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ABSTRACT

Greater intestinal glucose supply can increase the productivity of high yielding
dairy cows in early lactation. Glucose metabolism in the duodenal mucosal
cells (DMC) affects its delivery to the peripheral circulation. This study
evaluated the effects of ammonia load on glucose metabolism in the DMC
isolated from sheep fed either a high or low crude protein (CP) diet. The
isolated DMC were incubated for 90 min with 3 mM glucose and varying
concentrations of ammonia in Krebs-HEPES buffer. Enhanced ammonia load
decreased the utilization of glucose carbon for alanine synthesis but had no
effect on glucose carbon utilization for aspartate or glutamate synthesis.
Glucose disappearance, however, was greater for the DMC isolated from
sheep fed a low vs. high CP diet. These observations indicate that enhanced
ammonia load does not increase glucose utilization by DMC, and that glucose
carbon may not play a significant role in assimilation of ammonia-N into amino

acids.
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CHAPTER 1

GENERAL INTRODUCTION

Adequate glucose supply in early lactation is important to ensure better
production and reproductive performances in high producing dairy cows.
Glucose supply from gluconeogenesis alone may not be sufficient to meet the
high glucose demand for milk lactose synthesis (Hurtaud et al., 2000).
Intestinal glucose supply is useful to cbmpensate for the glucose shortage in
lactating dairy cows because it was observed that greater intestinal glucose
supply increased milk synthesis in dairy cows (Rigout et al., 2002"). In ruminant
animals fed a high starch diet, intestinal glucose absorption is greater and the
absorbed glucose can contribute up to 30% of the total glucose supply

(Huntington, 1997).

The gastrointestinal (Gl) tract plays a vital role in nutrient delivery to the
peripheral tissues. Within the Gl tract, the duodenal mucosa is an important
tissue for nutrient digestion and absorption. Depending upon dietary and
physiological factors, the duodenal environment is variable, which can affect
glucose metabolism in the mucosa and its net absorption across the portal
drained viscera (PDV). For example, greater dietary crude protein (CP)
decreases glucose utilization in the gut mucosal cells and increases net
glucose absorption across the PDV in ruminant animals (Richards et al., 2002;

Taniguchi et al., 1995). Similarly, the presence of other metabolites such as
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propionate, butyrate, glutamate and glutamine affects glucose metabolism in

the duodenal mucosa in vitro (Oba et al., 2004).

Previous studies indicated that ammonia-N can be assimilated into alanine,
glutamine, glutamate, aspartate and citrulline by the duodenal mucosal cells
(DMC; Oba et al., 2005; Wu, 1998). As glutamate, glutamine and aspartate
are extensively catabolized and not net-absorbed across the PDV (Wu, 1998),
ammonia-N assimilation into alanine or citrulline are more useful pathways to
enhance the systemic delivery of amino-N in the body. The absorption of
amino-N from the intestine instead of ammonia-N is beneficial in two ways.
Firstly, more amino-N is available to the animal and, secondly, the hepatic
catabolism of amino acids for urea synthesis is reduced (Lobley et al., 1995)
because less ammonia-N is present in the liver for detoxification. Increasing
absorption of amino-N instead of ammonia-N is a very useful strategy to

improve the nitrogen utilization efficiency in ruminant animals.

Ammonia-N assimilation into alanine by ruminant DMC increased in the
presence of glucose in vitro (Oba et al., 2005). However, the role of glucose
carbon in amino acid synthesis by ruminant DMC in higher ammonia
concentration is still not clear. Glucose metabolism in the duodenal mucosa
and net glucose absorption across the PDV at varying ammonia concentration

has not been studied yet.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Isolated DMC are required for in vitro experiments on the metabolism of
duodenal mucosa. Isolated small intestinal mucosal cells have been used to
study metabolism in the intestinal mucosa of rats, chickens (Watford et al.,
1978), guinea pigs (Gross et al., 1986) and swine (Wu, 1995). The isolation
procedures of mucosal cells have already been established in these species.
However, the use of isolated intestinal mucosal cells is a relatively recent
practice in intestinal metabolism studies in ruminant animals. There are very
few studies (Oba et al., 2004; Okine et al., 1995) using isolated DMC in
ruminant animals, and the isolation procedures described by these authors

have not been evaluated by others.

The objectives of this research study are to 1) evaluate the efficacy of isolation
procedures previously reported (Oba et al., 2004; Okine et al., 1995; Wu,
1995) for the isolation of ruminant DMC, and 2) evaluate the effects of
ammonia load in the incubation media and those of dietary CP content on

glucose metabolism in the DMC isolated from growing sheep.
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CHAPTER 2
REVIEW OF THE LITERATURE

2.1 Nutrient utilization in ruminant animals

Ruminant animals are capable of utilizing fibre and non-protein nitrogen, but
are less efficient in digestion and absorption of protein and starch because of
microbial fermentation in the rumen. Organic matter ferments to volatile fatty
acids (VFA), mainly acetate, propionate and butyrate, and produces CHs4, CO,,
H-O and energy (Allen, 1982; Fahey and Gerger, 1988). Rumen microbes use
the energy produced from fermentation for their growth and maintenance. End
products of organic matter fermentation in the rumen not utilized by rumen
microbes are absorbed into the portal vein. Acetate is primarily oxidized
throughout the body to generate energy and utilized for the production of
acetyl Co-A for lipid synthesis, and a very small amount is metabolized by the
liver (Bergman and Wolff, 1971). Approximately 80 - 100% of the propionate
and butyrate absorbed into the portal vein is metabolized by the liver
(Bergman and Wolff, 1971). Propionate serves as one of the major substrates
for gluconeogenesis in the liver. Depending on the diet, propionate supplies 50
- 75% of the glucose requirements of ruminant animals (Bergman et al., 1966).
Approximately 90% of the butyrate absorbed into the ruminal epithelial cells is
converted to ketone bodies, mainly B-hydroxybutyrate and acetoacetate, prior
to their release into the portal vein (Weigand et al., 1975). The ketone bodies

are oxidized in many tissues for energy production. Escaped starch is digested
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in the small intestine and absorbed as glucose. However, Huntington et al.
(2006) observed that starch digestion and absorption in the ruminant small
intestine is limited probably because of the insufficient secretion of amylase
(Huntington, 1997) or limited activity of the sodium glucose co-transporter

(SGLT) 1 (Bauer et al., 2001; Rodriguez et al., 2004).

Similarly, dietary protein is digested in the rumen to peptides, amino acids,
keto-acids and ammonia, and used for microbial protein synthesis. Ruminant
animals derive 40 - 70% of amino acid requirement from rumen microbial
protein (Clark et al., 1992). Excess ammonia is later converted to urea in the
liver (Huntington, 1989) and the gut epithelial cells (Oba et al., 2004b; Wu,
1995). Microbial and escape protein are digested and absorbed in the small
intestine as amino acids. Likewise, digestion and absorption of fat primarily

occurs in the small intestine as in non-ruminant animals.

2.1.1 Differences between ruminant and non-ruminant animals

One of the major differences between ruminant and non-ruminant animals is
the availability of glucose and source of energy. In lactating ruminant animals,
gluconeogenesis in the liver represents 75% or more of the total glucose
entering blood stream (Reynolds et al., 2003). The primary substrates for
gluconeogenesis in the liver are propionate (55 - 58%) followed by lactate (18
- 21%), glucogenic amino acids (15-17%) and glycerol (0.4%) (Reynolds et al.,

1988). In the case of non-ruminant animals, however, absorption of
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monosaccharides resulting from enzymatic digestion of dietary carbohydrates
constitutes a major source of blood sugar. Other minor sources of glucose are
endogenous synthesis from glucogenic amino acids, glycerol, and propionic

acid (Allen, 1982).

Another important difference between ruminant and non-ruminant metabolism
arises from the availability and role of acetate and glucose, as precursors of
acetyl-CoA for later use in oxidation or for synthetic processes such as
lipogenesis. Ruminant animals absorb more acetate but far less glucose into
the blood than do non-ruminant animals. The VFA supply 72 - 78% and up to
25% of whole body energy requirement in ruminant and non-ruminant animals,
respectively (Bergman, 1990). Ruminant animals utilize acetate instead of
glucose as a major substrate for energy storage and oxidation in the fed state
(Schingoethe et al., 1988). Only a small proportion of absorbed acetate is
utilized by the liver in ruminant animals (Bergman and Wolff, 1971), whereas
in non-ruminant animals, acetate is mainly metabolized in the liver and used

for lipogenesis (Bauman and Davis, 1975).

The mechanism of nutrient absorption in the small intestine is different
between ruminant and non-ruminant animals due to differences in the adaptive
responses. For instance, pancreatic secretion of a-amylase is the limiting step
for intestinal starch digestion in ruminant animals (Huntington, 1997) because

of a lack of adaptive responses of the ruminant pancreas to increased dietary
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starch intake (Kreikemeier et al.,, 1991), whereas in non-ruminant animals,
pancreatic a-amylase secretion increases with high carbohydrate intake
(Dagorn and Lahaie, 1981). Similarly, SGLT1 activity in ruminant intestinal
mucosal cells is lower compared to that in non-ruminant animals (Bauer et al.,

2001; Rodriguez et al., 2004).

2.1.2 Energy supply in ruminants

An adequate supply of energy is critical during peak lactation and advanced
pregnancy. Negative energy balance is associated with metabolic and
reproductive problems, and reduces milk yield in dairy cows (Baumgard et al.,
2007; Jenkins and Ferrell, 1992). The milk energy output ranges from 11.I to
141.2 MJ/d, and there could be up to 88.2 MJ/d negative energy balance
during lactation (Yan et al.,, 1997). Data calculated from primiparous cows
showed that mean energy deficit per lactation was 776.8 MJ of NE_ and it took
41.47 days to return to positive energy balance (de Vries and Veerkamp,
2000). During the last two months of gestation, the energy requirements of a
mature dairy cow is 30% higher than that of a non pregnant cow (Schingoethe

et al., 1988).

Starch digested and absorbed as glucose produces more ATP compared to
that obtained from digested and absorbed as acetate. Therefore, it is possible
to improve energy supply in ruminants by enhancing intestinal glucose

absorption (Owens et al., 1986).
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2.1.3 Glucose supply in ruminants

Glucose is one of the limiting nutrients for high producing ruminant animals
(Fahey and Gerger, 1988). The glucose requirement of ruminant animals is
generally met by gluconeogenesis in the liver and kidney. However, previous
reports indicated that glucose supply from gluconeogenesis alone may not be
sufficient to meet the high glucose demand especially during peak lactation in
high producing dairy cows (Elliot, 1976; Hurtaud et al., 2000). In dairy cows
producing more than 30 kg n’iilk per day, the glucose requirement in the
mammary gland is equivalent to almost all of the glucose available in the body
(Elliot, 1976). Increased supply of glucogenic nutrients increases milk yield
(Lemosquet et al., 2004), indicating that glucose supply is limiting milk

production in dairy cows.

2.1.4 Splanchnic metabolism

Splanchnic metabolism plays a central role in the delivery and utilization of
nutrients (Seal and Parker, 2000). The splanchnic bed includes the Gl tract,
liver, spleen, pancreas, mesenteric fat, other connective tissues and blood
vessels. It contributes approximately 15 - 20% of the total body mass in
ruminant animals, and consumes 35 - 60% of the total oxygen in the body
(Seal and Parker, 2000). Gut alone, which is about 6% of the body weight,
consumes about 20 - 25% of the total oxygen (Britton and Krehbiel, 1993;
Cant et al., 1996). The splanchnic metabolic activities in ruminant animals,

therefore, are significant on a per unit mass basis.

10
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Altered nutritional and physiological conditions can affect splanchnic
metabolism. For instance, the relative proportion of nutrients in a diet affects
energy, protein and carbohydrate metabolism by splanchnic tissues which can
alter the amount of energy, glucose, amino-N and other nutrients available for
production purposes (Huntington, 1989; Beynolds et al, 1991). Greater
ammonia concentration in the mesenteric vein was reported to increase
oxygen consumption in the splanchnic bed (Recavarren et al., 2004), and the
net portal flux of ammonia increased with greater supply of metabolizable
protein (MP) and rumen degradable protein (RDP; Blouin et al., 2002; Raggio
et al.,, 2004). In addition, the absorption of amino acids in the portal vein
increased when the energy supply was adequate to support rumen microbial
protein synthesis (Reynolds et al., 1992). Further, heat stress increased the
absorption of acetate and propionate, and oxygen uptake by the splanchnic

tissues in sheep (Taniguchi et al., 2004).

2.2 Starch digestion in ruminant small intestine

Dietary starch is extensively fermented in the reticulo-rumen, and little starch
reaches the small intestine for ruminant animals fed a high forage diet
(Merchen, 1988). However, in the case of ruminant animals fed a high grain
diet, approximately 44% of the starch consumed escapes ruminal fermentation
and is available for intestinal digestion (Huntington, 1997; Owens et al., 1986).

In the duodenal lumen, pancreatic a-amylase digests starch to maltose and

11
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dextrin. Thereafter, the digestion takes place at the brush border membrane
by the action of carbohydrases such as maltase and isomaltase. In ruminant
animals, however, the activity of pancreatic a-amylase, and the brush border
carbohydrases is probably limited due to the lack of adaptive response (Janes
et al., 1985; Kreikemeier et al., 1991). It was observed that out of the total
starch reaching the duodenum, 17 to 96% (Streeter et al., 1989; Zinn, 1991)
was digested to glucose in the small intestine, but surprisingly approximately
45% of the starch entering the intestine was not absorbed as glucose
(Huntington, 1997) probably due to the failure of starch digestion enzymes to
respond to high starch concentration in the duodenum. Greater a-amylase
activity was observed in increased dietary energy resulted from high starch
diet (Kreikemeier et al.,, 1990) and increased duodenal protein supply
(Huntington, 1997) in ruminants. Likewise, age and the physiological stage of
the animals may also affect its activity (Kreikemeier et al., 1990; Swanson et
al., 2002). Undigested starch is probably fermented in the large intestine or
excreted, resulting in net loss of the starch consumed. Even though many
studies showed that starch is available for post ruminal digestion, limitations to
intestinal starch digestion for high yielding dairy cows especially in peak
lactation are not known. The effect on the activity of pancreatic a-amylase and
brush border carbohydrases in varying substrates concentrations in the

duodenal lumen warrants further investigation.
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2.3 Glucose metabolism in the small intestine

2.3.1 Glucose availability

The glucose availability and concentration in the small intestine is highly
dependent on the diet (Harmon and MclLeod, 2001). In ruminant animals fed a
high forage diet, very little glucose is available in the intestinal lumen. Glucose
from digestion of microbial polysaccharides (MacRae and Armstrong, 1969)
and from intestinal mucin (Mukkur et al., 1985) is the only source of glucose in
the intestinal lumen. Hepatic gluconeogenesis is the source of glucose
required for metabolism in the intestinal tissues. In ruminant animals, the blood
glucose concentration is 3 to 4 mM (Fernandez et al., 2001; Radosttitis et al.,
1994). For ruminant animals fed a grain-based diet, it was observed that up to
44% of the dietary starch entered into the duodenum (Huntington, 1997;
Owens et al., 1986), 17 to 96% of which was digested to glucose in the small
intestine (Streeter et al., 1989; Zinn, 1991). In sheep fed 200 g hay and 700 g
rolled barley, Heald (1951) observed that 16.8 - 21.9 g of a-linked glucose
polymer entered into the small intestine per day. Glucose absorbed from the
intestine can contribute up to 30% of the total glucose supply for cows fed a
high concentrate diet, and therefore can be a significant glucose source to
meet the glucose demand in lactating dairy cows. It was also observed that
enhanced intestinal glucose supply increased mammary utilization of glucose
and milk synthesis (Rigout et al., 2002), decreased hepatic gluconeogenesis

(Clark et al., 1977), and increased oxidation of glucose by many tissues in the
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body (Bartley and Black, 1966). Ruminant animals utilize the intestinal glucose
more efficiently for the production of energy (Owens et al., 1986) and milk

(Nocek and Tamminga, 1991) compared to the short chain VFA.

2.3.2 Glucose absorption in the intestinal mucosa

Insufficient absorption of glucose from the small intestine is one of the
limitations of escape starch utilization in ruminants (Huntington et al., 2006).
Glucose absorption capacity of the small intestine from adult ruminant animals
is only 25% compared to that from the suckling pre-ruminant animals (White et
al., 1971). Glucose transport across the intestinal brush border membrane is
primarily via SGLT1 (Hediger and Rhoads, 1994). However, SGLT1 activity in
the intestinal mucosa of cattle does not respond to a greater post ruminal
starch concentration (Bauer et al.,, 2001; Rodriguez et al., 2004). However,
increased glucose absorption was observed with higher glucose infusion in to
the abomasum (Kreikemeier et al., 1991). This observation indicates that other
transport mechanisms besides SGLT1 might be responsible for glucose
absorption in cattle (Au et al., 2002). Another glucose transporter, GLUTZ2 is
present in the basolateral membrane (Thorens et al., 1990) and apical
membrane (Corpe et al., 1996) of the enterocytes. It contributes entry and exit
of glucose from the enterocytes. GLUT2 has the capacity to respond rapidly to
match the intestinal luminal glucose concentration (Kellett and Brot-Laroche,

2005). Paracellular diffusion, another mode of glucose absorption, contributes
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< 10% of the total glucose absorption in the intestine (Harmon and McLeod,

2001; Shirazi-Beechey et al., 1991).

Though previous reports provide valuable information about intestinal glucose
absorption, there is still a gap in the literature regarding the regulatory
mechanism of glucose transporters in the intestinal mucosa of lactating dairy

cows fed a high starch diet.

2.3.3 Glucose metabolism pathways in DMC

The gut tissues utilize glucose by various metabolic pathways such as
glycolysis, Krebs cycle, and pentose phosphate pathways. Wahle et al. (1971)
observed that the ruminant gut tissues consumed glucose and produced
lactate as one of the metabolic products. In a study using enterocytes isolated
from lactating dairy cows, glucose was metabolized primarily to lactate, and 14
to 19% of the total metabolized glucose carbons appeared as CO, (Okine et
al., 1995). The rate of CO, production from glucose increased with increasing
glucose concentration in the incubation media, and glucose was more
important than glutamine as an energy source for dairy cow enterocytes
(Okine et al., 1995). In the pig, 14% of the glucose taken up by the enterocytes
was metabolized via pentose phosphate pathway, and partial oxidation of
glucose via this pathway dominated over Krebs cycle metabolism (Wu, 1996).
In isolated ovine DMC, Oba et al. (2004a) observed that oxidative metabolism

of glucose was flexible depending on the type and concentration of other
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additional substrates such as propionate, glutamine and glutamate. The
oxidation of glucose to CO, decreased in the presence of propionate, butyrate,
glutamate and glutamine, but not in the presence of acetate. Furthermore,
addition of glucose to the incubation media of isolated DMC increased the
assimilation of nitrogen into alanine by 100%. This indicates that glucose
might be a useful substrate for ammonia-N utilization in ruminant duodenal

mucosa.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Glucose

ATP
Hexokinase |
ADP + P;
Pentose phosphate
M pathway D-Rib
Glucose-6-phosphate y J-Kibose-
\ CO, S-phosphate
Glycolysis \ Serine =me———p Glycine
v / )
Pyrimidine
Aspartate Coz/__\

\ Oxaloacetate Citrate o
Arginine

A

Asparagine
Krebs Cycle

Co, Proline

A

Succinate O-Ketoglutarate e Glutamate
v
CO, Glutamine

(Zubay et al., 1995)

Figure 2.1 Major possible pathways for glucose metabolism in the gut tissues
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2.3.4 Effects of CP on glucose metabolism by intestinal mucosa

Previous in vivo studies (Richards et al., 2002; Taniguchi et al., 1995; Veira et
al., 1980) indicated that abomasal or duodenal protein supply increased the
net glucose absorption across the PDV when the amount of starch reaching
the duodenum was high. In a steer receiving 800 g corn starch by abomasal
infusion, supply of 800 g sodium caseinate in the abomasum increased the net
glucose absorption across the PDV by 2 fold compared to the ruminal supply
of the same quantity of sodium caseinate (Taniguchi et al., 1995). In weaned
calves fed high-concentrate diets with 0 to 15% soybean meal replacing
cracked corn, intestinal starch disappearance increased with increased dietary
protein (Veira et al., 1980). Similarly in sheep, starch disappearance from the
small intestine and glucose absorption in the portal vein increased with greater
casein infusion in the abomasum (Castlebury and Preston, 1993). The
reasons for the increased glucose absorption with greater CP supply in these
studies could be due to increased activity of SGLT1 in greater concentrations
of amino acids and peptides in the duodenum (Mabjeesh et al., 2003), and/or
to the increased synthesis and secretion of pancreatic a-amylase from greater

protein supply to the duodenum (Swanson et al., 2002).

Other studies (Blouin et al., 2002; El-Kadi et al., 2006; Guerino et al., 1991),
however, reported that increased CP supply had either no or negative effects
on net glucose absorption into the portal vein. Increased casein infusion into

the duodenum (up to 105 g/day) had no effect on the amount of glucose
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absorbed from the arterial circulation by the mesenteric drained viscera (MDV)
in sheep fed a low starch (3.9%) diet (El-Kadi et al., 2006). In another study
with dairy cows, increased MP intake (1930 vs. 1654 g/day) had no effect on
net absorption of glucose into the portal vein (Blouin et al., 2002). Accordingly,
in a study with steers fed a high grain (78% corn) diet, abomasal infusion of
casein (150 g and 300 g /day) decreased the amount of glucose absorbed into

the portal vein (Guerino et al., 1991).

2.3.5 Activity of enzymes involved in glucose metabolism

The first step in glucose metabolism is phosphorylation of glucose to glucose-
6-phosphate, catalyzed by hexokinase. In enterocytes that have high turnover
rate, high level of glucose-6-phophate is maintained for ribose synthesis
(Newsholme et al., 1985). Hexokinase, therefore, is one of the most important

enzymes involved in glucose metabolism in the enterocytes.

Hexokinase activity depends on various factors: animal and tissue types,
presence of other metabolites, and pH. Hexokinase activity was 2.25 mU/mg
protein in the chicken liver (Berradi et al., 2005) and up to 9 mU/mg protein in
the liver from rats infused with insulin (Lam et al., 2003). The pH optimum for
the activity of hexokinase is 7.5, and hexokinase rapidly loses its activity below
pH 6.5 and above pH 8.5 with no enzymatic activity below pH 4.0 (Kumar et
al., 2004). Hexokinase activity in rat intestinal mucosa was increased after a

high-carbohydrate low-fat diet compared to a low-carbohydrate high-fat diet
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(Srivastava et al., 1968). In a study with pancreatic islets, Liang et al. (1990)
reported that activity of hexokinse increased by 236% when glucose
concentration was increased from 5 to 30 mM in the incubation media.
Likewise, hexokinase activity was increased in the presence of sucrose
(Maiztegui et al., 2006), nitric oxide (Paik et al., 2005), phosphate ion, 3-
phosphoglycerate, malate, citrate, ATP (Kosow and Rose, 1971), and protein

(Stern, 1954) in the incubation media.

Hexokinase activity was found to be decreased in the presence of disulphides
(Nesbakken and Eldjarn, 1963), progesterone (Sutter-Dub and Vergnaud,
1982), nerve and placenta extract, and plasma (Stern, 1954) in the incubation
media. In addition, hypophyseal hormones may control hexokinase activity in

rat small intestinal mucosa (Havivi and Levitan, 1968).

2.4 Volatile fatty acids metabolism in the gut tissues

Volatile fatty acids are produced as a microbial fermentation product in the Gi
tract of ruminants. The concentrations of VFA in the rumen are highly variable,
although the total amount present usually is 60 - 150 mM (Bergman, 1990).
Depending upon the diet composition and time after feeding, the proportion of
acetate, propionate and butyrate in the total rumen VFA pool is 46 - 70, 19 -

42 and 11 - 13%, whereas, in the hindgut the ratio is approximately 70 : 20 :
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10. Valeric acid and other mid-chain fatty acids constitute < 5% of the total

fermentation acids produced (Bergman, 1990).

The VFA can be absorbed across the rumen epithelium in both undissociated
and dissociated forms. The undissociated VFA are lipophilic and diffuse
across the epithelial membrane more easily than the dissociated form. The
dissociated VFA are absorbed via anion exchange with bicarbonate (Britton
and Krehbiel, 1993). In the rumen, the rate of VFA absorption increases with
increasing chain length of the acid (Stevens and Stettler, 1966) due to greater
lipid solubility. It was calculated that about 88% of the rumen VFA were
directly absorbed from the rumen and only about 12% flowed to the omasum

(Bergman, 1990).

Butyrate is preferentially metabolized in the rumen epithelium (Britton and
Krehbiel, 1993) over acetate and propionate (Kristensen et al., 2000). About
90% of the total butyrate is metabolized by the rumen epithelium and
formation of ketone bodies or oxidation to CO,, accounts for most of the
butyrate metabolism (Bergman, 1990). Previous studies reported that
peripheral tissues utilize about 80% of total acetate in the blood (Bergman,
1990), while the PDV utilize up to 20% of available acetate (Annison and
Armstrong, 1970) in ruminants. Acetate utilized by the small intestine is
absorbed primarily from the arterial side (Seal and Parker, 1994). In isolated

ovine DMC, the presence of acetate did not affect the oxidation of glucose,
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glutamate, or glutamine, whereas, propionate reduced the oxidation of glucose
and glutamate at high concentration (Oba et al., 2004a). In agreement, higher
concentrations of propionate in the small intestine increased the net
absorption of glutamine and glutamate across the MDV (Seal and Parker,

1996).

2.5 Nitrogen metabolism in the gut tissues

Rumen microbes break down dietary protein to amino acids, NHs, VFA and
CO;, and synthesize both essential (EAA) and non-essential amino acids
(NEAA). Depending upon dietary CP source, 60 to 90% of the total N intake by
the ruminant is converted to ammonia (Mathison and Milligan, 1971). Excess
ammonia and VFA are partly absorbed through the ruminal wall or enter into
the small intestine. In the cow, of the total nitrogen available in the duodenum,
EAA represented 35%, NEAA 30%, amides 4%, nucleic acids 11%, ammonia
6% and unknown 14% (Oldham and Tamminga, 1980). However, depending
upon feeding management, dry matter intake, and dietary concentration of
energy and CP, this proportion may vary greatly (Clark et al., 1992). It was
also reported that the catabolism of amino acids is quantitatively greater than
amino acid incorporation into the mucosal protein in the duodenum (Stoll et al.,

1998).
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2.5.1 Glutamine

Glutamine plays an important role in the metabolism of ruminant gut tissues
(Heitmann and Bergman, 1978). The small intestine is the major site for the
metabolism of circulating glutamine (Meister, 1984). Luminal glutamine is
mainly transported by the sodium-dependent transport system with very little
contribution from passive diffusion (Souba et al., 1992). Glutamine is mainly
metabolized to ammonia, alanine, aspartate, glutamate, and CO. (Okine et al.,
1995). In enterocytes, glutamine provides carbon and nitrogen precursors for
various biosynthetic processes including citrulline synthesis (Okine et al.,
1995; Wu et al., 1994). Glutamine produces energy via partial oxidation, and is
one of the major fuels for enterocytes. Glutamine also stimulates the uptake of
glucose, water and sodium ion by the intestine. However, glutamine is not
quantitatively as important as glucose as an energy source in enteryocytes of

lactating cows (Okine et al., 1995).

2.5.2 Glutamate

The small intestinal mucosa utilizes most of the glutamate (> 95%) present in
the lumen (Reeds et al., 2000); however, intestinal uptake of arterial glutamate
is not significant (Windmueller and Spaeth, 1975). In the pig, out of the total
glutamate carbon from dietary sources, 63% appeared as portal CO,, lactate
and alanine, and about 10% was utilized for mucosal protein synthesis (Reeds
et al., 2000). In isolated ruminant DMC, glutamate oxidation to CO, decreased

in the presence of glutamine and propionate but not acetate, butyrate and
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glucose (Oba et al., 2004a), indicating that ruminant enterocytes might have
specific needs for glutamate oxidation that are not spared by the other
substrates. Glutamate also acts as a carbon and nitrogen donor in the
biosynthesis of proline, citrulline, arginine and glutathione (Reeds et al., 2000;

Wu et al., 1994).

2.5.3 Other non-essential amino acids

The small intestinal mucosa metabolizes other NEAA, such as aspartate,
alanine, leucine, serine and glycine. Luminal aspartate is extensively
catabolized by the intestinal mucosa; however, arterial aspartate uptake is not
significant (Windmueller and Spaeth, 1976; Wu, 1998). In the small intestine of
rats, 50% of the metabolized aspartate carbon was recovered in COy, 24% in
organic acids mostly lactate, 12% in alanine, glutamate, proline, omithine and
citrulline, and 10% in glucose. However, there was little or no production of
ammonia from aspartate in the small intestine suggesting a dominant role of

transamination in aspartate catabolism (Windmueller and Spaeth, 1976).

Alanine is synthesized from catabolism of glutamine, glutamate, and aspartate
in the gut mucosa (Windmueller, 1982). Besides, ruminant DMC are capable
of assimilating ammonia-N into amino-N by the synthesis of alanine (Oba et
al., 2005), which can be a metabolic pathway to reduce the absorption of
ammonia because alanine is net available across the PDV (El-Kadi et al.,

2006), whereas other amino acids are net catabolized by the small intestinal
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mucosa (Wu, 1998). It was also observed that ammonia-N assimilation into
alanine by ovine DMC increased in the presence of glucose but not glutamate

additions (Oba et al., 2005).

Leucine is also metabolized in the intestinal mucosa. Leucine is mainly used
for protein synthesis and its catabolism is limited in the ovine small intestine
(Cappelli et al., 1997). Leucine absorption across the PDV was not altered by
the infusion of ammonium chloride into the mesenteric vein in sheep (Lobley et
al., 1995). Besides, there are few reports about the metabolism of serine and
glycine. In swine, 40 and 50% of dietary serine and glycine, respectively, were
extracted in the first pass by the PDV, and < 20% of the extracted amino acids

were utilized for intestinal protein synthesis (Stoll et al., 1998).

2.5.4 Essential amino acids

Small intestinal mucosa is capable of metabolizing EAA as well. About 50% of
dietary lysine and methionine, 45% of dietary phenylalanine and 60% of
dietary threonine were extracted in the first pass by swine PDV, and < 20% of
the extracted EAA was utilized for mucosal protein synthesis (Stoll et al.,
1998). It was observed that intestinal arginine catabolism is markedly
increased in weaned pigs compared to new bomn piglets (Wu et al., 1996).
Further, arginine can be a precursor for the biosynthesis of urea in intestinal

mucosa (Wu, 1995).
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2.5.5 Ammonia

In ruminants, about 60 to 90% of the total N intake is converted to ammonia in
the Gl tract (Mathison and Milligan, 1971) and is metabolized by various
pathways. Depending upon the amount and source of dietary CP, the
ammonia concentration in the ruminant Gl tract varies greatly. Parker et al.
(1995) reported that the basal ammonia level in the rumen was 2-4 mM and
that it increased to 18-20 mM within 1 hr after silage feeding. Ammonia not
used by the rumen microbes is readily absorbed across the gut epithelium
mainly by diffusion due to its lipophilic nature (Huntington and Archibeque,
1999), whereas, ammonium ion is absorbed through an active transport
mechanism (Mackie and White, 1990). In cattle, the intestinal absorption of
ammonia accounted for up to 51% of net uptake of ammonia into the portal
vein (Parker et al., 1995). Winnicka et al. (1992) reported that the normal
blood ammonia concentration in sheep was reported to be about 0.1 mM

(Winnicka et al., 1992).

Ammonia can be detoxified into urea or NEAA in the gut tissues. Enterocytes
of pigs (Wu, 1995) and sheep (Oba et al., 2004b) are capable of converting
ammonia-N into urea. The urea can later be recycled and used as a source of
nitrogen in the rumen. Similarly, ruminant gut mucosa assimilates ammonia
into NEAA such as: alanine, aspartate and glutamate (Oba et al., 2005).
Ammonia combines with a-ketoglutarate to produce glutamate, which

undergoes transamination reaction to produce other NEAA. Alanine synthesis
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can be a useful metabolic pathway because it is net absorbed across the PDV
(El-Kadi et al., 2006; Wu, 1998). Enhanced ammonia-N assimilation into
alanine reduces net absorption of ammonia and it decreases the hepatic
catabolism of other amino acids by providing additional amino-N for urea

synthesis (Lobley et al., 1995).

Besides NEAA production, ruminant DMC can utilize ammonia-N to synthesize
citrulline (Oba et al., 2004b) which is later converted to arginine in the kidney
(Brosnan and Brosnan, 2004). However, due to limited or no activity of argino-
succinate synthetase of the omithine-urea cycle, ammonia transfer to urea is
limited in the intestinal mucosa (Wu et al., 1994). Citrulline synthesis,
therefore, does not increase with increased ammonia concentration (Mouillé et
al., 1999). The absorption of amino-N from the intestine instead of ammonia-N
is beneficial in two ways. Firstly, more amino-N is available to the animal and,
secondly, the hepatic catabolism of amino acids for urea synthesis is reduced
(Lobley et al., 1995) because less ammonia-N is present in the liver for

detoxification.

2.6 Limitations of in vitro metabolism studies

In vitro experiments are useful to conduct metabolic studies in a controlled
experimental setting. Isolated small intestinal mucosal cells have long been

used for in vitro gut metabolism studies in rats (Ameh and Thompson, 1990;
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Watford et al., 1978), chickens (Watford et al., 1978), guinea pigs (Gross et
al., 1986) and swine (Wu, 1995). There are, however, very few studies (Oba et
al., 2004a; Okine et al., 1995) using isolated DMC in ruminant animals. The
isolation procedures used in these studies were different with respect to

enzymes used to isolate cells, incubation method and buffer solution used.

The results of in vitro metabolism studies should be carefully interpreted due
to some inherent limitations. In glucose metabolism studies in ruminant
duodenal mucosa, the physiological milieu involved in glucose absorption and
metabolism is different between the in vivo and in vitro conditions, For
instances, glucose absorption is limited in ruminant duodenal mucosa in vivo
(Huntington et al., 2006) probably because of a failure of SGLT1 to respond to
higher luminal glucose concentrations in cattle (Bauer et al., 2001; Rodriguez
et al, 2004). However, in isolated cells, both apical and basolateral
membranes of the DMC come into direct contact with the incubation media
containing glucose providing more opportunity for glucose transporter 2
(GLUTZ2: present mainly in the basolateral membrane; Thorens et al., 1990) to
transport glucose. The GLUT2 has the capacity to respond rapidly to match
the intestinal luminal glucose concentration (Kellett and Brot-Laroche, 2005).
Due to the absence of various metabolites and hormones in the incubation
media, isolated DMC metabolism might be different than the metabolism in
DMC in vivo. Moreover, in vivo studies of ruminant gut tissues reported in the

literature basically represent metabolism in the PDV, whereas in the isolated
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DMC study, isolated mucosél epithelial cells are studied. The DMC represents
a very small proportion of the PDV because the PDV contains varieties of

tissues with diversified functions.

2.7 Conclusion

Productive and reproductive performance of high yielding dairy cows is
negatively affected by a limited supply of glucose and energy during early
lactation. Better understanding of nutrient metabolism in the Gl tract is
important to improve nutrient delivery to the peripheral tissues. Within the Gl
tract, the duodenal mucosa is one of the most active tissues involved in
nutrient metabolism and absorption. Concentrations of nutrients and
metabolites in the duodenum are highly variable depending on dietary and
physiological factors. This variation can affect nutrient metabolism in the
duodenal mucosa and their absorption across the PDV. For instance, altered
pH, energy, and the presence of protein, VFA and NEAA can influence

glucose metabolism in the DMC.

High dietary CP increases ammonia concentration in the Gl tract and greater
ammonia absorption negatively affects the nitrogen utilization efficiency in
ruminant animals. However, ruminant DMC possess the metabolic capability
to assimilate ammonia-N into NEAA and citrulline before the release into the

portal vein. Alanine synthesis is a useful pathway to enhance greater net
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systemic delivery of amino-N to the peripheral tissues. Ammonia-N
incorporation into NEAA by DMC may increase in the presence of glucose.
The regulatory mechanism of glucose carbon utilization for NEAA synthesis by
the gut tissues and glucose absorption across the PDV at higher ammonia

concentrations is yet to be studied.
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CHAPTER 3
Evaluation of procedures for the isolation of ruminant enterocytes

3.1 Introduction

The gastrointestinal tract is one of the most active organs in nutrient
metabolism (Britton and Krehbiel, 1993; Cant et al., 1996) and within the
gastrointestinal tract, the duodenum is the primary site of nutrient digestion
and absorption. Nutrient metabolism in the duodenal mucosal cells (DMC)
can, therefore, have a significant impact on the availability of nutrients to

peripheral tissues.

The metabolic capabilities of DMC in ruminant animals and their physiological
basis have received significant attention recently. Isolated small intestinal
mucosal cells have been used to address specific physiological questions in a
controlled experimental setting in rats (Ameh and Thompson, 1990; Watford et
al., 1978), chickens (Watford et al., 1978), guinea pigs (Gross et al., 1986) and
swine (Wu, 1995). Intestinal mucosal cell isolation procedures have already
been established in these species. There are, however, very few studies (Oba
et al., 2004; Okine et al., 1995) using isolated DMC in ruminant animals, and
the isolation procedures described by these authors have not been tested by
others. Therefore, it is not yet known which procedure is better for ruminant
DMC isolation. In addition, the procedure used to isolate jejunal mucosal cells

in pigs (Wu, 1995) has not been evaluated for the isolation of ruminant DMC.
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The major differences in the DMC isolation procedures among these studies
(Oba et al., 2004; Okine et al., 1995; Wu, 1995) are the incubation method,
and whether or not a tissue dissociating enzyme solution is used. The
objective of the current study was to evaluate the efficacy of three previously
reported small intestinal mucosal cell isolation procedures (Oba et al., 2004;

Okine et al., 1995; Wu, 1995) for the isolation of ruminant DMC.

3.2. Materials and Methods

3.2.1 Collection of duodenal segment

The duodenal tissue specimens used for the study were obtained from steers
slaughtered in a commercial abattoir (Edmonton Custom Packers, Edmonton,
AB). From each donor steer, a section of the duodenum (50-cm long) was
excised 30 cm distal to the pylorus immediately after slaughter and

transported to the laboratory within 30 minutes for the isolation of DMC.

3.2.2 Duodenal mucosal cell isolation

The DMC isolation procedures previously used for sheep (procedure A; Oba et
al., 2004), cows (procedure B; Okine et al., 1995), and the jejunal mucosal cell
isolation procedure for pigs (procedure C; Wu, 1995) were used to isolate

DMC from the excised duodenum. Each procedure was repeated four times.
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3.2.2.1 Procedure A

The excised duodenum was rinsed with Krebs-Ringer buffer with HEPES
(KRB-HEPES buffer: 120 mM NaCl, 4.7 mM KCI, 1.2 mM MgSQO,, 1.2 mM
KHoPO4, 25 mM NaHCO;, and 25 mM HEPES, oxygenated with O.:CO,
[95:5], pH 7.4) to remove feed particles and mucus, split longitudinally, and the
mucosa scraped off longitudinally using a glass slide from the underlying
musculature. The collected mucosa was minced and placed in a flask
containing 250 mL digestion solution containing collagenase (300 units/mL;
Worthington Biochemical Corporation, Lakewood, NJ), dispase (0.1 mg/mL;
Worthington) and CaCl, (0.14 mg/mL). Dispase and collagenase, respectively,
disintegrate the tight junction of mucosal epithelium and the attachment of the
basement membrane to the submucosa (Martinez-Hernandez and Amenta,
1983; Tarkkanen et al., 1990). Scraped mucosal cells in the digestion solution
were then incubated in a shaking water bath (Julabo SW 22, Germany) at
37°C for 20 minutes. The liberated mucosal cells were separated from
mucosal remnants by sequential filtration through a 1000 um and a 300 pm
polypropylene mesh (Spectra/Mesh, Spectrum Laboratory Products, Los
Angeles, CA) without vacuum. The filtrate containing enterocytes was
centrifuged at 60 x g for six minutes (Centra-MP4R, International Equipment
Company, Neeham Heights, MA). The supernatant was discarded and the
pellet was washed with KRB-HEPES buffer and centrifuged again at 60 x g for

six minutes. The resulting pellet was suspended in KRB-HEPES buffer.
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3.2.2.2 Procedure B

This procedure is a modification of a procedure used to isolate jejunal mucosal
cells from rats (Ameh and Thompson, 1990). The excised duodenum was
flushed with KRB-HEPES buffer to remove the digesta and mucus. The distal
end of the tissue was ligated with a tubing clamp (Fisher Scientific Co.,
Ottawa, ON) and the segment was filled with freshly oxygenated KRB-HEPES
buffer containing 2.5 mg/mL bovine serum albumin (BSA; Sigma Chemical
Co., St. Louis, MO). The proximal end was then ligated with another tubing
clamp and the tissue was incubated in a container that contained KRB-HEPES
buffer for 15 minutes in a shaking water bath at 37°C. The duodenal contents
were discarded and the segment was again filled with the digestion solution;
freshly oxygenated KRB-HEPES buffer that contained 2.5 mg/mL BSA and 1.5
mg/mL hyaluronidase (Worthington). The re-filled segments containing the
digestion solution were kept on crushed ice in a container, and gently patted
with fingertips for two minutes to release the DMC into the lumen. The
resulting cells were washed three times with solution B after centrifugation at

1,000 x g (Centra-MP4R) for three minutes each time.

3.2.2.3 Procedure C

This procedure is also a modification of a technique to isolate jejunal mucosal
celis for chicken and rat (Watford et al., 1978). The excised duodenum was
obtained and rinsed with fresh cold phosphate buffer solution (PBS: 137 mM

NaCl, 2.7 mM KCI, 1.4 mM KH;PO,, 4.3 mM NaHPOQO,, pH 7.4) to remove
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digesta and mucus. The section was rinsed three times with freshly
oxygenated Ca®*-Free Krebs-Henseleit bicarbonate buffer with HEPES (KHB-
HEPES buffer: 119 mM NaCl, 4.8 mM KClI, 1.2 mM MgSO4, 1.2 mM KH,PO,,
25 mM NaHCOj3;, 20 mM HEPES, oxygenated with O,:CO, [19:1] pH 7.4)
containing 5 mM disodium EDTA. The tissue was filled with the KHB-HEPES\
buffer containing EDTA, closed with tubing clamps at both ends and
completely immersed in a container containing the same buffer, and then
incubated at 37°C in a shaking water bath (70 oscillations/min) for 50 minutes
(Julabo SW 22). At the end of the incubation, the tissue was gently patted with
fingertips for two minutes. The contents were filtered through two layers of
cheesecloth and collected in a beaker. The filtered cells were then centrifuged
at 400 x g for three minutes at 4°C (Centra-MP4R) and washed three times in

KHB-HEPES buffer containing 2.5 mM CaCl, but no EDTA.

3.2.3 Viability determination and cell count

Viability was determined by the trypan blue exclusion test using 0.8 mM trypan
blue dye in PBS (Kaltenbach, 1958) and the number of cells per mL was
estimated using a hemocytometer. Dye exclusion test is the commonly used
technique to determine the viability of ruminant gut epithelial cells (Baldwin
and McLeod, 2000; Oba, 2004; Okine et al., 1995). Cell viability is determined
from cell membrane integrity in this test. It is possible that cells’ metabolic
activity can be reduced even though its membrane integrity is maintained

(Strober, 1997).
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3.2.4 Statistical analysis

Data were analyzed using the fit Y by X procedure of JMP software (SAS
Institute, Inc., Cary, NC) with the fixed effect of isolation procedures in the
model. Treatment effects were declared significant at P < 0.05 and least

significant difference was used to test the difference among the means.

3.3. Results and discussion

The total viable isolated cells from a 50-cm long excised duodenal segment
were higher (P < 0.05) for the procedure B (1.85 x 10° + 0.04 x 10°%) compared
to the procedures A (1.66 x 10° + 0.04 x 10% and C (1.58 x 10° + 0.07 x 10%
Figure 3.1). In procedure B, use of hyaluronidase along with shaking probably
expedited the rate of DMC isolation compared to procedures A and C because

of more efficient disintegration of cell-cell adhesive contacts (Underhill, 1989).

Cell viability immediately after isolation was significantly greater (P < 0.05) for
the procedures A (85.5 + 0.8%) and B (88.5 + 1.7%) compared to procedure C
(78.7 + 1.8%,; Figure 2). The viability of DMC immediately after isolation using
procedure A and procedure B in this study, was similar to previous reports for
sheep (Oba et al.,, 2004) and cows (Okine et al., 1995), respectively. The
viability of the cells isolated by using procedure C was, however, lower than

that reported for pigs (Wu, 1995). The discrepancy might be due to the
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differences in animal species and/or location of the small intestine segment

used (duodenum vs. jejunum).

The reduction in cell viability over 6 hours at room temperature after isolation
was lower (P < 0.05) for procedure A (1.04 = 0.07 %), compared with
procedures B (2.52 £ 0.16 %) and C (3.73 = 0.31 %). Since scraped duodenal
cells were isolated using dispase and collagenase, procedure A might have
also isolated cells from inner tissue layers particularly from plica circularis. The
viability of cells from such inner layers is longer than those from the outer layer
of the intestinal lumen (Loran and Crocker, 1963). In procedures B and C,
however, the DMC obtained were likely from mucosa only because these were

isolated by shaking without scraping.

In conclusion, although all three procedures evaluated in this study were

capable of isolating viable DMC, the procedure using KRB-HEPES containing

hyaluronidase and BSA yielded the highest number of viable DMC.
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Figure 3.1. Number of viable DMC obtained immediately after slaughter per
50-cm long bovine duodenal segment in different isolation procedures
(Procedure A: Duodenal mucosa was scrapped and incubated with a solution
containing collagenase and dispase for 20 min, Procedure B: Duodenal
segment was filled with a KRB-HEPES containing hyaluronidase and patted
with finger tips, Procedure C: Duodenal segment was filled with KHB-HEPES
without enzyme and incubated for 50 min. Bars with different alphabet are
significantly different from one another, P < 0.05)
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Figure 3.2. Viability of bovine DMC immediately and six hours after isolation
by different isolation procedures (Procedure A: Duodenal mucosa was

scrapped and incubated with a solution containing collagenase and dispase
for 20 min, Procedure B: Duodenal segment was filled with a KRB-HEPES

containing hyaluronidase and patted with finger tips, Procedure C: Duodenal
segment was filled with KHB-HEPES without enzyme and incubated for 50
min. Cells were maintained in the incubation medium at room temperature for
6 hrs. Bars with different alphabet are significantly different from one another,

P <0.05)
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CHAPTER 4

Effect of ammonia load on glucose metabolism by isolated ovine

duodenal mucosal cells

4.1 Introduction

Glucose is one of the limiting nutrients in high producing ruminant animals
(Fahey and Gerger, 1988). Gluconeogenesis, the primary source of glucose in
ruminants, may not be sufficient to meet the high glucose demand especially
during peak lactation in high producing dairy cows (Elliot, 1976; Hurtaud et al.,
2000). Glucose absorbed in the intestine can contribute up to 30% of the total
glucose supply for cows fed high concentrate diets (Huntington, 1997) and
may be the significant glucose source to meet the glucose demand in lactating
dairy cows. In addition, starch digestion and absorption in the small intestine is
more efficient compared to starch fermentation in the rumen (Huntington et al.,
2006; Owens et al., 1986). A previous study indicated that increased intestinal
glucose supply decreased hepatic gluconeogenesis (Clark et al., 1977).
Furthermore, enhanced glucose supply to the duodenum increased milk and

milk lactose yield (Rigout et al., 2002).

Isolated ruminant duodenal mucosal cells (DMC) possess the metabolic
capability to assimilate ammonia-N into non-essential amino acids (NEAA)
such as alanine, glutamate and aspartate (Oba et al., 2005). Alanine synthesis

can be a metabolic pathway by which DMC can detoxify ammonia because of
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the net positive flux of alanine by the portal-drained viscera (EI-Kédi et al.,
2006) whereas aspartate and glutamate are extensively catabolized by small
intestinal mucosa (Wu, 1998). Ammonia-N assimilation into alanine by DMC
increased in the presence of glucose (Oba et al., 2005), but it is not known
whether ammonia load affects the extent of ammonia detoxification via alanine
synthesis. Although duodenal flow of ammonia varies greatly depending on
the dietary CP content, its effects on glucose metabolism in DMC are not
known. In addition, previous studies did not demonstrate whether glucose
utilization for alanine synthesis increases when ammonia flow increased in the

duodenum.

We hypothesized that glucose carbon utilized to synthesize NEAA in DMC
would increase when the ruminant duodenal mucosa are exposed to greater
ammonia concentrations. Thus, the objectives of the study were to evaluate
the effects of ammonia load in the incubation media and those of dietary CP

content on glucose metabolism in DMC isolated from growing sheep.

4.2 Materials and methods

4.2.1 Animals and diets

The experimental protocol was approved by Faculty Animal Policy and
Welfare Committee at the University of Alberta (FAPWC approval # OBA-

2006-32). Sheep were used as a ruminant model. Ten Suffolk crossbred
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growing female sheep (36.9 + 1.48 kg body weight, 4 months old) were fed a
high CP (19.4%) or a low CP (13.1%) diet (Table 4.1) during the experiment.
Total DM offered was 3.5% of the BW of each sheep and the amount was
adjusted every week according to the change in BW. Animals were fed twice
daily at 0800 and 1800 h. The metabolizable energy content of the diet was
3.32 and 3.39 Mcal/kg DM respectively for high and low CP diets to meet
energy requirements of growing sheep (NRC, 1985). The dietary concentration
of CP in high and low CP diets was determined to provide about 15% above

and below the CP requirement for growing sheep, respectively (NRC, 1985).

After feeding the experimental diets for at least 3 weeks, 2 sheep were
slaughtered per day for 5 days. For the first day, a lamb fed low CP diet was
slaughtered at 0700 h followed by slaughter of another lamb fed high CP diet
at 1400 h. To minimize the confounding effects of slaughter time, the order of

slaughter was alternated with respect to treatment each day.

4.2.2 Ammonia measurement

Duodenal digesta was collected from the duodenum immediately after
slaughter and supernatant was obtained after centrifuging (1000 x g) the
digesta sample for 10 min. Ammonia concentration in the duodenal fluid was
determined spectrophotometrically (Hewlett Packard 8452A Diode Array,
American Laboratory Trading, Groton, CT) as described previously (Appendix

3; Fawcett and Scott, 1960).
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4.2.3 Cell isolation

The DMC were isolated within 30 min after the slaughter according to a
method described previously (Okine et al., 1995) with some modifications.
Briefly, one-meter long duodenal segments from 50-cm distal to the pylorus
were collected immediately after slaughter. The excised duodenal tissue was
flushed with Krebs-Ringer HEPES buffer (NaCl 120 mM, KCI 4.7 mM, MgSO,4
1.2 mM, KH2PO4 1.2 mM, NaHCO3; 25 mM, and HEPES 25 mM; oxygenated
with 02:CO, [95:5], pH 7.4; solution A) to remove digesta and mucus. The
flushed tissue was filled with solution A containing 2.5 mg/mL bovine serum
albumin (Sigma Chemical Co., St. Louis, MO; solution B), and both ends of the
tissue were clamped. The duodenal tissue filled with solution B was incubated
in a container of solution A for 15 min in a shaking water bath (Julabo SW 22,
Germany) at 37°C. The duodenal contents were discarded and the segment
was again filled with the solution B containing 1.5 mg/mL hyaluronidase
(Worthington Biochemical Corporation, Lakewood, NJ). The re-filled segments
containing the digestion solution were kept on crushed ice in a container, and
gently patted with fingertips for two minutes to release the DMC into the
lumen. The resulting DMC suspension was washed three times with solution A
followed by centrifugation (1,000 x g for 3 min each time). Yield of isolated
cells was 98 x 10" + 0.9 x 107 per isolation, and their viability, as determined
by the trypan blue dye exclusion test (Kaltenbach, 1958), was 77.6 + 3.2% (n
= 10). Trypan blue exclusion test is the commonly used technique to

determine the viability of ruminant gut epithelial cells (Baldwin and McLeod,
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2000; Oba, 2004; Okine et al., 1995). In this test, cell viability is indirectly
determined from cell membrane integrity. Thus, it is possible that cells’
metabolic activity may have been compromised even though its membrane

integrity is maintained (Strober, 1997).

4.2.4 Incubation and metabolite analysis

Immediately after cell yield and viability were determined, the isolated primary
cells were incubated for 90 min with glucose (3 mM) and ammonium chloride
(0, 0.1, 1, 5, 10, 20, or 50 mM) in Krebs-Ringer HEPES buffer oxygenated with
02:C0O, [95:5], pH 7.4 in a heated (37°C) shaking water bath (Julabo SW 22).
Ammonia concentrations of the incubation media were selected to reflect the
wide range of ammonia concentrations predicted to exist in the duodenum
(Parker et al., 1995; Winnicka et al., 1992). The glucose concentration in the
incubation media represents blood glucose concentration observed in
ruminants (Fernandez et al., 2001). The study was conducted by using parallel
incubations; the first set of flasks contained [2-'°C] glucose (Cambridge
Isotope Laboratories Inc., Andover, MA) in the media to determine isotopic
enrichment of non-essential amino acids and lactate, whereas, the second set
of flasks contained [U-'*C] glucose (Sigma; 0.78 uCifflask; 13.3 uCi/mmol of
glucose) in the media to determine "“CO; production from glucose. Incubation
was initiated by adding 0.5 mL of the cell suspension (1 x 107 viable cells) to
the media in 25 mL Erlenmeyer flasks. The flasks were oxygenated and

capped immediately. The flasks in the first set were capped with glass caps
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whereas the flasks in the second set were sealed with a rubber serum cap
fitted with a suspended center well (Kontes, Vineland, NJ) containing a folded
piece of filter paper. Incubation was terminated in both sets of flasks after 90
min by adding 0.2 mL of concentrated HCIO4 to the media. Each treatment
was carried out in triplicate, and all flasks were incubated together. Additional
two sets of flasks, in triplicate, were also prepared for the assessment of
endogenous metabolite concentrations and as a 0-min time control. In these
cases, the media were acidified immediately after the addition of the cell
suspension (endogenous metabolites) or following the addition of 3 mM

glucose and cell suspension (0-min control).

After termination of incubation, the incubation media in the first-set flasks were
neutralized with 0.275 mL K,COj; (5.8 M), and clarified supernatant was
obtained by centrifugation (2,300 x g for 7 min). Glucose concentration of the
supernatant was determined using glucose oxidase/peroxidase enzyme (No.
P7119, Sigma) and} dianisidine dihydrochloride (No. F5803, Sigma) as
described previously (Appendix 4; Raabo and Terkildsen, 1960), and the
absorbance was determined with a microplate spectrophotometer (Spectra
Max 190, Sunnyvale, CA). Net glucose disappearance was calculated by
subtracting the amount of glucose in incubation media of treatment flasks from

that of 0-min control.
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A known weight (0.5 g) of the internal standard mixture containing tracers ([U-
13C] labeled alanine, aspartate, glutamate and lactate; 250 nmol/g each) was
added to a known weight (2 g) of clarified medium for determination of
metabolite concentrations by the isotope dilution technique. To enhance GC-
MS measurements at low substrate concentrations, the internal standard
mixture also contained known amounts of unlabeled alanine, aspartate,
glutamate and lactate to raise unlabelled substrate concentrations to within the
standard curve range. Samples were applied to 1.0 g of cation-exchange resin
(AG-50W-x8, 100-200 mesh, H*-form; Bio-Rad Lab., Hercules, CA) to
separate amino acids and lactic acid. Standard curves were generated by
adding different concentrations of unlabeled substrates to the internal
standard. Alanine, aspartate, glutamate, and lactate were converted to tertiary
butyldimethylsilyl derivatives (Calder and Smith, 1988). Concentration of
metabolites and their isotopic enrichment with '°C were determined using GC-
MS under electron impact mode (Agilent 6890 coupled to an Agilent 5973
Mass Selective Detector, Agilent, Palo, Alto, CA). The following masses were
monitored by GC-MS: alanine 260, 261, 263; lactate 261, 262, 264, aspartate

418, 419, 422; and glutamate 433, 434, 437.

For the second set of flasks, after termination of incubation, 0.3 mL of
benzethonium hydroxide was injected in the center wells using syringe and left
for 1 hr at room temperature to capture CO,. Center wells were transferred to

scintillation vials and filled with 4 mL of scintillant (Ecolite™, Research Product
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Division, Irvine, CA). Radioactivity was determined by liquid scintillation
spectroscopy (Beckman LS Beta Counter 5801, Minnesota, MN) and the
amount of glucose oxidized to CO, was calculated after subtracting the

background non-specific activity (0-min control).

4.2.5 Enzyme assay

Additional duodenal tissue (approximately 30-cm in length) was collected from
-the sheep immediately after slaughter. The tissue was rinsed with solution A
before freezing at —80°C. Duodenal mucosal cells were scraped from the
frozen duodenal tissue using a glass slide after cutting the tissue lengthwise.
The scraped mucosal cells were homogenized in a buffer containing 0.15 M
KCI, 5 mM MgSQ,4 and 5 mM EDTA. Cell disintegration was carried out using
a sonicator (Sonic 300 Dismembrator, Manassas, VA) for 3 minutes. The
homogenate thus obtained was centrifuged at 21,000 x g at 0°C for 1 h and
the supernatant was used for the measurement of hexokinase (EC 2.7.1.1)
and pyruvate kinase (EC 2.7.1.40) activity as described previously by Darrow

and Colowick (1962), and (Cardenas and Dyson, 1973), respectively.

4.2.6 Statistical analysis

The effect of dietary CP was determined using the following model with Mixed
model procedure of SAS (version 9.1, SAS Institute, Inc., Cary, NC): Yix = p+

Pi+ T+ Pi*T; + €k, with Yjx as the observed value, y as the overall mean, P; as

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the effect of dietary CP concentration, and T as the effect of slaughter time.
The Iinear and quadratic effects of ammonia concentration in the incubation
media was determined using the following model: Yjq = p+ Pi + T+ P*T; +
Sk(Pi*T)+ A + T A + PT* A + AA| + g, Where Y was the observed value,
u was the overall mean, P; was the effect of dietary CP concentration, T; was
the effect of slaughter time, Sk was the random effect of sheep, and A, was the
effect of ammonia concentration in the incubation media. The second
statistical model had originally included interactions b’etween effects of
ammonia and dietary CP concentration, but they were removed as they were
not significant for all response variables. Treatment effects were declared

significant at P < 0.05.

4.3 Results

Dietary treatment did not affect DMI, BW gain, and ADG at slaughter (Table
4.2). The CP intake (279.1 £ 9.0 vs. 189.8 + 3.0 g/d) and duodenal ammonia
(16.4 = 1.0 vs. 9.1 =+ 1.0 mM) were greater for the high CP treatment

compared to the low CP treatment.

Glucose disappearance was greater in the incubation media for the DMC
isolated from the sheep fed the low CP diet (14.6 + 1.6 vs. 8.6 + 1.3 nmol / 10°
cells / 90 min; P < 0.05; Table 4.3). However, dietary CP did not affect in vitro
glucose carbon oxidation nor utilization for the synthesis of lactate, alanine,

aspartate and glutamate.
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Glucose disappearance and utilization of glucose carbon for oxidation and
synthesis of aspartate or glutamate were not affected by the ammonia
concentration in the incubation media. As the ammonia concentration
increased, utilization of glucose carbon for lactate synthesis decreased

quadratically (Table 4.4) and that for alanine synthesis decreased linearly.

Hexokinase activity was significantly higher in the duodenal mucosa collected
from the sheep fed low CP diet (1.22 + 0.06 vs. 1.04 = 0.01 mUnit/mg protein;
P < 0.05; Figure 4.1). However there was no effect of dietary CP on pyruvate

kinase activity (Figure 4.2).

4.4 Discussion

It was observed that ammonia-N assimilation into NEAA by DMC increased in
the presence of glucose (Oba et al., 2005). However, the previous study did
not examine how the extent of exposure of DMC to ammonia affects glucose
carbon utilization for NEAA synthesis by DMC. This information is important
because glucose is one of the limiting nutrients for high producing dairy cows
(Fahey and Gerger, 1988). Significant amounts of dietary starch reach the
duodenum, and can be absorbed as glucose in the small intestine
(Huntington, 1997; Owens et al., 1986). In addition, depending upon diétary
CP concentration, the ammonia concentration in the ruminant duodenum is

expected to be variable as shown in this study. Using ovine DMC as a model,
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this study was conducted to determine how the extent of exposure to ammonia

affects glucose metabolism by DMC.

Results of this study showed that the ammonia concentration in the incubation
media did not affect glucose disappearance nor glucose carbon utilization for
the production of CO,, aspartate and glutamate by DMC, although we had
hypothesized that glucose carbon utilized to synthesize NEAA in DMC would
increase when the duodenal mucosa are exposed to greater ammonia
concentration. Furthermore, as the ammonia concentration in the incubation
media increases, glucose carbon utilization for alanine production by DMC
decreased. The present results indicated that glucose provides carbon for
NEAA synthesis, but glucose carbon utilization for NEAA synthesis does not

increase as ammonia concentration in the incubation media increases.

The present study also showed that the DMC isolated from sheep fed a low
CP diet utilized more glucose compared to those from sheep fed a high CP
diet. This is attributed to greater hexokinase activity observed in the duodenal
mucosa from sheep fed low dietary CP. The greater hexokinse activity
indicated that sheep fed a low CP diet might have relied on glucose as a
metabolic fuel to a greater extent compared with those fed a high CP diet.
Although we used urea to increase dietary CP concentration, we predicted that
amino acid absorption at the duodenum would be substantially greater for

sheep fed the high CP diet because the amount of fermentable energy offered
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in the diet should be sufficient to utilize urea-N for microbial protein synthesis
(NRC, 1985). Previous studies showed that glucose metabolism in DMC can
be increased when amino acids such as glutamate, glutamine (Oba et al.,
2004) or leucine (Reiser et al., 1975) are limiting. Further, other studies
(Castlebury and Preston, 1993; Taniguchi et al., 1995) showed that net
absorption of glucose across the portal-drained viscera was reduced with
decreased protein supply, indicating that low protein supply can enhance
glucose demand by the gut tissues. In contrast to our finding that hexokinase
is decreased with high dietary CP, hexokinase activity in rat intestinal mucosa
was not affected by high dietary casein but it was increased by glucose

(Shakespeare et al., 1969).

Previous in vivo studies (Castlebury and Preston, 1993; Taniguchi et al., 1995;
Veira et al.,, 1980) showed that abomasal or duodenal protein supply
increased the glucose absorption into the portal vein. In a steer infused with
800 g corn starch into the abomasum, abomasal supply of 800 g sodium
caseinate increased the net glucose absorption across portal drained viscera
by two fold compared to the ruminal supply of same quantity of sodium
caseinate (Taniguchi et al., 1995). Similarly, in a study with sheep, small
intestinal starch disappearance and glucose absorption across the portal
drained viscera were increased with greater casein infusion into the
abomasum (Castlebury and Preston, 1993). The reasons for the increased

glucose absorption with greater CP supply in these studies could be that the
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presence of additional amino acids reduced glucose metabolism in the gut
tissues (Oba et al., 2004; Reiser et al., 1975). Another study also showed that
abomasal infusion of casein increased Na* glucose co-transporter (SGLT) 1
activity in the small intestinal mucosa of sheep (Mabjeesh et al., 2003),

indicating enhanced glucose absorption from the intestinal lumen.

In contrast to the results of the present study, some studies (Blouin et al.,
2002; El-Kadi et al., 2006; Guerino et al., 1991) have reported that increased
CP supply had either no or negative effects on net glucose absorption across
portal drained viscera. Increased casein infusion into the duodenum (up to 105
g/d) had no effect on the amount of glucose absorbed from arterial circulation
by mesenteric drained viscera in sheep fed a low starch (3.9%) diet (El-Kadi et
al., 2006). In this study, glucose absorption in the duodenum was expected to
be negligible because of the extremely low dietary starch intake, which might
be the reason for lack of protein effects on glucose metabolism. Intestinal
protein supply affected glucose absorption across portal drained viscera when
there was large quantity of starch available in the duodenum (Richards et al.,
2002; Taniguchi et al., 1995; Veira et al., 1980). In another study with dairy
cows, increased MP (1930 vs. 1654 g/d) had no effect on net absorption of
glucose in portal drained viscera (Blouin et al., 2002). Similarly, in a study with
steers fed high concentrate (78% corn) diet, abomasal infusion of casein (150

g and 300 g /d) decreased the amount of glucose absorbed across the portal
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drained viscera (Guerino et al., 1991). The exact mechanism responsible for

the discrepancies among the literature warrants further investigation.

In the present study, dietary CP intake had no effect on amount of glucose
oxidized, and glucose carbon utilized for lactate, alanine, aspartate and
glutamate production in the isolated DMC. Thus, the metabolic pathways that
account for greater in vitro glucose disappearance by DMC for the low CP
treatment were not identified in the current study. However, the greater
glucose disappearance might be attributed its utilization to supply the pentose
phosphate pathway, one of the major metabolic pathways in enterocytes (Wu,

1996).

In conclusion, enhanced ammonia load in the incubation media does not
increase glucose utilization by DMC, and glucose carbon does not play a
significant role in assimilation of ammonia-N into alanine, aspartate, or
glutamate when the ammonia concentration in the media increases. High
dietary CP intake reduced glucose metabolism in DMC probably because of
decreased hexokinase activity. Further investigation is warranted to
understand the physiological basis that regulates glucose utilization in the

DMC.
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Table 4.1 Ingredients and nutrient composition of the experimental diets

Diet
Item
High CP Low CP
Diet Ingredients (% of DM)
Dry ground corn grain 244 245
Beet pulp 51.3 53.5
Alfalfa pellet 21.3 21.3
Urea 2.28 0
Fort salt’ 0.38 0.38
Dicalcium phosphate® 0.36 0.36
Vitamin ADE® 0.03 0.03
Nutrient Composition (% of DM)
DM, % 90.1 90.4
CP 19.4 13.1
ADF 22.5 21.4
NDF 33.5 32.4
Ash 9.2 8.1
Ca 1.1 1.1
P 0.2 0.2
Metabolizable energy, Mcal/kg 3.32 3.39

‘contained 10% Mg, 6% Zn, 4.5% Fe, 1% Mn, 0.5% Cu, 0.3% | and 0.05% Co.
2contained 19.5% Ca, 18.5% P, 0.18% (max) F, and 1.4% (max) Fe.
3contained 1500 1U vitamin A, 3000 IU vitamin D, 3.7 IU vitamin E per g.
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Table 4.2 Effects of dietary CP level on the performance of growing sheep

Item Diet SE P value
High CP Low CP
DM, kg/d 1.46 1.45 0.03 0.87
CP intake, g/d 279.1 189.6 6.68  <0.001
ADG, g/d 363.0 247.2 74.26 0.33
BW before slaughter, kg  46.0 44.0 0.95 0.17
Duodenal ammonia, mM  16.4 9.1 0.9 0.005
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Table 4.3 Effects of dietary CP level on glucose utilization by the isolated

duodenal mucosal cells in vitro

Diet

Item SE P value
High CP Low CP
— (nmoles glucose / 10° cells / 90 min)—
Disappearance 8.6 14.6 1.49 0.08
Oxidation 0.30 0.23 0.05 0.40
Utilization for synthesis:
Lactate 3.94 5.68 0.93 0.13
Alanine 0.19 0.23 0.03 0.38
Aspartate 0.09 0.09 0.04 0.89
Glutamate 0.70 0.56 0.14 0.52
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Table 4.4 Effects of ammonia concentration in the incubation media on glucose utilization by the isolated duodenal

mucosal cells in vitro

Ammonia concentration (mM) P value
Item SE
0 0.1 1 5 10 20 50 L' Q°
(nmoles glucose / 10° cells / 90 min)

Disappearance 8.24 1110 1122 8.48 11.86 11.32 18.75 275 0.65 0.77
Oxidation 0.28 0.30 0.23 0.29 0.28 0.28 0.20 0.05 0.96 0.61
Utilization for synthesis:

Lactate 5.85 6.50 6.30 5.75 5.48 4.94 4.92 0.30 <0.001 0.05

Alanine 0.24 0.23 0.24 0.22 0.19 0.16 0.20 0.04 0.08 0.07

Aspartate 0.09 0.12 0.11 0.09 0.08 0.09 0.06 0.03 047 0.77

Glutamate 0.49 0.71 0.95 0.76 0.58 0.31 0.63 0.19 0.08 0.11

Linear effect of ammonia concentration in the incubation media

2Quadratic effect of ammonia concentration in the incubation media
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Figure 4.1. Hexokinase activity in the duodenal mucosa of growing female
sheep fed low (13.1%) and high (19.4 %) CP diets
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Figure 4.2. Pyruvate kinase activity in the duodenal mucosa of growing
female sheep fed low (13.1%) and high (19.4 %) CP diets
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CHAPTER 5

GENERAL DISCUSSION AND CONCLUSION

5.1 General discussion

Nutrient metabolism in the duodenal mucosa plays a vital role in the
absorption of digested nutrients from the gut lumen. Previous studies reported
that the duodenal mucosa possessed the metabolic capability to utilize
ammonia-N for the synthesis of NEAA (Oba et al.,, 2005; Wu, 1998). The
presence of glucose enhanced the ammonia-N assimilation into amino-N in
ruminant isolated DMC (Oba et al., 2005). This study aimed at understanding
glucose metabolism in the DMC at varying concentrations of ammonia. A
preliminary experiment was also conducted to determine the efficacy of the
procedures described in the literature for the isolation of ruminant DMC to be

used for in vitro experiments.

In the DMC isolation study, three cell isolation procedures differing in
enzymatic and incubation methods were compared. The results of this study
demonstrated that the use of hyaluronidase along with shaking can isolate the
highest number of total viable cells per unit of duodenal tissue compared to
the other two procedures evaluated in this study. The results will be useful for
future research experiments in ruminant nutrition and metabolism involving

short-term incubation of the DMC.
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Use of primary mucosal cell is not always practical in metabolic experiments.
The primary cell suspension might not be suitable for the experiments
involving longer incubation time because of the loss of viability. In addition,
animals have to be sacrificed each time prior to the experiment to obtain
freshly isolated cells. Therefore, future research focus should be directed

towards developing a ruminant DMC cell line for in vitro studies.

In the glucose metabolism study, it was hypothesized that DMC would
increase glucose carbon utilization for assimilation of ammonia-N into NEAA
when the ammonia concentration in the incubation media increased. The
results indicate that glucose provides carbon for NEAA synthesis, but glucose
does not serve as a carbon source to maximize ammonia-N assimilation to
amino-N at greater ammonia concentrations. Other nutrients such as
glutamate, glutamine, propionate and arginine present in the duodenum might
be involved in the assimilation of ammonia-N to amino-N at high ammonia
concentrations. Therefore research on the role of these substrates on
ammonia;N utilization by the ruminant duodenal mucosa will be useful for

improving ammonia utilization efficiency in ruminants.

The present results also demonstrated that glucose disappearance was lower
in the DMC isolated from sheep fed a high CP diet compared to that from
sheep fed a low CP diet. Some in vivo studies reported that greater intestinal

protein supply increased glucose absorption across the PDV (Castlebury and
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Preston, 1993; Taniguchi et al., 1995) but other studies did not observe such
an increase in glucose absorption resulting from greater intestinal protein
supply (Guerino et al., 1991; Blouin et al., 2002). It is possible that different
pathways for glucose metabolism become dominant at different physiological
and dietary conditions. Further, in the present in vitro study, both the apical
and basolateral membranes of the isolated DMC are exposed to the same
concentration of the substrates present in the incubation media. This may not
be the case under normal physiological environment of the duodenal mucosa
in vivo. Therefore, to understand the discrepancy of the results among these
studies, further studies on the regulatory mechanism of glucose metabolism in

the ruminant Gl tract are necessary.

5.2 Future research

Identifying the specific physiological reasons for greater glucose utilization in
the DMC obtained from the low dietary CP treatment was beyond the scope of
this study. Further investigation on the mechanism of glucose utilization in the
duodenum of high yielding dairy cows will be useful to improve glucose supply
in early lactation. Three important aspects of intestinal glucose utilization have
to be studied in detail. Firstly, in order to increase the digestion of the escape
starch in the small intestine, it is important to determine the effect of ammonia
and VFA on the production and activity of pancreatic a-amylase and brush

border carbohydrases in high yielding dairy cows. Secondly, to increase
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glucose absorption across the PDV, it would be useful to evaluate the effects
on glucose transporter activity in lactating cows’ DMC varying in concentrates
of substrates such as starch, ammonia and VFA in the duodenal lumen.
Finally, to identify the possible glucose metabolic pathways in the ruminant
duodenal mucosa, the activity of enzymes needed for glucose metabolism in

ruminant DMC at varying concentrations of substrates should be studied.

Pentose phosphate pathway is a significant glucose metabolism pathway in
non ruminant enterocytes (Wu, 1996), however no study has been done to
evaluate the glucose metabolism via this pathway in ruminants gut tissues.
Further research is needed to determine the role of Pentose phosphate
pathway for glucose utilization in ruminant DMC, could be helpful to increase

intestinal glucose absorption in ruminants.

The data from the present study indicate that glucose does not serve as a
carbon source for increased NEAA synthesis during high ammonia load in
ruminant DMC. Therefore, studies on the role of the substrates such as
propionate and glutamate on ammonia-N utilization by the duodenal mucosa
will be useful to identify the carbon source required for the NEAA synthesis at
the higher ammonia load. Once the substrate that increases ammonia
assimilation to amino-N at high ammonia concentrations is identified by an in
vitro study, an in vivo study should be designed to see whether the results

could be replicated in the animal system. The results from these experiments
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could be used to formulate strategies that might improve N utilization efficiency

in ruminants.

5.3 Conclusion

The results from the DMC isolation study indicate that viable ruminant DMC
required for short term in vifro studies can be isolated with or without using
tissue disassociation enzymes. Hyaluronidase treatment resulted in the
highest number of viable DMC. The glucose metabolism study indicated that
enhanced ammonia load in the incubation media does not increase glucose
utilization by DMC, and that glucose carbon does not play significant role in
assimilation of ammonia-N into alanine, aspartate, or glutamate when the
ammonia concentration in the media increases. The results also demonstrate
that high dietary CP reduces glucose metabolism in DMC probably because of

decreased hexokinase activity.
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APPENDIX

A 1. Enzymatic assay of pyruvate kinase
Conditions: Temp = 37°C, pH = 7.6, Absorbance = 340 nm, Light path =1 cm
Method: Continuous Spectrophotometric Rate Determination

Reagents:
A. 100 mM Potassium Phosphate Buffer, pH 7.6 at 37°C.
Prepare 100 mL in deionized water using Potassium Phosphate,
Monobasic, Anhydrous, Adjust to pH 7.6 at 37°C with 1 M KOH.

B. 8.0 mM Phospho(enol)pyruvate Solution (PEP)
Prepare 1 mL in deionized water using Phospho(enol)Pyruvate,
Monopotassium Salt.

C. 3 mM B-Nicotinamide Adenine Dinucleotide, Reduced Form
Solution (B-NADH)
Dissolve the contents of a 10 mg vial of B- Nicotinamide Adenine
Dinucleotide, Reduced Form, Disodium Salt, in the appropriate volume
of Reagent A. Prepare fresh.

D. 100 mM Magnesium Sulfate Solution
Prepare 1 mL in deionized water using Magnesium Sulfate,
Heptahydrate.

E. 40 mM Adenosine Diphosphate Solution (ADP)
Prepare 1 mL in deionized water using Adenosine 5'-Diphosphate,
Di(Monocyclohexylammonium) Salt.

F. L-Lactic Dehydrogenase Solution (LDH)
Immediately before use, prepare a solution containing 500 units/mL of
L-Lactic Dehydrogenase, in cold Reagent A.

G. 30 mM Fructose 1,6-Diphosphate Solution (F 1,6-P)
Prepare 2 mL in deionized water using Fructose 1,6- Diphosphate,
Sodium Salt.

H. Pyruvate Kinase

Immediately before use, prepare a solution containing 0.3 - 0.6 unit/mL
of Pyruvate Kinase in cold Reagent A.
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Procedure:
Pipette (in mL) the following reagents into suitable cuvettes:

Test Blank
Deionized Water 1.30 1.30
Reagent A (Buffer) 0.80 0.90
Reagent B (PEP) 0.16 0.16
Reagent C (3-NADH) 0.20 0.20
Reagent D (Magnesium Sulfate) 0.20 0.20
Reagent E (ADP) 0.10 0.10
Reagent F (LDH) 0.04 0.04
Reagent G (F 1,6-P) 0.10 0.10

Mix by inversion and equilibrate to 37°C. Monitor the A340 nm until constant,
using a suitably thermostatically controlled spectrophotometer. Then add:
Reagent H (Enzyme Solution) 0.10 ------

Immediately mix by inversion and record the decrease in A340 nm for
approximately 5 minutes. Obtain the A A340 nm/min using the maximum linear
rate for both the Test and Blank.

Calculations:
(A A340 nm/min Test - A A340 nm/min Blank)(3)(df)
Units/mL enzyme = (6.22) (0.1)

3 = Total volume (in mL) of assay
df = Dilution factor
6.22 = Millimolar extinction coefficient of B-NADH at 340 nm
0.1 = Volume (in mL) of enzyme used
units mL/ enzyme
Units/mg solid =  mg solid/mL enzyme

units/mL enzyme
Units/mg protein = mg protein/mL enzyme

Unit definition:

One unit will convert 1.0 umole of phospho(enol)pyruvate to pyruvate per
minute at pH 7.6 at 37°C in the presence of 1.0 mM of fructose 1,6-
diphosphate. In the absence of added fructose 1,6-diphosphate which acts as
an (activator), considerably lower activity will be observed.

Reference:
Cardenas, J. M. and R. D. Dyson. 1973. Bovine pyruvate kinase. Il.

Purification of the liver isozyme and its hybridization with skeletal
muscle pyruvate kinase. J. Biol. Chem. 248:6938-6944.
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A 2. Enzymatic assay of hexokinase

Conditions: T = 25°C, pH 8.5, A560nm, Light path =1 cm
Method: Continuous Spectrophotometric Rate Determination
Reagents:

A. 100 mM Glycylglycine Buffer, pH 8.5 at 25°C
prepare 100 mL in deionized water using Glycylglycine, Free base, Adjust
to pH 8.5 at 25°C with 1 M HCI

B. 200 mM Adenosine 5'-Triphosphate Solution (ATP)
Prepare fresh 10 mL solution in deionized water using Adenosine 5'-
Triphosphate, Disodium Salt.

C. 200 mM Glucose Solution (Gluc)
Prepare 10 mL in deionized water using B-(+)-Glucose.

D. 0.01% Cresol Red with 128 mM Magnesium Chloride Solution (Cresol
Red) Prepare 200 mL in deionized water using Cresol Red, Sodium Salt,
and Magnesium Chloride, Hexahydrate. Facilitate by first dissolving Cresol
Red into 6.6 mL of 95% ethanol. Transfer this solution to a 200 mL
graduated cylinder and add 5.2 g of Magnesium Chloride, Hexahydrate.
Dilute to 200 mL with deionized water.

E. 100 mM Hydrochloric Acid Standardized Solution (HCI)
Prepare 1 liter in deionized water using Concentrated Hydrochloric Acid.
Standardize against Tris Base with Sigma 121 indicator. Color change is
from orange to pink.

F. 0.5% Glucose Solution
Prepare 50 mL using B-D-Glucose.

Sample solution: prepare a sample solution containing hexokinase enzyme.
Procedure:

Prepare a reaction cocktail by pipetting (in mL) the following reagents into a
suitable container:

Reagent B (ATP) 5.00

Reagent D (Cresol Red) 6.60

Mix and slowly add 0.1 M NaOH until the solution just turns from red to purple
(pH about 8.2). Then add:
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Deionized Water 33.40 .
Reagent A (Buffer) 5.00

Mix. Adjust to pH 8.5 at 25°C with 100 mM HCI or 100 mM NaOH, if
necessary.

Titer Determination:

Determine titer of reaction cocktail by pipetting (in mL) the following reagents
into a suitable cuvette:

Reaction Cocktail 2.50

Reagent C (Glucose) 0.40

Mix by inversion and equilibrate to 25°C. Monitor the A560 nm until constant,
using a suitably thermostatically controlled spectrophotometer. Record the
initial A560 nm. Then add:

Reagent D (HCI) 0.10

Mix and immediately record final A560 nm.

(A560 nm initial - A560 nm final) (2.9)

Titer =
(1000) (0.1) (Molarity of Reagent D)

2.9 = Volume of Titer reaction Mix

1000 = Coversion from millimolar to micromolar

0.1 = Volume of Reagent D used

Sample: Pipette (in mL) the following reagents into suitable cuvettes:

Test Blank
Reaction Cocktail 2.50 2.50
Reagent C (Gluc) 0.40 0.40

Mix by inversion and equilibrate to 25°C. Monitor the Asgonm until constant,
using a suitably thermostatically controlled spectrophotometer. Then add:

Reagent F (Diluent) == 0.10

Reagent G (Enzyme Solution) 0.10  -==-

Immediately mix by inversion and record the decrease in A560 nm for
approximately 5 minutes. Obtain the AA560 nm/minute using the maximum
linear rate for both the Test and Blank.

Calculations: :
A560 nm/min Test - A560 nm/min Blank

Units/mg enzyme =
(titer) (mg enzyme/mL RM)
RM = Reaction Mix
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Unit Definition:
One unit will phosphorylate 1.0 umole of glucose per minute at pH 8.5 (+ 0.5)
at 25°C.

Reference

Darrow, R. A. and S. P. Colowick. 1962. Hexokinase from baker's yeast.
Pages 226227 in Methods in Enzymology. Vol. 5. S. P. Colowick and
N. O. Kaplan, eds. Academic Press Inc., NY.

Partridge, N.C., Hoh, C.H., Weaver, P.K. and Oliver, |.T. 1975. Premature
induction of glucokinase in the nonatal rat by thyroid hormone. Eur. J.
Biochem. 51: 49-54
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A 3. Ammonia-N determination

1. Reagents:
a) Sodium phenate
12.5 g phenol + 6.2 g NaOH in 500 mL volumetric flask (dissolved and
made to volume with deoinized water)

b) Sodium Nitroprusside

Stock solution (1%) — 1 g/100 mL H,O

Working solution (0.01%) — 5 mL stock diluted to 500 mL (vol. flask) with
deionized water

Note: working solution should be prepared fresh daily

¢) Sodium Hypochlorite
0.02 N 15 mL NaOCI (4-6%) diluted to 500 mL with deionized water
Note: the pH should be adjusted to 12.0 with 50%NaOH

NOTE: All solutions should be stored in the fridge with tin foil wrapped
around the containers. The solutions should be brought to room
temperature before use.

2. Standard solution: 100 ug NH;-N/mL
0.4716 g Ammonium sulfate (dried at 60°C for 2 hrs) /L deionized water
The pH should be close to that of samples

3. Sample preparation

Duodenal Digesta
- thaw and mix well
- transfer around 5 mL to 16 x 100 mm glass tubes and centrifuge for 10
min in the bench top centrifuge at maximum setting (100 x g)
- pipette 40 pl aliguots into other 16 x 100 glass test tubes (each sample
is done in duplicate)

4. Colour Development

a) Prepare a standard curve by pipetting 0, 10, 30, 40, 50, 60 pl from
standard solution (in duplicate) into 16 x 100mm glass tubes.
Standards must be run with every set (approximately 40 tubes) (for the
“0”, pipette 20 ul distilled water). A control sample should be run in
duplicate with each standard curve.

b) Add reagents to the standards and samples in the following order
e 2 mL phenate solutions and vortex
e 3 mL nitroprusside solution and vortex
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e 3 mL hypochlorite, cover tube with parafilim and invert several
times (deliver with brown bottle dispensers set to the appropriate
volumes).

c) Develop colour at room temperature in the dark for 1hour (put tubes
into a cupboard).

d) Read absorbance on dipping probe at 600 nm using distilled water to
zero spectrophotometer. (Be sure to mix sample by inversion before
reading absorbance).

NOTE: Keep the sample covered with parafilm at all times. Ammonia tends to
be absorbed from the air. When dispensing the solutions, be consistent as
possible with the volume because the reading can vary (i.e. first drips cause a
problem)

Calculations:
1. Run regression using 0, 1, 2, 3, 4, 5, and 6 as x and absorbances as y.

Absorbance - Intercept

2. Mg/volume added to the tube =
Slope

Dry sample = DM at 105°C x DM at 60°C x 0.001

Conc. mgN = average ug/tube x (1000/volume added) x 0.001 (i.e., ug to mg,
(mgN/ mL)

Total N = conc. mgN x (1000-dry sample)

gm NHs/kg sample = total N/ dry sample

NOTE: [(maximum- minimum)/average) x 100] < 10 percent is acceptable.

Reference:
Fawcett, J. K., and J. E. Scott. 1960. A rapid and precise method for the
determination of urea. J. Clin, Path. 13:156-160.
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A 4. Glucose determination

1) Solution A
Dissolve the contents of 2 capsules of PGO Enzyme preparation into 100
mL of dH20 into an amber flask

2) Solution B
Using the squirt bottle, add 20 g + 0.01 g of dH,O into the vial of dianisidine
dihydrochloride.

3) Solution AB
Add 3.2 mL of solution B to 100 mL of solution A. (Can keep solution upto
3 weeks in refrigerator)

Procedure
1) Prepare a standard glucose curve into the test tube using the stock
solution in the glucose kit:

mg Glucose /100 mL 0 20 40 60 80 100
Stock solution (ul) 0 2000 400 600 800 1000

dH20 () 1000 800 600 400 200 O
2) Use a plate with flat- bottom wells |

3) Using plate wells A1 and H1, A2 and H2, etc., through A6 and H6,
pipette a 10 pl aliquot of each standard curve solution. Two samples,
therefore of each standard will be read by plate reader. Make duplicate
plate for each series of samples. Be sure to include duplicate samples
of starch standard and in house standard to each plate.

4) Pipette a 10 pl aliquot of each sample into remaining wells.

5) Add 300 ul solution AB to each well with a multi-channel micropipette,
turn the plate reader on and shake the plate with the plate reader for at
least 10 sec. Allow to sit at room temperature for 45 min covered with
the tin foil.

6) Read the absorbance of samples at 450 nm.

Calculate regression equation. Using the regression equation, calculate mg
glucose per 100 mL for all samples.

Reference:
Raabo, E., and T. C. Terkildsen. 1960. On the enzymatic determination of
blood glucose. Scand. J. Clin. Lab. Invest. 12:402-407.
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