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ABSTRACT

Effects of rumen-protected fatty acid saturation on milk yield, intake, chewing
behavior and ruminal fermentation in lactating dairy cows

By

Kevin J. Harvatine
Two experiments were conducted to investigate the effects of rumen-protected
unsaturated (UNS) and saturated (SAT) fatty acids (FA) on milk yield, intake, chewing
behavior, and ruminal fermentation of lactating dairy cows. In the first experiment, UNS
(2% calcium salts of palm FA) decreased dry matter intake (DMI, 0.8 kg/d), rumination
time (25 min/d), plasma insulin and milk protein concentrations compared to SAT (2%
prilled FA) in a 32 cow crossover design. In the second experiment, UNS (2.5 % calcium
salts of blended FA) decreased milk fat percent and increased body weight gain
compared to SAT (2.5% prilled FA) in 8 duodenally and ruminally cannulated cows.
Calcium salts only provided partial rumen-protection as UNS FA were highly
biohydrogenated. A simplified model of rumen biohydrogenation was developed and
used to determine that UNS decreased fractional biohydrogenation rate of trans-C18:1.
Saturated FA decreased rumen organic matter digestibility possibly because of
modification of particle passage rate related to increased rumination. UNS also
decreased dry matter intake and meal size compared to SAT (1.6 kg), and SAT increased
rumination over 50 min per day compared to control and UNS. Duodenal FA profile is
important for prediction and manipulation of animal response because of physiological

and metabolic effects of individual FA.
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INTRODUCTION

Early lactation, high producing dairy cows experience negative energy balance due to
limitation of energy intake, while late lactation, low producing cows gain excessive body
weight due to failure to control energy intake. Although, lactation and maintenance of
body weight are under homeorhetic control, milk production and tissue gain are not
perfectly coordinated with intake causing asynchrony of nutrient intake and energy
expenditure. Negative energy balance places the cow under metabolic stress, decreasing
milk yield and persistency and increasing susceptibility to metabolic disorders.
Excessive body weight gain wastes feed resources and decreases whole farm efficiency,
and increases the incidence of dystocia, ketosis, and fatty liver during the next lactation.

Dairy nutritionists attempt to regulate energy balance through dietary
intervention. Concentrates are commonly fed to increase the energy density of a diet,
which increases fermentation acid production, and decreases dietary fiber and daily
rumination time (Allen, 1997). A reduction in ruminal pH with increased concentrate
feeding can decrease rumen fiber digestion, decrease microbial protein production, and
increase systemic acidosis. In contrast, fat supplementation increases dietary energy
density without increasing diet fermentability. Fat sources can be protected in the rumen;
decreasing FA biohydrogenation and inhibition of fermentation (Wu et al., 1991).
Research in other animal models demonstrates the bioactivity of FA, including
modulation of intake and body weight gain. Although increased dietary energy density is
not required in late lactation, FA supplementation may be used to decrease intake and

body weight gain, or decrease digesta passage rate and increase diet digestibility. In late



lactation, decreasing intake and partitioning nutrients towards milk synthesis and away
from fat storage would allow continued feeding of a high concentrate diet that provides
more propionate to help maintain higher levels of milk yield (Leaver, 1988; and Hansen
etal., 1991).

Intake and diet nutrient density and digestibility determines total nutrients
absorbed. Fat supplementation increases the energy density of the diet, but intake and
digestibility must be maintained to increase daily energy intake. The intake response to
dietary fat depends on the FA profile reaching the duodenum; with unsaturated FA more
hypophagic than saturated FA (Drackley et al., 1992; Christensen et al., 1994; Bremmer
et al., 1998; and Allen, 2000). Saturated FA digestibility is lower than unsaturated FA
fed in triglyceride form, but saturation may not affect digestibility when fed as
unesterified FA (Pantoja et al., 1995; Pantoja et al., 1996; and Elliot et al., 1999).

Fatty acid protection methods and effects of FA supplements on rumen
fermentation have not been tested with high producing cows fed fermentable diets and
high concentrations of rumen available FA. Few studies in lactating cows have reported
digestibility of unesterified FA differing in saturation directly in the same experiment
(Eastridge and Firkins, 1991; Palmquist, 1991; and Schauff and Clark, 1992), and there
are no reports of FA digestibility in high producing cows with high passage rates.

Cow response to energy supplementation may depend on metabolic state. High
and low producing cows are considerably different in energy metabolism and intake
regulation. Two experiments were conducted to evaluate cow response to rumen-
protected FA saturation. A crossover experiment using 2% calcium salts of palm oil and

prilled, hydrogenated FA was first used to observe difference in response to FA



saturation by low and high milk yield cows. A second intensive experiment used 2.5% of
a more unsaturated FA calcium soap than palm oil and prilled, hydrogenated FA to
observe effects on ruminal digestion and feeding behavior. An additional block of non-
cannulated cows was used in the second experiment to increase the number of intake and
milk production observations.

It may be possible to select FA supplements to modify metabolism based on
production goals such as increased energy intake and efficiency in early lactation and
decreased body weight gain and intake in late lactation. The objective of this research
was to evaluate the effects of supplemental FA saturation on milk yield, energy balance,
ruminal fermentation, feed intake, and chewing behavior. The hypothesis of the first
experiment was that more highly unsaturated FA would decrease intake relative to
saturated FA at equal FA concentrations, and individual cow response would depend on
production level. The hypothesis of the second experiment was that more unsaturated FA
would decrease intake by decreasing meal size, and increase ruminal digestion by

decreasing passage rate, but would not affect FA digestibility.



CHAPTER 1

A REVIEW OF LITERATURE

Dietary Fat

Dietary fatty acids (FA) serve a number of functions in lactating dairy cows.
Traditionally, fat has been considered an energy source, providing energy required for
maintenance and production of tissue and product. Dietary FA also serve as integral
structural components of cellular membranes, and regulatory molecules. More recently,
FA are appreciated as biological modifiers of physiology and metabolism, making them
bioactive compounds (Drackley, 2000). Dairy cows experience vastly different metabolic
states during a lactation cycle and dietary FA serve different roles during these states. It
is reasonable to speculate that cow response will depend on FA profile, metabolic state,
and their interaction.

Fat supplementation in ruminants is not a new area of investigation. Palmquist
and Jenkins (1980) provided a short history of fat research, discussing a 1907 review of
data from 10 European experiment stations showing little benefit of fat on milk and milk
fat yield (Kellner, 1907). However, research in the late 1920’s to early 1940’s
consistently observed a 2 to 10% milk production response to increased dietary lipids. In
a 1960 review, Warner (1960) discussed reduced fiber digestion and milk production
with fat supplementation, leading to the conclusion that fat was rarely superior to cereal
grain. Palmquist and Jenkins (1980) focused their review on the renewed interest in

using fat supplementation to increase dietary energy density, without increasing dietary



starch content, to support energy requirements of high producing cows. Recently, dietary
fat has also gained interest for increasing reproductive efficiency (Staples et al., 1998),
and changing the FA profile of animal products (Grummer, 1991; Palmquist and
Beaulieu, 1993; and Mansbridge and Blake, 1997). Consumers are increasingly
concerned about the intake of saturated FA with their link to health problems including
heart disease and diabetes (Mansbridge and Blake, 1997). Increasing CLA intake may
decrease the incidence of cancer and obesity (Kelly, 2001). Dietary manipulation may
allow designing FA profiles of meat and milk products to meet consumer demands for
low saturated FA concentration (Grummer, 1991). Lastly, FA type has a profound effect
on animal physiology including metabolic signaling and gene transcription that may have

application to increase production and efficiency (Drackley, 2000).

Fat and the Rumen

Dietary FA must first pass through the rumen before absorption in the intestine,
making rumen lipid metabolism an important starting point for discussion of fat
supplementation. Rumen activity and fate of FA is well studied and the subject of many
reviews including those by Harfoot (1981), Harfoot and Hazlewood (1988), and Jenkins
(1993). Extensive lipolysis of triglycerides and hydrogenation of unsaturated FA occur
in the rumen by bacteria and protozoa. Theoretically, digestion of long-chain FA in the
rumen should be low, with minimal absorption across the ruminal epithelium and
minimal catabolism to VFA and CO; (Jenkins, 1993). Microbial de novo FA synthesis for

incorporation into phospholipids should produce a net positive flow of lipids to the



duodenum (Drackley, 2000). In contrast to the expected positive rumen FA flow,
digestion studies commonly observe a net loss of FA in the rumen (Jenkins, 1993).

Lipid complexes (triglycerides, galactolipids and phospholipids) are hydrolyzed
to their individual components in the rumen, releasing long-chain FA. The rapid
hydrolysis of esterified FA, especially diglycerides, was recognized with identification of
the lipolytic capacity of many bacteria (Harfoot, 1981). Although considered a rapid
process, lipolysis may be rate limiting, as different biohydrogenation end products are
observed in esterified and non-esterified treatments (Palmquist and Jenkins, 1980). In
addition, the rate of lipolysis may be affected by the saturation of FA in lipid complexes
(Elliot et al., 1997).

Free unsaturated FA are biohydrogenated by rumen bacteria and protozoa. The
importance of protozoal biohydrogenation was disregarded after observing that
defaunation had little effect on rumen FA biohydrogenation (Harfoot, 1981). Protozoa
may play a secondary role to bacteria, or bacterial hydrogenation capacity may be very
high. Hydrogenation of unsaturated FA may be a protective mechanism, as unsaturated
FA are toxic to rumen bacteria (Harfoot, 1981). However, in the rumen, unsaturated FA
are normally present as a triglyceride or are associated with feed particles that would
have little interaction with bacteria (Harfoot, 1981). Harfoot (1981) proposed that
because bacteria require more highly saturated FA for formation of phospholipid
membranes they may hydrolyze and biohydrogenate FA for incorporation into their
membranes, eliminating the metabolic burden of synthesizing saturated FA.

Microbial biohydrogenation is a multi-step process of which the rate and control

are not well understood. A free carboxyl group is required for hydrogenation, limiting



the availability of FA in triglycerides or associated with metal cations. The requirement
for a free carboxyl group was first concluded after observing a lower plasma appearance
rate with ruminal infusion of linoleic acid in free compared to esterified form, and was
later demonstrated in vitro (Harfoot, 1981). Biohydrogenation of linoleic and linolenic
acid are multistep pathways that include trans-diene intermediates (Harfoot and
Hazelwood, 1988). The first step of hydrogenation of linoleic acid is isomerization of the
cis-12 bond to trans-11, forming cis-9, trans-11 C18:2, known as conjugated linoleic acid
(CLA) (Drackley, 2000). A hydrogenation reaction then removes the cis-9 double bond
forming vaccenic acid. In the final step, the trans-11 bond is removed producing stearic
acid. Biohydrogenation of oleic acid also includes formation of a number of trans-FA
intermediates (Mosley et al., 2002). The competition between FA biohydrogenation and
passage rates determines duodenal FA flow. Considerable levels of vaccenic acid and
other trans-C18:1 isomers reach the duodenum, but very little CLA escapes from the
rumen (Piperova et al., 2002).

Allen (2000) proposed that the extent of biohydrogenation is a result of the
characteristics of the fat source, retention time in the rumen, and characteristics of the
microbial population. Using simple enzyme kinetic theory, total biohydrogenation is
determined by the pool size of available FA, rumen retention time, and bacterial
hydrogenation capacity that is a function of bacteria concentration, microbial population,
and rumen environment. Beam et al. (2000) observed decreased rates of lipolysis and
biohydrogenation with increased concentrations of polyunsaturated triglycerides. Even at
high concentrations of FA the rate of lipolysis was over three times the rate of

biohydrogenation, thus lipolysis was not rate limiting (Beam et al., 2000). However,



Van Nevel and Demeyer (1996) observed decreased lipolysis with lower pH, making
lipolysis the rate-limiting step. In vitro experiments showed severe inhibition of
fermentation with addition of free unsaturated FA, but no effect of esterified unsaturated
FA or free saturated FA (Chalupa et al., 1984). Traditionally, hydrolysis of triglycerides
is considered rate limiting, but it appears that numerous factors affect hydrolysis. In
some situations unsaturated FA availability is limited or slowed by esterification, but not
in all. Factors determining the rate of hydrolysis are not well understood, limiting
nutritionist’s ability to predict the level of rumen FA protection provided by
esterification.

Loss of dietary FA from the rumen through absorption across the rumen wall and
oxidative metabolism is often considered minimal, and bacterial synthesis of FA is |
commonly expected to produce a net positive flow of FA through the rumen. Low
absorption and metabolism of FA from the rumen was first concluded with minimal
plasma recovery of radioisotope labeled linoleic acid infused into the rumen while
diverting nutrients with a reentrant cannula (Jenkins, 1993). Ruminal bacteria contain
10-15% lipid on a DM basis. These fats originate from preformed FA uptake and de
novo synthesis (Jenkins, 1993). Rumen bacteria and protozoa readily incorporate dietary
FA into their cellular membranes, and increased availability of exogenous FA decreases
endogenous synthesis (Palmquist and Jenkins, 1980). Wu and Palmquist (1991) reported
synthesis of 6.6 mg of FA per g of non-lipid diet during 24 h in vitro incubations; lipid
synthesis was not affected by source of fat (calcium salts and TG) or addition of acetate
or isoacids. Duodenal FA flow cannot be partitioned into dietary and microbial

synthesized origins in simple digestion studies, and bacterial synthesis may hide possible



oxidation and absorption of FA from the rumen. In contrast to the net positive FA flow
expected, Jenkins (1993) observed that 15 out of 47 published treatment means reported a
loss of FA from the rumen. Regression analysis predicted an 8 percent loss of lipid
intake and showed up to 30 percent lipid loss in the dataset (Jenkins, 1993). Ferlay et al.
(1993) reported a 14% increase in FA flow with control diet and 36.7 and 21.3% rumen
FA loss with rapeseed FA fed as calcium salts and triglycerides, respectively. Loss of FA
in the rumen may be due to flow marker error causing under-prediction of duodenal flow.
However, Doreau and Chillard (1997) proposed that negative FA flux observed through
the rumen is not because of flow marker bias, but caused by absorption and oxidation of
FA especially with higher fat diets. Fatty acid oxidation was observed by rumen
epithelium in vitro, and bacteria adhering to the rumen wall can absorb oxygen from the
epithelial cells and are capable of oxidative metabolism (Doreau and Chilliard, 1997).
The authors proposed that higher fat diets experience greater loss of FA and hypothesized
that FA are less adsorbed to feed particles in high fat diets leading to increased contact
with the rumen wall and increased opportunity for absorption and oxidation. The
increasing occurrence of rumen FA loss reported in digestion studies merits investigation
of rumen FA metabolism that has been ignored as technical bias.

Dietary fat can alter microbial growth and have profound associative effects on
ruminal nutrient digestibility. Chalupa et al. (1984) observed that unsaturated FA
inhibited fermentation, but saturated FA had no effect. Fat supplementation has variable
effects on ruminal digestion, but normally fiber digestion is decreased, and nonstructural

carbohydrate digestion is not changed (Jenkins, 1993). Total tract digestibility is



normally not affected by fat supplementation because of compensatory digestion in the
lower tract (Merchen et al., 1997).

Devendra and Lewis (1974) reviewed four theories for fat mediated depression of
fiber digestion including: 1. physical coating of fiber preventing microbial attachment, 2.
modification of rumen microbial population due to toxic effects, 3. inhibition of
microbial activity due to coating of bacterial cell surface, and 4. reduction in cation
availability for microbes from formation of salts with long-chain FA. The authors
preferred the physical coating of fiber theory. In contrast, Palmquist and Jenkins (1980)
concluded that most data support inhibitory effects on microbial activity, which changes
bacterial competitiveness and shifts the microbial population, especially causing a
decrease in protozoa and cellulytic bacteria. Jenkins (1993) attributed the variable effects
of fat on fiber digestion to the structure of the lipid including degree of saturation and
presence of a free carboxyl group. Free FA can directly inhibit microbial growth through
disruption of membrane function (Jenkins, 1993). Unsaturated FA are more toxic than
saturated FA, possibly because of increased FA absorption, detrimental effects of
biohydrogenation, or disruption of cellular membrane function (Jenkins, 1993).

Inhibitory effects of FA on fiber digestion can be partially alleviated. Addition of
metal cations (ex. Ca) increases formation of insoluble salts, blocking FA absorption and
inhibition of microbial growth (Palmquist and Jenkins, 1980). Increasing saturation and
chain length of the FA increases the amount and strength of salt formed (Jenkins and
Palmquist, 1982). The formation of the metal salts is determined by the binding affinity
of the cation and the dissociation constant of the FA. Fatty acid binding to metal cations

is partially dependent on pH of the rumen and the pK, of the FA. Sukhija and Palmquist
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(1990) determined the pK, for calcium salts of stearate, tallow, palm FA and soy oil to be
4.5,4.5,4.6 and 5.6 respectively. These pK, values are misleading because they are
determined for a FA mixture. Soy oil contains a much higher concentration of
unsaturated FA than the other treatments and demonstrates the high pK, of unsaturated
FA. Finally, addition of other feed particles, particularly fiber, decreases detrimental
effects presumably through increased competition in FA absorption (Doreau and
Chilliard, 1997).

Ruminal lipid metabolism changes FA profile reaching the duodenum. The
profile of long-chain FA absorbed in the small intestine is the combined result of the FA
fed and ruminal biohydrogenation. Duodenal FA are more saturated than dietary FA, and
include many FA isomers from incomplete biohydrogenation, and odd-carbon and

branch-chain FA from microbial synthesis.

Sources of Dietary Fat

Diets of dairy cows contain four appreciable sources of FA including forages,
grains, oilseeds, and fat supplements. The sources vary in FA form and type and have
different effects in the rumen (Allen, 2000).

The large dietary proportion of forage fed makes it a significant source of lipid,
even though forage contains a small concentration of FA (1-4%). This is especially true
in low total fat diets. Forage lipids are found predominantly in the plant leaf, mostly in
the form of glycolipids and some as phospholipids (Harfoot, 1981). The high
concentration of glycolipids may cause an overestimation of the energy value because

glycolipids have less energy than estimated by the 2.25 factor used in calculation of total
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digestible nutrients (TDN; Van Soest, 1996). Vegetative FA composition is highly
unsaturated, normally containing over 70% linoleic and linolenic acid. Doreau and
Chilliard (1997) found it interesting that plant FA are only slightly less hydrogenated in
the rumen than free oils. High efficiency of forage lipid hydrogenation may not be
surprising since forage lipids are mostly associated with the leaf which is rapidly broken
down in the rumen, especially with legumes. The FA are in complex lipids but are in
close association with bacteria digesting the leaves. Furthermore, high concentrations of
FA are present in the leaf chloroplast (Harfoot, 1981) that would be spilled when plant
cells are ruptured.

Grain supplements vary in their FA concentration, profile and availability. Corn
grain FA content varies with variety including specially bred high-oil corn. Although
corn FA content is low, it can contribute considerably to FA intake when fed at high
inclusion rates. Grain byproducts can also provide a considerable amount of lipid.
Soybean meal retains residual FA after extraction and many corn grain byproducts
contain considerable concentrations of FA including corn distillers grain (10% EE, NRC,
2001). Fat availability is expected to depend on association of FA with grain
components, particle size and processing methods. The saturation, esterification, and rate
of rumen availability of grain FA is expected to vary considerably.

Oilseeds contain a high concentration of lipid in the form of triglycerides and can
increase the dietary lipid concentration even at low inclusion rates (2-12% of DM).
Cottonseed, soybean, canola, and rapeseed are common oilseeds fed to dairy cows
depending on location, availability, and price. Oilseed lipid contains high concentrations

of unsaturated fat (50-90% of FA) mostly as oleic and linoleic acid with low

12



concentrations of linolenic, although there are large differences in the oleic to linoleic
acid ratios between oilseeds (Van Soest, 1996). Most oilseed FA are in the form of
triglycerides and must be released by lipolysis before biohydrogenation, as previously
discussed. The triglycerides are contained within the seed coat and are adsorbed to the
seed components. The seed must be mechanically broken down by chewing and
microbial digestion to release the triglycerides. Triglyceride release is predicted from the
digestion rate (inherent feed characteristics and fermentation) and passage rate from the
rumen.

Although oilseeds contain very high concentrations of unsaturated FA, processing
method determines the extent of FA biohydrogenation and interference with
fermentation. Grinding, extruding, roasting, flaking, fermaldehyde coating, and
hydroxide treatment change FA availability in the rumen. The processing challenge is to
slow the rate of unsaturated FA availability in the rumen while not impeding FA
digestion in the small intestine. In vitro fermentation observed decreased lipolysis and
increased fiber digestion with whole and roasted oilseed compared to free oil (Reddy et
al., 1994). Roasting decreased FA availability linearly with increasing roasting
temperature and extrusion had little protective effect presumably caused by the release of
oil from cells during processing (Reddy et al., 1994). In agreement, in vivo comparison
of extruded, ground, and roasted soybeans concluded that FA were protected the least
with extrusion and the greatest with roasting (Chouinard et al., 1997). Tice et al. (1994)
observed no difference in reducing particle size of roasted soybeans on rumen
biohydrogenation; biohydrogenation of roasted soybean C18 unsaturated FA ranged from

52.1 to 60.1% and was not different from calcium salts of palm oil control (57.6%).
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Whole rapeseed and canola seed provide excellent rumen protection of FA but are also
indigestible in the small intestine. Grinding rapeseed and canola seed increases intestinal
digestibility but dramatically increases rumen FA availability, while chemical treatment
to weaken the seed coat increases intestinal digestibility while maintaining rumen
protection (Hussein et al., 1996). Whole cottonseed was moderately biohydrogenated
(56.6-67.1% of unsaturated C18 FA), maintained total tract FA digestibility (62.5-
70.9%), and had no detrimental effect on fiber digestion and microbial fermentation when
fed at different concentrations in diets differing in fermentability (Harvatine et al., 2002).
Animal and vegetable fat by-products provide an economical source of FA for
dairy rations. These fat sources vary in their rumen activity and can be processed to
increase saturation or decrease esterification. Fatty acids that do not interfere with rumen
fermentation are considered rumen inert, protected, or bypass. Protected fat sources do
not interfere with rumen fermentation as their characteristics make FA unavailable to
microorganisms and prevent coating of feed particles. Highly saturated FA are naturally
protected in the rumen considering their low interference with fermentation (Chalupa et
al., 1984), presumably because of their high melting point, hydrophobia, and limited
disturbance of cellular membranes. Esterification may partially decrease FA availability
and protect microbial fermentation when lipolysis limits FA availability. In vitro,
fermentation is not inhibited by esterified FA (Chalupa et al., 1984), but results may
differ depending on hydrolysis rate, which may be affected by bacterial population,
rumen environment and triglyceride saturation. Vegetable oil and animal fat are mostly
esterified FA with varying FA profile depending on source. The degree of saturation of

esterified fat has variable effects on rumen fermentation and digestibility. Saturation of
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tallow normally does not change rumen fermentation in dairy cows (Pantoja et al., 1995;
Pantoja et al., 1996), although decreased DM and fiber digestibility have been observed
in steers (Elliott et al., 1997)

Dietary rumen available FA concentrations above 5% DM are generally
considered detrimental to rumen fermentation. Protected products have been developed
including encapsulated, calcium soaps, prilled and hydrogenated, and amide bonded FA
(Jenkins, 1993). Rumen protected fat serves the dual purpose of protecting rumen
fermentation against the detrimental effects of FA, and protecting unsaturated FA from
biohydrogenation.

The first protection method was developed over 30 years ago and included
encapsulation of oil by formaldehyde-treated protein that was indigestible in the rumen,
but was digestible in the abomasum (Doreau and Chilliard, 1997). The method was only
partially effective with challenges in manufacturing and breakdown during mastication
(Doreau and Chilliard, 1997).

Calcium soaps of long-chain FA are a common, commercially available product
used as a source of protected unsaturated FA. Calcium ions are bound to the free carboxyl
groups of FA rendering them unavailable for biohydrogenation. Calcium salts of palm
oil seem to have no effect on rumen fiber digestion although biohydrogenation of the FA
may be extensive (Doreau and Chilliard, 1997). Wu et al. (1991) and Wu and Palmquist
(1991) reported in vivo and in vitro hydrogenation of calcium salts of palm oil at 57 and
47% of unsaturated FA respectively. As previously presented, pH has a large effect on
the dissociation of the metal salts, and increasing FA saturation increases cation binding

(Sukhija and Palmquist, 1990). The large postprandial drop in pH is expected to result in
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dissociation of the calcium complex, especially from highly unsaturated FA as
demonstrated in vitro (Doreau and Chilliard, 1997). Sakhija and Palmquist (1990)
determined 10% dissociation of calcium salts of palm oil and tallow at pH 5.5. They also
determined that soy oil, which contains a high concentration of unsaturated fat, had a pK,
of 5.5, much higher than the 4.5 pK, of the more highly saturated palm FA (Sukhija and
Palmquist, 1990). In a mixed blend, unsaturated FA will dissociate more than saturated
FA as pH decreases because unsaturated FA have a higher pK,. Fatty acids may reattach
to calcium when rumen pH increases after the postprandial drop, but can be
biohydrogenated while dissociated.

Saturated FA are considered inert in the rumen as their chemical characteristics
limit their dispersion in the rumen and decrease their direct contact with bacteria.
Saturated FA also have limited physiological influence on bacteria because they do not
interfere with membrane integrity and are not easily absorbed because of their
hydrophobic nature. Prilling and hydrogenating fat takes advantage of this characteristic
by simply saturating fat sources. The process results in very saturated free FA that do not
interfere with rumen fermentation and digestion of DM and fiber (Elliott et al., 1994;
Elliott et al., 1997).

The most recently developed technique to create rumen protected fat binds FA to
primary amines producing fatty acyl amides (Fotouhi and Jenkins, 1992; and Jenkins et
al, 1996). This process protects FA by blocking the carboxyl group much the same as
metal cations. Fatty acyl amides provide exceptional rumen protection with a 0.4%/h rate
of biohydrogenation compared to 4.7%/h for free FA (Fotouhi and Jenkins, 1992), and

either do not affect or increase total tract digestion of DM and fiber (Jenkins, 1999; and
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DeLuca and Jenkins, 2000). The goal of manufactured fat products is to protect the FA
in the rumen to prevent interference with fermentation, but still deliver highly digestible

FA to the small intestine.

Metabolic Utilization of Absorbed Fatty Acids

Dietary FA are used as a concentrated source of energy. Early nutritionists
recognized the increased energy value of fat, assigning it a physiologic fuel value 2.25
times that of protein and carbohydrates (Stipanuk, 2000). This is the result of increased
efficiency during digestion, oxidation, and tissue deposition. Although some rumen loss
of FA has been reported, FA are not extensively destroyed by fermentation in the rumen.
Whereas, fermentation of dietary carbohydrates results in a large loss of energy from
maintenance and growth of bacteria and methane production. Fatty acid digestion in the
small intestine results in roughly 80% absorption of available FA (Drackley, 2000).
Biochemically, FA contain a large amount of free energy stored in carbon bonds. The
metabolism of FA yields energy for maintenance and production through complete
oxidation or partial oxidation and ketogenesis. Finally, transferring dietary fat to product
is very efficient as preformed FA can be directly deposited in adipose or milk and do not
have to enter synthesis pathways that result in energy loss.

Biological systems are engineered to use fat for insulation, cushioning, cellular
structure, long-term storage of energy, and production of second messengers. Animals
can synthesize FA de novo from nutrients such as protein and glucose. However, the
ability to produce unsaturated FA are limited. Mammals can desaturate FA but cannot

place a double bond within nine carbons from the methyl end of the FA. This prohibits
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the synthesis of FA with double bonds in the w-6 and w-3 positions that are required for
normal formation of cellular membranes and synthesis of key regulatory molecules such
as prostaglandins (Sardesai, 1992). Many of the required FA can be synthesized by
elongation and desaturation of linoleic and linolenic acid. In addition, unsaturated fat and
more specifically poly-unsaturated FA (PUFA) help maintain the fluidity of cellular
membranes (Sardesai, 1992). Increasing unsaturated FA increases membrane fluidity
because of their lower melting point. Changes in fluidity can affect membrane
integration and movement of proteins such as receptors and transporters (Drackley,
2000). These changes affect the activity and efficiency of membrane transporters,

enzymes and receptors.

Fatty Acid Requirements

The many roles of FA and their bioactivity complicate the determination of
dietary FA requirements. This highlights the ambiguous nature of defining nutrient and
animal requirements. The terms dispensable and indispensable are used to categorize
amino acids. Reeds (2000) discussed application of these categorizes in protein
metabolism and highlighted dependence on their definition that may change from a
nutritional, metabolic or functional perspectives. Likewise, the same concept has been
applied to FA, categorizing each as essential or nonessential based on the animals
capacity to synthesize or conserve the required amounts (Cunnane, 2000). Cunnane
(2000) proposed that the essential FA should be renamed “conditionally dispensable” due
to adequate capacity to synthesize or conserve the essential long-chain polyunsaturates

and their parent molecules.
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Animal requirements are difficult to quantify as they may be defined as the
substrate required for maintenance and sustained production, or nutrient concentrations
that stimulate maximum production through changing physiology and metabolism. The
first definition employs simple accounting and a factorial approach to first calculate
expenditure in maintenance and production activities, and then determines required
intake based on biochemical assumptions of efficiency and metabolic conversion. A FA
requirement is thus the amount of the FA secreted in milk plus that retained in tissue and
oxidized for energy. The second definition recognizes that absorbed nutrients change
physiology and metabolism that determine animal response. Through this definition, FA
requirement depends on the amount and profile of FA that directs nutrients to lactation
and increases efficiency through gene regulation and endocrine stimulation. Recognizing
the second level of complexity demands research into not only the energy value of dietary
nutrients consumed, but also the physiological and metabolic effect of individual FA.

Linoleic and linolenic acid are required as sources of w-6 and w-3 FA that the
cow cannot synthesize. These FA are normally considered essential and must be supplied
in the diet (Drackley, 2000). Although it is easy to label these FA as essential, a
requirement is much harder to define. The metabolic requirement for the essential FA
has not been determined in the ruminant, but would be expected to be a function of FA
oxidation and turnover, growth and production of message.

Essential FA have been a subject of conversation in ruminant nutrition for many
years. The discussion has centered on the ruminant’s ability to absorb PUFA when their
diet is low in fat and the rumen actively biohydrogenates PUFA. Although essential FA

flow to the duodenum is severely limited, there are no reports of FA deficiency in adult
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ruminants. Mattos and Palmquist (1977) measured linoleic acid biohydrogenation and
transfer to milk fat in cows fed a high grain diet, and observed linoleic acid available at
twice the requirement for female weanling rats on a metabolic body weight basis. In
addition, ruminants may be adapted to sparing PUFA, preserving them for required
purposes. Essential FA are less available for oxidation since they are highly incorporated
into phospholipids and cholesteryl esters (Drackley, 2000). The slow turnover of
phospholipids and cholesteryl esters pools ensure retention of the essential FA. Dietary
FA are also incorporated into milk and tissue, however the efficiency of conversion of
dietary unsaturated FA to milk is lower than saturated FA (Chilliard, 1993). A final
conservation method for PUFA is lower oxidation. Reid and Husbands (1985) observed
lower linoleic acid oxidation in cultured hepatocytes, and Linsay and Valerio (1975)
showed a 25-40% lower oxidation rate for linoleic acid than stearic and palmitic acid.
The essential FA may be more correctly labeled conditionally dispensable since the cow
appears to have adapted adequate conservation methods and does not experience clinical
deficiency.

Using the factorial approach it appears that essential FA are normally available in
adequate concentrations, especially since there are no reported cases of deficiency. Adult
ruminants have adapted their metabolism to work with limited PUF A, although there may
be benefits to FA supplementation including improving reproductive efficiency,
increasing energy balance, and modulating physiology.

Some nutritionists have proposed that essential FA limit maximum reproductive
efficiency. Supplemental FA may increase reproductive efficiency through increased

energy balance, increased progesterone synthesis, and increased or decreased
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prostoglandin F;, secretion, although results are inconsistent as reviewed by Grummer
and Carroll (1991), Staples et al. (1998), and Williams and Stanko (1999). Dietary FA
supplementation to increase reproductive efficiency is an example of an attempt to
maximize production by increasing nutrient intake above the pure substrate requirement.
Energy balance has long been recognized as a major cause of anestrous and
infertility as the cow directs nutrients to lactation. Anestrous and infertility in low energy
balance may be mediated through low plasma leptin, insulin, or IGF-I concentration.
Insulin and IGF-I are associated with increased follicular growth (Williams and Stanko,
2000), and leptin may mediate GnRH secretion through neuropeptide Y in the
hypothalamus (Harris, 2000; and Spicer, 2001). The effect of dietary FA on energy
intake and balance will be discussed in detail later. Plasma cholesterol is consistently
increased with dietary fat supplementation, being linked to increased demand for lipid
transport. Cholesterol is a precursor for progesterone synthesis in the corpus luteum and
fat supplementation has been shown to increase blood plasma progesterone concentration
(Staples et al., 1998). Progesterone synthesis may not be controlled by substrate
availability as maximum synthesis of progesterone was reached in vitro at a much lower
cholesterol concentration than normally observed in blood (Carroll et al., 1992). In
addition, Rabiee et al. (1999) observed no relationship between ovarian uptake of
cholesterol and progesterone release; failing to implicate cholesterol availability as a
limitation of the steroids production. Increased plasma progesterone concentration is
expected to increase maintenance of pregnancy especially during early gestation.
Increasing unsaturated FA is proposed to increase prostoglandin-F, secretion through

substrate availability, or decrease secretion through direct synthesis inhibition. As
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previously mentioned, the essential FA are used to produce the precursors of PGF,, and
the availability of the FA may limit synthesis during early lactation when PGF;, is
required for termination of anestrous and maintaining normal estrus cycles. Linoleic acid
has also been shown to inhibit PGF,, secretion both in vitro and in vivo possibly through
competitive inhibition of arachidonic acid at a key synthesis enzyme (Staples et al.,
1998). Inhibition of PGF,, is expected to protect implanted embryos that are not
recognized by the dam and decrease fetal mortality in the first 28 d of gestation. It has
been proposed that the concentration of the FA reaching the target tissues dictates the
stimulatory or inhibitory response of PGF, (Staples et al., 1998).

The reproductive benefits of FA supplementation are normally associated with
unsaturated FA, although reproductive benefits are observed across all fat sources
(Staples et al., 1998). Biohydrogenation is normally not measured in reproductive trials,
and the oilseed, tallow, and palm oil treatments used are expected to provide limited
polyunsaturated FA to the duodenum. The metabolic hormone, energy balance and
cholesterol mechanisms proposed to increase reproduction are not specific for PUFA.
Energy balance is not consistently increased with fat supplementation because of
decreased dry matter intake, especially with higher unsaturated FA concentrations (Allen,
2000), and increased milk yield in some experiments (Chilliard, 1993). Cholesterol was
increased with duodenal FA infusion with no effect of FA type (Drackley et al.,1992;
Christensen et al., 1994; and Bremmer et al., 1998). Increased reproductive efficiency
through stimulating or attenuating PGF, has a number of practical limitations. First
PUFA are highly biohydrogenated in the rumen, even when initially complexed as

calcium soaps. Secondly, if unsaturated FA was capable of both increasing and
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decreasing PGF,, secretion dependent on plasma concentration we would expect to
observe variable effects (increased or decreased) on reproductive efficiency with essential
FA supplementation. Logically, additional essential FA supplementation cannot be
utilized to both increase PGF,, secretion to minimize anestrous and maintain normal
estrus cycles, and decrease PGF,, secretion to protect newly implanted embryos. All
animals have an indispensable requirement for energy to maintain homeostasis, repair
tissue, and grow, lactate and reproduce. The energy requirement of the high producing
dairy cow is extreme with the large demand of lactation. In many cases cows cannot
consume enough dietary carbohydrate to meet their energy requirement, and increasing
diet energy density through increasing fermentability leads to rumen acidosis (Allen,
1997). Dietary FA are over twice as energy dense as other dietary components.
Substitution of dietary fat for starch may make room in the diet for other nutrients such as
protein and fiber. Decreasing starch and increasing fiber is expected to increase
rumination and stabilize rumen fermentation (Allen, 1997). In this situation, dietary fat
might allow greater production if DMI is maintained

Fatty acids can regulate physiology and metabolism through modification of
metabolic hormones, tissue sensitivity, and gene expression (Drackley, 2000). Dietary
FA stimulate secretion of a number of gut peptides including gastric inhibitory peptide
(GIP), glucagon-like-peptide-1 (GLP-1), and cholecystokinin [CCK (Dawson et al.,
1999; Meier et al., 2002; and Reidelberger, 1994)]. These hormones have large impacts
on insulin secretion and glucose disposal after a meal (van der Burg et al., 1995). Fatty
acids also directly stimulate pancreatic insulin secretion, with longer chain and more

saturated FA having greater affects (Gravena et al., 2002). At the tissue level,
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unsaturated FA increases insulin sensitivity in rats (Clarke, 2000). Palmquist and Moser
(1981) observed decreased insulin sensitivity in cows fed calcium salts of palm oil
compared to no fat control. Fatty acid saturation may have differential effects on insulin
signaling between cows and rodents, or palm oil may not contain a high enough
concentration of unsaturated FA to increase insulin sensitivity. Polyunsaturated FA have
a clear impact on glycolytic, lipolytic, and lipid oxidation enzyme gene regulation in
rodent models (Sessler and Ntambi, 1998; and Raclot and Oudart, 1999). A high PUFA
diet results in preferential partitioning of ingested energy towards oxidation at the
expense of storage (Raclot and Oudart, 1999). The interaction of metabolic regulation
and FA metabolism is demonstrated in leptin repression of stearoyl-CoA desaturase-1 in
the liver that is important in leptin mediated weight loss (Cohen et al., 2002). Effect of
fat type on endocrine response and gene expression in cattle has not been investigated.

Dietary FA concentration and profile are quite different from the rat to the
ruminant, but FA appear to have an important role in mammalian metabolic regulation.
Drackley (2000) identified FA regulation of physiology as “one of the most exciting
current areas of research in lipid metabolism.” In the future we may select FA

supplementation to manage metabolic states and increase product yield or efficiency.

Fatty Acid Digestibility

Fat supplements must be efficiently digested and absorbed to benefit the cow.
Fatty acid digestibility and the associative effects of FA on ruminal nutrient digestion are
very important considerations in energy intake. Lipid complexes are hydrolyzed in the

rumen delivering nonesterified FA to the small intestine, in contrast to the esterified FA
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flow in non-ruminants. Abomasal acid secretion decreases digesta pH to less than 2.0,
and greatly reduces the concentration of FA associated with metal cations. Pancreatic
juice and bile entering in the duodenum are essential for digestion of any remaining
triglycerides, formation of miscelles, and absorption of FA (Drackley, 2000). Bile salts
and lysolecithins aid in absorption of FA from feed particles and the formation of
miscelles that diffuse across the intestinal cell membrane in the jejunum (Doreau and
Chilliard, 1997). Lipases are present in pancreatic secretion but have an optimal pH of
7.5 with little activity below 5.0 (Noble, 1981). The low pH of the duodenum prohibits
lipase function and conditions for appreciable lipase activity are not expected until well
into the jejunum, delaying digestion of triglycerides and decreasing the opportunity for
FA absorption (Noble, 1981). Total tract digestibility of esterified FA is lower than
unesterified FA (Elloitt et al., 1994; and Elloitt et al., 1999), and triglyceride digestibility
decreases with increasing saturation (Pantoja et al., 1996; and Pantoja et al. 1995). Elliot
et al. (1999) observed that highly saturated TG are more resistant to ruminal and
intestinal lipolysis than unsaturated TG, leading to low digestibility of highly saturated
TG. Finally, low intestinal pH is also expected to decrease the solubility of FA and bile
salts, but may solubilize calcium soaps allowing their absorption.

Lower tract and total tract digestibility can be determined for total FA, but such
measures for individual FA are meaningless due to the hydrogenation of unsaturated FA,
and bacterial synthesis of FA (Merchen et al., 1997). Biohydrogenation and microbial
FA synthesis, as discussed in reference to rumen digestion, also occur in the large
intestine, but to a lesser extent (Bock et al., 1991; Ferlay et al., 1993; and Elliot et al.,

1999). Individual FA digestibility can be measured through experimental treatments
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differing in FA profile and with duodenally and illeally cannulated cows. Nutritionists
have attempted to assign digestibility values to individual FA in a mixed FA diet (Moate
et al., 2000). This is a misrepresentation of the data as the recovered saturated FA pool is
inflated and unsaturated FA pool is decreased by hydrogenation in the rumen and hindgut
and oxidation in sample preparation and handling (Palmquist, personal communication).
There are very few direct comparisons of rumen protected saturated and unsaturated FA
digestibility, because of the cost and complexity of multiple cannulation experiments
necessary to make such comparisions. Christensen et al. (1994) and Bremmer et al.
(1998) measured digestibility of abomasally infused free FA and observed no difference
between saturated and unsaturated fat treatments. Also, Schauff and Clark (1989),
Grummer et al. (1988) and Palmquist (1991) directly compared calcium salts of palm oil
and prilled FA, finding no difference in total tract digestibility of energy, lipid and FA.
Doreau and Chilliard (1997) summarized 64 treatment groups reporting FA digestibility
in the small intestine or the lower tract, finding significant differences across chain
lengths (although C16 and C18 did not differ), and observed only slight differences
between lower tract saturated and unsaturated C18 FA digestibility (77, 85, 83 and 76%
for 0, 1, 2 and 3 double bonds respectively). The small differences in C18 FA digestion
are at least partially attributed to biohydrogenation of unsaturated FA in the large
intestine because the majority of the data set measured FA disappearance across both the

small and large intestine.
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Dietary Fatty Acid Effects on Intake

Fatty acid supplements increase the energy density of the diet, but daily energy
intake depends on energy concentration and dry matter intake. Intake is highly regulated
by animal nutrient requirements and metabolic state, and also by the type and temporal
pattern of fuels absorbed (Allen, 2000). Fatty acid supplementation can cause
hypophagia, and fat source, form and type are significant predictors of intake response
(Allen, 2000). Within commonly fed rumen protected FA sources, calcium salts of palm
oil linearly decreased intake with increasing dietary concentration while saturated FA had
no effect on intake (Allen, 2000). Benson et al. (2001) summarized 11 infusion studies
representing 26 treatment groups showing intake depression with all but two treatments;
regression analysis revealed a negative relationship between infused C18:1 and C18:2 FA
concentration and intake, with C18:2 creating greater intake depression. Abomasal
infusions of unsaturated FA with a lower C16:C18 FA ratio decreased DMI and
digestible energy intake (Drackley et al., 1992), and DMI and gross energy intake
(Christensen et al. 1994). Bremmer et al. (1998) demonstrated a negative relationship
between intake and unsaturated FA with the same C16:C18 FA ratio. Experiments
feeding free oil versus protected unsaturated FA provide comparison of saturated and
unsaturated FA treatments because free oil is highly biohydrogenated in the rumen.
Oleamide consistently decreased intake compared to free oil and linearly decreased
intake with increasing inclusion rate (Jenkins, 2000; Jenkins et al., 2000; and DeLuca and
Jenkins 2000). Finally, four-day continuous intravenous infusion of both palmitic and
oleic acid significantly decreased intake, while stearic acid only numerically decreased

intake (Vandermeerschen-Doize and Paquay, 1984).
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Regulation of Intake

Fatty acid profile reaching the duodenum determines hypophagia, and FA
saturation may affect intake through a number of modes including: metabolic fate of
nutrients, metabolic hormones, and gut peptides. The goal of intake regulation is
balancing short-term and long-term nutrient supply and demand. Numerous tissues are
proposed to be involved in intake regulation including splanchnic, hepatic, and adipose
tissue. The gut and liver are well positioned to first detect absorbed nutrients, and
adipose tissue is well positioned to detect long-term energy balance.

Koopmans (1995) proposed that intake is regulated by internal signals arising
from the small intestine and the metabolic effect of absorbed nutrients, with differences
between nutrients and metabolic states. In the rodent model, intake compensation for
intravenously infused energy depends on the nutrient, with a 55% compensatory
reduction in energy intake for infused glucose energy, 103% for amino acid energy, and
41% for lipid (Walls and Koopmans, 1992). In addition, intake recovered rapidly
following glucose and amino acid treatments, returning to baseline within 2 d after
infusion, while DMI recovery following lipid treatment and incomplete (Walls and
Koopmans, 1992). Intravenous and intragastric infusions were used to explore the
interaction of the gut in intake regulation. Intragatric infusion decreased energy intake
15% more than intravenous nutrient infusion (Burggraf et al., 1997). The interaction of
absorbed nutrients and gut signals was shown with intravenous nutrient infusion during
fed and fasted states. Energy intake decreased to compensate for intravenous nutrient

infusion during the dark cycle while rats actively ate (99% energy intake compensation),
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but daily intake failed to decrease to compenstate for energy infused during the light
period when rats were fasted [56% energy intake compensation (Walls et al., 1991)]. The
authors concluded that intake response to absorbed nutrients depends on a threshold level
of gut hormones (Walls et al., 1991). Nutrient infusion during a fed state may decrease
intake because endogenous gut peptide secretion has primed the regulatory system to
respond to absorbed nutrients. Without gut peptide secretion, intake regulatory
mechanisms might fail to respond to absorbed nutrients.

Parabiotic cross-intestinal rats are created by sewing together the skin and muscle
along the flank, creating one peritoneal cavity (Koopmans et al., 1997). Connection of
skin and muscle creates a slow exchange of blood (1%/min), with full blood exchange
expected in 3-4 h (Koopmans et al., 1997). Intestinal crossing was achieved by splicing a
30 cm segment of the lower duodenum and upper jejunum of one rat’s intestine into the
intestine of its partner without severing nerves or blood supply. The rat losing nutrients
through absorption in its partner’s intestine increased intake by 50% and the rat gaining
nutrients decreased intake by 50% (Koopmans, 1991). Intake adjustment was quick and
repeatable, and body weight of rats was not different at the end of the experiments
(Koopmans, 1991). Plasma glucose, insulin, and glucagon did not vary with food intake
across rats, but plasma lactate was increased in the low intake rat and decreased in the
high intake rat (Koopmans, 1997). With a slow turnover of blood, transfer of metabolites
is expected to create long-term energy balance in the pair, but temporal signals of nutrient
absorption and short half-life hormones such as the gut peptides (CCK, GIP, and GLP-1)
would be blocked. The large difference in intake between the paired rats with the same

energy balance emphasizes the importance of temporal variation in nutrient absorption.
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Further research using different dietary treatments for each rat in the pair may provide

more insight into interaction of the gut and intake.

Satiety and the Gastrointestinal Tract

The gastrointestinal tract serves as an endocrine gland to change gut motility,
stimulate digestive secretions, and regulate intake. The gastrointestinal tract has the first
opportunity to sense the energy density and amount of food ingested. Four important
hormones released in response to a meal are CCK, GLP-1, glucagon-like-peptide-2
(GLP-2), and gastric inhibitory peptide (GIP). CCK is a well-researched peptide that
decreases gut motility and stimulates satiety in other species (Reidelberger, 1994). GLP-
1, GLP-2, GIP are also involved in prandial endocrine response and stimulation of satiety
(Dawson et al., 1999; Meier et al., 2002; and Burrin et al., 2003)

In ruminants, dry matter intake was decreased and postprandial CCK was
increased when diets were supplemented with calcium salts of palm oil (Choi and
Palmquist, 1996). Direct intravenous infusions of CCK depressed reticular-rumen
motility and intake in sheep (Grovum, 1981). Finally, Nicholson and Omer (1983)
showed that intestinal infusion of unsaturated FA decreased rumen motility of sheep.
These observations are consistent with CCK decreasing gut motility and centrally
signaling satiety (Reidelberger, 1994). Recently, Benson and Reynolds (2001) tested the
effect of unsaturated fat (rapeseed oil) infusion on gut peptide secretion, observing
increased plasma GLP-1 without an increase in CCK, although CCK was pooled over
time eliminating observation of temporal variation. Rapeseed infusion had no effect on

feeding or chewing behavior, although a large reduction in time spent ruminating was
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noted for some cows (Benson and Reynolds, 2001). Experiments testing gut peptide
response to FA infusion have only tested unsaturated FA and low FA controls, little data
is available reporting the effect of saturated FA on endocrine signaling and rumen
motility. Gut peptides may act centrally to stimulate satiety or may change rumen

motility and passage rate, increasing gut fill and stimulating tension receptors.

Satiety and Absorbed Nutrients

Metabolic fate of nutrients can regulate intake through the site, rate and timing of
oxidation. Hepatic oxidation of FA has been demonstrated to decrease intake in the rat
(Langhans and Scharrer, 1987; Scharrer and Langans, 1989; and Friedman et al., 1999).
The location and function of the liver as a central site of fuel storage and metabolic
conversion makes it an ideal site to assess fuel utilization, and communicate this signal to
the brain via afferent nerves (Langhans, 1995). The hepatic oxidation theory of satiety
proposes that oxidation of nutrients increases hepatocyte intracellular ATP that affects
the firing rate of the hepatic vagus; the exact mechanism by which hepatocytes interact
with the hepatic vagus has not<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>