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ABSTRACT

Polyphenols, such as flavonoids, are secondary plant 
metabolites with potentially health-promoting proper-
ties. In newborn calves flavonoids may improve health 
status, but little is known about the systemically 
availability of flavonoids in calves to exert biological 
effects. The aim of this study was to investigate the oral 
bioavailability of the flavonol quercetin, applied either 
as quercetin aglycone (QA) or as its glucorhamnoside 
rutin (RU), in newborn dairy calves. Twenty-one 
male newborn German Holstein calves were fed equal 
amounts of colostrum and milk replacer according to 
body weight. On d 2 and 29 of life, 9 mg of quercetin 
equivalents/kg of body weight, either fed as QA or as 
RU, or no quercetin (control group) were fed together 
with the morning meal. Blood samples were taken be-
fore and 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 12, 24, and 48 
h after feed intake. Quercetin and quercetin metabo-
lites with an intact flavonol structure (isorhamnetin, 
tamarixetin, and kaempferol) were analyzed in blood 
plasma after treatment with glucuronidase or sulfatase 
by HPLC with fluorescence detection. Maximum in-
dividual plasma concentration was depicted from the 
concentration-time-curve on d 2 and 29, respectively. 
Additional blood samples were taken to measure basal 
plasma concentrations of total protein, albumin, urea, 
and lactate as well as pre- and postprandial plasma 
concentrations of glucose, nonesterified fatty acids, in-
sulin, and cortisol. Plasma concentrations of quercetin 
and its metabolites were significantly higher on d 2 
than on d 29 of life, and administration of QA resulted 
in higher plasma concentrations of quercetin and its 
metabolites than RU. The relative bioavailability of 
total flavonols (sum of quercetin and its metabolites 
isorhamnetin, tamarixetin, and kaempferol) from RU 
was 72.5% on d 2 and 49.6% on d 29 when compared 

with QA (100%). Calves fed QA reached maximum 
plasma concentrations of total flavonols much earlier 
than did RU-fed calves. Plasma metabolites and hor-
mones were barely affected by QA and RU feeding in 
this experiment. Taken together, orally administrated 
QA resulted in a greater bioavailability of quercetin 
than RU on d 2 and 29, respectively, and quercetin 
bioavailability of quercetin and its metabolites differed 
markedly between calves aged 2 and 29 d.
Key words:  bioavailability, calf, flavonoid, quercetin, 
rutin

INTRODUCTION

Flavonoids are secondary plant metabolites occur-
ring ubiquitously in all higher plants (Manach et al., 
2004; Besle et al., 2010). They are known for their 
health-promoting properties (e.g., antioxidative and 
anti-inflammatory; Middleton et al., 2000; Nijveldt et 
al., 2001; Williams et al., 2004). Quercetin is one of the 
most abundant flavonoids and is present in high concen-
trations in onions, apples, and kale (Hertog et al., 1992; 
Nijveldt et al., 2001), and in low concentrations in milk 
(Besle et al., 2010; Bhagwat et al., 2013). In addition 
to their health-promoting properties, quercetin and its 
metabolites modulate the expression and activity of 
several metabolic key enzymes, and therefore might be 
involved in regulation of lipid and carbohydrate me-
tabolism (Middleton et al., 2000; Gasparin et al., 2003; 
Kobayashi et al., 2010).

Newborn calves undergo tremendous immunological 
and metabolic changes after birth to adapt for extra-
uterine life (Blum, 2006; Chase et al., 2008; Hammon 
et al., 2012) and colostrum management is one of the 
most important factors to support neonatal health and 
development (Godden, 2008; Hammon et al., 2012). 
Nevertheless, morbidity and mortality rates are still 
high during first weeks of life, and calves often suf-
fer from diarrhea and respiratory disease (McGuirk, 
2008; Mee, 2008; Uetake, 2013) as well as high levels 
of oxidative stress (Inanami et al., 1999; Gaál et al., 
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2006). Frequent problems on farms are the lack of 
high-quality colostrum availability and the insufficient 
colostrum supply (Quigley and Drewry, 1998; Godden, 
2008). Colostrum and mature milk contain antioxi-
dant agents to protect neonatal calves from oxidative 
stress (Lindmark-Månsson and Åkesson, 2000; Besle 
et al., 2010). Poor quality of colostrum is reflected by 
low concentrations of antioxidative substances. Thus, 
supplementing colostrum and milk at the beginning of 
lactation with the natural antioxidant agent quercetin 
may improve neonatal oxidative status. However, there 
is no information about the bioavailability (BV) of 
orally applied quercetin with colostrum and milk in 
newborn calves, although feeding industry already of-
fers flavonoid-supplemented feed for dairy calves.

Studies on BV of quercetin from quercetin aglycone 
(QA) or its glucorhamnoside rutin (RU) in different 
monogastric species, such as rats (Manach et al., 1997), 
pigs (Ader et al., 2000; Cermak et al., 2003; Lesser et 
al., 2004), dogs (Reinboth et al., 2010), and humans 
(Erlund et al., 2000; Egert et al., 2008), showed marked 
differences to ruminant species (e.g., cows with intraru-
minal QA and RU application; Berger et al., 2012). 
These differences may be due to differences in gastro-
intestinal anatomy and physiology (Arts et al., 2004; 
Berger et al., 2012; Gohlke et al., 2013). Conversely, in 
newborn calves the forestomach system is just develop-
ing, thus newborn calves are functionally monogastrics 
(Drackley, 2008). The aim of the present study was to 
investigate the relative BV of quercetin after oral ad-
ministration of QA or RU in calves during first month 
of life. We hypothesized that BV in calves depends on 
the form of application (QA and RU) and changes with 
age due to ontogenetic development and maturation of 
the gastrointestinal tract during first month of life. We 
further tested the hypothesis that quercetin application 
might affect metabolic and endocrine traits, especially 
concerning glucose metabolism in neonatal calves, 
because findings in literature pointed to impaired car-
bohydrate digestion and glucose absorption after flavo-
noid intake (Cermak et al., 2004; Tadera et al., 2006).

MATERIALS AND METHODS

Animals and Feeding

The experimental procedures were carried out 
according to the animal care guidelines and were 
approved by the relevant authorities of the State 
Mecklenburg-West Pomerania, Germany (LVL M-V/
TSD/7221.3–2.1–019/10). Twenty-one male German 
Holstein calves were examined on d 2 and 29 of life. 
All calves were spontaneously born from multiparous 

cows on neighboring farms and transported directly 
after birth to the experimental barn. Calves were kept 
in single boxes with straw bedding and had free access 
to water. Calves were fed twice daily (0700 and 1500 h) 
with a nipple bottle or nipple bucket. On the first 3 d 
of life calves received pooled colostrum obtained from 
milkings 1, 3, and 5 (d 1, 2, and 3 after parturition, 
respectively; Table 1) at amounts of 8% of BW on d 1 
and 10% of BW on d 2 and 3 (Steinhoff-Wagner et al., 
2011). From d 4 until 29, calves received milk replacer 
(150 g/L; SalvaLac MiraPro 45, Salvana Tiernahrung 
GmbH, Klein-Offenseth Sparrieshoop, Germany) at 
12% of BW/d (Table 1). To ensure uptake of equal 
amounts of feed, refused amounts of colostrum or milk 
were tube-fed to calves. Milk intake was adapted to 
BW data once a week.

Colostrum or milk replacer was supplemented with 
chicken egg-derived immunoglobulins (Globigen Life 
Start 25%, EW Nutrition GmbH, Visbek, Germany) 
composed of 75% dextrose and 25% whole egg powder 
(10.75% CP, 10.50% crude fat, 0.10% crude fiber, and 
2.50% ash), with high antibody titer against Escherich-
ia coli type K 99, Salmonella Typhimurium and Salmo-
nella Dublin, bovine rotavirus type G6 and G10, bovine 
coronavirus, Cryptosporidium parvum, and Clostridium 
perfringens serotype C. Immunoglobulins were added 
from d 2 to 6. Respective amounts of immunoglobulins 
fed twice daily were 40, 32, 24, 16, and 8 g/d.

From d 4 on calves had free access to pelleted con-
centrate (Kälber Start 18/3 pell., Vollkraft Mischfut-
terwerke GmbH, Karstädt, Germany; Table 1) and hay. 
Concentrate intake was measured daily after morning 
milk feeding. To avoid iron deficiency, calves received 
600 mg of iron dextran subcutaneously (Ursoferran, 
Serumwerk Bernburg, Germany) on their first day of 
life. Navel disinfection was performed with 10% iodine 
solution (vet sept Lösung, Albrecht GmbH, Aulendorf, 
Germany) immediately after birth. Health status of 
calves was determined daily by measuring rectal tem-
perature, heart rate, and respiratory rate, by evaluation 
of behavioral abnormalities, nasal discharge, respira-
tory sounds, fecal consistence, and by navel inspection.

Treatment and Blood Sampling

Calves were randomly assigned to 1 of 3 feeding 
groups (n = 7 per group) receiving either no flavonoids 
(control group; CTRL), 9 mg of QA/kg of BW (quer-
cetin aglycone dihydrate, Carl Roth GmbH, Karlsruhe, 
Germany), or 18 mg of RU/kg of BW (rutin trihydrate, 
Carl Roth GmbH), each resulting in a dose of 9 mg of 
quercetin equivalents (QE)/kg of BW (30 μmol of QE/
kg of BW) on d 2 and 29 of life. Calves received the 
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whole dose of QA or RU during morning feeding, ap-
plying the QE suspension with a 10-mL syringe directly 
into the mouth.

The day before the study started, a catheter (Cer-
tofix Mono 340, Braun Melsungen AG, Melsungen, 
Germany) was inserted into the calves’ right jugular 
vein and blood samples were taken before (time point 
0), and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 24, and 48 h 
after feeding using S-Monovette tubes (Sarstedt AG & 
Co., Nümbrecht, Germany) containing lithium heparin 
(16 IU/mL of blood) for analysis of plasma flavonols. 
Additional blood samples, except at 1.5, 2.5, and 48 
h, were taken for measurement of plasma concentra-
tions of total protein, albumin, glucose, NEFA, urea, 
and lactate using tubes containing sodium fluoride 
and K3EDTA (1.0 mg/mL fluoride and 1.2 mg/mL 
EDTA). Blood sampled into tubes containing dipotas-
sium EDTA (1.8 mg/mL) was used for determination 
of insulin and cortisol plasma concentrations. Catheters 
were flushed with 10 mL of sodium chloride solution 
(0.9% sodium chloride, Braun Melsungen AG) after 
each blood sampling. Blood was immediately put on 
ice, centrifuged for 20 min at 1,500 × g at 4°C, and 
plasma was stored at −80°C for flavonol analyses, and 
at −20°C for analyses of metabolites and hormones.

Analytical Methods

Flavonols were extracted from plasma as described 
by Egert et al. (2008) and concentrations of quercetin 
aglycone and its methylated (isorhamnetin, tamarix-
etin) and dehydroxylated (kaempferol) derivatives 
were analyzed by HPLC with fluorescence detection 
as previously described (Ader et al., 2000; Berger et 
al., 2012; Gohlke et al., 2013). Briefly, plasma samples 

were thawed in a 40°C water bath. Then 980 μL of 
plasma was acidified with 130 μL of acetic acid (0.583 
mol/L), spiked with 20 μL of methanolic rhamnetin 
solution (internal standard, 1 mg/20 mL in methanol; 
Rotichrom HPLC, Carl Roth GmbH), and treated with 
a mixture of β-glucuronidase and sulfatase (from Helix 
pomatia Type H-1, with final activities of 7,300 and 
130 U/mL for glucuronidase and sulfatase, respectively; 
Sigma-Aldrich Chemie GmbH, Dreieich, Germany) to 
cleave the ester bonds of glucuronides and sulfates. 
After incubation at 37°C for 1 h, 3 mL of acetone was 
added and the samples were centrifuged at 3,700 × g 
for 45 min at 4°C. The supernatant was evaporated 
until dry. Residues were resolved in 200 μL of metha-
nol, and after 15 min in an ultrasonic bath 77.5 μL of 
nanopure water and 22.5 μL of hydrochloric acid (10 
mol/L) were added. For flavonol analyses by HPLC, 30 
μL of the final solution was injected by a cooled (4°C) 
autosampler (AS-2057 Plus, Jasco Deutschland GmbH, 
Groß-Umstadt, Germany) onto a C-18 Kromasil 100 
column (250 × 4 mm, particle size = 5 μm, Jasco 
Deutschland GmbH) guarded by a precolumn (C-18 
Inertsil ODS-2, 10 × 4 mm, particle size = 5 μm, Jasco 
Deutschland GmbH). The eluent (flow rate: 1 mL/min) 
was composed of 0.025 mol/L of sodium dihydrogen 
phosphate (pH 2.4), acetonitrile, and methanol (68:27:5 
vol/vol/vol). In a postcolumn reactor, the effluent was 
mixed with aluminum nitrate [flow rate = 0.4 mL/min, 
1 mmol/L in methanol containing 7.5% (vol/vol) acetic 
acid] for derivatization, and fluorescence of the flavonol-
aluminum complex was measured using a fluorescence 
detector (excitation wavelength = 422 nm, emission 
wavelength = 485 nm; FP920, Jasco Deutschland 
GmbH). Identification of peaks obtained was performed 
using the retention times of the standards, which were 

Table 1. Composition and amounts of colostrum, milk replacer, and concentrate fed to calves

Item

d 1 
colostrum1 
milking 1

d 2 
colostrum1 
milking 3

d 3 
colostrum1 
milking 5

d 4 to 302

Milk replacer3 Concentrate4

DM, g/kg 206.9 154.7 139.3 110.0 880.0
CP, g/kg of DM 597.4 390.4 333.1 201.8 180.0
Crude fat, g/kg of DM 169.2 240.5 274.9 190.9 43.0
Ash, g/kg of DM 48.3 55.6 56.0 73.6 74.0
Lactose, g/kg of DM 136.3 260.5 308.7 514.6 —
1Colostrum was derived from multiparous cows and separately pooled from milkings 1, 3, and 5 after parturition, respectively.
2Hay was offered ad libitum except for days of bioavailability studies.
3Milk replacer (SalvaLac MiraPro 45, Salvana Tiernahrung GmbH, Klein-Offenseth Sparrieshoop, Germany), was composed of 45% spray skim 
milk powder, 35% sweet whey powder, 18% plant oil (palm, coconut, and soy oil), 1.7% Lys, 0.8% Ca, 0.75% P, and added with 50,000 IU of 
vitamin A, 4,000 IU of vitamin D3, 200 mg of vitamin E (α-tocopherol acetate), 9 mg of Cu (glycerine-copper chelate), citric acid, sorbic acid, 
butylhydroxytoluene (BHT), and 1.2 × 109 cfu of Enterococcus faecium E1706.
4Concentrate (Kälber Start 18/3, Vollkraft, Mischfutterwerke GmbH, Karstädt, Germany) was composed of wheat gluten, wheat bran, grain 
mash, sugar beet pulp, rapeseed meal, oat, rye, molasses, linseed, oat bran, soybean meal extract, calcium carbonate, sodium chloride, 0.6% 
phosphorous, 0.2% sodium, 10,800 IU of vitamin A, 1,215 IU of vitamin D3, 30 mg of vitamin E, 0.7 mg of I, 0.4 mg of Co, 54 mg of Mg, 81 
mg of Zn, and 0.4 mg of Se per kg of DM.
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prepared with pure flavonols and treated in the same 
way as samples. The detection limit of flavonols was 
≤10 nmol/L and the recovery rate was 92 ± 2% (mean 
± SE). Inter- and intraassay variances for quercetin 
were 7.2 and 0.5%. The sum of plasma concentrations 
of quercetin and its metabolites in plasma is referred to 
as total flavonols.

Plasma metabolites were analyzed spectrophotomet-
rically (ABX Penta 400; Horiba ABX SAS, Montpellier 
Cedex, France) by the Clinic for Cattle (University of 
Veterinary Medicine, Foundation, Hannover, Germany) 
using the respective kits: albumin (no. A11A01664) and 
lactate (no. A11A01721; Horiba Europe GmbH, Han-
nover, Germany), NEFA (no. 434–91795; Wako Chemi-
cals GmbH, Neuss, Germany), glucose (no. 553–230) 
and total protein (no. 553–412; MTI Diagnostics GmbH, 
Idstein, Germany), and urea (no. LT-UR 0050; Labor 
+ Technik E. Lehmann GmbH, Berlin, Germany).

Plasma insulin concentrations were determined using 
an RIA as previously described (Vicari et al., 2008). 
Plasma cortisol concentrations were analyzed using 
a commercial ELISA kit validated for bovine plasma 
(EIA-1887; DRG Instruments GmbH, Marburg, Ger-
many; Weber et al., 2013). Cross reactivities of the 
monoclonal antibody against corticosterone and pro-
gesterone were 45 and 9%, respectively, and to any 
further plasma steroids lower than 2%. Test sensitivity 
was 3.4 ng/mL; inter- and intraassay variations were 
5.3 and 12.1%, respectively.

Colostrum was analyzed for DM, CP, crude fat, and 
ash content (Qualitätsprüfungs- und Dienstleistungsge-
sellschaft Mecklenburg-Vorpommern mbH, Güstrow, 
Germany) according to the Weender standard proce-
dure (Naumann and Bassler, 2004), as shown in Table 
1. Chemical composition of milk replacer and concen-
trates were according to the manufacturers’ declara-
tions (Table 1).

Calculations and Statistical Analyses

Quercetin measurements were corrected by baseline 
concentration (first blood sample, before QA or RU 
administration), then area under the curve (AUC) was 
calculated for quercetin and its metabolites (isorham-
netin, tamarixetin, and kaempferol) according to the 
trapeziodale rule between 0 and 24 h using GraphPad 
Prism 3 (GraphPad Software Inc., San Diego, CA, 
version 3.03). For single quercetin metabolites, AUC 
proportion relative to AUC of total flavonols (sum of 
quercetin, isorhamnetin, tamarixetin, and kaempferol) 
was calculated in addition. Maximum plasma flavonol 
concentrations (Cmax) and time after intake until Cmax 
was reached (Tmax) were determined from individual 

plasma concentration-time curves. Relative BV of quer-
cetin from RU was calculated as

 Relative BV = AUCRU/AUCQA × 100%.

Statistical analyses were performed using SAS/STAT 
software (SAS Institute, 2010). All data are presented 
as LSM ± SE. Body weight, concentrate intake, and 
pharmacokinetic parameters (AUC, Cmax, Tmax), as 
well as proportions of single metabolites on d 2 and 29, 
were analyzed by repeated measurement ANOVA using 
the Mixed procedure with group (levels: CTRL, QA, 
RU; for proportional calculations only QA and RU), 
repeated variable day (levels: d 2, 29), and group × 
day interaction as fixed effects in the model. Repeated 
measures on each calf were taken into account by using 
the repeated statement of the Mixed procedure with 
an autoregressive residual covariance structure. Plasma 
concentration of total flavonols as well as metabolite 
and hormone data were analyzed by repeated measure-
ment ANOVA using the Mixed procedure, as described 
previously, with group (levels: CTRL, QA, RU), day 
(levels: d 2, 29), time changes within d 2 and 29 (sev-
eral time points before and after feed intake on d 2 and 
29, respectively), and respective interactions as fixed 
effects. Pairwise differences among treatments and time 
changes were tested by the Tukey-Kramer-test. Effects 
were considered significant if P < 0.05.

RESULTS

BW and Feed Intake

All calves were born spontaneously and healthy. 
Birth weight was 47.4 ± 1.0 kg. Body weight increased 
with time in all groups (P < 0.01) and was 65.5 ± 1.3 
kg on d 29 without differences between groups. Milk 
intake was 3.8 ± 0.1 kg/d on d 1 (8% of BW), 4.8 ± 
0.1 kg/d on d 2 (10% of BW), and 6.9 ± 0.1 kg on d 
29. Concentrate intake was 1.59 ± 0.28 kg/calf and 
increased equally with time (P < 0.01) in all groups. 
Average daily gain from birth to d 29 was 612 ± 28 g/d 
without group differences.

BV Studies

Plasma concentrations of total flavonols of CTRL 
were close to or below the detection limit on d 2 and 29, 
respectively (Figure 1A, B). In QA- and RU-fed calves, 
plasma concentrations of total flavonols increased (P < 
0.05) after flavonoid administration on d 2 and returned 
to baseline concentrations 48 h after administration 
(Figure 1A). On d 2, plasma concentrations of total 
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flavonols were greater at 8 and 12 h (P < 0.01), but 
were smaller at 24 h after flavonoid administration (P 
< 0.01) in QA- than in RU-fed calves.

On d 29, postprandial plasma concentrations of total 
flavonols increased far less distinctly (P < 0.01) when 
compared with d 2 (Figure 1A, B). Further, plasma 
concentrations of total flavonols increased until 8 h 
after administration (P < 0.01) in QA-, but not in RU-
fed calves (Figure 1B). Plasma concentrations of total 
flavonols on d 29 tended to be greater (P < 0.1) in 
QA- than in RU-fed calves.

Compared with QA- (100%), RU-fed calves showed a 
relative BV of quercetin of 72.5% on d 2 and of 49.6% 
on d 29. On d 2, AUC of total flavonols, quercetin, 
and quercetin metabolites in QA- and RU-fed calves 
differed (P < 0.05) from CTRL, and were greater (P 
< 0.001) on d 2 than on 29 for both treatments (Table 
2). On d 2, AUC of quercetin and isorhamnetin was 
greater (P < 0.05) and tended to be greater for total 
flavonols (P < 0.1), but was lower for tamarixetin (P 
< 0.05) in QA- than in RU-fed calves. On d 29, AUC 
of quercetin was greater (P < 0.05) in QA-fed calves 
than in CTRL.

On d 2, Cmax of total flavonols, quercetin, and quer-
cetin metabolites except kaempferol of QA- and RU-fed 
calves differed from CTRL (P < 0.05; Table 2), whereas 
on d 29 only Cmax of total flavonols and quercetin of 
QA-fed calves differed (P < 0.05) from CTRL. Maxi-
mal plasma concentrations of total flavonols, quercetin, 
and isorhamnetin decreased (P < 0.05) or tended to 
decrease (kaempferol, tamarixetin; P < 0.1) in QA- and 
RU-fed calves from d 2 to 29, respectively. On d 2, Cmax 

was greater (P < 0.05) for quercetin and isorhamnetin, 
but was lower for tamarixetin in QA- than in RU-fed 
calves.

Time to reach Cmax in QA- and RU-fed calves was 
not affected by day, but indicated treatment effects for 
total flavonols, isorhamnetin, and tamarixetin (Table 
2). For isorhamnetin, Tmax was greater (P < 0.05) in 
RU- than in QA-fed calves on both days.

Relative distribution of single flavonols (quercetin, 
isorhamnetin, tamarixetin, and kaempferol) propor-
tionately to total flavonols in plasma showed highest 
values for quercetin on both days and in both groups 
(QA and RU). Proportion of single flavonols changed 
with time, namely increased for quercetin (P < 0.05) 
but decreased for isorhamnetin and tamarixetin (P < 
0.05) from d 2 to 29 (Figure 2A, B). On d 2, proportion 
of isorhamnetin was greater (P < 0.05) and proportion 
of tamarixetin was smaller (P < 0.05) in QA- than in 
RU-fed calves (Figure 2A).

Plasma Concentrations of Metabolites  
and Hormones

Plasma concentrations of total protein decreased (P 
< 0.05) from d 2 to 29 in CTRL and were greater on 
d 2 in CTRL than in QA-fed calves (P < 0.05; Table 
3). Plasma concentrations of albumin increased (P < 
0.01) and plasma concentrations of lactate and urea 
decreased (P < 0.01) from d 2 to 29 without any group 
effect (Table 3). Mean glucose and NEFA plasma con-
centrations decreased (P < 0.05) from d 2 to 29 in all 
groups, but concentrations did not differ among groups 

Figure 1. Plasma concentration-time-curves of total flavonols after oral administration of 9 mg of quercetin/kg of BW × day as quercetin 
aglycone (□), rutin trihydrate ( ), or no flavonoid (�) on d 2 (A) and 29 (B) of life. Values are LSM ± SE; n = 7.
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(Table 3). Considering the day course of the plasma me-
tabolites, plasma concentrations of glucose increased (P 
< 0.01), whereas NEFA decreased (P < 0.01) after feed 
intake in all groups on d 2 and 29, respectively (Figure 
3A-D). The increase of plasma insulin concentrations 
after feed intake was more pronounced (P < 0.05) on 
d 29 than on d 2, but without group effects (Figure 
4A, B; Table 3). Plasma concentrations of cortisol de-
creased (P < 0.05) after feed intake on both days with 
mean concentrations being greater (P < 0.05) on d 2 
than on d 29 (Figure 4C, D; Table 3).

DISCUSSION

Without dietary supplementation of quercetin 
(CTRL group) plasma concentrations of total flavo-
nols were close to or below the detection limit on d 
2 and 29. However, small amounts of quercetin and 
its dehydroxylated metabolite kaempferol were found 
in blood plasma on d 2 and 29 in the control group. 
According to Besle et al. (2010), flavonoids are natural 
components of bovine milk and their concentration is 
affected by cow’s diet. Although colostrum and milk 

Table 2. Pharmacokinetic parameters after oral administration of quercetin as quercetin aglycone (QA) or rutin trihydrate (RU) on d 2 and 29 
of life; calves of the control group (CTRL) received no flavonoids

Item1 Day

Group2

SE

ANOVA (P-value)

CTRL QA RU Group Day Group × day

AUC, nmol/L × h         
 AUCTotal 2 154c 5947a 4312ab 395 0.001 0.001 0.001
 29 7.70 1336 662     
 AUCQ 2 102c 3413a 1967b 228 0.001 0.001 0.001
 29 26.7b 1090a 535ab     
 AUCK 2 31.9b 152a 159a 24.4 0.02 0.001 0.05
 29 0.00 11.1 6.39     
 AUCI 2 0.00c 1390a 447b 70.1 0.001 0.001 0.001
 29 0.00 67.5 23.9     
 AUCT 2 0.00c 1070b 1768a 154 0.001 0.001 0.001
 29 0.00 58.3 19.6     
Cmax,

4 nmol/L         
 Cmax, Total 2 13.9b 407a 330a 35.9 0.001 0.001 0.001

29 2.24b 168a 74.7ab     
 Cmax, Q 2 10.7c 238a 129b 19.3 0.001 0.001 0.03
 29 6.28b 137a 60.3ab     
 Cmax, K 2 1.96b 12.4a 10.9ab 2.07 0.01 0.001 0.16
 29 0.00 3.86 2.12     
 Cmax, I 2 0.00c 94.5a 39.6b 5.85 0.001 0.001 0.001
 29 0.00 15.5 3.99     
 Cmax, T 2 0.00c 77.1b 163a 15.6 0.001 0.001 0.001
 29 0.00 9.45 3.27     
Tmax,

5 h         
 Tmax, Total 2 9.50 10.6 16.4 2.84 0.05 0.12 0.90
 29 6.49 6.21 10.4     
 Tmax, Q 2 6.65 8.86 11.7 2.77 0.31 0.47 0.76
 29 6.44 5.93 11.1     
 Tmax, K 2 10.0 9.67 12.3 4.01 0.93 0.49 0.76
 29 ND6 8.00 8.00     
 Tmax, I 2 ND 11.4b 19.3a 2.56 0.001 0.88 0.09
 29 ND 5.90b 24.0a     
 Tmax, T 2 ND 11.1 16.6 3.57 0.01 0.63 0.18
 29 ND 7.63 24.0     
a–cLSM in a row with different superscripts differ (P < 0.05).
1Values are LSM with SE, n = 7 per group.
2Group: QA = 30 μmol/(kg of BW × d) quercetin aglycone; RU = 30 μmol/(kg of BW × d) rutin trihydrate; CTRL = no flavonol fed.
3AUC = area under the plasma concentration-time curve of flavonols from 0 to 24 h, calculated by subtracting baseline values (time point 0) 
from all other time points according to the trapezoidal rule; AUCTotal, AUCQ, AUCK, AUCI, AUCT = AUC of total flavonols (Total) or of the 
respective quercetin metabolites quercetin aglycone (Q), kaempferol (K), isorhamnetin (I), and tamarixetin (T), respectively.
4Cmax = maximum plasma concentration of flavonols subtracted by basal plasma concentration before feed intake; Cmax, Total, Cmax, Q, Cmax, K, Cmax, 

I, Cmax, T = maximum plasma concentration of total flavonols (Total), quercetin aglycone (Q), kaempferol (K), isorhamnetin (I), and tamarixetin 
(T), respectively.
5Tmax = time until Cmax was reached; Tmax, Total, Tmax, Q, Tmax, K, Tmax, I, Tmax, T = time until Cmax, Total, Cmax, Q, Cmax, K, Cmax, I, Cmax, T was reached, 
respectively.
6ND = Not definable.
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replacer were not analyzed for flavonoid content in the 
present study, it can be assumed that colostrum is most 
likely the source for flavonoids found in CTRL calves 
at d 2. Apart from colostrum, feed components such 
as concentrates and hay may also contain flavonoids 
(Fraisse et al., 2007; Reynaud et al., 2010), which could 
explain measurable, albeit very low, plasma concentra-
tions of quercetin and its metabolites at least in older 
calves (d 29).

In calves, quercetin was systemically available from 
both supplements, QA as well as RU. Interestingly, 
plasma values obtained for quercetin and its metabo-
lites with an intact flavonol structure were greater on 
d 2 than on d 29, indicating better absorption or less 
excretion in younger animals. This may be explained 
by a different degree of gastrointestinal maturation 
and intestinal permeability on d 2 and 29, respectively 
(Blum, 2006). Thus, the epithelium in newborn animals 

Figure 2. Proportion of single flavonols (quercetin, isorhamnetin, tamarixetin, and kaempferol) in plasma after oral administration of 9 mg 
of quercetin/kg of BW × day as quercetin aglycone (QA) and rutin trihydrate (RU) on d 2 and 29 of life. Values are LSM ± SE; n = 7.

Table 3. Blood plasma concentrations of metabolites and hormones of calves after oral administration of quercetin as quercetin aglycone (QA), 
rutin trihydrate (RU), or no flavonoid (CTRL) on d 2 and d 29

Item1 Day

Group2

SE

ANOVA (P-value)

CTRL QA RU Group Day Group × day

Total protein, g/L 2 64.0a 59.9b 61.7ab 0.98 0.03 0.001 0.07
29 58.0 56.5 59.6

Albumin, g/L 2 22.9 22.6 22.5 0.37 0.95 0.001 0.42
29 26.1 26.5 26.3

Lactate, mmol/L 2 1.68 2.37 2.65 0.27 0.31 0.001 0.04
29 0.63 0.68 0.69

Glucose, mmol/L 2 7.37 7.14 7.61 0.28 0.35 0.001 0.99
29 6.58 6.40 6.79

NEFA, μmol/L 2 298 281 298 13 0.87 0.001 0.65
29 172 177 173

Urea, mmol/L 2 3.80 3.75 3.55 0.26 0.91 0.001 0.82
29 1.55 1.56 1.55

Insulin, μg/L 2 2.38 1.79 2.41 0.65 0.12 0.08 0.29
29 4.38 2.09 2.77

Cortisol, nmol/L 2 67.2 62.9 77.9 7.0 0.43 0.001 0.67
29 11.1 8.6 13.0

a,bLSM in a row with different superscripts differ (P < 0.05).
1Values are LSM based on plasma concentrations in blood samples taken before and until 24 h after morning feeding on d 2 and 29, respectively; 
n = 7 per group.
2Group: QA = 30 μmol/(kg of BW × d) quercetin aglycone; RU = 30 μmol/(kg of BW × d) rutin trihydrate; CTRL = no flavonol fed.
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is characterized by vacuolated epithelial cells, which 
are not present in older animals (Bainter, 2002; Blum, 
2006). This has possibly contributed to a greater ab-
sorption of quercetin from both sources (QA and RU) 
on d 2 compared with d 29 in calves. Furthermore, 
the reticulorumen and microbial activities might be 
already more developed in 29- than in 2-d-old calves, 
resulting in partial ruminal degradation of the flavo-
noids applied (Heinrichs and Jones, 2003; Guilloteau 
et al., 2009; Berger et al., 2012; Li et al., 2012). The 
BV of quercetin from both, QA and RU, especially on 
d 29 could probably be improved when encapsulated 
quercetin preparations will be used (Ding et al., 2014).

On both days investigated, feeding of QA resulted in 
greater plasma concentrations of total flavonols, quer-
cetin, and its metabolites than feeding of RU, indicat-
ing QA as a better source of quercetin than RU with 
respect to the BV of quercetin. Markedly lower plasma 
concentrations of total flavonols were also seen in 
monogastric species after feeding of RU instead of QA 
at dosages comparable to the current study (Manach et 
al., 1997; Cermak et al., 2003; Reinboth et al., 2010). 
Thus, the present results obtained in calves are in prin-
cipal accordance with studies on the BV of quercetin in 
monogastric species, such as rats (Manach et al., 1997), 
dogs (Reinboth et al., 2010), pigs (Cermak et al., 2003; 

Figure 3. Plasma concentrations of glucose (A, B) and NEFA (C, D) after oral administration of 9 mg of quercetin/kg of BW × day as 
quercetin aglycone (□), rutin trihydrate ( ), or no flavonoid (�) on d 2 and 29 of life. Values are LSM ± SE; n = 7.
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Lesser et al., 2004), and humans (Erlund et al., 2000; 
Egert et al., 2008). As the newborn calf is considered 
as a functionally monogastric animal (Drackley, 2008), 
these findings are not surprising.

Concerning RU application, studies in monogastric 
species often indicate a delayed increase of quercetin 
and its metabolites in blood plasma (Erlund et al., 
2000; Cermak et al., 2003; Reinboth et al., 2010). In 
the present study, maximal plasma concentrations of 
quercetin and its metabolites were measured much 
later after RU than after QA feeding, indicating dif-
ferent intestinal sites for absorption (Erlund et al., 
2000). In RU-fed calves, quercetin and its metabolites, 

at least on d 2, most likely derive from absorption in 
both the small and the large intestine. In addition, 
we found the same slow increase of quercetin and its 
metabolites in blood plasma after QA and RU feeding, 
but the increase stopped much earlier in RU- than in 
QA-fed calves. In general, the sugar moiety in flavonol 
molecules determines the absorption of flavonoids in 
organisms (Day et al., 1998; Hollman et al., 1999) and 
QA is supposed to already be absorbed in the small 
intestine. More complex glycosides, such as the glucor-
hamnoside RU, are absorbed in distal parts of the small 
intestine or in the colon of monogastric animals, where 
flavonol molecules are hydrolyzed by microorganisms. 

Figure 4. Plasma concentrations of insulin (A, B) and cortisol (C, D) after oral administration of 9 mg of quercetin/kg of BW × day as 
quercetin aglycone (□), rutin trihydrate ( ), or no flavonoid (�) on d 2 and 29 of life. Values are LSM ± SE; n = 7.
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Thus, the lack of rhamnosidase activity in the small 
intestine can be considered as one reason for delayed 
and lower absorption of RU than of QA (Erlund et al., 
2000; Cermak et al., 2003). Our pattern of relative BV 
of total flavonols after RU feeding fits to relative BV 
of total flavonols in blood plasma after duodenal, but 
not after ruminal application in dairy cows (Berger et 
al., 2012; Gohlke et al., 2013), indicating a low ruminal 
function in our calves during first month of life.

Interestingly, pharmacokinetics of quercetin absorp-
tion after QA feeding markedly differed between calves 
and adult cattle (Berger et al., 2012; Gohlke et al., 
2013) or monogastric animals (Erlund et al., 2000; Cer-
mak et al., 2003; Reinboth et al., 2010). The typical 
peak of total flavonol plasma concentrations some min-
utes after QA administration was not seen in newborn 
calves. As a consequence, time for reaching Cmax was 
much greater in calves than in adult ruminants and 
monogastrics. Comparable slow increases of quercetin 
and its metabolites as in newborn calves’ blood plasma 
were only seen in rats (Manach et al., 1997). These dif-
ferences in pharmacokinetics after QA feeding are diffi-
cult to explain, but a probable reason is the low release 
of milk protein into the duodenum due to abomasal 
casein clotting (Heinrichs and Jones, 2003; Guilloteau 
et al., 2009) and the potential binding of flavonoids to 
milk proteins (Gugler et al. 1975; Boulton et al., 1998; 
Janisch et al., 2004).

All measured metabolites and hormones were in 
physiological ranges and most of these findings were in 
accordance with previous results indicating postnatal 
growth, especially protein accretion, and development 
in breeding as well as suckling calves (Egli and Blum, 
1998; Nussbaum et al., 2002; Schiessler et al., 2002). 
Conversely, except for total protein concentrations on 
d 2, we found no treatment effects by QA or RU feed-
ing in these calves. Plasma protein concentrations were 
lower in QA-fed than in CTRL calves, a finding that 
was hard to explain because all calves received the same 
pooled colostrum with identical IgG content at first 
days of life. Postprandial changes of metabolites and 
hormones have been reported previously (Hadorn et al., 
1997; Hammon and Blum, 1998), but systemic glucose 
metabolism was not affected by QA or RU feeding, as 
we have assumed from findings in literature (Cermak et 
al., 2004; Tadera et al., 2006).

In conclusion, BV of quercetin and its metabolites 
in newborn calves is more pronounced when quercetin 
is fed as QA than as RU. These findings go along with 
data on BV of quercetin in lactating cows with duo-
denal application (Gohlke et al., 2013) and in mono-
gastric species such as rats, dogs, and pigs (Manach et 
al., 1997; Cermak et al., 2003; Reinboth et al., 2010). 
Greater BV of quercetin on d 2 than on d 29 of life 

was probably due to reduced maturation status of the 
gastrointestinal tract in 2-d-old calves. However, effects 
of quercetin feeding on the antioxidative status should 
be investigated to validate health-protecting effects of 
quercetin feeding in neonatal calves.
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