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ABSTRACT

We have seen remarkable advances in animal produc-
tivity in the last 75 years, with annual milk yield per
cow increasing over 4-fold and no evidence of nearing a
plateau. Because of these gains in productive efficiency,
there have been dramatic reductions in resource inputs
and the carbon footprint per unit of milk produced.
The primary source for the historic gains relates to
animal variation in nutrient partitioning. The regula-
tion of nutrient use for productive functions has the
overall goal of maintaining the cow’s well-being regard-
less of the physiological or environmental challenges.
From a conceptual standpoint, it involves both acute
homeostatic controls operating on a minute-by-minute
basis and chronic homeorhetic controls operating on
a long-term basis to provide orchestrated adaptations
that coordinate tissues and body processes. This endo-
crine regulation is mediated by changes in circulating
anabolic and catabolic hormones, hormone membrane
receptors and intracellular signaling pathways. The co-
ordination of tissues and physiological systems includes
a plethora of hormones, but insulin and somatotropin
are 2 key regulators of nutrient trafficking. Herein, we
review the advances in our understanding of both con-
ceptual and actual regulation of nutrient partitioning
in support of milk synthesis and identify examples of
the challenges and future opportunities in dairy science.
Key words: homeorhesis, homeostasis, somatotropin,
insulin, metabolic regulation

INTRODUCTION

Domesticating dairy animals played a critical role in
the development of human society. Dairy products were
recognized as nutritious foods as early as 4,000 BC,
and today milk and dairy products are key components
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of dietary recommendations by governmental agencies
and public health organizations around the world.
Cow’s milk contains more of the essential vitamins and
minerals required by humans than any other single food
(Patton, 2004). Advances in lactation physiology dur-
ing the last century have increased our understanding
of the biological processes that allow dairy cows to use
feed nutrients for the biosynthesis of milk (Appendix
Table Al). Annual milk yield per cow was relatively
constant over the first part of the 20th Century. How-
ever, beginning in the early 1940s, the application of
scientific principles to nutrition, management, and
genetics initiated a progressive improvement in milk
production that continues to this day. Whereas annual
milk per cow averaged about 2,000 kg from the 1920s
through the early 1940s, the US dairy herd currently
annually averages over 10,000 kg (Figure 1). Indeed, the
annual herd average on some US dairy farms is >14,000
kg of milk per cow, and the current US record holder
is a Wisconsin cow named Ever-Green-View My Gold-
ET (“My Gold”), who had a 365-d milk production of
35,144 kg (906 kg of fat, 934 kg of true protein; http://
www.dairyherd.com/news/industry/new-national-milk
-production-record-set). Equally impressive, the Guin-
ness World Records recently recognized a 15-yr-old
Canadian cow, Guillette E Smurf, as the lifetime re-
cord holder in milk production; Smurf’s production of
216,891 kg in 10 lactations represents an impressive av-
erage of over 38 kg of milk for every day of life (http://
www.guinnessworldrecords.com /world-records/greatest
-milk-yield-by-a-cow-%E2%80%93-lifetime).

Historic gains in milk yield originate partly from
selection and genetic improvement (50-66%) and the
remainder from advances in nutrition and manage-
ment (VanRaden, 2004; Shook, 2006). Progress from
applying genetic selection requires sound practices in
nutrition and overall management for a cow to achieve
her production potential. Likewise, production ad-
vances resulting from technology developed from basic
dairy cow biology require an adequate genetic base.
Examples explaining the historic gains include a bet-
ter understanding of nutrient requirements, improve-
ments in diet formulation and mixing, utilizing Al and
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Figure 1. Average annual milk production in the United States per cow (https://quickstats.usda.nass/gov/; accessed February 20, 2017).

Color version available online.

applying more accurate genetic selection methods,
improved milking management practices and mastitis
control, and the effective use of herd health programs
to prevent disease (Collier et al., 2005). Furthermore,
new technologies and management tools such as estrus
synchronization, pregnancy detection, and bovine so-
matotropin have enhanced the production potential of
dairy cows and allowed them to more nearly achieve
their genetic capacity.

Lactation represents a substantial reorganization
in the hierarchy of nutrient partitioning, and a dairy
cow’s metabolism is exquisitely coordinated to sup-
port the metabolic demands of milk synthesis. The
mammary gland’s synthetic capacity is so impressive
that in the context of nutrient use and metabolism,
Brown (1969) proposed the cow should be considered
as an appendage to the udder, rather than vice versa.
Herein, we will consider the cycle of life and advances
in productive efficiency, review the broad concepts of
regulation, and characterize specific tissue adaptations
and mechanisms to support lactation (Appendix Table
A1). Finally, we will speculate on upcoming challenges
and opportunities for future discoveries in productive
efficiency in dairy cows.
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PRODUCTIVE EFFICIENCY

The continued increase in dairy cow productivity is a
key component for the sustainability of the global dairy
industry. Productivity or productive efficiency, defined
as milk output per resource input, is improved as milk
yield increases (Bauman et al., 1985; VandeHaar and
St-Pierre, 2006). When the increase in milk yield/cow
during the last 75 years is combined with improved
crop productivity, feed use by the US dairy herd per
unit of milk produced has been reduced by about
80% and carbon footprint has decreased by two-thirds
(Capper and Bauman, 2013). Animal biology includes
a series of processes in which dietary feed components
are transformed and used to support body tissues
and activities (Kleiber, 1961). Feed is consumed and
digested products are assimilated and partitioned in a
process governed by a physiological echelon; meeting
maintenance requirements is top priority and secondary
uses of absorbed nutrients are for productive functions
such as milk synthesis or fetal development. Further, on
a short-term basis, body reserves can be replenished or
mobilized to support the hierarchical goals of nutrient
trafficking.



100-YEAR REVIEW: NUTRIENT PARTITIONING TO SUPPORT LACTATION

Sources of Variation

What are the sources of variation that have allowed
for the improvements in productive efficiency over
the last century? Which “cycle of life” processes have
been altered by the remarkable increase in productive
efficiency of dairy cows? Evaluating the processes of di-
gestion and nutrient absorption, maintenance require-
ments, and the partial efficiency of nutrient use for pro-
ductive functions (e.g., milk synthesis) indicates that
these biological processes are only minor sources of the
variation among animals, and alterations in them have
contributed little to the annual gains in performance
and productive efficiency (Bauman et al., 1985; Gordon
et al., 1995; Agnew and Yan, 2000; Reynolds, 2004;
Moraes et al., 2015). In contrast, differences in nutrient
partitioning represent the primary reason for cow-to-
cow variation and the major source of annual improve-
ment in milk production. High-yielding cows direct a
greater portion of absorbed nutrients to the mammary
gland for milk synthesis and, associated with this, they
have a greater voluntary feed intake. Low-yielding cows
have a lower feed intake: if they do consume more feed,
they use it for excessive body fat accretion rather than
milk synthesis. This nicely illustrates that increased
nutrient consumption is the result of enhanced produc-
tivity (i.e., increased milk synthesis drives feed intake).
Thus, selection for high milk production results in dairy
cows that not only utilize more nutrients for milk syn-
thesis but also voluntarily consume more feed to sup-
port the demands of copious milk production (Bauman
et al., 1985; Reynolds, 2004). To reiterate, during the
last century, we have improved our understanding and
definition of nutrient requirements, but only minimal
changes have occurred in the extent of digestibility, the
actual requirements for maintenance, or the efficiency
of synthesizing a unit of milk.

High-producing cows have a greater productive ef-
ficiency because a larger portion of total nutrient
intake is used to synthesize milk. Nutrient use for
maintenance represents a fixed cost, and the effect of
this on productive efficiency is illustrated by calcula-
tions based on historical milk yield. In 1944, about
69% of the average cow’s ME requirement was used
for maintenance and approximately 31% used for milk
synthesis. This contrasts to 2016 where the propor-
tion used for maintenance has declined to about 35%
of the ME requirement and the amount used for milk
synthesis has more than doubled (~65%). Even more
impressive, during her record lactation, “My Gold” (the
current world-record holder) utilized about 16% of her
ME requirement for maintenance and over 84% for milk
synthesis. Thus, as milk yield per cow increases, the
fixed cost of meeting the cow’s maintenance require-
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ment is proportionally reduced (Bauman et al., 1985;
VandeHaar and St-Pierre, 2006; Gerber et al., 2011).
This is a phenomenon generally referred to as “dilution
of maintenance” and is usually considered in terms of
feed resources per unit of milk, but the sustainability
advantages of diluting maintenance also apply more
broadly to all input costs of producing milk, includ-
ing renewable and nonrenewable resources as well as
the costs for facilities and labor. Consequently, diluting
maintenance costs is a key component to the annual
improvements in milk production, sustainability of the
dairy industry, and farm profitability.

Productivity and Stress

With each advance in dairy production over the
last century, some have expressed concern that cows
are being “pushed too far,” thereby causing metabolic
stress and compromising cow health and well-being.
Over 50 years ago, Sir John Hammond evaluated this
claim in his review of lactational physiology and found
no support for the concern. Hammond concluded, “the
physiological limits to intensive milk production are. ..
only limited by our knowledge concerning the specific
nutrients required for milk production” (Hammond,
1952). Subsequent re-evaluations of the biological lim-
its of milk production by Bauman et al. (1985), Knight
et al. (2004), and Reynolds (2004) reached conclusions
similar to those of Hammond and, indeed, productiv-
ity has increased at a consistent annual rate of about
140 kg/cow during the last half-century. Ostensibly, a
plateau exists where the biological controls and man-
agement practices supporting lactation are maximized,
but there is no evidence that we are nearing it (Figure
1). The current world record of >35,000 kg of annual
production indicates the potential upper limit and sug-
gests that future herd averages may be >3-fold higher
than today’s average.

Two main arguments are often proposed for reduc-
ing the rate or even stopping gains in farm animal
efficiency: (1) that high production and increased pro-
ductive efficiency are contradictory to the concept of
“sustainable” agriculture; and (2) that increasing milk
yield is contrary to cow welfare and well-being. For
some, the concepts of food production efficiency and
environmental sustainability are perceived to be mutu-
ally exclusive, as discussed by Roche and Edmeades
(2004). Similarly, in a review of dairy cow welfare, some
have argued that it is necessary to stop using genetic
selection and conventional nutritional management and
nutrition practices to increase milk yield because these
approaches have resulted in stressed cows, in which
normal biological controls are overtaxed (Broom, 1999;
Oltenacu and Broom, 2010). When these arguments

Journal of Dairy Science Vol. 100 No. 12, 2017



10356

are examined more closely, it is apparent that in fact
the opposite is true. First, life-cycle analysis of dairy
farms has demonstrated that increasing productivity
is a major component of improving both sustainabil-
ity and profitability (Gerber et al., 2011; Capper and
Bauman, 2013; FAO, 2013). Second, advancements
in the application of genetic selection techniques and
management improvements are successful and sustain-
able because they have altered the biological controls
in a coordinated manner (Hammond, 1952; Bauman et
al., 1985; Knight et al., 2004; Reynolds, 2004). For any
system to be truly sustainable it must, by definition, be
efficient, and today, dairy herds with high production
also have excellent fertility, low somatic cell counts, and
minimal metabolic problems (Santos et al., 2010; Bau-
man and Capper, 2011; Ferguson and Skidmore, 2013).
Rather than the biological controls of high-producing
cows being at discord with increased performance, it
is the improvements in biological control systems and
management practices and the presence of minimal
stress that allow for the increases in milk yield and
gains in productive efficiency. In fact, it is only when
the coordination of nutrient use is inadequate or an im-
balance occurs that animal well-being and performance
are compromised. The claim that “high production is
stressful” is an oxymoron; optimal and efficient milk
production can be achieved only when stress is minimal
or absent, whereas the presence of stress prevents maxi-
mal production because it increases maintenance costs
and compromises well-being.

CONCEPTS OF REGULATION

The primary goal in the regulation of physiological
processes is to maintain an animal’s well-being regard-
less of the physiological situation or environmental
challenges. Lactation is a physiological state in which
regulation is of special importance because the mother
must partition nutrients to support synthesis of milk,
thereby ensuring the survival of her nursing neonate,
and to maintain her own health and well-being. Thus,
the control of nutrient partitioning and coordination of
metabolism during lactation allows for the production
of copious milk while also preserving dam well-being.
A cow’s well-being is dependent on acute regulation
of nutrient use and biological processes every second.
During lactation, there must also be a chronic level of
regulation to ensure the mammary glands are provided
an adequate supply of nutrients for milk synthesis.
From a conceptual basis, homeostasis and homeorhesis
represent the 2 types of regulation.

The concept of homeostasis was first crystallized by
Cannon (1929) as the condition of relative uniformity
that results from organismal adjustments to environ-
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mental changes. He emphasized that dynamic regula-
tion and coordination were key features of homeostasis.
From an operational standpoint, homeostatic controls
operate on an acute moment-to-moment basis so that,
despite challenges from the external environment, dif-
ferent tissues and organs are “all working cooperatively”
to maintain physiological equilibrium. Numerous ex-
amples of the multiple compensatory mechanisms func-
tioning to maintain physiological symmetry have been
described in organisms, especially mammals. Homeo-
static mechanisms include the regulation of vital func-
tions such as maintenance of body temperature, blood
pH, and body defense mechanisms. Many homeostatic
mechanisms involve metabolic coordination, and ex-
amples include maintaining steady-state concentrations
of key circulating nutrients, 2 of which (glucose and
calcium) are especially important in lactating cows. In
fact, glucose was one example used by Cannon (1929)
to illustrate the concept of homeostasis. Glucose supply
is of critical importance for many tissues and physi-
ological processes, and the performance and health of
the dairy cow is dependent on the maintenance of glu-
cose homeostasis (Bell, 1995; Beever et al., 1999). Over
the short term, homeostatic controls, primarily insulin
and glucagon, maintain a relatively constant supply of
glucose to peripheral tissues by promoting glucose stor-
age following a meal and subsequent mobilization and
catabolism from hepatic and muscle glycogen stores,
respectively, during the postabsorptive period (Bau-
man and Elliot, 1983; Vernon and Sasaki, 1991). Thus,
acute regulation of plasma glucose concentration by
the reciprocal actions of insulin and glucagon ensures
the proper balance in glucose supply and utilization by
extra-mammary tissues in support of lactation.

The second broad type of biological regulation is
homeorhesis, which was defined as the “orchestrated
changes for priorities of a physiological state” (Bau-
man and Currie, 1980; Bauman, 2000). The concept
originated from considering how physiological processes
are regulated during pregnancy and lactation (Bauman
and Currie, 1980), and was subsequently extended to
growth (Bauman et al., 1982). Although not defined
as such, Hammond (1947) clearly had this concept in
mind when he emphasized how circulating nutrient
utilization differs by tissue depending upon the physi-
ological states. These physiological states represent
biological situations where the orchestration involves
most organs and physiological processes in the body
and includes the metabolism of all macro- and micronu-
trient classes. Subsequently, the concept of homeorhesis
has been extended to other life-cycle states and physi-
ological situations, including pathological conditions
where chronic adaptations in biological processes are
required to achieve the physiological stability necessary
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Figure 2. Schematic representation of changes in tissue response to hormonal signals, specifically changes in responsiveness (maximal re-
sponse, R,,,.) or sensitivity (hormone concentration at half-maximal response, EDjy). Representation depicts a decrease in sensitivity, decrease
in responsiveness, or decrease in both. Figure created by the authors based on a similar figure in Kahn (1978).

for survival (Bauman, 2000; Collier et al., 2005). Thus,
homeorhetic regulation involves coordination of physio-
logical processes in support of a dominant physiological
state or chronic situation. Key features of homeorhesis
are (1) that it is chronic in nature, involving regulation
occurring over hours and days versus seconds and min-
utes required for most examples of homeostatic regula-
tion; (2) its simultaneous influence on multiple tissues
and systems results in an overall coordinated response;
and (3) mediation involves altered tissue responses to
homeostatic signals. This latter aspect represents the
key to understanding the mechanistic interrelationship
between homeostasis and homeorhesis (Bauman and
Elliot, 1983; Vernon, 1989; Bell and Bauman, 1997).

A schematic representation of the ability of ho-
meorhetic controls to alter tissue response to homeo-
static signals is depicted in Figure 2. The interaction
can involve increases or decreases in tissue responsive-
ness, tissue sensitivity, or both. The terms “responsive-
ness” and “sensitivity” were defined by Kahn (1978) to
distinguish different aspects of insulin resistance in hu-
man type II diabetes. Using terminology analogous to
Vimax and K, as applied in enzyme kinetics, whole-body
dose-response relationships between insulin and insulin
action involved calculation of maximal response (Ry.x)
and insulin concentration at half-maximal response
(ED5g). Thus, R, represented insulin responsiveness,
which Kahn (1978) characterized as an index of post-
receptor metabolic capacity, and EDj, reflected insulin
sensitivity, considered to represent an index of receptor

function—mnumber, binding affinity, or signal transduc-
tion. Thus, changes in responsiveness and sensitivity
provide insight as to potential mechanisms that explain
altered tissue responses to support lactation (Bell and
Bauman, 1997).

ACTUALIZED REGULATION

A dairy cow’s ability to regulate nutrient use is
most critical at the onset of lactation. Coordination of
metabolic processes is the central characteristic of the
physiological adaptations that occur to support lacta-
tion and they include many, perhaps most, body tissues
and involve all nutrient classes—carbohydrate, protein,
fat, minerals, and vitamins. The overall net effect is
that the increase in mammary metabolic rate and
milk synthesis coincides with altered extra-mammary
metabolism so that an adequate quantity and pattern
of nutrients to support milk synthesis is ensured. A
partial list of the metabolic adaptations occurring dur-
ing the successful transition to lactation is presented
in Table 1. Even this partial listing demonstrates the
wide range of metabolic processes that are altered in
an orchestrated manner. Several excellent reviews have
summarized quantitative details and specific references
relating to the physiological adaptations that occur to
support lactation (Bauman and Elliot, 1983; Vernon,
1989; Bell, 1995; Chilliard, 1999; Drackley, 1999; Mc-
Namara, 2015).
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Glucose is a particularly important metabolite dur-
ing lactation, and biological adaptations prioritized to
ensure its availability to the mammary gland serve as
an example. At the onset of lactation, there is a marked
increase in mammary glucose utilization, primarily for
lactose synthesis. Total glucose turnover in a high-pro-
ducing cow can exceed 3 kg/d, with up to 85% being
used by the mammary glands. Lactose is the primary
osmotic regulator of milk volume, and the synthesis
of lactose alone utilizes 65 to 70% of the cow’s total
glucose turnover. If there is an imbalance between the
availability and requirement for glucose, ketosis may
result and well-being is compromised. To ensure an
adequate glucose supply to support lactation, biologi-
cal regulation involves a series of orchestrated changes
that include increased hepatic rates of gluconeogenesis,
decreased glucose uptake and use by adipose tissue and
muscle, and a shift in whole-body nutrient oxidation so
less glucose is used as an energy source (Table 1).

The role of specific homeorhetic controls in regulat-
ing these biological adaptations has been reviewed
elsewhere (Vernon, 1989; Vernon and Sasaki, 1991; Bell
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and Bauman, 1997; Chilliard, 1999). However, an im-
portant component of the mechanism involves altered
tissue set points and responses to homeostatic controls
as described earlier; several examples that occur with
the onset of lactation are provided in Table 2. Those
related to insulin are of special importance, and hy-
poinsulinemia coupled with altered tissue responses to
insulin is one of the best-characterized examples. At
the onset of lactation, glucose-stimulated pancreatic
insulin secretion is blunted (Rhoads et al., 2004). In-
sulin’s ability to stimulate glucose disposal by muscle
is also reduced and whole-body and tissue-specific
dose-response relationships indicate this involves both
reduced sensitivity and responsiveness (Figure 3). In-
sulin’s ability to stimulate adipose glucose uptake is
also reduced and insulin is less effective at inhibiting
hepatic gluconeogenesis (Table 2). The net effect is
that these glucose-related metabolic alterations are
coordinated with the increase in glucose use by the
mammary gland. Thus, homeostatic controls still func-
tion acutely to maintain steady-state concentrations of
circulating glucose during lactation, but on a chronic

Table 1. Partial list of physiological adaptations that occur to support lactation in dairy cows'

Process or tissue Response

Mammary tissue

Increased number of secretory cells
Increased nutrient use

Increased blood supply

Feed intake Increased quantity

Digestive tract Increased size

Increased absorptive capacity
Increased rates of nutrient absorption

Liver Increased size

Increased rates of gluconeogenesis
Increased glycogen mobilization
Increased protein synthesis

Adipose tissue

Decreased de novo fat synthesis

Decreased preformed fatty acid uptake
Decreased fatty acid re-esterification

Increased lipolysis

Skeletal muscle

Decreased glucose utilization

Decreased protein synthesis
Increased protein degradation

Bone

Heart

Plasma hormones Decreased insulin

Increased Ca and P mobilization

Increased cardiac output

Increased somatotropin

Increased prolactin

Increased glucocorticoids
Decreased trilodothyronine (T3) and thyroxine (T4)

Decreased IGF-1

'Adapted from Bauman and Currie (1980), Bauman and Elliot (1983), Vernon (1989), McNamara (1991),

Chilliard (1999), and Collier et al. (2005).
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Table 2. A partial list of alterations in the response to homeostatic responses that occur in different tissues
and processes during lactogenesis and early lactation in ruminants’

Process or tissue Homeostatic control

Response to altered set-points

Feed intake Multiple controls

Adipose tissue Insulin
Catecholamines
Adenosine

Skeletal muscle Insulin

Liver Insulin

Pancreas Insulinotropic agents

Whole animal Insulin

T Appetite and satiety set-point
Lipogenesis

J Uptake of preformed fatty acids

T Stimulation of lipolysis

T Inhibition of lipolysis

J Glucose uptake

J Protein synthesis

4 Amino acid uptake

T Protein degradation

T Gluconeogenesis

J Insulin release

4 Glucose oxidation

{ Glucose utilization by nonmammary tissue

'Adapted from Bauman and Elliot (1983) and Bauman (2000).

basis, homeorhetic controls have orchestrated a series
of adaptations in both biological processes and extra-
mammary metabolism to ensure the mammary gland
is provided with an adequate quantity of glucose and
a pattern of other nutrients to support milk synthesis
(Bauman, 2000).

The management of body energy reserves provides
a second example where the coordinated regulation
of physiological processes is essential for a successful
transition at the onset of lactation (McNamara, 1991,
2015). All mammals draw on body energy reserves to
support metabolic demands during early lactation and
this results in an increase in circulating nonesterified
fatty acids (NEFA) and ketones. The use of energy
reserves at the onset of lactation varies among mam-
malian species, with dairy cows being intermediate in
the extent and duration compared with other mammals
(Bauman, 2000). In high-producing dairy cows, the uti-
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Figure 3. Effects of physiological state on insulin action in skeletal
muscle. Adapted from Vernon (1986) with permission of the Hannah
Research Institute (Ayr, UK).

lization of body energy reserves and the mobilization
of body fat in the first month postpartum can be ener-
getically equal to over one-third of the milk produced
(Bauman and Currie, 1980). This period of negative
energy balance (NEBAL; Figure 4) is associated with
a variety of metabolic changes that are implemented to
support the dominant physiological condition of lacta-
tion (Bauman and Currie, 1980; Bell, 1995; Drackley,
1999). Mechanisms include an attenuation in adipose
tissue response to homeostatic signals (Table 2). In ad-
dition to the aforementioned reduction in insulin’s abil-
ity to stimulate glucose uptake by adipose tissue, there
is a reduction in insulin’s ability to inhibit lipolysis.
Furthermore, the lipolytic response of adipose tissue
to catecholamines and adenosine, 2 key homeostatic
regulators of lipid mobilization, is enhanced in early
lactation (Table 2). This is illustrated by the lipolytic
response to an epinephrine challenge shown in Figure
5, and by several studies demonstrating adaptations in
p-adrenergic receptors, tissue responsiveness, hormone-
sensitive lipase (HSL) activity, perilipin, caveolin, 3-2
adrenergic receptor, and HSL message (McNamara,
2015). Detailed dose-response studies with cattle and
sheep indicate the cellular mechanism may be post-
receptor, based on the observed increase in Ry, with
little or no effect on ED5, (Guesnet et al., 1987; McNa-
mara, 1988; Vernon et al., 1991).

Several hormones have been proposed to function as
homeorhetic controls, including somatotropin (ST),
prolactin, and corticoids (Vernon and Sasaki, 1991;
Bell, 1995; Chilliard, 1999). In particular, the role of
ST as a homeorhetic control is well established, and it
plays a key role in many of the metabolic adaptations
that occur with the onset of lactation (Bell and Bau-
man, 1997). Furthermore, the production of recombi-
nant bST (rbST) has provided research opportunities
to more completely characterize its mechanism as a
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homeorhetic governor. Administering rbST to lactating
cows increases milk production, and the mechanism in-
cludes a series of biological adaptations similar to those
detailed in Tables 1 and 2 (Bauman and Vernon, 1993;
Etherton and Bauman, 1998). Thus, consistent with
the concept of homeorhesis, rbST both increases milk
synthesis by the mammary glands and orchestrates
other body processes in a manner to provide the neces-
sary nutrients to support the increase in milk yield.
Circulating ST concentrations also increase at the
onset of lactation (Figure 4) and are greater in geneti-
cally superior cows (Hart et al., 1978). During NEBAL,
somatotropin promotes NEFA export from adipose tis-
sue by increasing the lipolytic response to 3-adrenergic
signals (Figure 6A) and by reducing the lipogenic and
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antilipolytic responses to insulin (Figure 6B; Bauman
and Vernon, 1993). This reduction in systemic insulin
sensitivity is coupled with a decrease in circulating
blood insulin levels (Figure 4). The reduction in insulin
action allows for adipose lipolysis and NEFA mobili-
zation (Bauman and Currie, 1980). Not surprisingly,
reduced circulating insulin is also a key mediating fac-
tor by which high-producing cows partition nutrients
away from storage and toward mammary utilization
(Figure 4). Increased circulating NEFA are typical in
“transitioning” and undernourished cows and represent
(along with NEFA-derived ketones) a significant source
of energy (and precursors for milk fat synthesis) for
cows in NEBAL. The severity of calculated NEBAL
is positively associated with circulating NEFA levels

160 - .
i - ]
g 20 ! [Time, P<0.001
28 !
= o -
=
23 s0- !
~
5 |
40 :
= I
I
]
25 = 1
P Time, P=007 |
[ 20 9 I
g I
T2 15- |
£3 :
& 10 4 1
= i
e
— 5 o
- I
]
0= 1
]
]
40 5 1
]
g 20 4 | [Time, P<0.001
] 1
| 1
.g = 0 :
2 =
£s
§° 7 :
2 -40. -
Z :
-60 = !

T T T
21 -14 -7 0 +7  +14 +21 +28

Dayrelative to parturition

Figure 4. Temporal pattern of whole-animal energetics and key hormones responsible for nutrient partitioning in transitioning lactating
Holstein cows. Reproduced from Rhoads et al. (2004) with permission of the American Society for Nutrition.

Journal of Dairy Science Vol. 100 No. 12, 2017



100-YEAR REVIEW: NUTRIENT PARTITIONING TO SUPPORT LACTATION

&
9

60}

30

a~
R i

Y N

Increment in Plasma FFA (p Eq/L)

Prepartum

10361

/ Postpartum

o 10 20

30 40

Minutes Post-Injection

Figure 5. Effects of parturition on lipolytic response (plasma nonesterified fatty acids) to an epinephrine challenge administered intrave-
nously at 6, 4, and 2 wk prepartum and 2, 4, and 7 wk postpartum in dairy cows. Reproduced from Bauman (1984) with permission.

(Bauman et al., 1988; Dunshea et al., 1990) and it is
generally thought that there is a linear relationship
(concentration-dependent process) between NEFA
delivery, tissue NEFA uptake, and NEFA oxidation
(Armstrong et al., 1961). The magnitude of NEBAL
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and thus lipid mobilization explains, in large part, why
cows lose considerable BW during early lactation.
Postabsorptive carbohydrate metabolism is also
markedly altered by NEBAL and this is largely medi-
ated by reduced insulin action. During early lactation
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Figure 6. Effects of recombinant bST on (A) plasma nonesterified fatty acid (NEFA) response to an epinephrine challenge and (B) plasma
glucose response to an insulin tolerance test in lactating Holstein cows. Reproduced from Sechen et al. (1990) with permission of the American

Physiological Society.
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or inadequate nutrient intake, glucose is partitioned to-
ward the mammary gland and its contribution as a fuel
source to extra-mammary tissues is decreased (Bell,
1995). This can be observed when comparing insulin’s
effectiveness at stimulating muscle glucose uptake in
lactating and nonlactating animals (Figure 3). The
early lactation or NEBAL-induced hypoglycemia likely
accentuates catecholamine’s adipose lipolytic effective-
ness, a phenomenon observed in other species (Galster
et al., 1981). This is a key “glucose-sparing” mechanism
because elevated NEFA levels decreases skeletal muscle
glucose uptake and oxidation and this is referred to
as the “Randle Effect” (Randle, 1998). The fact that
insulin simultaneously orchestrates both carbohydrate
and lipid metabolism explains why there is a recipro-
cal relationship between glucose and NEFA oxidation.
Ultimately, these are homeorhetic adaptations to maxi-
mize milk synthesis at the expense of tissue accretion
(Bauman and Currie, 1980). A cow in NEBAL could
be considered “metabolically flexible” because she can
depend upon alternative fuels (NEFA and ketones) to
spare glucose, which can be utilized by the mammary
gland to support copious milk production.

CHALLENGES AND OPPORTUNITIES

World population is projected to grow to between 9
and 10 billion people by 2050 (Godber and Wall, 2014).
Most of the growth is expected to occur in poor and de-
veloping countries, where income elasticity of demand
for food continues to be high. This population increase,
combined with moderately high growth in income, is
anticipated to result in a >70% increase in demand for
food and other agricultural products by 2050 (Godber
and Wall, 2014). Meeting the increasing demand for
food mandates continued improvements in agricultural
productivity. Thus, the future presents both challenges
and opportunities as shown by the following examples.

Climate Change

A significant portion of the world’s domestic animal
population exists in regions where climatic stressors
adversely influence animal health and productivity.
Even in the United States, the dairy industry loses
approximately $1.5 billion annually due to heat stress
(St-Pierre et al., 2003; Key and Sneeringer, 2014). Sub-
stantial progress has been made over the last 3 decades
in improving the productivity of ruminant livestock
exposed to adverse environmental conditions, including
advances in nutritional management, selective breed-
ing, and animal housing facilities (Collier et al., 2005).
Identifying specific genes associated with thermal toler-
ance is in the early stages, but thermal stress has a
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clear gene x environment interaction, indicating that
opportunities may exist to improve the thermal toler-
ance of dairy cattle (Collier et al., 2008).

With regard to nutrient partitioning, heat-stressed
cows voluntarily decrease feed intake, but the postab-
sorptive metabolic changes in heat-stressed cows differ
markedly from those of thermal neutral cows fed at
a similar plane of nutrition (Baumgard and Rhoads,
2013). Despite being in a catabolic state, heat-stressed
cows have increased basal and stimulated insulin se-
cretion, which significantly limits adipose tissue rates
of lipolysis and the mobilization of energy reserves
(Baumgard and Rhoads, 2013). Consequently, heat-
stressed cows have reduced NEFA and ketones and thus
are unable to “spare” glucose for milk synthesis. Iden-
tifying mechanisms and basis for these postabsorptive
strategies may allow the development of approaches
(e.g., nutritional, genetic, pharmaceutical) designed to
ameliorate the negative consequences of heat stress.

Immunometabolism

There is an increasing recognition of the complex
and dynamic metabolic response to infection and in-
flammation and the role that the immune response
may play in animal productivity and well-being. Im-
munoactivated animals voluntarily become hypophagic
but have a paradoxical increase in circulating insulin
(Kvidera et al., 2016, 2017). Despite the hyperinsu-
linemia, infection-induced decreased glucose clearance
was first described over 90 yr ago (Hector, 1926) and
more recently it has been confirmed that inflamma-
tory conditions cause whole-body insulin resistance in
mid-lactation dairy cows (McGuinness, 2005; Vernay et
al., 2012). Specifically, peripheral insulin insensitivity
occurs in skeletal muscle and adipose tissue, the 2 larg-
est “sinks” of insulin-stimulated glucose disposal (Lang
et al., 1990). This is likely a strategy to spare glucose
for the immune system as leukocytes require insulin for
activation and contain GLUT4 receptors (Maratou et
al., 2007).

Relative to nutrient partitioning, peripheral in-
sulin resistance is necessary to achieve optimal milk
production in healthy dairy cows as discussed earlier,
but this relationship is obviously uncoupled during an
infection. Mammary epithelial cells have toll-like recep-
tors (Ibeagha-Awemu et al., 2008) and are therefore
able to recognize bacterial-derived antigens. Thus,
infection-induced decreased milk synthesis represents a
mechanism that reduces glucose use by the mammary
glands, thereby allowing increased glucose availability
for the immune system. Recent estimates indicate that
an intensely activated immune system utilizes more
than 2 kg of glucose per day (Kvidera et al., 2017), so
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the implications of the immune system’s demands on
nutrient partitioning are obvious.

The transition period is associated with a tempo-
ral inflammatory state, and potential sources include
uterine tissue damage, metritis, mastitis, and “sterile
inflammation” (Bradford et al., 2015). Another more
inconspicuous source of immune activation is the gas-
trointestinal tract. Decreased intestinal barrier function
has been described in the transitioning period, heat
stress, feed restriction, and rumen acidosis (Khafipour
et al., 2009; Baumgard and Rhoads, 2013; Zhang et al.,
2013; Abuajamieh et al., 2016). Thus, with regard to
nutrient partitioning, it is not a coincidence that the
metabolic, endocrine, and immune response is similar
between multiple pathologies frequently observed in
dairy production (Baumgard and Rhoads, 2013). Fur-
ther identifying the coordination between nutrient use
by the immune system and the utilization of nutrients
for productive functions will likely provide novel ap-
proaches amenable to physiological manipulation.

Application of Omics Research

The burgeoning fields of genomics, proteomics,
metabolomics, nutrigenomics, lipidomics, and micro-
biomics have provided new systems biology techniques,
approaches, and data to assess key regulation in various
biological processes. The ability to sequence genomes
of microbes and animals has demonstrated that it is
possible to improve the accuracy of selection informa-
tion. Consequently, genomic selection is revolutionizing
dairy cattle breeding by reducing the generation inter-
val and increasing the accuracy of genetic selection de-
cisions. With regards to microbiomics, recent work has
shown a relationship between gut microbiota and both
positive and negative aspects of animal performance
and well-being. This is a largely unexplored area in
ruminants, but the classic research in dietary-induced
milk fat depression demonstrates its importance and
potential impact on the regulation of nutrient parti-
tioning. Recent discoveries have firmly established that
ruminal biohydrogenation of polyunsaturated fatty ac-
ids results in the production of trace levels of bioactive
fatty acid isomers, which can regulate postabsorptive
metabolism and mammary milk fat synthesis (Bau-
man and Griinari, 2003; Bauman et al., 2011). Pre-
sumably, other bioactive molecules derived from gut
microbial fermentation may also be absorbed and have
non-nutritive roles involving metabolic regulation and
overall production efficiency and well-being. Further
characterization of the pathways and end-products of
macronutrient fermentation (within both the rumen
and large intestine) will undoubtedly contribute to our
understanding of how the intestinal microbiome par-
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tially regulates postabsorptive nutrient trafficking and
ultimately animal productivity and well-being.

Genomics is a developing technique in dairy science,
and “omics” research to date has generated massive
quantities of descriptive data that provide excellent
baseline information. Application of these data will be
especially challenging because we often have inadequate
knowledge of the role and functionality of specific genes
and proteins. Regulation of nutrient partitioning is com-
plex, involving both acute and chronic orchestration of
multiple tissues and physiological processes. The large
amount of data harvested by “omics” techniques are
noncausal, and accurately interpreting the correlated
changes requires an extensive appreciation for biologi-
cal principles. The challenge is applying the descriptive
information gained from “omics” research to demon-
strate functionality and develop a more comprehensive
understanding of the regulation of these physiological
processes and their role in animal productivity, health,
and well-being. Clearly, translation and application of
this new knowledge to improve nutrient partitioning
and productive efficiency represents an area of exciting
opportunity.
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APPENDIX

Table A1l. Major milestones in the study of nutrient partitioning to support lactation

Date Milestone Reference
1923 Insulin’s role in milk composition is defined.
1929 Concept of homeostasis is elucidated. Cannon, 1929
1932 Pituitary extract injected into cows.
1945 First National Research Council report: Recommended Nutrient
Allowances for Dairy Cattle.
1953 Annual milk/cow is approximately 2,500 kg. https://quickstats.usda.nass/
gov/
1960s Role of volatile fatty acids (VFA) in dairy cow metabolism is
defined.
1960s Mammary balance sheet of nutrient uptake and use.
1960s Production of VFA by rumen fermentation established.
1963 Insulin administration is shown to decrease milk yield.

Continued
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Table A1 (Continued). Major milestones in study of nutrient partitioning to support lactation

Date

Milestone

Reference

Mid-1960s-1970s

Biochemical pathways of milk fat synthesis are elucidated.

Mid-1960s-1970s

Biochemical pathways of milk lactose synthesis are elucidated.

1970s Biochemical pathways for milk protein synthesis are
elucidated.
1977 Annual milk/cow exceeds 5,000 kg. https://quickstats.usda.nass/
gov/
1980 Concept of homeorhesis is proposed. Bauman and Currie, 1980;
Bauman, 2000
1982 First use of recombinant bovine somatotropin (bST).
1982 High-yielding cows are shown to have decreased insulin and
increased somatotropin.
1980s Nutritional, environmental, and genetic effects on milk
composition are demonstrated.
Late 1980s Metabolic modeling.
1994 US Food and Drug Administration approves recombinant bST.

Late 1990s—early 2000s

Basis for diet-induced milk fat depression is defined.

2014

Annual milk/cow exceeds 10,000 kg

https://quickstats.usda.nass/
gov/
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