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ABSTRACT: Cardiovascular disease (CVD) is the leading cause of death in the United States, and hypercholesterolemia is a
major risk factor. Population studies, as well as animal and intervention studies, support the consumption of a variety of
vegetables as a means to reduce CVD risk through modulation of hypercholesterolemia. Microgreens of a variety of vegetables
and herbs have been reported to be more nutrient dense compared to their mature counterparts. However, little is known about
the effectiveness of microgreens in affecting lipid and cholesterol levels. The present study used a rodent diet-induced obesity
(DIO) model to address this question. C57BL/6NCr mice (n = 60, male, 5 weeks old) were randomly assigned to six feeding
groups: (1) low-fat diet; (2) high-fat diet; (3) low-fat diet + 1.09% red cabbage microgreens; (4) low-fat diet + 1.66% mature red
cabbage; (5) high-fat diet + 1.09% red cabbage microgreens; (6) high-fat diet + 1.66% mature red cabbage. The animals were on
their respective diets for 8 weeks. We found microgreen supplementation attenuated high-fat diet induced weight gain. Moreover,
supplementation with microgreens significantly lowered circulating LDL levels in animals fed the high-fat diet and reduced
hepatic cholesterol ester, triacylglycerol levels, and expression of inflammatory cytokines in the liver. These data suggest that
microgreens can modulate weight gain and cholesterol metabolism and may protect against CVD by preventing hyper-
cholesterolemia.
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■ INTRODUCTION

Chronic diseases account for about 70% of deaths and >75% of
total healthcare costs in the United States in 2010.1 In 2012, close
to half of the U.S. population was reported to have one or more
chronic conditions,2 and cardiovascular disease (CVD), in
particular, accounted for 30% of all U.S. deaths.3 Epidemiological
studies indicate that individuals with higher intakes of fruits
and vegetables tend to have a lower occurrence of CVD.4 There-
fore, increased consumption of fruits and vegetables has been
recommended as a key component of a healthy diet for the pre-
vention of chronic diseases, including CVD.4,5 Moreover, there is
growing evidence that certain groups of vegetables, such as
cruciferous vegetables, may be particularly beneficial for human
health.5,6 Cruciferous vegetables, such as red cabbage, have been
reported to be protective against chronic diseases such as CVD
and prostate cancer.7,8

As part of the concerted strategy to promote health and pre-
vent chronic diseases, the development of new foods with
enhanced function, that is, functional foods, has received much
attention.Microgreens, an exotic genre of edible greens (Figure 1),
is one of those foods that has gained popularity in upscale
markets and restaurants over the past few years.9,10 Microgreens
are tender immature plants produced from the seeds of veg-
etables (such as red cabbage) and herbs having two fully
developed cotyledon leaves with or without the emergence of a
rudimentary pair of first true leaves. Microgreens can provide a
large array of intense flavors, vivid colors, and tender textures10

and can be served as an ingredient in salads, soups, and
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sandwiches, to enhance their color, texture, and/or flavor.
Microgreens also serve as an edible garnish to brighten up a wide
variety of main dishes. More importantly, previous studies found
that microgreens possess higher nutritional densities when com-
pared to their mature counterparts.10 For example, red cabbage
microgreens contained approximately 260-fold more β-carotene,
>40 times more vitamin E, and 2.4−6-fold higher vitamin C
levels than previously published for mature red cabbage.11

Although microgreens, such as those from red cabbage, have
been reported to possess more nutrients and are perceived to
be “healthier”, no known study has been conducted to evaluate
whether consumption reduces CVD risk factors. Previous
research has reported the potential health-promoting properties
of red cabbage, such as antioxidant, anti-inflammation, and
antibacterial effects and amelioration of dyslipidemia induced by
excessive cholesterol.12−14 On the basis of the existing literature
on the protective effects of cruciferous vegetables, we hypoth-
esized that red cabbage microgreens (RCMG) would reduce
CVD risk factors in a diet-induced obesity (DIO) mouse model.
The current study tested this hypothesis, and our results sup-
ported that the consumption of RCMG, at physiologically
achievable levels, attenuates several high-fat diet-induced risk
factors, including hypercholesterolemia and liver inflammation.
Elevated levels of circulating lipid and cholesterol are known risk
factors for CVD; therefore, the DIOmouse model was employed
to assess the effect of RCMG to ameliorate dyslipidemia and
hypercholesterolemia induced by a high-fat diet.15−17 Addition-
ally, possible molecular mechanisms for the health-promoting
effects of RCMG were evaluated.

■ MATERIALS AND METHODS
Sample Preparation. Mature red cabbage samples (Brassica

oleracea L. var. capitata) were obtained from a local market. Red
cabbage microgreens (B. oleracea L. var. capitata) were provided by a
commercial microgreens grower (FreshOrigins, SanMarcos, CA, USA).
Microgreens, 7 days after seeding, were harvested without roots,
packaged in clamshell containers, and shipped overnight in insulated
containers with ice packs. When received, all of the mature and micro-
green samples were flash frozen in liquid nitrogen and lyophilized
for 48−72 h (VirTis Freezemobile 35 ES Sentry 2.0 freeze-dryer, SP
Scientific Corp., Warminster, PA, USA). Lyophilized samples were then
ground into powder and stored in sealed bags at −20 °C before use.
Bioactive Composition Analysis. Major bioactive components

(anthocyanin, polyphenols, and glucosinolates) in the stock mature red
cabbage and red cabbage microgreens to be used for the formulation of
animal diets were analyzed. The extraction and analysis protocols are as
follows.
Anthocyanin and Polyphenol Extraction from Microgreens

and Mature Red Cabbage. Freeze-dried and powdered microgreen
and mature red cabbage samples (200 mg) were extracted with 5.00 mL
of methanol/water (70:30, v/v) using sonication for 60 min at room
temperature. The extracts were then centrifuged at 5000g for 15 min
(IEC Clinical Centrifuge, Damon/IEC Division, Needham, MA, USA),

and the supernatant was filtered through a 17 mm (0.45 μm) PVDF
syringe filter (VWR Scientific, Seattle, WA, USA). Five microliters of the
filtered extract was used for UHPLC-PDA-ESI/HRMS/MSn analysis
described below.

Extraction of Glucosinolates. Glucosinolates in microgreens and
mature red cabbage were isolated according to previously published
methods.18 Briefly, 100 mg of freeze-dried and powdered microgreen
and mature red cabbage samples was heated at 75 °C for 1 min, mixed
with 5 mL of methanol solution, and then vortexed for 20 s. Sinigrin
solution (5 mM, 200 μL) was added as internal standard in one set of
samples and 200 μL of methanol in the other set as control. Extraction
solutions were heated with boiling methanol for 20 min and then filtered
with 0.45 μm syringe filter, and supernatants were transferred to another
tube for future use. Then 1 mL of extract was added to a pretreated
DEAE Sephadex A25 resin mini-column; 100 μL of sulfatase solution
was added and left to react overnight at ambient temperature and then
eluted with two 1 mL portions of water. Five microliters of the purified
extract was used for UHPLC-PDA-ESI/HRMS/MSn analysis described
below.

UHPLC-PDA-ESI/HRMS/MSn Conditions. UHPLC-PDA-ESI/
HRMS/MSn was used to determine anthocyanin, polyphenol, and
glucosinolate amounts and species. The UHPLC-HRMS system used
consisted of an LTQ Orbitrap XL mass spectrometer with an Agilent
1290 UHPLCwith a G4220A binary pump, a 1316C column oven, and a
G4226 autosampler with temperature control and a PDA detector
(ThermoFisher Scientific, San Jose, CA, USA). Anthocyanin and
polyphenol separation were carried out on a Hypersil Gold AQ RP-C18
UHPLC column (200 mm × 2.1 mm i.d., 1.9 μm, ThermoFisher
Scientific) with an UltraShield precolumn filter (Analytical Scientific
Instruments, Richmond, CA, USA) at a flow rate of 0.3 mL/min.
A gradient mobile phase was used in this study (96% A (1% formic acid
in water) and 4% B (1% formic acid in ACN) at 0min, 80% A and 20% B
at 20 min, 65% A and 35% B at 40 min, 25% A and 75% B at 45 min, and
10% A and 90% B at 50−55 min) with an injection volume of 5 μL,
a column temperature at 50 °C, and a sample temperature at 4 °C.

Glucosinolates separation was carried out on an RRHD Eclipseplus
C18 column (150 mm × 2.1 mm i.d., 1.8 μm, Agilent) with an Ultra-
Shield precolumn filter (Analytical Scientific Instruments) at a flow rate
of 0.4 mL/min. A gradient mobile phase was used in this study (98% A
(1% formic acid in water) and 2% B (1:1 v/v of 1% formic acid in ACN)
at 0 min, 90% A and 10% B at 10 min, 50% A and 50% B at 25 min, and
10% A and 90% B at 30 min) with an injection volume of 5 μL, a column
temperature at 50 °C, and a sample temperature at 4 °C and a UV
detection wavelength at 229 nm. For determination of anthocyanin,
cyanidin 3-O-glucoside reference standard was used for determination
of total anthocyanins by assuming the molar-response factor as 1.00
(UV 520 nm). Rutin (quercetin-3-O-rutinoside) reference standard was
used for determination of other polyphenols by assuming the molar-
response factor as 1.00 (UV 330 nm).19 Identifications of anthocyanin
and other polyphenols were made by comparison with the published
literature by using high-resolution MS data, MS2−4 fragmentation, and
UV−vis data.20 An LTQ Orbitrap XL mass spectrometer was used for
the confirmation of each individual glucosinolates. The optimized
conditions were set as follows: sheath gas at 70 (arbitrary units), auxiliary
and sweep gas at 15 (arbitrary units), spray voltage at 4.8 kV, capillary
temperature at 270 °C, capillary voltage at 15 V, and tube lens at 70 V.
The mass range was from 100 to 1000 amu with a resolution of 30,000,
FTMS AGC target at 2e5, FT-MS/MS AGC target at 1e5, isolation
width of 1.5 amu, and maximum ion injection time of 500 ms. Source
CID was set at 20%. The most intense ion was selected for the data-
dependent scan to offer their MS2 to MS3 product ions, respectively,
with normalization collision energy at 35%. The type and amount of
desulfo-glucosinolates (desulfo-GLs) were calculated using known
concentrations of standard sinigrin and recommended relative response
factors with PDA signal at 229 nm (Table 1) (Supplemental Figure 4).
GLs were identified on the basis of their specific accurate masses (as
desulfo form) and retention times.

Animals and Diets. Male C57BL/6NCr mice, aged 5 weeks
(approximately 20 g), were purchased from Charles River Laboratories
(National Cancer Institute, Frederick,MD,USA).Mice were single-housed

Figure 1. Photographs of red cabbage microgreens and mature red
cabbage.
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in a temperature-controlled room with a 12/12 h day/night cycle. Prior
to the experiment, they were fed a standard rodent chow and had free
access to water for 1 week to acclimatize to the environment. For the
experiment, a total of 60 mice were randomly divided into six groups
(10 mice/group) and fed one of six different diets: (1) low-fat diet (LF)
(10 kcal% fat diet); (2) low-fat diet supplemented with red cabbage
microgreen powder (LFMG) (10 kcal% fat diet containing 10.9 g/kg
diet); (3) low-fat diet supplemented with mature red cabbage powder
(LFRC) (10 kcal% fat diet containing 16.6 g/kg diet); (4) high-fat diet
(HF) (45 kcal% fat diet); (5) high-fat diet supplemented with red
cabbage microgreen powder (HFMG) (45 kcal% fat diet containing
10.9 g/kg diet); (6) high-fat diet supplemented with mature red cabbage
powder (HFRC) (45 kcal% fat diet containing 16.6 g/kg diet). The
experimental diets were formulated and pelleted by Research Diets
(New Brunswick, NJ, USA). Animals (10 per group) were fed the
respective diets for 8 weeks with water available ad libitum. Food intake
and body weight were recorded once a week. All of the low-fat diets
consisted of 20% protein, 70% carbohydrate, and 10% fat on a caloric

basis, and the high fat diets consisted of 20% protein, 35% carbohydrate,
and 45% fat on a caloric basis. Red cabbage microgreens and mature red
cabbage samples were added into diets in the form of dry powder, and
the amount supplemented into diets for the mice was calculated on the
basis of the equivalence of 200 g of vegetables/day/person (60 kg) using
the Dose Translation Formula.21 Detailed information on diet
compositions is shown in Table 2. All animal experiments were
conducted under an animal study protocol (Protocol 14-006) that was
reviewed and approved by the USDA, ARS, Beltsville Area Institutional
Animal Care and Use Committee (IACUC).

Plasma, Tissue, and Fecal Sample Collection. Mice were sub-
jected to a 12 h fast with water available ad libitum. Mice were anes-
thetized in a CO2 chamber, blood was collected by cardiac puncture with
syringes previously rinsed with potassium EDTA solution (15% w/v),
and plasma was separated by centrifugation at 1300 rcf for 10 min at
4 °C. Livers were collected, and an aliquot of the tissue was immediately
frozen in liquid nitrogen for later analysis; the rest was preserved in RNA
Stabilization Solution (Ambion, Austin, TX, USA) and kept at −80 °C.
At the end of the eighth week, 24 h fecal samples were also collected
from the bottom of the cage and stored at −80 °C.

Plasma Lipoprotein Analysis. Plasma lipoprotein cholesterol
concentrations were determined by size exclusion chromatography
as previously described.22 Briefly, an Agilent 1100 chromatograph was
employed with a postcolumn derivatization reactor, consisting of a
mixing coil (1615-50 Bodman, Aston, PA, USA) in a temperature-
controlled water jacket (Aura Industrials, Staten, NY, USA). A Hewlett-
Packard (Agilent, Palo Alto, CA, USA) HPLC pump 79851-A was used
to deliver the cholesterol reagent (Roche Diagnostics, Indianapolis,
IN, USA) at a flow rate of 0.2 mL/min. Bovine cholesterol lipoprotein
standards (Sigma-Aldrich, St. Louis, MO, USA) were used to calibrate
the signal on the basis of peak areas. Fifteen microliters of plasma was

Table 1. PDA Response Factor of Desulfo-glucosinolate

no. desulfo-glucosinolate response factor

1 desulfosinigrin 1.00
2 desulfoglucoraphanin 1.07
3 desulfo-4-hydroxyglucobrassicin 0.28
4 other desulfo- hydroxyglucobrassicin 0.28
5 desulfo-glucobrassicin 0.20
6 desulfo-4-methoxyglucobrassicin 0.25
7 other desulfo methoxyglucobrassicins 0.25
8 other glucosinolates 1.00

Table 2. Diet Composition

LFa LF + MGa LF + RCa HFa HF + MGa HF + RCa

g% kcal% g% kcal% g% kcal% g% kcal% g% kcal% g% kcal%

protein 19 20 19 20 19 20 24 20 23 20 23 20
carbohydrate 67 70 67 70 66 70 41 35 41 35 41 35
fat 4 10 4 10 4 10 24 45 23 45 23 45
total 100 100 100 100 100 100
kcal/g 3.8 3.8 3.8 4.7 4.7 4.6

LF LF + MG LF + RC HF HF + MG HF + RC

ingredient g kcal g kcal g kcal g kcal g kcal g kcal

casein 200 800 200 800 200 800 200 800 200 800 200 800
L-cystine 3 12 3 12 3 12 3 12 3 12 3 12
corn starch 452.2 1809 452.2 1809 452.2 1809 72.8 291 72.8 291 72.8 291
maltodextrin 75 300 75 300 75 300 100 400 100 400 100 400
sucrose 172.8 691 172.8 691 172.8 691 172.8 691 172.8 691 172.8 691
cellulose 50 0 50 0 50 0 50 0 50 0 50 0
corn oil 25 225 25 225 25 225 25 225 25 225 25 225
lard 20 180 20 180 20 180 177.5 1598 177.5 1598 177.5 1598
mineral mix 10 0 10 0 10 0 10 0 10 0 10 0
dicalcium phosphate 13 0 13 0 13 0 13 0 13 0 13 0
calcium carbonate 5.5 0 5.5 0 5.5 0 5.5 0 5.5 0 5.5 0
potassium citrate 16.5 0 16.5 0 16.5 0 16.5 0 16.5 0 16.5 0
vitamin mix 10 40 10 40 10 40 10 40 10 40 10 40
choline bitartrate 2 0 2 0 2 0 2 0 2 0 2 0
MG powderb 11.63 9.46
RC powderb 17.81 14.49
total 1055 4057 1066.63 4057 1072.81 4057 858.1 4057 867.56 4057 872.59 4057

aAll of the diets used in this animal study were formulated by Research Diet (New Brunswick, NJ, USA). LF, LF + MG, and LF + RC represent low-
fat diet, low-fat diet supplemented with red cabbage microgreens powder, and low-fat diet supplemented with mature red cabbage powder,
respectively. Similarly, HF, HF + MG, and HF + RC represent high-fat diet, high-fat diet supplemented with red cabbage microgreens powder, and
high-fat diet supplemented with mature red cabbage powder, respectively. bMG powder is the powder made from lyophilized red cabbage micro-
greens, and RC powder is the powder made from lyophilized mature red cabbage.
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injected via an Agilent 1100 autosampler onto a Superose 6HR HPLC
column (Pharmacia LKB Biotechnology, Piscataway, NJ, USA). The
lipoproteins were eluted with a pH 7.0 buffer solution containing 0.15M
sodium chloride and 0.02% sodium azide at a flow rate of 0.5 mL/min.
Plasma lipoprotein concentration was calculated on the basis of a
standard curve.
Hepatic Lipid Extraction. The lipid extraction method was

modified from the Folch method.23,24 Frozen liver (10 mg) was minced
and transferred to a test tube, and 600 μL of chloroform/methanol (2:1,
v/v) was then added, followed by homogenization at 6500 rpm for 10 s.
Samples were then centrifuged at 14,000 rpm for 10 min. After cen-
trifugation, 300 μL of the organic layer was transferred into a clean tube

and vacuum-dried for 20 min. The dried lipid was weighed and
redissolved in 200 μL of 1× reaction buffer (5× reaction buffer: 0.5 M
potassium phosphate, pH 7.4, 0.25 M NaCl, 25 mM cholic acid, 0.5%
Triton X-100) provided with the Amplex Red cholesterol assay kit
(Invitrogen, Eugene, OR, USA) and used for triacylglycerol and cho-
lesterol analysis as described below.

Triacylglycerol, Total Cholesterol, and Free Cholesterol in the
Liver.Hepatic triacylglycerol (TG) was enzymatically determined using
commercial kits (Triglyceride-SL, Sekisui Diagnostics PEI Inc., Char-
lottetown, Canada). Total cholesterol and free cholesterol were
quantified by a fluorometric method using the Amplex red cholesterol
assay kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocols.

Fecal Cholesterol Extraction and Analysis. Fecal cholesterol was
extracted using a modified protocol. Fecal samples were collected during
the 24 h period on day 56 after initiation of the experiment. The sam-
ples were freeze-dried and weighed. A dried fecal sample (∼10 mg) was
homogenized in 200 μL of chloroform/methanol (v/v 2:1) and vor-
texed for 2 min. The mixture was then centrifuged for 5 min at 14,000 rpm
in a microcentrifuge tube. The organic phase was transferred into a new
clean tube and then vacuum-dried. The samples were redissolved in
200 μL of 1× reaction buffer (5× reaction buffer: 0.5 M potassium
phosphate, pH 7.4, 0.25 M NaCl, 25 mM cholic acid, 0.5% Triton
X-100). The fecal cholesterol content was quantified by a fluorometric
method using a commercial kit (Amplex red cholesterol assay kit,
Invitrogen, NY, USA) following the manufacturer’s protocol.

Fecal Bile Acid Extraction and Analysis. Fecal samples collected
during the 24 h period on day 56 after initiation of the experiment were
lyophilized, pulverized, and weighed. Twenty milligrams of fecal powder
was hydrolyzed in 0.5 mL of 2 M KOH at 50 °C for 5 h. The cooled
mixture was then extracted with two 3 mL portions of diethyl ether to
remove nonsaponifiable components. Sodium chloride (0.5 mL, 20%)
and subsequently hydrochloric acid (0.1 mL, 12 M) were then added to

Table 3. Anthocyanins andOther Polyphenols inMicrogreens
and Mature Red Cabbage

(A) Anthocyanins

tentative identification μmol/g

Red Cabbage Microgreens

cyanidin 3-diglucoside-5-glucoside 0.41

cyanidin 3-(sinapoyl)-diglucoside-5-glucosides 1.13

cyanidin 3-(glucosyl)(sinapoyl)(p-coumaroyl)sophoroside-5-glucoside 0.49

cyanidin 3-(glucosyl)(sinapoyl)(feruloyl)sophoroside-5-glucoside 0.57

cyanidin 3-diferuloylsophoroside-5-glucoside 0.59

cyanidin 3-(coumaroyl)sophoroside-5-glucoside 0.57

cyanidin 3-(feruloyl)sophoroside-5-glucoside 1.68

cyanidin 3-diferuloylsophoroside-5-glucoside 2.06

cyanidin 3-(sinapoyl)(feruloyl)sophoroside-5-glucoside 1.30

cyanidin 3-(sinapoyl)(sinapoyl)sophoroside-5-glucoside 3.65

total 12.44

Mature Red Cabbage

cyanidin 3-diglucoside-5-glucoside 2.42

cyanidin 3-(sinapoyl)-diglucoside-5-glucosides 0.63

cyanidin 3-(glucosyl) (sinapoyl)(p-coumaroyl)sophoroside-5-glucoside 0.82

cyanidin-3-(glucosyl)(sinapoyl)(feruloyl)sophoroside-5-glucoside 1.54

cyanidin 3-(coumaroyl)sophoroside-5-glucoside 0.83

cyanidin 3-diferuloylsophoroside-5-glucoside 1.27

cyanidin 3-(feruloyl)sophoroside-5-glucoside 22.96

cyanidin 3-(sinapoyl)(feruloyl)sophoroside-5-glucoside 0.74

cyanidin 3-(sinapoyl)(sinapoyl)sophoroside-5-glucoside 2.13

total 33.36

(B) Other Polyphenols

tentative identification μmol/g

Red Cabbage Microgreens

citric acid 0.27

3-caffeoylquinic acid 2.40

caffeoyl glucose 1.62

hydroxyferuloylglucose 1.59

kaempferol 3-diglucoside 2.80

sinapoyl-hexose 27.80

disinapoylgentiobiose 12.00

1,2,2′-trisinapoylgentiobiose 8.36

unknown 1.72

total 58.57

Mature Red Cabbage

citric acid 0.36

3-caffeoylquinic acid 1.92

sinapoyl-hexose 0.99

kaempferol acyl-glucoside 11.89

kaempferol 3-sinapoylsophoroside-7-glucoside 0.17

kaempferol 3-hydroxyferuloylsophorotrioside-7-glucoside 0.69

kaempferol 3-sinapoylferuloylsophoroside-7-glucoside 0.48

kaempferol 3-disinapoyldiglucoside-7-glucoside 0.07

1,2,2′-trisinapoylgentiobiose 0.27

unknown 0.39

total 17.22

Figure 2. Food intake (A, g/week) and body weight gain (B, g/week).
Animals were divided into six diet groups and fed the respective diets for
8weeks. Food intake and bodyweight gainwere assessed as described under
Materials and Methods. The diet groups were LF, HF, LFMG, LFRC,
HFMG, and HFRC. Results are expressed as the mean ± SE (n = 10/
group). Bars with different letters indicate significant difference at p≤ 0.05.
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the mixture. The acidified mixture was extracted with two portions of
6 mL of diethyl ether, evaporated under nitrogen, and redissolved in
0.5 mL of pure ethanol. Bile acid concentration was measured using a
commercial kit (Total Bile Acid Assays, Cell Biolabs, Inc., San Diego,
CA, USA) following the manufacturer’s protocol.
Total RNA Isolation, cDNA Synthesis, and Gene Expression

Analysis from Liver and Adipose Tissue. To determine changes in
the gene expression, livers were cut into 0.1−0.2 g pieces and homog-
enized using a Precellys 24 by Bertin Technologies (Villeurbanne,
France). The RNeasy Mini Kit from Qiagen (Valencia, CA, USA) was
used for total RNA isolation for the liver. An AffinityScript cDNA
Synthesis Kit from Agilent Technologies (Santa Clara, CA, USA) was
used to reverse transcribe complementary DNA. Real-time PCR was
performed using the TaqMan method as previously reported according
to the manufacturer’s protocol (Life Technology). Mouse TaqMan gene
expression assays used in this study were purchased from Life Tech-
nology and included acetyl-CoA acetyltransferase (ACAT) 1 and 3,
cytochrome p450 7A1 (CYP7A1), diacylglycerol O-acyltransferase 1
(DGAT1), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR),
lecithin-cholesterol acyltransferase (LCAT), LDL receptor (LDLR),
sterolO-acyltransferase 1 (SOAT1), and TATA-binding protein (TBP).
Statistical Analysis. All end point assays for each sample were

conducted in triplicate, and the average was used for group analysis. Data
for each treatment group are presented as the mean ± SEM. Statistics
analysis was performed using GraphPad Prism 6 (2012, GraphPad
Software, La Jolla, CA, USA). A significant level of differences in the

means was detected using one-way ANOVA follow by Fisher’s PLSD
post hoc test. Statistical significance was defined at p ≤ 0.05.

■ RESULTS
Comparison of Phytochemical Composition in Mature

Red Cabbage (RC) and Red Cabbage Microgreens (MG).
Major purported bioactive components, anthocyanins, polyphe-
nols, and glucosinolates, in mature red cabbage and red cabbage

Figure 3. Plasma lipoproteins levels. Animals were divided into six diet groups and fed the respective diets for 8 weeks. Plasma HDL (C), LDL (B), and
VLDL (A) levels were measured as described under Materials and Methods. The diet groups were LF, HF, LFMG, LFRC, HFMG, and HFRC. Results
are expressed as the mean ± SE (n = 10/group). (∗) Significant difference between respective groups at p ≤ 0.05.

Table 4. Desulfo-glucosinolates in Microgreens and Mature
Red Cabbage

no.

red cabbage
microgreens

(μmol/g dry weight)
mature red cabbage
(μmol/g dry weight)

1 progoitrin 6.87 2.29

2 glucoraphanin 4.80 0.88

3 sinigrin 6.12 1.53

4 gluconapin 1.31 1.33

5 4-hydroxyglucobrassicin 1.96 0.39

6 glucoerucin 1.16 0.37

7 glucobrassicin 1.15 1.26

8 4-methoxylglucobrassicin 0.51 0.26

9 neoglucobrassicin 0.15 nd

total 17.15 8.30
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microgreens were compared.20−26 Total anthocyanin concen-
tration was determined to be 12.44 μmol/g dry weight in MG and
33.36 μmol/g dry weight in RC. Cyanidin 3-(sinapoyl)(sinapoyl)-
sophoroside-5-glucoside was the most abundant anthocyanin in
MG, followed by cyanidin 3-diferuloylsophoroside-5-glucoside
and cyanidin 3-(feruloyl)sophoroside-5-glucoside. By contrast,
the major RC anthocyanin is cyanidin 3-(feruloyl)sophoroside-
5-glucoside (Table 3A). Concentrations of other polyphenols
range from 58.57 μmol/g dry weight in MG to 17.22 μmol/g
dry weight in RC. Sinapoyl-hexose, disinapoylgentiobiose, and
1,2,2′-trisinapoylgentiobiose are the top three polyphenols in
MG. Kaempferol acyl-glucoside was the major polyphenol in RC
(Table 3B) (Supplemental Figures 1−3). Progoitrin and sinigrin
were the most abundant GLs in bothMG and RC. However, MG
contains 3 and 4 times more progoitrin and sinigrin per gram dry
weight than does RC, respectively. Overall, MG (17.15 μmol/g)
contained 2-fold more GLs than RC (8.30 μmol/g) (Table 4).
Effects of Red Cabbage Microgreen on Food Intake

and Body Weight Gain. There were no significant differences

in food intake among the diet treatments (Figure 2A). For all diet
groups, body weights continued to increase through the end
of the experiment (week 8). Body weights were significantly
increased in animals fed the HF diet, compared to the LF diet
group, beginning at week 5. Weight gain in animals fed HFMG
and HFRC was significantly less than that of HF-fed animals
(Figure 2B). Interestingly, the rate of body weight gain appeared
to be higher for LFMG and LFRC when compared to the LF
control.

Effect of Red Cabbage Microgreens on Plasma Lip-
oprotein Levels. Compared to the animals on the LF diet, low-
density lipoprotein (LDL) (166%),and high-density lipoprotein
(HDL) (27%) were significantly higher in the HF diet fed group
(Figure 3). Animals on the HFMG diet showed significantly
lower LDL than the HF diet group, whereas HFRC had sig-
nificantly lower HDL than the HF group. There were no dif-
ferences in VLDL between the groups. Animals fed the LFRC
diet also had significantly elevated LDL (56%) when compared
to those of the LF diet group.

Figure 4. Liver cholesterol and triacylglycerol levels. Animals were divided into six diet group and the fed respective diets for 8 weeks. Liver cholesterol
(A, total cholesterol; B, cholesterol ester; C, free cholesterol) and triacylglycerol levels (D) were measured as described under Materials and Methods.
The diet groups were LF, HF, LFMG, LFRC, HFMG, and HFRC. Results are expressed as the mean ± SE (n = 10). (∗) Significant difference between
the respective groups at p ≤ 0.05.
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Effects of Red Cabbage Microgreens on Liver
Cholesterol and Lipid Content. There were no differences
in hepatic cholesterol content between LF- and HF-fed animals
(Figure 4A−C). HF diet fed animals had significantly higher
hepatic TG than did LF-fed animals (Figure 4D). HFRC-fed
animals had significantly lower total hepatic cholesterol than did
HF-fed animals, with a trend for lower total hepatic cholesterol in
the HFMG versus the HF (p = 0.098) (Figure 4A). Similarly,
LFMG and LFRC also had a trend of slightly lower total hepatic
cholesterol than LF with p values of 0.096 and 0.073, respectively
(Figure 4A). Both HFMG and HFRC group had significantly
lower hepatic cholesterol ester levels than did HF-fed animals
(Figure 4B). No differences were observed in hepatic free choles-
terols among any of the diet groups (Figure 4C). Additionally,
HFMG but not HFRC had significantly lower hepatic TG levels
than those of HF diet animals (Figure 4D). However, the LFRC
group has significantly higher TG than the LF group (Figure 4D).
Effects of Red Cabbage Microgreens on Fecal Bile Acid

and Cholesterol Content. Compared to the LF diet group,
animals fed the HF diet excreted more bile acids in their feces
(55%) (Figure 5A). However, neither MG nor RC supplements
affected bile acid level in their respective LF and HF diet groups
(Figure 5A). The HF diet group excreted significantly more
cholesterol than animals fed the LF diet (177%) (Figure 5B).
HFRC-fed animals showed reduced total fecal cholesterol (32%)
when compared to animals in the HF diet group (Figure 5B).
Effects of Red Cabbage Microgreens on Genes

Associated with Cholesterol and Triacylglycerol Metab-
olism in the Liver. Transcriptional regulation of cholesterol
and triacylglycerol metabolism-related genes was examined as it
correlates to the biochemical analyses to elucidate potential
mechanisms. Feeding an HF diet significantly up-regulated bile
acid synthesis enzyme CYP7A1, which is the rate-limiting step
for cholesterol removal,27,28 compared to the LF diet group
(Figure 6A). No differences were observed on the expression of
CYP7A1 in any of the MG- or RC-supplemented diet groups
with the HF or LF control diets. We also did not observe an effect
of MG or RC supplementation on the cholesterol pathway
enzyme, HMGCR, or LDLR (data not shown). An animal fed
the HF diet had increased expression of ACAT1 and ACAT3
(Figure 6B,C), enzymes involved in fatty acid oxidation. HFMG-
and HFRC-fed animals had significantly reduced expressions of
ACAT1 and ACAT3 (Figure 6B,C). No effects were observed for
ACAT2 in any of the diet groups (data not shown). HFMG-fed
animals also had significantly lower levels of SOAT1 mRNA, an
enzyme involved in cholesterol ester synthesis, than the HF-fed
animals (Figure 6D). HFMG fed animals had significantly lower
mRNA levels for a gene necessary for storage of triacylgly-
cerols, DGAT1, than did the HF-fed animals (Figure 6E). Both
MG and RC supplementation in the HF diet significantly
lowered mRNA levels of the lipoprotein synthetic enzyme,
LCAT (Figure 6F).
Effects of Red Cabbage Microgreens on Inflammatory

Markers in the Liver. Consuming HF diets can lead to hepatic
inflammation.29,30 Therefore, expression of hepatic inflammatory
markers was also analyzed. CRP and TNF-α expression levels
were shown to be elevated in the livers of the HF diet group com-
pared to those of the LF diet group (Figure 6G,H). Animals
supplemented with MG and RC had significantly lower CRP
and TNF-α mRNA levels (Figure 6G,H). IL-6 mRNA was also
analyzed but was not detectable in any group under the same
assay condition.

■ DISCUSSION
This is the first study evaluating the potential health-promoting
properties of RCMG in a rodent model. We observed a 1.09%
RCMG supplementation in a high-fat diet for 8 weeks attenuated
body weight compared to the HF diet control. Elevated cir-
culating LDL is a known risk factor for CVD.15,31 Supplementa-
tion of RCMG improved lipoprotein profiles in blood by
lowering LDL levels induced by the high-fat diet and thus may
reduce the risk of CVD. High fat diet induced hypercholes-
terolemia and chronic inflammation are also associated with the
development of several chronic diseases, such as CVD, obesity,
and cancer.32−34 Animals fed RCMG-supplemented diets
showed reductions in hepatic cholesterol ester, triacylglycerol
levels, and expression of inflammatory cytokines (CRP and
TNF-α). Hence, the improvements in CVD risk parameters from
microgreens supplementation are consistent with the general
health-promoting effects for RCMG.
Compared to the mature RC counterpart, the RCMG shared

similarity as well as differences in biological effects. Both RCMG

Figure 5. Fecal bile acid and cholesterol levels. Animals were divided
into six diet groups and fed the respective diets for 8 weeks. Fecal
samples were collected on the day of sacrifice, and fecal bile acid (A) and
cholesterol levels (B) were measured as described under Materials and
Methods. The diet groups were LF, HF, LFMG, LFRC, HFMG, and
HFRC. Results are expressed as the mean ± SE (n = 10/group). (∗)
Significant difference between the respective groups at p ≤ 0.05.
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Figure 6.Cholesterol, triacylglycerol metabolism, and inflammation-related gene expression levels in the liver: (A) CYP7A1; (B) ACAT1; (C) ACAT3;
(D) SOAT1; (E) DGAT1; (F) LCAT; (G) CRP; (H) TNF-α. Animals were divided into six diet groups and fed the respective diets for 8 weeks. Liver
samples were obtained at the end of 8 weeks. RNAwas isolated and expression of marker genes was assessed using RT-PCR as described underMaterials
andMethods. The diet groups were LF, HF, LFMG, LFRC, HFMG, andHFRC. Results are expressed as the mean± SE (n = 10/group). (∗) Significant
difference between the respective groups at p ≤ 0.05.
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and RC lowered body weight gain, hepatic cholesterol, and
expression of inflammatory markers induced by HF diets.
HFRC- but not HFMG-fed animals had significantly lower fecal
cholesterol excretion; however, the exact mechanism was not
clear. Intestinal cholesterol excretion or gut microbiota may play
a role in the altered fecal cholesterol excretion, and further study
is warranted to elucidate the underlying mechanism. HFMG- but
not HFRC-fed animals had significantly lower plasma LDL and
hepatic TG levels than did the HF-fed animals. These results
suggest that RC and RCMG share general health-promoting
effects, although the underlying mechanisms may differ. This
notion is further supported, at the molecular level, by the dif-
ferential effects on gene expression of cholesterol and triacy-
lglycerol metabolism enzymes in the liver. RCMG but not RC
affected the cholesterol ester synthesis enzyme SOAT1, which is
consistent with the cholesterol ester lowering effect of RCMG
observed in the HF-fed animals. The triacylglycerol synthesis
enzyme DGAT135,36 was down-regulated by RCMG but not RC.
DGAT1 catalyzes the terminal and only committed step in
triacylglycerol synthesis by using diacylglycerol and fatty acyl
CoA as substrates.35 Down-regulation of DGAT1 is consistent
with the triacylglycerol-lowering effects in the liver of RCMG but
not RC.
ACAT1, a mitochondrial enzyme that catalyzes the reversible

conversion of two molecules of acetyl-CoA to acetoacetyl-CoA,
is involved in the fatty oxidation/degradation pathway.37,38 Con-
suming an HF diet induces this enzyme and is consistent with the
animal’s response to the HF diet by increasing fatty acid oxida-
tion. Both RCMG and RC supplementation led to attenuation of
HF diet induced increases in ACAT1. The result may be a
reflection of the overall effect of RCMG and RC on overall lipid
metabolisms altered by the HF diet. How RCMG or RC may
directly regulate ACAT1 or reduce the effect of HF remains
unclear, and further study is necessary to elucidate the specific
mechanisms.
Both RC and RCMG consumption led to lower LCAT expres-

sion in the liver as compared to their respective controls. LCAT is
known to be involved in extracellular cholesterol esterification
and cholesterol transport.39 Lowering of LCAT is consistent with
small but significant decreases in HDL levels in HFRC group and
the decrease in LDL levels in the HFMG group compared to
those of the HF group. However, a change in LCAT also occurred
in LFRC and LFMG groups relative to the LF diet group,
suggesting dietary component(s) from RCMG and RCmay play a
role in the regulation of hepatic LCAT activity. The consequence
of the changes in expression remained less clear and warrant
further study. Additionally, recent studies suggested that lower
LCATmay be associated with an increase in obesity-related insulin
sensitivity.40,41 The effect of RC or RCMG on insulin sensitivity
was not examined in this study and warrants further validation.
Diets high in fat content are known to induce a variety of

physiological changes, including chronic, low-grade inflamma-
tion in the liver.30 Our observation of inhibitory effects of RC
and RCMG on HF diet induced increases in CRP and TNF-α
expression, inflammatory markers in the liver,42 suggested that
supplementation of RC or RCMG in HF diets may help alleviate
hepatic inflammation. Therefore, the inclusion of RC or RCMG
in the Western style diet may contribute to the prevention of
diet-related chronic conditions in the U.S. population.
Given that food intake was similar in all groups, the effect on

lowering weight gain elicited by RCMG or RC in animals fed the
HF diet was unexpected. The mechanism of this novel finding is
unclear. Because the movement, activity, and behavior of animals

in this study were not specifically monitored, it is possible that
altered baseline energy expenditure may be a contributing factor
and warrant additional study. One possible regulatory mecha-
nism may involve UCP1,43 a protein involved in energy balance,
which is known to be affected by phytochemicals in the diet.44−46

Analysis of adipose tissue from different depots and UCP1
expression would be an important next step. The increase in
body weight in LFRC and LFMG groups compared to those of
the LF group was also unexpected. The animals were tran-
sitioning from juvenile to adulthood from the start of the experi-
ment (6 weeks old) toward the end (14 weeks old), so it is
possible that both RC and RCMG may provide additional com-
ponents that maximize their growth. Future studies are needed to
identify the active components.
Polyphenols and glucosinolates are known bioactive com-

pounds in fruits and vegetables and major phytochemical com-
ponents in RC.20−26 In this study, RCMG was determined to
contain more polyphenols (71.01 μmol/g) and glucosinolates
(17.15 μmol/g) than RC (50.58 and 8.30 μmol/g, respectively).
Polyphenols and glucosinolates have been shown in previous
studies to possess cholesterol-lowering,47−49 antioxidant,50 and
anti-inflammation51−53 properties. Therefore, it is possible that
these bioactive components in RCMG and RCmay contribute to
the observed differential cholesterol-lowering and anti-inflam-
mation effects in this study. Anthocyanins give a red hue, and
consistent with the color differences between RC and RCMG
(Figure 1), RCMG contained about one-third of the anthocya-
nins in RC. Hence, the compositions of RCMG and its mature
counterpart are quite different. However, the precise compo-
nents from RC or RCMG that provide health beneficial effects
remain to be elucidated in future studies.
In summary, supplementing diets with 1.09% RCMGor 1.66%

RC, the equivalent of 200 g vegetables/day/person, modulated
body weight, plasma lipoprotein profiles, and inflammatory
status. In mice fed high-fat diets, supplementation with RCMG
or RC had a beneficial effect against lipid risk factors for the
development of CVD. This study also provided the first evidence
that RCMG and its mature counterpart may regulate the lipid
and cholesterol metabolisms differently. One could speculate
that other microgreens may have similar effects, although addi-
tional studies are needed. Further delineation of the mechanisms
of action is also needed, especially as related to energy expendi-
ture and lipid metabolism.
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