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Abstract

Diet-induced low-fat milk syndrome, milk fat depression (MFD), was first described over a century ago. It continues to be
an active research area and we reviewed theories that have been proposed to explain diet-induced MFD. Many theories were
based on the concept that reduced milk fat was a consequence of a limited supply of lipid precursors, e.g. the
insulin-glucogenic theory; experimental data provide little support for this concept as the basis for diet-induced MFD. Other
theories attributed MFD to a direct inhibition of lipid synthesis in the mammary gland. Davis and Brown (In: Phillipson,
A.T. (Ed.), Physiology of Digestion and Metabolism in the Ruminant. Oriel Press, Newcastle upon Tyne, UK, 1970, pp.
545–565) noted increased trans-C18:1 fatty acids in milk fat during MFD, and proposed these fatty acids inhibited fat
synthesis. We recently established the increase was specific for trans-10 C18:1 and its rumen precursor, trans-10, cis-12
conjugated linoleic acid (CLA). Across a range of diets there was a curvilinear relationship between the reduction in milk fat
yield and the increase in milk fat content of trans-10, cis-12 CLA. Furthermore, postruminal infusion of trans-10, cis-12
CLA resulted in a marked inhibition of milk fat synthesis and a shift in fatty acid pattern similar to dietary-induced MFD.
Therefore, diets that cause MFD alter rumen biohydrogenation resulting in the production of trans-10, cis-12 CLA, and
perhaps other unique fatty acids, that are potent inhibitors of milk fat synthesis. We refer to this as the biohydrogenation
theory of MFD and discuss the possibility that it may represent a unifying concept to explain diet-induced MFD.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction et al., 1997). Dairy producers have long been
interested in milk fat due to its economic value and

Milk fat serves a number of important functions. because it represents the major energy cost in the
Fat is the major energy component in milk and production of milk components. More recently, there
accounts for many of the physical properties, manu- is interest in what is referred to as ‘functional food’
facturing characteristics and organoleptic qualities of aspects of milk fat. This involves designing milk fat
milk and milk products (Jensen et al., 1991; German to improve its healthfulness and functional prop-

erties. For example, this could involve reducing the
fatty acid content of lauric, myristic and palmitic*Corresponding author. Tel.: 1 1-607-255-2262; fax: 1 1-607-
acids because of their hypercholesterolaemic effects,255-9829.

E-mail address: deb6@cornell.edu (D.E. Bauman). and enhancing the content of conjugated linoleic
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acids, butyric acid, and sphingolipids because of there are multifactorial causes for diet-induced MFD.
their anti-carcinogenic properties (Ulbricht and One general theory, first proposed 30 years ago by
Southgate, 1991; Parodi, 1997). Davis and Brown (1970), appears to be associated

Fat is the most variable component in the milk of with the greatest range of dietary situations causing
ruminants. Ruminants are estimated to have over 400 MFD. They observed that trans-C18:1 fatty acids
different fatty acids comprising the milk fat triacyl- were increased in milk fat of cows fed diets causing
glycerols. Triacylglycerols represent roughly 95% of MFD and suggested these originated from incom-
the lipid content and the majority of triacylglycerols plete rumen biohydrogenation of unsaturated fatty
consist of fatty acids with chain lengths between C4 acids and might be involved in the reduction in milk
and C18. The remaining 5% of milk fat lipid content fat yield. Recent studies have provided new evidence
consists of a number of other lipid classes such as for the role of specific trans-fatty acids in the
phospholipids, cholesterol, diacylglycerols, mono- development of MFD. In the remaining sections we
acylglycerols and free fatty acids (Jensen et al., will review the low-fat milk syndrome and present
1991). The high genetic correlation between fat yield recent studies that elucidate its probable cause.
and the yield of milk and other milk components
makes it difficult to use genetic selection to alter
milk fat independently of other milk components. 2. Background
However, milk fat is affected markedly by physio-
logical and environmental factors (see reviews by Milk fat is predominately composed of tri-
Sutton, 1989; Grummer, 1991; Palmquist et al., glycerides, but species differ in the fatty acid com-
1993; Doreau et al., 1999). Physiological factors position (Dils, 1986). In ruminants, milk fatty acids
generally involve changes in energy balance and arise from de novo synthesis and the uptake of
offer little potential as a practical means of man- preformed long chain fatty acids (see reviews by
ipulating milk fat. However, nutrition is the pre- Bauman and Davis, 1974; Barber et al., 1997). Milk
dominant environmental factor affecting milk fat and fatty acids of chain length C4 to C14 and a portion
represents a practical tool to alter its yield and of the C16 are derived from de novo synthesis;
composition. One of the most striking examples is acetate and to a lesser extent b-hydroxybutyrate are
what Davis and Brown (1970) characterized as the the carbon sources. The remainder of the C16 and all
low-fat milk syndrome. This is more commonly of the longer chain fatty acids are derived from
referred to as milk fat depression (MFD) and repre- circulating fatty acids that originate from the absorp-
sents a situation where particular diets markedly tion of dietary lipids or from the mobilization of
reduce milk fat content and yield, as well as alter body fat reserves.
milk fatty acid composition. In the past when milk The earliest recognition of MFD was in 1845
fat was the major, sometimes the sole, marketable when Boussingault observed reduced milk fat yield
component of milk, MFD reduced economic return. when beets were fed to dairy cows (cited by Van
Today, milk protein exceeds the value of milk fat in Soest, 1994). Similarly, in 1894 Sebelien reported
many countries and often milk production is reg- that feeding fish oil consistently reduced the fat
ulated based on milk fat quotas. In this situation, the content of milk (cited by Opstvedt, 1984). Through
economics can favor production of milk protein at the first half of the twentieth century, the feeding of
the expense of fat. dairy cows advanced and MFD was observed for a

Low-fat milk syndrome is a challenging biological range of diets including supplements of cod liver oil
problem involving the interrelationship between di- (Drummond et al., 1924; Golding et al., 1926), diets
gestive processes and tissue metabolism. It has been low in roughage and high in concentrates (Powell,
extensively investigated for several decades and 1939; Loosli et al., 1945; Balch et al., 1952) and
dietary effects on milk fat content can be predicted diets containing plant oil supplements (Dann et al.,
with confidence. A number of theories have been 1935; Williams et al., 1939). Powell (1939) also
proposed to explain the cause of MFD, but no single demonstrated in a series of experiments that the fat
theory is universally accepted. It is also possible content of milk was affected by the physical charac-
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teristics of roughage (e.g. grinding). This was further are specific for milk fat, and fat yield can be reduced
evident during the 1939 World’s Fair exhibit demon- by 50% or more with little or no change in yields of
strating the first rotary milking parlor when the lactose or protein. The reduction represents a de-
Borden Company fed 150 cows an all pelleted diet crease in the yield of most fatty acids, but fatty acid
and encountered MFD (Erdman, 1996). Over the last composition is markedly altered because the decline
50 years there has been substantial research addres- is greatest for de novo synthesized fatty acids (Davis
sing the low-fat milk syndrome, much of it directed and Brown, 1970; Bauman and Griinari, 2000). In
toward understanding dietary causes and develop- addition, there is a substantial increase in trans-
ment of practical recommendations for producers to C18:1 fatty acids. As a result, milk fat composition
minimize its occurrence (see reviews by Sutton, shifts toward reduced proportions of short and
1989; Erdman, 1988; Palmquist et al., 1993). This medium chain fatty acids and greater concentrations
applied research has also identified several general of longer chain fatty acids. This dramatic shift in the
characteristics that provide insight into the biology of pattern of milk fatty acids is graphically depicted in
MFD. Fig. 1 for HG/LR diets and plant oil supplemented

Diets causing MFD can be broadly divided into diets. Occasionally dietary treatments result in an
two groups (Davis and Brown, 1970). One group increase in milk production with no change in fat
involves diets that provide large amounts of readily yield, and as a consequence the milk fat percentage
digestible carbohydrates and reduced amounts of declines. This does not represent MFD as we have
fibrous components, the most common of these being defined it because milk fat yield has not been
high grain / low roughage (HG/LR) diets. However, reduced. All theories for the cause of MFD are based
diets where the roughage content is adequate but it’s on a reduction in the quantity of milk fat secreted.
ground or pelleted also fall into this group because Diets that cause MFD cause changes in rumen
these processes reduce fiber’s effectiveness in main- microbial processes. Powell (1939) first recognized
taining normal rumen function. Particle size and this and he cogently observed ‘there is apparently a
‘effective fiber’ have become important considera-
tions in modern dairy production where the use of
automated feed handling systems and total mixed
rations have become more common. The second
group of diets that induce MFD represent dietary
supplements containing highly unsaturated oils (e.g.
plant and fish oils). MFD occurs when oil supple-
ments are added directly to the diet, but can also
occur when the diet is supplemented with full-fat
seeds or meal containing the polyunsaturated fatty
acids. For both groups of diets, the extent of
reduction in milk fat yield is modified by several
factors such as diet preparation, the presence of other
dietary components, management practices (e.g.
feeding frequency and level), and animal dimensions

Fig. 1. Changes in the pattern of milk fatty acids that occur with(e.g. stage of lactation and degree of fatness) (see
diet-induced milk fat depression and with various treatments. The

reviews by Sutton and Morant, 1989; Grummer, high grain, low roughage diet resulted in an approximate 60%
1991; Palmquist et al., 1993). The classical division reduction in milk fat content (Storry and Rook, 1965). The plant
of MFD diets into two groups has often led to each oil diet (soybean oil) resulted in a 30% reduction in milk fat yield

(Steele et al., 1971). Abomasal infusion of trans-10, cis-12group being considered independently. However, in
conjugated linoleic acid (10 g/day) resulted in a 44% reduction inmany situations these dietary effects cannot be
milk fat yield (Baumgard et al., 2000b). Abomasal infusion of

separated and they share many common features. glucose (1.5 kg/day) resulted in a 16% reduction in milk fat yield
Changes occurring with MFD involve both fat (Hurtaud et al., 1998). The hyperinsulinemic–euglycemic clamp

yield and fatty acid composition. However, effects resulted in a 7% reduction in milk fat (Griinari et al., 1997b).
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positive correlation between the activities of the yield (Griinari et al., 1998). Overall, the induction of
rumen and the composition of the milk produced.’ MFD must involve products of rumen bacteria that
This has been best characterized with HG/LR diets are produced in the presence of the diet-induced
and ground or pelleted roughage diets where the shifts in rumen microbial processes and the intake of
reduction in milk fat corresponds to a decrease in unsaturated fatty acids.
rumen pH and alterations in the molar ratios of
volatile fatty acids (VFA) (Van Soest, 1963; Davis
and Brown, 1970). Addition of buffer to HG/LR 3. Early theories of MFD
diets minimizes these shifts in rumen fermentation,
and milk fat yield is restored towards normal (Emery In 1845, Boussingault attributed the reduction in
and Brown, 1961; Davis et al., 1964; Erdman, 1988). milk fat yield with a diet of beets to a deficiency in
Likewise, an involvement of rumen microbial pro- dietary fat (Van Soest, 1994). To our knowledge, this
cesses is also evident for MFD that occurs with plant represents the first theory to explain the basis for
and fish oil supplements (see reviews by Storry MFD. Subsequent work demonstrated that limiting
(1981) and Doreau et al. (1999)). dietary supply of fatty acids reduces milk yield, but

Altering the biohydrogenation of unsaturated fatty has little effect on milk fat percentage (Virtanen,
acids by rumen microbes appears to be a prerequisite 1966; Storry et al., 1967; Banks et al., 1976). Over
for the development of MFD and this results in the the last century, numerous theories have been post-
previously cited increase in trans-C18:1 fatty acid ulated and examined by scientists around the world.
content in milk fat. Although this change occurs for The proposed basis for diet-induced MFD can be
both groups of diets causing MFD, it has been most broadly summarized into two categories: theories
widely recognized for diets supplemented with plant that consider the reduction in milk fat yield to be a
or fish oils. There are minimal effects on milk fat consequence of an inadequate supply of lipid pre-
yield if the oils are completely hydrogenated cursors for mammary gland synthesis of milk fat,
(Brumby et al., 1972) or bypass the rumen microbes and theories that attribute the reduction in milk fat to
by feeding a rumen-protected form or abomasal a direct inhibition of one or more steps in the
infusion (Pennington and Davis, 1975; Rindsig and mammary gland synthesis of milk fat. Theories in
Schultz, 1974; Astrup et al., 1976; Banks et al., the former category include acetate deficiency, b-
1984). Abomasal infusion or feeding protected oil hydroxybutyrate deficiency, and the glucogenic-in-
supplements often alters the fatty acid composition sulin theory, while examples in the latter category
of milk fat, but generally results in an increase rather include vitamin B /methyl-malonate and trans fatty12

than a decrease in milk fat yield (see reviews by acids.
Chilliard et al., 1993; Doreau et al., 1997). On the An acetate deficiency was first proposed as the
other hand, feeding or abomasally infusing partially basis for diet-induced MFD by Tyznik and Allen
hydrogenated oils as a source of trans-C18:1 fatty (1951) and elaborated by Balch et al. (1955). This
acids reduces milk fat yield (Selner and Schultz, theory is based on the importance of acetate as a
1980; Gaynor et al., 1994; Romo et al., 1996). carbon source for fat synthesis and the observed shift

The preceding discussion indicates that two con- in the rumen pattern of VFA with a HG/LR diet.
ditions are required to observe MFD, an alteration in Specifically, the molar ratio of acetate:propionate is
rumen microbial processes and the presence of markedly decreased in rumen fluid, and subsequent
unsaturated fatty acids. Plant oil supplements provide work established a clear relationship between
a dietary source of unsaturated fatty acids, but if changes in the ruminal VFA pattern and the reduc-
roughage intake is high then rumen microbial pro- tion in milk fat yield for HG/LR diets (see reviews
cesses are unaltered and milk fat yield is normal by Van Soest, 1963; Davis and Brown, 1970; Sutton,
(Brown et al., 1962). Likewise, a HG/LR diet results 1985). Changes in VFA proportions are most closely
in the prerequisite alteration in the rumen microbial related to HG/LR diets or diets with low effective
processes, but if the diet contains minimal unsatu- fiber (e.g. ground or pelleted roughage). Changes in
rated fatty acids there is little or no effect on milk fat the pattern of ruminal VFA are of smaller magnitude
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and less consistent for diets supplemented with plant offer little support for the acetate deficiency theory
or fish oils, and often reductions in milk fat occur for as the cause of MFD.
these diets with minimal changes in the VFA pattern A deficiency in b-hydroxybutyrate has also been
(Beitz and Davis, 1964; Davis and Brown, 1970; proposed as the cause of MFD. b-hydroxybutyrate
Doreau et al., 1999). provides about one-half of the initial four carbons of

One approach to examine the acetate deficiency de novo synthesized fatty acids and originates from
theory has involved infusing acetate. As summarized both rumen epithelial conversion of absorbed
by Davis and Brown (1970), these investigations butyrate and hepatic synthesis (Palmquist et al.,
indicated that slight to modest increases in milk fat 1969). Van Soest and Allen (1959) first proposed this
yield resulted from providing supplemental acetate to theory based on the anti-ketogenic effect of propion-
cows fed normal diets or diets causing MFD. Across ate, and suggested the elevated propionate that
studies effects on milk fat yield were quite variable occurred on HG/LR diets would reduce hepatic
and Davis and Brown (1970) concluded a simple synthesis of ketones, thereby limiting the supply of
deficiency in acetate could not adequately explain the b-hydroxybutyrate. Kinetic studies demonstrated that
reduction in milk fat. Most investigations of rumen HG/LR diets had increased rates of propionate
VFA have reported results as molar proportions and production, but there were no effects on b-hydroxy-
equated these data with actual production. However, butyrate turnover even though milk fat yield was
molar proportions do not necessarily equate with substantially decreased (Palmquist et al., 1969; Table
actual production rates, particularly when compari- 1). These results together with the fact that b-
sons are made across diets (Bauman et al., 1971; hydroxybutyrate only contributes a maximum of 8%
Sutton, 1985). For HG/LR diets, the reduction in of the milk fatty acid carbon (Palmquist et al., 1969),
molar proportions of acetate is mainly due to an offer little support for this theory as the basis for
increase in propionate concentration rather than a diet-induced MFD.
reduction in acetate concentration. Consistent with The vitamin B /methylmalonate theory was pro-12

this, kinetic studies demonstrated that ruminal pro- posed by Frobish and Davis (1977b). Vitamin B is12

duction rates of acetate did not differ between a component of methylmalonyl CoA mutase, an
control and HG/LR diets (Table 1). Thus, results enzyme involved in hepatic metabolism of propion-

ate. This theory proposed that reduced ruminal
production of vitamin B together with increased12

production of propionate would result in a metabolic
Table 1

bottleneck in which methylmalonate accumulated inVolatile fatty acids (VFA) and the reduction in milk fat synthesis
the liver. In turn, the methylmalonate would befor cows fed a high grain / low roughage diet (HG/LR)
transported via the circulatory system to the mam-

Variable Diet
mary gland where it would inhibit de novo fatty acid

Control HG/LR synthesis. While studies did show that ruminal
aMilk fat yield (g /day) 683 363 production of vitamin B was reduced on HG/LR12aRumen VFA (molar percent) diets, several different approaches, including vitamin

Acetate 67 46 B therapy, offered no support for this theory as the12Propionate 21 46
basis for the diet-induced MFD (Elliot et al., 1979;Butyrate 11 9
Croom et al., 1981a,b).Acetate:propionate ratio 3.2 1.0

Rumen production (mol /day) The glucogenic-insulin theory, proposed by
bAcetate 29.4 28.1 McClymont and Vallance (1962) and elaborated by

cPropionate 13.3 31.0 Jenny et al. (1974) and Annison (1976), is based on0.75)Whole body entry (mg/min/kg
d tissue differences in the endocrine regulation ofb-Hydroxybutyrate 3.40 4.43

nutrient utilization. Insulin has acute effects ona Averaged from Davis (1967) and Bauman et al. (1971).
b adipose tissue rates of lipogenesis (stimulatory) andDavis (1967).
c lipolysis (inhibitory), but the ruminant mammaryBauman et al. (1971).
d Palmquist et al. (1969). gland is not responsive to changes in circulating
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insulin. This forms the basis for the glucogenic-
insulin theory as the cause of MFD that occurs with
diets high in readily digestible carbohydrates and low
in fiber. Propionate and glucose are secretagogues
for pancreatic release of insulin, and HG/LR diets
result in increased ruminal production of propionate
(Table 1) and hepatic rates of gluconeogenesis
(Annison et al., 1974). The elevated circulating
concentrations of insulin, often two- to fivefold,
enhance uptake of lipogenic precursors and decrease
the release of fatty acids by adipose tissue. Accord-
ing to the glucogenic-insulin theory, this will result

Fig. 2. Summary (n 5 24 studies) of the effects of abomasalin an increase in adipose tissue use of acetate, b-
infusion of glucose on milk fat yield in lactating cows. Percenthydroxybutyrate and diet-derived long chain fatty
change calculated from studies by Storry and Rook (1965), Fisheracids, and a reduction in mobilization of long chain
and Elliot (1966),Vik-Mo et al. (1974), Spires et al. (1975), Clark

fatty acids from body reserves. Overall, these et al. (1977), Frobish and Davis (1977a), Ørskov et al. (1977),
changes would represent a preferential channeling of Rogers et al. (1979), Peel et al. (1982), Whitelaw et al. (1986),

Dhiman et al. (1993), Dhiman and Satter (1993), Oldick et al.nutrients to adipose tissue, resulting in a shortage of
(1997), Lemosquet et al. (1997), Leonard and Block (1997) andlipogenic precursors for milk fat synthesis.
Hurtaud et al. (1998).The glucogenic-insulin theory has been examined

by exogenous infusions of propionate and glucose.
Davis and Brown (1970) summarized 13 trials with lated to energy balance and several studies report
propionate infusion and observed the reduction in dietary situations where insulin is elevated but milk
milk fat yield was quite variable ranging from 0 to fat is unaltered. A noteworthy example was an
14%. We have summarized 24 studies involving investigation by Griinari et al. (1998) where a diet
glucose infusions, and results confirm the variability consisting of HG/LR plus saturated fat caused a
with response in milk fat yield ranging from 1 4 to doubling of circulating insulin and a reduction in the
2 16% (Fig. 2). Evaluating the involvement of rumen ratio of acetate:propionate, but effects on milk
insulin in MFD is complicated by the central role of fat yield were minimal. The activities of lipogenic
this hormone in glucose homeostasis, and stimulation enzymes in adipose tissue are also increased in milk
of insulin release by use of secretagogues can lead to fat depressed cows consuming HG/LR diets (Op-
counter-regulatory changes. We examined insulin’s stvedt et al., 1967; Baldwin et al., 1969; Benson et
role in milk fat synthesis using a chronic hyperin- al., 1972). When energy status is considered, these
sulinemic–euglycemic clamp to avoid hypoglycemia enzyme changes would appear to be a response to
and counter-regulatory changes in glucose homeosta- the energy balance characteristic of cows fed HG/
sis. Milk yield was maintained during the 4-day LR diets rather than a cause of MFD.
insulin clamp and there was no evidence of insulin Another approach to evaluate the glucogenic-in-
resistance based on the consistency of circulating sulin theory is to examine effects on the fatty acid
insulin concentrations (| 4-fold greater than basal composition of milk fat. The fatty acid composition
levels), the consistency of exogenous glucose re- is altered with infusion of glucose and propionate or
quired to maintain euglycemia (2–3 kg/day) and the by the hyperinsulinemic–euglycemic clamp, but
reduction in circulating nonesterified fatty acids effects are the opposite of those observed with the
(antilipolytic effects) (McGuire et al., 1995; Griinari dietary-induced MFD (Fig. 1). Glucose and propion-
et al., 1997b; Mackle et al., 1999). Relative to the ate infusion and the insulin clamp caused a reduction
glucogenic-insulin theory, effects on milk fat syn- in the proportion of longer chain fatty acids and an
thesis were minimal during the insulin clamps (Table increase in the proportion of de novo synthesized
2). fatty acids. Longer chain fatty acids originate in part

Circulating insulin concentrations are closely re- from nonesterified fatty acids (NEFA) that are
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Table 2
aEffect of hyperinsulinemic–euglycemic clamp on milk fat yield (g /day)

bReference Standard Diet Supplemental Protein

Control 1 Insulin Control 1 Insulin

McGuire et al. (1995) 1260 1300 – –
Griinari et al. (1997b) 910 850 1010 940
Mackle et al. (1999) 860 770 860 830

a During the 4-day hyperinsulinemic–euglycemic clamps circulating insulin was approximately 4-fold over basal levels. Values represent
milk fat yield on day 4 of the insulin clamp.

b Supplemental amino acids were provided by abomasal infusion of casein or casein plus branched chain amino acids.

released during the mobilization of body fat reserves. rumen bacteria (Harfoot and Hazlewood, 1988;
The hyperinsulinemic–euglycemic clamp studies, as Griinari and Bauman, 1999). Trans-11 C18:1 is the
well as glucose infusion studies, demonstrated a predominant trans isomer produced, as illustrated by
reduction in circulating NEFA consistent with in- the pathway for the biohydrogenation of linoleic acid
sulin’s inhibitory effects on adipose tissue rates of (Fig. 3). Analytical techniques routinely used have
lipolysis. An estimated 4–8% of milk fatty acids not allowed for separation and detection of specific
originate via adipose tissue lipolysis in a well-fed trans isomers, but more extensive analysis has
animal (Palmquist and Mattos, 1978; Pullen et al., demonstrated the presence of positional isomers
1989), but this increases progressively as the net ranging from trans-4 to trans-16 in rumen contents
energy balance becomes more negative (Bauman et and ruminant milk fat (Katz and Keeney, 1966;
al., 1988). Energy balance has not been reported in Precht and Molkentin, 1995). The involvement of
many of the glucose infusion studies, but this trans fatty acids in the development of MFD has
probably forms the basis for much of the observed been most often considered with diets containing
differences (Fig. 2). For example, several studies that plant or fish oils. Moore and Williams (1963) were
reported a substantial decline in fat yield utilized among the first to observe an increase in the trans-
cows in early lactation where energy balance is C18:1 fatty acid content of milk fat when cows were
generally negative. Consistent with this, the insulin fed a low-fiber, high cottonseed oil diet. Storry and
clamp studies involved well-fed cows in positive Rook (1965) also observed an increase in trans-
energy balance, and the reduction in milk fat aver- C18:1 in milk fat from cows fed a classical HG/LR
aged only 5% (Table 2). Overall, the magnitude of diet. As more studies were conducted it became
the reduction in fat yield and changes in fatty acid evident that the reduction in milk fat yield correlated
composition observed with infusion of propionate to an increase in the trans-C18:1 content of milk fat
and glucose, and with hyperinsulinemic–euglycemic across a wide range of diets (see Fig. 4). Consistent
clamp are very different from those occurring with
dietary-induced MFD. Thus, results are consistent
with insulin’s role in the regulation of lipolysis, but
they provide little support for the glucogenic-insulin
theory as the basis for diet-induced MFD.

4. Trans fatty acid theory

Direct inhibition of milk fat synthesis by trans
fatty acids was first proposed by Davis and Brown
(1970) and elaborated by Pennington and Davis
(1975). Trans fatty acids are formed as intermediates Fig. 3. Pathways of ruminal biohydrogenation of linoleic acid.
in the biohydrogenation of unsaturated fatty acids by Adapted from Griinari and Bauman (1999).
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fatty acid isomers rather than total trans fatty acids is
a key dimension in the development of MFD. We
initially observed that the increase in total trans-
C18:1 fatty acids in milk fat was associated with
MFD in cows fed a HG/LR diet and not in cows fed
high roughage diets (Griinari et al., 1995). Our
subsequent analysis showed that the decrease in milk
fat yield was associated with a specific increase in
trans-10 C18:1 rather than an increase in the total
trans-C18:1 content of milk fat (Griinari et al.,
1997c, 1998) and this was confirmed by Newbold et
al. (1998). Initially Erdman (1999) was unable toFig. 4. Relationship between the change in milk fat percentage
verify our results, but recent work by this group hasand the milk fat content of trans-octadecenoic acid. Dietary
also confirmed the increase in the milk fat content ofcomparisons involve 17 studies and 27 individual treatments.

Adapted from Griinari et al. (1998). trans-10 C18:1 in MFD cows (Piperova et al., 2000).
Furthermore, in more recent work we have observed

with this, studies using duodenal cannulas have the same specific increase in trans-10 C18:1 with
demonstrated that rumen outflow of total trans- other types of diets that cause MFD (Griinari et al.,
C18:1 fatty acids was several-fold greater with diets 2000a). Thus, rumen microbial processes are altered
that cause MFD (Wonsil et al., 1994; Kalscheur et so that a portion of the unsaturated fatty acids are
al., 1997a,b). biohydrogenated via a pathway leading to the pro-

The involvement of trans fatty acids in the duction of trans-10 C18:1. Based on this, we post-
reduction in milk fat synthesis has been examined ulated that trans-10 C18:1 or related metabolites
more directly using partially hydrogenated vegetable could be the cause of MFD (Griinari et al., 1997a,
oil (PHVO) as a source of trans-C18:1. Selner and 1998).
Schultz (1980) demonstrated that feeding 222 g/day The putative pathway for the biohydrogenation of
of trans fatty acids caused a 20% reduction in milk linoleic acid to form trans-10 C18:1 is presented in
fat yield. Subsequent studies abomasally infused Fig. 3. The initial reaction is an isomerization of the
260–325 g/day of trans-C18:1 fatty acids and cis-9 double bond to form trans-10, cis-12 CLA
observed a 14–25% reduction (Gaynor et al., 1994; followed by a reduction of the cis-12 double bond to
Romo et al., 1996). None of these investigations give trans-10 C18:1. Rumen bacteria responsible for
reported the complete fatty acid pattern of the catalyzing the isomerization and reduction reactions
PHVO, but commercial sources contain a range of are unknown, but formation of trans-10 C18:1 has
trans-C18:1 isomers as well as other fatty acid been observed in gnotobiotic lambs fed HG/LR diets
intermediates resulting from incomplete chemical and inoculated with rumen contents (Leat et al.,
hydrogenation (Molkentin and Precht, 1995). The 1977). Also, species of the genus Propionibacterium
only studies to examine pure trans-C18:1 isomers isolated from mouse cecum produced trans-10, cis-
observed no effect on milk fat yield with abomasal 12 CLA and trans-10 C18:1 when cultured in the
infusion of 25 g/day of trans-9 C18:1 (Rindsig and presence of linoleic acid (Verhulst et al., 1987). We
Schultz, 1974) or 25 g/day of an equal mixture of also examined milk fat for trans-10, cis-12 CLA and
trans-11 and trans-12 C18:1 (Griinari et al., 2000b). observed it was normally present, but concentrations
In addition, Selner and Schultz (1980) fed 500 ml of were low ( , 0.06% of total fatty acids) and repre-
oleic acid and observed a 3-fold increase in the sented , 2% of the levels of cis-9, trans-11 CLA,
trans-C18:1 content in milk fat with no MFD, the predominant CLA isomer in milk fat (Bauman et
indicating that the trans-C18:1 isomers related to al., 2000a). Furthermore, we found a linear relation-
dietary oleic acid supplementation did not influence ship between the concentration of trans-10 C18:1

2milk fat yield. and trans-10, cis-12 CLA in milk fat (r 5 0.70;
Our recent work established the pattern of trans Griinari et al., 1999). Of particular significance, there
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was a curvilinear relationship between the reduction
in milk fat yield and the increase in milk fat content
of trans-10, cis-12 CLA in cows fed a HG/LR diet
supplemented with sunflower oil (Fig. 5). Moreover,
we observed a similar curvilinear relationship across
a range of diets that caused MFD (Griinari et al.,
2000a). Thus, the rumen environment associated
with MFD also results in an increase in rumen
production and milk fat content of trans-10, cis-12
CLA. Consistent with this, trans-10, cis-12 CLA
represents a greater portion of the total CLA isomers
in body fat of growing cattle that are fed high
concentrate diets as compared to pasture or high
forage diets (Dhiman et al., 1999; Griinari and Fig. 6. Temporal pattern of milk fat content during abomasal

infusion of conjugated linoleic acid (CLA) isomers. InfusionsBauman, 1999).
were 10 g/day of cis-9, trans-11 CLA or trans-10, cis-12 CLA.Conjugated linoleic acid has received considerable
Adapted from Baumgard et al. (2000b).attention as a food component and dairy products are

the major source of CLA in human diets (Bauman et
al., 2000b). Biomedical studies with animal models mixture to lactating dairy cows resulted in a 50%
have demonstrated a wide range of positive bio- reduction in milk fat yield (Chouinard et al., 1999a).
logical benefits for CLA and the cis-9, trans-11 CLA In subsequent studies we examined specific CLA
isomer as a natural component of milk fat is anti- isomers and found that trans-10, cis-12 CLA mark-
carcinogenic in a rat mammary cancer model (Ip et edly reduced milk fat secretion whereas cis-9, trans-
al., 1999). CLA also has effects on lipid metabolism, 11 CLA had no affect (Fig. 6). Effects were specific
and recent studies have demonstrated that commer- for milk fat synthesis as yield of milk and other milk
cial preparations of CLA markedly reduced milk fat components were generally unchanged (Baumgard et
yield (Bauman et al., 2000b). Commercial prepara- al., 2000b). In a follow-up dose response study we
tions of CLA typically contain a mixture of isomers, demonstrated that 3.5 g /day of trans-10, cis-12 was
including trans-10, cis-12 and cis-9, trans-11, and sufficient to reduce milk fat yield by 25% (Baum-
abomasal infusion of 30 g/day of the CLA isomer gard et al., 2000a). Thus, the specific CLA isomer

that increases in milk fat from cows with diet-
induced MFD is a very potent inhibitor of milk fat
synthesis.

5. Biohydrogenation theory

The trans theory is based on total trans-C18:1
fatty acids as inhibitors of milk fat synthesis (Pen-
nington and Davis, 1975; Erdman, 1999). Based on
the preceding discussion it is apparent this theory
needs to be modified. We suggest it be referred to as
the ‘biohydrogenation theory’ based on the concept
that under certain dietary conditions the pathways of
rumen biohydrogenation are altered to produce

Fig. 5. Relationship between the change in milk fat percentage
unique fatty acid intermediates which are potentand the milk fat content of trans-10, cis-12 conjugated linoleic
inhibitors of milk fat synthesis. Our work has clearlyacid (CLA) for cows fed a low-fiber diet supplemented with

sunflower oil. Adapted from Griinari et al. (1999). demonstrated the inhibitory effects of trans-10, cis-
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12 CLA and based on studies with different enrich- and can therefore be used as a marker of diet-
ments it appears the c /t 8,10 CLA isomer may also induced milk fat depression. The presence of trans-
be inhibitory (Chouinard et al., 1999b; Baumgard et 10 C18:1 in milk fat also indicates a shift in the main
al., 2000b). Furthermore, it seems likely other unique pathways of rumen biohydrogenation consistent with
fatty acid intermediates formed during rumen the formation of trans-10, cis-12 CLA from linoleic
biohydrogenation might also be inhibitory. For ex- acid, and possibly related unique fatty acid inter-
ample, by analogy with trans-10, cis-12 CLA we mediates from linolenic acid and other polyunsatu-
would expect that conjugated octadecatrienoic acids rated fatty acids. These biohydrogenation inter-
formed by the putative biohydrogenation pathways mediates may constitute the group of actual in-
involving isomerization of the cis-9 double bond of hibitors of milk fat synthesis.
g-linolenic acid and a-linolenic acid (cis-6, trans-10, Our recent investigations of diet-induced MFD
cis-12 and trans-10, cis-12, cis-15, respectively) have established the relationship between the de-
could be potent inhibitors of milk fat synthesis. crease in milk fat percentage and the increase in
Relative to the original trans theory, it is interesting trans-10, cis-12 CLA content of milk fat (Fig. 5).
that no specific trans-C18:1 isomer has been shown Moreover, the dramatic reductions in milk fat corre-
to inhibit milk fat synthesis. As discussed in the spond to relatively small changes in milk fat content
preceding section, studies to date have failed to of trans-10, cis-12 CLA. Consistent with these
observe MFD with infusions of trans-9, trans-11, results our studies with trans-10, cis-12 CLA dem-
and trans-12 C18:1. Other trans-C18:1 isomers have onstrate this CLA isomer is an extremely potent
not been investigated, but obviously trans-10 C18:1 inhibitor of milk fat synthesis (Fig. 6). Furthermore,
would be of special interest. While a 14–25% the changes in milk fatty acid composition that occur
reduction in milk fat yield has been reported with during abomasal infusion of trans-10, cis-12 CLA
abomasal infusion of PHVO as a source of trans- are consistent with those observed during diet-in-
C18:1 fatty acids, amounts infused are substantial duced MFD (Fig. 1). De novo synthesized fatty acids
(620–750 g/day of PHVO containing approximately are reduced to a greater extent so that the milk fat
43% trans-C18:1; Gaynor et al., 1994; Romo et al., content of short and medium chain fatty acids is
1996). In contrast, 3.5 g /day of trans-10, cis-12 reduced and the content of longer chain fatty acids is
CLA causes a 25% reduction in milk fat (Baumgard increased.
et al., 2000b). Thus, studies with PHVO indicate There are also apparent paradoxes with the
substantial quantities of trans-C18:1 fatty acids are biohydrogenation theory as a unifying theory, and
required to inhibit milk fat synthesis, or alternatively one of these relates to body fat accretion. In diet-
the reduction in milk fat could be related to small induced MFD, the reduction in energy use for milk
amounts of other unique fatty acid intermediates synthesis often results in an increase in body fat
present in partially hydrogenated vegetable oil. accretion. In fact, this observation was a major

Could the biohydrogenation theory represent a component in the glucogenic-insulin theory as dis-
unifying theory that would explain the basis for cussed previously. In the biohydrogenation theory
MFD across all diets? In order to evaluate this we certain CLA isomers reduce milk fat synthesis in
need to examine all the different situations where dairy cows, yet commercial supplements of CLA
diet-induced MFD occurs. The two conditions also reduce fat accretion in growing animals. Just as
needed for MFD, altered rumen microbial processes with lactating cows, studies with growing mice
and the dietary presence of unsaturated fatty acids, indicate the specific isomer responsible for the
may not always be easily defined. Changes in rumen reduction in body fat is trans-10, cis-12 CLA (Park
function are sometimes quite subtle and the content et al., 1999). This apparent paradox might be related
of unsaturated fatty acids not very different from to tissue differences in sensitivity. In growing ani-
typical content to be used as a decisive rule. How- mals, studies have typically fed commercial CLA
ever, presence of certain biohydrogenation inter- supplements at 0.5–2.0% of the diet (Baumgard et
mediates in milk fat, such as trans-10 C18:1 fatty al., 2000a). The only dose study with growing
acids, appear to be associated consistently with MFD animals involved pigs and it demonstrated a linear
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reduction in fat accretion with increasing CLA dose need to be verified by other groups and extended
with a 31% reduction in the rate of fat accretion using a wider range of dietary situations and ex-
occurring at a CLA dose of 1.0% of the diet perimental approaches. In addition, the apparent
(Ostrowska et al., 1999). In contrast, milk fat yield paradoxes need to be further examined. Nevertheless,
in dairy cows was reduced by over 50% with a it has been demonstrated that under certain con-
similar CLA supplement at a dose that represented ditions rumen biohydrogenation produces unique
0.2% of dietary dry matter (Chouinard et al., 1999a). fatty acid intermediates that are central to the
However, commercial supplements of CLA vary in development of a unifying theory to explain diet-
the amount and type of CLA isomers, and this limits induced MFD. Several different fatty acid isomers
our ability to confidently compare results across could be involved and our results with trans-10,
studies. cis-12 CLA provide an example of the dramatic

9A second paradox relates to D -desaturase, an effect small amounts of such isomers can have on
enzyme that introduces a cis-9 double bond in fatty rates of milk fat synthesis.

9acids. D -desaturase is present in the mammary gland
and milk fatty acid ratios of myristic /myristoleic,
palmitic /palmitoleic, stearic /oleic and trans-11

AcknowledgementsC18:1 /cis-9, trans-11 CLA are largely dependent on
this enzyme (Griinari et al., 2000b). The activity and

9 The authors would like to dedicate this review togene expression of D -desaturase are both inhibited
Carl L. Davis and the late Richard E. Brown. Theseby trans-10, cis-12 CLA (Bretillon et al., 1999; Choi
two pioneers were responsible for many of theet al., 2000). Consistent with this, abomasal infusion
scientific concepts and research contributions thatof this specific CLA isomer causes the expected
have aided our understanding of the low-fat milkchanges in the milk fat ratios for the desaturase-
syndrome. In addition, one of the authors (DEB) wasrelated fatty acid pairs (Baumgard et al., 2000b).
fortunate to have trained with these two scientists.Based on the biohydrogenation theory we would

expect similar shifts in the desaturase-related fatty
acid pairs in milk fat during MFD, but these are not
typically observed. The possible basis for this appar-
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