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Abstract – The aim of this review is to better understand the regulation of milk yield in response
to once-daily milking and feed restriction. Glucose is the principal precursor for the synthesis of
lactose (a major osmotic agent in milk), and participates in determining the milk volume produced.
When applying these two breeding factors, reductions in milk yield are associated with a reduction
in milk lactose yield and in the arterial flow of glucose, due to a decrease in the mammary blood
flow. The ability of the udder to extract glucose is altered with once-daily milking but not necessarily
with feed restriction. Lactose synthesis is down-regulated in response to once-daily milking and feed
restriction but the percentage of the extracted glucose which is converted into lactose is diﬀerently
aﬀected in response to treatments. No marked change is observed with once daily milking whereas
this would be increased with feed restriction and in contrast, depressed with fasting.
milk yield / glucose / mammary gland / uptake / metabolic fate / ruminants

1. INTRODUCTION
Once-daily milking and feed restriction
are known to aﬀect the milk performance
of dairy cows. A change to once-daily
milking induces a major reduction in the
milk yield of cows averaging 20–30% but
ranging from 7 to 50% according to trials [1, 2]. Similarly, a marked reduction in
feed intake can generate similar variations
in milk yield with lower responses in early
lactation than in mid lactation [3]. Only
few studies have analysed the eﬀects of
both once-daily milking and feed restriction [4–7]. No significant interactions were
observed during most of these studies. An* Corresponding author:
Jocelyne.Flament@agrocampus-rennes.fr

imals changing to once-daily milking with
a reduced feed intake endured a drop in
their milk yield because of the eﬀects of
both. Nevertheless, Auldist and Prosser [4]
reported a more marked reduction in milk
yield in cows with access to unlimited hay
than in those with feed restriction, when
once-daily milking was applied for two
days (–4.2 vs. –2.3 kg.day−1).
The drop in milk yield observed in response to once-daily milking and feed restriction is accompanied by a reduction in
mammary gland lactose production [1, 2,
8, 9]. Lactose is a highly osmotic component, which allows the drainage of water from blood to the alveolar compartment. As such, it is the principal milk
component regulating the volume of milk

Article published by EDP Sciences and available at http://www.edpsciences.org/rnd or http://dx.doi.org/10.1051/rnd:2006030

590

J. Guinard-Flament et al.

produced by the animals, and its concentration in milk remains relatively stable,
around 4.4−5.2% [10].
As glucose is the principal precursor of
lactose, these milk lactose losses can be explained by a change of the mammary utilisation of glucose [11]. Regulation of the
milk yield of animals is therefore mainly
based on the mechanisms governing the
quantity of glucose extracted by the udder
and converted into lactose. In the mammary gland, these mechanisms can be broken down into three main levels of regulation, which are the arterial flow of glucose
in the mammary gland, the glucose extraction by the udder and the metabolic and
secretion activities of the mammary epithelial cells.
Once-daily milking and feed restriction
could regulate milk yield diﬀerently because signals giving rise to milk losses are
diﬀerent. Indeed, once-daily milking can
provoke a reduction in milk yield due to
mechanisms related to lower discharge of
hormones specifically released at milking
and the eﬀects of milk accumulation in
mammary alveoli. On the other hand, feed
restriction causes a reduction in milk yield
through mechanisms related to the availability of nutrients in the body.
The aim of this bibliographical review
is to highlight the regulatory mechanisms
underlying marked milk losses, by providing an updated summary of the results
obtained concerning glucose utilisation by
the udder, under the eﬀect of once-daily
milking and marked feed restriction. The
mammary use of glucose will be recalled before describing how these two
factors can cause major reductions in milk
yield.

2. THE MAMMARY UTILISATION
OF GLUCOSE
The udder
own glucose

cannot synthesize its
(lack of glucose-6-

phosphatase, [12]), which must therefore
be extracted from circulating blood. The
udder extracts most of the glucose available in the whole body (between 60 and
85%). The mammary uptake of glucose
is mainly determined by the quantity of
blood irrigating this organ, the arterial glucose concentration and the udder’s ability
to extract glucose from blood plasma.
Arterial glucose concentrations reflect
the balance between glucose input and
output in the body. The quantity of blood
irrigating the udder results from complex
regulatory mechanisms, depending both
on the partitioning of cardiac flow between
diﬀerent tissues in the body and local
regulation which allows a given organ to
adjust its arterial nutrient flow to its level
of metabolic activity. In lactating cows,
15–16% of the cardiac output is delivered
to the udder and whole mammary blood
flow averaged 7 L.min−1 in cows producing 16 kg of milk daily [13]. The udder’s
eﬃciency to extract glucose from blood
plasma is relatively poor; the glucose
extraction rate (arteriovenous diﬀerence
in glucose concentrations divided by the
arterial glucose concentration) is on average 26% [14, 15] and can fall to 15% in
dairy cows [16]. According to Rulquin in
1997 [15], the arteriovenous diﬀerences in
glucose concentration in the udder appear
to be relatively independent of the variations in the arterial glucose concentration.
Thus the extraction eﬃciency of glucose
by the udder could depend mainly on
the capacity for transmembrane transport
and/or intracellular metabolism of glucose.
However, in mammary epithelial cells of
ruminants, Zhao et al. [17] admitted that,
under normal physiological conditions,
the GLUT1 transporter protein which
predominates in the bovine mammary
gland [17–19], is probably never saturated.
Thus regulation of glucose extraction by
bovine mammary epithelial cells may
occur at another level than transmembrane
transport [20].
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Figure 1. Description of the intracellular partitioning of glucose between diﬀerent metabolic pathways in mammary epithelial cells.

Glucose extracted by the mammary
gland has several possible metabolic fates
in mammary epithelial cells (Fig. 1). Depending on trials, its partitioning between
the metabolic pathways varies and the reasons of such variations remain unclear.
Approximately 55 to 70% of the glucose
extracted by the mammary gland is used
to synthesize lactose [21–23]. Lactose is

synthesized from one molecule of glucose
and one of galactose. According to Davis
and Bauman [21], 50 to 60% of the glucose in the glucose-6-phosphate pool is
converted into galactose. Seventy percent
of the galactose would derive from extracted glucose, as well as from glycerol
and other metabolic pathways [10]. Thus
glucose is not the sole carbon source for
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lactose synthesis but remains the main one;
80–85% of lactose carbon atoms arise from
glucose [11, 24]. The remaining 30–40%
of extracted glucose can participate in the
supply of ATP (glycolysis and TCA cycle).
It can also participate in the milk fat formation, by supplying the glycerol (triose
phosphate pathway) and the NADPH essential to elongating milk fatty acids (pentose phosphate and isocitrate deshydrogenase pathways). Very marginally, glucose
can supply carbon atoms for the synthesis
of non-essential amino acids.
3. EFFECT OF ONCE-DAILY
MILKING ON THE THREE
LEVELS OF MAMMARY
REGULATION
3.1. The arterial flow of glucose
in the mammary gland
Once-daily milking causes variations
in the arterial concentration of glucose.
During studies conducted short-term or
throughout lactation in the dairy cow, a
significant increase of 7–8% in plasma glucose concentrations was demonstrated [4,
25]. Despite these findings, the amount
of glucose irrigating the mammary gland
could diminish because of a reduction in
the mammary blood flow which is greater
than the increase in the arterial concentration. Indeed, the mean daily blood flow was
seen to diminish by 10% in dairy cows producing 23 kg of milk per day in response
to a change to once-daily milking [26]. In
dairy cows producing 38 kg of milk per
day, the blood flow decreased by 17% linearly when the milking interval increased
from 8 to 24 h [27]. During this latter study,
the reduction in the mammary blood flow
started from the first day of treatment, but
only became significant after seven days
(unpublished data). The almost immediate adaptation of the mammary blood flow
was amplified during treatment, suggesting its regulation in two ways: a physical

eﬀect linked to milk accumulation in the
mammary gland and a gradual metabolic
adjustment linked to the metabolic activity of the organ. During a study of the
blood microcirculation in the goat mammary gland, Farr et al. [28] deduced that
the number of capillaries recruited diminished when milk accumulated in the udder
for 26–28 h.

3.2. Glucose extraction
Fleet and Peaker [29] studied the mammary extraction of various nutrients in
goats towards the end of lactation. After
48 h of milk accumulation in the udder,
reduction in the mammary consumption of
glucose (–75%) was demonstrated. The reduction in glucose consumption tended to
result from impairment of both mammary
blood flow and the mammary gland’s extraction ability. In dairy cows, Delamaire
and Guinard-Flament [25] also observed
a reduction in the glucose extraction rate,
which fell from 27 to 23% in response to
increasing the milking interval from 8 h
to 24 h.

3.3. Metabolic and secretion activities
Once-daily milking
aﬀects
the
metabolic activity of mammary epithelial
cells without major alteration of the
glucose repartition between the metabolic
pathways. Indeed, Delamaire and GuinardFlament [27] reported an unchanged
mammary eﬃciency in converting the
extracted glucose into lactose while
increasing milking intervals from 8 to
24 h.
The activity of mammary epithelial cells
could be depressed through two mechanisms which involve both the activity of
cells and their number. A reduction in the
amount of lactose produced may result
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from its impaired synthesis. Net enzyme
activity is determined by the quantity of
enzymes or co-factors (α-lactalbumin). After three weeks of once-daily milking, the
enzymatic activity of galactosyltransferase
was reduced by 33% [30, 31]. Two studies showed that a reduction in milking
frequency had no eﬀect on the level of αlactalbumin gene expression [32, 33]. Reduction in milking frequency also reduced
the activity of the other major enzymes
involved in mammary metabolism (acetyl
co-enzyme A carboxylase, fatty acid synthetase) [31]. In parallel to its eﬀects on
metabolic activity, four weeks of oncedaily milking gave rise to the apoptosis (i.e.
cell death) of some mammary cells [34].
In the goat, Boutinaud et al. [33] observed
smaller alveolar diameters and lower numbers of mammary epithelial cells when
once-daily milking was compared with
milking three times a day.
Once-daily milking may also reduce the
secretory activity of mammary epithelial
cells. In cows not milked for 48 h, Holst
et al. [35] observed an accumulation of
Golgi vesicles and lipid droplets in mammary epithelial cells. If colchicine (which
is known to destructure the cytoskeleton)
was injected via the teat canal, similar effects were observed [36]. According to
Stelwagen [37], the migration of secretory
vesicles could be disturbed by an accumulation of milk in the mammary alveoli
because of modifications to the cytoskeleton orchestrated by the opening of tight
junctions.

4. EFFECT OF FEED RESTRICTION
ON THE THREE LEVELS
OF MAMMARY REGULATION
4.1. Arterial flow of glucose
in the mammary gland
Blood glucose concentrations are influenced by both the quality and level of feed
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intake [38, 39]. Energy restrictions cause a
linear reduction in the entry of glucose into
the whole body and result in a lowering
of arterial glucose levels [40]. In the goat,
fasting for between 6 and 48 h caused a
very marked reduction in milk yield, reaching around 56–72% [41, 42]. This harmful
eﬀect on milk yield was principally due
to a lower nutrient flow into the udder,
related to a 40 to 70% reduction in the
mammary blood flow [41–44]. In the cow,
the mammary blood flow was shown to be
halved after fasting for 24 h, and only returned to normal 10 to 12 h after feeding
restarted [13]. Similarly, Lough et al. [45]
observed a 5.1 to 4.3 L.min−1 reduction in
the mammary blood flow during a 70% restriction of feed. A lowering of the heart
rate was observed in heifers not receiving
concentrate [46]. In the cow, cardiac output
and that proportion of the cardiac output allocated to the mammary gland fell by 23
and 53%, respectively, in response to fasting for 24 h [13]. Similarly, they fell by 36
and 52%, respectively, in goats fasted for
48 h [42]. According to Farr et al. [28], a
smaller quantity of blood passed through
the same number of capillaries in the udder of the goat in response to fasting for
18–20 h.

4.2. Glucose extraction
In response to feed restrictions or varying energy intakes, the mammary gland
reacts diﬀerently depending on the degree of the deficit and the type of energy
provided. In the cow, arteriovenous diﬀerences in glucose concentrations fell in the
udder during a reduction in dietary energy
levels [47]. In the goat, the quantities of
glucose extracted by the udder diminished
during 48 h fasting [48]. In the female rat,
fasting overnight provoked a reduction of
up to 90% in glucose uptake by the mammary gland [49]. Prosser [50] observed
that the fasting of mice for 16 h led to a
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reduction in the number of active glucose
transporters in the plasma membrane. He
suggested the existence of a GLUT1 transmembrane transporter translocation from
the plasma membrane to an intracellular
site.
4.3. Metabolic and secreting activities
During dietary restriction in ruminants,
lactose synthesis diminishes considerably,
while the activity of galactosyltansferase is
not aﬀected [51]. According to Chaiyabutr
et al. [48], the reduction in the quantity of glucose extracted by the udder
may result from impaired glucose phosphorylation by hexokinase. This enzyme
may be inhibited by high concentrations of glucose-6-phosphate in the cytosol. Indeed, intracellular concentrations
of glucose-6-phosphate have been shown
to increase two or three-fold during fasting
for 48 h in the goat. Furthermore, the partitioning of glucose-6-phosphate between
diﬀerent metabolic pathways may be disturbed [52]: during fasting, the metabolism
of glucose-6-phosphate declines in response to a reduction in the glucose-6phosphate flux towards the pentose phosphate pathway and in lactose synthesis. In
parallel, a higher proportion of glucose-6phosphate is metabolised via the glycolysis
pathway.
Feed deprivation is an extreme case
which applies to short periods and may result in specific regulatory mechanisms. An
increase in the forage to concentrate ratio
from 50 to 87.5% [53] (or a less drastic
restriction) modified the intra-mammary
metabolism of glucose, but in a slightly different way. Indeed, this treatment caused
an increase in the percentage of glucose
used to synthesize lactose from 55 to 62%,
and in the quantity of NADPH produced
in the pentose phosphate pathway from
glucose from 15 to 36%. In addition, in
cows under feed restrictions for 8 weeks,
a tendency towards a reduction in galac-

tosyltransferase activity in the udder was
observed [54]. Similarly, the number of
mammary epithelial cells was also modified because of a significantly lower proliferation of mammary epithelial cells in
cows under feed restrictions [54].

5. CONCLUSION
This bibliographical report describes the
respective eﬀects of once-daily milking
and feed restriction on the glucose utilisation by the mammary gland. Very few
studies have quantified the eﬀects of these
factors on the mammary arterial flow, extraction and intracellular fate of glucose
in ruminants. Data are sometimes lacking
and results are not always consistent. This
can be partly explained by the diversity of
treatments tested, especially with regard to
the intensity of feed restriction. In addition, more findings available are concerning fasting which may involve diﬀerent
regulations compared to feed restriction.
Nevertheless, in view of the results obtained, it appears that a loss in milk yield is
accompanied by modifications at all levels
of regulation of the glucose utilisation by
the mammary gland (Tab. I). Reductions
in milk volume and lactose yield are both
associated with a reduction in the arterial
flow of glucose in the mammary gland, because of a reduced mammary blood flow
associated with an increased or inversely
depressed arterial concentration of glucose
in response to once-daily milking and feed
restriction, respectively. Glucose extraction appears to be impaired with once-daily
milking, but not necessarily with feed restriction. As a result, high milk losses are
associated with lower amounts of glucose
taken up by the udder. However, once-daily
milking and feed restriction seem to act
diﬀerently probably by generating diﬀerent
chains of mechanisms that would finally
act on mammary blood flow and glucose
extraction.
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Table I. Partial list of changes in mammary glucose metabolism associated with once-daily milking
and feed restriction in ruminants.
Feed restriction
➔➔➔

➔

Once-daily milking
➔
➔

(fasting)

➔

(fasting)
(fasting)

➔

➔

➔
?
?
?

➔

➔➔

Intracellular fate (%)
Lactose production
Glycerol production
Pentose phosphate pathway
ATP production

?

➔

Extraction rates
Mammary uptake

(restriction)
(restriction)

➔

Glucose
Mammary arterial flow
Plasma concentrations
Mammary blood flow

➔

➔

, , ➔, variable increased, decreased or unchanged in response to once-daily milking or feed restriction,
respectively; ? changes unkown.

In the mammary epithelial cells, the
metabolism of glucose is depressed in response to once-daily milking and feed
restriction. However, these factors would
also act diﬀerently on cell activity. With
once-daily milking, the eﬃciency of the
mammary gland to convert glucose would
be preserved as suggested by the unchanged glucose uptake/milk lactose output ratio. Thus the partitioning of glucose
between its mammary metabolic pathways
might be unchanged or slightly modified,
70% of it being always converted into lactose. In contrast, when the level of feeding
is reduced, the intracellular fate of glucose would be greatly modified according
to the extent of the feed restriction. Indeed,
in case of starvation, lactose synthesis and
pentose phosphate pathway would be depressed to the profit of glycolysis pathway.
In contrast, with feed restriction, the use
of glucose towards lactose synthesis and
pentose phosphate pathway would be enhanced. Hence the volume of milk produced by animals is related to a great extent
to the quantity of glucose extracted from
blood compartment but its partitioning between the diﬀerent metabolic pathways in
mammary epithelial cells could be of ma-

jor importance in determining milk yield
and composition.
Furthermore, an interaction between
once-daily milking and feed restriction on
the diﬀerent levels of regulation of the
mammary glucose utilisation has never, to
our knowledge, been studied. This area
merits attention in order to understand the
additive eﬀects of once-daily milking and
feed restriction on milk yield, and mechanisms responsible for milk yield losses.
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