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Chapter One - Introduction - 

1.1. Structure and biosynthesis of flavonoids 

Flavonoids are a group of polyphenols which share a common structure consisting of 

two aromatic rings that are bound together by three carbon atoms which form an 

oxygenated heterocycle (Manach et al., 2004). This scaffold has been termed as 

flavan and the three phenolic rings are referred to as A, B and C (Aherne and 

O'Brien, 2002) (Fig. 1.1). 

 

Depending on the type of heterocycle involved, they can be divided into six 

subgroups: flavonols, flavones, isoflavones, flavanones, anthocyanidins and 

flavanols (catechins and proanthocyanidins) (Manach et al., 2004) (Fig.1.2). Within 

the single subgroups the compounds additionally differ because of their association 

with various carbohydrates, organic acids or with one another (Manach et al., 2004). 

 

Figure 1.2. Chemical structures of the six main flavonoid classes 

Figure 1.1. Basic chemical 

structure and numbering of all 

flavonoids 
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Flavonoids are synthesized in all higher plants. The flavonoid pathway is part of the 

larger phenylpropanoid pathway which does not take place in mammals and apart 

from flavonoid production also produces a wide range of other secondary 

metabolites, such as phenolic acids, lignins, lignans and stilbenes (Davies and 

Schwinn, 2006). 

The key precursors of flavonoids are phenylalanine and malonyl-CoA (Davies and 

Schwinn, 2006). The first step is the transformation of phenylalanine into trans-

cinnamic acid. Afterwards it is hydrolyzed to p-coumaric acid which consists of nine 

carbon atoms and forms the main parts of the rings B and C. Malonyl-CoA is formed 

from acetyl-CoA by acetyl-CoA carboxylase (Davies and Schwinn, 2006). The p-

coumaric acid condenses with three molecules malonyl-CoA catalyzed by the 

enzyme chalcone synthase to form the C-15 chalcones (Davies and Schwinn, 2006). 

Chalcone synthase is the key enzyme of flavonoid biosynthesis because chalcones 

are the precursor of all flavonoids. 

To establish the typical heterocyclic flavonoid C-ring, the isomerization of chalcones 

to flavanones is catalyzed by chalcone isomerase via an acid base catalysis 

mechanism (Jez et al., 2000; Jez and Noel, 2002). Afterwards flavanones are 

converted stereospecifically to the respective dihydroflavonols by flavanon 3-

dioxygenase (Davies and Schwinn, 2006). Until this step the synthesis of flavonols, 

whose major representative is quercetin, and flavanols (catechines) are similar but 

from now on the biosynthesis pathways proceed in different directions. Flavonols are 

formed from dihydroflavonols catalyzed by the enzyme flavonol synthase while for 

flavanol synthesis dihydroflavonol is first reduced to flavan-3,4-diol by dihydroflavonol 

4-reductase. The large structural diversity within the single subgroups arises from 

miscellaneous successive reactions like hydration, hydroxylation, methylation, 

glycosylation and sulfation (Harborne et al., 1986). 

1.2. Occurrence of flavonoids in nature 

As already mentioned flavonoids are a large group of secondary metabolites in plants 

where they occur almost always bound to sugar molecules (Manach et al., 2004). In 

most cases sugar molecules, like glucose, rhamnose or galactosidose, are attached 

to the flavonoid aglycones by ß-O-glycosidic bonds, but flavones may also be found 
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as C-glycosides (Hollman and Arts, 2000). More than 80 different sugars have been 

found to be bound to flavonoids in plants. Among them are monosaccharides, 

disaccharides, trisaccharides and even tetrasaccharides (Hollman and Arts, 2000). 

As a result, more than 170 different quercetin glycosides alone have been described 

to occur in nature with the most common ones being isoquercetrin (quercetin-3-O-

glucoside) and rutin (quercetin-3-O-glucorhamnoside) (Williams and Harborne, 

1994). The favorite side of the glycosylation is the 3-position. However attachment of 

sugars can occur at various points (Hollman and Arts, 2000).  

The highest amounts of flavonols are found in the sun-facing parts of plants, like 

leaves, flowers and fruits because accumulation of flavonols is inducible by exposure 

to UV radiation (Gould and Lister, 2006). The concentration of flavonols also 

increases as a response to wounding, pathogen infection, chilling, ozone or nutrient 

deficiency (Gould and Lister, 2006).  

Quercetin, the major representative of the subgroup of flavonols, is one of the most 

abundant flavonoids in plants and plant derived food (Hertog et al., 1992) where it 

occurs in relatively low, 15-30 mg/kg fresh weight, concentrations (Manach et al., 

2004).  

Table 1.1. Concentrations of quercetin in fruits and vegetables with a high 

content (in mg/kg fresh weight) 

 

1 (Price and Rhodes, 1997) 

2 (Price et al., 1998) 

3 (Hertog et al., 1992a)  

4 (Hollman and Arts, 2000) 

5 (Manach et al., 2004) 

6 USDA Database for the 

Flavonoid Content of  

Selected Foods, March 2003 

 

Although the abundance of quercetin in most fruits and vegetables is known, it is 

difficult to assess the amount of quercetin in feedstuff for cattle for two reasons. 

Firstly, there are only few studies which address the occurrence of quercetin, or 

flavonoids in general, in pasture or different kinds of feedstuff. Secondly,  studies in 

Onions 86-16941; 3473; up to 12005; 132-1996 

Beans 394; 10-505; 27-306 

Broccoli 432; 40-1005; 326 

Kale 1103; 300-6005; 776 

Apples 20-364; 20-405; 446 

Cranberries 1406 

Apricots 25-264; 25-505; 256 

Black currants 374; 30-705; 576 
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which the polyphenolic composition of permanent pastures or various kinds of 

forages were reported, showed that the flavonoid content of pasture is strongly 

influenced by the stage of growth, composition, topography and climate in which 

pasture has grown (Fraisse et al., 2007; Besle et al., 2010; Reynaud et al., 2010).  

Table 2.2. Quercetin and quercetin glycosides in different forages (1 adapted 

from Besle et al. 2010; 2adapted from Reynaud et al. 2010) 

Item (g/kg of 

DM) 

Lowland 

permanent 

pasture2 

Upland 

permanent 

pasture2 

Ryegrass 

silage1 

Ryegrass 

hay1 

Grassland 

hay1 

Quercetin n.i. n.i 0.68 n.d. n.d. 

Quercetin-3-

glucoside 

n.i. n.i. 

n.d. 0.24 n.d. 

Quercetin-3-

glucuronide 

0.07 1.97 - 3.98 

n.i. n.i. n.i 

Quercitrin n.i. n.i. n.d. n.d. 0.58 

Rutin 0.06 0.27 - 0.55 n.i. n.i. n.i. 

Total flavonols 0.17 2.34 - 4.53 n.c. n.c. n.c. 

Total 

flavonoids 

2.73 4.95 - 6.69 

n.c. n.c. n.c. 

n.c. : not calculated; n.d. : not detected; n.i. : not identified;  

1.3. Bioavailability of quercetin in monogastrics 

The bioavailability of a substance is defined as the degree to which the substance 

becomes available to the target tissue after administration (Dorland 2007). In order to 

become available to the target tissue, the substance has to reach the systemic 

circulation. Therefore, the bioavailability of a substance which is orally administered 

is determined by its absorption, disposition, metabolism and elimination.  
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1.3.1. Absorption of quercetin  

It is known from studies in monogastrics that glucosides of quercetin are more 

efficiently absorbed than quercetin itself, whereas the rhamnoglucosid (rutin) is less 

effectively and less rapidly absorbed (Hollman et al., 1999; Graefe et al., 2001). 

This difference is due to the different chemical characteristics. Quercetin aglyca are 

rather lipophilic; they can pass the intestinal mucosa by passive diffusion  and 

therefore are absorbed mainly in the small intestine (Walgren et al., 1998; Manach et 

al., 2004). In rats, even absorption of quercetin aglyca from the stomach has been 

discussed (Crespy et al., 2002). Glycosides are relatively polar and thus are not able 

to passively diffuse through the mucosa of the gut (Lesser and Wolffram, 2006). For 

absorption, it is necessary to cleave the linkage between the aglycone and the sugar 

moiety by either intestinal enzymes in the small intestine or enzymes produced by 

the colonic microflora in the large intestine (Arts et al., 2004; Manach et al., 2004). 

The ß-glycosidic bonds which appear in glycosides are resistant against hydrolysis 

by pancreatic enzymes (Arts et al., 2004). In mammals, three different ß-

glucosidases are known: the lysosomal glucocerebrosidase (EC 3.2.1.62), the 

intestinal lactasephlorizinhydrolase (EC 3.2.1.108) and a third one which lies free in 

the cytoplasm of cells of liver, kidney and small intestine (EC 3.2.1.21)(Hays et al., 

1996). The cytosolic ß-glucosidase has been shown to cleave some 

quercetinmonoglucosides e.g. quercetin-4’-glucoside but only has a weak influence 

on glucosides which are linked in the 3-position (Ioku et al. 1998). Before cleavage 

by cytosolic ß-glucosidase the glucosides have to be incorporated into the 

enterocytes (Lesser and Wolffram, 2006). The mucosal uptake occurs via a sodium- 

dependent glucose co-transporter (SGLT1) (Ader et al., 2001). The mucosal uptake 

via SGLT1 with following cleavage by cytosolic ß-glucosidase is only a minor 

pathway. The main determinant of uptake is the activity of lactasephlorizinhydrolase 

(LPH) (Day et al., 2003; Sesink et al., 2003). LPH is a mammalian ß-glycosidase in 

the brush border membrane of the small intestine which substrate-specificity may 

vary and thereby changes the bioavailability of different glycosides (Arts et al., 2004).  

Complex glycosides and non-glucose glycosides are absorbed only from the distal 

small intestine and the large intestine (Manach et al., 1997) after reduction to the 
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aglycone by microbial enzymes like α-rhamnosidase and β-glucosidase (Day and 

Williamson, 2003). 

Some bacteria, such as Clostridium orbiscindens or Eubacterium ramulus do not only 

release the aglycone but are capable of splitting the scaffold of flavonoids (Blaut et 

al., 2003; Schoefer et al., 2003). The main products of this degradation are simple 

aromatic acids, like hydroxyl-phenylacetic acids (Manach et al., 2004). The bacterial 

degradation and the much poorer ability of the colon for absorption determine the fact 

that rhamnoglucosides are less effectively and more slowly absorbed than the 

aglycone.  

 

1.3.2. Metabolism 

After entering the body, flavonoids are subject to metabolic detoxification processes 

which are common to many xenobiotics (Manach et al., 2004). In this processes, 

phase-I- and phase-II-enzymes are involved whereby phase-I-reactions like 

cytochrom P450-monooxygenase-dependent hydroxylation or demethylation play a 

minor role (Bieger, 2007). Quercetin aglycones and glycosides are highly accessible 

to phase-II-enzymes because of their hydroxyl groups (Day et al., 2004) 

As phase-II-reactions, three different ways of conjugation occur:  

1. Glucuronidation by UDP-glucuronosyltransferase (UGT), an enzyme which 

lies in the ER-membrane of liver cells in particular, but also in cells from 

intestine, kidney and brain. One of the UGT subfamilies called UGT1A which 

is localized in the intestine is likely to play a major role in the first-pass 

metabolism of flavonoids (Manach et al., 2004). 

2.  Sulfation by sulfotransferases, which are mainly located in the liver (Falany, 

1997). Sulfotransferases catalyze the linkage of a sulfate group from 3’-

phosphoadenosine-5’-phosphosulfate to a hydroxyl group of flavonoids and 

other substrates (Manach et al., 2004). Because of sulfation the hydrophilicity 

rises and thereby the elimination via urine increases as well (Gamage et al., 

2006).  

3.  Methylation by catechol-O-methyltransferases (COMT), an enzyme which 

catalyzes the transfer of a methyl group from S-adenosyl-L-methionine to 



 

 

7 

flavonoids with a catechol moiety (Manach et al., 2004). COMT appears in 

various tissues with highest activity in liver and kidneys (Piskula and Terao, 

1998; Tilgmann and Ulmanen, 1996). Methylation predominantly occurs in 3’-

position. In this way, isorhamnetin is generated from quercetin. To a smaller 

degree methylation also occurs at the 4’-position, whereby tamarexitin is 

formed from quercetin (Manach et al., 2004). Methylation of quercetin favors 

the biliary excretion (Arts et al., 2004). 

The importance of the three different types of conjugation varies according to the 

type of substrate and the ingested dose (Manach et al., 2004). Sulfation has a high 

affinity but a low capacity whereas glucuronidation is a low-affinity, high-capacity 

pathway. Thus, if the ingested dose increases, there is a shift towards 

glucuronidation (Koster et al., 1981). In experiments comparably large amounts of 

quercetin are administered. Therefore, glucuronides are always the main metabolites 

in plasma of humans and pigs (Manach et al., 2004). In rats, methylation rate of 

quercetin accounts for  67% (de Boer et al., 2005) whereas in humans only 7-8% of 

absorbed quercetin was methylated (Egert et al., 2008).  

In human, pig and rat plasma almost only conjugated forms of quercetin have been 

experimentally verified (Ader et al., 2000a; Cermak et al., 2003; Egert et al., 2008), 

whereas in tissue of rats and pigs a rather high proportion of free quercetin has been 

found (Bieger et al., 2008; de Boer et al., 2005). 

 

1.3.3. Transport in Plasma and Tissue Distribution 

In plasma of humans and rats, quercetin is extensively bound to proteins (Gugler et 

al., 1975; Manach et al., 1995; Boulton et al., 1998). The most abundant carrier in 

blood is albumin (Manach et al., 1995) where the major binding sites are the 

subdomains IIa und IIIa which form hydrophobic pockets (He and Carter, 1992). In 

human serum albumin (HSA) the subdomain IIa, which appears to be the high-affinity 

binding site in both HSA and bovine serum albumin (BSA), is large enough to 

accommodate further ligands such as salycilate and warfarin (Boulton et al., 1998; 

Dangles and Dufour, 2005; Zsila et al., 2003).  
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The affinity of binding to albumin varies according to the different chemical structures 

(Manach et al., 2004). While isorhamnetin (3’-O-Methylquercetin) has a similar 

affinity to HSA than quercetin, rutin (Quercetin-3-O-rutinosid) and isoquercitrin 

(Quercetin-3-O-glucosid) show binding affinities which are 10 and 4 times weaker 

compared to that of quercetin (Dangles et al., 1999; Dangles et al., 2001). In general, 

flavonols and flavones are the polyphenol groups which are most tightly bound to 

albumin. Glycosilation or sulfatation at 3-position, methylation at 3’-position or 

deletion of the hydroxyl group at 3’-position significantly lowers the binding affinity to 

BSA but the binding to human serum albumin is less affected by these changes 

(Dangles and Dufour, 2005). These findings emphasize the importance of a free 

hydroxyl group at 3’-position for the binding to albumin (Dangles and Dufour, 2005). 

Although HSA and BSA are highly homologous, a difference regarding their ability of 

binding flavonoids has been observed (Dangles and Dufour, 2005). Maybe the 

protein binding might be an explanation for the long half-life of quercetin in humans 

and may have an impact on the cellular uptake (Manach et al., 2004). In general, it is 

assumed that the cellular uptake of a substance is proportional to the concentration 

of its unbound metabolites. In the case of albumin, it has been shown that pH 

variations may induce conformational changes which will lead to the dissociation of 

the flavonoid-albumin complex. Additionally, conformational changes in albumin 

which might lead to the disposal of bound flavonoids can also appear due to non-

specific interactions with various membranes (Horie et al., 1988; Manach et al., 

2004). It is unclear whether these mentioned mechanisms could facilitate the delivery 

of flavonoids to cells.  

It is still unclear if and to what extent albumin-bound flavonoids, and especially 

quercetin, show biological activity. But it has been shown that binding does not have 

an impact on the catechol moiety of quercetin which means that it stays accessible to 

oxidizing agents (Dangles et al., 1999). If these in vitro results are also true in vivo, 

flavonoids could perform their assumed antioxidant activities even if they are bound 

to albumin (Dangles et al., 2001).  

The tissue distribution of quercetin has not been thoroughly investigated until now. 

After three days of feeding of 500 mg quercetin/kg BW per day to pigs, the highest 
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concentrations of quercetin were found in liver and kidney, and the concentrations of 

quercetin in brain, heart and spleen were very low (de Boer et al., 2005). In contrast 

to results from rat experiments, the concentrations of quercetin in pig liver and 

kidneys were even higher than plasma concentrations (de Boer et al., 2005). This 

tissue distribution pattern is similar to results obtained in a short term feeding study 

where 25 mg quercetin/kg BW was given to pigs 90 min before slaughter (Bieger et 

al., 2008). It has been assumed that high amounts of free quercetin in tissues are 

due to cleavage of the quercetin glucuronides through tissue specific ß-

glucuronidase (de Boer et al., 2005; O'Leary et al., 2003). However, Bieger et al. 

(2008) showed that the proportion of aglycones was not correlated with specific ß-

glucuronidase activity in pigs. 

 

1.3.4. Elimination 

In humans the elimination half-life of quercetin is 11-28 h, and thus relatively long 

(Hollman et al., 1997; Manach et al., 2005) compared to an average half-life of 3.8 h 

in pigs  (Ader et al., 2000). Because of the short life-span in pigs no accumulation in 

plasma or tissue has been observed after multiple quercetin administrations (Bieger 

et al., 2008). In humans, renal elimination is only a minor pathway for quercetin. It 

accounts up to 3% depending on the type of quercetin administered (Hollman et al., 

1997; Olthof et al., 2000; Graefe et al., 2001), whereas in rats elimination via kidney 

amounts to 9% (Ueno et al., 1983). The elimination via bile is considered to be more 

important (Arts et al., 2004). In the bile from rats which received a diet highly 

supplemented with quercetin for 14 days, the concentration of quercetin was 

sevenfold higher than in plasma (Manach et al., 1996). After biliary secretion, 

reabsorption may occur and therefore there might be an enterohepatic cycle 

(Manach et al., 2004)  

 

1.4. Impact of quercetin on antioxidative status 

Body tissues are continuously threatened by the damage caused by free radicals and 

reactive oxygen species, which are continuously produced via the respiratory chain 

or are induced by exogenous injury (Degroot, 1994). Metabolic stress around calving 
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in dairy cows leads to an increased production of free radicals and reactive oxygen 

species which is related to clinically relevant pathological conditions (Miller et al., 

1993; Kankofer, 2002; Bertoni et al., 2008). Flavonoids have been shown to possess 

the ability of direct radical scavenging in plants. This is also assumed to take place in 

mammals. Quercetin is one of the most potent antioxidants of plant origin (Erdman et 

al., 2007). In addition to its direct effects, quercetin is capable of inhibiting various 

pathways of free radical formation. For example quercetin administration reduces 

ischemia-reperfusion injury by interfering with inducible nitric-oxide synthase activity 

and was found to be a potent inhibitor of superoxide anion release by neutrophils and 

macrophages due to inhibition of the activation of NADPH oxidase (Tauber et al., 

1984; Pagonis et al., 1986;  Shoskes, 1998; Middleton et al., 2000; Nijveldt et al., 

2001). Further quercetin has been shown to influence enzymes involved in 

scavenging reactive oxygen species in many in vitro and in vivo experiments. But the 

observed effects were inconsistent (Igarashi and Ohmuma, 1995; Röhrdanz et al., 

2003; Molina et al., 2003; Sancheti et al., 2011; Viera et al., 2011; Jeong et al., 

2012).   

1.5. Effects of quercetin on glucose metabolism and possible implications in 

dairy cows 

Beside its often-mentioned antioxidant capacity, quercetin has also been shown to 

impact glucose absorption and metabolism. Quercetin reduces glucose absorption by 

competitive inhibition of SGLT-1 and non-competitive inhibition of glucose transporter 

2 in vivo and in vitro (Song et al., 2002; Johnston et al. 2005). Cows, as ruminants, 

depend almost exclusively on gluconeogenesis for tissue glucose requirements. 

Therefore, an impairment of glucose absorption from the intestine will have only 

minor consequences (Bell et al., 1997). In contrast to the inhibition of glucose uptake 

from the intestine, quercetin was reported to enhance glucose uptake in muscle cells 

(Eid et al., 2010). The mechanisms underlying these observations are not fully 

understood until now. However, it has been shown that rats treated with quercetin or 

rutin showed an increased number of pancreatic islets which are responsible for 

insulin secretion and in addition, quercetin enhanced insulin release in isolated islets 

of Langerhans in vitro, which both would contribute to lower plasma glucose levels 
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(Vessal et al. 2003; Hii and Howell, 1985). Quercetin has also been shown to inhibit 

glucose-6-phosphatase activity in rat liver (Estrada et al. 2005) which might explain 

the decrease in liver gluconeogenesis and partly the reduction of blood glucose 

levels found in diabetic patients. 

During early lactation high-yielding dairy cows often develop severe negative energy 

balance because feed intake is insufficient to meet energy requirements resulting 

from high milk production (Block et al., 2001; Drackley et al., 2001). To provide NEFA 

as an energy source, body fat is mobilized which causes an accumulation of fat in the 

liver (Grummer, 1993; Drackley et al., 1999; Vernon et al., 2005). A further fact 

contributing to the mobilization of fat depots is the peripartal decrease of insulin, 

which acts antilipolytic (Hart et al., 1978; Drackley et al., 1999). Excessive lipid 

mobilization from adipose tissue is linked with greater incidences of periparturient 

health problems like ketosis (Drackley et al., 1999).Therefore, the above described 

ability of quercetin to enhance the number of pancreatic islets and insulin release 

might be useful in the prevention of liver lipidosis and ketosis in cows.  

1.6. Aims of the study 

Because of the broad spectrum of health-promoting properties described in literature, 

flavonoids are already in use as feeding supplements for cattle. A prerequisite to 

exert any effect is the bioavailability of a substance, but until the start of the 

competence network Food Chain Plus (FoCus)) no data on bioavailability of 

flavonoids in cattle was available. We chose quercetin as a model substance 

because it is widely distributed in nature and has already been extensively 

investigated in monogastric animals. As part of FoCus, the bioavailability of quercetin 

after rumenal administration in cattle has been studied by Berger et al. (2012). The 

first objective of this work was to examine the bioavailability of quercetin in dairy 

cows after intraduodenal administration to compare the pharmacokinetics of 

quercetin and its metabolites after duodenal administration with bioavailability data 

after rumenal administration in cows (Berger et al. 2012) and oral administration in 

pigs (Ader et al. 2000; Cermak et al. 2003).  

Secondly, based on the bioavailability data from the first experiment, we investigated 

effects of chronic quercetin administration over four weeks on milk performance, 
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plasma metabolites, glucose metabolism and hepatic gene expression related to the 

cows’ glucose metabolism and antioxidative status.  
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Chapter Two  

- Bioavailability of Quercetin and its glucorhamnosid Rutin in dairy 

cows after duodenal administration - 

  

 

 

The following article was published in the Journal of Dairy Science Vol. 96, Issue 4 in 

April 2013. 
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ABSTRACT 

Due to their health-promoting properties flavonoids are used in feed supplements for 

ruminants, although scientific evidence for efficacy in vivo is limited. Recently it has 

been shown that bioavailability of quercetin is low after ruminal administration in 

cows, due to degradation by the rumenal microbiota. Whether quercetin could be 

absorbed from the small intestine in ruminants if degradation is prevented is currently 

unknown, therefore we investigated bioavailability of quercetin after duodenal 

administration in six German Holstein cows. On 88 ± 3 DIM each cow received 

equivalent doses of quercetin (9, 18, 27 mg quercetin equivalents (QE)/kg BW) either 

as aglycone (QA) or as its glucorhamnoside rutin (RU). In addition, two control 

studies with duodenal administration of NaCl solution (0.9%) were conducted per 

cow in order to examine concentrations of flavonoids in plasma during regular 

feeding. Before and after administration of the test compounds blood samples were 

taken in defined time intervals over a period of 24 h. In between the runs a wash-out 

period of 2 d was applied to avoid possible carry-over effects. Concentrations of 

plasma quercetin aglycone and its metabolites isorhamnetin, tamarixetin and 

kaempferol were measured after treatment with glucuronidase/sulfatase by HPLC 

with fluorescence detection. After RU administration, levels of plasma quercetin did 

not increase above baseline, irrespective of dose administered. After duodenal 

administration of QA plasma concentration of quercetin aglycone and its methylated 

metabolites clearly increased above baseline. The maximal plasma concentrations 

(Cmax) of total flavonols (about 2 h after application) increased in a dose-dependent 

manner but showed a high interindividual variability (at 27 mg QE/kg BW: range 

368.8 - 983.3 nmol/l) but peak time did not differ. Pre-administration baseline values 

of total flavonols were reached again 3 to 4 h after QA administration. Bioavailablitiy 

of quercetin and its metabolites as measured by the areas under the concentration 

time curves was affected by the quercetin source applied, whereby quercetin from 

RU was unavailable. Taken together, duodenal administration enhanced 

bioavailability of QA nearly to values which were previously reported in pigs after oral 

administration of QA. In contrast to findings in monogastrics or after oral 
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administration in cows quercetin from RU seems to be unavailable when 

administered duodenally.  
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Chapter Three  

 

- Influence of 4 wk intraduodenal supplementation of quercetin  

on performance, glucose metabolism, and mRNA  

abundance of genes related to glucose metabolism and 

antioxidative status in dairy cows - 

  

 

 

The following article was published in the Journal of Dairy Science Vol. 96, Issue 11 

in November 2013. 
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ABSTRACT 

Quercetin has been shown to be a potent antioxidant, acts hepatoprotective and 

affects glucose and lipid metabolism in monogastrics. If this is also true for ruminants 

quercetin could be beneficial in periparturient high-yielding dairy cows through 

amelioration of negative effects of free radical formation and reduction of the severity 

of liver lipidosis and ketosis. In a first attempt to evaluate effects of a long-term 

quercetin treatment we intraduodenally administered twice daily 18 mg quercetin (Q)/ 

kg BW to 5 late-lactation (215 days in milk) dairy cows over a period of 28 days. 

Frequent blood samples were taken before and during administration for 

determination of plasma concentrations of flavonols and metabolites. Prior to and 

after one and four wk of Q administration we took liver biopsies in which the glycogen 

and fat content as well as mRNA expression of selected genes were measured. 

Furthermore, euglycemic, hyperinsulinemic and hyperglycemic clamp studies were 

conducted before and after 2 wk of Q administration. During the experiment DMI and 

most of the other zootechnical data remained unchanged. The milk protein content 

was increased in wk 2 and 4 of Q administration compared to basal values while fat 

and lactose content of milk remained unchanged. Plasma non-esterified fatty acid, 

gamma-glutamyl transferase, cholesterol, glutamate dehydrogenase, triglyceride and 

albumin concentrations as well as liver fat and glycogen concentrations were not 

affected by Q supplementation. Plasma glucose and BHBA concentrations in plasma 

decreased and increased, respectively, under the influence of quercetin. During 

hyperglycemic clamp conditions the relative increase of plasma insulin was higher 

after 2 wk of Q administration and a tendency for an increased rQUICKI was 

observed. The relative mRNA expression levels of selected genes related to glucose 

metabolism, fat metabolism and antioxidative status were not altered after one and 

after 4 wk of Q supplementation. In conclusion, the effects on insulin release and 

sensitivity support the assumption that administration of Q could have positive effects 

on the metabolic adaption of high-yielding cows to early lactation. The increase of 

milk protein content in response to Q supplementation needs to be verified. 

 

 



 

 

27 

Chapter Four - General Discussion - 

Results from the two studies described in Chapters 2 and 3 were discussed in detail. 

In the following, a short summary of the most significant findings and their general 

importance are given. Subsequently, a brief outlook on further measurements in the 

framework of the described cow experiments are given which were not or only partly 

completed up to date. 

With the experiment described in Chapter 2, we were able to show that quercetin is 

absorbed from the small intestine in cows if the rumen is bypassed. The maximal 

concentration of quercetin and its metabolites in plasma was measured 

approximately 2 h after administration and pre-administration baseline values were 

reached again 3 to 4 h after quercetin aglycone administration. In contrast to findings 

in monogastrics or after oral administration in cows, quercetin from RU seems to be 

unavailable when administered duodenally. As part of the competence network 

FoCus it was planned to develop a rumen protected quercetin formulation. Our 

results suggest that a protected quercetin formulation would be reasonable but 

considering the results of Berger et al. (2012) it seems that with rutin a rumen 

protected form of quercetin already exists.  

In the second experiment (Chapter 3), we showed that a chronic quercetin 

supplementation lasting 28 days did not change most of the measured variables. The 

majority of the measured zootechnical data and the measured plasma metabolites 

remained unaltered. Further liver fat and glycogen content and also mRNA 

expression in liver tissue were not affected by quercetin supplementation.  

The most interesting result was that after two weeks of quercetin administration the 

relative increase of plasma insulin was higher and a tendency for an increased 

rQUICKI was observed during hyperglycemic clamp studies which supports the 

assumption that quercetin affects glucose metabolism and could be beneficial in 

regard to metabolic adaption of high-yielding cows to early lactation.  

While an acute dose of quercetin did not alter the protein content in milk, we found 

milk protein to be increased during quercetin supplementation period lasting four 

weeks compared to basal values while milk fat and lactose remained unchanged. 

This finding could be of economic importance although the mechanisms underlying 
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this observation remain unclear and further investigations are necessary to verify this 

effect. 

Moreover, we found BHBA concentrations in plasma to increase under the influence 

of quercetin. The reasons for this observation remain unclear, but the higher BHBA 

levels remain within the physiological range and do not indicate a potential metabolic 

problem in the experimental cows. Unfortunately we have to admit that in both 

experience we were not able to fulfill the recommendations of the German Society of 

Nutritional Physiology (GfE, 2001) for lactating cows regarding the amount auf crude 

fibre in the diet and therefore can not completely exclude an possible impact on the 

metabolism of our experimental cows. 

Besides the experimental procedures already discussed, we also took milk samples 

during the bioavailability studies to investigate the transfer of quercetin and its 

metabolites to milk. Besle et al. (2010) had already shown that forage polyphenols, 

one of them being quercetin, are secreted into the milk in relation to intake. To 

evaluate if and to what extent quercetin is secreted in milk, we took milk samples 

approximately 3 h before every quercetin administration and  

7 1/2 h afterwards. Unfortunately, milk samples have not been analyzed until now 

due to difficulties regarding the analytical method. The secretion of quercetin or its 

metabolites with milk is of interest for two reasons. First, if quercetin is used as a 

feeding supplement in periparturient cows, suckling calves could benefit as well from 

the supplementation due to the antioxidative, antiviral, and anti-inflammatory effects 

of quercetin (Nijveldt et al., 2001). Secondly, if quercetin is transferred to milk, there 

is a possibility of creation of functional foods for humans which, besides improving 

animal health, is one of the main objectives of FoCus.  

In addition to the bioavailability studies regarding quercetin and its glucorhamnosid 

rutin already described, we also investigated bioavailability of a mixture of catechins. 

Catechins are monomeric flavanols which are often referred to as “green tea 

catechins”, because tea is the only aliment which contains all of the six main 

catechins. But they also occur in various fruits, some legumes, chocolate and other 

beverages e.g. red wine (Hollman and Arts, 2000; de Lourdes Mata-Bilbao et al., 

2008). Flavanols have not been detected in vegetables, except in beans, and in 
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staple foods (Arts et al., 2000a). Catechins possess antioxidative, antimutagenic, 

antidiabetic, anti-inflammatory, antibacterial and antiviral properties (Carbrera et al., 

2006).  

The experimental design was similar to what was described in Chapter 2 but instead 

of quercetin or rutin each cow received 10, 20 and 30 mg/kg BW of a green tea 

extract (Polyphenon 60) purchased by Sigma Aldrich GmbH consisting of catechin 

(1.4%), epicatchin (6.4%), gallocatechin (5.2%), epigallocatechin (19%), catechin 

gallat (0.3%), epicatechin gallat (7%), gallocatechin gallat (2.1%), and 

epigallocatechin gallat (28.8%). As preliminary results, we can state that firstly 

plasma samples taken prior to administration or during control studies do not contain 

any catechins. Secondly catechins are absorbed after duodenal administration in 

cows, and thirdly absorption seems to show a high interindividual variability (Figure 

4.1).  

 

 

 

 

Figure 4.1. Total flavanol plasma 

content of three different cows after 

administration of 30 mg 

Polyphenon 60/kg BW. 

 

 

 

 

 

Till now no data on bioavailability of green tea catechins in dairy cows or any 

ruminant animal exists. But like quercetin, catechins could also be a potential mean 

of improving animal health due to their described health-promoting effects and their 

absorption is the basic requirement for any effect.  
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Taken together our data suggest that feed supplements containing the natural 

occurring compound rutin, as a rumen-protected form of quercetin, might be 

beneficial for animal health. More research is needed to verify our results and to give 

a better understanding of the metabolism and effects of flavonoids in ruminants in 

vivo before supplements containing quercetin or any other flavonoid could be 

recommended for practical use.  

The administration of flavonoids as feeding supplements to dairy cows also provides 

a possibility of generating functional foods for humans which has become an 

important topic in recent years.  
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5. Zusammenfassung 

Annika Gohlke – Bioverfügbarkeit von Flavonoiden nach 

intraduodenaler Verabreichung und ihre Effekte auf den 

Kohlenhydratstoffwechsel von Milchkühen, am Beispiel von 

Quercetin und Rutin 

Flavonoide sind sekundäre Pflanzeninhaltsstoffe, deren vielfältige 

gesundheitsfördernde Eigenschaften in verschiedenen Studien gezeigt wurden. Aus 

diesem Grund finden sie bereits in Zusatzfuttermitteln für Rinder Anwendung, obwohl 

wissenschaftliche Belege für ihre Wirkung in vivo beim Rind weitestgehend fehlen. In 

in vitro und in vivo Experimenten wurde gezeigt, dass Quercetin antioxidativ und 

leberschützend wirkt und den Glucose- und Fettstoffwechsel in Monogastriern 

beeinflusst. Wenn dies auch bei Wiederkäuern der Fall ist, könnte sich Quercetin 

günstig auf peripartale Hochleistungskühe auswirken, in dem es möglicherweise 

negative Effekte der freien Radikalbildung und die Häufigkeit der Leberlipidose und 

Ketose reduziert. Vor kurzem wurde gezeigt, dass die Bioverfügbarkeit von Quercetin 

nach ruminaler Gabe sehr niedrig ist, da es von den Mikroorganismen im Pansen 

abgebaut wird. Die Grundvorraussetzung für jeglichen positiven Effekt ist die 

Absorption von Quercetin. Es war aber nicht bekannt, ob bei postruminaler 

Applikation Quercetin bei Rindern aus dem Dünndarm resorbiert wird. Ziel der Studie 

war es deshalb, zunächst die Bioverfügbarkeit von Quercetin nach intraduodenaler 

Verabreichung in Milchkühen zu untersuchen und darauf anhand der gewonnenen 

Daten die Effekte einer 4-wöchigen Quercetinsupplementierung bei der Milchkuh zu 

bestimmen.  

Um die Bioverfügbarkeit von Quercetin zu untersuchen, wurden sechs Deutsch-

Holstein Kühen Duodenalfisteln implantiert. Nach der Genesung erhielt jede Kuh  in 

einem Cross-over Design drei äquivalente Quercetinmengen (9, 18, 27 mg Quercetin 

Äquivalente (QE)/kg KGW) entweder als Aglycon (QA) oder als sein Glucorhamnosid 

Rutin (RU). Desweiteren wurden zwei Kontrollstudien, in denen Kochsalzlösung 

intraduodenal verabreicht wurde, pro Kuh durchgeführt, um die Konzentration von 

Flavonoiden im Plasma während der normalen Fütterung zu erheben. Vor und nach 

der Gabe der Testsubstanzen wurden in definierten Zeitintervallen für die nächsten 
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24 Stunden Blutproben gewonnen. Zwischen den einzelnen Durchgängen wurde 

eine Frist von mindestens 2 Tagen eingehalten, um mögliche Carryover-Effekte zu 

verhindern. Die Konzentrationen von Quercetin Aglycon und seinen Metaboliten 

Isorhamnetin, Tamarixetin und Kaempferol im Plasma wurden nach Behandlung des 

Plasmas mit Glucuronidase/Sulfatase mittels HPLC mit Fluoreszenzdetektion 

gemessen.  

Nach der intraduodenalen Verabreichung von QA stiegen die Konzentrationen von 

QA und seiner Metabolite im Plasma (maximal gemessener Gesamtflavonolgehalt 

406,9 – 635,8 nmol/L) deutlich über die gemessenen Basiswerte 

(Gesamtflavonolgehalt 3,9 nmol/L). Die maximale Plasmakonzentration der 

gesamten Flavonole erhöhte sich dosisabhängig, allerdings mit erheblichen 

interindividuellen Schwankungen. Die Zeit des Auftretens der maximalen 

Konzentration nach Bolusapplikation unterschied sich nicht statistisch gesichert  

zwischen den einzelnen Kühen (ungefähr nach 2 h). Die vor der Gabe gemessenen 

Basiswerte wurden 3 bis 4 Stunden nach der Verabreichung wieder erreicht. Im 

Gegensatz dazu stiegen die Quercetinplasmawerte nach Rutingabe, unabhängig von 

der Dosis, nicht an. Die Bioverfügbarkeit, gemessen anhand der Fläche unter der 

Kurve (area under the curve, AUC), war abhängig von der Quercetinquelle, wobei 

Quercetin aus Rutin nicht verfügbar war. Zusammenfassend lässt sich feststellen, 

dass bei Kühen nach intraduodenaler Verabreichung die Bioverfügbarkeit von 

Quercetin etwa der bei  Schweinen nach oraler Gabe entspricht. Während Quercetin 

aus Rutin bei Monogastriern und Kühen nach oraler Verabreichung bioverfügbar ist, 

scheint dies bei Kühen nach intraduodenaler Verabreichung nicht der Fall zu sein.  

Zur Untersuchung der Langzeiteffekte einer Quercetinsupplementierung wurde 5 

Kühen in der Spätlaktation (im Durchschnitt 215 Tage in Milch) 28 Tage lang zweimal 

täglich 18 mg Quercetin/kg KGW intraduodenal verabreicht. Vor und während der 

Supplementierung wurden in regelmäßigen Abständen Blutproben gewonnen, um die 

Konzentrationen an Flavonolen und deren Metaboliten im Plasma zu bestimmen. 

Leberbiopsien wurden vor Beginn, nach einer Woche und am letzten Tag der 

Quercetin-Supplementierung gewonnen, um darin in den Glykogen- und Fettgehalt 

sowie die mRNA-Expression ausgewählter Gene zu bestimmen. Desweiteren 
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wurden euglykämische, hyperinsulinämische und hyperglykämische Clampstudien 

vor und nach 2 Wochen andauernder Quercetingabe durchgeführt. Die 

Trockenmasse-Aufnahme und die meisten anderen zootechnischen Daten wiesen 

keine statistisch gesicherten Veränderungen während der Langzeitapplikation auf. 

Der Proteingehalt der Milch war in Woche 2 und 4 der Quercetingabe um ca. 5% 

erhöht, während die Gehalte an Fett und Laktose in der Milch weitgehend 

unverändert blieben. Die Plasmawerte an NEFAs, GGT, Cholesterol, GLDH, 

Triglyzeriden, Albumin, sowie die Fett- und Glykogenkonzentration im Lebergewebe 

wurden durch die Quercetinsupplementierung nicht statistisch absicherbar 

beeinflusst. Der Glukosegehalt im Plasma sank, während die BHBA Konzentration im 

Plasma unter Quercetineinfluss stieg. Nach 2 Wochen der Quercetinverabreichung 

war während der hyperglykämischen Clampstudien der relative Anstieg des 

Plasmainsulins höher als vor der Gabe und rQUICKI war tendenziell erhöht. Die 

mRNA Expressionslevel der ausgesuchten Gene bezüglich des Glukose- und des 

Fettstoffwechsel sowie des antioxidativen Status waren weder eine noch vier 

Wochen nach Supplemetationsbeginn statistisch absicherbar verändert.  

Abschliessend lässt sich festhalten, dass die beobachteten Effekte von Quercetin auf 

die Insulinfreisetzung und –sensitivität die Annahme unterstützen, dass Quercetin 

positive Effekte auf die Anpassung des Stoffwechsels von Hochleistungskühen an 

die Frühlaktation haben kann. 
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6. Summary 

Annika Gohlke -  Bioavailability of flavonoids after intraduodenal 

administration and their effects on the carbohydrate metabolism of 

dairy cows, exemplified by quercetin and its glucorhamnoside rutin 

Flavonoids are secondary plant metabolites which have been shown to possess 

many health-promoting properties and are therefore already in use as feeding 

supplements for cattle, although scientific evidence for their efficacy in vivo is limited. 

Quercetin acts antioxidative and hepatoprotective and affects glucose and lipid 

metabolism in monogastrics in vitro and in vivo. If this is also true for ruminants 

quercetin could be beneficial in periparturient high-yielding dairy cows through 

amelioration of negative effects of free radical formation and reduction of the severity 

of liver lipidosis and ketosis. Recently it has been shown that bioavailability of 

quercetin is low after ruminal administration in cows, due to degradation by the 

rumen microbiota. The basic requirement for any positive effect is the absorption of 

quercetin from the gastro-intestinal tract. But currently it is not known whether 

quercetin could be absorbed from the small intestine in ruminants if degradation is 

prevented. The aim of this study was to investigate the bioavailability of quercetin 

after duodenal administration in dairy cows and to survey the effects of a long-term 

quercetin treatment.  

To evaluate bioavailability of quercetin, six German Holstein cows were equipped 

with duodenal cannulas and after recovery each cow received equivalent doses of 

quercetin (9, 18, 27 mg quercetin equivalents (QE)/kg BW) either as aglycone (QA) 

or as its glucorhamnoside rutin (RU). In addition, two control studies with duodenal 

administration of NaCl solution (0.9%) were conducted per cow in order to examine 

concentrations of flavonoids in plasma during regular feeding. Before and after 

administration of the test compounds blood samples were taken in defined time 

intervals over a period of 24 h. In between the runs a wash-out period of 2 d was 

applied to avoid possible carry-over effects. Concentrations of plasma quercetin 

aglycone and its metabolites isorhamnetin, tamarixetin and kaempferol were 

measured after treatment with glucuronidase/sulfatase by HPLC with fluorescence 

detection.  
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After duodenal administration of QA plasma concentration of QA and its methylated 

metabolites clearly increased above baseline (Cmax of total flavonols 406.9 – 635.8 

nmol/L; basal 3.9 nmol/L). Cmax of total flavonols increased in a dose-dependent 

manner but showed a high interindividual variability. However, peak time did not 

differ. Pre-administration baseline values of total flavonols were reached again 3 to 4 

h after QA administration. In contrast, RU administration did not increase plasma 

levels of quercetin above baseline, irrespective of dose administered. Bioavailablitiy 

of quercetin and its metabolites as measured by the area under the curve (AUC) was 

affected by the quercetin source applied, whereby quercetin from RU was 

unavailable. Taken together, duodenal administration enhanced bioavailability of QA 

nearly to values which were previously reported in pigs after oral administration of 

QA. In contrast to findings in monogastrics or after oral administration in cows, 

quercetin from RU seems to be unavailable when administered duodenally. 

In the second experiment, long-term quercetin effects were investigated. Twice daily 

18 mg quercetin (Q)/ kg BW were administered intraduodenally to 5 late lactation 

dairy cows (approximately 215 DIM) over a period of 28 days. Before and during 

administration, we took frequent blood samples for determination of plasma 

concentrations of flavonols and metabolites. Liver biopsies, in which the glycogen 

and fat content as well as mRNA expression of selected genes were measured, were 

taken prior to and at the end of the first and fourth week of Q administration. 

Furthermore, euglycemic, hyperinsulinemic and hyperglycemic clamp studies were 

conducted before and after 2 weeks of Q administration. 

DMI and most of the other zootechnical data remained unchanged during the long-

term administration. The milk protein content increased about 5% in week 2 and 4 of 

Q administration compared to basal values while fat and lactose content of milk 

remained unchanged. Plasma non-esterified fatty acid, gamma-glutamyl transferase, 

cholesterol, glutamate dehydrogenase, triglyceride and albumin concentrations as 

well as liver fat and glycogen concentrations were not affected by Q 

supplementation. Plasma glucose and BHBA concentrations in plasma decreased 

and increased, respectively, under the influence of quercetin. During hyperglycemic 

clamp conditions, the relative increase of plasma insulin was higher after 2 weeks of 
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Q administration and a tendency for an increased rQUICKI was observed. The 

relative mRNA expression levels of selected genes related to glucose metabolism, fat 

metabolism and antioxidative status were not altered after 1 and after 4 weeks of Q 

supplementation.  

In conclusion, the effects on insulin release and sensitivity support the assumption 

that administration of Q could be beneficial in regard to metabolic adaptation to early 

lactation of high-yielding cows.  

 

    


