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Milk composition in mammals has likely evolved under evolutionary pressure to
ensure the survival and optimal growth of offspring, who depend exclusively on milk during
the early stages of life (Davis et al., 1994). These evolutionary adaptations have resulted in
milk compositions that meets the specific nutritional requirements of neonates, addressing
factors such as growth rate, body composition, and environmental conditions. In the dairy
industry, calves are separated from the dam shortly after birth and half of calves are fed milk
replacer (MR) or a combination of whole milk (WM) and MR. While substantial advances have
been made in calf nutrition, MR formulations still differ significantly from WM in several key
aspects, most notably in fat content, which is typically only half of that found in bovine WM
(Wilms et al., 2022). This is counterintuitive as the logical starting point for creating a MR for
any species would be to mimic the composition of its natural milk. As a result, nutrient
imbalances in MR formulations may disrupt metabolic homeostasis, emphasizing the need to
establish nutritional boundaries to support optimal calf development and health.

)] Implications of feeding milk replacers low in fat to calves

Feeding MR with a high fat content increased body fat in calves (Tikofsky et al., 2001).
Likewise, a higher nutrient intake from enhanced plane of nutrition allows adipocyte to
increase fat stores (Leal et al.,, 2018). Low-fat MR formulations are common due to the
inclusion of dairy industry by-products and are often fed under the assumption that higher
fat intake might impair mammary gland development. While fat accumulation in the
mammary glands during the post-weaning phase has been linked to reduced milk production
(Sejrsen and Purup, 1997; Van Amburgh et al., 2019), there is currently no evidence to suggest
that fat deposition in the mammary glands during the pre-weaning phase negatively affects
future milk production. In fact, a higher plane of nutrition during the pre-weaning phase has
been associated with an increase in mammary parenchyma mass, which may contribute to
improved future milk yield (Geiger, 2019). In a study by Soberon and Van Amburgh (2017),
calves fed an enhanced plane of nutrition during the pre-weaning phase exhibited not only
superior growth, but also increased development of the mammary gland, along with other
organs such as the liver, kidneys, and parenchyma. In the same study, the gene expression
profile across different tissues, including fat, liver, bone marrow, muscle, pancreas, and
mammary gland, highlighted significant differences (Leal et al., 2018; Hare et al., 2019). This
shows the need to take a whole-body approach when evaluating dairy calf development
rather than solely focusing on mammary development. Calves fed enhanced plane of
nutrition gained more fat, with gene expression suggesting increased fat deposition (Leal et
al., 2018). In adipose tissues, the gene expression profile indicated a shift toward beige
adipocytes (Leal et al., 2018), which is considered more metabolically favorable than white
fat, as beige adipocytes are associated with improved energy regulation and health outcomes
(Cannon and Nedergaard, 2004). The question of the ideal fat percentage for young calves
remains unclear, especially in relation to its importance in calf development and future
productivity.



Calves are born with limited fat reserves with only about 3% of their BW as fat
(McCance and Widdowson, 1977). Newborn calves rely on lipids and lactose from colostrum
and WM to maintain body temperature and build energy stores. Body fat primarily serves as
an energy reserve (Cahill, 1982; Norgan, 1997), and the accumulation of fat after birth
prepares the animal for future energy challenges. The advantage of using triglycerides (TG)
as energy storage rather than polysaccharides (glycogen) is due to the reduction level of
carbon atoms of FA than those of carbohydrates (Nelson et al., 2008), allowing for more
energy to be stored per molecule. In human infants, fat deposition supports the transition
from breast milk to solid foods and aids the shift from maternal to endogenous immune
protection (Kuzawa, 1998). Fat stores are mobilized during infections suggesting a link
between nutritional status to disease outcomes in infants (Kuzawa, 1998). A parallel can be
drawn with the early life of a calf, which is marked by numerous stressors, including
separation from the dam shortly after birth and the frequent challenge of inadequate
colostrum management leading to a dip in immunity during the second week of life.
Additionally, calves are often fed low milk volumes (8-10% of birth BW as volume fed; 4-6
litres) (Leal et al., 2021), which is far below the 10-12 litres they would naturally consume
when nursing from the dam (Reinhardt and Reinhardt, 1981). These factors likely contribute
to the high morbidity observed during the second week of life (Urie et al., 2018). Moreover,
many calves are weaned as early as 6-8 weeks of age, though naturally, they would remain
with the dam for up to 10 months (Hall, 1979; Reinhardt and Reinhardt, 1981). These
disruptions create significant challenges to calf health and may help explain why higher fat
intake in liquid feeds was associated with reduced preweaning mortality (Urie et al., 2018). In
addition, increasing the energy density of MR by supplementing fat allows calves to maintain
BW gain during cold temperatures (Jaster et al., 1992). Calves fed MR high in fat also
experience lower morbidity, with improved fecal scores (Amado et al., 2019) and reduced
need for medical treatments (Berends et al., 2020). Thus, increasing fat content in MR not
only supports energy needs but also enhances overall calf health and development, helping
calves to better cope with the challenges of early life in modern dairy production systems.

An imbalanced nutrient profile in MR during early life can negatively affect calf
metabolic health, potentially disrupting long-term metabolic homeostasis. Prolonged feeding
of MR high in lactose (up to 55% DM) impaired glucose homeostasis and insulin sensitivity in
veal calves (Hugi et al., 1997). While high-lactose MR reduced insulin sensitivity of calves in
some studies, others found no significant differences (Stahel et al., 2019), suggesting that
factors like feeding duration, lactose inclusion levels in MR, and plane of nutrition impact
glucose-insulin metabolism. Likewise, calves fed MR high in protein required more insulin
secretion after a meal compared to those on high-fat diets (Wilms et al., 2024a). This aligns
with the higher serum insulin-like growth factor | (IGF-1) of calves fed MR high in proteins
compared with MR high in fat (Bartlett et al., 2006; Wilms et al., 2022). High protein intake
from infant formula increased the concentration of insulin-releasing amino acids, which
stimulate the secretion of insulin and IGF-1 (Luque et al., 2015). This promotes accelerated
growth during infancy (Koletzko et al., 2005), but also raises the risk of obesity and metabolic
disorders later in life (Michaelsen and Greer, 2014). However, the long-term impact of early
insulin and IGF-1 dynamics on the metabolic health of replacement heifers remains unclear.
Since milk facilitates biochemical signaling between mother and offspring, it is crucial to
carefully consider the metabolic signals transmitted to calves, particularly when feeding MR
with significant macronutrient imbalances compared to WM.

1) Fat composition in milk replacer impacts lipid metabolism
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Bovine milk fat exhibits unique complexity, containing over 400 different fatty acids
(FA). The natural FA profile of WM, which shifts over the course of lactation, likely supports
the evolving developmental needs of the calf. Fat plays a crucial role in the nutrition of calves,
serving as a highly concentrated source of energy and providing essential FA critical for organ
development, immune system development, metabolic regulation, and overall health. Yet,
competition with the food industry limits the availability of milk fat for use in MR formulation,
leading to reliance on alternative fat sources derived from vegetable or animal sources. These
alternatives, while effective in providing energy and supporting growth, do not replicate the
full nutritional profile of milk fat (Figure 1). Diarrhea in calves has been observed when the
fat composition of MR significantly deviates from that of bovine milk fat (Jenkins et al.,
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Figure 1. Fatty acid profile of bovine WM (Moate et al., 2007) and a MR containing 65% palm
and 35% coconut fats.

Formulating the FA profile (and TG structure) of MR to more closely resemble that of
bovine milk fat—by incorporating dairy cream—produced significant benefits, including
increased voluntary MR intake in an ad libitum system, which led to enhanced preweaning
growth (Wilms et al., 2024b). In contrast, in that same study, calves fed MR containing
vegetable fats from rapeseed and coconut exhibited lower preweaning feed efficiency, along
with reduced MR intake and preweaning growth (Wilms et al., 2024b). In addition, calves fed
MR with rapeseed and palm fats had elevated plasma cholesterol compared to calves fed a
MR with lard and dairy cream (Leite et al., 2024; Wilms et al., 2024b) (Figure 2). Notably,
Wilms et al. (2024b) reported a shift from a high proportion of high-density lipoprotein (HDL)
cholesterol, known as "good" cholesterol, to a higher proportion of low-density lipoprotein
(LDL) cholesterol, often referred to as "bad" cholesterol, in calves fed ad libitum. A study by
McNamara et al. (1987) showed that the quality of dietary fat is a more crucial factor in
determining plasma cholesterol than dietary cholesterol intake. Indeed, cholesterol synthesis
has a significantly greater impact on circulating cholesterol than intestinal absorption of
cholesterol. It has been suggested that high cholesterol concentrations in calves fed MR with
vegetable fats is related to high levels of polyunsaturated FA in rapeseed oil and to differences
in C16:0 positioning on the glycerol backbone between palm oil and animal fats (Leite et al.,
2024; Wilms et al., 2024b). Differences in total cholesterol concentration diminished during
the weaning transition, suggesting that shifts in blood lipid profiles in response to animal or
vegetable fat sources during early life are transient. Nevertheless, it remains unclear whether



variations in fat composition and imbalances in lipid metabolism may have long-term
consequences for the health and production of future dairy cows.
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1) Restoring butyric acid in milk replacer to promote health and growth

Formulating the FA profile of MR to more closely resemble that of milk fat by
incorporating dairy cream has demonstrated significant benefits (Wilms et al., 2024b).
However, adding dairy cream to MR formulations is not commercially viable due to its high
cost. The positive effects of dairy cream may be partly due to the presence of short-chain FA
and medium-chain FA, specifically butyric acid (C4:0) and caproic acid (€6:0), which are
natural components of mammalian milk, but absent in MR. Butyric acid plays a crucial role in
promoting gut development and metabolic regulation (Guilloteau et al., 2010). Although C6:0
has received less attention, experiments by Aurousseau et al., (1984, 1988) showed that
calves and lambs fed MR with a blend of tallow and coconut fats, along with tricaproin, had
higher growth rates and feed efficiencies. Incorporating tributyrin and tricaproin into MR
enhanced digestive health, leading to better fecal scores and improved apparent total-tract
fat digestibility (Wilms, 2024). These improvements may also be linked to enhanced ileal
development and a healthier gut microbiota (Liu et al., 2022; Wilms, 2024). Additionally,
tributyrin in MR seemed to promote rumen development in 5-week-old calves (Wilms, 2024),
a key factor in the successful transition from a milk to solid feed. Remarkably, enhanced
rumen development was observed in calves fed MR with tributyrin and tricaproin although
solid feed was not available (Wilms, 2024). This early development likely enabled the calves
to consume more starter feed at weaning, resulting in improved growth performance (Figure
3). This suggests that tributyrin and possibly tricaproin play a systemic role in gastrointestinal
maturation, as MR bypasses the rumen and is directed to the abomasum through the closure
of the esophageal groove. Facilitating the weaning transition through enhanced rumen
development reduces stress, a major welfare concern for calves. Conflicting findings between
studies regarding growth performance may be related to different MR feeding regimes, the
type and method of C4:0 supplementation, the timing of C4:0 introduction, the time of
treatment exposure, and the C4:0 inclusion levels in MR. Differences in growth may only



become apparent during the late weaning and early post-weaning phases. In a study by Wilms
(2024) where calves were fed ad libitum, calf health was also improved, with a 50% reduction
in treatment days for illness when tributyrin and tricaproin were included in MR.
Improvements in health are likely due to reduced diarrhea severity, stronger gut

development, and a smoother weaning transition, all contributing to more resilient calves.
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Figure 3. Intakes of milk replacer
(A), starter feed (B), and growth
(C: ADG, D: BW) in calves (Wilms,
2024b). Milk replacer (13.5%
solids) was fed ad libitum from
arrival to 42 d after arrival,
weaning took place between d
43-70 after arrival, and from d
71-84, calves were fed
exclusively solid feeds.
Treatments included an MR with
vegetable fats (palm, coconut,
and linseed, CON, n = 22) and a
MR with the same fat blend to
which tributyrin and tricaproin
were incorporated (TRI, n = 24).

Calves fed MR with tributyrin and tricaproin required significantly less insulin to
regulate postprandial blood glucose compared to those fed MR with dairy cream (MF) or a
control diet, suggesting enhanced insulin sensitivity (Wilms, 2024) (Figure 5). The role of
butyric acid in enhancing insulin-glucose metabolism has also drawn attention in human
nutrition, particularly for its potential therapeutic benefits in managing diabetes and
metabolic syndromes (van Deuren et al., 2022). Furthermore, calves fed TRI displayed lower
postprandial TG than those fed a control MR. Calves fed TRl also had lower plasma cholesterol
and non-esterified FA concentrations (Wilms, 2024). This was also observed within rodent
models and individuals with metabolic syndrome suggesting improved lipid metabolism and
liver function (van Deuren et al.,, 2022). However, while these so called “enhanced lipid
markers” are beneficial in humans suffering from metabolic disorders associated with obesity,
their relevance to young calves remains uncertain.
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Figure 4. Postprandial glucose (A) and insulin dynamics (B) in calves. Treatments (n = 15 per treatment
group) included an MR with dairy cream (MF), an MR with a blend of vegetable oils (palm, coconut,
and linseed, CON), and an MR with the same oil blend than CON to which tributyrin and tricaproin
were incorporated (TRI). *®Means with a different superscript in the legend are significantly different
(P<0.05).

Conclusion

Taken together, these findings highlight the critical importance of dietary fats in calf
nutrition. Higher fat intake from liquid feed is beneficial for calves as it allows them to build
energy stores that can be mobilized during energetic challenges (e.g. low nutrient intake,
weaning) and diseases. This likely explains the lower morbidity and mortality in calves fed
high fat liquid feeds. When considering fat composition, MR formulations often rely on
vegetable or animal fats, which differ from bovine milk fat in terms of FA profile and TG
structure. Balancing individual FA by incorporating tributyrin and tricaproin into MR improved
digestive health. In addition, tributyrin in MR enhanced rumen development allowing for a
substantial increase in starter feed intake, which likely reduces weaning stress. In conclusion,
increasing fat inclusion in MR and carefully balancing fat composition to closely resemble WM
led to substantial improvements in calf welfare while supporting optimal growth.
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