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Variations with energy nutrition in the concentrations of
amino acids of the blood plasma in the dairy cow

By A. F. HALFPENNY, J. A. F. ROOK awnp G. H. SMITH
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The University, Leeds 2

(Received 4 November 1969—Accepted 3 February 1969)

1. The plasma levels of individual amino acids were studied in dairy cows under different
conditions of production and energy nutrition.

2. A preliminary experiment was conducted which established that there was no regular
change in amino acid levels with time of sampling in animals offered food twice daily at
milking.

3. For animals in the 8th month of pregnancy plasma concentrations of lysine, valine, serine
and isoleucine were higher, and of threonine lower, in Jersey than in Friesian cows. Lactation
was accompanied in most cows by a fall in the plasma concentrations of lysine, arginine,
threonine, histidine, glutamic acid, leucine and alanine and a rise in the level of glycine.

4. In lactating cows an improvement in the plane of energy nutrition was associated on
average with an increase in the plasma concentrations of ‘non-essential’ amino acids and a
decrease in the concentrations of ‘essential’ amino acids.

5. Intraruminal infusion of propionic acid in the lactating cow increased the concentrations
of certain ‘non-essential’ amino acids, glutamic acid in particular, and decreased those of most
other ‘essential’ and ‘ non-essential’ amino acids.

6. These observations are discussed in terms of the possibility that an increased output of
amino acids in milk proteins results in a depression in the concentrations of the ‘ essential” and
certain of the ‘ non-essential’ animo acids in the plasma, The hypothesis is put forward that the
plasma supply of the other ‘ non-essential’ amino acids, glutamic acid and proline in particular,
may limit synthesis of milk proteins.

A rise in the plane of energy nutrition of the lactating cow results in a specific
increase in the protein content of the milk (Rook & Line, 1961), and this effect has
been shown to be associated with an increase in the uptake of propionic acid from the
rumen (Rook & Balch, 1961). Rook (1959) suggested that the supply of propionate
absorbed from the rumen may, through controlling the overall degradation and
synthesis of amino acids in the liver, influence the concentrations of amino acids in the
blood plasma, and these in turn may affect the rate of protein synthesis within the
mammary gland.

The main purpose of the experiments described here was to determine the effect
of the plane of energy nutrition and of intraruminal infusion of propionic acid on the
concentrations of amino acids of the blood plasma in the lactating cow. Preliminary
experiments were undertaken, one to determine the extent of variations in the con-
centrations of individual amino acids throughout a day and from day to day (in order
to determine the frequency of sampling required in subsequent experiments), and
another to establish whether these concentrations were affected by the considerable
drain of amino acids from the plasma associated with lactation.
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EXPERIMENTAL
Design of experiments

All the animals were selected from the University herds of Friesian and Jersey
COWs.

Expt 1. One Friesian and one Jersey cow in their 3rd month of lactation were
offered a diet of hay and proprietary concentrates for a period of 3 weeks, providing
the standards of Woodman (1957) for maintenance and production. The daily diet was
given in two equal amounts at milking. On 2 successive days at the end of the 3rd
week, samples of jugular venous blood were taken from each animal at 08.30, 10.30,
12.30, 14.30, 16.30 and 18.30 h.

Expt 2. Three Friesian and three Jersey cows in their 7th—8th month of pregnancy
were selected. Throughout the experiment, which continued until the end of the 6th
week of lactation, they were offered diets of ordinary farm foods calculated to meet the
requirements (Woodman, 1957) for maintenance and production at peak yield (based
on the results of the previous lactation) and therefore in excess of the requirements in
late pregnancy. The daily diet was offered in two equal amounts at milking. On 2
successive days towards the end of the 8th month of pregnancy, and again on 2
successive days in the 6th week of lactation, samples of jugular venous blood were
taken at 10.00, 13.00, 16.00 and 19.00 h.

Expt 3. Four Jersey cows at the end of their 1st month of lactation were selected. They
were subjected alternately to two planes of energy nutrition over four successive 3-week
periods. In the first period the diet of two cows represented a low plane and that of
two cows a high plane of energy nutrition, while in the second period each pair was
changed to the other diet, and so on alternately. The daily diets at the beginning of the
experiment were as follows.

For the low plane of energy nutrition the cows were offered 6-4 kg hay, and pro-
prietary concentrates at the rate of 1-6 kg/gal of milk produced less 1-6 kg. For the
high plane of energy nutrition, they were offered 4-5 kg hay, 0-6 kg of flaked maize,
and proprietary concentrates at the rate of 1-6 kg for each gal of milk produced plus an
additional 1-6 kg. At the end of each 3-week period the amounts of food offered were
reduced to allow for an assumed lactational decline in milk yield of 29, per week.
Samples were taken at morning and afternoon milkings on the last 4 days of each
experimental period, and on the last 2 days, samples of jugular venous blood were
taken at 08.30, 10.30, 13.30 and 14.30 h.

Expt 4. One Jersey cow and one Friesian cow in their 6th month of lactation and
fitted with permanent rumen cannulas were used. They were offered, over a period
of 9 weeks, a daily diet of 5.5 kg (Jersey) or 6.4 kg (Friesian) of hay, and proprietary
concentrates initially at the rate of 1-6 kg for each gal of milk produced (based on
milk yield at the beginning of the experiment). The amount of concentrates was reduced
by o0-23 kg/day at the end of every 3rd week. The cows received a continuous intra-
ruminal infusion of 10 gal water/day over weeks 13 and 7—9 of the experimental
period and of 10 gal water plus 1 kg propionic acid over weeks 4~6. Samples of milk
were taken at the morning and afternoon milking on the last 4 days of each 3-week
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period of infusion, and samples of jugular venous blood at 08.30, 10.30, 12.30, and
14.30 h on the last 2 days of each period.

Sampling and methods of analysis

In Expts 3 and 4, milk samples taken over the last 4 days of each treatment period
were used to prepare a weighted composite sample representative of the milk of each
animal. These samples were analysed for total N by the Kjeldahl method.

Catheters were inserted into the jugular vein on the day preceding the 2-day sampling
periods. Samples of blood were withdrawn into a syringe containing heparin, while
care was taken to avoid exciting the animal. The blood was immediately centrifuged
and the plasma removed. To allow for possible losses arising from deproteinization or
other steps in the procedure for amino acids analysis, norleucine was added to the
plasma (5 #moles/10 ml plasma). Plasma proteins were precipitated by the addition
of 5 vol. of 19, (w/v) picric acid. Samples were centrifuged and the supernatant fluid
was stored at —20° until required for the next stage in the analysis; there was no loss
associated with storage.

Picric acid was removed from the supernatant fluid by a column of Dowex 2 resin
(Cl~ form) according to the procedure of Stein & Moore (1954). Free amino acids
(lysine, histidine, arginine, threonine, serine, glutamic acid, proline, glycine, alanine,
valine, isoleucine, leucine, tyrosine, phenylalanine and methionine) were determined
with an automatic amino acid analyser of the type described by Spackman, Stein
& Moore (1958) and manufactured by Evans Electroselenium Ltd, using columns of
Amberlite I. R. 120 resin.

RESULTS

Variations throughout a day. The variations throughout the course of a day on 2
successive days in the concentrations of individual amino acids in the plasma of each
of the two cows are shown in Fig. 1. The mean values for the total of the individual
amino acids at each of the six sampling times were 22-3, 21°1, 24°1, 234, 23°9, and
18-6 mg/100 ml for the Jersey cow and 164, 162, 17°4, 159, 13°0, and 170 mg/
100 ml for the Friesian cow. No clear pattern of change over the sampling period
emerged either in the total or the individual concentrations. The fall in the concentra-
tion of the total of these amino acids in the Jersey cow at the 18.30 (latest) time of
sampling reflected mainly a decrease in the concentrations of valine, lysine and serine.
There was no similar change in the concentrations of these acids in the Friesian cow.
The low concentration of total amino acids in the Friesian cow at 16.30 h arose mainly
from a marked drop in the concentrations of lysine, arginine and serine.

Effect of lactation. Mean values for the concentrations of individual amino acids in
the plasma of each of the three Friesian and three Jersey cows over 2 successive days
in the 8th month of pregnancy are given in Table 1. Values for lysine, valine, serine and
isoleucine were consistently higher in the cows of the Jersey than of the Friesian breed,
and for lysine, valine and serine the differences were statistically significant (P < 0-05).
Mean values for threonine were consistently lower in the Jersey than in the Friesian
cows, but not significantly so (P> o0-03).
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The percentage changes with lactation in the mean values for the concentrations
of individual amino acids are reported in Table 2. In all the cows, the plasma con-
centrations of lysine, arginine and threonine were decreased, as were the concentra-
tions of histidine, glutamic acid, leucine and alanine in all but one of the cows. The
concentration of glycine increased in all but one animal. The concentration of valine
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Fig. 1. Expt. 1. Variations throughout a day on 2z successive days in the concentrations of indi-
vidual amino acids in the blood plasma of a Friesian and of a Jersey cow. Friesian: 1st day, [];
2nd day, H. Jersey: 1st day, O; 2nd day, @.

increased with lactation in the Friesian cows and decreased in the Jersey cows,
reflecting the difference observed between breeds while the animals were pregnant.

Effect of plane of energy nutrition. Values for the concentrations of individual amino
acids in the plasma of four cows at the two planes of energy nutrition are given in
Table 3. Values for the two individual periods of feeding at each plane of energy
nutrition did not differ significantly (P >o-05) from each other, and a pooled value is
given for each cow. For only one amino acid, glycine, which increased in concentra-
tion at the high plane of energy nutrition, was there a consistent change in all the cows.
The concentrations of serine and proline were higher and those of isoleucine and
phenylalanine lower at the high plane of energy nutrition in three of the four cows.

However, the average effect for all four cows (Fig. 2) was a fall in the concentrations
of valine, isoleucine, phenylalanine, tyrosine, leucine, lysine, and methionine, and an
increase in the concentrations of alanine, arginine, glutamic acid, glycine, histidine,
proline, serine and threonine, a grouping which, with the exception of threonine,
conforms to the conventional distinction between ‘essential’ and ‘non-essential’
amino acids.
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Table 1. Expt 1: concentrations (mg|100 ml) of amino acids in the blood
plasma of three Friesian and three Jersey cows during the 8th month of pregnancy

(Values are a mean of twelve values)

Friesian cows Jersey cows
o A— Y kg A N

Amino acid No.1 No.z2 No.3 SE No.1 No.z No.3 SE

Lysine 1-38 1'27 1-26 023 177 1-66 1-68 033
Histidine 070 066 065 o010 066 o061 o777 o016
Arginine 0-99 082 o078 o135 ©'99 1'04 079 020
Threonine 078 074 070 oI5 o062 0-68 o061 010
Serine 085 o087 082 016 1-48 1:40 1°04 032
Glutamic acid 0-66 071 051 o012 075 050 o064 01§
Proline o'58 0'43 042 o012 o083 043 o'56 o021
Glycine 228 2°20 177 031 1-80 245 1-22 033
Alanine I'10 121 111 023 128 112 1-05 022
Valine 163 1°43 1-26 027 2°30 195 1°97 032
Isoleucine 1'06 098 0-86 018 121 114 1-23 020
Leucine 116 1'10 090 0'19 1°29 1°36 110 oI5
Tyrosine 040 047 025 o010 039 042 0-28 036
Phenylalanine 0'49 0'46 029 0-08 0'44 o'47 031 008

Table 2. Expt 2: percentage changes with lactation in the concentrations (mg|100 ml) of
amino acids in the blood plasma of three Friesian and three Jersey cows

(Figures reported are the differences between mean values for the 8th month of pregnancy
and the 6th week of lactation)

Friesian cows Jersey cows Mean value
—— — 7 A N with sg
Amino acid No. 1 No. 2 No. 3 No. 1 No. 2 No. 3
Liysine —377% —181 —22'2 —42°4 —17°5 —49°4 —31-2+8:6%
Histidine —28-6 —136'4 —s56'9* —169 +16 —49'4 —31'3+12°%
Arginine —~23-8 —232 —~372 —45°'5 —269 —127 —283+71%
Threonine —282 —33-8 —25% —21°0 —265 —26'2 —26-9+25%
Serine +106 +138 + 695 —33°I —7'1 +279 +177+ 141
Glutamic acid —197 —33'8 — 1777 —36-0 —51 +1-6 —180171
Proline —52 +140 —50 —277 +20'0 —-5'4 —11+58
Glycine -3 +377 + 107 +272 +347  +1361 +40'1+29'5
Alanine —25°5 -132 —180 —16 —19'6 +13°3 —108+4'9
Valine +2-5 +601* 4175 —417% —46 —51-3% —29+ 151
Isoleucine +11-3 +79:6* 4603 —36-4 +97 -390 +11 1+ 167
Leucine —276 +4'6 —20'0 —37'2 —4°4 —346 —19-8+8-8
Tyrosine —22°5 —31°9 +28-0 —51 +48 —14°3 —6-8+71
Phenylalanine —10-2 -13'4 +38-0 -0 +2°1 o0 +2-21+89
* P<o'05.

The protein content of the milk (%) was increased significantly (P < 0-05) in all the
cows at the high plane of energy nutrition. The mean value, with standard error, for
all four cows for the two periods at a low plane of energy nutrition was 32 4 0-06, and
for the two periods at a high plane of energy nutrition 3-5 + 0-03. The average yield
of protein at the high plane of energy nutrition was 484 + 10 g/24 h and at the low plane
346 £8 g/24 h.

Effect of intraruminal infusion of propionic acid. Values for the concentrations of
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individual amino acids in the plasma of each of the two cows during the two periods
of water infusion, and during the single period in which propionic acid was infused, are
given in Table 4. The concentrations of lysine, histidine, arginine, glycine, valine,
isoleucine and leucine were decreased in both cows during the infusion of propionic
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Fig. 2. Expts 2-4. Mean changes in the concentrations of individual amino acids in the blood
plasma of cows associated with (1) lactation, (2) an increase in the plane of energy nutrition and
(3) intraruminal infusion of propionic acid. [J, mean of values for three Jersey cows; {Z, mean
of values for three Friesian cows; ll, mean of values for four Jersey cows; 53, mean of values for
one Friesian and one Jersey cow.

acid, and the effects on valine, isoleucine and leucine were significant (P < 0-05) in both
cows. The levels of tyrosine, serine and threonine were depressed significantly
(P < 0'05) in one cow only and there was an opposite change or no change in the other
animal. Glutamic acid increased markedly (P <o-05) in both cows and there was also
a small but not significant (P> o0-05) increase in alanine. The changes in proline,
phenylalanine and methionine were small and variable.

Infusion of propionic acid was associated with an increase in the yield of protein in
milk, of 219, in the Jersey cow and 6%, in the Friesian cow.
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Table 4. Expt 4: mean values, with standards errors, for the concentrations (mg|100 ml)
of amino acids in the blood plasma of a Friesian and a Jersey cow during the intraruminal
infusion of (1) water or (2) propionic acid

Friesian cow Jersey cow
" A N (2 — A}
@)—(1) @)= (1)
as a percen- as a percen=
Amino acid (1) (2) tage of (1) (x) (2) tage of (1)
Liysine 1384010 117 + 003 —152 224 +0'14 194+ 037 —13'4
Histidine o065+ 004 o'58 + o004 —108 o-88 +-0'04 069+ o009 —216
Arginine 0'g7 + 0'08 086 + 006 —11'3 0-go + 006 o-6gto11 —23°3
Threonine 0-93 + 007 o'58 +o04 —376% 177016 1'94 + 020 +96
Serine 1-28 + 0-08 127 + 006 — 001 1-62 £ o009 1°35+010 —16-7%
Glutamic acid o060+ 005 o'go+ o007 + 50-0% 1°00 +0'05 131+ 006 +310%
Proline 056 + 006 o'58+o012 +3'6 o070+ 0'06 o69+o12 —1'4
Glycine 2:gbto1x 2-75 +0°06 —71 2-80t 012 252+ 014 — 100
Alanine 163t 010 170+ 013 +43 1'55 007 171 £ 008 +103
Valine 1-95 + 005 1-58 + 009 —19'0% 3421016 2°41+ 016 —29'5%
Isoleucine 1-18+ 004 0-8g + 006 —24°6* 165 + 006 116 + 008 —29-7%
Leucine 0-84+ 004 068 + 006 —19-0* 1’58 + 008 o098 +o10 —38-0%
Tyrosine o052+ 005 061 +0'05 +17°3 0'50+0'04 028 + 003 —52'5%
Phenylalanine 0°'49 + 0'06 0’31 +0'04 +41 o081 £ 005 079+ 006 —2°5
Methionine o017+ 001 o018+ o002 +5'9 022 +0'02 o20+002 —9'1
* P<o05.
DISCUSSION

The results of Expt 1 showed that the plasma concentrations of individual amino
acids varied in an irregular manner throughout a day, and from day to day, and against
this background variation no cléar pattern of change emerged which could be associa-
ted with time of sampling. These observations contrast with those of Squibb (1966)
who found a pronounced diurnal rhythm in the chick. The absence of a distinct pattern
in the present investigation may reflect the more protracted passage of dietary and
microbial protein to the hind gut in the ruminant. Purser, Klopfenstein & Cline (1966)
reported a 12 h cycle of changes, over a period of 24 h during which no food was
offered, in sheep accustomed to feeding twice daily. The previous diet had, however,
been provided in pelleted form.

Because of the observed irregularities in the concentrations of individual amino
acids, in our later experiments samples of blood plasma were taken on 2 successive
days at the end of each treatment period at four fixed intervals after feeding.

The plasma level of each of the various amino acids must be controlled by balances
between the entry and exit from the plasma, as holds for the blood sugar level. The
main factors contributing to this balance will be the uptake of amino acids from the
gut and synthesis within the body on the one hand, and on the other the drain on
amino acids for the synthesis of tissue or milk proteins and deamination in the liver
and kidney. In Expt 2, the level of feeding was kept approximately constant throughout
the experimental period, and the most important change in amino acid requirements
between the two sampling occasions would be that resulting from the onset of lacta-
tion. There is a significant requirement for amino acids by the foetus in late pregnancy,

ssa.ld Aissanun sbpuquied Ag suljuo paysiignd £900696 LNIG/6.£01°01/b10"10p//:sdny


https://doi.org/10.1079/BJN19690063

Vol. 23 Energy nutrition and plasma free amino acids 555

but the requirement for milk secretion at peak lactation has been estimated by Blaxter
(1964) as being three to four times as high. With the exception of glycine in animals
of both breeds, and of valine, serine and isoleucine in the Friesian cows, lactation was
associated with a fall in the average concentration of all the amino acids in the plasma.
This suggests that plasma amino acid levels are sensitive to the high requirement of
amino acids for milk protein synthesis during lactation. An increased requirement for
glucose resulting in gluconeogenesis from amino acids in the liver may also have
increased the drain on the glucogenic amino acids (Ballard, Hanson, Kronfeld &
Raggi, 1968). The reason for the increase in glycine level during lactation is not clear.
At peak lactation, catabolism of body protein for gluconeogenesis may result in a
release of glycine in excess of the needs for milk protein formation, since muscle
protein is comparatively rich in glycine—observations with the rat have shown that
abnormally high levels of glycine in the diet may produce metabolic disturbances
(see, for example, Swendseid, Hickson & Friedrich, 1962) and the capacity to dispose
of excess glycine may be limited. The elevation of the plasma level of glycine in lambs
whose protein nutrition is suboptimal, reported by Schelling, Hinds & Hatfield
(1967), may be a related phenomenon. No satisfactory explanation can be offered for
the breed differences in the behaviour of valine and isoleucine which arose mainly
from differences in their plasma concentrations in the pregnant animal.

The change in plane of energy nutrition in Expt 3 would be expected to alter the
uptake of several products of digestion; the uptake of amino acids, of propionic acid
from the rumen and of glucose from the hind gut would probably all be increased, as
would the balance of glucogenic to ketogenic materials. The average effect of the
improvement in the plane of energy nutrition (Fig. 2) was to increase the plasma level
of the group of amino acids whose carbon skeletons may be derived from the general
pool of ‘glucogenic materials’ and which on deamination are in turn glucogenic:
arginine, alanine, glutamic acid, glycine, histidine, proline and serine. The plasma
level of those amino acids whose carbon skeletons cannot be derived from the general
metabolic pool, but on deamination give rise to ketogenic (lysine, leucine) or gluco-
genic (threonine, valine) materials, or both (isoleucine, tyrosine, pheylalanine) was
depressed. It is unlikely that these effects are a reflection simply of the change in the
balance of glucogenic to ketogenic materials. Whilst such a change could account for
the increased levels in the plasma of certain of the glucogenic amino acids owing to a
‘sparing’ of the acids, or to an increased synthesis of the non-essential amino acids,
a reduction in the levels of the ketogenic amino acids would be expected only if their
uptake from the gut were reduced. A more probable explanation of the decrease in
plasma levels of the second group of amino acids is the increased drain on those amino
acids resulting from the increased milk protein synthesis at the higher plane of energy
nutrition; the acids which showed the most marked fall are those present in milk
protein in highest concentration: valine, isoleucine, leucine and lysine.

Throughout Expt 4, the composition of the diet was unaltered and the only major
change expected during the experimental period would be an increased uptake of pro-
pionic acid, if the possibility of a direct effect of the addition of propionic acid on
digestion within the rumen is ignored. Plasma levels of glutamic acid and of alanine
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showed a consistent increase in response to the infusion of propionic acid, but all the
other acids showed little change or a decrease. Again the decrease in concentration of
valine, isoleucine, leucine and lysine was especially marked, and this gives further
support to the suggestion that the lowered plasma concentration of the second group
of amino acids reflects an increased uptake for milk protein secretion. The differences
between Expts 3 and 4 in the effects on amino acids of the first group except glutamic
acid and alanine are, however, more difficult to explain. It may be that in Expt 3 at the
low plane of energy nutrition there was an extensive demand for gluconeogenesis to
satisfy the requirements of the whole animal for glucose, and the changes in the plasma
levels of the first group of amino acids with improvement in energy nutrition may
reflect a reduced use of these amino acids for gluconeogenesis. In Expt 4, on the other
hand, the need during the control period for gluconeogenesis from amino acids may
have been more limited, and the results may reflect mainly a net synthesis of certain
of the amino acids in the presence of a surplus of glucogenic materials. Such an inter-
pretation would, however, imply some restriction on ‘interconvertibility’ within the
first group of amino acids since the level of glutamic acid rese while the level of some
of the other acids fell.

Though it is possible to explain certain of the observed changes in plasma amino
acid levels in Expts 3 and 4 in terms of an alteration in the requirements for milk
protein synthesis, there is no clear indication from the present results as to the cause
of the response in milk protein synthesis to the imposed experimental conditions.
For milk protein synthesis to proceed, the mammary gland must be supplied by the
plasma with all the amino acids in the second group, and with either all of the amino
acids in the first group or with a surplus of glucogenic materials and a source of amino
nitrogen. Little precise information is available concerning the ability of the gland
to interconvert the amino acids of the first group or to form them from glucogenic
sources, or indeed about the overall nitrogen balance of the gland, and it is possible
that some gluconeogenesis may occur within the gland to satisfy its large requirements
for glucose. Some urea is produced by the gland (Mepham & Lindzell, 1966) but this
may represent merely disposal of surplus amino groups from basic amino acids taken
up in excess and not net gluconeogenesis. The results of Mepham & Linzell (1966)
suggest that the uptake of certain of the acids of the first group by the gland does not
always match the output in the milk, at least in the goat, and that synthesis de novo or
interconversion must occur, but this situation could change with an alteration in
dietary circumstances. There is other evidence (Rook, Storry & Wheelock, 1965) that
synthesis of milk protein, in contrast to that of milk lactose, is not sensitive to plasma
glucose concentration. It is tempting, therefore, to suggest that the specific increases
in milk protein content which occur in response to an improvement in the plane of
energy nutrition or to intraruminal infusion of propionic acid, arise from an increased
supply of certain of the amino acids of the first group to the mammary gland, there
being in this tissue some restriction upon amino acid formation from glucose and on
interconvertibility among the first group of amino acids. The major amino acid of
milk proteins is glutamic acid, and the plasma concentration of this acid was specifically
increased in response to infusion of propionic acid. However, no consistent increase
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in plasma glutamic acid level was observed in Expt 3, but there was a significant
increase in plasma proline concentration. It may be that only certain of the glucogenic
amino acids, glutamic acid and proline in particular, can contribute to the ‘glutamic
acid’ pool within the mammary gland, and that an increase in the concentration of
any or all of these in the plasma increases the pool size and the rate of synthesis of
milk protein,
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