPCK, phosphenolpyruvate carboxykinase;
G6P, glucose-6-phosphatase; PCSK9, proprotein convertase subtilisin/kexin type
9; HNF, hepatocyte nuclear factor.

*Values are relative expression to control.
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