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Blueberry, blackberry, and blackcurrant differentially affect plasma 
lipids and pro-inflammatory markers in diet-induced obesity mice
Bohkyung Kim*, Sang Gil Lee*, Young-Ki Park, Chai Siah Ku, Tho X. Pham, Casey J. Wegner, Yue Yang, Sung I. Koo,
Ock K. Chun and Ji-Young Lee§

Department of Nutritional Sciences, University of Connecticut, Storrs, CT 06269, USA

BACKGROUND/OBJECTIVES: Evidence indicates that berry anthocyanins are anti-atherogenic, antioxidant, and anti-inflammatory. 
However, berries differ vastly in their anthocyanin composition and thus potentially in their biological and metabolic effects. 
The present study compared hypolipidemic, antioxidant, and anti-inflammatory properties of blueberry (BB), blackberry (BK), 
and blackcurrant (BC) in a diet-induced obesity (DIO) mouse model.
MATERIALS/METHODS: Male C57BL/6J mice were fed a high fat (HF; 35% fat, w/w) control diet or a HF diet supplemented 
with freeze-dried 5% BB, 6.3% BK or 5.7% BC for 12 weeks (10 mice/group) to achieve the same total anthocyanin content 
in each diet. Plasma lipids, antioxidant status and pro-inflammatory cytokines were measured. The expression of genes involved 
in antioxidant defense, inflammation, and lipid metabolism was determined in the liver, epididymal adipose tissue, proximal 
intestine, and skeletal muscle. Histological analysis was performed to identify crown-like structure (CLS) in epididymal fat pads 
to determine macrophage infiltration.
RESULTS: No differences were noted between the control and any berry-fed groups in plasma levels of liver enzymes, insulin, 
glucose, ferric reducing antioxidant power, superoxide dismutase, and tumor necrosis factor α. However, BK significantly lowered 
plasma triglyceride compared with the HF control and other berries, whereas BC significantly reduced F4/80 mRNA and the 
number of CLS in the epididymal fat pad, indicative of less macrophage infiltration. 
CONCLUSIONS: The present study provides evidence that BB, BK and BC with varying anthocyanin composition differentially 
affect plasma lipids and adipose macrophage infiltration in DIO mice, but with no differences in their antioxidant capacity 
and anti-inflammatory potential.
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INTRODUCTION3)

Oxidative stress and chronic inflammation in obesity are 
linked to the pathogenesis of chronic diseases, including cardio-
vascular disease (CVD), type 2 diabetes, and fatty liver disease 
[1-4]. Hyperlipidemia, a contributor to oxidative stress and 
inflammation, is a major risk factor for CVD and is positively 
associated with obesity [5]. 

Evidence from epidemiological and clinical studies indicates 
that a high daily intake of fruits and vegetables reduces the 
risk of chronic diseases [6,7] and prevents inflammation and 
oxidative stress in humans [8,9]. Among other components of 
fruits and vegetables, phenolic compounds, such as anthocy-
anins, possess antioxidant and anti-inflammatory properties. In 
particular, berries rich in anthocyanins have been shown to 
mitigate oxidative stress and inflammation, thus reducing 
disease risk and promoting health [10-15].

Anthocyanins are the primary polyphenols in berries. There 

are approximately 200 anthocyanin derivatives differing in their 
aglycone (anthocyanidin) and glycone (sugar) moieties. Six most 
prevalent aglycones in berries, i.e., cyanidin (cya), delphinidin 
(del), malvidin (mal), peonidin (peo), pelargonidin (pel) and 
petunidin (pet), attach to sugar residues, such as glucose, xylose, 
galactose, arabinose, and rutinose [16]. Anthocyanins are shown 
to exert different degrees of antioxidant and anti-inflammatory 
activities in vitro, depending on their chemical structures [17,18]. 
However, little is known about their differential antioxidant and 
anti-inflammatory effects in vivo. The hypothesis of this study 
was that anthocyanin composition is important to exert 
hypolipidemic, antioxidant, and anti-inflammatory properties of 
berries. The present study was conducted to compare the 
antioxidant, anti-inflammatory and hypolipidemic effects of 
blueberry (BB), blackberry (BK) and blackcurrant (BC), which are 
different in their anthocyanin compositions, in diet-induced 
obesity (DIO) mouse model. 
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Berry Anthocyanins2) Anthocyanin 
composition (%)3)

TA
(mg CGE/g dw)4)

BB

Cya-3-gal 1.6 9.4

Cya-3-glc 2.9

Cya-3-ara 1.6

Del-3-gal 13.5

Del-3-glc 11.3

Del-3-ara 2.8

Pet-3-gal 9.2

Pet-3-glc 12.8

Pet-3-ara 4.1

Peo-3-gal 2.7

Peo-3-glc 1.2

Mal-3-gal 10.1

Mal-3-glc 15.6

Mal-3-ara 10.7

BK
Cya-3-glc 94 7.5

Cya-3-rut 6

BC

Cya-3-rut 23.2 8.3

Del-3-glc 18.8

Del-3-rut 55.2

Cya-3-glc 2.9

1) TA, BB, BK and BC stand for total anthocyanin content, blueberry, blackberry, 
and blackcurrant, respectively. 

2) Gal, glc, rut, and ara stand for galactoside, glucoside, rutinoside, and arabinoside, 
respectively. Cya, del, mal, pet, and peo stand for cyanidin, delphinidin, malvidin, 
petunidin, and peonidin, respectively.

3) Anthocyanin compositions were analyzed using HPLC method with CGE.
4) TA contents of three berries were determined by pH differential method. CGE 

stands for cyanin-3-glucoside equivalent.

Table 1. Analysis of anthocyanin compositions and TA of BB, BK and BC1)

Ingredients Control BB BK BC

g/kg diet

Dextrinized Cornstarch 162.6 125.9 112.9 126.6

Sucrose 89.5 89.5 89.5 89.5

Casein 260.2 258.8 257.5 257.1

L-Cystine 3.9 3.9 3.9 3.9

Coconut oil 318.7 315.8 317.2 317.0

Soybean oil 32.5 32.5 32.5 32.5

Insoluble fiber 65.0 56.1 61.9 42.8

AIN-93 mineral mix 52.0 52.0 52.0 52.0

AIN-93 vitamin mix 13.0 13.0 13.0 13.0

Choline bitartrate 2.6 2.6 2.6 2.6

t-Butylhydroquinone 0.01 0.01 0.01 0.01

Vitamin C 0.17 0.17 0.17 0

Berry1),2) 0 50.0 62.9 57.1

1) The amounts of berry powders were adjusted to equilibrate total anthocyanin 
contents in the berry diets as 470 mg/ kg diets.

2) Total phenolic contents of each diet supplemented by berry powders are 1,353.4 
mg gallic acid equivalent (GAE)/kg diet (BB), 1,783.8 mg GAE/kg diet (BK), and 
1,360.4 mg GAE/kg diet (BC). 

Table 2. Composition of experimental diets

MATERIALS AND METHODS

Measurement of total anthocyanins using a pH differential 
method

Three hundred grams of dried berry powders were extracted 
into 9:1 mixture of 100 mL of aqueous formic acid (8.5%, v/v) 
and acetonitrile/methanol mixture (85/15, v/v) for 3 min by 
vortexing followed by centrifugation at 720 x g for 5 min. The 
supernatants were subjected to anthocyanin analysis and total 
anthocyanin (TA) contents were measured using a pH differential 
method [19]. TA contents were expressed as mg cyanidin-3- 
glucoside equivalent (CGE)/g dry weight (dw) (Table 1). 

Determination of the major anthocyanins of three berries using 
high performance liquid chromatography (HPLC)

Anthocyanin compositions of freeze-dried powder of BB, BK 
and BC (kindly provided by VDF FutureCeuticals, Momence, IL) 
were analyzed by reverse phase HPLC using an Agilent HPLC 
system (Agilent Model 1,200, Palo Alto, CA, USA) equipped with 
a photodiode array (PDA) detector and a C18 symmetry 
analytical column (5 μm 250 mm × 4.6 mm, Waters, Milford, MA, 
USA). Wu’s method [20] was slightly modified for the gradient 
of mobile phases (solvent A, 5% H3PO4 in HPLC grade water; 
solvent B, HPLC grade methanol). The anthocyanins were 
detected at 520 nm. Fourteen, 2 and 4 anthocyanins of BB, BK, 
and BC, respectively, were identified by comparison with 

reference chromatograms [20]. Anthocyanin compositions of 
berries were expressed as % of TA contents in Table 1. 

Animals and diets
Forty male DIO C57BL/6J mice at age of 12 weeks were 

purchased from Jackson Laboratory (Bar Harbor, ME) and 
randomly assigned to the following groups (n = 10/group): 1) 
a control group fed a high fat (HF) (35% fat w/w); 2) the HF 
diet supplemented with BB (5%, w/w); 3) the HF diet with BK 
(6.3%, w/w); and 4) the HF diet with BC (5.7%, w/w). Berry 
contents in the experimental diets were adjusted to achieve 
the same TA contents. In order to adjust TA contents in our 
diet, 50 g of BB power (5%), 62.9 g of BK powder (6.3%), and 
57.1 g of BC powder (5.7%) were added in each diet so that 
all of the diet contain 470 mg CGE/ kg diets. Total phenolic 
contents of each berry powder measured by Folin-Ciocalteu's 
reagent methods were 2,706.7 ± 96.0 mg gallic acid equivalent 
(GAE)/kg diet for BB, 2,835.9 ± 63.8 mg GAE/kg diet for BK, and 
2,382.4 ± 60.8 mg GAE/kg diet for BC. Also, to avoid a 
confounding effect of varying levels of berry vitamin C, its levels 
were adjusted to the vitamin C level of BC. By HPLC, BC was 
shown to contain 290 mg of vitamin C per 100 g dry powder, 
whereas BB and BK did not contain detectable amounts of the 
vitamin. The compositions of 4 different diets are shown in 
Table 2.

Mice were housed in a polycarbonate cage under a 12 h 
light/dark cycle and had free access to water and food 
throughout. Body weights and food intake were recorded 
weekly. At the end of 12 weeks, mice were starved for 4 h and 
anesthetized with ketamine HCl/xylazine (120/6 mg per kg body 
weight) (Henry Schein, Melville, NY). Blood was collected by 
cardiac puncture and placed into tubes containing 3.5 mg EDTA 
(BD Vacutainer). Plasma was separated by centrifugation and 
stored at -80°C. Liver, epididymal and retroperitoneal adipose 
fat pads, soleus/gastrocnemius muscle, and intestine were snap 
frozen in liquid nitrogen and stored at -80°C until use. All 
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Initial body
Weight (g)

Final body
Weight (g)

Liver weight
(mg/g body wt)

Liver lipid contents
(mg/g wet wt)

Epididymal
fat weight

(mg/g body wt)

Retroperitoneal
fat weight

(mg/g body wt)TC TG

Control 30.3 ± 0.6 38.6 ± 1.3 1.57 ± 0.05 2.37 ± 0.09 59.9 ± 7.1 0.70 ± 0.10 2.21 ± 0.27

BB 30.6 ± 1.0 40.1 ± 1.4 1.52 ± 0.07 2.50 ± 0.04 52.6 ± 6.8 0.75 ± 0.11 2.38 ± 0.34

BK 30.6 ± 0.6 39.5 ± 1.5 1.51 ± 0.04 2.47 ± 0.14 56.0 ± 6.3 0.77 ± 0.11 2.24 ± 0.29

BC 30.3 ± 0.9 38.8 ± 1.8 1.53 ± 0.07 2.41 ± 0.08 49.7 ± 4.7 0.60 ± 0.09 2.20 ± 0.30

1) Data represent mean ± SEM; n = 10.
2) One-way analysis of variance with Tukey's Post Hoc Test was used to evaluate a statistical difference.

Table 3. Body and tissue weights and liver lipids in male C57BL/6J mice fed a HF control diet or a HF diet supplemented with a berry for 12 weeks1),2) 

procedures were approved by the Institutional Animal Care and 
Use Committee of the University of Connecticut (A13-026).

Plasma analysis
Plasma total cholesterol (TC) and triglyceride (TG) were 

determined enzymatically by using reagents from Pointe 
Scientific (Canton, MI) and a TG kit from Wako Chemical USA 
(Richmond, VA) as previously described [21,22]. High-density 
lipoprotein cholesterol (HDLC) was measured by after precipita-
ting apolipoprotein B-containing lipoprotein by Mg2+/dextran 
sulfate (Pointe Scientific), and non-HDLC was measured by 
subtracting HDLC from TC. Plasma alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) were determined 
using Cholestech LDX System (Cholestech, Waltham, MA) [22]. 
Plasma tumor necrosis factor α (TNFα) was measured using an 
ELISA kit from eBioscience (San Diego, CA). Plasma insulin and 
glucose levels were determined using an ELISA kit from Alpco 
(Salem, NH) and a kit from Abcam (Cambridge, MA), respectively. 

Ferric reducing antioxidant power (FRAP) assay was used to 
measure plasma antioxidant capacity [23]. Briefly, 20 μl of 
plasma was diluted in 60 μl of deionized H2O and mixed with 
600 μl of pre-warmed FRAP reagent consisting of 300 mM 
acetate buffer, 10 mM of 2, 4, 6-tripyridyl-s-triazine in 40 mM 
HCl, and 20 mM of ferric chloride hexahydrate (10:1:1) at 37°C 
for 15 min. The absorbance of the mixture was measured at 
593 nm. The antioxidant capacity was expressed as μM trolox 
equivalent (TE)/ml. Plasma superoxide dismutase (SOD) was 
measured using a commercial kit from Cayman (Ann Arbor, MI). 

Liver lipids
Liver lipids were extracted using the Folch method. TC and 

TG were measured enzymatically as previously described [24]. 

Adipocyte size and number of crown-like structure in epididymal 
fat pad

Formalin-fixed epididymal fat pads were embedded in 
paraffin and cut into 5 μm sections. Subsequently, the sections 
were stained with hematoxylin and eosin at the Connecticut 
Veterinary Medical Diagnostic Laboratory (Storrs, CT) and viewed 
at 10× magnification using an Axiovert Observer A1 microscope 
(Carl Zeiss Microscopy, Peabody, MA). The number of crown-like 
structure (CLS) in one field of a slide per mouse at 10× 
magnification was manually counted.

Quantitative realtime PCR (qRT-PCR)
Expression of genes in the liver, adipose tissue, proximal 

intestine, and skeletal muscle was measured using SYBR Green 

procedure and CFX96 real-time PCR detection system (Bio-Rad) 
as previously described [25,26]. Primer sequences were designed 
using Beacon Designer software (Premier Biosoft) according to 
GenBank database and will be available upon request. 

Statistical analysis
One-way analysis of variance (ANOVA) and Tukey’s Post Hoc 

test or unpaired t-test when appropriate were used to detect 
differences between groups by GraphPad Prism 5.0 (GraphPad 
Software, La Jolla, CA). Pearson correlation was used when 
appropriate. P-values less than 0.05 were considered significant 
and values were expressed as mean ± SEM.

RESULTS

Identification and quantification of the major anthocyanins of to 
BB, BK and BC

The anthocyanin composition of three berries differed 
substantially as shown in Table 1. Fourteen anthocyanins were 
identified in BB including del-3-galactoside (del-3-gal, 13.5%), 
del-3-glucoside (del-3-glc, 11.3%), pet-3-glucoside (pet-3-glc, 
12.8%) and mal-3-glucosie (mal-3-glc, 15.6%) as major antho-
cyanins. cya-3-glucoside accounted for 94% of anthocyanins in 
BK. BC contained del-3-rutinoside (del-3-rut, 55.2%), cya-3-rutinoside 
(cya-3-rut, 23.2%) and del-3-glucoside (del-3-glc, 18.8%) as major 
anthocyanins 

General observations
No significant differences were noted among groups in food 

intake (data not shown), body and liver weights, liver TG and 
TC, and epididymal and retroperitoneal fat weights (Table 3). 

Plasma lipids and other markers
Plasma TG was significantly lower in mice fed BK than controls 

and other berry-fed groups. No significant differences were 
noted among groups in plasma TC and non-HDLC (Fig. 1), 
hepatic damage markers (ALT and AST), oxidative stress markers 
(FRAP and SOD), and TNFα (Table 4). Also, plasma insulin and 
glucose were not significantly altered by berry diets. Interes-
tingly, however, plasma glucose was significantly elevated in 
mice fed BK, compared with controls and mice fed BB.

Expression of genes involved in lipogenesis, fatty acid oxidation, 
and antioxidant defense in the liver, muscle, adipose tissue and 
intestine 

To gain insight into the TG-lowering effect of BK, genes 
involved in lipogenesis and fatty acid β-oxidation in the liver, 
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ALT
(U/L)

AST
(U/L)

Insulin
(ng/mL)

Glucose
(nmol/μL)

FRAP
(μM TE/mL)

SOD
(U/mL)

TNFα
(pg/mL)

Control 66.2 ± 7.6 109.8 ± 23.0 0.45 ± 0.01 0.027 ± 0.001b 428.8 ± 18.3 39.5 ± 1.8 3.5 ± 0.3

BB 52.7 ± 4.0  70.0 ± 9.1 0.47 ± 0.02 0.027 ± 0.001b 503.6 ± 40.9 41.7 ± 1.3 3.3 ± 0.2

BK 62.2 ± 9.5  79.9 ± 18.7 0.49 ± 0.03 0.032 ± 0.002a 475.4 ± 23.2 39.1 ± 1.9 4.2 ± 0.3

BC 50.1 ± 5.5  75.6 ± 7.8 0.47 ± 0.03 0.030 ± 0.002ab 454.4 ± 47.4 36.5 ± 1.7 3.9 ± 0.4
1) Data represent mean ± SEM; n = 10.
2) One-way analysis of variance with Tukey's Post Hoc Test was used to evaluate a statistical difference. 
3) Values with a different superscript in a column are statistically significant (P < 0.05).

Table 4. Plasma enzymes, insulin, glucose, antioxidant status and inflammatory cytokine level in male C57BL/6J mice fed a HF control diet or a HF diet supplemented 
with a berry for 12 weeks1),2),3)

Fig. 1. Plasma lipid levels of male C57BL/6J mice fed a HF control diet or a HF 
diet supplemented with a berry for 12 weeks. TC, total cholesterol; TG, triglycerides; 
non-HDLC, non-high-density lipoprotein cholesterol; CON, control; BB, blueberry; BK, 
blackberry; BC, blackcurrant. Mean ± SEM, n = 10. Bars with a different letter are 
significantly different (P < 0.05). One-way analysis of variance with Tukey's Post Hoc Test 
was used to evaluate a statistical difference. 

Fig. 2. Expression of genes in the proximal intestine of male C57BL/6J mice fed 
a HF control diet or a HF diet supplemented with BK for 12 weeks. Values are 
relative expression to control. CON, control; BB, blueberry; BK, blackberry; BC, 
blackcurrant. Mean ± SEM, n = 10. Unpaired t-test was used to evaluate a statistical 
difference between two groups.

Gene Control BB BK BC

Liver

SREBP-1c 1.12 ± 0.16 1.10 ± 0.07 1.20 ± 0.09 1.11 ± 0.19

FAS 1.35 ± 0.25 1.06 ± 0.19 1.28 ± 0.12 1.23 ± 0.36

SCD-1 1.26 ± 0.25 1.25 ± 0.16 1.21 ± 0.16 0.97 ± 0.24

CPT-1α 1.13 ± 0.17 1.03 ± 0.08 1.03 ± 0.05 0.78 ± 0.10

ACOX-1 1.13 ± 0.16 1.08 ± 0.08 1.15 ± 0.09 0.95 ± 0.17

UCP-2 1.08 ± 0.14 1.01 ± 0.09 1.01 ± 0.05 0.84 ± 0.14

NRF-2 1.10 ± 0.14 1.03 ± 0.07 1.34 ± 0.09 1.00 ± 0.14

GCLm 1.10 ± 0.13 1.01 ± 0.07 1.05 ± 0.05 0.94 ± 0.16

Muscle

PPARα 1.20 ± 0.73 0.90 ± 0.43 0.81 ± 0.24 0.66 ± 0.15

CPT-1α 1.03 ± 0.26 0.88 ± 0.46 1.01 ± 0.20 1.28 ± 0.56

ACOX-1 1.05 ± 0.34 0.99 ± 0.27 1.03 ± 0.21 1.19 ± 0.33

UCP-2 0.92 ± 0.38 0.87 ± 0.82 0.70 ± 0.34 2.17 ± 2.19

UCP-3 1.06 ± 0.38 0.90 ± 0.32 0.94 ± 0.18 0.93 ± 0.36

Epididymal adipose 

LPL 1.11 ± 0.15 1.13 ± 0.14 1.29 ± 0.15 1.02 ± 0.15

ATGL 1.09 ± 0.15 1.25 ± 0.20 0.90 ± 0.11 1.22 ± 0.15

TNFα 1.06 ± 0.10 1.10 ± 0.16 1.24 ± 0.20 0.99 ± 1.70

IL-6 1.11 ± 0.17 0.89 ± 0.15 0.84 ± 0.17 1.09 ± 0.21

MCP-1 1.15 ± 0.20 0.82 ± 0.14 0.90 ± 0.21 0.74 ± 0.13

1) Data are shown in relative to control and represent mean ± SEM; n = 10.
2) One-way analysis of variance with Tukey's Post Hoc Test was used to evaluate a statistical difference. 

Table 5. Gene expressions in the liver, muscle, and epididymal adipose tissue of male C57BL/6J mice fed a HF control diet or a HF diet supplemented with a berry 
for 12 weeks1),2)

skeletal muscle and proximal intestine were examined. Berries 
had no significant effects on the expression of liver lipogenic 
genes, including sterol regulatory element binding protein 1c 
(SREBP-1c), fatty acid synthase (FAS) and stearoyl CoA 
desaturase 1 (SCD-1) (Table 5). Likewise, no differences were 
observed in the mRNA levels of peroxisome proliferator 
activated receptor α (PPARα), carnitine palmitoyltransferase 1α 

(CPT-1α), and acyl-CoA oxidase 1 (ACOX-1) in the liver, muscle 
and intestine (Table 5 and Fig. 2). The genes involved in energy 
uncoupling as well as blocking proton leaking in the mitoc-
hondria [27], e.g., uncoupling protein 2 (UCP-2) and UCP-3, were 
also not significantly altered by berry supplementations. Although 
there were no significant differences in the expression of 
microsomal triglyceride transfer protein (MTTP) and diglyceride 
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(A)

  

(B)

  

(C)

(D)

Fig. 3. Inflammatory markers in the epididymal adipose tissue of male C57BL/6J mice fed a HF control diet or a HF diet supplemented with a berry for 12 weeks. 
(A) qRT-PCR was conducted to measure F4/80 mRNA levels. Mean ± SEM, n = 10. Bars with a different letter are significantly different (P < 0.05). (B) CLS number was counted in a 
field of H&E stained adipose tissue samples and expressed as CLS number per 100 adipocytes. Mean ± SEM, n = 10. (C) Pearson correlation between F4/80 mRNA and the number 
of CLS. (D) Representative H&E stained adipose tissue sections from control (CON) and blackcurrant (BC)-fed mice. Arrows indicate CLS. One-way analysis of variance with Tukey's Post 
Hoc Test or unpaired t-test was used to evaluate a statistical difference. CLS: Crown-like structure.

acyltransferase (DGAT1), adipose triglyceride lipase (ATGL) mRNA 
levels were significantly increased in mice fed BK compared to 
controls. In the epididymal adipose tissue, none of the berry 
supplementations significantly altered lipoprotein lipase (LPL) 
and ATGL mRNA levels.

Berry supplementations also did not affect the expression of 
nuclear factor E2 related factor 2 (NRF-2) and its target gene, 
glutamate-cysteine ligase modifier subunit (GCLm) in the liver. 

Inflammation in the epididymal adipose tissue
No differences were noted among groups in the expression 

of pro-inflammatory genes, including TNFα, interleukin 6 (IL-6), 
and monocyte chemoattractant protein 1 (MCP-1) in the epidi-
dymal adipose tissue (Table 5). However, the mRNA abundance 
of F4/80, a macrophage marker, was significantly lower in the 
mice fed BC than controls (Fig. 3A). Consistently, the number 
of CLS, representing a dying adipocyte surrounded by 
macrophages, was also significantly lower in the BC-fed mice 
than controls (Fig. 3B and 3D). A significant correlation was 
observed between F4/80 mRNA and the number of CLS (r =
0.55, P = 0.01) (Fig. 3C). 

DISCUSSION

We previously reported that BB contains more than 10 
different anthocyanins including pet-3-glc, del-3-gal, mal-3-glc, 
mal-3-galactoside and mal-3-arabinoside, whereas BK contains 
cya-3-glc as the major anthocyanin in BK, accounting for ~94% 
of its TA content and BC contains four major anthocyanidins; 
del-3-rut, cya-3-rut, del-3-glc and cya-3-glc [28]. The present 
study examined if the compositionally distinct berries differen-
tially display their antioxidant, anti-inflammatory, and lipid- 

lowering effects in DIO mice. Our data here presents new 
evidence that among the 3 berries, BK uniquely lowered plasma 
TG. BC inhibited the expression of F4/80 with a concomitant 
reduction in CLS number, an indicator of macrophage infiltra-
tion, in the epididymal adipose tissue compared with other 
berries. The BK’s TG-lowering and BC’s inhibitory effects on the 
macrophage infiltration were independent of their antioxidant 
capacity. 

In our recent study, we found that the anthocyanin fractions 
of the same berries repressed the expression of pro-inflamma-
tory genes to a similar degree in LPS-treated RAW macrophages 
as well as bone marrow-derived macrophages in vitro [28]. In 
the present study, however, we did not observe systemic anti- 
inflammatory and antioxidant effects of any berries in vivo, as 
assessed by plasma TNFα, FRAP and SOD. Given that the low 
bioavailability of anthocyanins [29], it is possible that the levels 
of berry anthocyanins may not be sufficiently high to elicit a 
systemic anti-inflammatory effect.

We found that BK, but not BB and BC, exerted a TG-lowering 
effect compared to control. This is consistent with the earlier 
observation that BK nectar reduced serum TG in hypercholes-
terolemic hamsters [30]. None of the berries significantly affect 
the expression of genes involved in lipogenesis and in fatty 
acid β-oxidation. Also, the mRNA levels of UCP-2 and UCP-3, 
which potentially affect plasma TG by uncoupling ATP synthesis, 
were not significantly affected. Interestingly, the intestinal 
expression of ATGL critical to TG hydrolysis, was significantly 
greater in BK-fed mice than controls. As the intestine is the 
site for chylomicron formation [31,32], BK may enhance the 
intracellular hydrolysis of TG absorbed and inhibit TG synthesis 
needed chylomicron formation, thus lowering fat absorption 
and ultimately plasma TG. Studies have also shown that 
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cya-3-glc, the primary anthocyanin in BK, lowers plasma TG by 
increasing PPARα expression/activity [33,34] and by increasing 
LPL activity in the skeletal muscle [35] in obese mice. In addition, 
it has been shown that plasma protocatechuic acid, a major 
metabolite of cya-3-glc, accounts for 44% of ingested cya-3-glc 
[36] and that protocatechuic acid can lower plasma TG in 
diabetic mice [37]. Further studies are warranted to define the 
mechanisms underlying the TG-lowering effect of BK.

Chronic low-grade inflammation in the adipose tissue leads 
to systemic inflammation and metabolic disturbances, which 
contribute to the development of insulin resistance, type 2 
diabetes, and CVD [38-40]. In the lipid-laden adipose tissue in 
obesity, the adipocyte produces MCP-1 that facilitates the 
recruitment of circulating monocytes and infiltration of macrop-
hages. In the present study, in the adipose tissue of mice fed 
BC, the expression of F4/80, a macrophage marker [41], was 
significantly lower than mice fed control diet. Furthermore, the 
number of CLS, a marker of dying adipocytes, was significantly 
reduced in the mice fed BC compared with controls, with a 
significant positive correlation between F4/80 expression and 
CLS number in the epididymal tissue. Although macrophages 
present in the adipose tissue are thought to originate from 
circulating monocytes recruited in response to MCP-1 [42], a 
recent evidence shows that macrophages locally proliferate in 
the adipose tissue and substantially contribute to the number 
of macrophages [43]. Therefore, the lower numbers of macrop-
hages and CLS in the epididymal fat of BC-fed mice suggest 
that BC may inhibit the proliferation of macrophages in the 
adipose tissue without directly affecting the expression of 
pro-inflammatory genes. 

Lastly, it should be noted that delphinidin, the major 
anthocyanidin in BC, has been shown to have higher anti- 
inflammatory properties than cyanidin and malvidin, the major 
anthocyanidin of BK and BB, respectively, due to a presence 
of an ortho-dihydroxyphenyl group in the B ring of delphinidin 
[18]. The strong anti-inflammatory of BC compared to the BK 
and BB may be also attributable to a synergistic effect of 
delphinidin and cyanidin that is also present in BC [44]. An 
earlier study documented that a mixture of del-3-glc and 
cya-3-glc showed a synergistic repression of the production of 
C-reactive protein in HepG2 cells in vitro [44]. Different types 
of glycones in anthocyanins may also contribute to a different 
degree of anti-inflammatory properties of anthocyanins. Evidence 
shows that anthocyanins containing rutinoside, a main glycone 
of BC anthocyanins, are more stable than those containing a 
monosaccaride, possibly adding to its potent anti-inflammatory 
effect [45]. 

In conclusion, although confounding effects of other phenolic 
compounds in each berry would be a limitation of current study, 
our study here showed that BK, BC and BB, with distinctly 
different in their anthocyanin composition, exert different 
metabolic and inflammatory effects in DIO mice. BK lowered 
plasma TG, whereas BC markedly inhibited macrophage infiltration 
and decreased the number of CLS in the adipose tissue. Such 
effects of BK and BC were independent of their TA contents. 
Further studies are needed to investigate mechanisms underlying 
the unique effects of BK and BC.
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