Table 7. NADPH production from glucose in the udder at different stages of lactation
of crossbred Holsteins during treatment with rbST.

16

: Control vs
Period of Control Group tbST Group
lactation ST
Requirement of all NADPH for fatty acid synthesis ( pmol/min)
Pretreated 13174295 16661682 NS
Early 16774616 2820+868 P<0.05
Mid 18381525 24704979 NS
Late 17254542 245941024 NS

Requirement of all NADPH formation from glucose via the pentose phosphate pathway (%)

Pretreated 3047 2445 NS
Early 3948 34x19 NS
Mid 41+11 2045 NS
Late 37+17 2049 NS

P-values by paired t-test: * P<0.05, ** P<0.01, *** P<0.001 with respect to the pretreated
pertod i each group.

P-values by unpaired t-test between contro! animals and rbST treated animals.

IX



17

Table 8. Fatty acid composition of milk fat in the udder at different stages of lactation of
crossbred Holsteins during rbST administration.

Fatty acid chain length (umol/ml milk)

Pretreatment  Early lactation  Mid lactation Late lactaion
Control group (6 0.86+0.47 1.69+2.02 1.1310.49 1.27+0.76
C8 0.63+0.24 0.80+0.28 0.951+0.39 0.94+0.35
C10 1.25+0.28 1.57140.56 1.8240.96 1.79£0.66
Ci2 1.19+0.36 1.44+0.43 1.87+0.89 1.76+0.57
C14 3.98+1.31 4.68:+0.84 6.15+2.04 5.04+1.44
C16:0 16.83+1 81 20.7417.85 20.37+2.09 23.73+7.28
Cl16:1 1.00+ 0.50 1.01+0.49 1.00+0.49 1.53+0.60
C18:0 8.06+0.70 7.7141.37 8.7342.54 8.10+2.10
Cl18:1 11.63+2.38 11.19+2.04 13.63+1.13 14.28+2.11
C18:2 0.80+0.20 0.83+0.48 0.70+0.34 0.90+0.40
Total 46.0615.87 51.65+13.34 56.35+7.40 60.24+14.15
rbST treated Cé 0.98+0.10 1.56+0.48 1.40+0.69 1.48+0.50
C8 0.59+0.24 1.0320.31 1.01+0.23 1.03+0.36
C10 1.3120.58 2.10+0.63 2.0510.45 2.16+1.00
C12 1.44+0.71 2.04+0.61 2.111£0.61 2.40+1.05
Cl4 5.17+2.38 7.4342.14 7.65+1.85 8.78+4.12
C16:0 20.49+7 54 26.8842.75 24.01£12.41 25.86+6.10
* Clél 1.0620.60 1.02+0.32 1.2040.51 1.60+0.60
C18:0 7.5341.82 9.40+0.70* 8.05+1.96 9.53+1.70
Crs:1 13.6543.24  20.5042.55%%*  18.49+4.49*  2]121+4.43%*
C18:2 0.8140.30 1.01+0.37 1.44+0.43 1.10+0.66
Total 52.81+1584  73.0148.22*  67.41+2133  75.14+1828

P-values by paired t-test: * P<0.05, ** P<0.01, *** P<0.001 with respect to the pretreated

period in each group.

P-values by unpaired t-test between control animals and rbST treated animals.
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Table 9. 3H/14C ratios in plasma glucose and related producted at different stages of
lactation of crossbred Holstein cattle during treatment with rbST.

Period of lactation Control Group rbST Group Control vs rbST

Plasma glucose Pretreated 0.9210.11 0.9210.06 NS
Early 0.99+0.12  0.8310.18 NS
Mid 0.89+0.08 0.99+0.04 NS
Late 0.91+0.18 0.88+0.19 NS
Milk lactose Pretreated 0.85+0.03 0.89+0.21 NS
Early 0.84::0.04 0.8340.19 NS
Mid 0.91+0.08 0.88+0.04 NS
Late 0.89+0.04 0.7940.12 NS
Milk triacylglycerol Pretreated 3.17£1.72 3.1511.24 NS
Early. 3.59+1.67 3.63+1.97 NS
Mid 4.09+1.21 3.85£1.23 NS
Late 3.58£0.98 2.81£0.97 NS
Milk citrate Pretreated 0.42+0.07 0.5940.16 NS
Early 0.5840.16 0.4610.13 NS
Mid 0.44+0.05 0.4610.11 NS
Late 0.42+0.11 0.36+0.06 NS

P-values by paired t-test; * P<0.05, ** P<0.01, *** P<0.001 with respect to the
pretreated period in each group.

P-values by unpaired t-test between control animals and 1bST treated animals.



19

RESULTS

Glucose turnover, related variables and body weight (Table 2)

The glucose turnover rate in both the controls and rbST-treated animals was
determined by making simultaneous estimates of the total glucose entry rate using 3-[’H]
glucose infusion and the utilization rate of glucose using [U-"*C]glucose infusion. All
values of glucose turnover rates in different stages of lactation for both groups are
expressed as absolute values. In pretreatment peniod, there were no significant
differences of the total glucose entry rate and glucose carbon recycling between the
controls and rbST-treated animals. However, in early lactation, the utilization glucose
turnover rate of rbST-treated animals was decreased as compared with the pretreatment
period, whereas there was no change in the control animals. Comparing for the mid-
Tlactating period, rbST-treated animals showed an elevation of plasma glucose clearance
and significant increases in the glucose turnover rate {P<0.05) in comparison with control
animals. Both absolute values and percentages of utilization of glucose by tissues other
than the mammary gland were calculated from the total rate of glucose synthesis and the
rate of glucose uptake by the mammary gland. It was decreased during rbST
administration in the early period of lactation. The percentages and values of non-
mammary glucose utilization showed significantly increases during lactation advances to
mid and late lactation in as compared with pretreated period in rbST-treated animals.
During the course of lactation there were significant increases of body weight in both
groups. Elevations of body weights were not different between groups at each period of

lactation.

Udder plasma flow, milk yield and milk composition (Tables 3 ,4)

In animals treated with rbST, mammary plasma flow and milk yield initially showed
significantly higher levels (P<0.05) in early factation than that of control animals. The
trends for persistency were observed as for udder plasma flow in rbST treated-animals
throughout lactation. The values of milk lactose concentration showed no differences
between groups of animals or among periods of lactation in the same group. In tbST

treated-animals, the milk lactose secretion significantly increased in early lactation as
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compared with pretreatment pericd. In rbST-treated animals, mean values of milk citrate
concentration during early lactation were significantly decreased (P<0.05) as compared
with pretreatment period. During lactation advances, the milk citrate concentration
decreased in both groups. Milk triacylglycerol concentration and triacylglycerol secretion
of tbST-treated animals were markedly higher in early lactation than that of pretreatment
period and it was still in a high level throughout lactation.

Utilization of glucose carbon in the udder (Table 5)

A high milk lactose secretion and citrate secretion during early lactation were
apparent in rbST treated-animals when compared to those of control animals, These
differences were primarily due to differences in milk secretion rates. However, the
percentage of utilization of glucose carbon for synthesis of milk lactose was not
significantly different between controls and rbST-treated animals. The utilization of
glucose carbon for synthesis of milk citrate for rbST-treated animals was significantly
higher than that of control animals during mid and late lactation. The utilization of
glucose for synthesis of milk triacylglycerol was significantly higher (P<0.01) during
ST administration throughout lactation. The 3H from C-3 of glucose was recovered in
milk fat. The major portion of this 3H was associated with the fatty acid fraction of the
saponified “triacylglycerol. Less than 2% of radioactive carbon was present in
triacylglycerol in both groups. The amount of 14C-glucose incorporated to CO7 in the

venous blood of thST-treated animatls increased in mid and late lactation.

Rates of pathways of glucose metabolism in the udder (Table 6)

Data for glucose metabolism via the pentose phosphate pathway show that the
incorporation of 3H from [3-3H]glucose into fatty acids and the flux through the pentose
phosphate pathway was calculated to be increased as lactation advances in both groups.
Correction of the lower 3H/14C ratio likely to be present in intracellular glucose 6-
phosphate gave significant flux vatues of 164, 121 and 132 yumol/min for early, mid and
late lactation of rbST-treated animals, respectively, in comparison with pretreatment
period. The results of the net metabolism of glucose 6-phosphate via the pentose
phosphate pathway (PC) has been calculated according to the equation:

glucose 6-phosphate — glyceraldehyde 3-phosphate + 3COy  (Katz and Wood,
1963)
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Complete metabolism of one molecule of glucose 6-phosphate according to this
equation would require three cycles of the pentose phosphate pathway. Therefore, the
flux through the pathway should be three times the net rate of glucose metabolized in the
pentose phosphate pathway. From the results , as lactation advances, the intracellular
glucose phosphorylated by the mammary gland were calculated to be completely
metabolized via the pentose phosphate pathway in terms of absolute values and the
percentages were higher when compared with pretreatment period of both groups. The
percentages of metabolism of glucose 6-phosphate to the galactose moiety of lactose
were slightly higher during early lactation in tbST treated-animals when compared to
control animais and during lactation advance, these values decreased in both groups.
Metabolism of ghicose 6-phosphate via the Embden-Meyerhof pathway was calculated in
tertn of the proportion of glucose metabolized, which there was considerable variation

with advanced lactation of both groups.

NADPH production from glucose (Table 7)

It can be calculated from the milk fat compositions and output in the present
experiment that the requirements for NADPH for fatty acid synthesis increased during
administration of rbST in different stages of lactation. During early lactation, the
NADPH formation from glucose accounted for 2820 pumol/min of that required for fatty
acid synthesis de novo in the mammary gland of bST treated-animals, which was

sinificantly higher than that of the value of 1677 pmol/min for the control animals.

Milk fatty acid concentrations (Table 8)

During pretreatment period, the milk fatty acid concentrations with a chain length of
Cs to C;5 for both groups of animals were not different. During rbST administration in
differnt stages lactation, the milk fatty acid concentration, particularly with a chain length

of Cy¢ to Cy3, significantly increased as compared with those of control animals..

The 3H/14C ratios in glucose and related products (Table 9)
The 31/14C ratio in arterial plasma glucose was lower than that of the infusion in
both groups of crossbred HF cattle. These values were not different between the control

and rbSt treated-animals, indicating some recycling of glucose-C in the whole animal.
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A slight decrease in the 3H/14C ratio was seen in milk lactose, whereas the 3H/14C ratio
of milk triacylglycerol was slightly higher in both groups. The 3H and14C from glucose
were also shown to be incorporated into milk citrate. The 3H/14C ratio of milk citrate

was slightly low in both groups as lactation advances.

DISCUSSION

The supply of glucose is a principal determinant of the milk yield, since glucose
requirement is used for lactose production. The administration of rbST elicited a marked
increase in the milk production of crossbred dairy cattle in the present study. The
absolute milk yield response to rbST administration started before the peak of lactation in
early lactation and it was significantly higher than those of the control animals
throughout periods of iactation. Elevated responses did not maintain for the duration of
the treatment period in rbST treated animals. These results confirm the finding that an
increase in milk yield in response to rbST administration will not be sustained
indeﬁnitely\(Bauman, 1992), and that it is influenced by the stage of lactation (Phipps et
al.1991). The low potential for extended persistency of lactation in rbST treated animals
appears similar to that which occurs in higher yielding cows (Chase, 1993). However, it
has been reported that the whole lactational response to somatotropin might be reduced if
treatment begins very early in lactation (Bauman and Vernon, 1993; Burton et al., 1994),
A marked increase in milk yield without an alteration in lactose content during early
lactation in rbST treated animals indicates that this requires a substantial increase in
supply of glucose to the mammary gland (Bauman and McCutcheon, 1986). Glucose is
essential for milk secretion and giucose moiety of lactose arises directly from plasma
glucose (Ebner & Schanbacher, 1974). In the present results, the milk secretion of
animals in both controls and rbST treated animals was not dependent on the blood
glucose level, since the plasma glucose concentrations remained constant over a wide
range at different stages of lactation. The marked increase in the udder blood flow of

ST treated animals in the present results will support the previous conclusion from a
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study in cows or goats by Linzell (1973) that glucose uptake is determined mainly by
mammary blood flow.

Gluconeogenesis in ruminants has been known to be the main source of glucose
production (Lindsay, 1970). In the present studies, animals were maintained on a similar
concentrate intake. Relatively constant plasma glucose concentrations in both groups
indicate that steady state conditions between the rate of irreversible loss of glucose and
the rate of gluconeogenesis existed in the body pool of glucose. The present experiment
showed that ST treatment did not significantly affect the reversible turnover of [3-
3H]glucose throughout stages of lactation, while the irreversible turnover of [U-
14Cglucose was reduced during the early lactation but not for mid-and late lactation.
Our previous experiments showed that the insulin level increased during rbST treatment
in different stages of lactation in crossbred HF animals (Chaiyabutr et al., 2005). It
indicates that rbST administration during early lactation antagonizes whole body tumover
of glucose stimulated by insulin. Growth hormone is thought to be antagonistic to the
action of insulin in tissues that are sensitive to insulin {Rose and Obara, 1995}, preventing
the uptake of glucose by pheripheral tissue and thus sparing glucose to mammary gland ,
which are insensitive to insulin (McGuire et al., 1995). It also noted that glucose
clearance which stimulated by insulin was also reduced during early lactation. This
speculative sparing glucose utilization in tissues sensitive to insulin would partially allow
for increase in lactose synthesis and milk yield. As lactation advances, the irreversible
turnover of [U-14C]glucose of rbST treated animals was increased in mid lactation,
which was significantly higher than that of control animals. The reversible tunover of
[3-3H]glucose may represent the total glucose turnover rate as the 3H is not recycled
from products of partial glucose degradation (Katz et al.,1965). Thus one way of
estimating 14C-recycling is by simultaneously injecting [3-3H]glucose and [U-
14C1gtucose as in the present experiments. There were no differences for an increased
recycling of glucose-C between the controls and rbST treated animals during advanced
lactation suggests that a constant level of tricarbon units originally derived from glucose
being again reincorporated into glucose was not affected by rbST treatment .

Glucose is known to be used for the synthesis of lactose and other milk
components in the process of milk synthesis (Linzell and Peaker, 1971; Bauman and
Davis, 1975). In general an increasee in milk yield can be attributed to an increase in the

rate of lactose synthesis (Linzell & Peaker, 1971). However, an increase in the lactose

X
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yield during rbST administration was not related to the lactose concentration in milk,
which largely unchanged. These results can be attributed to a difference in the activity
of the mammary epithelial cells between controls and rbST treated animals. The
synthesis of lactose involves a combination of glucose and UDP-galactose. The UDP-
galactose originates from glucose 6-phosphate (Ebner and Schanbacher,1974). An
administration rbST showed increases in both milk yieid and glucose uptake by
mammary gland, which were accompanied by an increase in milk glucose secrefion
(Chaiyabutr et al., unpublished data, Charpter VIII). These results would coincide with
the calculated of metabolism of glucose 6-phosphate to the galactose moiety of lactose in
ST treated animals which was higher than that of control animals in early lactation.
The availability of cytosolic glucose 6-phosphate in the cells of rbST treated animals in
early lactation would be sufficient to account for the cytosolic lactose synthesis.
Decreases in the metabolism of glucose 6-phosphate to the galactose moiety of lactose as
lactation advances in both groups would affect the lactose synthesis and milk production.
A low enzymatic activity for lactose synthesis might be expected to appear as
lactation advances in the crossbred animal. However, lactose synthesis is a complex
process (Kuhn et al.,1980). There is still a need for more information to elucidate the
changes in enzymatic activity in this particular system. The quantitative utilization of the
glucose taken up by the mammary gland is used directly in the synthesis of lactose, and in
other portions is metabolized via the pentose phosphate pathway, Embden-Meyerhof
pathway and the tricarboxylic acid cycle. Glucose carbon was used by the mammary celi
to produce lactose, citrate and triacylglycerol for milk secretion. The data obtained for
the utilization of glucose carbon for the synthesis of lactose, triacylgiycerol and citrate
during mid and late lactation were higher in rbST treated animals as comparison with the
control animals. The differences in these results between the controls and rbST treated
animals without a reduction in feed intake may be explained by the difference of nutrient
partition or utilization in the mammary gland. In addition to the use of glucose carbon
for milk synthesis, the hydrogen from glucose has been shown to be incorporated into
milk fat. Studies in vitro have shown that glucose metabolism via the pentose phosphate
pathway may not be as important for NADPH production as in the rat. Fatty acid
synthesis from acetate can occur in the absence of glucose in sheep mammary-tissue
slices (Balmain et al., 1952) and the perfused goat udder (Hardwick et al., 1963). In the
present studies, estimates of the contribution of the pentose phosphate pathway in

IX
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providing NADPH for fatty acid synthesis in vivo have been based on the assumption that
all the glucose that was oxidized to COp was metabolized via the pentose phosphate
pathway. The calculation of the metabolism of glucose 6-phosphate via the Embden-
Meyerhof pathway or the pentose phosphate pathway has been estimated in the goat
udder in vivo (Chaiyabutr et al., 1980). However, few data have been available from the
in vivo study of crossbred lactating cows. In the present studies glucose 6-phosphate
metabolized via the pentose phosphate pathway pave percentage values of 9-11%
throughout Iactation in control animals while it increasd from 7 % in pretreatment to 18
% in early lactation after rbST administration. These estimations are in contrast to
experiments in the isolated perfused cow udder by Wood and co-workers {1965), in
which about 23% to 30% of the glucose was metabolized via the pentose phosphate
pathway. The difference in estimation is probably due to no consideration of the
recycling of glucose 6-phosphate which occurs when glucose is metabolized via the
pentose cycle in the udder with the consequent loss of 3H from glucose 6-phosphate
(Davis and Bauman, 1974). However, the net proportion of the metabolism of glucose 6-
phosphate via the pentose cycle pathway during different stages of lactation in tbST
treated animals was higher than those of control animals. Metabolism of glucose via the
pentose phosphate pathway yields 2 molecules of NADPH per molecuie of glucose, only
one of which could be labelled with 3H in the present experiments. The data presented
here provided evidence that 24% to 34% of the NADPH was required during early
lactation for fatty acid synthesis de novo from glucose metabolism in the udder of rtbST
treated animals, while 30% to 39 % was required in the control animals. If there is a
common pool of glucose 6-phosphate which is available for both lactose synthesis and
pentose phosphate metabolism, then the recycling of glucose 6-phosphate within the
udder would result in too low a value for NADPH production from giucose.  The net
metabolism of glucose in the pentose phosphate pathway can be calculated from the
incorporation of 3H from [3-3H]glucose in fatty acids assuming that the NADPH formed
is used exclusively for biosynthesis of fatty acids (Katz et al.,1974). This technique has
been used to study the in vitro metabolism of rat mammary and adipose tissue (Katz and
Wals 1970,1972; Katz et al., 1966) and it was also used for the study of the in vivo
metabolism of goat mammary tissue {Chaiyabutr et al.,1980). Based on the techniques
and calculations of Katz and co-workers (1974) and assuming that cytosolic NADPH is
used only for fatty acid synthesis, it has been shown that the glucose phosphorylated by

IX
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the udder of tbST treated animals was metabolized via the pentose phosphate pathway
which was higher than those of control animals. In rbST treated animals, a high
proportion of the glucose taken up by the udder which was oxidized in the tricarboxylic
acid cycle would be apparent in mid- and late lactations. High values of both the
proportion and absolute amount of glucose carbon incorporation to milk citrate and milk
triacylglycerol of tbST treated animals during mid- and late lactation are evidences
supporting an increased proportion of glucose 6-phosphate metabolized via the Embden-
Meyerhof pathway. It has been shown that metabolism of glucose 6-phosphate by the
Embden-Meyerhof pathway can result in 3 being retained in glycerol if the triose
phosphate isomerase reaction is not at equilibrium (Katz and Rognstad, 1976).
Metabolism of glucose 6-phosphate by the pentose phosphate pathway usually results in
the loss of all 3H from [3-3H]glucose in lactating cows. During advanced lactation,
whether an increased disequilibrium of the triose phosphate isomerase reaction occurs in
the udder of rbST treated animals as compared with the control animals and causes a
higher level of 3H/14C ratio in milk triacyglycerol needs to be further investigated. The
high metabolism of glucose 6-phosphate in early lactation of rbST treated animals
appeared to be due primarily to a high flux through the lactose synthesis and to pentose
phosphate pathway, probably reflecting the high milk production during rbST treatment.
Tritium and carbon-14 were also shown to be incorporated into milk citrate which
provided 17 pumol/min in rbST-treated animals and 11 pmol/min in control animals for
the carbon skeleton of citrate in the early lactating period as compared with pretreatment
period. It has been postulated that milk citrate could be synthesized from 2-oxoglutarate
via the NADP-dependent isocitrate dehydrogenase reaction (Hardwick,1965). In addition
3H is lost to NADPH or water in metabolism via the pentose phosphate pathway or
glycolytic pathway, so it is likely that 3H incorporation into milk citrate was also via
NADP3H. It is possible that the incorporation of 3H into milk citrate may occur in
different manners in the exchange reaction of the cytosolic NADP-dependent isocitrate
dehydrogenase. Both fatty acid synthesis and the NADP-dependent isocitrate
dehydrogenase reaction between control animals and rbST-treated animals may have
different mechanisms with a common pool of cytosolic NADPH. A significant increase
in the concentration of FFA in milk was apparent in rbST-treated animals as compared
with the control animals in early lactation. A similar result for an increase in milk fat

content due to tbST injection has also been observed previously (West et al., 1991). It has
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been known that milk fat is synthesized in the mammary epithelial cells. The fatty acids
used to synthesize the milk fat arise from both blood lipids and from de novo synthesis
within the mammary epithelial cells. However, an increase in milk fat after tbST
injection was associated with the increased yield of long-chain fatty acids characteristic
of plasma free fatty acids and body fat. Thus, the lipolytic activity would be a function of
bST treatment per se in stead of the associated changes in energy balance.

In conclusion, the data presented here represent the estimation in vivo of glucose
metabolism in the udder and its distribution to lactose synthesis, the pentose phosphate
pathway and the Embden-Meyerhof pathway during tbST administration in 87.5% HF
animals. Of the glucose taken up by the udder of tbST treated animals during early
lactation, an average 18% and 21% were metabolized in the pentose phosphate pathway
and contributed to NADPH production, respectively. The sufficient pool of intracellular
glucose concentration during rbST administration, has effect on an increase in glucose 6-
phosphate which increased flux through the lactose synthesis and pentose cycle pathway.
Although we know a great deal of differences that occur between the control animals and
bST treated animals, we do not know the different enzymatic activities during bST
administration in different stages of lactation which affect the rate of metabolic
pathways. There is still a need for more information, for example,on whether the high
enzymatic activity of fructose 1-6 diphosphatase or the lower enzymatic activity of
pyruvate dehydrogenase occurs in tbST treated animals throughout the stages of lactation
or occurs during early lactation which causes an increase in the metabolism of glucose 6-

phosphate via the Embden-Meyerhof pathway and tricarboxylic acid cycle.
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Chapter X
General Discussion

The present study was designed to clarify whether a shorter lactation persistency of
crossbred cattle containing 87.5%Holstein genes during lactation advance was due to the
reduction of the growth hormone level (Chaiyabutr et al., 2000b) or associated with some
other mechanisms. The results presented in this report indicate that administration of rbST
affects bodily functions both intra-mammary and extra-mammary functions., The rbST-
treated animals increased body fluid compartments throughout all periods of study i.e. TBW,
ECW and blood volume, while the control animals decreased TBW in comparison to
pretreatment values in the early period of lactation(Charpter IIf and IV). The treatment of
rbST being initiated at the earlier stage of lactation exerts it effect on an increase in empty
body water (EBW). An increase in the EBW in rbST-treated animals would be due to an
increase in ECF compartment, while ICF compartment did not change through the period of
study. Increased ECF in rbST-treated animals might be partly resulted from the decrease in
fat mass during early lactation. These results are agreed with the report in human that an
expansion of both ECW and TBW was apparent after growth hormone administration in
growth hormone deficient patients (Janssen et al., 1997). There are a number of possible
explanations for this apparent finding. An increase in TBW and ECW would be influenced
by an increase in voluntary intake (MacFarlane et al., 1959), which has been reported to
occur after a few weeks of rbST administration {Coghlan et al., 1977). A greater percentage
increase in live weight of tbST-treated animals could be considered, at least in part, to be the
direct effect of somatotropin on the increased body cell mass and fat free mass. This would
be attributable to an accumulation of body water. The sodium retention effect of
somatotropin on the renal tubular reabsorption of sodium (Wyse et al.,1993), would be
another explanation for water retention in the ECW compartment.

The higher TBW and ECW of animals receiving tbST would not only provide a higher

reservoir of solubie metabolites for biosynthests of milk but also slow down any elevation of
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body temperature during lactation in hot conditions. An increase in both metabolic activity
and heat production has been reported in bST-treated cows (West et al., 1991). It was
suggested that even though bST increases heat production, it also increases heat dissipation
(Johnson et al., 1991, West et al., 1994). However, the rbST-treated animals showed no
significant changes in the water turnover rate per fat free, wet, body weight (kg"®?) and the
biological half-life of tritiated water, in any periods measured in the experiment, in
comparison to the control animals. This indicates that water loss with the increase in milk
yield of the rbST-treated animals might be compensated by a larger body water pool, which
restores their body fluids to equilibrium, with no significant changes of body water turnover
rate and water half-life. In contrast to the rbST-treated animals, the biological half-life of
tritiated water in the control animals was significantly shorter, while the water turnover rate
was significantly higher as lactation advanced to mid-and late lactation. These changes
would be due to the process of lactation requiring more water and more loss of water
secretion in milk, which is generally known to be about 87% and would account for these
phenomena. The control animals being 87.5%HF were genetically similar to the exotic bos
taurus breed which might lead to poor adjustment in a fropical environment (Chaiyabutr et
al., 2000a; Nakamura et al., 1993). The TBW and ICW of the control animals showed to be
decreased during advanced lactation; it should be assumed that these changes are the factors
influencing lactation persistency. Animals could not maintain their body fluids which
resulted in the rapid approach of the end of their normal short lactation.

In the present study, increases in mammary biood flow to the udder of rbST-treated
animals agree with several reports in both cows and goat (Davis et ai., 1988; Gulay et al.,
2004; Mepham et al, 1984). A marked increase in mammary blood flow of rbST-treated
animals could not be attributed to a change in blood volume and plasma volume, which
remained nearly constant as a percent of body weight. In lactating dairy cows, increase in
blood flow to the mammary gland may allow plasma volume to remain nearly constant

despite loss of body weight (Woodford et al., 1984). Several investigations show the effect



of tbST on mammary circulation was indirect, mediated via IGF-I (Capuco et al., 2001),
whereas other works have demonstrated the direct effect of IGF-1 on an increase in the
mammary blood flow and increase in milk production (Etherton and Bauman, 1998). An
elevation of both plasma IGF-I concentration and udder blood flow was also noted in late
lactating crossbred cows treated with thST (Tanwattana et al., 2003). The present study
confirms that mammary blood flow is a major determining factor for supply of nutrients for
milk synthesis and follows the pattern of changes of milk yield.

The treatment of tbST was initiated at the earlier stage of lactation, milk yield increased
in early lactation (+19.8 %) and in mid-lactation (+9.5%), but it decreased by 2.7% during
late lactation in comparison with the pretreatment period (Figure 1). Low responses in milk
yield during rbST treatment in the later stage of lactation are _similar as previously reported
in dairy crossbred cattle (Phipps et al., 1991). A rapid decline of yield resulting the shorter
persistency of lactation of rbST-treated animals seems to be similar to those which occur in
higher yielding cows (Chase, 1993). These results indicated that an increase in milk yield of
dairy crossbred cattle, in response to rbST administration, will not be sustained for long,

being influenced by stage of lactation.

The mechanism by which rbST directly or indirectly affects mammary gland function
likely involves the DMI. The ratio of DMI to milk yield of tbST-treated animais, was lower
in early lactation when compared with the pretreatment period but animals still gained
weight throughout the experiment in both groups. It has been known that the support of milk
secretion would come through provision of substrate and stimulation of mammary cell
activity. Unfortunately, the present studies on the mammary cell activity were not available.
The rbST increased milk yield relating to mammary cell activity appears contradictory.
Whereas some studies show no mammogenic effect of bST (Binelii et al., 1995), other
studies show a possible mammogenic effect when cattle are administered bST (Knight et al,,

1992). 1t indicates that the increased milk yield with rbST treatment in the present study is
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Figure 1. Milk yield in the controls and rbST-treated animals during prolonged treatment
with placebo or rtbST, respectively.
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rather dependent upon the adequacy of the nutritional provision than the mobilization of
body stores. A marked increase in milk yield with rbST treatment without loss of body
weight, especially during early lactation, may be due to the fact that the animals were well
fed to allow an adequate replacement of body reserves. Milk yield in the first lactation of
crossbred animais in the present study would be lesser than those of multiparous cows
(Sullivan et al. 1992), which is possibly related to the continued weight increase observed in
amimals during their first lactation. These results provide the physiological differences
between crossbred animals and exotic breeds in partitioning ability, which would be
inherited and capacity for milk production. Thus, the metabolic demands of lactation of the
crossbred HF animals would be met by dietary intake during early lactation. No mobilization
of body tissues as indicated by no alteration of the plasma levels of both triglyceride and
glucose was noted in crossbred HF animals treated with rbST (Chapter V). Triglyceride has
been known to restore during period of excess energy availability and are mobilized during
periods of energy deprivation. No significant change in the plasma triglyceride concentration
supports the interpretation that the extra energy to support increased milk yield arose from
surplus nutrient of DMI rather than from greater mobilization of body reserves. In the
present study, milk fat content of rbST-treated animals was increased, while milk protein
and milk lactose were not changed by rbST treatment. Peel and Bauman (1987) reported that
administration of rbST did not change milk protein percentage when cows were in positive
nitrogen balance, but the milk protein percentage of cows in negative nitrogen balance
tended to decline. A significant increase in the concentration of FFAin milk was apparent in
rbST-treated animals as compared with the control animals in early lactation. A similar
result for an increase in milk fat content due to rbST injection has also been observed
previousiy (West et al,, 1990). It has been known that milk fat is synthesized in the
mammary epithelial cells. The fatty acids used to synthesize the milk fat arise from both
blood lipids and from de novo synthesis within the mammary epithelial cells. Milk fat
content of cows in positive energy balance s not influenced by rbST treatment, and milk fat

yield follows the trend of milk production (West et al., 1990). However, an increase in milk
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fat after rbST injection was associated with the increased yield of long-chain fatty acids
characteristic of plasma free fatty acids and body fat (Chapter VII and IX ). Thus, the
lipolytic activity would be a function of bST treatment per se in stead of the associated
changes in energy balance.

During early lactation, an elevation of body fluid particularly blood volume (+15 %)
despised large increases in mammary blood flow (+50 %) during rbST treatment. These
observations could suggest that a marked increase in blood flow through the mammary
glands resulting from rbST administration would be achieved in part by local vasodilatation
(Linzell, 1974), causing in distribution of milk precursors to the gland. Aa increase in MBF
has been shown to be the effect of an increase in cardiac output perfusing to the udder
without any alteration in heart rate during growth hormone treatment (Davis et al., 1988). In
the present results, an increase in both blood volume and plasma volume in rbST-treated
animals would provide a greater venous return and stroke volume for increase in cardiac
output, resulting in increased the blood supply to the mammary giand. Thus, the rate at
which the milk yield elevated after the peak period when compared with the controls, could
have been due primarily to an increased availability of substrates for the mammary gland.
The progressive decline in milk yield of rbST-treated animals with still a higher level of
either MBF or ECW, could be accounted for by changes in intra-mammary factors. Since it
has been reported that the effect of somatotropin on MBF occurs by a mechanism which did
not involve the direct action of somatotropin on the udder (Coilier et al., 1984). In addition,
study in vitro suggests that bST does not directly stimulate mammary secretory function
(Gertler et al., 1983). The indirect action of rbST on mammary function may occur through
some other agent e.g. insulin like growth factor-I, as administration of tbST in late, lactating,
crossbred cows elevated milk yield, which coincided with increased plasma IGF-
concentration and udder blood flow (Tanwattana et al., 2003).

The experiment in Chapter V showed an increase in milk yields and circulating levels of
IGF-1 throughout lactation in animals treated with bST. These findings were similar to those

of previous studies on lactating cows showing that the injection of somatotropin, elevated
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plasma IGF-1 concentrations (Davis et al.1987; Tunwattana et al. 2003). Somatotropin
increased milk yield by a mechanism which did not involve the direct action on the
mammary gland (Collier et al. 1984). The indirect effects of somatotropin on milk production
are thought to be mediated either via IGF-I or nutrient partitioning effects (Bauman,1992).
In the present study, during long-term administrations of rbST, milk yield rose to a peak in
early lactation and then gradually declined over 32 weeks of the experiment, whilst the
plasma concentration of IGF-I and the mammary blood flow did not decrease in the rbST
treated animals. These findings suggest that the stimulatory effect of recombinant bovine
somatotropin on milk production is not mediated solely by IGF-I. Changes in milk
production during the progress of lactation in tbST treated animals might not be controlied
systemically but also locally within the mammary gland. There are a number of possible
explanations for this apparent finding. It probably involves greater svnthesis of plasma I1GF-1
binding proteins as lactation advances which combines with IGF-I in the blood and so
modulates the level of free IGF-I before it reached the mammary gland. It has been reported
that approximately 95% of the infused IGF-1 is bound by IGF binding proteins (Davis et al.
1989). Mammary tissue is itself capable of synthesizing an IGF-binding protein (e.g.IGFBP-
5) during mammary gland involution in late lactation and this could inhibit IGF-mediated
cell survival (Tonner et al. 1997; Flint & Knight, 1997) and initiate involution and a
decrease in milk yield.

The expriment in Chapter V1 for the plasminogen and plasmin activities indicate that the
plasminogen-plasmin system involved in the tissue remodeling associated with the declining
phase of lactation and mammary gland involution. Milk plasminogen concentrations are
important in determining milk production by affecting the state of involution within the
mammary gland. Increasing plasmin concentration in milk as lactation advances has been
reported previously by Politis et al.(1989). Long-term administration of bST in dairy cows
has been shown to prevent an increase in milk plasmin activity during late lactation,
suggesting that bST acts to delay mammary gland involution (Politis et al.,1990). However,

in the present results, the effect of tbST on prevention of an increase in milk plasmin
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activities was not apparent. A different pattern of this enzymatic system in crossbred dairy
cattle would be suspected. In both the controls and tbST-treated animals showed gradual
increase in milk plasmin concentrations as lactation advances. Milk plasmin is known to be
influenced by the availability of plasminogen and the plasminogen activators. As
plasminogen is ubiquitous in the body, thus, the plasminogen concentration in milk in
animals treated with rbST would not be expected to be limiting in the present study. Milk
plasminogen concentrations were not significantly different between rbST treated animals
and control animals given placebo as lactation advances which was similar to that of
findings in cows by Politis et al., (1990). However, the plasminogen: plasmin ratio fell in the
control animals while it increased in rbST-treated animals as lactation advances. The
plasminogen : plasmin ratio is a useful index of plasminogen activation. This measurement
is independent of milk volume. It indicates that massive activation of plasminogen and
production of plasmin occured in the control animals than rbST-treated animals. Therefore,
it do not exclude the possibility that rbST is involved in maintenance of the tissue function

in the present results.

The effect of long-term rbST administration for the fate of nutrients uptake by the
mammary gland is mentioned (Chapter VII). The supply of glucose is a principal
determinant of the milk yield, since glucose requirement is used for lactose production. A
marked increase in milk yield without an alteration in lactose content during early lactation
in 1bST treated animals indicates that this requires a substantial increase in supply of glucose
to the mammary gland ( Bauman and McCutcheon, 1986). Glucose is essential for milk
secretion and glucose moiety of lactose arises directly from plasma glucose (Ebner &
Schanbacher, 1974). In the present study, the milk secretion of animals in both groups was
not dependent on the blood glucose level, since the plasma glucose concentrations remained
constant over a wide range at different stages of lactation. The marked increase in the ndder
blood flow of rbST treated animals in the present results will support the previous
conclusion from a study in cows or goats by Linzell (1973) that glucose uptake is determined
mainly by mammary blood flow.



The remainder of the discussion is concerned with metabolic fate of nutrient
particularly glucose metabolism, the biosynthetic pathway for lactose synthesis (Chapter
VI ), the utilization of glucose in the whole body related to the utilization in the mammary
gland in both control animals and rbST-treated animals (Chapter IX).

It is clear that changes in milk yield during rbST administration were in part accounted
for changes in intra-mammary factors (ChapterVIII). An increase in milk yield during bST
administration is thought to be determined primarily by lactose secretion (Linzell and
Peaker, 1971). Lactose is synthesized in the mammary secretory cell from glucose derived
from the blood. The concentration of milk glucose significantly increased which coincided
with an increase in milk yield during rbST administration in both early and mid-lactation
(Chapter VIII). This would reflect to the intracellular glucose concentration (Kuhn and
White, 1975; Faulkner et al,1981), since glucose freely penmeates across Golgi vesicles and
apical membranes of the mammary secretory cells (Faulkner & Peaker, 1987). Mammary
cell cannot synthesize free glucose because they lack glucose-6-phosphatase activity
(Threadgold & Kuhn, 1979). It is likely that the high concentrations of milk glucose in
rbST-treated animals are related to a high rate of glucose uptake by the mammary gland,
consistent with the higher mammary blood flow to the mammary gland during thST
administration (Chaiyabutr et al., 2005). During early lactation, a large portion of the
conversion-of intracellular glucose to intermediary metabolites of rbST-treated animals, was
mainly used in the lactose biosynthetic pathway, when compared with controls. Our results
in Chapter VIII ;;]early indicate that tbST administration exerts its galactopoietic action, in
part, through both intra-mammary and extra-mammary effects.

The experiment in Chapter IX showed that tbST treatment did not significantly affect

the reversible turnover of [3-3H]glucose throughout stages of lactation, while the irreversible

turnover of [U-14C]glucose was reduced during the early lactation but not for mid-and late
lactation. Experiments in Chapter V showed that the insulin level increased during rbST
treatment in different stages of lactation in crossbred HF animals (Chaiyabutr et al., 2005).
It indicates that rbST administration during early lactation antagonizes whole body turnover
of glucose stimulated by insulin. Growth hormone is thought to be antagonistic to the action
of insulin in tissues that are sensitive to insulin (Rose and Obara,1995), preventing the
uptake of glucose by peripheral tissue and thus sparing glucose to mammary gland , which

are insensitive to insulin (McGuire et al., 1995). It also noted that glucose clearance which



stimulated by insulin was also reduced during early lactation. This speculative sparing

glucose utilization in tissues sensitive to insulin would partially allow for increase in lactose

synthesis and milk yield. As lactation advances, the irreversible turnover of [U-14C]glucose

of rbST treated animals was increased in mid lactation, which was significantly higher than
that of control animals. The reversible turnover of [3-3H]glucose may represent the total

glucose turnover rate as the 3H is not recycled from produets of partial glucose degradation
(Katz et al.,1965). There were no differences for an increased recycling of glucose-C
between the controls and rbST treated animals during advanced lactation suggests that a
constant level of tricarbon units originally derived from glucose being again reincorporated
into glucose was not affected by rbST treatment .

In general an increasee in milk yield can be attributed to an increase in the rate of
lactose synthesis (Linzell & Peaker, 1971). However, an increase in the lactose yield during
HST administration was not related to the lactose concentration in milk, which largely
unchanged. These results can be attributed t6 a difference in the activity of the mammary
epithelial cells between controls and rbST treated animals. The synthesis of lactose involves
a combination of glucose and UDP-galactose. The UDP-galactose originates from glucose 6-
phosphate(Ebner and Schanbacher,1974). In contrast to the control animals, an
administration rbST showed increases in both milk yield and glucose uptake by mammary
gland, whi;:h were accompanied by increases in the secretion of both milk glucose and milk
glucose 6-phosphate (Chapter VIII ). These results would coincide with the calculated of
metabolism of glucose 6-phosphate to the galactose moiety of lactose in 1HST treated
animals which was higher than that of control animals in early lactation. The availability of
cytosolic glucose 6-phosphate in the cells of tbST-treated animals in early lactation would be
sufficient to account for the cytosolic lactose synthesis. Decreases in the metabolism of
glucose 6-phosphate to the galactose moiety of lactose in mid and late lactation in both
groups {Chapter VIII and IX), would affect the lactose synthesis and milk production. A low
enzymatic activity for lactose synthesis might be expected to appear as lactation advances
the crossbred animal. However, lactose synthesis is a complex process (Kuhn et al.,1980).
There is still a need for more information to elucidate the changes in enzymatic activity in
this particular system. The quantitative utilization of the glucose taken up by the mammary
gland is used directly in the synthesis of lactose, and in other portions is metabolized via the
pentose phosphate pathway, Embden-Meyerhof pathway and the tricarboxylic acid cycle.
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Glucose carbon was used by the mammary cell to produce lactose, citrate and triacylglycerol
for milk secretion. The data obtained for the utilization of glucose carbon for the synthesis
of Jactose, triacylglycerol and citrate during mid and late lactation were higher in tbST
treated animals as comparison with the control animals. The differences in these results
between the controls and rbST treated animals without a reduction in feed intake may be
explained by the difference of nutrient partition or utilization in the mammary gland. In
addition to the use of glucose carbon for milk synthesis, the hydrogen from glucose has been
shown to be incorporated into milk fat. Studies in vitro have shown that glucose metabolism
via the pentose phosphate pathway may not be as important for NADPH production as in the
rat. Fatty acid synthesis from acetate can occur in the absence of glucose in sheep
mammary-tissue slices (Balmain et al., 1952) and the perfused goat udder (Hardwick et al.,
1963). In the present studies, estimates of the contribution of the pentose phosphate pathway

in providing NADPH for fatty acid synthesis in vivo have been based on the assumption that
all the glucose that was oxidized to CO» was metabolized via the pentose phosphate -

pathway. The calculation of the metabolism of glucose 6-phosphate via the Embden-
Meyerhof pathway or the pentose phosphate pathway has been estimated in the goat udder
in vivo (Chaiyabutr et al., 1980). However, few data have been available from the in vivo
study of crossbred lactating cows. In the present studies glucose 6-phospbate metabolized
via the peiltose phosphate pathway gave percentage values of 7% t018% for both groups.
These estimations are in contrast to experiments in the isolated perfused cow udder by Wood
and co-workers (1965), in which about 23% to 30% of the glucose was metabolized via the
pentose phosphate pathway. The difference in estimation is probably due to no consideration

of the recycling of glucose 6-phosphate which occurs when glucose ismetabolized via the

pentose cycle in the udder with the consequent loss of 3H from glucose 6-phosphate (Davis
and Bauman, 1974). However, the net proportion of the metabolism of glucose 6-phosphate
via the pentose cycle pathway during different stages of lactation in rbST treated animals
was higher than those of control animats. Metabolism of glucose via the pentose phosphate

pathway yields 2 molecules of NADPH per molecule of glucose, onty one of which could be

labelled with 3H in the present experiments. The data presented here provided evidence that
24% to 34% of the NADPH was required during early lactation for fatty acid synthesis de
novo from glucose metabolism in the udder of rbST treated animals, while 30% to 39 % was

required in the control animals, If there is a common pool of glucose 6-phosphate which is
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available for both lactose synthesis and pentose phosphate metabolism, then the recycling of
glucose 6-phosphate within the udder would result in too low a value for NADPH production

from glucose.  The net metabolism of glucose in the pentose phosphate pathway can be

calculated from the incorporation of 3H from [3-3 Hjglucose in fatty acids assuming that the
NADPH formed is used exclusively for biosynthesis of fatty acids (Katz et al.,1974). This
technique has been used to study the in vitro metabolism of rat mammary and adipose tissue
(Katz and Wals 1970,1972; Katz et al., 1966) and it was also used for the study of the in vivo
metabolism of goat mammary tissue (Chaiyabutr et al.,1980). Based on the techniques and
calculations of Katz and co-workers (1974) and assuming that cytosolic NADPH is used only
for fatty acid synthesis, it has been shown that the glucose phosphorylated by the udder of
bST treated animals was metabolized via the pentose phosphate pathway which was higher
than those of control animals. In rbST treated animals, a high proportion of the glucose
taken up by the udder which was oxidized in the tricarboxylic acid cycle would be apparent
in mid- and late lactations. High values of both the proportion and absolute amount of
glucose carbon incorporation to milk citrate and milk triacylglycerot of rtbST treated animals
during mid- and late lactation are evidences supporting an increased proportion of glucose 6-
phosphate metabolized via the Embden-Meyerhof pathway. It has been shown that
metabolism of glucose 6-phosphate by the Embden-Meyerhof pathway can result in 3H
being retained in glycerol if the triose phosphate isomerase reaction is not at equilibrium
(Katz and Rognstad, 1976). Metabolism of glucose 6-phosphate by the pentose phosphate
pathway usually results in the loss of all 3H from [3-3H]glucose in lactating cows. The high
metabolism of glucose 6-phosphate in early lactation of tbST treated animals appeared to be
due primarily to a high flux through the lactose synthesis and to pentose phosphate pathway,
probably reflecting the high milk production during rbST treatment. Trittum and carbon-14
were also shown to be incorporated into milk citrate which showed increases during
lactation advance in rbST treated animals whereas it remained the same levels as compared
with pretreatment period for the carbon skeleton of citrate in control animals. It has been
postulated that milk citrate could be synthesized from 2-oxoglutarate via the NADP-
dependent isocitrate dehydrogenase reaction (Hardwick,1965). In addition 3H is lost to
NADPH or water in metabolism via the pentose phosphate pathway or glycolytic pathway,

so it is likely that 3H incorporation into milk citrate was also via NADP3H. It is possible that

the incorporation of 3H into milk citrate may occur in different manners in the exchange
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Figure 2 The metabolic pathway involved in the metabolism of the precursor of milk in the
pretreatment period of initial lactation of control animals and rbST treated animals (The value shown

are in micromole/min.)
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Figure 3. The metabolic pathway involved in the metabolism of the precursor of milk in the early
lactation of control animals and rbST treated animals (The value shown are in micromole/min.)
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Figure 4. The metabolic pathway involved in the metabolism of the precarsor of milk in the mid
lactation of control animals and rbST treated animals (The value shown are in micromole/min.)
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Figure 5 The metabolic pathway invelved in the metabolism of the precursor of milk in the late lactation
of control animals and rbST treated animals (The value shown are in micromole/min.}
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reaction of the cytosolic NADP-dependent isocitrate dehydrogenase. Both fatty acid
synthesis and the NADP-dependent isocitrate dehydrogenase reaction between control
animals and rbST-treated animals may have different mechanisms with a common pool of
cytosolic NADPH.

In conclusion, the data presented here represent the estimation in vivo of glucose
metabolism in the udder and its distribution to lactose synthesis, the pentose phosphate
pathway and the Embden-Meyerhof pathway during rbST administration in 87.5% HF
animals. As shown in Fig 2, 3, 4 & 5 (summarized of Chapter X), the glucose taken np by
the udder of rbST treated animals during early lactation, an average 18% and 34% were
metabolized in the pentose phosphate pathway and contributed to NADPH production,
respectively. The sufficient pool of intracellular glucose concentration during rbST
administration, has effect on an increase in glucose 6-phosphate which increased flux
through the lactose synthesis and pentose cycle pathway. Although we know a great deal of
differences in regulating glucose metabolism that, occur between the control animals and
rbST treated animals, we do not know the different enzymatic activities during rbST
administration in different stages of lactation which affect the rate of metabolic pathways.
There is still a need for more information, for example,on whether the high enzymatic
activity of fructose 1-6 diphosphatase or the lower enzymatic activity of pyruvate
dehydrogenase occurs in 1bST treated animals throughout the stages of lactation or occurs
during early lactation which causes an increase in the metabolism of glucose 6-phosphate via

the Embden-Meyerhof pathway and tricarboxylic acid cycle.
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