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Onion may contribute to the health effects associated with high fruit and vegetable consumption. A
considerable amount of onion production ends up as waste that might find use in foods. Onion
byproduct has not yet been explored for potential health benefits. The aim of this study is to
elucidate the safety and potential role of onion byproducts in affecting risk markers of cardiovascular
disease (CVD). For that purpose, the effects of an onion byproduct, Allium cepa L. cepa ‘Recas’
(OBP), and its two derived fractions, an ethanolic extract (OE) and a residue (OR), on the
distribution of plasma lipids and on factors affecting cholesterol metabolism in healthy rats have
been investigated. The OBP or its fractions did not significantly reduce cholesterol or down-regulate
hepatic 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr) gene expression. The OR even
had the effect of increasing plasma triacylglycerides (TAG) and cholesterol in the very low density
lipoprotein (VLDL-C) fraction. Neither total bile acids nor total primary or secondary bile acids were
significantly affected by feeding rats the OBP or its fractions. Principal component analysis
combining all markers revealed that the controls could be completely separated from OBP, OE,
and OR groups in the scores plot and also that OE and OR groups were separated. Plasma lipids
and bile acid excretion were the discriminating loading factors for separating OE and OR but also
contributed to the separation of onion-fed animals and controls. It was concluded that the onion
byproduct did not present significant beneficial effects on individual markers related to plasma lipid
transport in this healthy rat model but that onion byproduct contains factors with the ability to
modulate plasma lipids and lipoprotein levels.
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INTRODUCTION

The reported health benefits of Allium vegetable constituents
include cardiovascular effects, improvement of the immune
function, lowering of the blood glucose level, radioprotection,
protection against microbial infections, and anticancer effects (7).
Among Allium vegetables, most of the studies have focused on
garlic (Allium sativum L.) and its constituents, particularly
organosulfur compounds (OSCs) and their cardioprotective
and anticarcinogenic effects (2, 3). Onion (Allium cepa L.) is
among the most highly consumed vegetables worldwide, and it
has been a target of fewer studies despite the fact that this
vegetable is one of the food items which have been associated
with better survival of heart attacks in observational studies (4).

Onion byproduct has been characterized (5), and some biological
responses of a particular onion byproduct (Allium cepa L. cepa
‘Recas’) and two derived onion fractions have been described in
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our previous investigations (6). Moreover, two dietary metabolic
onion intake biomarkers have recently been identified (7). Taking
into account that cardiovascular disease (CVD) is a prevalent
disease worldwide, we consider it of importance to study the
potential health benefits of an onion byproduct in terms of CVD
prevention (8).

CVD accounted for about 30% of the 58 million estimated
deaths globally from all causes in 2005. Between 2006 and 2015,
deaths due to noncommunicable diseases are expected to increase
by 17%, of which half will be due to CVD (9). The rise in CVD
reflects a significant change in dietary habits, physical activity
levels, and tobacco consumption worldwide. High blood pres-
sure, high blood cholesterol, overweight, obesity, and type 2
diabetes are among the major biological risk factors. Unhealthy
dietary practices may include the high consumption of saturated
fats, salt, and refined carbohydrates, as well as low consumption
of fruits and vegetables (/0). Several early risk factors for CVD
are known, among them a high plasma level of triacylglycerides
(TAG), total cholesterol (TC), cholesterol in the low-density
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lipoprotein fraction (LDL-C) and in the very low density lipo-
protein fraction (VLDL-C), and a low level of cholesterol in the
high-density lipoprotein fraction (HDL-C). Prevention of CVD
by reducing some of the main CVD risk factors represents one of
the main targets of preventive nutrition. Despite differences in
reverse cholesterol transport between rats and humans, the rat
has been useful as a model of cholesterol lowering by dietary fiber
due to its sensitivity to bile acid depletion, short-chain fatty acid
production, and fructose feeding (11, 12).

Large amounts of byproduct from onion are produced world-
wide, but currently these products have limited use. We have
previously shown that an onion byproduct could alter the gut
environment in the rat and increase the formation of short-chain
fatty acids (6). To our knowledge no studies have focused on
onion byproduct and its potential role as a CVD preventive food
ingredient. Therefore, we aimed to elucidate the potential pro-
tective role of an onion byproduct in affecting factors related to
plasma cholesterol levels in a model study using healthy rats. We
also aimed to study which major fiber fractions, that is, soluble or
insoluble fiber, of the onion byproduct may be responsible for any
effects to shed light on potential bioactive constituents.

MATERIALS AND METHODS

Chemicals. All chemical reagents used were of analytical grade from
Fluka (Steinheim, Germany), Merck (Darmstadt, Germany), and Sigma-
Aldrich (Brendby, Denmark). Ethanol (96%) was purchased from De
Danske Spritfabrikker, Aalborg, Denmark. Water was Milli-Q (Millipore,
Bedford, MA) with > 18 Mohm resistivity. The bile acids dehydrocholic
acid (DHCA), "*C-glycocholic acid (*C-GCA), ursodeoxycholic acid
(UDOCA), chenodeoxycholic acid (CDOCA), and litocholic acid
(LCA) were purchased from Sigma-Aldrich Chemicals. The bile acids
tauroursodeoxycholic acid (TUDOCA), glycoursodeoxycholic acid
(GUDOCA), taurocholic acid (TA), glycocholic acid (GA), taurocheno-
deoxycholic acid (TCDOCA), cholic acid (CA), taurodeoxycholic acid
(TDOCA), glycodeoxycholic acid (GDOCA), and deoxycholic acid
(DOCA) were purchased from Merck. The bile acid standards, a-muri-
cholic acid and p-muricholic acid, were obtained from Steraloids
(Newport, RI).

Onion Byproduct Extraction and Analysis. A freeze-dried onion
byproduct powder (OBP) was obtained from an onion byproduct pas-
teurized paste (Allium cepa L. cepa ‘Recas’) at Instituto del Frio-CSIC,
Madrid (5). Two derived fractions, a 60% ethanolic extract (onion extract,
OE) and the resulting dry onion residue (OR), were produced as previously
described (6) according to a modified Shiomi method as described by
Jaime et al. (/3). About 70% of the OBP could be extracted into the OE
fraction, whereas 30% remained afterward as OR. The OE is rich in
soluble fiber, whereas the OR is rich in insoluble fiber.

The sample extraction and preparation procedures for each analysis
performed are extensively explained in our previous paper (6). Briefly,
soluble sugars were determined by standard methods (/4—16). Starch was
degraded to glucose units as previously described (/7), and fructans were
determined after fructanase treatment according to the protocol of the
manufacturer (Megazyme International, Bray, Ireland). All assays were
performed in microplates using a Spectra-Max 190 microplate reader
(Molecular Devices, Sunnyvale, CA). High-performance anion exchange
chromatographic analysis of fructooligosaccharide size distribution was
performed as described previously for glucans (/8). Each onion product
was analyzed for quercetin contents. Analysis was performed both with
and without preceding hydrolysis of quercetin glucosides (1.2 M HCI at
90 °C for 2 h). Genisten was used as an internal standard. Separation was
obtained on a 2.1 mm x 10 cm C;g BEH column (1.7 um particle size)
using a UPLC system (Waters, Milford, MA) coupled with a TQD
operated in the multiple reaction mode (MRM) for quantitative analysis
as described previously (6). CV% for all food analyses was better than 5%.

Rat Study Design and Sample Collection. Four groups of healthy
male Fisher 344 rats obtained from Charles River (Sulzfeld, Germany)
were fed during 4 weeks with either a semisynthetic control diet (group 1,
Ctrl), a nutritionally balanced control diet containing 10% of OBP (OBP
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group), a balanced control diet containing 7% of OE (OE group), or a
balanced control diet containing 3% OR (OR group). The amounts of OE
and OR added to the feeds correspond to their relative contribution to the
OBP starting material. All four diets were based on a semisynthetic rodent
diet produced at the National Food Institute, Technical University of
Denmark, and were nutritionally balanced with respect to monomeric and
polymeric carbohydrates, lipids, protein, and micronutrients as detailed
previously (6). Animal experiments were carried out under the supervision
of the Danish National Agency for the Protection of Experimental
Animals. All animal study procedures have been approved by the Institu-
tional Committee for Animal Experimentation, and the National Food
Institute has been approved for this type of experiment with rodents by the
Danish Ministry of Justice. Feces samples were collected during 24 h two
days before the termination of the rat study while the rats were housed
singularly in metabolic steel cages with a device to separate urine from
feces. The feces was weighed and stored frozen at —80 °C until bile acid
analysis. After 4 weeks on the experimental diets, the animals were fasted
overnight. The next day the rats were anesthetized in CO,/O, and
sacrificed by decapitation. Immediately after the decapitation, blood
was collected into Vacutainer tubes containing heparin as an anticoagu-
lant. After 10 min of incubation on ice, the samples were centrifuged at
1500g for 10 min at 4 °C. Plasma was removed for analyses of enzymes,
triacylglycerides (TAG), and lipoproteins. Rat liver was removed and
ground in liquid N, to a fine powder. Samples of 30 mg of liver were stored
at —80 °C for gene expression analysis.

Excretion of Sulfur Compounds. As a marker of rat urinary
concentration of metabolites of sulfur-containing compounds from OBP
we have previously reported the identification of dimethyl sulfone by
NMR analysis (7). The signal intensity recorded at 3.16 ppm was recorded
for each rat as a marker of the dimethyl sulfone concentration in urine.

Biochemical Analysis. Markers of Hepatic Function, and TAG.
Alkaline phosphatase (AP), alanine aminotransferase (ALAT), y-gluta-
myl transferase (GGT), and TAG concentrations were measured in rat
plasma samples using an automated Roche/Hitachi 912 analyzer at 37 °C
in accordance with the instructions of the manufacturers (Roche Diag-
nostic GmbH, Mannheim, Germany).

RNA Isolation and Quantitative Real-Time PCR. Five liver
samples from each group were used for measurement of the expression
of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (Hmgcr). Relative
mRNA expression was quantified by real-time PCR on an ABI 7900HT
FAST System as described previously (6). Control group samples were
pooled and used as a calibrant. TagMan Gene Expression Assays used
were the following: Eukaryotic 18S rRNA Endogenous Control (catalog
no. 4352930E); rat Hmgcr (catalog no. Rn_00695772_gl).

"H NMR Analysis and Chemometric Models for Lipid Quanti-
fication. Total cholesterol and cholesterol content in high, low, and very
low density lipoproteins (HDL-C, LDL-C, and VLDL-C) were analyzed
in rat plasma samples. For "H NMR analysis, plasma samples were
thawed onice, 100 uL of plasma was transferred toa S mm NMR tube, and
450 uL of D,O was added. NMR spectra were acquired on a Bruker
Avance 400 MHz spectrometer (9.4 T) (Bruker Biospin Gmbh, Rhein-
stetten, Germany) at 311 K, which corresponds to the body temperature of
rats. Total cholesterol and cholesterol contents in HDL, LDL, and VLDL
lipoproteins were then predicted by previously developed chemometric
models based on NMR data and interval partial least-squares models as
described previously (19).

Bile Acids Analysis by LC-MS/MS. The concentration of bile acids
in feces samples was measured by a novel LC-MS/MS method (Jensen et
al., unpublished data). Briefly, total feces was weighed and homogenized
with 14 volumes (w/v) of water into a slurry. A weighed aliquot
(approximately 0.3 g) of this homogenate was added with the internal
standard, '*C-GCA, and extracted once with 100% acetonitrile (ACN)
and then twice with 50% ACN. The extract was diluted with 0.1% formic
acid and concentrated on an Oasis HLB 3 cm® column (Waters). The ACN
eluate was evaporated to dryness and redissolved in 15% ACN, 30%
methanol, and 0.1% formic acid, giving an overall dilution factor of
2.5. Samples and standards were analyzed on an Acquity UPLC witha TQ
detector (Waters), operated in MRM mode with a gradient from phase A
to B over 5 min. The mobile phases are 30% methanol—0.1% formic acid
(mobile phase A) and 100% ACN—0.1% formic acid (mobile phase B) ata
total flow rate of 0.9 mL/min. Between-run CV% for the internal standard
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Table 1. Glucose, Fructose, Sucrose, and Fructans Contents in the Onion
Byproduct (OBP) and Its Two Derived Onion Fractions, Onion Extract (OE)
and Onion Residue (OR)?

Roldan-Marin et al.

Table 2. Effects of Feeding Onion Fractions on Rat Plasma Activities of
Hepatic Enzymes and on Hepatic Expression of 3-Hydroxy-3-methylglutaryl-
coenzyme A Reductase (Hmgcr)®

glucose (mg/g)  fructose (mg/g)  sucrose (mg/g)  fructans (mg/g) rat group®  ALAT (UIIL) GGT (UIL) AP (UIL) Hmgcr®
OBP 205.6+4.9 189.44+9.2 96.9+4.4 425+48 control 91.14 £8.21 2.40+0.59 753.57 £ 7159  0.94+0.69
OE 215.8+4.8 199.34+5.6 85.742.1 71.74+8.8 OBP 85.04+7.97* 340+£143* 693.874+67.22* 0.5340.51
OR 102.8+8.6 955+ 8.6 532+39 30.8+29 OE 76.87 £8.76* 3.19+1.90* 67350+75.33" 0.46+ 0.30
OR 76.37 £6.72* 2.67+0.87  663.87+31.10* 054+0.23

@Numbers are means & SD of three determinations based on wet weight. The
humidity in each fraction was 17.3, 18.2, and 7.3%, respectively, for the OBP, OE,
and OR.

(n = 7) was 4% for 3C-GCA, and the recovery for internal standard
throughout the sample workup procedure and analysis was 65 + 10%
(mean = standard diviation, n = 50). By applying specific transitions, 15
individual bile acids were quantified using QuanLynx version 4.1 (Waters)
based on internal standard and external calibrants. On the basis of the
analytical results for the individual primary and secondary bile acids, these
were summed for each rat to give total primary and total secondary bile
acids, respectively. The intraday and interday variations for the individual
bile acids varied from 2 to 10% and from 3 to 12%, respectively, during
these analyses.

Statistical Analysis. The data were analyzed for normal distribution
using the Shapiro—Wilcks I test and for homogeneity of variance using
Levene’s test (P > 0.05). Plasma TG and LDL cholesterol, plasma GGT
activity, and liver HMGCR expression had to be log transformed to meet
these criteria. The normally distributed and variance homogeneous data
were analyzed by ANOVA. If significant differences were found between
groups, further comparisons were done using least-squares means. We
used the SAS statistical package v. 9.1 (SAS Institute, Cary, NC) and
consider a P value of <0.05 to be significant. Unsupervised multivariate
analysis (principal component analysis, PCA) was carried out with all of the
effect variables reported here as well as those reported in our previous
publication on toxicity, gut health, and antioxidant parameters (6) using
Latentix 1.0 (Latent5 Ltd., Copenhagen, Denmark). Gene expression vari-
ables were omitted because they were performed for only five animals per
group. Variables were mean centered and autoscaled before analysis. Scores
plots and loadings plots were generated automatically by the software.

RESULTS

Composition of Onion Byproduct and Its Fractions. Fructose,
glucose, sucrose, and fructan contents in the OBP and its fractions
are shown in Table 1. A semiquantitative size distribution analysis
of the fructans in the OE indicated that >90% had 10 fructose
residues or less and >60% had 5 residues or less. Very small
amounts of longer chain fructans were present. Starch was not
found in any of the samples. Total quercetin contents in the OBP,
OE, and OR after hydrolysis of glycosides were found to be
3.37 £ 0.52, 3.97 £ 0.01, and 1.22 £+ 0.33 mg/g of wet weight,
respectively.

Excretion of Sulfur-Containing Metabolites. The relative
amounts excreted into urine of the major sulfur-containing
metabolite, dimethyl sulfone, detected by NMR analysis of the
collected urine sample (7) as compared with control rats (mean &
SD; 100 £ 11%) was 272 £ 12% in the OBP group, 202 &+ 12% in
the OE group, and 136 £ 17% in the OR group.

Markers of Liver Function and Gene Expression. The effects of
feeding rats OBP on plasma activities of the hepatic enzymes,
alanine aminotransferase (ALAT), alkaline phosphatase (AP),
and y-glutamyl transferase (GGT), are shown in Table 2. GGT
activity was higher in rats fed the OBP or OE compared to the
control group. By contrast, ALAT and ALT activities were lower
when rats were fed the OBP or its derived fractions (OE and OR)
compared to the control group.

Hepatic expression of the gene encoding the rate-limiting enzyme
involved in cholesterol biosynthesis, 3-hydroxyl-3-methylglutaryl-
coenzyme A reductase (Hmgcr), is also shown in Table 2. Hmgcr

?Results are expressed as mean + SD; n=8. *, P < 0.05 as compared with
control. ALAT, alanine aminotransferase; GGT, y-glutamyl transferase; AP alkaline
phosphatise. ® OBP, onion byproduct fed at 10% in the diet; OE, an ethanolic extract
of OBP fed at 7% in the diet; OR, the residue from OBP extraction, fed at 3% in
the diet. °Gene expression (n = 5) of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (Hmgcr) is given relative to the endogenous reference 18S rRNA and a
calibrant (RQ).

*
= control
onion by-product
= gnion extract
] = gnion residue
T
*
w0l
TAG LoL VLDL HDL TC

Figure 1. Effects of feeding with onion byproduct (OBP) and its derived
fractions, onion extract (OE) and onion residue (OR), on rat plasma
triacylglycerides (TAG), total cholesterol (TC), and cholesterol in very low
(VLDL-C), low (LDL-C), and high (HDL-C) lipoprotein fractions. Asterisks
(x) on the bars indicate significant difference between the onion groups
and the control group at P < 0.05.

was not significantly altered (P = 0.3) as a consequence of feeding
with the OBP or either of its fractions (OE and OR).

Lipids. TAG concentrations, total cholesterol (TC), and cho-
lesterol content in lipoproteins (HDL-C, LDL-C, and VLDL-C)
in rat plasma samples are shown in Figure 1. The results show that
rat plasma TAG and TC concentrations were not significantly
altered in healthy, fasted rats fed with the OBP or the OE,
although OE had a borderline significant lowering effect on
LDL cholesterol (P = 0.06). By contrast, the OR significantly
increased TAG (P = 0.001) and VLDL-C (P = 0.016) cholesterol
concentration values in the fasting state.

Bile Acids im Feces. The excretion of bile acids in feces of rats
fed OBP, OE, or OR is shown in Table 3. We determined a total of
15 different bile acids in the collected fecal samples, including the
major primary rat bile acids, a- and S-muricholic acid. Neither
total bile acids nor total primary or secondary bile acids were
significantly affected by feeding the OBP or its fractions (OE and
OR), although the excretion of primary bile acids was almost
numerically doubled by feeding the OE or the OR, but not by the
whole OBP. This apparent increase was caused primarily by
doubling the excretion of a- and S-muricholic acids following
feeding of the rats with OE or OR. However, the excretion of
o-muricholic acid was not significantly different from controls in
these groups No other major bile acids nor the ratio between
conjugated and unconjugated bile acids was significantly affected
by the treatments (data not shown). Fecal output differed
considerably between rats from 0.22 to 2.49 g/24 h with
no significant difference between the groups (data not shown).
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Table 3. Primary and Secondary Bile Acid Excretion in Feces of Rats Fed an
Onion Byproduct (OBP) and Its Two Derived Onion Fractions, Onion Extract
(OE) and Onion Residue (OR)?

rat group primary bile acids

a-muricholic acid secondary bile acids

control 0.33+0.24 0.2640.19 0.15+0.11
OBP 0.32+ 0.19 0.234+0.18 0.1540.09
OE 0.64 +£0.43 0.54+0.36 0.19+0.08
OR 0.77£0.79 0.68 £ 0.65 0.14£0.15

@Values are expressed as means = standard deviations in units of mg/day.

There was no relationship between fecal output and total bile acid
excretion.

Multivariate Analysis. PCA of all effect variables in combina-
tion leads to a complete separation in the scores plot (Figure 2A)
of control animals from animals fed any of the onion products
using the first two and the fifth principal components (line a in
Figure 2A). These principal components explain slightly less than
half of the total variation in the data. The same three principal
components also separate the effects of the OE and OR fractions
in a perpendicular direction (line b in Figure 2A). Inspection of the
loadings plot (Figure 2B) shows that three sets of markers explain
most of the difference between feeding with any onion products
and control. These sets are related either to liver function, to
anemia (toxicity markers), or to gut functionality. The latter
group of markers is particularly affected by propionate and
butyrate production, bile acid excretion, and the glucosidase
and glucoronidase enzyme activity of the gut microbiota. The
separation of OE and OR in the scores plot is mainly explained by
the concentrations of HDL-C, LDL-C, and total cholesterol as
seen from the loadings plot.

DISCUSSION

In the current study we report the effects caused by an onion
byproduct on total lipids, lipoproteins, bile acids, and some liver
function test markers in an animal model using healthy rats. The
onion byproduct (OBP) used to feed the rodents in our study
offers the technological advantage of having a real possibility for
being developed as an antioxidant and antibrowning ingredient in
foods (5). The safety of adding this onion product is therefore an
important aspect of the current study. A fructan and fructo-
oligosacharide (FOS) extraction of the OBP was performed with
ethanol to yield an OE because one of our aims was to elucidate
the role of the soluble and insoluble onion fibers on the selected
markers. We previously reported the concentrations of these
compounds as well as free sugars, total starch, and quercetin in
the OE and ER fractions. It can be calculated that of the total
amount of sugars and soluble fibers present in the feed containing
OBP, approximately 85—90% is in the feed with onion extract
(OE) and the remaining 9—15% is in the feed with onion residue
(OR) (Table 1). Moreover, analysis of dimethyl sulfone, a sulfur-
containing metabolite, in urine from rats fed the OBP and its two
fractions (OE and OR) revealed that the starting material for this
compound appears to have approximately the same concentra-
tion in all three tested products (7), but due to differences in the
amounts of OBP, OE and OR fed to the rats, the excretion varies
accordingly. As detailed here dimethyl sulfone was found in all
urine samples, also in controls, and is therefore a metabolite
originating from other dietary sources in addition to onion. We
hypothesize that its increase originates from onion polysulfide
degradation by the gut microflora, but this has to be verified by
further research. Asparagus also contains sulfides, and dimethyl
sulfone has been reported as a urinary metabolite following
asparagus consumption (20).
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Figure 2. Principal component analysis of effect markers in rats after
feeding with onion fractions: scores (A) and loadings (B) plots from a PCA
with markers determined in rats fed an onion byproduct (OBP) or its
two fraction, an ethanolic extract (OE) and the residue (OR) after
extraction, as compared with control rats (Ctrl). Abbreviations: Alat, plasma
alanine aminotransferase; AP, plasma alkaline phosphatise; BGL,
cecum f-glucuronidase; Cec-WtE, cecum weight (empty); Faeces, total
24 h fecal excretion; GGT, plasma y-glutamyl transpeptidase; Gpx,
erythrocyte glutathione peroxidase activity; GR, erythrocyte glutathione
reductase activity; GUS, cecum S-glucosidase activity; Heme, erythrocyte
total hemoglobin; HDL_C, plasma HDL cholesterol; KAT, erythrocyte
catalase activity; LDL_C, plasma LDL cholesterol; Liver-Wt, total liver
wet weight; Rat-Wt, total rat weight at sacrifice; Total_BAe, total bile acid
excretion; TBPAe, total primary bile acid excretion; TBSAe, total secondary
bile acid excretion; TAG, plasma triacylglycerides; Transit, gut transit time;
Urine, total 24 h urine output; VLDL_C, plasma VLDL cholesterol.

Because the liver is central for regulation of plasma lipids, we
also investigated liver function. Most of the rat studies reporting
lipid-modulating effects of various forms of onion have used
alloxan or streptozotozin-induced diabetic rats and report onion
antihyperlipidemic and antihyperglycemic effects (27). In the
study by El-Dermedash et al. (22) diabetic rats fed onion and
garlic juices showed a reduction in plasma alanine aminotrans-
ferase, aspartate aminotransferase, lactate dehydrogenase, and
alkaline and acid phosphatases, and the authors reported that
these two Allium vegetables can inhibit the liver and renal damage
caused by alloxan-induced diabetes. Similarly to the above cited
studies, which used diabetic rodents, our results revealed a
decreased leakage of hepatic enzymes, except for GGT, which
increased in plasma (Table 2). GGT is excreted from the liver to
degrade glutathione and thereby increase uptake of building
materials for intracellular glutathione synthesis. We found pre-
viously that glutathione synthesis in the liver was up-regulated,
albeit most strongly with OR (23). GGT may therefore be
specifically increased by the onion products due to their effects
on glutathione metabolism without being a sign of general
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hepatotoxicity. Overall, it could be inferred that in healthy rats
these onion products did not cause any overt liver or renal
damage that could affect cholesterol handling.

Rats have been used frequently as models to evaluate effects of
dietary fiber sources on plasma cholesterol, and several types of
fruits, vegetables, and specific fiber fractions have been found to
affect plasma lipids or cholesterol (12, 24, 25). In contrast, our
current results show significantly increased TAG and VLDL-C
concentrations in plasma of rats fed the OR (Figure 1). Hmgcr
was not significantly down-regulated as a consequence of feeding
rats with either of the products (OBP, OE, or OR) (Table 2). Ina
study by Campos et al. (26) decreased plasma TC, TAG, and
LDL-C were seen in streptozotocin diabetic rats fed onion. Later,
Azuma et al. (27) found lower plasma TAG levels and no
significant effects on cholesterol levels in diabetic rats fed an
onion diet. Effects shown in other animal models such as pigs
demonstrate that the consumption of onion modifies plasma lipid
profilesin either healthy pigs or pigs consuming a high-fat diet but
that the response was dependent on the variety of onion, feeding
time, and sampling time (28, 29). Our results are in agreement
with these studies as far as plasma TAG, TC, and cholesterol
concentrations in the LDL, and HDL fractions were unaffected
by feeding with OBP and OE. Onion fractions have not been
tested previously, so our observation of an increased level of
cholesterol in the VLDL fraction and an increased level of plasma
TAG after feeding the OR indicates that it may stimulate hepatic
lipid synthesis and transport to peripheral tissues. This is often
caused postprandially by fructose-rich or fatty foods (/7). The
result is unexpected here because the fructose level in the OR is
much lower than in the other fractions and because the effect was
observed after fasting. An altered regulation of hepatic cholesterol
synthesis or loss of cholesterol metabolites in the form of bile
acids could not explain the effect based on our data. We speculate
that the OR components may function as a slow-release formula-
tion for fructose, thereby keeping the animals for a longer time in
a state where fructose is released. Alternatively, the OR may have
an effect on other aspects of VLDL assembly or on peripheral
lipoprotein lipase (i.e., TAG clearance). Such effects would then
have to be counteracted by other constituents in the whole OBP.
This latter possibility is corroborated by our multivariate analysis
showing that OBP and OE contrast with OR, particularly due to the
contrasting effects on plasma lipids. The bile acid synthetic pathway
and the VLDL-C assembly/secretion pathway are known to be
regulated through sterol response element-binding protein (SREBP)-
dependent transcription (30, 37). Therefore, additional gene expres-
sion studies would be required to assess this latter possibility.

Total and primary bile acid concentration in feces (data not
shown) as well as their total 24 h excretion were not significantly
increased (Table 3). However, there was a numerical doubling of
fecal primary bile acid concentration after feeding the OE and
OR, and fecal concentration of the major primary bile acid,
o-muricholic acid, was even higher in rats fed the OE. It cannot be
ruled out that the large variations between rats in fecal bile acid
concentrations and in 24 h fecal output may have masked an
effect; however, the lack of effects on total cholesterol is in
agreement with the observed null result also on bile acid excre-
tion. The rat is not a good model for agents affecting reverse
cholesterol transport because the transfer of cholesterol from
LDL to HDL does not proceed in a similar manner in rodents and
in humans. If onion affects this mechanism, its effect has to be
investigated in humans and would not be observed in the present
study. The hypocholesterolemic effect of dietary fiber has
been attributed to its ability to inhibit intestinal absorption of
bile acids and neutral steroids, resulting in greater fecal bile acids
and total steroid excretion (32). Several studies have reported the
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lipid-lowering effect of fructans and onion dietary fiber compo-
nents in rats (33—35) at dose levels of around 10% in the diet, a
level somewhat higher than ours. Also, onion OSCs have been
reported to have hypolipidemic effects (36), albeit at doses far
above what could be obtained through foods. Particularly, water-
soluble OSCs have been reported to modulate lipid metabo-
lism (37). Most of the studies conducted in this area were focused
on garlic OSCs (38, 39). In our study the excretion of a putative
OSC metabolite was more than twice as high in the OE as in the
OR fed group of animals (6, 7). The contrasts in OSCs or in
FOS may have affected the plasma cholesterol distribution or
bile acid excretion in the current study because the OR with low
contents contrasts with OBP and OR in its effects on plasma
lipids as shown most clearly in the multivariate analysis. The
dose levels used in studies with purified components by others
were somewhat higher than achieved here with a whole food.
Some of the results on cholesterol in lipoprotein fractions
published by others are based on kits for measurement of
HDL-C; however, we have observed that such kits do not work
with rodent samples (/9). Our chemometric method is based on
modeling of lipoprotein data obtained by ultracentrifugation.
It is therefore likely that previous studies may have over-
estimated the effects of FOS and OSCs on plasma lipoproteins
in rats. Plant sterols may also affect cholesterol. Onion con-
tains phytosterols at a level of approximately 0.1% of the dry
weight (40). In the OBP group the daily dose of phytosterols
may be calculated to be around 2 mg/day, a dose that is
probably far too low for an effect. In normal rats doses of
plant sterols of up to 8.1% in the diet were without effects on
plasma cholesterol (47).

Further analyses using LC-MS-based metabolomic profiling
will be carried out to search for metabolites that correlate with the
biological responses observed.

In conclusion, the onion byproduct (4. cepa L. var. cepa
‘Recas’) or its fractions, that is, onion extract and onion residue,
do not seem to strongly reduce cholesterol or affect hepatic
Hmger rat gene expression. Feeding rats the onion residue
increased cholesterol in the very low density lipoprotein fraction
and also increased plasma triacylglycerides, indicating an up-
regulation of hepatic lipid transport to peripheral tissues. Neither
total bile acids nor total primary or secondary bile acids were
significantly affected by feeding the onion byproduct, onion
extract, or onion residue. As revealed by principal component
analysis, the effects on plasma lipids differ between the onion
extract and the onion residue fed groups of rats, indicating that
specific bioactivities may be obtained by further refining the
onion byproduct. The effects of the onion byproduct should be
investigated in humans to assess the full safety of using the
product as an alternative to synthetic additives, for example, as
an antioxidant and antibrowning agent.

ABBREVIATIONS USED

ALAT, alanine aminotransferase; AP, alkaline phosphatase;
CVD, cardiovascular disease; GGT, y-glutamyl transferase;
HDL-C, cholesterol in high-density lipoprotein; Hmgcr, 3-hydroxy-
3-methylglutaryl-coenzyme A reductase rat gene; LDL-C, choles-
terol in low-density lipoprotein; OBP, onion byproduct; OE,
onion extract; OR, onion residue; OSC, organosulfur compounds;
PCA, principal component analysis; TAG, triacylglycerides;
TC, total cholesterol; VLDL-C, cholesterol in very low density
lipoprotein.
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