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ABSTRACT 
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METABOLISM AND INTESTINAL HEALTH OF NEONATAL CALVES 

 

Anna C. Welboren 

University of Guelph, 2022

Advisor: 

Dr. Michael A. Steele 

 

Milk replacers (MR) formulated to contain more lactose than whole milk could 

potentially reduce insulin sensitivity and gut barrier function in dairy calves. Three studies 

were conducted to characterize the impact of fat, protein and lactose content, and the 

fatty acid composition, of MR on glucose-insulin kinetics, gastrointestinal tract (GIT) 

growth and function. In the first study, thirty-four calves were fed a high lactose (HL; 

46.1%DM lactose) or a high fat (HF; 24.6%DM fat) MR during the first week of life. 

Partially replacing lactose with fat in MR resulted in smaller fluctuations in postprandial 

glucose and insulin concentrations and tended to increase postprandial, but not fasting, 

insulin sensitivity. Furthermore, it resulted in a heavier and more permeable gut, with 

minor histomorphological differences. In the second study, thirty-four calves were fed a 

control MR (CON; 48.8%DM lactose, 21.2%DM fat and 23.3%DM CP) at 131 kcal/kg 

BW0.85 per day or control MR supplemented with butterfat (FAT), protein (PRO) or lactose 

(LAC) at 161 kcal/kg BW0.85 per day for 3 wk. Proportionally, weights and lengths of 



 

 

 

 

intestinal segments did not differ between treatments. The FAT calves had longer villi and 

a larger surface area index throughout the small intestine than CON, with LAC and PRO 

in between. This study suggests that macronutrient supplementation results in minor 

differences in intestinal structural development in neonatal calves. In the third study, 30 

calves were fed MR with an omega-6 to omega-3 fatty acid ratio of 40:1 (CONTROL) or 

6.5:1 (OMEGA-3) for 3 wk. Urinary recovery of Cr, lactulose and D-mannitol was lower in 

OMEGA-3 from 6-24 h after marker administration but total urinary recovery (0-24 h) and 

plasma concentrations were unaffected. This study suggests that incorporating omega-3 

FA in the plasma membrane may increase epithelial integrity and tight junction complex 

function, although gastrointestinal permeability was largely unaffected. Furthermore, 

inclusion of linseed and algae oil may promote inflammation demonstrating that fat 

sources should be evaluated for their suitability to include in MR formulations. The results 

of this research demonstrate that MR composition impacts dairy calf health and 

metabolism, which could lead to improved nutritional strategies on farm.
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1 General Introduction 

Traditionally, calves have received little attention on dairy farms since they do not 

generate immediate income. However, the finding that early life nutrition and growth 

impact future productivity, has caused a shift toward more research on dairy calf nutrition 

and management strategies (Soberon and Van Amburgh, 2013; Gelsinger et al., 2016). 

Traditionally, calves were fed a relatively low plane of milk or MR compared with 

unrestricted consumption of milk (~4 vs. 13 L/d; Borderas et al., 2009) in order to promote 

solid feed intake, and subsequently, rumen development, while reducing cost of feeding. 

Within the last two decades, the benefits of feeding calves more milk during the 

preweaning phase to promote growth and potentially lifetime production became apparent 

and is now a common nutritional recommendation for dairy calves (Fischer et al., 2019). 

However, the shift to feeding more liquid feed, especially MR, often does not consider 

the macronutrient and chemical compositions, which is concerning since it may negatively 

impact metabolism and intestinal health of dairy calves. Most MR contain more lactose 

and less fat than whole milk, mainly due to economic restrictions that limit the type of 

ingredients used to formulate MR (Lee et al., 2009). Common ingredients used are skim 

milk powder and whey protein concentrates (milk-borne), as well as hydrolyzed wheat 

protein, tallow, lard and vegetable oils, such as coconut oil, canola oil and palm kernel oil 

(alternative sources) (Hill et al., 2007; Lee et al., 2009; Amado et al., 2019). Feeding at 

higher rates comes with the risk of oversupplying specific nutrients, while undersupplying 

others, which could negatively impact metabolism and intestinal development and 

function. Currently, digestive upset is the main cause of calf mortality and morbidity, 

especially in the first two wk of life, underlining the need to investigate how early life 

nutrition influences intestinal development and function (Urie et al., 2018b).  

This thesis evaluates the impact of macronutrient and ingredient composition of calf 

MR on metabolism and intestinal development. Firstly, the effects of bringing the 

macronutrient composition closer to that of whole milk on glucose metabolism and 

intestinal development and function were evaluated. Then, the impact of inclusion of 
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alternate fat sources to mimic the FA composition of whole milk on intestinal development 

and inflammation were tested. The results of this thesis contribute to our understanding 

on calf MR formulations and could be used to improve nutritional strategies on farm. 
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2 Literature Review 

2.1 Challenge in Dairy Calf Rearing  

The future of a dairy farm largely depends on the successful raising of calves and 

heifers for replacement of the dairy herd. The preweaning phase of dairy heifer calves is 

a critical period, due to their relatively high susceptibility to disease and death. A major 

challenge in dairy calf rearing is the high morbidity (33.8% of all calves) rate on farm, 

subsequently increasing costs related to medical interventions and reducing profits in the 

form of suboptimal milk production later in life (Urie et al., 2018b; Heinrichs and Heinrichs, 

2011). Most cases of morbidity (56.0%) and mortality (32.0%) are caused by digestive 

issues, such as diarrhea, especially in the first two weeks of life (Urie et al., 2018b). 

Diarrhea is an imbalance in the bidirectional flux of electrolytes and water, where 

electrolyte secretion (e.g., chloride, which results in water secretion) exceeds electrolyte 

absorption (e.g., sodium, which drives water absorption; Navaneethan and Giannella, 

2010). Diarrhea is characterized by an increase in fecal output and frequency of 

defecation (Navaneethan and Giannella, 2010). In addition to dehydration and acidosis, 

it could result in reduced resistance to other diseases, lower growth rate of calves, and 

lower efficiency of feed utilization, and eventually death (Owen et al., 1958). Diarrhea can 

be caused by non-infectious factors, such as poor sanitation, exposure to extreme 

weather and malnutrition, and by infectious agents, such as viruses, bacteria and 

protozoa (Klein-Jobstl et al., 2014; Muktar et al., 2015). Examples of malnutrition are 

insufficient uptake of colostrum or oversupplying specific nutrients, such as lactose or 

minerals (e.g., CaHPO4, K2HPO4, MgSO4 and NaCl; Owen et al., 1958, Hof, 1980). The 

causes of diarrhea (non-infectious and infectious) are interconnected, however, since the 

viability of pathogens in the GIT lumen is largely dependent on the composition of the 

digesta (i.e., carbohydrates can serve as a substrate for growth and multiplication of 

pathogens), and therefore, of the feed ingested (Hof, 1980). The link between nutrition 

and intestinal structure and function suggests that there are many opportunities to 

improve feeding practices for dairy calves, and thus, reduce digestive issues and optimize 

farm profit. 
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2.2 Dairy Calf Feeding Practices 

Generally, calves are removed from their dams right at birth and transferred to an 

individual pen. It is common practice to provide calves with at least one meal of colostrum 

or colostrum replacer after birth (Vasseur et al., 2010). Previous studies have shown that 

it is important to feed clean colostrum of high quality as quickly after birth as possible to 

ensure sufficient passive transfer of immunoglobulins to boost the calf’s humoral immunity 

(Godden et al., 2019). After the initial meal(s) of colostrum, calves are fed whole milk (i.e., 

40% of calves on US dairy operations), MR (35%) or both (25%; Urie et al., 2018a). 

Calves are fed manually or automatically using automated feeders, with the latter allowing 

for more drinking bouts, and therefore, higher intake per day (Miller-Cushon et al., 2013; 

Medrano-Galarza et al., 2017). Milk or MR is generally fed for a period of six to eight 

weeks (Medrano-Galarza et al., 2017; Urie et al., 2018a), during which calves slowly 

adjust to a diet based on solid feed (e.g., concentrate and roughage) until fully weaned. 

2.2.1 Plane of Nutrition 

Over the past decades, many studies have focussed on early life nutrition in relation 

to preweaning growth and future milk production (Soberon et al., 2012; Soberon and Van 

Amburgh, 2013; Gelsinger et al., 2016). For instance, increasing the plane of nutrition can 

enhance ADG and every increase in preweaning ADG of 100 g/d can result in an increase 

of approximately 140 kg of first-lactation milk yield (Soberon and Van Amburgh, 2013; 

Gelsinger et al., 2016). In addition, Frieten et al. (2017) demonstrated that feeding MR ad 

libitum for 8 wk resulted in 25% greater BW and greater fasting glucose and insulin 

concentrations compared with feeding 6 L/d. Similarly, Leal et al. (2021) found that the 

metabolic profile of dairy calves fed 8 L/d for 10 wk was characterized by lower levels of 

LCFA and PUFA and higher levels of dipeptides and amino acids, including methionine, 

arginine and lysine to support growth compared with calves fed 4 L/d. Consequently, 

current preweaning feeding recommendations focus on providing elevated planes of 

(milk) nutrition and weaning gradually and at a later age (approximately 8-10 wk of age) 

to allow for sufficient nutrient intake and ADG (Meale et al., 2015; Welboren at al., 2019). 

According to surveys amongst US dairy farmers, milk supply to calves has increased, 
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where the fraction of calves receiving >6 L/d increased from 30% in 2011 to 55% in 2014 

(USDA, 2012; USDA, 2016). However, at higher growth rates, nutrient requirements 

change, namely relative protein requirements increase, whereas energy requirements 

decrease (NRC, 2001). Therefore, increasing intake of the same feed without adjusting 

the macronutrient composition could result in nutrient imbalance, which may negatively 

impact calf performance and health. Interestingly, most studies focus on the quantity of 

milk provided, but not necessarily on the quality – for example, the macronutrient 

composition, which can no longer be ignored.  

2.3 Whole milk and milk replacer 

Differences in ingredient, macronutrient and chemical compositions between whole 

milk and MR are summarized in Figure 1. As discussed in more detail below, most MR 

contain more lactose and less fat than whole milk. They are predominantly whey-based, 

while whole milk protein consists mainly of casein proteins. Common fat sources used for 

MR formulations are tallow, lard and vegetable oils which results in a different structure 

and fatty acid composition of MR fat than whole milk fat.    

2.3.1 Ingredient composition 

The carbohydrate fraction of whole milk consists of lactose, a disaccharide 

comprised of a glucose and a galactose molecule. The protein fraction of milk consists of 

casein (approximately 80% of protein) and whey proteins (approximately 20% of protein; 

Swaisgood, 1995). The fat fraction of milk is butterfat, which consists of triglycerides 

(97%) and several other structures, each contributing <1%, including 1,2-diacylglycerols, 

phospholipids, cholesterol, free fatty acids and monoacylglycerol (Jensen, 2002; Raven, 

1970). Milk fat consists of approximately 400 FA, with 12 of them being >1%. The 

distribution of FA in triglycerides is not random, resulting in several thousands possible 

triglyceride formations in milk fat (Jensen, 2002). 

Milk replacer is typically prepared from skim milk powder (a source of lactose and 

whey), a vitamin and mineral mix and several ingredients, to replace the caseins and fats 
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that are removed from the original milk for the production of butter and cheese for human 

consumption. These ingredients include, but are not limited to, hydrolyzed wheat, whey 

concentrates, coconut oil, canola oil, palm (kernel) oil, tallow and lard (Hill et al., 2007; 

Raven, 1970).  

2.3.2 Macronutrient composition 

Due to economic limitations, fat and protein inclusion in MR are often similar or lower 

than protein and fat contents of whole milk, with lactose used to fill the gap. In contrast, 

high protein formulations containing up to 28% CP are designed to achieve accelerated 

growth (Drackley, 2008). Furthermore, Tikofsky et al. (2001) suggested that lactose was 

preferred over fat inclusion to promote lean tissue growth instead of fat deposition. They 

suggested that deposition of fat increases body condition of youngstock, which may 

decrease milk production in the first lactation (Radcliff et al., 2000; Sejrsen et al., 1982). 

However, these studies evaluated total energy supply and not dietary fat supply 

specifically. Furthermore, they are predominantly conducted during the allometric growth 

phase with animals older than 3 months of age (Sejrsen et al., 1982; Radcliff et al., 2000; 

Moallem et al., 2010). The first 3 months of life is characterized by isometric growth, which 

may indicate that energy and macronutrient requirements are different during this phase 

of a calf’s life, as discussed later. The economic limitations and the push to minimize fat 

inclusion in MR have resulted in a different macronutrient composition of most MR 

compared with whole milk. Most MR formulations currently on the market contain more 

lactose (45 vs. 37% of DM), less fat (18 vs. 30% of DM) and similar, although highly 

variable, amounts of protein (25% of DM) compared with whole milk (Lee et al., 2009; 

Moallem et al., 2010).  

2.3.3 Chemical Composition 

In addition to the macronutrient composition, the chemical composition of individual 

macronutrients differs between whole milk and MR. No differences in chemical 

composition exist for the carbohydrate fraction if the ingredients used (e.g., skim milk and 

whey powder) are milk-borne. The protein fraction differs in composition since whole milk 



 

 

7 

 

protein contains casein to whey in a ratio of 4:1, whereas MR contains only whey and 

non-milk proteins. This leads to minor differences (< 5%) in amino acid composition since 

the main amino acids in the casein fraction are glutamate, glutamine, proline, valine and 

leucine, and in the whey protein fraction, leucine and lysine (Swaisgood, 1995). However, 

wheat gluten contains higher levels of glutamate, glutamine and proline, and therefore, 

may minimize differences in amino acid composition of MR compared with whole milk 

(Rombouts et al., 2009). 

Regarding the fat fraction, differences exist in FA composition and structure of the 

fat droplet (Lopez et al., 2015). The fat fraction of whole milk consists of short chain FA 

(C4-C6; 5%), medium chain FA (C8-C12; 8%) and long chain FA (>C14; 87%) with a ratio 

of saturated fatty acids to unsaturated fatty acids of 70:30 (Jensen, 2002; Moallem, 2009; 

Markiewicz-Keszycka et al., 2013). The fat fraction of MR contains more long chain FA 

and fewer short chain FA (no butyric acid) than that of whole milk due to the use of 

vegetable oils, lard or tallow. In addition, using vegetable oils, such as coconut oil and 

palm oil, increases the polyunsaturated FA content of the fat fraction. More specifically, 

these MR contain more omega-6 and less omega-3 FA, which results in a higher omega-

6 to omega-3 FA ratio compared with whole milk. Similarly, tallow has a low 

polyunsaturated FA content and lard contains little omega-3 FA so lard and tallow-based 

MR are also deficient in omega-3 FA (Leskanich and Noble, 1999). Furthermore, MR fat 

is organized in lipid droplets surrounded by milk proteins compared with the whole milk 

fat globule that is surrounded by a trilayer of phospholipid membranes (Lopez et al., 

2015). The size of the lipid droplets in MR depends on the pressure applied upon 

homogenization and is often smaller than the whole milk fat globule (1 to 2 vs. 4 micron), 

which facilitates digestion (Raven, 1970; Lopez et al., 2015).  

2.4 Impact of Nutrient Composition on Calf Physiology 

2.4.1 Digestion and Absorption 

A neonatal calf is considered a pre-ruminant since it possesses all four stomachs at 

birth, but they are not all functional yet. Milk flows via the oesophageal grove past the 



 

 

8 

 

rumen, omasum and reticulum into the abomasum, the main place where acid digestion 

of feeds occurs in neonatal calves (Radostits and Bell, 1970). The DM digestibility of 

whole milk is around 97.4-97.8%, whereas the digestibility of MR may differ depending 

on its ingredient composition and production process (Lodge and Lister, 1973). 

2.4.1.1 Carbohydrates 

In neonatal calves, lactose is digested into glucose and galactose by the enzyme β-

galactosidase which is located in the brush border cells of the proximal part of the intestine 

(Drackley, 2008). Both glucose and galactose cross the epithelial membrane via SGLT-

1, mainly in the jejunum (Russell and Gahr, 2000). Glucose and galactose are transported 

out of the enterocyte by hexose transporter GLUT-2, which is located on the basolateral 

membrane (Russell and Gahr, 2000). Diffusion down the concentration gradient ensures 

glucose and galactose end up in the capillary blood within the villus. Glucose is readily 

absorbed and preferred over galactose, potentially due to the greater affinity of the 

transporters for glucose compared with galactose (Hof, 1980).  

2.4.1.2 Protein 

When milk flows into the abomasum it coagulates due to the enzyme rennin that 

cleaves a specific peptide bond in κ-casein (Drackley, 2008). Casein is partially digested 

by protease in the abomasum, while the remainder of the casein and the whey proteins 

are digested by the pancreatic enzymes trypsin, chymotrypsin, carboxypeptidase and 

elastase in the small intestine (Drackley, 2008). Amino acids, dipeptides and tripeptides 

are absorbed by specific transport systems (Matthews, 2000).   

The apparent DM digestibility of milk-borne proteins, such as whey products, is 

generally higher than that of non-milk sources, such as wheat or soy protein, due to the 

presence of antinutritional factors (Seegraber and Morril, 1986; Branco-Pardal et al., 

1995). Seegraber and Morril (1986) fed calves whole milk or a MR with one third or casein 

replaced with a soy protein concentrate, soy flour or a fish protein concentrate at 10% of 

BW for 10 wk. They found that the calves fed soy protein concentrate or soy flour had 



 

 

9 

 

shorter villi and increased mucus production as early as 4 wk of age, based on scanning 

electron micrographs. Similarly, Branco-Pardal et al. (1995) demonstrated that inclusion 

of 15% wheat gluten per kg MR decreased fecal digestibility of DM in calves when fed for 

2 wk starting at 8 wk of age. Dawson et al. (1988) replaced 75% of whey protein with soy 

protein concentrate or soy flour and found that DM digestibility decreased from 93 to 81 

and 78%, respectively. Protein digestibility decreased from 82 to 59 and 55%, 

respectively.      

2.4.1.3 Fat 

When the casein proteins coagulate in the abomasum, fat is entrapped within the 

coagulate (Drackley, 2008). The pregastric enzyme lipase partially digests milk fat by 

cleaving off the short or medium-chain FA located on the third position of the triglyceride 

(Radostits and Bell, 1970). These short-chain and medium-chain FA are rapidly absorbed 

and oxidized for energy in the liver (Drackley, 2008). Pancreatic lipase will further digest 

milk fat to free FA and monoglycerides. The FA and monoglycerides, together with bile 

salts, form micelles to aid in absorption. Once the FA and monoglycerides are absorbed 

into the enterocyte they are reconverted into triglycerides and form chylomicrons. The 

chylomicrons are surrounded by phospholipids and apoproteins and are delivered to the 

blood via the lymphatic system (Drackley, 2008). 

The digestibility of MR fat depends on its source and method of inclusion. Using 

alternative fat sources such as coconut oil and palm oil results in a digestibility of fat and 

DM of 94% (Amado et al., 2019). Hill et al. (2009) found that increasing fat content (lard) 

from 14 to 23% linearly decreased digestibility of fat from 94 to 90% in preweaning calves. 

Alternative fat sources can be included in the MR using different techniques such as 

blending melted fat with MR product or homogenizing liquid fat followed by drying. 

Blending melted butterfat with MR results in poor digestibility of fat (72%), whereas 

homogenizing butterfat does not decrease digestibility (97%) compared with butterfat of 

whole milk (Raven, 1970). An alternative method to maintain digestibility is by adding 

emulsifying agents, such as lecithin, to blended butterfat (88%; Raven, 1970). Potentially, 
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the difference in digestibility is a consequence of the size of the fat droplets. 

Homogenizing tallow resulted in smaller fat droplets (2-4 µm) compared with blending 

tallow with MR (5-10 µm, with a minor fraction of 10-20 µm; Raven, 1970).  

2.4.2 Glucose Metabolism 

After absorption of each of the nutrients they are further metabolized and utilized in 

cells of the body, such as skeletal muscle, liver and adipose tissue cells. During the 

preweaning phase, calves are largely dependent on glucose metabolism to provide their 

body cells with sufficient energy to produce ATP. Previous studies have demonstrated 

that insulin sensitivity and glucose utilization decrease with age in veal calves (Palmquist 

et al., 1992; Hostettler-Allen et al., 1994; Hugi et al., 1997). For the veal industry this is 

an important area of research as a normal insulin status is required for uptake of nutrients 

for growth.  

2.4.2.1 Carbohydrates and Fat 

Hostettler-Allen et al. (1994) evaluated potential causes for the decreased insulin 

sensitivity and suggested that high lactose intake may cause hyperglycemia, which may 

decrease insulin sensitivity by decreasing the sensitivity of glucose transport proteins 

(Rossetti et al., 1990). Palmquist et al. (1992) evaluated the effects of lactose and fat 

inclusion (60% of DM lactose and 10% of DM fat or 54% of DM lactose and 18% of DM 

fat) on glucose tolerance in veal calves and found that the 60% lactose MR tended to 

decrease glucose utilization at wk 16 of age. Similarly, Hugi et al. (1998) found that 

feeding red Holstein-Simmental calves a MR with 42% of DM lactose from 5 to 16 wk of 

age decreased insulin sensitivity based on decreased glucose infusions during a 

hyperinsulinemic clamp test compared with a MR with 29% of DM lactose (fat and protein 

were kept equal by replacing lactose with pregelatinized starch). The calves fed the high 

lactose MR had fewer insulin receptors in muscle, which may have caused the decrease 

in glucose utilization. The authors suggest that the postprandial hyperinsulinemia in the 

group fed the high lactose MR may have resulted in a down-regulation of insulin 

receptors. However, the Palmquist et al. (1992) and Hugi et al. (1998) studies do not 
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estimate or calculate insulin sensitivity itself, which makes it more challenging to interpret 

the results. Important to note is that these studies evaluated glucose-insulin kinetics 4 h 

after the morning meal, and therefore, differences in the diet (such as supply of lactose) 

may have interfered with the tests. More recently, Pantophlet et al. (2016) evaluated 

isoenergetic exchange of lactose with fat (59% of DM lactose and 18% of DM fat vs. 34% 

of DM lactose and 30% of DM fat) on insulin sensitivity in veal calves from 3 to 6 mo of 

age. They demonstrated that insulin sensitivity was not different between groups based 

on a hyperinsulinemic clamp test, and that in both groups, insulin sensitivity was relatively 

low in calves of this age. Therefore, they suggested that future studies evaluating the 

impact of macronutrient composition on glucose-insulin kinetics should use younger 

calves as they are likely more sensitive to insulin, which may allow for impact of a dietary 

interference.    

More recently, the dairy industry expressed interest in this area of research because 

the development of reduced insulin sensitivity at an early age may increase the risk of 

developing metabolic issues around the prepartum period since insulin sensitivity is 

already low during this period to partition nutrients toward the fetus and the mammary 

gland (Hayirli, 2006). Previous studies conducted in dairy calves have evaluated the 

effects of quantity and macronutrient composition of MR on glucose homeostasis and 

insulin sensitivity (Hof, 1980, Stahel et al., 2019). Bach et al. (2013) demonstrated that 

feeding calves 8 L/d in two portions decreased insulin sensitivity in time compared with 

feeding 4 L/d in two portions. However, the glucose tolerance test in this study was 

performed 4 h after the morning meal, which may have interfered with the test. 

Conversely, MacPherson et al. (2016) did not observe differences in insulin sensitivity 

after an overnight fast in calves fed 8 or 4 L/d in two portions at 4, 7 and 10 wk of age. 

Postprandially, the glucose and insulin concentrations were greater in the group fed 8 

L/d, which was ascribed to the greater lactose intakes in this group. The differences in 

glucose and insulin concentrations between the groups were larger at wk 4 than wk 7, 

which may suggest that calves adjust to the increased nutrient supply. The findings of 

these studies have led to interest in evaluating effects of lactose content of MR on 
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glucose-insulin kinetics in replacement dairy calves. For instance, Stahel et al. (2019) 

compared feeding a high lactose (44% of DM) or a high fat (37% of DM lactose) MR at 6 

to 7 L/d and found no effect on insulin sensitivity after an overnight fast at 4 wk of age. In 

addition, postprandial insulin sensitivity of these calves based on mathematical modeling 

of postprandial glucose, insulin and acetaminophen (to consider effects of abomasal 

emptying) concentrations was also not different between treatment groups. Furthermore, 

postprandial glucose (trend) and insulin concentrations were higher in calves fed the high 

lactose MR at 30 min after the meal, which was ascribed to the larger lactose content of 

the meal. Interestingly, Yohe et al. (2021) found that calves fed 6 to 7 L/d of a MR 

containing 48% of DM lactose had a smaller area under the curve for glucose 

concentrations following a glucose tolerance test, with no differences in insulin area under 

the curve compared with isonitrogenous MR containing 34 to 43% of DM lactose. The 

authors suggest this may indicate that the glucose clearance rate in these calves was 

higher than in the other groups, however no other calculations or modeling of insulin 

sensitivity were presented.   

2.4.3 Growth and Body Composition 

2.4.3.1 Carbohydrates and Fat 

Several studies evaluated how macronutrient composition of MR impacts growth 

and body composition. Donnelly et al. (1983) found that increasing the lactose to fat ratio 

in MR from 0.4:1 to 2:1 (while maintaining isocaloric and isonitrogenous intakes) resulted 

in increased BW, protein and water gain and decreased fat gain in preweaning calves fed 

adequate protein levels to grow 600 g/d. They concluded that lactose is an energy source 

more available for protein gain than fat. Similarly, Tikofsky et al. (2001) found that calves 

fed a low fat MR (15% of DM fat, 55% of DM lactose) used more energy from lactose for 

lean tissue deposition, which is energetically more expensive, whereas calves fed a high 

fat MR (31% of DM fat, 35% of DM lactose) used less energy from fat for protein 

deposition and deposited the remainder as fat. Since BW gain was unaffected, they 

concluded that body composition can be affected independent of rate of gain, and suggest 

therefore, that the efficacy of a MR formulation should not be evaluated by rate of gain 
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only. In agreement with this, Bascom et al. (2007) found that feeding a MR with 27% CP 

and 33% fat to preweaning Jersey calves compared with a MR with 29% CP and 16% fat 

increased fat and energy gains without affecting BW.   

2.4.3.2 Protein 

The impact of dietary protein content of MR on body weight gain and composition 

has been evaluated by Donnely and Hutton (1976a,b). Twelve-d-old calves were fed >900 

g MR per day containing 16, 18, 22, 25, 30 or 32% of DM protein resulting from different 

inclusion rates of skim milk powder, whole milk powder and lactose. Increasing the protein 

content resulted in a linear effect on protein gains, with the highest gains in the 30 and 

32% protein groups, and fat gains, with the highest gains in the 16% protein group 

(Donnely and Hutton, 1976b). Similarly, Gerrits et al. (1996) evaluated CP contents 

ranging from 16 to 32% in preruminant calves fed MR >1,300 g/d and found that empty 

BW gain, protein gains and fat gains increased linearly with increasing dietary CP content. 

Bartlett et al. (2006) found that increasing CP content of isocaloric MR from 14 to 26% of 

DM resulted in increased rates of gain in preweaning dairy calves fed >600 g DM/d. They 

suggested that the increased gain to feed ratio was due to accretion of body protein and 

the associated water in lean tissue.  

2.4.4 Intestinal Development and Growth 

The cellular and structural features of the GIT (i.e., gut tube formation, villus 

morphogenesis, cytodifferentiation of the epithelium) develop during the embryonic and 

fetal period (Chin et al., 2017). Postnatal changes include maturation and adaptation of 

the gut to the extra-uterine environment, colonization of the gut by microorganisms and 

development of the mucosal immune system (Chin et al., 2017). Neonatal nutrition plays 

an important role in the development of the GIT to enable nutrient digestion and 

absorption, proper gut barrier function and development of the mucosal immune system 

(Jacobi and Odle, 2012). Exposure to antigens, as well as consumption of colostrum and 

milk, which contain inflammatory mediators and immune components such as IgG and 

IgA, stimulate the development of mucosal immunity (Chin et al., 2017). Growth of the 
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GIT is regulated by several factors, including luminal nutrients, peptide growth factors and 

GIT hormones (Burrin and Stoll, 2002, Baldwin et al., 2004; Jaladanki and Wang, 2016). 

A decrease or absence of luminal nutrients, such as during feed restriction or parenteral 

nutrition, is known to cause villus atrophy in dairy cows and rodents (Buts et al., 1990; 

Kvidera et al., 2017).  

The epithelium has a high rate of cell turnover and renews every 4-5 d (Jaladanki 

and Wang, 2016). Proliferation of the epithelial cells takes place in the crypts of 

Lieberkuhn. Here, intestinal stem cells proliferate after which they differentiate in 

enterocytes, enteroendocrine cells, goblet cells or Paneth cells (Jaladanki and Wang, 

2016). The differentiated cells migrate to the tip of the villus, undergo apoptosis and 

slough off into the lumen. The signaling pathways that promote intestinal stem cell 

proliferation by activating transcriptional coactivator β-catenin are Wnt and 

phosphoinositide 3-kinase (Jaladanki and Wang, 2016). The Notch signaling pathway in 

combination with Wnt plays a role in differentiating cells to become either absorptive 

(enterocytes) or secretory (enteroendocrine, goblet and Paneth cells; Crosnier et al., 

2006). On the other hand, the bone morphogenic protein signalling pathway functions as 

a negative regulator of intestinal crypt proliferation (Jaladanki and Wang, 2016).  

2.4.4.1 Carbohydrates 

Few studies have evaluated how macronutrient composition influences GIT growth. 

Weser et al. (1986) found that midgut infusion of mono- and disaccharides stimulated 

mucosal growth compared with infusion of saline in rats maintained on parenteral 

nutrition. Interestingly, disaccharides were more trophic than monosaccharides and the 

authors suggested that this was due to a higher functional workload of the disaccharides 

since they need to be hydrolyzed before being absorbed (Clarke, 1977).  

2.4.4.2 Protein 

Dietary protein’s effect on intestinal development and growth of calves has been 

evaluated based on its components, namely amino acids. Van Keulen et al. (2020) 
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evaluated the effects of supplementing MR with glutamine or arginine (1% of DM) on 

histomorphology of the small intestine of preweaning dairy calves fed at 10 or 20% of BW. 

They found that villi height and width was increased in response to supplementing 

glutamine and arginine and suggest this may be due to polyamines, nitric oxide-

dependent cyclic GMP signaling or activation of the mammalian target of rapamycin 

(Rhoads and Wu, 2009). Similarly, Zhou et al. (2012) infused calves with alanyl-glutamine 

(0.5 or 1.0 g/kg per d) intravenously for 7 d after weaning, which promoted intestinal 

integrity based on longer villi and a thicker mucosal layer compared with calves infused 

with saline. In addition, the alanyl-glutamine-infused calves had less diarrhea potentially 

due to increased secretion of secretory IgA in intestinal mucosa and serum compared 

with calves infused with saline. These studies suggest that the components of protein, 

amino acids, may serve as important signalling molecules affecting intestinal growth. 

2.4.4.3 Fat 

Several studies evaluated the role of dietary fat or fatty acids in intestinal 

development and growth.Buts et al. (1990) evaluated mucosal growth in response to 

tubing isocaloric amounts of protein (casein hydrolysate), carbohydrates (glucose 

polymers and malto-dextrins) or lipids (soybean oil) in rats that were fasted for 4 d. They 

found that mucosal weights and total DNA content were highest in rats fed lipids, followed 

by protein and carbohydrates. Furthermore, increasing dietary fat from 1 to 50% of caloric 

requirements increased GIT tract and mucosal weight of rats without affecting its length 

(Maxton et al., 1989). The authors suggest that pancreaticobiliary secretions or GIT 

hormone secretion (e.g., enteroglucagon) may have promoted mucosal hyperplasia 

based on increased contents of mucosal DNA. Enteroglucagon are glucagon-like 

substances secreted by enteroendocrine cells including glucagon-like peptide 1, 

glucagon-like peptide 2 and glicentin (Holst, 1997). Guilloteau et al. (2009) found that 

supplementing dairy calves from 2 to 22 wk of age with sodium butyrate (3 g/kg DM) 

promoted maturation of the GIT by increasing villi size and activity of digestive enzymes 

compared with flavomycin supplementation. Potential mechanisms could include 

glucagon-like peptide-2 and insulin-like growth factor-1 (IGF-1) based on the higher 
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expression of IGF-1 receptors in jejunum tissue in sodium butyrate-supplemented calves. 

Similarly, adding sodium butyrate to MR and starter (0.3% as fed) resulted in increased 

plasma glucagon-like peptide-2 and mitosis in the gastrointestinal tract based on tissue 

expression of Ki-67 (Gorka et al., 2011, 2014). Furthermore, Vanderhoof et al. (1994) 

found that supplementing essential fatty acids from menhaden oil at 15% (wt/wt) for 6 wk 

to jejunoileal resected weanling rats increased mucosal weight, protein and DNA content 

in the small intestine compared with safflower oil or beef tallow.  

2.4.5 Intestinal Nutrient Sensing 

The contents of the GIT play an important role in the digestion and absorption of 

feed. The nutrients present in the lumen are sensed by nutrient receptors present on the 

apical side of so called ‘open’ enteroendocrine cells, which triggers a series of intracellular 

signalling pathways. Subsequently, depolarization of the cell membrane and an increase 

in intracellular calcium and/or upregulation of second messenger signalling cascades 

results in exocytosis of hormones and neural signals that regulate intestinal motility, the 

release of digestive enzymes, the presence of nutrient transporters and tissue growth 

(Powley et al., 2011; Furness et al., 2013). A closed-type enteroendocrine cell, such as 

ghrelin-producing cells in the stomach, are located within the mucosa and respond to 

mechanical stimuli and neuronal or paracrine factors (Reimann et al., 2012). There are 

several types of nutrient receptors present throughout the GIT that sense the digestive 

products of carbohydrates, fats or proteins, such as monosaccharides, free fatty acids, 

amino acids or peptones. Figure 2 presents an overview of the different types of nutrient 

sensing receptors and their effect on GIT hormone secretion and nutrient receptors. 

2.4.5.1 Carbohydrates 

Intestinal L-cells have, similar to the oral cavity, the classic sweet taste receptors 

T1R1/T1R3 and T1R2/T1R3 (Rasoamanana et al., 2012; Furness et al., 2013). The 

T1R1/T1R3 receptor senses umami taste, while the T1R2/T1R3 receptor senses sweet 

taste. Margolskee et al (2007) demonstrated that T1R2/T1R3 and G-protein α-gustducin 

are essential for the upregulation of SGLT1 in response to a high carbohydrate diet (70 
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vs. 2%) fed to mice for 2 wk. The expression of SGLT1 in intestinal tissue did not change 

in T1R3-/- and G protein α-gustducin-/- mice, while it increased in the wild type mice. Upon 

activation by sweet taste (e.g., monosaccharides) G-protein α-gustducin triggers the 

enzyme phospholipase Cβ2, which catalyses the formation of inositol triphosphate and 

leads to an increase in intracellular Ca2+ (Rasoamanana et al., 2012). Consequently, gut 

peptides, including GLP-1 and PYY are released from the enteroendocrine L-cells 

resulting in the upregulation of carbohydrate transporters such as SGLT1 and GLUT2, to 

stimulate carbohydrate absorption (Raybould, 2008). In addition, GLP-1 and PYY also 

regulate insulin release and slow down intestinal transit (Furness et al., 2013).  

2.4.5.2 Protein 

Amino acids are sensed by several nutrient receptors, including T1R1/T1R3, 

T1R2/T1R3, GPR6A, CaR and GPR93 (Rasoamanana et al., 2012). Amino acid sensing 

is dependent on the configuration of the molecule. For instance, L-amino acids bind to 

the heterodimer receptor T1R1/T1R3, whereas D-amino acids activate T1R2/T1R3 

(Nelson et al., 2002). GPR6A detects basic amino acids, such as L-lysine and L-arginine, 

and CaR binds mainly to aromatic L-amino acids (L-phenylalanine and L-tryptophan). 

GPR6A is located on G-cells in the stomach where it regulates gastric acid secretion via 

the peptide hormone gastrin, as well as on D-cells in the stomach, where it inhibits gastrin 

release and regulates insulin release via somatostatin (Rasoamanana et al., 2012; 

Furness et al., 2013). CaR and GPR93 are located on both I- and L-cells in the small 

intestine that release CCK and GLP-1, respectively. Amino acid and peptide sensing 

results in upregulation of PEPT1 and amino acid transport systems to promote absorption 

of amino acids and peptides (Rasoamanana et al., 2012).   

2.4.5.3 Fat 

Free FA receptors (FFAR) play an important role in the signal transduction of free 

FA. FFAR-1-4 are found in I and L-cells in the small intestine and the colon, where they 

stimulate carbohydrate uptake and regulate intestinal transit rate by facilitating the release 

of GLP-1, GLP-2 and peptide YY (Furness et al., 2013). FFAR2 and FFAR3 are activated 
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by short-chain FA, whereas FFAR1 and FFAR4 are activated by medium- and long-chain 

FA (Miyauchi et al., 2010; Spreckly and Murphy, 2015). FFAR1 and FFAR4 expressing I-

cells in the proximal small intestine release CCK in response to ingesting fats (Furness 

et al., 2013). When CCK binds to its receptor on mucosal endings of vagal afferent 

neurons, a signal is sent to the nucleus tractus solitarius in the brain stem which results 

in the activation of vagal efferent pathways of the gallbladder and the pancreas (Strader 

and Woods, 2005). In addition, detection of long-chain FA results in upregulation of CD36 

to promote absorption of long-chain FA. Furthermore, FFAR2 and FFAR3 are expressed 

in enteroendocrine L-cells of ileum and colon, and when activated by short-chain FA, 

enhance the release of peptide YY (Cherbut et al., 1998). Consequently, 

monocarboxylate transporter 1 is upregulated to promote absorption of short-chain FA 

(Rasoamanana et al., 2012).  

2.4.6 Intestinal Health 

Definitions of intestinal health are typically associated with pathogens that can 

cause illness or mortality, and subsequently, economic losses (Pluske et al., 2018). In 

addition, Pluske et al., (2018) suggested that the ability to deal with enteral challenges 

(e.g., during weaning) also forms an important part of the definition. Criteria to consider 

when evaluating intestinal health are effective digestion and absorption of food, absence 

of GIT disease, a stable microbiome and an effective immune status (Bischoff, 2011).  

2.4.6.1 Fat 

Several studies evaluating macronutrient composition of the liquid diet found that 

dietary fat may benefit intestinal health of dairy calves. Urie et al. (2018a) found that 

across 104 dairy calf operations in the USA, calves fed <150 g/d of fat from the liquid diet 

had increased mortality rate (9 vs. 3%) and the authors suggested that sufficient dietary 

fat intake is needed to fight infections that can cause diarrhea. Other authors also suggest 

that altering macronutrient composition of the diet changes the composition of digesta 

(e.g., fewer carbohydrates), which is a substrate for growing pathogens (Hof, 1980). 

Furthermore, dietary fatty acids may conjugate with minerals which reduce lumen 
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osmolality (Owen, 1958). Donnelly (1983) found that increasing the fat to carbohydrate 

ratio of MR linearly decreased fecal DM content in preweaning dairy calves. Furthermore, 

calves fed a high fat MR (23 or 31% of DM) ad libitum had fewer abnormal fecal scores 

and required fewer therapeutic interventions due to respiratory issues compared with 

calves fed a high lactose MR (Amado et al., 2019; Berends et al., 2020). Therefore, the 

low-fat content of current MR formulations may undersupply dietary fat which is required 

to supply a sufficient amount of energy to maintain a health GIT.  

A higher dietary fat content may benefit intestinal health, however this could 

depend on the type of fat included in the diet. For instance, the high omega-6 to omega-

3 FA ratio of current MR formulations may negatively impact intestinal epithelial integrity. 

Within the cell, omega-6 and omega-3 FA are converted to several intermediates, 

including ADA (omega-6), EPA (omega-3) and docosahexaenoic acid (omega-3) by 

enzymes such as elongase 5 and 7 and Δ5 and Δ6 desaturases (Schmitz and Ecker, 

2008). These FA are precursors for immune molecules (i.e., eicosanoids) that are 

synthesized by enzymes such as lipoxygenase and cyclooxygenase in immune cells in 

submucosa and lamina propria (Eberhart and Dubois, 1995; Calder, 2010). The 

eicosanoids (i.e., prostaglandins, leukotrienes, resolvins and protectins) have a high 

proinflammatory potential if they are synthesized from omega-6 FA and a low 

proinflammatory or anti-inflammatory potential if they are synthesized from omega-3 FA 

(Eberhart and Dubois, 1995; Calder, 2010). Furthermore, prostaglandin E2 (omega-6) can 

induce diarrhea by opening up anionic channels by activating protein kinases A and C, 

which draws positively charged ions and water out of the cell (Eberhart and Dubois, 1995; 

Mohajer and Ma, 2000). Interestingly, the enzymes involved in omega-6 and omega-3 FA 

metabolism are the same regardless of the type of FA, which indicates that these FA 

compete for metabolism. For that reason, the ratio between the two plays an important 

role when evaluating the impact of omega-6 and omega-3 FA intake.   
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2.4.6.2 Carbohydrates 

A high lactose MR may induce diarrhea by increasing gut lumen osmolality, which 

negatively impacts water absorption (Hof, 1980). Osmolality is defined as the 

concentration of solutes (e.g., sodium, glucose, amino acids) in a solution and is given as 

the number of particles in a kg of solvent (Lord, 1999). The osmolality of whole milk is 

approximately 300 mOsm/kg, whereas intestinal tissue osmolality approximates 600 

mOsm/kg (Jodal and Lundgren, 1986). This difference in osmotic gradient facilitates 

bidirectional flow of water and solutes across the phospholipid layer of intestinal 

enterocytes via aquaporins, carrier-mediated transporters or the intercellular junctions 

located between those cells (Sladen, 1972). Water absorption from the intestine is a 

passive consequence of solute absorption and occurs due to the difference in osmolality 

between the serosal and lumen side of the mucosa (Hof, 1980; Leiper, 2015). It is more 

likely for water to move across a semi permeable membrane from a low to a high 

concentration solution since water molecules are less able to bounce off solute molecules 

when they move toward the membrane. The main drivers of osmosis in the intestinal 

digesta are inorganic solutes, including sodium and organic solutes, including amino 

acids, free fatty acids, mono- and oligosaccharides (Hof, 1980).  

When a high osmolality chyme (>300 mOsm/kg) enters the small intestine, a net 

efflux of water flows into the lumen (Leiper, 2015) and osmotically active molecules are 

rapidly absorbed to reduce the solute concentration in the lumen and allow for water 

absorption (Hof, 1980). Consequently, fewer osmotically active molecules are present to 

absorb water in the colon, which results in nutritionally induced osmotic scours (Hof, 

1980). The osmolality of MR ranges from 400 to 600 mOsm/kg and depends on its 

lactose, mineral and solids content (Floren et al., 2016). Therefore, the high lactose 

content of current MR may negatively impact calf health by inducing osmotic scours. 

Furthermore, a high lactose MR may exceed the lactose tolerance threshold of neonatal 

calves. The tolerance level for lactose is 10 g of hexose equivalent/kg of BW per day (Hof, 

1980). Exceeding this threshold results in accumulation of predominantly galactose in the 

intestinal lumen, which increases lumen osmolality. Subsequently, water absorption will 
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be reduced, leading to the development of scours. For a 45 kg calf, the lactose 

tolerance would be 450 g, which is equivalent to 6.7 L of MR with a lactose content of 

45% DM (prepared at 150 g/L). The shift to feeding higher planes of nutrition to dairy 

calves endangers this tolerance threshold, which stresses the need to evaluate the effects 

of macronutrient composition of MR on intestinal health of dairy calves. 

Recently, a popular method to evaluate intestinal health is to assess gut barrier 

function. The gut barrier separates the GIT lumen from the inner host and consists of 

mechanical factors (i.e., mucus, epithelium), humoral factors (i.e., defensins, IgA) and 

immunological factors (i.e., lymphocytes, innate immune cells; Bischoff et al., 2014). A 

measurable feature of the gut barrier is its permeability to macromolecules. For instance, 

experimental subjects receive an oral dose of indigestible markers and the concentration 

of those markers in urine or blood is an indicator of GIT permeability (Bjarnason et al., 

1995. 

2.4.7 GIT Permeability 

The permeation of molecules depends on the properties of that molecule, such as 

molecular size, charge and solubility. The permeability pathways for the markers that are 

currently proposed to exist are paracellular (Cr-EDTA and lactulose), transcellular 

aqueous (L-rhamnose and D-mannitol) and transcellular lipid (polyethylene glycols; 

Bjarnason et al., 1995). However, a limitation of this model is the lack of evidence for the 

existence of these pathways since most localizing techniques require binding of the 

markers. In addition, the relatively high permeability of polyethylene glycols compared 

with sugars is controversial and may be due to its solubility in water, as well as lipids and 

its linear shape, which may allow access to aqueous pores (Bjarnason et al., 1995). The 

different probes represent the permeability of different sections of the GIT. For instance, 

when lactulose enters the large intestine, it is metabolized by colonic bacteria. Therefore, 

lactulose recovery reflects small intestine permeability, whereas Cr is not metabolized, 

and therefore, its recovery reflects permeability of the entire GIT (Bjarnason et al., 1995; 

Hall, 1999).  
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The dual sugar permeability test (e.g., lactulose and D-mannitol) eliminates 

nonmucosal factors including intestinal dilution of the markers and renal function, 

because both markers are affected equally (Hall, 1999). A greater ratio of lactulose to D-

mannitol recovery is an indicator for increased paracellular permeability in response to 

mucosal damage, whereas a lower ratio is an indicator for decreased transcellular 

permeability in response to a decreased mucosal surface area (Hall, 1999; Araujo et al., 

2015). The main physical barrier between the lumen and mucosa consists of a layer of 

epithelial cells with tight junction complexes sealing the paracellular space. Tight junction 

complexes regulate the diffusion of solutes and water while preventing the diffusion of 

toxins and consist of occludin, claudins, E-cadherin and junctional adhesion molecules 

(Suzuki et al., 2009). Occludin and claudins bind to plaque proteins, such as ZO-1, ZO-2 

and ZO-3, which results in the formation of platforms that recruit scaffold proteins such 

as cingulin and catenins. Scaffold proteins are anchored into the perijunctional 

actomyosin cytoskeleton that functions to maintain cell morphology (Quiros and Nusrat, 

2014). The assembly of tight junctions is regulated by Rho GTPases, including RhoA, 

Rac1 and Cdc42, whose activation results in stabilization of integral membrane proteins 

in the tight junction complex and the assembly of contractile actomyosin filaments 

required for establishment of the perijunctional actomyosin cytoskeleton (Quiros and 

Nusrat, 2014). The disassembly of tight junction complexes is regulated by the same Rho 

GTPases and results in ubiquitination, endocytosis and lysosomal degradation of E-

cadherin and disruption of the actomyosin cytoskeleton (Quiros and Nusrat, 2014). 

2.4.7.1 Carbohydrates 

Wilms et al. (2019) demonstrated that hyperosmotic MR increase paracellular 

permeability of Cr in 3- and 7-wk-old dairy calves fed 7 L/d by partially replacing lactose 

with dextrose. The authors ascribe this effect to damage of structural tight junctions due 

to exposure to hyperosmotic pressure (Kameda et al., 1968). Therefore, current MR 

formulations with high lactose contents and relatively high osmolality may negatively 

impact gut barrier function by increasing intestinal permeability. 
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2.4.7.2 Fat 

An increased omega-6 to omega-3 FA ratio in the diet may negatively impact 

intestinal epithelial integrity and permeability. Metabolites of ADA (omega-6) are involved 

in actin reorganization which modulates permeability (Li et al., 2008). In addition, a higher 

omega-6 to omega-3 FA ratio causes a shift toward a proinflammatory state, where 

release of proinflammatory cytokines cause redistribution of tight junction proteins to 

move away from the plasma membrane (Li et al., 2008). For instance, in vitro studies 

using human intestinal cell lines show that incorporation of EPA and DHA in the 

microdomains of tight junctions, by adding the FA to the growth medium, prevents 

redistribution of tight junction proteins upon exposure to IL-4 (Willemsen et al., 2008). In 

addition, omega-3 FA inhibit transcription factor nuclear factor kappa-light-chain-

enhancer of activated B cells, which regulates transcription of genes involved in both the 

innate and adaptive immune responses (Schmitz and Ecker, 2008). Furthermore, omega-

3 FA decrease odixative stress by decreasing expression of inducible nitrous oxide 

synthase (Shen et al., 2014). 

The in vivo studies evaluating effects of omega-6 and omega-3 FA on GIT 

permeability demonstrate that adding ADA and DHA (1.5:1.0) to infant formula decreased 

the plasma endotoxin content of rat pups at 48 h after birth (Caplan et al., 2001). Similarly, 

in weanling rats with ulcerative colitis, decreasing the dietary omega-6 to omega-3 FA 

ratio from 215 to 2 eliminated the negative impact of colitis on colon length, colon TNF-α 

and IL-1b, histology score and plasma and colonic nitrous oxide (Tyagi et al., 2012). In 

weanling pigs, a lower dietary omega-6 to omega-3 FA ratio (1 vs. 19) decreased basal 

inflammation (based on baseline rectal temperature and serum haptoglobin) and 

prevented an increase in crypt depth due to villus atrophy (Huber et al., 2018). Previous 

studies evaluating omega-3 FA content of calf MR have not evaluated its effects on 

intestinal structure or GIT permeability. 



 

 

24 

 

2.5 Research Question, Hypotheses and Objectives 

It is currently unknown how the macronutrient composition of MR impacts glucose 

metabolism and intestinal growth in neonatal calves fed a high plane of nutrition. 

Therefore, this thesis focuses on the research question: 

‘How do current MR formulations impact metabolism and gastrointestinal 

structure and function in neonatal calves?’ 

Current MR formulations may oversupply lactose, while undersupplying fat. It is 

hypothesized that the excess of available glucose from high-lactose MR formulations 

decrease insulin sensitivity. It is also hypothesized that dietary fat stimulates GIT 

development and induces adaptations by activating nutrient receptors in the intestinal 

epithelium. Furthermore, the relatively low content of omega-3 FA and consequently, the 

low omega-6 to omega-3 FA ratio of MR may negatively impact gut barrier function due 

to a shift toward proinflammatory eicosanoid synthesis, which promotes inflammation, 

and subsequently, decreases integrity of the intestinal epithelium. 

The objectives of this thesis were to evaluate how the quantity of macronutrients 

and composition of fat in MR affect glucose-insulin kinetics and intestinal structure and 

function in neonatal calves. Specifically, the objectives were to evaluate: 

• The effects of partially replacing lactose in MR formulations with fat on 

glucose-insulin kinetics during an IM-IVGTT and postprandial sampling in 

calves during their first week of life 

• The effects of partially replacing lactose in MR formulations with fat on GIT 

weight, gastrointestinal histomorphology, GIT permeability and expression 

of genes coding for nutrient sensing receptors, nutrient transporters, tight 

junction proteins and cytokines in neonatal calves. 

• How supplementing a basal MR with fat, protein or lactose influences GIT 

weight, the proliferation of intestinal epithelial cells and the gene expression 

of intestinal nutrient receptors. 
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• The effects of decreasing the omega-6 to omega-3 FA ratio in MR by 

including omega-3-rich oils on GIT permeability, intestinal histomorphology, 

cytokine secretion and expression of genes coding for lipid metabolism 

enzymes, tight junction proteins and immune molecules in neonatal dairy 

calves.  
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Figure 1. Ingredient, macronutrient and chemical compositions of whole milk and MR 

  



 

 

42 

 

 

 

Figure 2. Overview of nutrient sensing receptors and their effect on secretion of GIT 
hormones and nutrient transporters (LCFA = long-chain fatty acids, SCFA = short-chain 
fatty acids, FFAR = free fatty acid receptor, CaR = calcium-sensing receptor, GPR = G-
protein-coupled receptor, T1R2 = taste receptor type 1 member 2, T1R3 = taste 
receptor type 1 member 3, CCK = cholecystokinin, GLP = glucagon-like peptide, PYY = 
peptide YY, CD = cluster of differentiation, MCT = monocarboxylate transporter, PEPT = 
peptide transporter, SGLT = sodium-glucose linked transporter, GLUT = glucose 
transporter) 
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3 Effects of energy source in milk replacer on glucose 
metabolism of neonatal dairy calves1 

3.1 Abstract 

Milk replacers formulated to contain more lactose than whole milk could potentially 

reduce insulin sensitivity in dairy calves. This study evaluated how partially replacing 

lactose in MR with fat on a wt/wt basis affects glucose-insulin kinetics in neonatal dairy 

calves fed high quantities of MR. Thirty-four Holstein bull calves were blocked by dam 

parity (1.6 ± 0.3) and randomly assigned to one of two treatments (n = 17): a high lactose 

(HL; 46.1% lactose, 18.0% crude fat, and 23.9% crude protein on DM basis) or a high fat 

(HF; 39.9% lactose, 24.6% crude fat, and 24.0% crude protein on DM basis) MR. Calves 

were individually housed and fed pooled colostrum at 1.5 h and 12 h postnatal at 18 and 

9% of BW0.75, respectively. From 24 h postnatal until the end of the study (d 7), calves 

were transitioned to MR (prepared at 150g/L) at 18% of BW0.75 twice daily at 0700 and 

1900 h. On d 4, an IM-IVGTT was conducted 8 h after the morning meal by intravenous 

infusion of glucose (0.54 g/kg BW0.75, min 0) and insulin (3.9 µg/kg BW0.75, min 20). During 

postprandial sampling on d 6, abomasal emptying was assessed by dosing 

acetaminophen (0.13 g/kg BW0.75) with MR and measuring its appearance within plasma. 

Sequential blood samples were collected and analyzed for plasma glucose, insulin and 

acetaminophen concentrations. Calves were euthanized on d 7 and liver and pancreatic 

tissues were collected for histomorphological analysis. Partially replacing lactose in MR 

with fat increased BW gain (679.6 vs. 462.0 ± 69.68 g/d) and gain:ME intake (186.6 vs. 

120.5 ± 20.21 g BW/Mcal) compared with feeding HL MR. Furthermore, abomasal 

emptying rate was reduced in calves fed HF MR. Calculated variables based on 

postprandial glucose and insulin concentrations, such as maximum concentration or area 

under the curve were or tended to be lower in HF than in HL calves. Postprandial insulin 

sensitivity tended to be reduced in HL compared with HF, although insulin sensitivity 

 

1 Welboren, A. C., B. Hatew, O. López-Campos, J. P. Cant, L. N. Leal, J. Martín-Tereso, and M. A. 
Steele. 2021. Effects of energy source in milk replacer on glucose metabolism of neonatal dairy calves. J. 
Dairy Sci. 104:5009-5020. 
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estimated from the IM-IVGTT was not different. Calves fed HF MR showed enhanced 

glucose-stimulated insulin secretion. In conclusion, partially replacing lactose in MR with 

fat resulted in smaller fluctuations in postprandial glucose and insulin concentrations and 

tended to increase postprandial but not fasting insulin sensitivity in neonatal dairy calves. 

3.2 Introduction 

Approximately 50% of all calves on US dairy farms receive MR or a combination of 

MR and whole milk (Urie et al., 2018). Recently, calf research has focused on feeding 

elevated planes of milk or MR (>8 vs. 4 L/d; MacPherson et al., 2016) in order to improve 

preweaning growth performance (Khan et al., 2011); however, this practice is often 

implemented without considering the dietary macronutrient composition. Relative to 

whole milk, MR generally contains more lactose (approximately 43 vs. 38% on DM basis) 

and less fat (21 vs. 28% on DM basis; Lee et al., 2009; Pantophlet et al., 2016c; Amado 

et al., 2019). This is a consequence of economical restrictions to formulate for higher 

levels of protein and fat (Hof, 1980), the use of lactose-rich byproducts from cheese 

manufacturing, and the strive to minimize body fat deposition in growing Holstein heifers 

(Tikofsky et al., 2001). High lactose consumption may negatively affect glucose 

homeostasis resulting in hyperglycemia, hyperinsulinemia and glucosuria (Vicari et al., 

2008; Pantophlet et al., 2016a). Eventually, insulin resistance may develop, as observed 

in milk-fed calves that received a 42 vs. 29% lactose MR from wk 5 to 16 of age (Hugi et 

al., 1997). However, it is unclear if the development of insulin resistance begins as early 

as the neonatal phase when high lactose MR feeding commences.  

Elevated feeding rates combined with a high lactose MR will likely exacerbate any 

negative metabolic impacts of excessive lactose consumption. A previous study by 

MacPherson et al. (2016) demonstrated the feasibility of feeding 8 L as opposed to 4 L of 

high lactose (45% lactose, 18% crude fat, and 24% crude protein) MR in 2 meals per day 

from wk 1 to 8 of life, resulting in negligible effects on insulin sensitivity based on data 

collected during an intravenous glucose tolerance test. In an attempt to reduce lactose 

content of MR, Pantophlet et al. (2016c) investigated partial replacement of lactose with 
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glucose, fructose or glycerol. In response to replacing one third of dietary lactose with 

glucose, fructose or glycerol, insulin sensitivity in 97-d-old Holstein-Friesian bull calves 

was unaffected when > 10 L of MR (47.8% lactose, 20.9% crude fat, and 20.5% crude 

protein on DM basis) per day was fed for 8 wk (Pantophlet et al., 2016c). The authors 

ascribe the lack of differences to the low insulin sensitivity at the start of the study and 

suggest that it is necessary to test the effects of a high lactose MR in younger calves, as 

calves may be more sensitive to insulin at this time. Interestingly, postprandial plasma 

glucose and insulin concentrations and urinary excretion of glucose were increased in 

control (only lactose) and glucose calves compared with fructose and glycerol calves 

(Pantophlet et al., 2016c). The increase in urinary excretion of glucose suggests an 

imbalance in glucose homeostasis and an inefficient use of the nutrients consumed by 

the calf. Hence, it is relevant to understand the metabolic implications of feeding a high 

lactose MR to calves early in life.  

Previous studies evaluated how MR composition influences insulin sensitivity after 

the first week of life. In the current study, calves were enrolled immediately at birth to 

focus on the first week of life, during which calves transition from colostrum to milk and 

undergo major metabolic adaptations. We hypothesized that the excess available glucose 

from high lactose MR will decrease insulin sensitivity and that a high lactose MR will result 

in faster abomasal emptying. Our objective was to evaluate how partially replacing lactose 

in MR formulations with fat affects glucose-insulin kinetics during an IM-IVGTT and 

postprandial sampling in calves during their first week of life.  

3.3 Materials and Methods 

The study was conducted at the Dairy Research and Technology Centre of the 

University of Alberta (Edmonton, AB, Canada) from September 2017 to April 2018. 

Animal procedures complied with the guidelines of the Canadian Council of Animal Care 

(CCAC, 1993) and were approved by the Animal Care and Use Committee of the 

University of Alberta (AUP00002418).  
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3.3.1 Animals, Housing and Treatments 

Thirty-four Holstein bull calves with an average birth BW of 43.2 ± 0.81 kg were 

separated from the dam approximately 15 min after birth, weighed using an electronic 

scale (Digi-Star SW300, Digi-Star LLC, Fort Atkinson, USA) and moved to a pen (122 × 

183 cm; W × L) that was bedded with shavings and straw. Calves were dried and 

stimulated with clean towels for approximately 10 min. At 1.5 and 12 h after birth, calves 

were bottle-fed pooled fresh colostrum (2.8% lactose, 4.5% crude fat and 12.6% CP; 63.9 

g/L of IgG; Saskatoon Colostrum Company Ltd, Saskatoon, SK, Canada) at 18.1 and 

9.1% of their BW0.75, respectively. Before feeding, colostrum was thawed and warmed to 

a temperature of 39°C using a water bath. If more than 25% of a colostrum meal 

remained, the remainder was drenched using an esophageal tube feeder. At 24 h after 

birth, blood was sampled via jugular venipuncture using serum vacutainers (Becton, 

Dickinson and Co., Franklin Lakes, NJ, USA) and centrifuged at 3,000 × g at 4°C for 20 

min. Supernatant was transferred into 1.5-mL microcentrifuge tubes and frozen at -20°C 

until analysis of serum IgG by radial immunodiffusion analysis (Saskatoon Colostrum 

Company quality insurance laboratory, Saskatoon, SK, Canada).  

In a randomized complete block design, calves were blocked by dam parity and 

randomly assigned to 1 of 2 treatments (n = 17): a high lactose (HL; 46.1% lactose, 18.0% 

crude fat and 23.9% CP on DM basis) or a high fat (HF; 39.9% lactose, 24.6% crude fat 

and 24.0% CP on DM basis) MR (Sloten B.V., Trouw Nutrition, Deventer, the 

Netherlands). Ingredient and nutrient composition of the MR (analyzed by Masterlab, 

Trouw Nutrition, Boxmeer, the Netherlands) are presented in Table 1. The MR was 

prepared at 150 g/L and bottle-fed at 18.1% of BW0.75. The assigned MR was fed 24 h 

after birth and thereafter, calves were adjusted to being fed twice daily at 0700 and 1900 

h. On d 4, calves were re-weighed before the morning meal and meal size was adjusted 

accordingly. Intake and refusal of MR was recorded for each meal. At all times, fresh 

water was available ad libitum from plastic buckets and intake was recorded daily. Calves 

were exposed to daylight and artificial light from 0600 to 1930 h. 
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3.3.2 Insulin-modified Intravenous Glucose Tolerance Test 

On d 4, a catheter (Terumo IV Catheter Surflash 16 g x 2 in., Tokyo, Japan) was 

inserted into the jugular vein 2 h after the morning meal and kept in place for 3 d. 

Heparinized saline (20 IU/mL; Fresenius Kabi, Bad Homburg, Germany) was used to 

flush the catheter line. On d 4, an IM-IVGTT was conducted 8 h after the morning meal. 

Glucose was dosed at 0.54 g/kg BW0.75 by infusing a 50% dextrose solution (DMVét, 

Western Drug Distribution Center, Edmonton, AB, Canada) via the jugular catheter over 

60 s, followed 20 min later by an infusion of bovine insulin (Hybri-Max, Millipore Sigma, 

Oakville, ON, Canada) at 3.9 µg/kg BW0.75. Sequential blood samples were collected 

before and after glucose infusion in a lithium heparin vacutainer (Becton, Dickinson and 

Co., Franklin Lakes, NJ, USA). Immediately after sampling, a competitive serine protease 

inhibitor (Aprotonin, Sigma-A1153, Millipore-Sigma, Oakville, ON, Canada) was added to 

blood at 5 µg/mL. Blood was centrifuged at 3,000 × g at 4°C for 20 min and supernatant 

was transferred into 1.5-mL microcentrifuge tubes and frozen at -20°C until analysis of 

glucose and insulin concentrations.  

3.3.3 Postprandial Abomasal Emptying and Glucose and Insulin Concentrations 

Postprandial abomasal emptying and plasma glucose and insulin curves were 

determined on d 6. Acetaminophen was added to the morning MR meal at 0.13 g/kg 

BW0.75 and its appearance in plasma was used as an indicator of abomasal emptying 

(Schaer et al., 2005; MacPherson et al., 2016). Plasma was analyzed for concentrations 

of acetaminophen (Paracetamol (acetaminophen) Assay Kit-K8002; Cambridge Life 

Sciences Ltd., Cambridgeshire, UK) and insulin (Mercodia Bovine Insulin ELISA; 

Mercodia, Uppsala, Sweden) as described by MacPherson et al. (2016). Plasma glucose 

was determined using an enzymatic assay with peroxidase glucose oxidase and 

dianisidine dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA). Inter- and intra-assay 

CV for plasma acetaminophen, insulin and glucose were 0.9 and 1.3%, 4.7 and 4.6%, 

and 3.3 and 0.9%, respectively.  
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3.3.4 Post-mortem Analysis 

Calves were euthanized 3 h after the morning meal on d 7 to collect the liver and 

pancreas. Pentobarbital (Euthanyl, Vetoquinol, Lavaltrie, Canada) was infused i.v. at 

0.125 mL/kg BW in order to achieve a surgical plane of anesthesia, after which the calf 

was exsanguinated. The pancreas and liver were weighed, and subsamples collected 

from the tail of the pancreas and the centre of the right lobe of the liver were fixed for a 

minimum of 24 h in 10% buffered formalin solution (4% formaldehyde; Fisher Scientific, 

Hampton, NH, USA) and snap frozen in liquid nitrogen, respectively. Then, the carcass 

was split at the spine and the right carcass half was stored at -20°C until analysis. The 

fixed pancreatic tissue was processed (VIP 6, Somagen, Edmonton, Canada) embedded 

in paraffin (Tissue Tek, Sakura, Torrance, CA, USA) and subsequently sections of 5 

micron were processed onto glass slides (2 sections per slide; Leica RM2255, Leica 

Biosystems, Buffalo Grove, IL, USA) and stained with a hematoxylin and eosin stain 

(Leica ST5020, Leica Biosystems, Buffalo Grove, IL, USA) by the AHL Histotechnology 

lab (University of Guelph, Guelph, Canada). Images were captured using a Leica ICC50W 

microscope at 100× magnification (Leica Microsystems, Wetzlar, Germany). 

Measurements were performed using ImageJ (ImageJ 1.46r, National Institute of Health, 

Bethesda, MD, USA) software. The size and cell count of ten Islets of Langerhans 

(approximately 4 images) per calf were determined to evaluate pancreatic endocrine 

function. Liver glycogen content was determined using a fluorometric assay (Glycogen 

assay kit, Cayman Chemical, Ann Arbor, MI, USA; Mann et al., 2018). Approximately 125 

mg of frozen tissue was homogenized in 1 mL of assay buffer and diluted 300-fold using 

the assay buffer. Fluorescence was measured using a Cytation5 plate reader (Biotek, 

Winooski, VT, USA) with 530 nm excitation and 585 nm emission wavelengths. The inter- 

and intra-assay CV were 3.51 and 2.60%, respectively.  

The body composition of the half-carcass was estimated using DXA as described 

by López-Campos et al. (2017). The right halved-carcass was thawed and scanned with 

a Lunar iDXA unit (Lunar Prodigy Advance, General Electric, Madison, WI, USA; 

Agriculture and Agri-food Canada, Lacombe Research and Development Centre, 
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Lacombe, AB, Canada) using the ‘small animal’ option on large mode (>20 kg; ~7 min 

per whole DXA table scan). Based on the different attenuation of low- and high-energy X-

rays the fat-, lean- and bone tissue mass was estimated. The DXA unit was calibrated 

using the automated 6-point calibration and quality assurance system of Lunar iDXA twice 

daily to ensure there was no variation within and between experimental batches.   

3.3.5 Calculations and Statistics 

Feed efficiency was calculated as gram BW gained per gram of DM intake or MJ 

ME intake. The AUC for glucose and insulin was calculated using the trapezoid rule (Le 

Floch et al., 1990). For the IM-IVGTT, the positive (above baseline) AUC was calculated 

before the insulin infusion (0 – 20 min) and after insulin infusion (20 – 240 min). For the 

postprandial measurements the total AUC was calculated over 600 min. 

From the sequential glucose and insulin measurements during the IM-IVGTT, two 

indices of insulin sensitivity were estimated for the period before and after insulin infusion. 

According to the simplified model of Pantophlet et al. (2016b): 

Insulin Sensitivity =  
Kg

AUCins/T
       [1] 

where Kg (glucose disappearance rate constant; min-1) was estimated by converting the 

glucose concentration at each time point to its natural logarithm and determining the slope 

in Microsoft Excel (Microsoft Corp., Redmond, WA). Kg was determined before (4 – 20 

min) and after (24 – 50 min) the insulin infusion. AUCins is the positive AUC for insulin 

and was calculated before (0 – 20 min) and after (18 – 50 min) insulin infusion. Secondly, 

the Quantitative Insulin Sensitivity Check Index (QUICKI) was calculated with the 

following equation (Katz et al. (2000): 

QUICKI =  
1

log(baseline glucose,
mg

dL
)

+ log(baseline insulin,
mU

L
)   [2] 

 To assess treatment effects on abomasal emptying and postprandial glucose-

insulin kinetics, we applied a mathematical model that allows for estimation of pancreatic 
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responsiveness, whole-body insulin sensitivity and glucose effectiveness (Stahel et al. 

(2016). Briefly, the model contains pools for abomasal acetaminophen and glucose, and 

plasma acetaminophen, glucose and insulin. Differential equations that describe the 

inputs and outputs of each pool were solved with a 4th-order Runge-Kutta algorithm in 

acslX (AEgis Technologies Group, Inc., Huntsville, AL). Acetaminophen parameters 

(kSP,2, kSP,3 and kAc,UAc; defined in Table 5) were fit by analytically integrating the 

differential equation for plasma acetaminophen in Microsoft Excel and estimated for each 

calf using Excel Solver to minimize residual sum of squares between observed and 

predicted plasma acetaminophen. The parameters of glucose-insulin kinetics (PGlend, 

kGl,UGl, kIn,Ugl, Tlag,SP, VPIn, expPIn, kGl,PIn, iIn, Tlag,IN, kIn,UIn; defined in Table 5) were 

estimated with a differential evolution algorithm (Storn and Price, 1997) applied to the 

numerical simulation in acslX to minimize residual sum of squares for plasma glucose 

and insulin concentrations. Root mean square prediction error as a percentage of the 

observed mean was calculated to indicate goodness of curve fits.   

 All observations were analyzed using the GLIMMIX procedure of SAS software 

(version 9.4, SAS Institute Inc., Cary, USA). We adjusted the response distribution in the 

model statement to lognormal when it improved the fit of the model according to the 

distribution of studentized residuals and Shapiro-Wilk statistic. For data consisting of 

proportions, a beta distribution was used. The model included the fixed effect of treatment 

and random effect of block. The experimental unit was the calf. For glucose and insulin 

concentrations during the IM-IVGTT and postprandial on d 6, time and treatment by time 

interaction were included and the covariance structure used was compound symmetry 

based on the lowest Akaike’s information criterion. Means were separated using the 

PDIFF statement of SAS software. One HF calf missed a meal the evening before 

postprandial sampling; therefore, data points were removed from analysis if considered 

an outlier (i.e., studentized residual <-3.4 or >3.4). All values reported are LSM with 

significance declared at P < 0.05 and tendencies at 0.05 ≤ P < 0.10. 
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3.4 Results 

3.4.1 Intake, Passive Transfer of Immunity and Growth 

Passive transfer of immunity was balanced across treatment groups based on 

serum IgG concentration at 24 h after birth (24.1 and 25.1 ± 0.73 mg/mL for HL and HF, 

respectively; P = 0.370; data not shown). Dry matter intake did not differ (P = 0.283) 

between treatment groups; however, by design, ME intake was 9% higher (P = 0.001) for 

HF compared with HL until d 7 (Table 2). During the 7-d-study, ADG, gain:feed and 

gain:ME intake were approximately 1.5-fold greater (P = 0.008, P = 0.010 and P = 0.022, 

respectively) for HF compared with HL. Body composition was not significantly different 

(P = 0.266, P = 0.248 and P = 0.754 for fat, lean and bone tissue, respectively). 

3.4.2 Glucose and Insulin Responses during IM-IVGTT 

As shown in Table 3, glucose baseline concentration tended to be greater for HL 

compared with HF (7.46 vs. 7.02 mmol/L; P = 0.091), whereas baseline insulin 

concentration did not differ (P = 0.451) between groups. Before the insulin infusion, Tmax 

for insulin tended (P = 0.086) to be earlier for HF calves than HL. Furthermore, the AUC 

for insulin was greater (P = 0.036) in HF compared with HL calves. After the insulin 

infusion, the starting concentration of glucose (at 18 min) tended to be greater (P = 0.061) 

and the delta glucose concentration was greater (3.77 vs. 3.28 ± 0.166 mmol/L; P = 0.035) 

for HL compared with HF. No differences were found for any of the other variables 

calculated. As indicated in Figure 3, insulin and glucose concentrations during the IM-

IVGTT were unaffected by MR treatment, although a treatment × time interaction (P < 

0.001) was found for insulin concentration during the first 20 min of the test.  

3.4.3 Postprandial Glucose, Insulin and Acetaminophen Responses   

An interaction of treatment × time (P = 0.003, Figure 4) was observed for 

postprandial concentrations of acetaminophen. Abomasal emptying rate was lower in 

calves fed the HF MR (P = 0.039, Table 5) compared with calves fed HL. A tendency for 

an interaction of treatment × time (P = 0.065, Figure 4) was observed for postprandial 
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concentrations of glucose. Similarly, a treatment × time interaction was observed (P = 

0.005, Figure 4) for postprandial plasma insulin concentrations. In addition, as shown in 

Table 4, the baseline, Cmax and AUC for plasma glucose were or tended to be lower by 

5% (P = 0.046), 9% (P = 0.031) and 7% (P = 0.071), respectively, in HF compared with 

HL. The HF treatment decreased Cmax, delta, Cmax:Tmax and AUC of plasma insulin 

with 32% (P = 0.032), 37% (P = 0.032), 37% (P = 0.035) and 25% (P = 0.022), 

respectively, compared with HL. No differences were found for other variables calculated. 

3.4.4 Pancreas and Liver 

 Pancreas weight did not differ (P = 0.353) between treatment groups (Table 6). 

Furthermore, the number of cells in and size of the Islets of Langerhans were similar (P 

= 0.572 and P = 0.638, respectively) for both treatment groups. However, the liver was 

10% heavier (1,378 vs. 1,239 g; P = 0.002) and contained 50% more glycogen (26.5 vs. 

17.7 mg/g; P = 0.002) in HL compared with HF. 

3.5 Discussion 

 In recent years, there has been a shift towards feeding dairy calves more milk to 

more closely meet their nutrient requirements for their biological potential for body weight 

gain (> 8 vs. 4 L/d or >1,000 vs. 500 g MR/d; MacPherson et al., 2016). The macronutrient 

composition of the formulation however should also be considered. In the current study, 

lactose was replaced with fat on a wt/wt basis, resulting in a higher ME content of the HF 

compared with the HL MR (4.49 vs. 4.23 Mcal/kg DM). Neither meal size nor amount of 

solids were adjusted to achieve isocaloric intakes. This approach allows for studying 

responses to different nutrient profiles of the solids fraction of the milk supplied to calves. 

In essence, the differences in solids composition between the most commonly available 

MR formulations (high lactose and low fat) and whole milk are contrasted. Additionally, 

this approach prevents effects of meal volume on postprandial variables, such as 

abomasal emptying (MacPherson et al., 2016). On that note, previous work shows that 

partially replacing lactose in MR with fat can reduce DM intake from MR when fed ad 

libitum, potentially as a means to regulate ME intake (Echeverry-Munera et al., 2020). 
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The calves in the current study were restricted to ensure similar DM intakes by both 

treatment groups. Therefore, despite a similar total DM intake for both treatment groups, 

total ME intake was, by study design, greater for HF compared with HL. A greater ME 

intake results in higher growth rates (Khan et al., 2011), as reflected by the 60% increase 

in growth over the 7-d period for HF compared with HL (3.90 vs. 2.44 kg, respectively). 

Calculating the growth per Mcal intake (gain:ME intake) shows a 55% increase in feed 

efficiency for HF compared with HL. Tikofsky et al. (2001) indicated the importance of 

isocaloric and isonitrogenous intakes when evaluating effects of macronutrient 

composition on growth. Since the MR in the current study were isonitrogenous but not 

isocaloric, the HF calves may have had more energy available for retention after 

maintenance requirements were met compared with HL (Tikofsky et al., 2001). However, 

if more energy became available for retention in calves fed the MR with HF, this did not 

result in statistically detectable differences in body composition, which is in contrast with 

previous studies (Donnelly, 1983; Tikofsky et al., 2001; Bascom et al., 2007) that found 

increasing the fat content of MR increased fat deposition in Holstein-Friesian and Jersey 

bull calves during the first two months of life. The discrepancies between the current study 

and previous studies could be due to unexpectedly high variation in the measurements 

of body composition resulting in insufficient statistical power to detect a difference in body 

composition (0.24; POWER procedure using SAS software). In addition, in previous 

studies, treatment diets contained up to 32% fat on DM basis (compared with 25% of DM 

in our study), a slightly higher CP content (27 – 29% compared with 24% of DM in our 

study) and were fed for a longer time, e.g., for 28 to 55 d (Donnelly, 1983; Tikofsky et al., 

2001; Bascom et al., 2007), potentially allowing greater differences in fat deposition to 

develop.  

Although body composition was unaffected by MR treatment in the current study, 

altering the macronutrient composition did result in digestive and metabolic 

consequences. The delayed abomasal emptying in HF was in agreement with what we 

expected based on the higher caloric density of HF. Osmolality of the MR was not likely 

a contributing factor because osmolalities did not differ greatly (490 vs. 457 mOsm/kg for 
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HL vs. HF; Advanced Instruments 3300 Micro-Osmometer). Similarly, Bell and McLeay 

(1978) found that duodenal fat infusion resulted in a stronger reduction in abomasal 

emptying compared with a duodenal lactose infusion in 3-wk-old dairy calves. A potential 

mechanism involves the hormone cholecystokinin, as ingesting fat stimulates release of 

cholecystokinin and intravenously infusing cholecystokinin slows abomasal emptying 

(Bell and McLeay, 1978; Liddle et al., 1985, 1986). A delay in abomasal emptying might 

be beneficial, since it could increase abomasal clotting and, subsequently, delay digestion 

of protein and fat allowing for a steady supply of absorbable nutrients (Bell and McLeay, 

1978). However, the same MR used in the current study were evaluated in dairy bull 

calves and at 4 wk of age no differences in apparent total-tract digestibility of DM, CP, 

crude fat and crude ash between treatment groups were detected (Amado et al., 2019). 

Furthermore, the delay in abomasal emptying found in the current study could be 

beneficial in terms of regulating glucose homeostasis as discussed below. 

Dietary glucose intake and the subsequent inflow of dietary glucose into the 

duodenum, which is regulated by abomasal emptying, play a role in maintaining glucose 

homeostasis. Therefore, in HL calves, greater quantities of MR containing more lactose 

entered the small intestine per unit of time causing a greater rise in postprandial glucose 

and insulin concentrations in plasma. Moreover, the greater lactose intake in HL 

increased the supply of energy precursors for storage in the liver in the form of glycogen. 

Potentially, lactose-derived galactose may have played a major role, as Barosa et al. 

(2012) found that essentially all milk galactose was converted to hepatic glycogen in 

healthy human subjects that consumed milk during breakfast.   

The higher baseline glucose in HL compared with HF calves on d 6 may imply a 

greater challenge to maintain glucose homeostasis. However, on average, calves did not 

experience hyperglycemia, as defined by the renal threshold for glucosuria in Holstein-

Friesian and Simmental × Red Holstein bull calves at blood concentrations of 8.3 to 11.1 

mmol/L (Wijayasinghe et al., 1984; Hostettler-Allen et al., 1994). Seven calves (5 HL and 

2 HF) experienced plasma glucose concentrations greater than 8.3 mmol/L during 

postprandial sampling; however, none of the calves exceeded 11.1 mmol/L. Moreover, 
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postprandial baseline and Cmax plasma concentrations of glucose and insulin in the 

current study were similar to previous studies conducted with neonatal dairy calves fed ≥ 

8 L/d of MR containing 45% lactose on DM basis (MacPherson et al., 2016; Pantophlet 

et al., 2016c). Therefore, the differences between the treatment groups can be considered 

minor as the glucose and insulin concentrations return to normal baseline levels.  

In the current study, an IM-IVGTT was performed to evaluate pancreatic 

responsiveness and insulin sensitivity in response to altering macronutrient composition 

of MR. The pancreatic response, i.e., the quantity of insulin secreted in response to a 

glucose stimulus, was evaluated from plasma insulin concentrations during the first 20 

min of the test. Then, insulin was infused to suppress hepatic glucose synthesis and 

improve estimation of insulin sensitivity from glucose clearance out of plasma (Yang et 

al., 1987). The pancreatic response was increased in HF compared with HL (greater 

positive AUC for plasma insulin after i.v. glucose and before insulin injection), although 

this did not alter the size and cell count of Islets of Langerhans. The effect of dietary fat 

directly on pancreatic β-cells might have potentially caused this response, as 

demonstrated in rats fed a high fat compared with a low fat (22 or 40% vs. 4%) diet 

(Holness, 1996; Dobbins et al., 2002). A potential mechanism behind this response could 

be pancreatic exposure to elevated free fatty acids that increase de novo synthesis of 

islet phospholipids involved in insulin release (Vara and Tamarit-Rodriguez, 1986; Vara 

et al., 1988). 

Postprandial insulin sensitivity (kIn,UGl) tended to be reduced and the ratio of glucose 

AUC:insulin AUC over 600 min was numerically lower in HL compared with HF. This 

suggests that calves fed HL tended to require more insulin per unit of dietary glucose in 

response to their meal to reduce plasma glucose concentrations compared with HF. 

Interestingly, feeding the same HL (44% of DM) or HF (23% of DM) MR during the first 4 

wk of life did not affect postprandial insulin sensitivity at 30 d of age (Stahel et al., 2019), 

potentially due to the ability to adapt to a HL diet (Hof, 1980). Therefore, this study is 

highly unique as it evaluates animals during their first week of life; a phase in which intake, 

animal growth and metabolism can be highly variable. However, our data from the IM-
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IVGTT indicate that the macronutrient compositions of the MR used in the current study 

did not affect fasting insulin sensitivity. This finding agrees with Panthophlet et al. (2016a), 

who demonstrated that isocaloric replacement of lactose in MR with fat (34% vs. 59% 

lactose on DM basis) did not alter fasting insulin sensitivity in 99-d-old Holstein-Friesian 

bull calves when fed for 13 wk at >1,000 g MR/d. The authors ascribed the lack of 

difference to the low insulin sensitivity due to age in their calves compared with younger 

ones. Potentially, in our study the difference in macronutrient composition of the MR may 

not have been broad enough (46% vs. 40% lactose on DM basis) or the exposure not 

long enough to elicit an effect on fasting insulin sensitivity. The discrepancy between 

insulin sensitivity estimated from the IM-IVGTT and postprandial sampling is due to the 

acute influence of fats, proteins and other constituents in the MR on enzyme and 

signalling activities in tissues, including the GI tract, and therefore, the postprandial test 

better represents the physiological challenge calves face after consuming a meal 

(Berthiaume and Zinker, 2002).  

3.6 Conclusions 

 The results of this study demonstrate that partially replacing lactose in MR 

formulation with fat increased BW gain as well as gain:ME intake in neonatal dairy calves 

during the first wk of life. Furthermore, feeding a high-fat MR slowed down abomasal 

emptying and reduced postprandial glucose and insulin concentrations. Postprandial 

insulin sensitivity tended to be reduced in HL compared with HF. However, there was no 

evidence of hyperglycemia in the calves fed the high-lactose MR and the glucose and 

insulin concentrations returned to baseline concentrations. Additionally, fasting insulin 

sensitivity, as determined from IM-IVGTT data, was not different between treatments, but 

HF enhanced glucose-stimulated insulin secretion. Overall, partially replacing lactose 

with fat to mimic the macronutrient composition of whole milk may benefit growth with 

minor alterations in glucose homeostasis in neonatal dairy calves.  
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Table 1. Ingredients and nutrient composition of the MR used 

   

 

 

 

 

 

  

Variable High lactose High fat 

Ingredients (%)   

  Skimmed milk powder 29.5 29.5 

  Palm and coconut oil mixture (2:1) 16.7 22.6 

  Whey products 48.4 42.1 

  Hydrolyzed wheat protein 4.0 4.1 

  Premix and others 1.5 1.7 

Nutrients (% of DM unless otherwise noted)   

  DM (%) 97.5 97.5 

  Lactose 46.1 39.9 

  Crude fat 18.0 24.6 

  CP 23.9 24.0 

  Crude ash 7.9 7.7 

  ME (Mcal/kg of DM) 4.23 4.49 
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Table 2. LSM of milk replacer intake, BW and body composition of neonatal dairy 
calves fed a high lactose (46.1% lactose and 18.0% fat on DM basis) or high fat 
(39.9% lactose and 24.6% fat on DM basis) MR until 7 d of age1 

Variable High lactose High fat SEM P-value 

Total MR intake     

  until d 7 (DM, kg) 4.4 4.5 0.01 0.283 

  until d 7 (ME, Mcal) 19.2 20.9 0.42 0.001 

BW (kg)     

  at birth 44.3 42.3 1.12 0.208 

  at d 7 46.8 46.2 1.11 0.724 

Average daily gain (g/d) 402.0 679.6 69.68 0.008 

Gain:feed (g BW/kg) 521.7 860.3 89.50 0.010 

Gain:ME intake (g/Mcal) 120.5 186.6 20.21 0.022 

Body composition2 (%)     

  Fat tissue 24.8 26.2 0.78 0.266 

  Lean tissue 70.6 69.3 0.82 0.248 

  Bone tissue 4.6 4.5 0.14 0.754 

1Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose 

and 18.0% fat on DM basis; high fat = 39.9% lactose and 24.6% fat on DM basis. 
2Body composition was estimated using DXA  
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Table 3. LSM of glucose and insulin responses measured during an IM-IVGTT on d 4 of 
life in neonatal dairy calves fed a high lactose (46.1% lactose and 18.0% fat on DM 
basis) or high fat (39.9% lactose and 24.6% fat on DM basis) MR1 

Variable High lactose High fat SEM P-value 

Before insulin infusion:     

 Glucose1     

Baseline (mmol/L) 7.46 7.02 0.177 0.091 

Cmax (mmol/L) 2  12.00 11.96 0.477 0.967 

Delta (mmol/L) 2 4.42 4.76 0.390 0.628 

     AUC0-20 min (mmol/L × min) 2 41.34 42.64 2.075 0.677 

     Disappearance rate Kg (min-1)  0.0010 0.0079 0.00104 0.179 

 Insulin1     

Baseline (µg/L) 0.24 0.28 0.037 0.451 

Cmax (µg/L) 2 0.70 0.95 0.108 0.149 

Tmax (min) 14.24 11.88 0.886 0.086 

Delta (µg/L) 2 0.45 0.67 0.088 0.103 

     AUC0-20 min (ug/L × min) 2 3.90 6.91 0.967 0.036 

 Insulin sensitivity (L/[µg × min]) 2  0.028 0.030 0.0085 0.883 

 Insulin sensitivity (QUICKI) 0.37 0.36 0.011 0.448 

After insulin infusion:     

 Glucose1     

Starting concentration 
(mmol/L)  

9.33 8.61 0.255 0.061 

Cmin (mmol/L) 2  5.41 5.25 0.187 0.594 

Delta (mmol/L) 2 3.77 3.28 0.166 0.035 

AUC18-240 min (mmol/L × min) 2 18.45 14.73 3.531 0.473 

     Disappearance rate Kg (min-1) 0.0113 0.0117 0.00136 0.797 

 Insulin1     

Starting concentration 
(µg/L) 2 

0.57 0.64 0.088 0.614 

Cmax (µg/L)  9.71 9.45 1.035 0.862 

Delta (µg/L) 2 8.99 8.69 1.002 0.834 

AUC18-240 min (ug/L × min) 2
 60.99 59.12 5.912 0.829 

 Insulin sensitivity (L/[µg × min])  0.0058 0.0064 0.00068 0.543 
1 Cmax = maximum plasma concentration; Tmax = time of maximum concentration; delta = 
maximum change from baseline; AUC = positive incremental area under the curve; Cmin = 
minimum plasma concentration 
2 LSM and SEM are back transformed to the original scale 
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Table 4. LSM of glucose and insulin responses measured during postprandial sampling 
on d 6 of life in neonatal dairy calves fed a high lactose (46.1% lactose and 18.0% fat 
on DM basis) or high fat (39.9% lactose and 24.6% fat on DM basis) MR1 

Variable High lactose High fat SEM P-value 

Glucose2     

Baseline (mmol/L) 5.89 5.61 0.102 0.046 

Cmax (mmol/L) 8.01 7.30 0.210 0.031 

Delta (mmol/L) 2.12 1.85 0.199 0.378 

Tmax (min) 234.71 254.12 33.112 0.619 

Cmax:Tmax 3 0.04 0.03 0.005 0.549 

AUC0-600 min (mmol/L × min) 4027.77 3744.73 102.790 0.071 

Insulin2     

Baseline (µg/L) 3 0.12 0.14 0.025 0.528 

Cmax (µg/L) 3 2.48 1.69 0.219 0.032 

Delta (µg/L) 2.57 1.62 0.271 0.032 

Tmax (min) 134.12 162.35 15.666 0.135 

Cmax:Tmax 0.019 0.012 0.002 0.035 

AUC0-600 min (ug/L × min) 491.79 368.07 31.201 0.022 

Glucose AUC0-600:insulin AUC0-600 
3 8.52 10.62 0.750 0.115 

1Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose and 
18.0% fat on DM basis; high fat = 39.9% lactose and 24.6% fat on DM basis. 
2Cmax = maximum plasma concentration; Tmax = time of maximum concentration; delta = 
maximum change from baseline; AUC0-600 = area under the curve from 0 – 600 min relative to 
meal 
3LSM and SEM are back transformed to the original scale 

 

 



 

 

67 

 

Table 5. LSM of abomasal emptying and glucose-insulin dynamics during postprandial sampling on d 6 of life in 
neonatal dairy calves fed a high lactose (46.1% lactose and 18.0% fat on DM basis) or high fat (39.9% lactose and 
24.6% fat on DM basis) MR1 

Variable2  High lactose SE High fat SE P-value 

Acetaminophen       

Slow emptying rate (min-1) kSP,2 0.0025 0.00037 0.0015 0.00022 0.039 

Fast emptying rate (min-1) kSP,3 0.0037 0.00029 0.0030 0.00024 0.117 

Utilization rate (min-1) kAc,UAc 0.0034 0.00036 0.0029 0.00031 0.206 

Glucose       

   Endogenous synthesis (mmol·min-1) PGlend 0.0421 0.03038 0.0369 0.02666 0.876 

Glucose effectiveness (L·min-1) kGl,UGl 0.0022 0.00149 0.0013 0.00089 0.348 

Insulin sensitivity (L-2·µg-1·min-1) kIn,UGl 0.1159 0.01785 0.1845 0.02841 0.068 

Absorption lag time (min-1) Tlag,SP 35.80 5.937 32.41 5.937 0.591 

rMSPEG (% of mean)  9.8 0.88 10.3 0.88 0.723 

Insulin       

Maximum secretion (µg·min-1) VPIn 1307.85 657.305 1845.89 927.716 0.678 

Glucose-dependent secretion (mM) KGl,PIn 8.04 0.863 10.27 1.103 0.251 

Pancreatic responsiveness  expPin 16.91 3.835 14.49 3.288 0.654 

Basal insulin mass (µg) iIn 1.61 0.005 1.74 0.005 0.849 

Signalling lag time (min-1) Tlag,In 1.36 0.955 0.90 0.631 0.685 

Insulin utilization (L·min-1) kIn,UIn 28.96 14.815 8.94 4.575 0.150 

rMSPEI (% of mean)  46.5 4.70 48.1 4.70 0.826 
1Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose and 18.0% fat on DM basis; high fat = 
39.9% lactose and 24.6% fat on DM basis. 
2LSM and SE of all variables are back transformed to the original scale, except for Tlag,SB, root mean squared prediction error 
of glucose (rMSPEG), iIn and root mean squared prediction error of insulin (rMSPEI) 
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Table 6. LSM of pancreas and liver variables in 7-day-old dairy calves fed a high lactose 
(46.1% lactose and 18.0% fat on DM basis) or high fat (39.9% lactose and 24.6% fat on 
DM basis) MR1 

Variable High lactose High fat SEM P-value 

Pancreas weight (g)2 29.16 27.96 1.706 0.510 

Islet of Langerhans size (µm2) 7067.38 6548.86 658.245 0.572 

Islet of Langerhans cell count 4.35 4.30 0.094 0.638 

Liver weight (g) 1377.82 1239.24 34.529 0.002 

Liver glycogen (mg/g wet tissue) 26.50 17.69 2.041 0.002 
1Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose and 

18.0% fat on DM basis; high fat = 39.9% lactose and 24.6% fat on DM basis. 
2LSM and SEM are back transformed to the original scale 
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Figure 3. Plasma glucose and insulin concentrations during an IM-IVGTT on d 4 of life 
in calves fed a high lactose (46.1% lactose and 18.0% fat of DM) or high fat (39.9% 
lactose and 24.6% fat of DM) MR; (A) glucose concentrations before insulin infusion, (B) 
glucose concentrations during entire test, (C) insulin concentrations before insulin 
infusion, (D) insulin concentrations during entire test (data points are mean ± SE; * P < 
0.05 and † P < 0.10) 
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Figure 4. Plasma glucose (A), insulin (B) and acetaminophen (C) concentrations during 
postprandial sampling on d 6 of life in calves fed a high lactose (46.1% lactose and 
18.0% fat of DM) or high fat (39.9% lactose and 24.6% fat of DM) MR (data points are 
mean ± SE; * P < 0.05 and † P < 0.10) 
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4 Intestinal adaptations to energy source of milk replacer in 
neonatal dairy calves2 

4.1 Abstract 

Most milk replacers contain more lactose compared with whole milk, which when 

fed at a large meal size, could influence gut barrier function in calves. This study 

evaluated how replacing lactose in MR with fat (on a wt/wt basis) affects intestinal 

histomorphology and permeability in neonatal dairy calves. Thirty-four Holstein-Friesian 

bull calves were blocked by dam parity and randomly assigned to one of two treatments 

(n = 17): a high lactose (HL; 46.1% lactose, 18.0% crude fat, and 23.9% crude protein of 

DM), or a high fat (HF; 39.9% lactose, 24.6% crude fat, and 24.0% crude protein of DM) 

MR. Calves were individually housed and fed pooled colostrum at 1.5 h and 12 h 

postnatally, at 18 and 9% of BW0.75, respectively. From 24 h postnatally until the end of 

the study (d 7), calves were transitioned to be fed MR (prepared at 15% solids) at 18% of 

BW0.75 twice daily at 0700 and 1900 h. During postprandial sampling on d 6, intestinal 

permeability was assessed by mixing lactulose (1.03 g/kg BW0.75) and D-mannitol (0.31 

g/kg BW0.75) into the morning meal without altering total meal volume. Sequential blood 

samples were collected via jugular catheter and total urine was collected for 12 h to 

measure the marker content. Calves were euthanized 3 h after the morning meal on d 7 

and gastrointestinal tract tissues and digesta were collected for analysis of 

histomorphology, digesta osmolality and gene expression. The empty GIT of HF calves 

were heavier, although length did not differ and differences in histomorphology were 

minor. Digesta osmolality changed along the tract without differences between 

treatments. Plasma lactulose was greater in HF, although plasma D-mannitol and the 

recovery of both markers in urine was unaffected. No significant differences were 

detected in gene expression, although HF calves tended to have lower expression of 

TJP1 and CLDN2 and higher expression of proinflammatory cytokine IL-1β in ileum 

 

2 Welboren, A. C., B. Hatew, J. B. Renaud, L. N. Leal, J. Martín-Tereso, and M. A. Steele. 2021. Intestinal 
adaptations to energy source of milk replacer in neonatal dairy calves. J. Dairy Sci. 104:12079-12093. 
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tissue. In conclusion, partially replacing lactose in MR with fat resulted in a heavier and 

more permeable gut, with minor histomorphological differences. 

4.2 Introduction 

Recently, calf research has focused on feeding elevated planes of milk or milk 

replacer (MR) to improve preweaning growth performance (Khan et al., 2011; Soberon 

and Van Amburgh, 2013), with little consideration for the macronutrient composition of 

the liquid feed. Relative to whole milk, MR generally contains more lactose (approximately 

43 vs. 37% of DM) and less fat (21 vs. 28% of DM; Lee et al., 2009; Pantophlet et al., 

2016; Amado et al., 2019). Feeding greater amounts of a high lactose MR could 

potentially overload the GIT with lactose. Undigested and unabsorbed lactose from the 

meal accumulates in the gut lumen, which increases gut lumen osmolality (Hof, 1980). 

This reduces the osmotic gradient for water absorption by intestinal epithelia (Jodal and 

Lundgren, 1986), potentially resulting in osmotic diarrhea. Furthermore, an increase in 

GIT lumen osmolality may increase GIT permeability. Wilms et al. (2019) found that MR 

osmolality is positively correlated to GIT permeability and it has been suggested that 

exposure to high osmotic pressure could cause structural damage to tight junctions 

(Kameda et al., 1968). Therefore, it is possible that oversupplying lactose contributes to 

the prevalence of digestive disturbance on dairy farms that causes high rates of morbidity 

(56% of calves reported ill; Urie et al., 2018). The osmotic threshold at which calves 

develop loose feces or diarrhea (i.e., < 8.9 and 6.4% of DM, respectively) was determined 

to be 10 g hexose equivalent/kg BW per day (Hof, 1980). For a 45 kg calf, this threshold 

would be reached when ingesting approximately 7 L of MR (containing 43% lactose and 

fed at 150 g/L), a common feeding level nowadays. Therefore, it is of great interest to 

evaluate how macronutrient composition affects the intestinal development and function 

of calves fed large quantities of MR. 

Typically, excess content of lactose in MR is the result of its low content of fat. Milk 

fat content is crucial for delivering energy and regulation of body temperature (Young, 

1976; Urie et al., 2018). Furthermore, adipose development affects newborn survival 
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(Louveau et al., 2016). Recent studies have shown that increasing the fat content of MR 

from 17 to 23% of DM and from 21 to 31% of DM by reducing the lactose content, reduced 

the number of therapeutic interventions required (mainly respiratory) and the number of 

calves with loose feces from birth until approximately 10 wk of age (Amado et al., 2019; 

Berends et al., 2020). Furthermore, Urie et al. (2018) evaluated calf feeding practices 

across the US and found that the predicted mortality risk for calves receiving less than 

150 g fat per d from the liquid diet was 9%, compared with 3% for calves fed more than 

150 g/d. According to the authors, calves ingesting an insufficient amount of fat have less 

energy available to fight infections and are more likely to die during the preweaning 

period. In addition, increasing dietary fat promoted GIT growth in rats (Maxton et al., 

1989). Potentially, dietary fat can promote GIT function and growth by stimulating 

secretion of gut peptides such as cholecystokinin or glucagon-like peptide-1 and 2 via 

receptors commonly referred to as nutrient sensing receptors (Rasoamanana et al., 2012; 

Furness et al., 2013). These nutrient sensing receptors, mostly located on 

enteroendocrine cells throughout the entire GIT, sense the GIT lumen continuously for 

nutrients, pathogenic microorganisms, toxins and other components of its content, and 

subsequently activate the enteroendocrine system, the nervous system, the GIT immune 

system and the nonimmune defence system of the GIT (Furness et al., 2013).    

Despite the obvious difference in macronutrient composition between whole milk 

and most MR, it is currently unknown how this difference influences intestinal 

development and function in dairy calves. We hypothesized that a high fat MR would 

stimulate GIT development and induce adaptations by activating nutrient sensing 

receptors in the intestinal epithelium. We also hypothesized that a high fat MR would 

reduce gastrointestinal permeability. The objective of this study was to evaluate the 

effects of partially replacing lactose in MR with fat on GIT weight, gastrointestinal 

histomorphology, gastrointestinal permeability and expression of genes coding for 

nutrient sensing receptors, nutrient transporters, tight junction proteins and cytokines in 

neonatal calves. 
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4.3 Materials and Methods 

The study was conducted at the Dairy Research and Technology Centre of the 

University of Alberta (Edmonton, AB, Canada) from September 2017 to April 2018. 

Animal procedures complied with the guidelines of the Canadian Council of Animal Care 

(CCAC, 1993) and were approved by the Animal Care and Use Committee of the 

University of Alberta (AUP00002418).  

4.3.1 Animals, Housing and Treatments 

This study was conducted in the first week of life to study the calf’s initial response 

to milk feeding before it potentially adapts to the macronutrient supply. Furthermore, 

morbidity in dairy calves is particularly high during the first 2 wk of life (Urie et al., 2018), 

which demonstrates the need to investigate and improve our understanding of the 

neonatal phase. Using the POWER procedure of SAS software (power = 0.8; α = 0.05; 

version 9.4, SAS Institute Inc., Cary, USA), the number of animals required to detect a 

difference in recovery of gastrointestinal permeability markers was 14 per treatment group 

based on means and SD of a previous study with calves (Amado et al., 2019). Taking into 

account potential losses of calves during the study, thirty-four Holstein bull calves with an 

average birth BW (± SEM) of 43.2 ± 0.81 kg were included in the study. Calves were 

separated from the dam approximately 15 min after birth, weighed using an electronic 

scale (Digi-Star SW300, Digi-Star LLC, Fort Atkinson, USA) and moved to individual pens 

(122 × 183 cm; W × L) that were bedded with shavings and straw. Prior to occupation, 

pens were cleaned and disinfected using a 1% Virkon solution, rinsed with water and left 

to dry. After they were moved to individual pens, calves were dried and stimulated with 

clean towels for approximately 10 min. At 1.5 h after birth, calves were bottle-fed pooled 

colostrum (2.8% lactose, 4.5% crude fat and 12.6% CP; 63.9 g/L of IgG; colostrum was 

pooled and frozen by Saskatoon Colostrum Company Ltd, Saskatoon, SK, Canada) at 

18.1% of their BW0.75. A second meal (9.1% BW0.75) of pooled colostrum was offered by 

bottle 12 h after birth. Before feeding, colostrum was thawed and warmed to a 

temperature of 39°C using a water bath. If more than 25% of a colostrum meal remained, 

the remainder was drenched using an esophageal tube feeder.  
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In a randomized complete block design, calves were blocked by dam parity, and 

randomly assigned to 1 of 2 treatments: a high lactose (HL; 46.1% lactose, 18.0% crude 

fat and 23.9% CP of DM; n = 17; birth BW = 44.3 ± 1.03 kg) or a high fat (HF; 39.9% 

lactose, 24.6% crude fat and 24.0% CP of DM; n = 17; birth BW = 42.3 ± 1.19 kg) MR 

(Sloten B.V., Trouw Nutrition, Deventer, the Netherlands). Ingredients and nutrient 

composition of the MR used in the present study (analyzed by Masterlab, Trouw Nutrition, 

Boxmeer, the Netherlands) are presented in Table 7. The MR was prepared at 15% solids 

and bottle-fed at 18.1% of BW0.75. The assigned MR was fed 24 h after birth and 

thereafter, calves were adjusted to being fed twice daily at 0700 and 1900 h. On d 4, 

calves were re-weighed before the morning meal and meal size was adjusted accordingly. 

Intake and refusal of MR was recorded for each meal until d 7 after birth. At all times, 

fresh water was available ad libitum and intake was recorded daily. The calves did not 

have access to solid feed.  

4.3.2 Gastrointestinal Permeability 

 On d 6, lactulose (1.03 g/kg BW0.75; 427584, MilliporeSigma, St. Louis, MO, USA) 

and D-mannitol (0.31 g/kg BW0.75; 1.05982, MilliporeSigma, St. Louis, MO, USA) were 

dissolved in 100 mL warm water and added to the morning MR meal without altering total 

meal volume. Total urine was collected between 0700 and 1900 h by attaching a urine 

collection bag (Urine bag Romed 2 L, Pontos, Diepenbeek, Belgium) to the underside of 

the calf using medical adhesive spray and tape. All study pens contained a wooden 

platform to elevate the calves, that were tethered to the front gate, to facilitate urine flow 

from the bag into a bucket. At the end of the sampling day, the urine collected was 

homogenized, and a subsample was transferred to a 50-mL Falcon tube and frozen at -

20°C until analysis. Sequential blood samples were collected via a catheter (Terumo IV 

Catheter Surflash 16 g x 2 in., Tokyo, Japan) that was inserted into the jugular vein. 

Heparinized saline (20 IU/mL; Fresenius Kabi, Bad Homburg, Germany) was used to 

flush the catheter line. Blood was centrifuged at 3,000 × g at 4°C for 20 min and 

supernatant was transferred into microcentrifuge tubes and frozen at -20°C until analysis. 
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Prior to lactulose and D-mannitol analysis, urine (10.7 µL + 42.6 µL ddH2O) and 

plasma (53.3 µL) samples were purified in duplicate by adding 107 µL 10 mM ammonium 

formate in 90% acetonitrile and 4 µL of internal standards (13C6 mannitol (75µg/µL), 

Cambridge Isotope Laboratories, Inc., and 13C12 lactulose (75µg/µL), Omicron 

Biochemicals Inc., Tewksbury, MA, USA) to each vial, and subsequently centrifuging the 

samples at 10,000 × g at 4°C for 10 min to separate the soluble and insoluble fractions. 

The supernatant (soluble fraction) was collected. All samples were analyzed by a Thermo 

Vanquish™ Duo, tandem UHPLC system coupled to TSQ Altis, triple quadrupole mass 

spectrometer (Thermo Fisher Scientific, Maltham, MA, USA). Samples were stored in an 

autosampler at 10 °C and 3 µL was injected onto one of two Agilent Poroshell 120 HILIC-

Z (PEEK lined 100 x 2.1mm; 2.7µm) maintained at 45°C with a flow rate of 300 µL min-

1. Mobile phase A (10 mM ammonium formate, 90% acetonitrile; Optima LC-MS Grade) 

was held at 100% for 1.25 min. Mobile phase B (10 mM H2O; Optima LC-MS Grade) was 

then increased to 60% over 1.0 min and held for 4.25 min before returning to 0% over 

0.25 min. While analytes were being resolved on one column, the second column was re-

equilibrated for 7 min at 300 µL min-1 mobile phase A in preparation for the subsequent 

injection. The OptaMax NG H-ESI source was operated in negative ionization mode 

source with capillary voltage of 4.4 kV, an ion transfer tube temperature of 300°C and 

vaporizer temperature of 210°C.  The sheath, auxiliary and sweep gases were set to 40, 

15 and 1 arbitrary units, respectively. D-mannitol, lactulose, and their corresponding 

internal standards were monitored using the settings listed in Table 8. Quantification was 

performed in Thermo TraceFinder 5.0 with 1/x weighting. The method detection limits for 

both analytes were 150 ng mL-1. Recovery of the markers in urine as % of the oral dose 

and plasma content of the markers was used as an indicator of GIT permeability.  

4.3.3 Postmortem Analysis 

Calves were euthanized 3 h after the morning meal on d 7 to collect tissues from 

several segments of the GIT. Pentobarbital was infused (Euthanyl, Vetoquinol, Lavaltrie, 

Canada) at 0.125 mL/kg BW to achieve a surgical plane of anesthesia, after which the 

calf was euthanized and exsanguinated. The esophagus and rectum were tied using zip-
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ties to prevent contents from flowing out when the entire GIT was taken out and placed 

on a surgical table. Each segment of the GIT was emptied, weighed and measured for 

length. The duodenum sample was taken 10 cm distal to the pyloric sphincter. The 

proximal jejunum sample was taken 100 cm distal to the duodenum sampling site. The 

distal jejunum sample was collected 30 cm proximal to the collateral branch of the cranial 

mesentery artery. The ileum sample was collected 30 cm proximal to the ileo-cecal 

junction and the colon sample was collected 30 cm distal to the ileo-cecal junction 

(Malmuthuge et al., 2015). Zip-ties were placed on each end of the sample so that a 

subsample of digesta could be collected; the subsample was then snap frozen in liquid 

nitrogen and stored at -80°C until analysis. The tissue sample was cut longitudinally and 

washed with sterile phosphate buffered saline. A cross section was fixed in 10% buffered 

formalin solution (4% formaldehyde; Fisher Scientific, Hampton, NH, USA) and another 

cross section was snap frozen in liquid nitrogen after which the samples were stored at -

80°C until analysis.  

4.3.4 Digesta Osmolality 

Frozen digesta from abomasum, duodenum, jejunum, ileum and colon was thawed 

in a water bath at 37°C, since a slow thawing process (at 7°C) could increase osmolality 

(Seifarth et al., 2004). The sample was then mixed using a vortex and osmolality was 

measured in duplicate based on freezing point depression with a micro-osmometer 

(Model 3300, Advanced Instruments, Norwood, MA, USA). The coefficient of variation 

across all samples from all segments was 0.62%. The osmometer was cleaned in 

between samples according to the user guide and calibrated at the beginning of each 

measuring day.  

4.3.5 Histomorphology 

The fixed intestinal tissues were embedded in paraffin and subsequently processed 

onto glass slides and stained with a hematoxylin and eosin stain (HistoCore Alberta 

Diabetes Institute, University of Alberta, Edmonton, Canada). Images were captured 

using a Leica ICC50W microscope at 40× magnification connected to the Leica Airlab 
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app (Leica Microsystems, Wetzlar, Germany). Measurements were performed using 

ImageJ (ImageJ 1.46r, National Institute of Health, Bethesda, MD, USA) software. For 

each segment, 10 intact villi attached to the submucosa (approximately 4 images) were 

selected and measured per calf. The measurements included villus height (from the tip of 

the villus to the villus:crypt interface), villus width (at mid-villus height), crypt depth (from 

the villus:crypt interface to the muscularis mucosae), crypt width (the opening between 

villi at the villus:crypt interface level) and thickness of muscularis externa (inner circular 

and outer longitudinal muscle layers). Two trained research assistants who were unaware 

of the treatments performed the measurements. The measurements were averaged per 

calf and redone in case the research assistants found inconsistent results. Surface area 

index was calculated according to Kisielinski et al. (2002), who estimated absorptive 

surface area in rats.  

4.3.6 Real Time RT-PCR  

Frozen tissue of proximal jejunum and ileum was ground in liquid nitrogen using a 

mortar and pestle. RNA was extracted using the PureLink RNA Mini Kit (Invitrogen, 

Carlsbad, CA, USA). Briefly, 1 mL of TRIzol was added to 50 – 100 mg ground tissue, 

after which the sample was homogenized using a vortex. Then, RNA was extracted and 

precipitated by adding chloroform followed by 70% ethanol to the tissue homogenate and 

collected using a Spin Cartridge (included in the kit). The samples were treated with a 

DNAse mixture (containing DNase I Reaction Buffer, RNase free water and DNase I; 

Thermo Fisher Scientific, Maltham, MA, USA) to remove any residual DNA. The Spin 

Cartridge was washed with wash buffers and RNA was dissolved in RNase free water. 

The RNA quantity and integrity number were measured using ultraviolet-visible 

spectroscopy (Nanodrop One Microvolume, Thermo Fisher Scientific, Maltham, MA, 

USA) and electrophoresis (TapeStation, Agilent Technologies, Santa Clara, CA, USA), 

respectively. The average RNA integrity number was 9.2 ± 0.03 and 9.6 ± 0.04 for 

proximal jejunum and ileum tissue, respectively. Then, 1 µg RNA was used to generate 

cDNA (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster City, 

CA, USA) which was analyzed for the expression of genes encoding several nutrient 
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sensing receptors, nutrient transporters, tight junction proteins and cytokines by 

performing real time RT-PCR. The primer pair sequences used are shown in Table 9. 

NormFinder software was used to select the reference gene based on the lowest stability 

value (β-actin; 0.075 and 0.113 in proximal jejunum- and ileum tissue, respectively; 

Andersen et al., 2004). The RT-PCR was performed using a StepOnePlus Real-Time 

PCR System (Applied Biosystems, Foster City, CA, USA) by the Genomics Facility at the 

University of Guelph (Guelph, Canada). To each well, 5 µl of cDNA, 10 µl of DNA 

polymerase-containing supermix (SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green, Bio-Rad, Hercules, CA, USA), 0.8 µl of 5 µM forward and reverse primer mix and 

4.2 µl of nuclease-free H2O was added. The two-step qPCR program consisted of 3 min 

at 98°C, followed by 40 cycles of 10 s at 98°C and 30 s at 60°C. Then, a melt curve was 

generated at 95°C for 15 s, 60°C for 1 min and 95°C for 15 s to confirm specificity of the 

PCR amplicon. The expression of the target gene relative to the reference gene was 

calculated according to Pfaffl (2001):   

Ratio =  
Etarget

(∆Cttarget(control−sample))

Eref
(∆Ctref(control−sample))     

 (1) 

Etarget and Eref are the PCR efficiencies of the target and reference gene transcripts, 

respectively. ΔCttarget and ΔCtref are the deviation in the number of cycles to exceed the 

threshold for background fluorescence between the control (average of HL group) and 

sample for the target gene and reference gene transcripts, respectively. 

4.3.7 Statistical Analysis 

All observations were analyzed using the GLIMMIX procedure of SAS software. We 

adjusted the response distribution in the model statement to lognormal when it improved 

the fit of the model according to the distribution of studentized residuals and Shapiro-Wilk 

statistic. For data consisting of proportions (fractions of 1), a beta distribution was used. 

The model included the fixed effect of treatment and random effect of block. The 

experimental unit was the calf. For organ weights and lengths, birth BW was used as a 
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covariate. For digesta osmolality data, segment was added to the aforementioned model 

as a fixed effect. Means were separated using the PDIFF statement of SAS software. For 

lactulose and D-mannitol concentrations in plasma, time and the interaction of treatment 

× time were included. The covariance structure used was unstructured to allow for 

individual determination of the correlation between each of the time points. All values 

reported are LSM ± SEM with significance declared at P < 0.05 and tendencies at 0.05 ≤ 

P < 0.10. 

4.4 Results 

Effects of partially replacing lactose in MR with fat on feed intake, growth, abomasal 

emptying rate and insulin sensitivity of the calves discussed in the current article are 

published previously (Welboren et al., 2021).  

4.4.1 GIT Weights and Lengths 

 Effects of partially replacing lactose in MR with fat on GIT weights and lengths are 

presented in Table 10. We observed that the small intestine and total GIT were 

respectively 10 and 8% heavier in HF (P = 0.014 and P = 0.001, respectively). Neither 

the weight of individual segments nor the length of the GIT differed between treatment 

groups.  

4.4.2 Digesta Osmolality 

 Results on digesta osmolality are presented in Figure 5. No treatment or treatment 

× segment effect was observed; however, we observed a segment effect (P < 0.001) 

showing that digesta osmolality increases as digesta flows from the abomasum into the 

duodenum, decreases as the digesta transits through the small intestine and plateaus 

when it reaches the large intestine. 

4.4.3 GIT Permeability 

 Indicators of GIT permeability are presented in Figure 6. Recovery of D-mannitol 

and lactulose in urine did not differ between treatment groups (P > 0.490). Recovery of 
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lactulose in plasma was increased (P = 0.004) in HF compared with HL calves, whereas 

recovery of D-mannitol in plasma did not differ between treatment groups (P = 0.205).  

4.4.4 Histomorphology 

 Results for histomorphology are presented in Table 11. We observed that the HF 

treatment presented smaller (P = 0.040) duodenal villus height:crypt depth ratio and 

tended (P = 0.054) to have thinner villi. In addition, HF feeding tended to have greater 

crypt depth in the duodenum (P = 0.094) and crypt width in the proximal jejunum (P = 

0.076). Furthermore, the HF treatment presented 13% shorter villi (P = 0.012), 21% lower 

villus height:crypt depth ratio (P = 0.034) and 14% lower surface area index (P = 0.039) 

in the ileum. The muscularis externa of colon tissue was 26% thinner in HF (P = 0.012). 

We did not observe a treatment effect on any of the other variables measured. 

4.4.5 Gene Expression  

 Effects on gene expression in proximal jejunum and ileum tissues are presented 

in Figure 7 and 8. We found that the HF treatment tended to present a lower expression 

of SLC15A1 (P = 0.076) and FFAR1 (P = 0.066) in proximal jejunum tissue, and SLC15A1 

(P = 0.087), SLC5A1 (P = 0.077) and T1R3 (P = 0.077) in ileum tissue. Furthermore, 

expression of CLDN2 (P = 0.076) and TJP1 (P = 0.086) tended to be lower, and that of 

IL-1β (P = 0.093) higher in ileum tissue of HF compared with HL calves. The expression 

of other genes analyzed was unaffected by MR treatment. 

4.5 Discussion 

The recent shift to feeding calves more MR with little consideration for its 

macronutrient composition, may negatively impact intestinal development and function in 

neonatal calves. In an attempt to bring the macronutrient composition of MR closer to that 

of whole milk by partially replacing lactose in MR with fat, we demonstrated that this 

resulted in greater GIT weight. GIT weight is an indicator of gut growth and is regulated 

by chemical and physical dietary factors, as well as metabolic and trophic hormones 

(Baldwin et al., 2004). The heavier GIT in response to feeding HF could indicate a larger 
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capacity to digest and absorb nutrients, although a larger GIT could also increase 

energetic cost to maintain the additional tissue mass (Naya et al., 2008). It is possible 

that for a growing neonate the increased capacity to digest and absorb nutrients 

outweighs the increased maintenance cost. GIT size can be affected by intake because 

of altered energy requirements, such as the swift increase in GIT size of a lactating animal 

(Campbell and Fell, 1964). It is important to note that the diets in the current study were 

not isocaloric (8% difference in ME intake), which may have affected GIT growth (McLeod 

and Baldwin, 2000; Baldwin et al., 2004). For instance, the GIT of weanling lambs fed at 

200% of energy requirements for maintenance for approximately 52 d was 35% heavier 

per unit of BW than that of lambs fed at 100% of energy requirements for maintenance 

(McLeod and Baldwin, 2000). The increase in intestinal mass was due to increased 

cellularity with constant cell size and resulted in increased length, as well as smooth 

muscle and epithelial tissue mass (McLeod and Baldwin, 2000). However, in dairy calves 

fed 0.44 (20.9% CP, 19.8% crude fat; approximately 75% of energy for maintenance) vs. 

1.02 (28.9% CP, 26.2% crude fat; approximately 150% of energy for maintenance) kg 

powder/d for 8 wk, no difference in GIT weight per unit of BW was found (Geiger et al., 

2016). To understand the implications of the heavier GIT of HF calves, we examined 

whether the GIT structure and function were affected.   

Since GIT length was unaffected in the current study, it is possible that the difference 

in GIT weight originated from the tissue layers. The histomorphology data showed only 

minor changes throughout the GIT. However, we measured 10 villi per segment and 

potentially a higher number of measurements per segment is required to improve the 

quality of the histomorphometrical analyses and reveal differences in histomorphology 

between treatments (Buhler et al., 1998). Potentially, the high fat MR promoted intestinal 

mucosal hyperplasia, as observed in adult rats (Maxton et al., 1989). Increasing dietary 

fat in isocaloric diets from 1 to 50% of caloric requirements from an essential or saturated 

fatty acid mixture stimulated mucosal hyperplasia, resulting in increased mucosal weights 

throughout the small intestine without affecting its length (Maxton et al., 1989). 

Interestingly, the essential fatty acid mixture that these authors used contained safflower 
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oil, which is rich in linoleic acid, and the saturated fatty acid mixture consisted 

predominantly of coconut oil. The fat mixture of the MR in the current study consisted of 

one third coconut oil and also contained linoleic acid from palm oil (approximately 7% of 

MR fat; Gee, 2007; Bhatnagar et al., 2009). Maxton et al. (1989) suggested that fat has 

a trophic action, possibly through the release of pancreaticobiliary peptides and gut 

peptides such as GLP-1 and GLP-2. Gut peptides are released by enteroendocrine cells 

in response to luminal nutrients (Furness et al., 2013). Nutrients can stimulate the release 

of gut peptides directly, by binding to a nutrient sensing receptor on the plasma membrane 

of enteroendocrine cells, or indirectly, by activating the enteric nervous system (Brubaker 

and Anini, 2003; Rasoamanana et al., 2012; Furness et al., 2013).  

Regarding direct nutrient stimulation, it is worth mentioning that fat transits to more 

distal regions of the GIT compared with products of protein and carbohydrate digestion, 

which may increase exposure to nutrient sensing receptors throughout the GIT (Brubaker 

and Anini, 2003). This may suggest that the high fat MR induced greater gut peptide 

secretion, resulting in increased GIT growth. However, if this was the case, it did not 

increase the expression of genes coding for nutrient sensing receptors in proximal 

jejunum and ileum tissue in HF calves. On the contrary, the expression of SLC15A1 and 

FFAR1 in proximal jejunum tissue, and SLC15A1, T1R3 and SLC5A1 in ileum tissue 

tended to be lower in HF calves. The tendencies for lower expression of T1R3 and 

SLC5A1 may have been caused by fewer luminal monosaccharides (Margolskee et al., 

2007), whereas the tendencies for the other nutrient sensing and transporter genes in HF 

calves contrast with the hypothesis and therefore, warrant further investigation. 

Potentially, the relatively high polyunsaturated fat content of the vegetable oils used as 

fat source for the MR may have altered the plasma membrane composition. Incorporation 

of polyunsaturated fatty acids into the plasma membrane can reduce or disrupt the lipid 

raft fraction, which contains proteins such as nutrient sensing receptors and transporters 

(Shaikh, 2012; Ma et al., 2004).  

 Digesta osmolality was measured throughout the GIT to study its potential 

influence on gastrointestinal permeability. We did not observe differences in digesta 
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osmolality between treatment groups, which could be due to the relatively small difference 

in MR osmolality (33 mOsm/kg). Moreover, the osmolalities of both MR were relatively 

high when compared with whole milk (280 mOsm/kg; Rozenfarb et al., 1997; Constable 

et al., 2009) and the WHO recommendation for maximum osmolality of infant formula 

(450 mOsm/kg; Pearson et al., 2013). Potentially, this is caused by the relatively high 

mineral content of MR (7.8 vs. 4.0%) and the percentage of solids used (15.0 vs. 12.5%) 

compared with whole milk (Moallem et al., 2010). Owen et al. (1958) demonstrated that 

a high level of dietary minerals, especially a mixture that simulated whey minerals 

(containing Ca, K, Mg, Na and Cl), caused diarrhoea in preweaning calves. It is important 

to note that for the current study, different whey products were used to achieve 

formulations with different lactose contents. Therefore, the source of the minerals and 

ultimately their contribution to MR osmolality may differ between the MR treatments 

despite being formulated for a similar mineral profile. High osmolality of MR and GIT 

contents reduces the osmotic gradient for water absorption into the epithelium (Jodal and 

Lundgren, 1986), which may compromise intestinal health. We suggest that nutrient 

digestion caused the greater osmolality of the duodenum compared with abomasum 

digesta, since digestive breakdown increases the molar concentration of solutes. The 

subsequent decrease in digesta osmolality between the duodenum and ileum is likely due 

to absorption of dissolved nutrients. Since digesta osmolality between treatment groups 

did not differ, this indicates that osmolality is unlikely a factor involved in the observed 

difference in gastrointestinal permeability. 

 Our finding that high fat MR increases GIT permeability is in agreement with a 

previous study conducted in pre-weaning calves using the same MR and the same 

marker administration protocol (Amado et al., 2019). The authors found a 1.5-fold 

increase in lactulose recovery in urine of HF compared with HL calves, while recovery of 

D-mannitol in urine was similar. Lactulose is a relatively large molecule (339 Da) and its 

limited absorption is understood to take place through the intercellular space. The 

increased paracellular permeability in HF calves may indicate that intestinal barrier 

function was compromised, allowing for microorganisms and toxins to pass the intestinal 
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barrier (Bjarnason et al., 1995; Bischoff et al., 2014). However, Amado et al. (2019) 

speculated that the increased marker recovery could have been due to an interaction with 

MR fat, since the markers were added to the MR meal – for, in studies with humans and 

piglets it is more common to administer the markers after an overnight fast (Miele, 2009; 

Zhang and Guo, 2009; Kato et al., 2017). In the current study, the markers were also 

added to the MR meal, which may have affected marker recovery. Moreover, the HF MR 

slowed down abomasal emptying (Welboren et al., 2021) and it is currently unknown 

whether this influences marker recovery. More research is required to determine which 

methodology is most appropriate to study the influence of MR composition on GIT 

permeability.  

However, the finding that dietary fat results in greater GIT permeability has been 

previously described. In rodents, increasing dietary fat from 12 to 72% or from 7 to 30% 

increased paracellular permeability due to lower expression of genes coding for tight 

junction proteins TJP1, CLDN1 and OCLN in intestinal epithelium (Cani et al., 2008; 

Suzuki and Hara, 2010). This coincides with our finding that expression of CLDN2 and 

TJP1 tended to be lower in the ileum tissue of HF calves. Lower expression of tight 

junction proteins in response to a HF diet could be the consequence of a modulation in 

gut microbiota (Cani et al., 2008; Moreira et al., 2012; Rohr et al., 2020). In healthy 

rodents, a HF diet reduces the abundance of gut barrier-promoting microbes, such as 

Lactobacillus spp. and Bifidobacterium spp. (both Gram-positive) and increases the 

abundance of gut barrier-disrupting microbes, such as Desulfovibrio spp. (Gram-

negative). Consequently, intestinal permeation of LPS (membrane component of Gram-

negative bacteria) increases due to the greater abundance of LPS-containing bacteria. 

Then, incorporation of LPS into chylomicrons via its lipid A tail facilitates delivery to the 

circulatory system, resulting in endotoxemia (Ghoshal et al., 2009). Moreover, 

chylomicron synthesis is likely enhanced in response to a HF diet. Subsequent binding of 

LPS to toll-like receptor-4 and activation of the NF-ΚB pathway reduces tight junction 

protein expression and initiates an inflammatory response (Cani et al., 2008; Moreira et 

al., 2012).  
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Interestingly, expression of pro-inflammatory cytokine IL-1β tended to be greater in 

the ileum tissue of HF calves, which may indicate that more IL-1β was produced and 

secreted by cells in the ileum (e.g. immune cells). This supports the idea that HF feeding 

may promote inflammation and coincides with the increased paracellular permeability 

observed in this group. The tendency for increased IL-1β expression in the ileum 

compared with proximal jejunum tissue may be due to the accumulation of immune cells 

in Peyer’s patches in ileum tissue. However, it is important to note that the RNA 

expression data showed tendencies and no significant differences between treatment 

groups, and mean differences were relatively small. All tissue samples used were whole 

tissues including the muscularis externa, potentially indicating the importance of using 

methods to fractionate tissue, such as mucosal scraping, to evaluate the appropriate 

tissue layer (Gaginella et al., 1978).    

The type of dietary fat may also play a role in its effect on GIT permeability (Rohr et 

al., 2020). Polyunsaturated FA contain double bonds, which makes them prone to 

oxidation. Oxidized polyunsaturated FA can lead to intracellular oxidative stress, oxidative 

damage to epithelial plasma membranes, and eventually apoptosis (Wang et al., 2000; 

Rohr et al., 2020). The fat sources used for the MR in the current study were coconut and 

palm oil; therefore, the polyunsaturated fat content is relatively high compared with whole 

milk (7.0 vs. 4.1% of fat; Markiewicz-Keszycka et al., 2013). Therefore, we may speculate 

that the increased supply of dietary fat (especially polyunsaturated FA) in HF calves could 

have resulted in greater oxidative damage to the intestinal epithelium, which subsequently 

increased GIT permeability. These results call for more research to evaluate how not only 

quantity but also fat characteristics may influence GIT structure and permeability in 

neonatal calves.   

4.6 Conclusions 

 Partially replacing lactose in MR with fat resulted in greater GIT weight when 

accounted for birth BW in neonatal dairy calves during the first week of life, likely due to 

mucosal hyperplasia, while GIT length was unaffected. Furthermore, GIT permeability 
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was increased likely resulting from a reduction in tight junction protein expression. 

Overall, partially replacing lactose with fat to mimic the macronutrient composition of 

whole milk may benefit GIT development but may also impair gut barrier function. More 

research is required to further understand the role of fat quantity and quality on GIT 

development, histomorphology and permeability in neonatal calves. 
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Table 7. Ingredients and nutrient composition of the MR fed to calves in 
the first week of life (n = 34) 

 High lactose1 High fat1 

Ingredients (%)   

   Skimmed milk powder 29.5 29.5 

   Fat blend (palm and coconut oil, 2:1)  16.7 22.6 

   Delactosed whey  10.5 13.2 

   Whey powder  30.1 14.7 

   Whey permeate powder 3.0 7.3 

   Whey protein concentrate  4.8 7.0 

   Hydrolyzed wheat protein 4.0 4.1 

   Premix 1.5 1.7 

Nutrients (% of DM unless otherwise noted)   

   Dry matter (%) 97.5 97.5 

   Lactose 46.1 39.9 

   Crude fat 18.0 24.6 

   CP 23.9 24.0 

   Crude ash2 7.9 7.7 

   ME (Mcal/kg of DM) 4.23 4.49 

   Osmolality (mOsm/kg) 489.5 457.0 
1 MR (15% solids) was fed at 18% of metabolic body weight twice daily from 24 h 
until 7 d of age 
2 MR were formulated to contain 17.0 vs. 16.5, 13.0 vs. 12.4, 8.0 vs. 8.0 and 7.3 
vs. 7.1 g/kg DM of K, Cl, Ca and P in the high lactose and high fat milk replacer, 
respectively  
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Table 8. Instrumental conditions for UHPLC-MS/MS analyses of lactulose and D-
mannitol in urine and plasma of dairy calves to estimate GIT permeability 

Analyte  Ion type  
RT    
(min) 

Precursor 
m/z 

Quantifer m/z 
(CE)1 

Qualifer m/z 
(CE) 

mannitol [M-H]- 3.4 181.1 89 (14) 101 (14) 
13C6 mannitol [M-H]- 3.4 187.1 92 (14) - 

lactulose [M+HCOO]- 3.6 387.1 161 (12) 179.1 (12) 
13C12 lactulose [M- HCOO]- 3.6 399.2 167.1 (12) - 
1CE = collision energy (V) 
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 Table 9. Genes analyzed in proximal jejunum and ileum tissue and primer pair sequences used 

Gene Access. No Forward primer (5’-3’) Reverse primer (5’-3’) 
Efficiency, 
% 

Amplicon 
Size 

ACTB AF191490 CTAGGCACCAGGGCGTAATG CCACACGGAGCTCGTTGTAG1 101 177 

CASR NM174002 CGACTGGGAAGCCGAAAGTA GAGGACTTTCCCCCTTGGTG2 92 194 

LPAR5 NM001034304 ACCGACGAGCACAGGTCT CCAGAGCAAACGGAGGTTCA2 106 131 

SLC7A9 NM001035054 GTTTATGCTGAGCGGCCTTG GCATGGTGAGAGGCTTTGAG2 106 89 

SLC15A1 n/a ATGGCCTTAACCAGAAGCCAGA TCACTGGCATTGTGACTGGAGAC3 107 127 

FFAR1 NM001309646 ATGGGCCATCGTTCTCTGTC CCGGAGAGCCATTGATTGGT2 94 116 

FFAR2 NM001163784 GCTGTGTGAAATGGGCGGTA GGCATGGCTGTCCTTGTCTT2 93 126 

FFAR3 NM001145233 GATGGCAGGAGGAAGTGGC TAGCAAGAGCACGTCCACAG2 96 182 

FFAR4 NM001328657 TTGGTACCAGGACTGCTTATTGTG ATCGTCAGCCTCTTCCTGGAA4 94 43 

CD36 X91503 GTACAGATGCAGCCTCATTTCC TGGACCTGCAAATATCAGAGGA5 108 81 

SLC5A1 NM174606 GATCGCAGGACGGTTGTTCA CCCGGCTCATTGACTCTCTT2 101 183 

T1R3 n/a TGTGCACCAGGTTGTCGG AAAGGTCATAGCCCAGACGC3 98 117 

SLC2A2 NM001103222 GGGACTTGTGCTCCTGAGTAA ACTCAGCCACCATGAACCAG2 102 122 

CLDN2 n/a CCAGGCCATGATGGTGACAT GAAGAAGACTCCGCCCACAA6 105 136 

OCLN NM001082433 CGCAGGAAGTGCCTTTGGTAGC GCAGCCATGGCCAGCAGGAA1 107 124 

TJP1 n/a AATGCATCCTGACCACCAGG GATGGTGCCGGGTTTGTTTC6 110 162 

IL-1β M37211 AGCATCCTTTCATTCATCTTTGAAG GGGTGCGTCACACAGAAACTC7 108 78 

TNF-α NM173966 CCCCAGAGGGAAGAGCAGT GAGGGCATTGGCATACGAGT2 110 168 

CDC42 NM001046332 ACGACCGCTGAGTTATCCAC TCTCAGGCACCCACTTTTCTT2 106 101 
 1 Malmathuge et al., 2013 

2 Current study 
3 Fan et al., 2020 
4 Agrawal, 2016 
5 Bionaz and Loor, 2008 
6 Walker et al., 2015 
7 Galvao et al., 2011 
8 SLC7A9 = solute carrier family 7 member 9, CASR = calcium sensing receptor, LPAR5 = lysophosphatidic acid receptor 5, SLC15A1 = solute 
carrier family 15 member 1, FFAR 1 to 4 = free fatty acid receptor 1 to 4, CD36 = cluster of differentiation 36, T1R3 = taste receptor type 1 member 
3, SLC5A1 = solute carrier family 5 member 1, SLC2A2 = solute carrier family 2 member 2, CLDN2 = claudin-2, OCLN = occludin, TJP1 = tight 
junction protein 1, IL-1β = interleukin 1 beta, TNF-α = tumour necrosis factor alpha, CDC42 = cell division cycle 42     
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Table 10. LSM of weights and lengths of the GIT of neonatal dairy calves fed a high 
lactose (n = 17) or high fat (n = 17) MR until 7 d of age 

 Milk replacer1    

 High lactose High fat SEM 
P-value 

treatment 
P-value 

BW 

Weights (g)      

    Abomasum and omasum 331.6 343.8 9.40 0.384 0.002 

    Reticulorumen 209.2 208.3 6.21 0.924 0.006 

    Duodenum 9.9 9.7 0.78 0.824 0.280 

    Jejunum 673.8 724.0 29.89 0.269 0.325 

    Ileum  261.1 290.2 16.35 0.239 0.017 

    Colon 197.8 215.3 8.79 0.170 0.062 

    Rectum 34.2 36.6 3.83 0.727 0.437 

    Small intestine2 953.7 1052.0 25.41 0.013 0.014 

    Total GIT3 1727.3 1865.8 34.36 0.011 0.001 

Lengths (cm)      

    Jejunum 1409.5 1387.7 51.66 0.780 0.140 

    Ileum 401.5 464.6 35.09 0.183 0.097 

    Colon 244.3 247.9 10.18 0.843 0.019 

    Small intestine4 1827.3 1877.4 49.97 0.534 0.006 

    Total intestine5 2071.7 2125.3 55.25 0.564 0.003 
1 Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose and 
18.0% fat on DM basis; high fat = 39.9% lactose and 24.6% fat on a DM basis. 
2 Small intestine = duodenum + jejunum + ileum  
3 Total gastrointestinal tract (GIT) = abomasum and omasum + reticulorumen + small 
intestine + colon + rectum  
4 Small intestine = jejunum + ileum  
5 Total intestine = jejunum + ileum + colon  
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Table 11. LSM of histomorphology of neonatal dairy calves fed a high lactose (n = 17) 
or high fat (n = 17) MR until 7 d of age 

 Milk replacer1   

 High lactose High fat SEM P-value 

Duodenum      

   Villus height (µm) 309.5 282.1 22.22 0.215 

   Villus width (µm) 125.5 116.6 4.18 0.054 

   Crypt depth (µm) 375.8 420.9 16.90 0.094 

   Crypt width (µm) 56.0 57.1 1.79 0.619 

   Muscularis externa (µm) 515.5 493.6 34.28 0.495 

   Villus height:crypt depth 0.87 0.69 0.066 0.040 

   Surface area index 5.26 4.98 0.367 0.497 

Proximal jejunum     

   Villus height (µm) 419.3 398.2 25.49 0.578 

   Villus width (µm) 110.2 114.4 5.53 0.434 

   Crypt depth (µm) 276.5 302.3 20.32 0.310 

   Crypt width (µm) 43.7 47.6 2.35 0.076 

   Muscularis externa (µm) 243.4 237.1 17.67 0.793 

   Villus height:crypt depth 1.61 1.42 0.128 0.290 

   Surface area index 8.37 7.44 0.522 0.182 

Distal jejunum     

   Villus height (µm) 391.6 375.5 27.36 0.628 

   Villus width (µm) 98.1 98.2 4.70 0.994 

   Crypt depth (µm) 305.0 300.00 18.10 0.864 

   Crypt width (µm) 40.2 43.8 1.50 0.169 

   Muscularis externa (µm) 245.8 251.7 15.49 0.805 

   Villus height:crypt depth 1.36 1.33 0.106 0.826 

   Surface area index 8.64 7.81 0.457 0.212 

Ileum     

   Villus height (µm) 469.9 406.6 23.22 0.012 

   Villus width (µm) 119.8 115.9 5.51 0.585 

   Crypt depth (µm) 289.5 315.1 15.18 0.166 

   Crypt width (µm) 53.5 55.7 1.73 0.401 

   Muscularis externa (µm) 264.5 268.0 18.49 0.877 

   Villus height:crypt depth 1.74 1.38 0.112 0.034 

   Surface area index 8.02 6.92 0.365 0.039 

Colon     

   Mucosal thickness (µm) 455.4 483.7 19.75 0.365 

   Muscularis externa (µm) 733.9 545.6 43.16 0.012 

 1 Sloten B.V., Trouw Nutrition (Deventer, the Netherlands). High lactose = 46.1% lactose and 
18.0% fat on DM basis; high fat = 39.9% lactose and 24.6% fat on a DM basis. 
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Figure 5. LSM ± SEM of digesta osmolality in neonatal dairy calves fed a high lactose 
(46.1% lactose and 18.0% fat on DM basis; n = 17) or high fat (39.9% lactose and 24.6% 
fat on DM basis; n = 17) MR until 7 d of age. Treatment and treatment × segment effects 
were non-significant (P ≥ 0.05) and therefore, bars represent the datapoints of all calves. 
Segments without common letter differ (P < 0.05) 
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Figure 6. Means ± SEM of lactulose and D-mannitol content in plasma (A, C) and in urine 
collected for 12 h (B, D) of dairy calves fed a high lactose (46.1% lactose and 18.0% fat 
on DM basis; n = 17) or high fat (39.9% lactose and 24.6% fat on DM basis; n = 17) MR 
until 7 d of age 
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Figure 7. LSM ± SEM of relative expression ratio of genes related to nutrient (protein, fat 
or carbohydrate) sensing and transport in proximal jejunum and ileum tissue of neonatal 
dairy calves fed a high lactose (46.1% lactose and 18.0% fat on DM basis; n = 17) or high 
fat (39.9% lactose and 24.6% fat on DM basis; n = 17) MR until 7 d of age. † P < 0.10 

  



 

 

105 

 

 

Figure 8. LSM ± SEM of relative expression ratio of genes related to tight junction integrity 
and cytokine synthesis in proximal- and ileum tissue of dairy calves fed a high lactose 
(46.1% lactose and 18.0% fat on DM basis; n = 17) or high fat (39.9% lactose and 24.6% 
fat on DM basis; n = 17) MR until 7 d of age. † P < 0.10 
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5 Intestinal structure and function of dairy calves in 
response to supplementing macronutrients to milk 
replacer 

5.1 Abstract 

Previous studies have shown the benefit of feeding dairy calves more milk or milk 

replacer on preweaning growth performance; however, they often fail to consider the 

specific nutrient composition. To evaluate how individual macronutrients affect growth 

and intestinal structure, 34 dairy calves (3.4 ± 1.6 d of age; 42.6 ± 3.7 kg) were randomly 

allocated to be fed one of four treatments twice daily for 19 days: control MR (CON; 48.8% 

lactose, 21.2% crude fat and 23.3% CP of DM; n = 8) at 131 kcal/kg BW0.85 per day or 

control MR supplemented with butterfat (FAT; n = 9), milk protein (PRO; n = 9) or lactose 

(LAC; n = 8) at 161 kcal/kg BW0.85 per day. Calves were weighed weekly and euthanized 

for collection of intestinal weights and lengths, tissue samples and digesta samples on d 

19. Tissue samples were processed to evaluate histomorphology using bright-field 

microscopy, expression of Ki-67 using immunohistochemistry and gene expression of 

nutrient receptors and transporters using RT-qPCR. Digesta samples were analyzed for 

osmolality based on freezing point depression. PRO calves were more efficient over 19 

days (gain:DE intake) than CON, with LAC and FAT in between. Proportionally, weights 

and lengths of intestinal segments did not differ between treatments. The FAT calves had 

longer villi and a larger surface area index throughout the small intestine than CON, with 

LAC and PRO in between. Supplementing macronutrients to MR did not alter the 

expression of genes coding for nutrient sensing receptors and transporters compared 

with CON. Digesta osmolality in the lower small intestine was greater in PRO than CON, 

LAC and FAT. This study suggests that macronutrient supplementation affects growth 

and feed efficiency, and results in minor differences in intestinal structural development 

in neonatal calves. Understanding how MR composition affects dairy calf performance 

and gastrointestinal structure and function may improve nutritional strategies on farm. 
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5.2 Introduction 

The high prevalence of digestive issues in neonatal dairy calves has increased 

interest in understanding the role of nutrients in establishing and maintaining a functioning 

GIT (Urie et al., 2018b). The neonatal phase of life is characterized by relatively high 

growth rates, emphasizing the importance of digesting and absorbing nutrients efficiently. 

Approximately 50% of all calves on US dairy farms are offered MR or a combination of 

MR and whole milk (Urie et al., 2018a). Relative to whole milk, MR generally contains 

more lactose (approximately 43 vs. 37% of DM) and less fat (21 vs. 28% of DM), and 

similar, although more variable, amounts of protein (20 to 28 vs. 25% of DM; Lee et al., 

2009; Moallem et al., 2010; Amado et al., 2019). Previous studies have evaluated feeding 

high protein, high lactose and low-fat formulations to promote lean tissue growth (Tikofsky 

et al., 2001). However, insufficient dietary fat consumption (<150 g/d) was correlated with 

increased mortality risk in dairy calves (Urie et al., 2018b) which may indicate that an 

imbalance in dietary macronutrients negatively impacts neonatal growth and health. 

Furthermore, it is currently unknown how macronutrient composition affects GIT growth 

and function. 

The growth of the GIT depends on the balance between cell proliferation and 

apoptosis (Jaladanki and Wang, 2016). Enteral nutrition is the main factor regulating 

intestinal mucosal growth by supplying nutrients for growth and oxidative metabolism, 

which is mediated by secretion of peptide growth factors (i.e., epidermal growth factor 

family, insulin-like growth factor family) and hormones (i.e., glucagon-like peptide 2; 

Burrin and Stoll, 2002, Baldwin et al., 2004, Jaladanki and Wang, 2016). Midgut infusion 

of mono- and disaccharides stimulated mucosal growth compared with an infusion of 

saline in rats maintained on parenteral nutrition (Weser et al., 1986). Furthermore, recent 

studies have found certain amino acids (i.e., glutamine, arginine) and lipids (i.e., essential 

FA, short-chain FA) to be trophic in rodents and dairy calves (Vanderhoof et al., 1994; 

Guilloteau et al., 2009; Jaladanki and Wang, 2016). Arginine has been found to enhance 

protein synthesis by activating mechanistic target of rapamycin, MAPK and p70S6 kinase 

signaling in enterocytes of neonatal piglets, while glutamine is a primary energy source 
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for intestinal epithelial cells (Wu et al., 1995; Corl et al., 2008; Jacobi and Odle, 2012). 

Short-chain FA and essential FA effects may be mediated by release of gut hormones 

such as glucagon-like peptide 2 and peptide YY upon activation of receptors commonly 

referred to as nutrient receptors (Vanderhoof et al., 1994; Guilloteau et al., 2009; Furness 

et al., 2013). Moreover, Widmayer et al (2015) demonstrated that the expression of these 

nutrient receptors, e.g., FFAR4, is increased in response to a high fat diet (60% of calories 

from fat) in mice. Few studies evaluated relative intestinal trophic effects of specific 

macronutrients including carbohydrates, proteins, and lipids. 

Recently, we demonstrated that feeding a high fat MR (25% crude fat and 40% 

lactose of DM) to dairy calves during the first week of life resulted in greater GIT weights 

without affecting length compared with a high lactose MR (18% crude fat and 46% lactose 

of DM; Welboren et al., 2021). The difference in GIT weight may have been a 

consequence of dietary fat promoting mucosal hyperplasia (Maxton et al., 1989). 

However, the diets were not isocaloric (8% greater ME intake for high fat), which could 

have affected GIT growth (Baldwin et al., 2004). In previous studies with rodents, 

isocaloric feeding of lipids (i.e., medium-chain triglycerides, soybean oil) promoted 

mucosal growth and intestinal protein synthesis more than carbohydrates (i.e., starch and 

glucose) or proteins (i.e., casein and glutamine; Buts et al., 1990, Stein et al., 1994). The 

authors ascribe the effect to the lipids being precursors of ketone bodies, which are 

energy substrates for the mucosa, and to a potentially greater release of enteroglucagon. 

Importantly, previous studies evaluated trophic effects of macronutrients during a phase 

of fasting or parenteral feeding, and thus, the results of these studies may not apply to 

non-fasting neonates. 

It is unclear how individual macronutrients such as lactose, fat and protein affect 

intestinal development and function during the neonatal phase. We hypothesized that 

dietary fat has a stronger trophic effect on intestinal growth and function than lactose and 

protein due to greater activation or expression of nutrient receptors such as free FA 

receptors in the intestinal epithelium. Therefore, the objective of this study was to evaluate 

how supplementing a basal MR with isocaloric amounts of fat, protein or lactose 
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influences GIT weight, the proliferation of intestinal epithelial cells and the gene 

expression of intestinal nutrient receptors. 

5.3 Materials and Methods 

The study was conducted at the research facility Carus of Wageningen University 

(Wageningen, the Netherlands) from April 2018 to June 2018. Animal procedures 

complied with the guidelines of the Dutch Law on Animal Experiments in accordance with 

European Union Directive 2010/63 (European Commission, 2010; AVD2040020173425). 

5.3.1 Animals, Housing and Treatments 

Thirty-four Holstein bull (n = 5) and heifer (n = 29) calves with an average birth BW 

of 40.7 ± 3.33 kg were born on partner dairy farms and treated according to a 

standardized colostrum management protocol. Calves were separated from the dam after 

birth and moved to individual pens. Calves were offered 4 and 2 L of colostrum (Brix 

>24%) by bottle within 1 and at 12 h after birth, respectively. From 24 h onward, calves 

were fed 5.25 L/d of MR (Sloten B.V., Trouw Nutrition; 48.8% lactose, 21.2% crude fat, 

and 23.3% CP of DM; 15% solids) in two or three meals. The MR was 40 to 42°C at 

feeding and was provided in a clean teat bucket. Nine batches of calves were selected 

based on clinical health, BW and age uniformity and transported within 45 min to the 

research facility at 1 to 3 d of age. Upon arrival, calves were weighed and housed in straw 

bedded pens. Calves were treated with Halocur (MSD Animal Health) after the morning 

meal for 7 d to prevent diarrhea due to Cryptosporidium parvum infection. Halocur was 

administered according to the manufacturer’s directions.  

Calves were randomly assigned to 1 of 4 treatments: a control diet (CON; 48.8% 

lactose, 21.2% crude fat and 23.3% CP of DM; n = 8) or the control diet supplemented 

with butterfat (FAT; 43.2% lactose, 30.6% crude fat and 20.7% CP of DM; n = 9), milk 

protein (PRO; 41.4% lactose, 18.0% crude fat and 34.5% CP of DM; n = 9) or lactose 

(LAC; 60.2% lactose, 16.6% crude fat and 18.2% CP of DM; n = 8). The control MR was 

produced by Sloten B.V (Trouw Nutrition, Deventer, the Netherlands) and supplemented 
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MR were made at the research facility by mixing the respective supplement (Anhydrous 

milk fat, Royal VIV Buisman BV, Zelhem, the Netherlands; Lactose powder, Arla Foods 

Ingredients Group, Viby, Denmark; Milk protein concentrate powder 80, Fonterra Ltd., 

Auckland, New Zealand) into the control MR using a feed mixer. Ingredients and nutrient 

composition of the MR used in the present study (analyzed by Masterlab, Trouw Nutrition, 

Boxmeer, the Netherlands) are presented in Table 12. The MR (15% solids) was 40 to 

42°C at feeding and was offered twice daily at 0600 and 1800 for the duration (19 d) of 

the study. The MR was fed at 131 (CON) or 161 (FAT, PRO, LAC) kcal DE/kg BW0.85 per 

day. The exponent used for metabolic BW was 0.85 since that allows for a more accurate 

estimation of maintenance energy requirements based on fasting heat production in veal 

calves (Labussière et al., 2008). Meal size was adjusted twice weekly based on weekly 

weight data and mid-weekly predicted BW (BW beginning of week + 0.9 kg for CON 

calves; BW beginning of week + 1.5 kg for FAT, PRO and LAC calves). Refusals were 

recorded after each meal. At all times, fresh water was available ad libitum.  

The 34 calves discussed in this manuscript were a subset from a group of 96 calves, 

all enrolled in a co-trial evaluating the effects on energy and nitrogen balance. To this 

end, calves of the same treatment were housed in groups of 3 and fed in individual 

buckets with a floating nipple. On d 15 of the trial, calves were moved to climate 

respiration chambers (no bedding). On d 19, 1 calf from each pen was randomly selected 

to be euthanized for collection of gastrointestinal tract tissues. 

5.3.2 Postmortem Analysis 

Calves were euthanized 8.3 ± 1.80 h after the morning meal on d 19 of the trial to 

collect tissues from several segments of the GIT. Pentobarbital was infused (Euthasol 

50%; Produlab Pharma B.V., Raamsdonksveer, the Netherlands) at 0.094 mL/kg BW to 

achieve a surgical plane of anesthesia, after which the calf was euthanized and 

exsanguinated. The esophagus and rectum were tied using zip-ties to prevent contents 

from flowing out when the entire GIT was taken out and placed on a surgical table. Each 

segment of the GIT was emptied, weighed and measured for length. The duodenum 
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sample was taken 7.5 cm distal to the pyloric sphincter. The proximal jejunum sample 

was taken 100 cm distal to the duodenum sampling site. The distal jejunum sample was 

collected 30 cm proximal to the collateral branch of the cranial mesentery artery. The 

ileum sample was collected 30 cm proximal to the ileo-cecal junction and the colon 

sample was collected 30 cm distal to the ileo-cecal junction. Zip-ties were placed on each 

end of the sample so that a subsample of digesta could be collected. The subsample was 

then snap-frozen in liquid nitrogen and stored at -80°C until analysis. The tissue sample 

was cut longitudinally and washed with phosphate-buffered saline. Cross-sections were 

fixed in 10% buffered formalin solution (4% formaldehyde; Merck, Darmstadt, Germany) 

and stored in RNAlater (Invitrogen, Carlsbad, CA, USA) at -80°C until analysis.  

5.3.3 Digesta Osmolality 

Frozen digesta was thawed in a water bath at 37°C since a slow thawing process 

could increase osmolality (Seifarth et al., 2004). The sample was then mixed using a 

vortex, and osmolality was measured in duplicate based on freezing point depression with 

a micro-osmometer (Model 3300, Advanced Instruments, Norwood, MA, USA). The 

coefficient of variation across all samples from all segments was 0.78%. The osmometer 

was cleaned in between samples according to the user guide and calibrated at the 

beginning of each measuring day.  

5.3.4 Histomorphology 

The fixed intestinal tissues were processed (Leica TP1020, Leica Biosystems, 

Wetzlar, Germany) and embedded in paraffin (TBS88, Medite, Burgdorf, Germany). 

Subsequently, sections of 5 micron thickness were processed onto glass slides (2 

sections per slide; Leica RM2255, Leica Biosystems, Buffalo Grove, IL, USA) and stained 

with a hematoxylin and eosin stain (Leica ST5020, Leica Biosystems, Buffalo Grove, IL, 

USA) by the AHL Histotechnology lab (University of Guelph, Guelph, Canada). Images 

were captured using a Leica ICC50W microscope at 40× magnification connected to the 

Leica Airlab app (Leica Microsystems, Wetzlar, Germany). Measurements were 

performed using ImageJ (ImageJ 1.46r, National Institute of Health, Bethesda, MD, USA) 
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software. For each segment, 10 intact villi attached to the submucosa (approximately 4 

images) were selected and measured per calf. The measurements included villus height 

(from the tip of the villus to the villus:crypt interface), villus width (at mid-villus height), 

crypt depth (from the villus:crypt interface to the muscularis mucosae) and crypt width 

(the opening between villi at the villus:crypt interface level). Two trained research 

assistants who were unaware of the treatments performed the measurements. The 

surface area index was calculated according to Kisielinski et al. (2002). All measurements 

were averaged per calf before performing statistical analysis. 

5.3.5 Ki-67 Staining of Proximal Jejunum and Ileum Tissue 

Proximal jejunum and ileum tissue embedded in paraffin were also evaluated for 

expression of Ki-67 antigen using immunohistochemistry (Histotechnology lab; University 

of Guelph, Guelph, Canada). Tissue sections were mounted on slides using an 

automated Leica Microtome to section. Then, slides were deparaffinized, rehydrated, and 

treated with 3% hydrogen peroxide to quench endogenous peroxidase activity. The slides 

were then placed into the Dako PT Link for heat-induced epitope-retrieval at high pH, 

cooled and placed on the staining instrument (Dako Autostainer, Agilent Technologies, 

Mississauga, Canada). A Universal non-serum blocker was applied for 10 minutes. 

Sections were incubated with mouse anti-human Ki-67 monoclonal antibody (1:50 

dilution, clone MIB-1, Agilent Technologies), followed by anti-mouse/anti-rabbit polymer 

(EnVision Flex HRP, Agilent Technologies) detection and Nova Red chromogen (Vector 

Laboratories, Burlington, Canada). For negative reagent controls, duplicate sections for 

one calf per treatment group (4 in total) were subjected to the same 

immunohistochemistry procedure with substitution of antibody diluent alone for the 

primary antibody. Images were captured with a Leica ICC50W microscope at 100× 

magnification connected to the Leica Airlab app (Leica Microsystems, Wetzlar, Germany). 

Five images were collected per GIT segment per calf. The fraction of cells stained positive 

for Ki-67 antigen out of total cells was quantified using bioanalysis software QuPath 

(Bankhead et al., 2017). The entire crypt mucosa area of each image was selected, and 

cells stained positive for Ki-67 antigen within this selected area were detected using 
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positive cell detection (Figure 9 and 10). A subset of 5 animals (both segments) was used 

to optimize settings for background radius (15 px), sigma (1.5 px) and threshold 1+ (0.3) 

to enable accurate detection of the positive and negative cells at the right colour intensity 

(%CV of 11.6 and 13.7 for proximal jejunum and ileum, respectively).     

5.3.6 Real Time RT-PCR  

The tissue of proximal jejunum and ileum stored in RNAlater was thawed and 

ground in liquid nitrogen using a mortar and pestle. RNA was extracted using the PureLink 

RNA Mini Kit (Invitrogen, Carlsbad, CA, USA). Briefly, 500 µL of TRIzol was added to 

approximately 25 mg ground tissue, after which the sample was homogenized using a 

vortex. Then, RNA was precipitated by adding chloroform followed by 70% ethanol to the 

tissue homogenate, and it was collected using a Spin Cartridge (included in the kit). The 

Spin Cartridge was washed with wash buffers and RNA was dissolved in RNase-free 

water. Then, the samples were treated with a DNAse mixture (containing DNase I 

Reaction Buffer, RNase-free water and DNase I; Thermo Fisher Scientific, Maltham, MA, 

USA) to remove any residual DNA. The RNA quantity and integrity number were 

measured using ultraviolet-visible spectroscopy (Nanodrop One Microvolume, Thermo 

Fisher Scientific, Maltham, MA, USA) and electrophoresis (TapeStation, Agilent 

Technologies, Santa Clara, CA, USA), respectively. The average RNA integrity number 

was 6.9 ± 0.81 and 7.7 ± 0.78 for proximal jejunum and ileum tissue, respectively. Then, 

1 µg RNA was used to generate cDNA (High Capacity cDNA Reverse Transcription Kit, 

Applied Biosystems, Foster City, CA, USA) which was analyzed for the expression of 

genes encoding several nutrient receptors and nutrient transporters by performing real 

time RT-PCR. The primer pair sequences used were published previously (Welboren et 

al., 2021). The RT-PCR was performed using a StepOnePlus Real-Time PCR System 

(Applied Biosystems, Foster City, CA, USA). To each well, 5 µl of cDNA, 10 µl of DNA 

polymerase-containing supermix (SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green, Bio-Rad, Hercules, CA, USA), 0.8 µl of 5 µM forward and reverse primer mix and 

4.2 µl of nuclease-free H2O was added. The two-step qPCR program consisted of 3 min 

at 98°C, followed by 40 cycles of 10 s at 98°C and 30 s at 60°C. Then, a melt curve was 



 

 

114 

 

generated at 95°C for 15 s, 60°C for 1 min and 95°C for 15 s to confirm the specificity of 

the PCR amplicon. The expression of the target gene relative to the target gene was 

calculated according to Pfaffl (2001).  

5.3.7 Statistical Analysis 

Data were analyzed using the GLIMMIX procedure of SAS (version 9.4, SAS 

Institute Inc., Cary, USA). We adjusted the response distribution in the model statement 

to lognormal when it improved the fit of the model according to the distribution of 

studentized residuals and Shapiro-Wilk statistic. The model included the fixed effects of 

treatment, sex and arrival batch. For histomorphology and digesta osmolality data, 

segment and segment × treatment interaction were added to the aforementioned model 

as fixed effects. For weekly intake and BW data, time and treatment × time interaction 

were added to the model, with calf as subject. The covariance structure used was 

compound symmetry based on the lowest AIC. The experimental unit was the calf. Four 

data points for expression of CD36 (LAC), SLC7A9 (LAC), SLC15A1 (LAC) and FFAR4 

(PRO) in ileum tissue were considered outliers (i.e., studentized residual <-3.4 or >3.4) 

and were removed from the data set. All values reported are LSM with significance 

declared at P < 0.05 and tendencies at 0.05 ≤ P < 0.10. 

5.4 Results 

5.4.1 DM and DE Intakes  

Calf daily and total DM and DE intakes over 19 d are presented in Table 13. As per 

design, DM intake over 19 d and during d 8 to 14 was greater for LAC and PRO than 

CON calves, with DM intake of LAC also being greater than FAT calves (treatment: P < 

0.001; treatment × time: P = 0.017). During d 15 to 19, DM intake was lowest in CON, 

greatest in LAC and PRO, with FAT calves in between (treatment × time: P = 0.017). 

Furthermore, FAT, LAC and PRO had greater DE intakes than CON calves over 19 d 

(treatment: P = 0.002) and during d 8 to 14 and d 15 to 19 (treatment × time: P = 0.003).  



 

 

115 

 

5.4.2 Growth Performance 

The growth performance of the calves is presented in Figure 11. Over 19 d, LAC 

and PRO had 48 and 80% higher ADG than CON, with FAT calves in between (P < 0.001; 

Figure 11B). In addition, a treatment × time interaction was found for ADG (P = 0.049; 

Figure 11A). During d 1 to 7, LAC tended to grow faster than CON, with FAT and PRO 

calves in between. During d 8 to 14, PRO calves grew faster than CON, FAT and LAC 

calves. Over 19 d, gain:DM intake was 58 and 33% higher in PRO than CON and LAC, 

respectively, with intermediate values for FAT calves (P = 0.003; Figure 11D). In addition, 

a tendency for a treatment × time effect was found for gain:DM intake (P = 0.061; Figure 

11C). During d 8 to 14, PRO calves had higher gain:DM intake than CON, FAT and LAC 

calves. Over 19 d, gain:DE intake was 59% higher in PRO than CON, with intermediate 

values for FAT and LAC calves (P = 0.002; Figure 11F). In addition, a tendency for a 

treatment × time effect was found for gain:DE intake (P = 0.058; Figure 11E). During d 1 

to 7, LAC tended to have higher gain:DE intake than CON, with FAT and PRO calves in 

between. During d 8 to 14, PRO calves had higher gain:DE intake than CON, FAT and 

LAC calves. 

5.4.3 GIT Weights and Lengths 

 Results on GIT weights and lengths are presented in Table 14. We observed that 

FAT tended to have longer ileum than LAC, with CON and PRO in between (P = 0.075). 

In addition, reticulorumen (tendency) and abomasum and liver were 18 and 15% heavier 

in PRO compared with CON, with intermediate values for FAT and LAC (P = 0.069; P = 

0.021 and P = 0.044, respectively). When data was presented relative to BW, no 

differences between treatment groups were found for individual segments. Length of the 

total small intestine per unit of BW tended to be 16% greater in FAT than PRO (39.66 and 

34.29 cm/kg BW, respectively), with intermediate values for CON and LAC (36.19 and 

36.23, respectively; P = 0.056).   
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5.4.4 Digesta Osmolality 

 Results on digesta osmolality are presented in Figure 12. No treatment × segment 

effect was observed (P = 0.476). However, we observed a segment effect (P < 0.001) 

showing that digesta osmolality increases as digesta flows from the abomasum (300 

mOsm/kg) into the duodenum and proximal jejunum (400 to 500 mOsm/kg), decreases 

as the digesta transits through the small intestine and plateaus when it reaches the large 

intestine (400 mOsm/kg). In addition, treatment affected digesta osmolality (P < 0.001), 

since PRO calves had greater osmolality of digesta in distal jejunum than all other groups 

and in ileum than FAT and LAC calves. 

5.4.5 Histomorphology 

 Results for histomorphology are presented in Table 15 and Figure 13. The FAT 

treatment presented longer villi (332 µm) than CON (251 µm), with PRO and LAC in 

between (307 and 305 µm, respectively; P = 0.019). Similarly, the surface area index was 

greatest in FAT and PRO (6.5 and 6.1), followed by LAC (5.9) and then CON (5.3; P = 

0.011). Furthermore, we observed segments effects (P < 0.024) for villus and crypt width, 

crypt depth (distal jejunum > proximal jejunum and ileum, duodenum and colon in 

between), villus height:crypt depth (proximal jejunum > duodenum and distal jejunum, 

ileum in between) and surface area index (proximal and distal jejunum > duodenum and 

ileum) and a tendency for a segment effect (P = 0.067) for villus height.  

5.4.6 Expression of Ki-67 

 Expression of proliferation marker Ki-67 in proximal jejunum and ileum tissue is 

presented in Table 15. The percentage of cells stained positive for Ki-67 antigen ranged 

from 20.8 to 24.1% across both GIT segments and all calves. No differences between 

treatment groups were found.    

5.4.7 Gene Expression  

 Effects on gene expression in proximal jejunum and ileum tissues are presented 

in Figure 14. We found that the FAT treatment (tendency) and the LAC treatment showed 
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higher expressions of LPAR5 (P = 0.014) in ileum tissue than the PRO treatment, with 

the CON treatment in between. The expression of other genes analyzed was unaffected 

by treatment.   

5.5 Discussion 

 This study evaluated the effects of supplementing isocaloric amounts of individual 

macronutrients in the form of butterfat, milk protein and lactose to MR on intestinal growth 

and function in neonatal dairy calves. Luminal nutrients can directly exert trophic effects 

on intestinal tissue by supplying nutrients for growth and oxidative metabolism (Burrin 

and Stoll, 2002). Digestion of dietary carbohydrates, fats and proteins releases energy 

and amino acid precursors. Absorbed nutrients are first supplied to the GIT and liver, after 

which the remainder of the nutrients are used to support productive tissues. In the current 

study, PRO calves grew fastest per unit of DE intake, followed by FAT and LAC and then 

CON calves. Despite the reticulorumen and abomasum weights showing similar 

differences (PRO > FAT = LAC > CON), small and large intestine weights did not differ 

between treatment groups (even when expressed relative to body weight). Since the GIT 

is supplied first, it is likely that its nutrient requirements for maintenance and growth were 

met, regardless of the MR treatment offered. Therefore, the direct trophic effect of luminal 

nutrients on intestinal growth may apply only to feed deprived or underfed animals.  

Previous studies have suggested that the direct trophic effects of nutrients on 

intestinal growth depend on functional workload (i.e., the energy required for secretion 

and absorption by the epithelium) rather than luminal energy supply (i.e., nutrients 

metabolized by the intestine to provide energy; Clarke, 1977). Infusion of α-methyl 

glucoside into the upper small intestine of rats increased cell production similarly to an 

infusion of glucose, supporting the epithelium workload hypothesis since α-methyl 

glucoside is actively absorbed but not metabolized by the intestine. Similarly, Weser et 

al. (1986) demonstrated that disaccharides are more trophic than monosaccharides when 

infused in the mid-small intestine in rats maintained on parenteral nutrition and suggested 

that this was due to a higher functional workload related to absorption (i.e., hydrolysis) of 
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the nutrients. According to the workload hypothesis, the PRO diet should be most trophic 

to the GIT since the diet-induced energy expenditure (energy required for absorption, 

metabolism and storage across tissues) is greater for protein (20 to 30% of caloric 

content) than carbohydrates (5 to 10%) and fat (0 to 3%; Tappy, 1996). However, weights 

of GIT segments (also when expressed relative to BW) were not different; therefore, the 

results of this study fail to support the workload hypothesis for intestinal growth. In addition 

to any direct trophic effects, luminal nutrients can also indirectly exert trophic effects by 

stimulating the release of growth factors and gut hormones (Burrin and Stoll, 2002).  

For instance, Van Keulen et al. (2020) demonstrated that supplementing pre-

weaning Friesian × Jersey calves that were fed at 20% of BW with glutamine or arginine 

(1% of DM, approximately 6 g/d) increased villi height and width throughout the GIT. 

These authors suggest that the positive effects on GIT development may have been 

mediated through polyamines, nitric oxide-dependent cyclic GMP signaling or the 

mammalian target of rapamycin pathway (Rhoads and Wu, 2009). Similarly, Zhou et al. 

(2012) demonstrated that intravenous perfusion of alanyl-glutamine for 7 d after weaning 

at 0.5 or 1 g/kg BW per day increased villi height and mucosal secretory IgA concentration 

in the ileum tissue of dairy calves, without affecting intestine weight and length. An 

interesting finding of the current study was the greater osmolality of digesta in the lower 

small intestine for PRO calves compared with the other groups. The pattern of digesta 

osmolality across several intestinal segments is similar to our previous findings (Welboren 

et al., 2021). The digestive breakdown of nutrients increased the molar concentration of 

solutes in the proximal part of the GIT, while absorption of the dissolved nutrients 

decreased the osmolality in the distal part of the GIT. Potentially, the digestive products 

of PRO calves consisted of more amino acids that were absorbed more distally compared 

with, for instance, the larger number of monosaccharides released in LAC calves. 

However, the larger supply of amino acids from dietary proteins (including glutamine and 

arginine) did not increase intestinal growth per unit of BW compared with the other 

treatments. The histomorphology and expression of proliferation marker Ki-67 in the small 

intestine also indicate that an increased supply of dietary protein did not alter crypt cell 
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proliferation and morphometrics of the mucosa. Potentially, the difference in individual 

amino acid intake between treatments in the current study was not large enough to affect 

intestinal growth. Furthermore, studies that have evaluated effects of supplementing 

glutamine on GIT growth have found that trophic effects of glutamine may be more evident 

in compromised states, such as total parenteral nutrition and diarrhea (Burrin and Stoll, 

2002). 

 A few studies have demonstrated that dietary fat promotes mucosal growth and 

protein synthesis in rats (Maxton et al., 1989; Buts et al., 1990; Stein et al., 1994). Maxton 

et al. (1989) found that replacing 50% of energy requirements from the control diet with 

isocaloric amounts of an essential FA or a saturated FA mixture increased mucosal 

weight and DNA and protein content. Similarly, Stein et al. (1994) demonstrated that 

intravenous infusion of structured lipids (containing one-third of linoleate) stimulated 

mucosal protein synthesis throughout the gut more than glucose or glutamine in 

parenterally fed rats. The previously mentioned authors ascribe this effect to a potentially 

greater release of enteroglucagon as well as the ability of FA to function as a precursor 

for ketone bodies, which are energy substrates for the mucosa (Settle, 1988). In the 

current study, however, we did not observe differences in GIT weight. This was opposite 

to what we hypothesized and may suggest that the nutritional state of the animal (fasted 

or parenterally fed vs. enterally fed) may influence its susceptibility to trophic nutrients. 

Furthermore, the fat content of the control diet in the study of Maxton et al. (1989) was 

1% of energy requirements, or 0.5% by weight; therefore, intake of essential FA may have 

been insufficient to maintain mucosal mass in the control group. The calves in the current 

study received a more balanced diet (fat content ranged from 17 to 31 compared with 0.5 

to 31% of DM in Maxton et al., 1989) which may have attenuated any trophic effect of 

dietary fat on mucosal growth. Alternatively, the lack of differences in GIT weight in the 

current study may be due to insufficient power (0.42 for small intestine weight; Kononoff 

and Hanford, 2006). 

As previously mentioned, luminal nutrients can indirectly exert trophic effects on 

intestinal tissue by activating nutrient receptors, which results in the release of 
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pancreaticobiliary secretions, growth factors and gut hormones such as GLP-2, as well 

as upregulation of nutrient receptors and transporters (Furness et al., 2013; Widmayer et 

al., 2015). As such, supplementing short-chain FA to dairy calves has shown beneficial 

effects on mucosal growth, which may be mediated by the release of GLP-2 (and 

potentially IGF-1) and the subsequent increase in expression of nutrient transporters, 

including the hexose transporter GLUT2 (Tappenden et al., 1998; Tappenden et al., 

2003). Adding sodium butyrate to MR enhanced brush border enzyme activity and 

maturation of mucosal epithelium by increasing cell proliferation and decreasing cell 

apoptosis in 4-week-old dairy calves (Guilloteau et al., 2009; Gorka et al., 2014). 

Furthermore, Mellors et al. (unpublished) showed that feeding a whole milk powder (that 

contained 3% short-chain FA) compared with a MR (without short-chain FA) with the 

same macronutrient profile, resulted in 15% heavier GIT and 33% greater surface area 

index in the distal jejunum. We hypothesized that supplementing butterfat would increase 

mucosal growth due to the supply of short-chain FA (approximately 4-5 g/d in the current 

study vs. 2-3 g/d in Guilloteau et al., 2009 and Gorka et al., 2014). Indeed, the FAT calves 

had longer villi throughout the small intestine, which was reflected in a larger surface area 

index, compared with CON. This was not due to differences in crypt cell proliferation, 

since the expression of proliferation marker Ki-67 in crypts of the small intestine was 

unaffected.  

  Future research could focus on elucidating the mechanisms behind GIT growth 

and function in response to macronutrient supply by evaluating the release of gut peptide 

hormones. A limitation that should be acknowledged when developing experiments 

evaluating macronutrient supply is the confounding factor of energy intake (e.g., when 

exchanging a fixed amount of lactose with fat) or DM intake (when diets are isoenergetic). 

Another consequence of exchanging rate for rate is the different protein-to-energy intake. 

In the current study, we choose to evaluate the response to providing isoenergetic 

amounts of individual macronutrients; however, this resulted in a different protein-to-

energy supply between the control and the supplemented diets which may have promoted 

growth by enhancing components of the somatotropic axis including growth hormone, 
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insulin-like growth factor I and II and insulin-like growth factor binding proteins (Breier, 

1999; Velayudhan et al., 2008).   

5.6 Conclusions 

 Supplementing individual macronutrients in the form of butterfat, milk protein or 

lactose to calf MR had a positive impact on growth performance, while differences in 

intestinal structure and function were minor. Supplementing casein resulted in 59% higher 

gain:DE intake compared with the control group, while supplementing butterfat or lactose 

resulted in intermediate values. No differences in GIT weights and lengths relative to BW 

were observed. However, calves supplemented with butterfat had longer villi throughout 

the GIT than the control group, potentially due to the presence of short-chain FA in 

butterfat. This resulted in a larger surface area index which may promote nutrient 

absorption. More research is required to elucidate the mechanism behind the stimulatory 

effect of butterfat on intestinal structure and to understand its impact on nutrient 

absorption and utilization in neonatal calves.  
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Table 12.  Composition of MR fed to neonatal dairy calves twice daily 
for 19 d at 131 kcal/kg metabolic BW per d (CON) or 161 kcal/kg 
BW0.85 per d (FAT, PRO, LAC) 

 Treatment1 

 CON FAT PRO LAC 

Ingredients (%DM)     

   Milk replacer2 100.0 88.2 82.7 77.7 

   Anhydrous milk fat3 - 11.8 - - 

   Milk protein powder4 - - 17.3 - 

   Lactose powder5 - - - 22.3 

Nutrient composition (%DM)     

   DM (%) 97.1 97.1 96.5 97.5 

   Crude fat 21.4 30.6 18.0 16.6 

   CP 23.4 20.7 34.5 18.2 

   Lactose 49.0 43.2 41.4 60.2 

   Ash 6.2 5.5 6.4 4.8 

   DE (Mcal/kg)6 4.93 5.33 4.93 4.68 

Intake (g/d at 50 kg BW)7     

   DM 742 841 910 959 

   Crude fat 158 258 162 158 

   CP 174 174 310 174 

   Lactose 364 364 372 576 

   Ash 46 46 57 46 

   DE (Mcal/d) 3.66 4.49 4.49 4.49 
1MR was prepared at 15%DM at 40-42 °C 
2Basal milk replacer (Sloten BV, Deventer, the Netherlands) 
3Anhydrous milk fat (Royal VIV Buisman BV, Zelhem, the Netherlands). Fat was 

prepared at 94.0% milk fat, 5.0% soy lecithin (Myveron 60; Lasener, Barcelona, 

Spain) and 1.0% emulsifier (Solumul 433; Functional Solutions Ltd., 

Wageningen, the Netherlands) on as fed weight basis. 
4Milk protein concentrate powder 80 (Fonterra Ltd., Auckland, New Zealand) 
5Lactose powder (Arla Foods Ingredients Group, Viby, Denmark) 
6DE = (0.092*crude fat*0.91)+(0.057*CP*0.93)+(0.0395*lactose*0.98) 
7Example of daily intake for a calf weighing 50 kg 
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Table 13. The LSM of intake of neonatal dairy calves fed MR twice daily for 19 d at 131 kcal/kg metabolic BW 
(CON; n = 8) or at 161 kcal/kg metabolic BW by supplementing with fat (FAT; n = 9), protein (PRO; n = 9) or 
lactose (LAC; n = 8) 

 Treatment1,2  P-value 

 CON FAT PRO LAC SEM Treatment Time Treat × time 

DM intake (g/d)      <0.001 <0.001 0.017 

   d 1-7 678.9 688.2 776.4 718.8 39.55 - - - 

   d 8-14 691.1c 786.3bc 898.0ab 834.9a 28.48 - - - 

   d 15-19 715.2c 812.2b 954.1a 916.5a 24.97 - - - 

   Total, d 1-19   
   (kg) 

12.7c 14.2bc 15.1ab 16.2a   0.60 <0.001 - - 

DE intake (Mcal/d)      0.001 <0.001 0.003 

   d 1-7 3.27 3.64 3.60 3.54    0.171 - - - 

   d 8-14 3.33b 4.16a 4.17a 4.06a    0.171 - - - 

   d 15-19 3.45b 4.30a 4.43a 4.46a    0.171 - - - 

   Total, d 1-19  
   (Mcal) 

62.9b 75.7a 75.1a 76.2a      2.95 0.002 - - 

1CON = 21.4% crude fat, 23.4% CP, 49.0% lactose on DM basis; FAT = 30.6% crude fat, 20.7% CP, 43.2% lactose on DM basis; 

PRO = 18.0% crude fat, 34.5% CP, 41.4% lactose on DM basis; LAC = 16.6% crude fat, 18.2% CP, 60.2% lactose on DM basis 
2Within a row, different superscripts indicate a difference between treatments (P < 0.05) 
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Table 14. The LSM of GIT weights and lengths of neonatal dairy calves fed MR twice daily for 
19 d at 131 kcal/kg BW0.85 (CON; n = 8) or at 161 kcal/kg BW0.85 by supplementing with fat 
(FAT; n = 9), protein (PRO; n = 9) or lactose (LAC; n = 8) 

 Treatment1,2   

 CON FAT PRO LAC SEM 
P-value 

Treatment 

Lengths (cm)       

   Jejunum 1604.2 1703.3 1614.4 1685.4 72.50 0.539 

   Ileum 170.3 230.4 200.5 162.5 21.54 0.075 

   Colon 239.1 236.3 267.3 260.4 15.07 0.178 

Weights (g)       

   Reticulorumen 244.7 278.4 296.2 285.1 16.89 0.069 

   Abomasum 398.1b 429.3ab 471.5a 433.4ab 19.62 0.021 

   Duodenum 26.4 34.9 33.1 30.0 4.66 0.457 

   Jejunum 1177.0 1258.2 1210.6 1311.4 70.10 0.354 

   Ileum 235.7 288.9 272.8 242.7 24.11 0.233 

   Cecum 76.9 74.7 85.6 83.9 8.13 0.591 

   Colon 298.5 340.6 311.1 315.4 22.17 0.463 

   Rectum 65.7 55.7 63.8 56.3 5.28 0.207 

   SI3 1439.1 1582.0 1516.5 1584.1 78.45 0.355 

   LI4 437.0 460.2 463.3 448.6 25.59 0.783 

Relative weights (g/kg BW)       

   Reticulorumen 4.86 5.43 5.44 5.45 0.269 0.189 

   Abomasum 8.07 8.43 8.76 8.33 0.440 0.560 

   Duodenum 0.52 0.69 0.59 0.55 0.094 0.497 

   Jejunum 23.67 24.80 22.40 25.26 1.508 0.303 

   Ileum 4.55 5.55 4.95 4.53 0.447 0.218 

   Cecum 1.40 1.41 1.39 1.53 0.124 0.734 

   Colon 5.97 6.74 5.80 6.01 0.449 0.293 

   Rectum 1.30 1.10 1.17 1.05 0.133 0.187 

   SI3 28.75 31.04 27.95 30.35 1.657 0.321 

   SI3 (cm/kg BW) 36.19AB 39.66A 34.29B 36.23AB 1.646 0.056 

   SI3 (g/m) 79.17 79.35 81.64 84.15 2.924 0.372 

   LI4 9.08 9.33 8.82 8.88 0.574 0.847 

   LI5 (cm/kg BW) 5.23 5.10 5.32 5.38 0.331 0.881 

   LI5 (g/m) 144.40 157.23 132.95 138.74 12.338 0.314 
1CON = 21.4% crude fat, 23.4% CP, 49.0% lactose on DM basis; FAT = 30.6% crude fat, 20.7% CP, 43.2% 
lactose on DM basis; PRO = 18.0% crude fat, 34.5% CP, 41.4% lactose on DM basis; LAC = 16.6% crude fat, 
18.2% CP, 60.2% lactose on DM basis 
2Within a row, different lowercase and uppercase superscripts indicate a difference (P < 0.05) or tendency 
(0.05 ≤ P < 0.10) between treatments, respectively  
3SI = small intestine (duodenum + jejunum + ileum) 
4LI = large intestine (cecum + colon + rectum) 
5LI = large intestine (colon + rectum) 
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Table 15. The LSM of intestinal histomorphology of neonatal dairy calves fed MR twice daily for 
19 d at 131 kcal/kg BW0.85 (CON; n = 8) or at 161 kcal/kg BW0.85 by supplementing with fat 
(FAT; n = 9), protein (PRO; n = 9) or lactose (LAC; n = 8) 

 Treatment1,2  P-value:3 
Treatment 
Segment 

Trt × 
segment 

 CON FAT PRO LAC SEM 

Villus height (µm)       
   Duodenum 220.1 281.5 281.2 290.7 20.56 0.019 
   Proximal jejunum 267.5 372.2 364.3 298.4 20.61 0.067 
   Distal jejunum 254.4a 376.2b 303.1ab 302.0ab 20.42 0.620 
   Ileum 261.1 297.3 280.2 327.1 20.87 - 
Villus width (µm)       
   Duodenum 119.1 106.3 118.5 129.7 5.00 0.505 
   Proximal jejunum 110.5 113.4 121.9 107.5 5.01 0.024 
   Distal jejunum 111.2 100.4 97.3 115.6 4.97 0.321 
   Ileum 115.0 127.3 117.4 127.5 5.08 - 
Crypt depth (µm)       
   Duodenum 534.1 436.9 419.0 506.7 36.26 0.570 
   Proximal jejunum 395.5 502.6 416.9 342.9 36.43 0.001 
   Distal jejunum 493.2 689.9 562.6 530.4 35.98 0.455 
   Ileum 393.2 448.0 431.9 413.3 36.82 - 
   Colon 493.7 453.0 502.6 461.3 35.98 - 
Crypt width (µm)       
   Duodenum 40.4 41.8 41.5 47.7 1.91 0.384 
   Proximal jejunum 48.2 50.6 44.7 44.7 1.91 <0.001 
   Distal jejunum 41.5 41.1 38.9 42.5 1.90 0.470 
   Ileum 43.8 50.2 50.6 52.0 1.94 - 
Villus height : crypt depth       
   Duodenum 0.43 0.65 0.69 0.60 0.064 0.260 
   Proximal jejunum 0.71 0.76 0.87 0.86 0.064 0.009 
   Distal jejunum 0.54 0.69 0.54 0.65 0.064 0.869 
   Ileum 0.65 0.72 0.63 0.80 0.065 - 
Surface area index       
   Duodenum 4.78 5.97 5.74 5.35 0.279 0.011 
   Proximal jejunum 5.53 6.66 6.80 6.21 0.280 <0.001 
   Distal jejunum 5.43b 7.78a 6.82ab 6.18b 0.278 0.257 
   Ileum 5.45 5.42 5.23 5.78 0.284 - 
 
Ki-67 expression (%) 

     
P-value: 

Treatment 
   Proximal jejunum 24.1 23.3 23.0 22.0 2.14 0.830 
   Ileum 24.0 20.9 23.8 20.8 1.78 0.227 
1CON = 21.4% crude fat, 23.4% CP, 49.0% lactose on DM basis; FAT = 30.6% crude fat, 20.7% CP, 43.2% lactose 
on DM basis; PRO = 18.0% crude fat, 34.5% CP, 41.4% lactose on DM basis; LAC = 16.6% crude fat, 18.2% CP, 
60.2% lactose on DM basis 
2Within a row, different superscripts indicate a difference between treatments (P < 0.05).  
3Per variable (i.e., villus height, villus width etc.), the first P-value is for treatment, the second P-value for segment 
and the third P-value for treatment × segment 
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Figure 9. Images of proximal jejunum tissue stained for proliferation marker Ki-67 prior to (A, C, 
E, G) or after (B, D, F, H) analysis in QuPath. Neonatal dairy calves were fed MR twice daily for 
19 d at 131 kcal/kg BW0.85 (A, B; n = 8) or at 161 kcal/kg BW0.85 by supplementing with fat (C, D; 
n = 9), protein (E, F; n = 9) or lactose (G, H; n = 8). Blue nuclei are negative and red nuclei are 
positive for Ki-67 within the crypt mucosa selected for analysis 
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Figure 10. Images of ileum tissue stained for proliferation marker Ki-67 prior to (A, C, E, G) or 
after (B, D, F, H) analysis in QuPath. Neonatal dairy calves were fed MR twice daily for 19 d at 
131 kcal/kg BW0.85 (A, B; n = 8) or at 161 kcal/kg BW0.85 by supplementing with fat (C, D; n = 9), 
protein (E, F; n = 9) or lactose (G, H; n = 8). Blue nuclei are negative and red nuclei are positive 
for Ki-67 within the crypt mucosa selected for analysis 
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Figure 11. The LSM ± SEM of average daily gain (A, B), gain:DM intake (C, D) and 
gain:DE intake (E, F) from neonatal dairy calves fed MR twice daily for 19 d at 131 kcal/kg 
BW0.85 (CON; n = 8) or at 161 kcal/kg BW0.85 by supplementing with fat (FAT; n = 9), 
protein (PRO; n = 9) or lactose (LAC; n = 8). CON = 21.4% crude fat, 23.4% CP, 49.0% 
lactose on DM basis; FAT = 30.6% crude fat, 20.7% CP, 43.2% lactose on DM basis; 
PRO = 18.0% crude fat, 34.5% CP, 41.4% lactose on DM basis; LAC = 16.6% crude fat, 
18.2% CP, 60.2% lactose on DM basis. Within a time point, different lowercase and 
uppercase letters indicate a difference (P < 0.05) or tendency (0.05 ≤ P < 0.10) between 
treatments, respectively 
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Figure 12. The LSM ± SE of digesta osmolality of neonatal dairy calves fed MR twice 
daily for 19 d at 131 kcal/kg BW0.85 (CON; n = 8) or at 161 kcal/kg BW0.85 by 
supplementing with fat (FAT; n = 9), protein (PRO; n = 9) or lactose (LAC; n = 8). Within 
a segment, different superscripts indicate a difference between treatments (P < 0.05). 
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Figure 13. The LSM ± SE of intestinal histomorphology per treatment (A, C, E, G) or segment 
(B, D, F, H) of neonatal dairy calves fed MR twice daily for 19 d at 131 kcal/kg BW0.85 (CON; n = 
8) or at 161 kcal/kg BW0.85 by supplementing with fat (FAT; n = 9), protein (PRO; n = 9) or 
lactose (LAC; n = 8). Treatment × segment was not significant (P ≥ 0.05; Table 4). Different 
superscripts indicate a difference between treatments or segments (P < 0.05) 
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Figure 14. The LSM ± SE of relative expression ratio of genes related to nutrient 
sensing and transport in proximal jejunum (A) and ileum (B) tissue of neonatal dairy 
calves fed MR twice daily for 19 d at 131 kcal/kg BW0.85 (CON; n = 8) or at 161 kcal/kg 
BW0.85 by supplementing with fat (FAT; n = 9), protein (PRO; n = 9) or lactose (LAC; n = 
8). Expression ratios are relative to CON calves (dashed line). Within a segment, 
different superscripts indicate a difference between treatments (P < 0.05) 
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6 Gastrointestinal permeability and inflammatory status of 
dairy calves in response to decreasing the omega-6 to 
omega-3 fatty acid ratio of milk replacer  

6.1 Abstract 

The omega-6 to omega-3 FA ratio is 10 times higher in MR than whole milk, which 

may promote inflammation and negatively impact the integrity of the intestinal epithelium. 

To evaluate how decreasing the omega-6 to omega-3 FA ratio of MR affects GIT 

permeability and inflammatory status, 30 dairy calves (2.8 ± 1.06 d of age; mean ± 

standard deviation) were randomly allocated to be fed a MR with an omega-6 to omega-

3 FA ratio of 40:1 (CONTROL; 29.3% crude fat of DM; n = 15) or 6.5:1 (OMEGA-3; 29.1% 

crude fat of DM; n = 15). Calves were fed 7.0 L/d in two meals. Calves were weighed 

weekly and fecal samples were collected weekly for analysis of fecal consistency. On d 

22, calves were dosed with Cr-EDTA, lactulose and D-mannitol to assess GIT 

permeability. Blood and total urine were collected for 12 and 24 h, respectively, and 

analyzed for marker content. Blood collected 4 h after the meal underwent an ex vivo LPS 

challenge to evaluate cytokine secretion. Calves were euthanized for collection of 

intestinal tissue samples on d 25. Tissue samples were processed to evaluate fatty acid 

composition using gas chromatography, histomorphology using bright-field microscopy 

and gene expression of tight junction proteins, lipid metabolism enzymes and immune 

molecules using real time quantitative PCR. Growth performance and fecal consistency 

were unaffected. Calves fed OMEGA-3 had 2-fold higher omega-3 FA contents and 2-

fold lower omega-6 to omega-3 FA ratios in proximal jejunum and ileum tissues. Total 

urinary recovery (0-24 h relative to marker administration) and plasma concentrations of 

the markers were unaffected. Expression of TJP1 tended to be higher in proximal jejunum 

tissue and lower in ileum tissue of OMEGA-3. The expression of TLR4 and TNFA tended 

to be higher and for CD14 was higher in ileum tissue of OMEGA-3. Plasma concentrations 

of Interleukin-4 were decreased in response to the ex vivo LPS challenge in calves fed 

OMEGA-3. Histomorphology was largely unaffected by treatment. The results of this 

study suggest that decreasing the omega-6 to omega-3 FA ratio may decrease GIT 
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permeability by upregulating TJP1. Furthermore, inclusion of linseed and algae oil may 

promote inflammation, demonstrating that fat sources should be evaluated for their 

suitability for MR formulations. Understanding how MR composition affects dairy calf 

health may improve nutritional strategies on farm. 

6.2 Introduction 

The high prevalence of digestive issues in neonatal dairy calves has triggered 

interest in understanding the role nutrition plays in maintaining a healthy GIT (Urie et al., 

2018). Previously, it was demonstrated that bringing the macronutrient composition of MR 

closer to that of whole milk by partially replacing lactose with fat increased paracellular 

GIT permeability (Amado et al., 2019; Welboren et al., 2021). Therefore, the type of fat 

sources included in MR formulations should be evaluated in more detail. The use of 

vegetable oils, such as coconut and palm oil, increases the polyunsaturated FA content 

compared with whole milk (7.0 vs. 4.1%; Moallem, 2009). Furthermore, the omega-6 FA 

content is 2 times higher (6.8 vs. 3.0%), while the omega-3 FA content is 3 times lower 

(0.2 vs. 0.6%) in MR compared with whole milk (Markiewicz-Keszycka et al., 2013). The 

omega-6 to omega-3 FA ratio is approximately 40:1 in MR and 5:1 in whole milk, which 

may influence inflammatory processes and GIT health in the calf. 

Omega-6 and omega-3 FA are precursors for eicosanoids such as prostaglandins, 

leukotrienes and resolvins (Eberhart and Dubois, 1995). These immune molecules have 

high proinflammatory, low proinflammatory or anti-inflammatory potential depending on 

whether they are produced from ADA (omega-6 FA), EPA (omega-3 FA) or DHA (omega-

3 FA), respectively (Calder, 2010). The enzymes responsible for converting omega-6 and 

omega-3 FA into these precursors (delta-6-desaturase, elongase-5 and delta-5-

desaturase) and for eicosanoid synthesis (cyclooxygenases and lipoxygenases) are the 

same regardless of the FA type, and thus, omega-6 and omega-3 FA compete for 

eicosanoid synthesis. For this reason, a high omega-6 to omega-3 FA ratio may cause a 

shift toward the synthesis of proinflammatory eicosanoids resulting in a stronger 

inflammatory response.  
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Indeed, previous studies evaluating the effects of increasing omega-3 FA, thereby 

decreasing the omega-6 to omega-3 FA ratio, found that supplementing the first 

colostrum meal with 60 mL of flax oil and fish oil (1:1) decreased oxidative status index in 

dairy calves during the first 3 wk of life (Opgenorth et al., 2020). This was due to a 

decrease in reactive oxygen and nitrogen species in serum, as well as an increased 

antioxidant potential. Similarly, inclusion in MR of 2% flax oil or 1.25% of a mixture of 

butyrate, medium chain FA and α-linolenic acid decreased rectal temperature and serum 

TNF-α in response to a Pasteurella vaccination in wk 5 to 7 of life (Hill et al., 2011a, b; 

Karcher et al., 2014). Furthermore, formula supplementation with ADA and DHA in a ratio 

of 1.5:1.0 benefited the intestinal epithelial cell integrity of neonatal rats by decreasing 

mucosal platelet activating factor (Caplan et al., 2001). However, previous studies with 

calves have not evaluated the effects of dietary omega-3 FA or omega-6 to omega-3 FA 

ratio on intestinal histomorphology or permeability. 

We hypothesized that MR formulations with a high omega-6 to omega-3 FA ratio 

would negatively impact gut barrier function due to a shift toward proinflammatory 

eicosanoid synthesis, which promotes inflammation, and subsequently, decreases 

integrity of the intestinal epithelium. The objective was to investigate the effects of 

decreasing the omega-6 to omega-3 FA ratio in MR by including omega-3-rich oils on GIT 

permeability, intestinal histomorphology and cytokine secretion of neonatal dairy calves. 

In addition, expression of genes coding for lipid metabolism enzymes, tight junction 

proteins and immune molecules was evaluated.  

6.3 Materials and Methods 

The study was conducted at the Calf Research facility of Trouw Nutrition (Sint 

Anthonis, the Netherlands) from March 2021 to April 2021. Animal procedures complied 

with the guidelines of the Dutch Law on Animal Experiments in accordance with European 

Union Directive 2010/63 (European Commission, 2010; AVD2040020173425). 
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6.3.1 Animals, Housing and Treatments 

Thirty Holstein bull calves were born on six partner dairy farms and treated 

according to a standardised colostrum management protocol. Calves were separated 

from the dam after birth and moved to an individual pen. Calves were offered 4 and 2 L 

of maternal colostrum (Brix >24%) by bottle within 1 and at 12 h after birth, respectively. 

From 24 h onward, calves were fed 6 L/d of whole milk (from the bulk tank of dairy farm 

of origin) in two meal offerings. The milk was 40-42°C at feeding and was provided in a 

clean teat bucket. Eight batches of calves were selected based on clinical health, BW and 

age uniformity and transported (<45 min) to the research facility at 1-4 d (2.8 ± 1.06 d; 

mean ± SD) of age. Upon arrival, calves were weighed (45.7 ± 3.97 kg; mean ± SD) and 

housed in straw bedded pens.  

The POWER procedure of SAS software (power = 0.8; α = 0.05; version 9.4, SAS 

Institute Inc.) was used to determine the number of animals required to detect a difference 

in recovery of gastrointestinal permeability markers. Means and SD from a previous study 

with dairy calves (Amado et al., 2019) were used. The number of animals required was 

14 per treatment group. In a randomized complete block design, calves were randomly 

assigned to be fed a MR with an omega-6 to omega-3 FA ratio of 40.6:1 (CONTROL; n 

= 15) or 6.5:1 (OMEGA-3; n = 15). One CONTROL calf died 3 d after arrival due to 

peritonitis and was not replaced. The omega-6 to omega-3 FA ratio of the MR was 

adjusted by inclusion of 1% linseed oil and 1% algae oil in the fat blend (Sloten B.V, Trouw 

Nutrition). The fat blend was formulated using SOLVER (Microsoft Excel) to minimize 

differences in unsaturated fatty acid contents of the MR. Ingredients and nutrient 

composition of the MR used in the present study (analyzed by Masterlab, Trouw Nutrition, 

Boxmeer, the Netherlands and Qlip, Zutphen, the Netherlands) are presented in Tables 

16 and 17. The MR (13.5% solids) was 40-42°C at feeding and a volume of 3.5 L was 

offered twice daily at 0600 and 1700 h for the duration (25 d) of the study. Caretakers 

were blinded to the treatments. Refusals were recorded after each meal. At all times, 

fresh water and chopped wheat straw were available ad libitum.  



 

 

142 

 

6.3.2 Growth and Fecal Consistency 

Calves were weighed once weekly after arrival (d 7, 14, 21) and the day before the 

post-mortem (d 24). Fecal spot samples were collected weekly and analyzed for DM 

content by drying to a constant weight in a 103°C oven for 4 h (EC 152/2009; EC, 2009).  

6.3.3 GIT Permeability 

On d 21, a catheter (13G x 80; Intraflon) was inserted in the jugular vein of each 

calf. Calves were sedated with Sedamun (Eurovet Animal Health BV / Dechra Veterinary 

Products; 0.01 mL/kg BW) during the procedure and the sedation was reversed by 

injecting Antisedan afterwards (Antisedan 5 mg/mL; Orion Pharma Animal Health). 

Heparinized saline (20 IU/mL) was used to flush the catheter line. On d 22, calves were 

placed onto platforms to facilitate urine flow and urine bags were attached to the 

underside of the belly around 1300 h. Indigestible markers were slowly administered at 

1400 h using 100-mL syringes to minimize potential interference from meals without 

having to skip or delay meals. Lactulose (0.4 g/kg BW; MilliporeSigma) and D-mannitol 

(0.12 g/kg BW; MilliporeSigma) were dissolved in 100 mL of warm water. A Cr-EDTA 

solution was prepared by Masterlab, Trouw Nutrition (Boxmeer, the Netherlands) at a 

concentration of 179 mmol/L and administered at 0.1 g/kg BW. Urine was quantitatively 

collected for 24 h after marker administration with a bucket change 6 h after marker 

administration. After collection, urine was homogenized using a whisk and a subsample 

was stored at -20°C until analysis. Blood samples were collected 0, 1, 2, 3, 4 and 6 h 

relative to marker administration using lithium heparin and serum Monovettes (Sarstedt). 

A serine protease inhibitor (Aprotinin, Sigma-A1153, Millipore-Sigma) was added to the 

lithium heparin Monovettes at 5 µg/mL blood. Plasma samples were centrifuged 

immediately at 1,500 × g for 15 min at 4°C. Serum samples sat for 30-60 min before 

centrifugation at 1,500 × g for 10 minutes at 20°C. Plasma and serum were aliquoted in 

cryovials and stored at -20°C until analysis. 

Analysis of lactulose and D-mannitol was performed by UHPLC-MS/MS according 

to Welboren et al. (2021). Prior to chromium analysis, urine samples were 1000 times 
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diluted with an acidic diluent, consisting of 1% nitric acid and 0.5% hydrochloric acid. 

Plasma samples were diluted 10 times with a basic diluent, consisting of 4% butanol, 

0.01% EDTA, 0.01 Triton X-100, and 1% tetramethylammonium hydroxide made up with 

high purity H2O. Samples were then analyzed for chromium content at the Water Quality 

Center of Trent University (Peterborough, Canada) by inductively coupled plasma mass 

spectrometry with an Agilent 8800 ICP-QQQ-MS using H2 reaction gas in MS/MS mode. 

6.3.4 Oxidative Status 

The oxidative status of the calves was evaluated in serum samples of 0 and 4 h 

relative to the morning meal on d 22. Total antioxidant capacity was estimated using the 

FRAP assay according to Benzie and Strain (1996). The antioxidant capacity is estimated 

as the ability of serum to reduce Fe3+ (FeCl3·6H2O) to Fe2+. The intra- and inter-assay CV 

were 3.2 and 8.3%, respectively. In addition, the TBARS assay (Gutteridge and Quinlan, 

1983) was used to measure oxidized lipids in serum, with an intra-assay CV of 3.6% and 

an inter-assay CV of 11.3%. GPx activity was analyzed in plasma samples of 0 and 4 h 

relative to the morning meal on d 22 using a commercial assay kit (Cayman Chemical). 

Glutathione peroxidase activity is indirectly estimated by measuring the amount of 

oxidized glutathione (produced upon reduction of hydroperoxide by GPx) that is recycled 

to its reduced state by glutathione reductase and NADPH. The oxidation of NADPH to 

NADP+ was evaluated by reading the absorbance at 340 nm (Cytation 5, Biotek 

Instruments). The intra-assay CV was 3.3%.  

6.3.5 Serum Acute-Phase Protein Haptoglobin 

The concentration of acute-phase protein haptoglobin was analyzed in serum 

samples from 0, 1, 2, 3, 4, 6, 8, 9 10, 11, 12 and 14 h relative to the morning meal on d 

22. Blood plasma was analyzed in duplicate using a bovine-specific double antibody 

enzyme immunoassay (Hiss et al., 2004). The intra- and inter-assay CV were 7.9 and 

10.2%, respectively.  
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6.3.6 Ex vivo LPS Challenge 

On d 22 at 1000 h (4 h after the morning meal), one blood sample per calf was 

collected in a K2EDTA vacutainer (Becton, Dickinson and Co.) and transported to the lab 

on ice. The sample was divided into duplicate 4-mL samples. One sample was 

unstimulated (10 µL ddH2O) and one sample stimulated with Escherichia coli O111:B4 

LPS (10 µL at 2 µg/mL; MilliporeSigma) and incubated for 3.5 h at 37 °C (Røntved et al., 

2005). Then, samples were centrifuged at 1,300 × g for 10 min at 4°C and plasma was 

transferred to microcentrifuge tubes and stored at -20°C until analysis. The plasma was 

analyzed for cytokines using the Milliplex Bovine Cytokine/Chemokine Magnetic Bead 

Panel (BCYT1-33K; MilliporeSigma) at Eve Technologies (Calgary, Canada). Samples 

were run in duplicate and the intra-assay CV for each of the analytes was <10% (high 

intra-assay CV for samples on the low end of the standard curve were ignored).   

6.3.7 Post-mortem Analysis  

Calves were euthanized 3.7 ± 0.62 h (mean ± SD) after the morning meal on d 25 

of the trial to collect GIT tissues. Sedamun 20 mg/mL (Eurovet Animal Health BV / Dechra 

Veterinary Products; 1 mL) and Ketamin (Ketamine 10%, Alfasan; 10 mL) were 

administered to achieve a surgical plane of anesthesia, after which the calf was 

exsanguinated. The esophagus and rectum were tied using zip-ties to prevent contents 

from flowing out when the entire GIT was taken out and placed on a surgical table. Each 

segment of the GIT was emptied, weighed and measured for length. The duodenum 

sample was taken 10 cm distal to the pyloric sphincter. The proximal jejunum sample was 

taken 100 cm distal to the duodenum sampling site. The distal jejunum sample was 

collected 30 cm proximal to the collateral branch of the cranial mesentery artery. The 

ileum sample was collected 30 cm proximal to the ileo-cecal junction and the cecum 

sample was taken from the tip (Malmuthuge et al., 2015). Approximately 20 cm of tissue 

sample was collected. Cross sections (3 cm in length) were fixed in 10% buffered formalin 

solution (4% formaldehyde; Fisher Scientific) and transferred to 70% ethanol 72 hours 

after collection. The remainders of the proximal jejunum and ileum tissue samples were 

cut longitudinally and washed with phosphate buffered saline. Tissue (1x1 cm) was cut, 
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snap-frozen in ethanol and dry ice and stored at -80°C until analysis. Mucosal scrapings 

of proximal jejunum and ileum tissues were collected by gently scraping the mucosal side 

of the tissue with a glass slide. The first scraping was considered mucus and was 

discarded. Approximately three scrapings were transferred into a cryogenic vial, snap-

frozen in ethanol and dry ice and stored at -80°C until analysis.  

6.3.8 FA Analysis 

Frozen tissue samples (0.05 g) of proximal jejunum and ileum were thawed on ice. 

Lipids were extracted by adding a mixture of chloroform and methanol (2:1) to the sample 

and incubating the mixture overnight at 4°C (Folch et al., 1957). Then, the lower phase 

containing the lipids was dried under nitrogen, saponified by KOH in methanol for 1 h and 

methylated by boron trifluoride (14%) for 1 h. FA methyl esters were quantified by gas 

chromatography (Merino et al., 2011).  

Analysis of FA composition of the phospholipid fractions of proximal jejunum and 

ileum tissues was performed by Lipid Analytical Laboratories Inc. (Guelph, Canada). 

Lipids including phospholipids were extracted from samples according to the method of 

Bligh and Dyer (1959). Extracts were dried under nitrogen, resolubilized in 200 µL 

dichloromethane and separated by solid-phase extraction on a silica gel 60 TLC plate 

(Merck; 5721-7). The TLC plates were developed in mobile phase (heptane:isopropyl 

ether:acetic acid, 60:40:3 v/v/v; Holub et al., 2011). FA methyl esters were prepared using 

boron trichloride in methanol. The methylation tubes were heated by hot plate for 50 mins 

at 95ºC. The resulting FA methyl esters were then analyzed on an Agilent 7890B gas-

liquid chromatograph with a 60 m DB-23 capillary column (0.32 mm internal diameter; 

Morrison and Smith, 1964). 

6.3.9 Histomorphology 

The fixed intestinal tissues were processed (Peloris Dual Retort Rapid Tissue 

Processor, Leica Biosystems) and embedded in paraffin (EG1150H, Leica Biosystems). 

Subsequently, sections of 5 micron were processed onto glass slides (2 sections per 
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slide; MULTICUT Microtome, Leica Biosystems) and stained with a hematoxylin and 

eosin stain (Tissue Tek Prisma Plus, Sakura) by the GD Animal Health (Deventer, the 

Netherlands). Images were captured using a Nikon Eclipse Ni-E microscope (40× 

magnification) connected to the Nikon DS-Fi3 camera (Nikon). The entire section was 

captured in several frames that were stitched together to create one image per section 

per calf using the NIS-Elements D software (Nikon). Measurements were performed using 

ImageJ (ImageJ 1.46r, National Institute of Health) software. For each segment, 20 intact 

villi attached to the submucosa were selected and measured per calf. The measurements 

included villus height (from the tip of the villus to the villus:crypt interface), villus width (at 

mid-villus height), crypt depth (from the villus:crypt interface to the muscularis mucosae), 

crypt width (the opening between villi at the villus:crypt interface level) and thickness of 

the muscularis externa. The surface area index was calculated according to Kisielinski et 

al. (2002), who estimated absorptive surface area in rats. All measurements were 

averaged per calf before performing statistical analysis. 

6.3.10 Real Time RT-PCR 

The PureLink RNA Mini Kit (Invitrogen) was used to extract RNA from mucosal 

scrapings of proximal jejunum and ileum tissue. Briefly, 1000 µL of TRIzol was added to 

approximately 150 mg snap-frozen scrapings, after which the sample was homogenized. 

Then, RNA was precipitated by adding chloroform followed by 70% ethanol to the tissue 

homogenate, and collected using a Spin Cartridge (included in the kit). The Spin Cartridge 

was washed with wash buffers and RNA was dissolved in RNase free water. Then, the 

samples were treated with a DNAse mixture (containing DNase I Reaction Buffer, RNase 

free water and DNase I; Thermo Fisher Scientific) to remove any residual DNA. The RNA 

quantity and integrity number were measured using ultraviolet-visible spectroscopy 

(Nanodrop One Microvolume, Thermo Fisher Scientific) and electrophoresis 

(TapeStation, Agilent Technologies), respectively. The average RNA integrity number 

was 7.2 ± 0.85 and 7.4 ± 1.00 (mean ± SD) for proximal jejunum and ileum tissue, 

respectively. Then, 1 µg RNA was used to generate cDNA (High Capacity cDNA Reverse 

Transcription Kit, Applied Biosystems) which was analyzed for the expression of genes 
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encoding several tight junction proteins, lipid metabolism enzymes and immune 

molecules by performing real time RT-PCR. The primer pair sequences used were 

published previously (Welboren et al., 2021), except for elongase ELOV5 

(NM_001046597.1; F: ATCATCCGCGTCCTATGGTG, R: 

TGGAACAGACCAAAGTGGGG; 187 bp), lipoxygenase ALOX5 (NM_001192792.2; F: 

GCACAGACGCAAAGAACTGG, R: TGAACAGGTTCTCCATCGCTT; 182 bp), TLR4 

(NM_174198.6; F: GCACAGACAGAGGGTTATGC, R: TGTTAGGAACAACCTGTACGC; 

163 bp) and co-receptor CD14 (NM_174008.1; F: ACCTGTCTGACAATCCCAGTC, R: 

AGATATTGGAGGGCCGGGAA; 82 bp), which were designed in NCBI PrimerBlast. We 

attempted to evaluate expression of PTGS2, COX2, FADS2 and ELOV7 but their 

expression was too low (Ct > 33). The RT-PCR was performed using a StepOnePlus 

Real-Time PCR System (Applied Biosystems). To each well, 2 µl of cDNA, 10 µl of DNA 

polymerase-containing supermix (SsoAdvanced Universal Inhibitor-Tolerant SYBR 

Green, Bio-Rad), 0.8 µl of 5 µM forward and reverse primer mix and 7.2 µl of nuclease-

free H2O was added. The two-step qPCR program consisted of 3 min at 98°C, followed 

by 40 cycles of 10 s at 98°C and 30 s at 60°C. Then, a melt curve was generated at 95°C 

for 15 s, 60°C for 1 min and 95°C for 15 s to confirm specificity of the PCR amplicon. The 

expression of the target gene relative to the target gene was calculated according to Pfaffl 

(2001).  

6.3.11 Statistical Analysis 

All observations were analyzed using the GLIMMIX procedure of SAS software 

(version 9.4, SAS Institute Inc., Cary, USA). We adjusted the response distribution in the 

model statement to lognormal when it improved the fit of the model based on the 

distribution of studentized residuals and Shapiro-Wilk statistic. The model included the 

fixed effect of treatment and the random effect of block. For cytokine data, LPS and LPS 

× treatment interaction were added to the aforementioned model as fixed effects. For data 

on intake, BW, oxidative stress variables and permeability marker concentrations in 

blood, time and the interaction of treatment × time were added to the model. The 

covariance structure was unstructured to allow for individual determination of the 
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correlation between each of the time points. The experimental unit was the calf. One 

CONTROL calf died 3 d after arrival and one OMEGA-3 calf was excluded from blood 

sampling and GIT permeability assessment due to having fever (>40°C) for several 

consecutive days. Two data points (1 CONTROL calf for GPx activity, 1 CONTROL calf 

for thickness of muscularis in ileum) were considered outliers (i.e., studentized residual 

<-3.4 or >3.4) and were removed from the data set. All values reported are LSM with 

significance declared at P < 0.05 and tendencies at 0.05 ≤ P < 0.10. 

6.4 Results 

6.4.1 Milk Replacer, Straw and Water Intakes  

Daily MR, straw and water intakes for each week of the study are presented in Table 

18. By design, volume, DM intake and ME intake of MR did not differ between treatment 

groups. Furthermore, straw and water intake were unaffected by treatment. A treatment 

× time interaction (P = 0.030) was observed for water intake, however, comparisons of 

treatments for each week were not different. 

6.4.2 Growth Performance and Fecal Consistency 

Growth performance and fecal consistency of the calves is presented in Table 19. 

There were no differences in body weight or ADG between treatment groups. 

Gastrointestinal tract weights and lengths were not different between treatment groups 

(Table 20). Furthermore, fecal consistency was unaffected by MR treatment.  

6.4.3 GIT Permeability 

Results for GIT permeability are presented in Figure 15. We did not observe 

differences in serum concentrations of chromium, lactulose and D-mannitol for the 6 h 

following marker administration. The area under the curve and maximum concentration 

(Table 21) was also unaffected by MR treatment. Recovery of urinary chromium tended 

to be (P = 0.062) greater and lactulose (P = 0.030) and D-mannitol (P = 0.033) were 

greater in CONTROL for the 6-24 h time point, however, we found no differences in total 

recovery of the markers from 0-24 h after marker administration.  
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6.4.4 Oxidative Status 

The total antioxidant capacity, measured by FRAP, was lower at 4 h after the meal 

compared with before (P = 0.043; Table 22). In addition, the total antioxidant capacity was 

11% lower in OMEGA-3 calves at both time points (P = 0.014). Both TBARS and GPx 

activity were unaffected.  

6.4.5 Serum Acute-Phase Protein Haptoglobin 

A treatment effect was observed for serum concentrations of acute-phase protein 

haptoglobin, with greater (P = 0.004) for OMEGA-3 than CONTROL calves. No time or 

treatment × time effects were observed. 

6.4.6 Ex vivo LPS Challenge 

The stimulation of whole blood resulted in greater concentrations of cytokines 

compared with unstimulated samples (P < 0.029; Table 23), except for cytokines IL-8, IL-

17A and IL-36RA. We did not observe a treatment × LPS interaction for any of the 

cytokines. Cytokine IL-4 was lower (P = 0.007) for the OMEGA-3 calves in the 

unstimulated and LPS sample.  

6.4.7 FA Composition of Tissue  

The fatty acid compositions of intestinal tissues are presented in Table 24 (FA types) 

and Tables 25 and 26 (individual FA). We did not observe differences in saturated and 

unsaturated FA content of proximal jejunum and ileum tissues. Monounsaturated FA 

content tended to be (P = 0.070) and was (P = 0.030) lower in OMEGA-3 in proximal 

jejunum and ileum tissue, respectively. Polyunsaturated FA content tended to be (P = 

0.066) greater in OMEGA-3 in proximal jejunum tissue, while no treatment differences 

were observed in ileum tissue. We found no differences in omega-6 FA content between 

treatment groups. Feeding OMEGA-3 increased (P < 0.001) omega-3 FA content with 57 

and 43% in proximal jejunum and ileum tissue, respectively. The omega-6 to omega-3 

FA ratio was 2.4 and 1.9-fold lower (P < 0.001) in proximal jejunum and ileum tissue, 

respectively, of calves fed OMEGA-3. Feeding OMEGA-3 decreased content of C18:1 (P 



 

 

150 

 

= 0.039) and C22:4 (n-6; P = 0.001), and increased content of C18:3 (n-3; P < 0.001), 

C20:3 (n-3; P < 0.001), C20:5 (n-3; P < 0.001), C22:5 (n-3; P = 0.002) and C22:6 (n-3; P 

< 0.001) in proximal jejunum tissue. It tended to increase C18:2 (n-6; P = 0.073) and 

C18:4 (n-3; P = 0.079), and tended to decrease C20:1 (P = 0.094), C20:3 (n-6; P = 0.055) 

and C22:2 (n-6; P = 0.061) in proximal jejunum tissue. In ileum tissue, feeding OMEGA-

3 increased content of C18:3 (n-3; P = 0.034), C20:3 (n-3; P = 0.010), C20:5 (n-3; P < 

0.001), C22:5 (n-3; P < 0.001) and C22:6 (n-3; P < 0.001), and decreased content of 

C22:4 (n-6; P = 0.001) and C22:5 (n-6; P = 0.034). It tended to decrease content of C18:1 

(P = 0.091) and C20:2 (n-6; P = 0.088), and tended to increase C23:0 (P = 0.050) in ileum 

tissue. 

6.4.8 FA Composition of Phospholipid Fraction of Tissue 

 The FA compositions of the phospholipid fractions of intestinal tissues are 

presented in Figure 16 (FA types) and Tables 27 and 28 (individual FA). The OMEGA-3 

calves had a higher (P = 0.031) saturated FA content in proximal jejunum phospholipids 

and tended to have a higher (P = 0.085) saturated FA content in ileum phospholipids. The 

monounsaturated FA content tended to be lower (P = 0.059) in the proximal jejunum and 

was lower (P = 0.014) in the ileum phospholipids of OMEGA-3 calves. The 

polyunsaturated FA content tended to be higher (P = 0.091) in the proximal jejunum and 

was higher (P = 0.005) in the ileum phospholipids of OMEGA-3 calves. Feeding OMEGA-

3 decreased (P < 0.022) omega-6 FA content of the phospholipid fraction with 7 and 11% 

in the proximal jejunum and ileum, respectively. The omega-3 FA content was 2.8 and 

2.5-fold higher (P < 0.001) in the proximal jejunum and ileum phospholipids of calves fed 

OMEGA-3, respectively. The omega-6 to omega-3 FA ratio was 3.1 and 2.9-fold lower (P 

< 0.001) in the proximal jejunum and ileum phospholipids of calves fed OMEGA-3, 

respectively. Feeding OMEGA-3 increased C16:0 (P = 0.005), C18:3 (n-3; P < 0.001), 

C20:3 (n-3; P < 0.001), C20:4 (n-3; P < 0.001), C20:5 (n-3; P < 0.001), C22:5 (n-3; P < 

0.001) and C22:6 (n-3; P < 0.001) in the phospholipid fraction of proximal jejunum tissue. 

It tended to decrease C18:1 (P = 0.088) and decreased C18:3 (n-6; P < 0.001), C20:1 (P 

= 0.003), C20:2 (n-6; P = 0.028), C20:3 (n-6; P < 0.001), C20:4 (n-6; P < 0.001), C22:4 
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(n-6; P < 0.001) and C22:5 (n-6; P < 0.001) in the phospholipid fraction of the proximal 

jejunum tissue. In the phospholipid fraction of the ileum tissue from calves fed OMEGA-

3, C16:0 (P = 0.002), C18:3 (n-3; P < 0.001), C20:3 (n-3; P < 0.001), C20:4 (n-3; P = 

0.003), C20:5 (n-3; P < 0.001), C22:5 (n-3; P < 0.001) and C22:6 (n-3; P < 0.001) contents 

were increased. The C16:1 (P = 0.094), C18:3 (n-6; P = 0.098), C20:3 (n-6; P = 0.094) 

and C24:1 (P = 0.075) contents tended to be decreased and C18:1 (P = 0.014), C20:1 (P 

= 0.014), C22:4 (n-6; P < 0.001) and C22:5 (n-6; P = 0.019) contents were decreased in 

the phospholipid fractions of ileum tissue from calves fed OMEGA-3. 

6.4.9 Histomorphology 

 Results for histomorphology are presented in Table 29. The villus height:crypt 

depth ratio in ileum tended to be 14% lower for OMEGA-3 (P = 0.071). Other variables 

measured were unaffected by treatment.  

6.4.10 Gene Expression  

 Effects on gene expression in mucosa of the proximal jejunum and ileum are 

presented in Figure 17. We found that the expression of TJP1 tended to be higher (P = 

0.055) in mucosa of the proximal jejunum and lower (P = 0.083) in mucosa of the ileum 

from OMEGA-3 calves. Furthermore, OMEGA-3 presented or tended to present a higher 

expression of CD14 (P = 0.013), TLR4 (P = 0.065) and TNFA (P = 0.051) in mucosa of 

the ileum. The expression of other genes analyzed was unaffected by treatment. 

6.5 Discussion 

This study tested the hypothesis that reducing the omega-6 to omega-3 FA ratio in 

MR (by adding oils rich in omega-3 FA such as linseed oil and algae oil) would positively 

impact epithelial integrity and reduce inflammation. The increase in omega-3 FA content 

of proximal jejunum and ileum tissues is an indication that the OMEGA-3 MR delivered 

the omega-3 FA to the calf successfully. The omega-6 to omega-3 FA ratio was reduced 

from 9.1 to 3.8 and 6.9 to 3.7 in proximal jejunum and ileum tissue, respectively. Recently, 

a reduction in omega-6 to omega-3 FA ratio in the blood from 8.8 to 7.4 in preweaning 
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calves fed MR containing linseed oil has been demonstrated (Spitalniak-Bajerska et al., 

2020). Similarly, partial replacement of 5% corn oil with fish oil (1.25%) or algae oil 

(3.12%) decreased the omega-6 to omega-3 FA ratio in the blood of piglets from 25 to 8 

and 3 compared with control (5% corn oil), respectively (Lee et al., 2019). Interestingly, 

the magnitude of change in FA composition in the current study was larger in the proximal 

jejunum than in ileum tissue. This may be due to greater exposure and absorption of the 

omega-3 FA in the proximal than the distal small intestine.  

Despite the successful delivery of omega-3 FA, inclusion of linseed and algae oil 

did not affect ADG in the current study. Previous studies evaluating inclusion of 1% canola 

oil and 3% coconut oil or a combination of butyrate, coconut oil and linseed oil at 1% 

inclusion in a lard-based MR found increased rates of ADG in preweaning calves over 42 

or 56 d (Hill et al., 2007; Hill et al., 2011a, b). Potentially, the level of supplementation in 

the current study was too low to elicit a response. The inclusion rate of omega-3 FA-rich 

oils per kg MR product was 0.6% in the current study (2% of the 29.1% fat fraction) 

compared with 1-2% in comparable studies (Hill et al., 2007; Esselburn et al., 2013). 

Furthermore, the study may have been too short for differences in growth to develop (25 

d compared with 42 or 56 in Hill et al., 2007). For instance, Karcher et al. (2014) evaluated 

inclusion of 2% flax oil to MR fed for 28 d and also found no effect on ADG. Lastly, the 

type of fatty acid may play a role. Hill et al. (2011a, b) and Esselburn et al. (2013) 

evaluated a mixture of butyrate, medium chain FA and α-linolenic acid. Guilloteau et al. 

(2009) demonstrated that adding sodium butyrate to MR (3 g/kg DM of MR) resulted in 

slightly higher growth rates of veal calves throughout the milk feeding phase compared 

with growth promoter flavomycin (Guilloteau et al., 2009). Furthermore, Gorka et al. 

(2014) demonstrated that feeding MR with sodium butyrate during the first 3 wk of life 

promoted maturation of the mucosal epithelium, as indicated by mitotic markers. 

Therefore, the inclusion of butyrate in MR in the Hill et al. (2011a, b) and Esselburn et al., 

(2013) studies may have influenced the reduction in abnormal fecal days by increasing 

epithelial integrity. Hill et al. (2007) found a reduction in abnormal fecal days during the 

preweaning period in response to canola and coconut oil inclusion in MR, however, the 
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occurrence of abnormal fecal days was relatively high, namely 6-7 and 4-5 days/calf out 

of the first 14 d for the control (lard or tallow-based) and treatment MR, respectively. The 

fecal DM in the current study did not differ between treatment groups and was around 

17%, which is considered normal consistency (Hof, 1980).  

GIT histomorphology measurements were largely unaffected in the current study. 

Huber et al. (2018) found that replacing up to 5% of vegetable oils with fish oil in starter 

prevented an increase in crypt depth in jejunum of newly weaned pigs compared with no 

fish oil inclusion. The authors suggest that since crypt depth typically increases in 

response to villus atrophy, fish oil inclusion may have protected the microstructure of the 

jejunum. In mice challenged with dextran sulphate sodium decreasing the omega-6 to 

omega-3 FA ratio from 215 to 2 improved histology score (no other measurements were 

done), which indicates that the effects of altering the ratio may depend on the health 

status of the animals (Tyagi et al., 2012). Potentially, the neonatal phase in the current 

study, characterized by the shift to enteral nutrition and acquisition of active immunity, 

was not as extreme a challenge compared with weaning or disease models.   

Similar to fecal consistency and histomorphology, GIT permeability was largely 

unaffected in the current study, as total urinary recovery of the markers and their 

concentrations in blood did not differ between treatment groups. Interestingly, the urinary 

recovery between 6-24 h after marker administration tended to be lower for Cr and was 

lower for lactulose and D-mannitol for the OMEGA-3 calves. In addition, the 

concentrations of lactulose and D-mannitol in serum diverged toward the 6 h time point. 

The markers were dosed at 1400 h (0 h time point) and the calves were fed their meal at 

1700 h (3 h time point). Therefore, when considering the lag in fat absorption due to the 

coagulation of milk proteins and fat in the abomasum, it is plausible that the 0 to 6 h urine 

(1400 to 2000 h) represents a phase characterized by low exposure to dietary fat. Then, 

the first hours of the 6 to 24 h urine (2000 to 1400 h) may represent a phase with high 

dietary fat exposure. Alternatively, the 6 to 24 h urine may represent permeability of the 

distal part of the GIT. Lower recovery of Cr and lactulose may indicate reduced 

paracellular permeability (Bjarnason et al., 1995). Bjarnason et al. (1995) suggest that a 
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small proportion of D-mannitol also uses the paracellular pathway, which could explain 

the higher D-mannitol recovery of the CONTROL calves based on the higher lactulose 

and Cr recovery. The ratio of lactulose and D-mannitol recovery in the current study did 

not change (data not shown), which suggests that the absorption surface area and 

transcellular permeability did not change (Hall, 1999; Araujo et al., 2015). Therefore, the 

difference in urinary recovery of the permeability markers observed in the current study 

may indicate that the omega-6 to omega-3 FA ratio of MR has an acute effect on 

paracellular permeability induced in response to a meal. 

The detrimental effect that dietary fat may have on paracellular permeability, as well 

as the ability of omega-3 FA to alleviate this effect, has been demonstrated in both in vivo 

and in vitro studies. Kvietys et al. (1991) found that luminal infusion of oleic acid in rat 

jejunum increased permeability of Cr-EDTA from the blood into the gut lumen compared 

with infusing glucose or hydrolyzed casein. The oleic acid-infused rats showed damaged 

tips of villi exposing blood vessels to the lumen, which recovered within 1 h after changing 

the perfusate to saline. Currently, it is unknown if this occurs in response to other FA and 

across species. Potentially, the dietary omega-3 FA ingested in the current study 

promoted integrity of the intestinal epithelium by decreasing oxidative stress or altering 

the FA composition of the plasma membrane (Opgenorth et al., 2020; Willemsen et al., 

2008). For instance, a decrease in ADA in the plasma membrane, as observed in the 

proximal jejunum of OMEGA-3 calves, may prevent actin reorganization and the 

subsequent increase in paracellular permeability (Li et al., 2008). In addition, dietary 

omega-3 FA are incorporated into lipid raft fractions of the plasma membrane, thereby 

preventing the loss of tight junction proteins from the lipid rafts and the subsequent 

increase in paracellular permeability (Li et al., 2008). This is in agreement with the 

tendency of increased expression of TJP1 in mucosa of proximal jejunum from OMEGA-

3 calves. A decrease in paracellular permeability may be beneficial as it may lower 

bacterial translocation from the lumen into the mucosa (Bischoff et al., 2014). Similarly, 

Caplan et al. (2001) found decreased permeability of endotoxins 48 h after birth in rat 

pups supplemented with ADA and DHA in a ratio of 1.5:1.0 compared with a control 
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formula. These authors suggest that the polyunsaturated FA supplementation acted on 

epithelial cell integrity by downregulating mucosal platelet activating factor synthesis and 

activation of its receptor, thereby decreasing permeability and attenuating inflammation 

(Kubes et al., 1991; Huang et al., 1994). We found a similar response during the ex vivo 

LPS challenge, based on the lower concentrations of cytokine IL-4 in the OMEGA-3 

calves. Lower concentrations of IL-4 in the unstimulated sample may indicate that basal 

inflammation is lower in this group (Huber et al., 2018). Cytokine IL-4 regulates T-cell 

differentiation and enhances antibody response (Swain et al., 1990; Cohen and Cohen, 

1996). Lower levels of IL-4 may be important for controlling the inflammatory response to 

pathogenic substances, which may lead to partitioning of more nutrients toward growth 

(Hill et al., 2011; Huber et al., 2018). Similarly, Karcher et al. (2014) demonstrated that 

2% inclusion of flax oil or fish oil in MR decreased concentrations of IL-4 during an ex vivo 

LPS challenge. However, Hill et al. (2011) found that inclusion of butyrate, coconut oil 

and linseed oil in MR increased plasma IL-4 but decreased TNF-α expression in response 

to a Pasteurella vaccination in preweaning calves. The authors suggested that the 

increased IL-4 expression may allow for a greater antibody response, but overall 

concluded from the study that the fat mixture reduced the inflammatory response and 

altered the ability to deal with enteric challenges.  

In contrast, the tendency for a lower expression of TJP1 in the mucosa of ileum may 

have to do with the tendencies for increased expression of TNFA and TLR4, and 

increased expression of CD14. Combined with the tendency for a decreased villus 

height:crypt depth ratio, this may reflect a negative impact on the integrity of mucosa of 

ileum in the OMEGA-3 calves. In addition, the greater concentrations of serum acute-

phase protein haptoglobin also suggest that the OMEGA-3 MR may have triggered 

inflammation. This was unexpected, since we hypothesized that decreasing the omega-

6 to omega-3 FA ratio would reduce inflammation. Lee et al. (2019) found increased 

serum TNF-α levels in response to an in vivo LPS challenge in piglets fed diets containing 

algae oil and ascribed this effect to the high DHA content. However, their product 

contained predominantly DHA (DHA:EPA was 77:1), while the DHA:EPA ratio of the algae 
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oil used in the current study was 2:1. Whole milk contains DHA and EPA in the ratio of 

1:2, which is similar to the only other dietary source of DHA and EPA, namely fish oil 

(Moate et al., 2013; Karcher et al., 2014). Currently, it is unclear how the ratio of dietary 

DHA to EPA affects the inflammatory response. Alternatively, the algae oil used in the 

current study may have contained anti-nutritional factors which could have affected the 

expression of TNFA, TLR4 and CD14 (de Oliveira et al., 2009). Therefore, future studies 

should evaluate the suitability of fat sources used in MR formulations.  

6.6 Conclusions 

Decreasing the omega-6 to omega-3 FA ratio of MR by including linseed oil and 

algae oil increased omega-3 FA content of the phospholipid fraction of the proximal 

jejunum and ileum tissues. Incorporation of omega-3 FA in the plasma membrane may 

have increased epithelial integrity and tight junction complex function, although 

gastrointestinal permeability was largely unaffected. Decreasing the omega-6 to omega-

3 FA ratio of MR may regulate the intensity of the inflammatory response based on 

reduced plasma IL-4 concentration during an ex vivo LPS challenge. However, 

expression of CD14 was higher and of TNFA and TLR4 tended to be higher in mucosa of 

ileum from calves fed MR containing linseed oil and algae oil. Therefore, more research 

is required to evaluate the suitability of oils high in omega-3 FA for inclusion in calf MR. 

Understanding how dietary fat impacts gastrointestinal health may lead to changes in MR 

formulations, and subsequently, a decrease in dairy calf morbidity and mortality. 
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Table 16. Composition of MR fed to neonatal dairy calves twice daily for 
25 d 

 Treatment1 

 Control Omega-32 

Ingredients (%)   

   Skim milk 63.12 63.12 

   Whey powder 5.92 5.92 

   Fat blend 29.30 29.30 

   Premix 0.36 0.36 

Nutrient composition (%DM)   

   DM (%) 97.3 97.0 

   Crude fat 29.3 29.1 

   CP 24.0 25.0 

   Lactose 28.7 28.2 

   Ash 6.5 7.6 

   ME (Mcal/kg)3 4.83 4.85 

Fatty acid composition (% of fat)   

   Saturated FA 63.7 62.6 

   Unsaturated FA 36.3 37.4 

   Omega-6 FA 6.49 6.76 

   Omega-3 FA 0.16 1.04 

   Omega-6:omega-3 FA 40.6 6.5 
1MR was prepared at 13.5%DM at 40-42 °C 

2Control blend contains 67% palm oil and 33% coconut oil, while Omega-3 blend 

contains 67% palm oil, 32% coconut oil, 1% linseed oil and 1% algae oil 

3ME = (0.092*crude fat)+(0.057*CP)+(0.0395*lactose)*0.93 
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Table 17. FA composition (% of fat) of MR fed to neonatal dairy 
calves twice daily for 25 d 

 Treatment 

 Control Omega-3 

C4:0 0.00 0.00 

C6:0 0.23 0.24 

C8:0 2.49 2.55 

C10:0 1.94 1.93 

C12:0 16.31 15.87 

C14:0 7.16 6.95 

C16:0 31.30 30.65 

C16:1 cis 9 0.10 0.12 

C18:0 4.05 4.16 

C18:1 cis 9 29.08 28.98 

C18:1 cis 11 0.48 0.50 

C18:2 cis 9,12 (n-6) 6.49 6.76 

C18:3 cis 6,9,12 (n-6) 0.00 0.00 

C18:3 cis 9,12,15 (n-3) 0.16 0.69 

C19:0 0.00 0.00 

C20:0 0.23 0.23 

C20:3 cis 8,11,14 (n-6) 0.00 0.00 

C20:4 cis 5,8,11,14 (n-6) 0.00 0.00 

C20:4 cis 8,11,14,17 (n-3) 0.00 0.00 

C20:5 cis 5,8,11,14,17 (n-3) 0.00 0.13 

C22:0  0.00 0.00 

C22:5 cis 7,10,13,16,19 (n-3) 0.00 0.00 

C22:6 cis 4,7,10,13,16,19 (n-3) 0.00 0.23 

C23:0 0.00 0.00 

C24:0  0.00 0.00 
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Table 18. LSM ± SEM of intake of neonatal dairy calves fed MR twice daily for 25 d with 
an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment Time 
Treat × 
time 

Volume (L/d)       
   d 1-7 6.56 6.51 0.101 0.485 0.009 0.202 
   d 8-14 6.84 6.54 0.111    
   d 15-24 6.82 6.83 0.040    
DM intake (kg/d)       
   d 1-7 0.90 0.90 0.014 0.742 0.037 0.160 
   d 8-14 0.94 0.91 0.016    
   d 15-24 0.93 0.94 0.006    
ME intake (Mcal/d)       
   d 1-7 4.62 4.64 0.073 0.742 0.037 0.160 
   d 8-14 4.86 4.67 0.081    
   d 15-24 4.77 4.83 0.033    
Straw intake (g/d)       
   d 1-7 0.28 0.38 0.064 0.408 <0.001 0.253 
   d 8-14 0.89 0.56 0.358    
   d 15-24 2.42 1.45 1.244    
Water intake (kg/d)       
   d 1-7 0.21 0.12 0.066 0.527 <0.001 0.030 
   d 8-14 0.47 0.35 0.156    
   d 15-24 0.49 0.62 0.137    
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 19. LSM ± SEM of growth performance and fecal consistency of neonatal dairy 
calves fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 
(Control; n = 14) or 6.5 (Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment Time 
Treat × 
time 

BW (kg)       

   Arrival 45.4 46.0 0.74 0.706 <0.001 0.939 

   d 7 49.4 50.2 0.82    

   d 14 53.0 53.5 0.93    

   d 21 57.4 57.8 0.81    

   d 24 60.1 60.2 0.94    

ADG (kg/d)       

   d 1-7 0.66 0.63 0.041 0.505 0.011 0.988 

   d 8-14 0.50 0.47 0.042    

   d 15-24 0.67 0.63 0.046    

Fecal DM (%)       

   d 1-7 16.4 17.3 1.28 0.310 0.685 0.892 

   d 8-14 16.3 18.6 1.19    

   d 15-24 17.7 18.7 1.05    
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 20. LSM ± SEM of GIT weights and lengths from neonatal dairy calves fed MR 
twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 
(Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

Weights     

   Abomasum 546.1 523.9 19.31 0.442 

   Rumen 409.5 390.9 16.12 0.377 

   Duodenum 51.2 48.7 2.60 0.408 

   Jejunum 1359.2 1379.4 54.31 0.784 

   Ileum 191.5 195.0 11.18 0.792 

   SI 1612.3 1623.1 57.37 0.871 

   Cecum 63.0 58.0 3.11 0.121 

   Colon 390.6 386.9 12.62 0.845 

   GIT 3024.3 2982.9 75.77 0.621 

   Liver 1452.4 1494.5 28.27 0.238 

   Spleen 194.0 199.3 8.90 0.627 

Lengths     

   Jejunum 1986.7 1959.5 51.35 0.702 

   Ileum 136.7 143.8 7.59 0.411 

   Cecum 19.9 19.8 0.85 0.978 

   Colon 256.7 264.3 7.68 0.418 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 21. LSM ± SEM of area under the curve (AUC) calculations during assessment of 
gastrointestinal permeability of neonatal dairy calves fed MR twice daily for 25 d with an 
omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 14) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

Lactulose0-6h 44.8 38.3 5.57 0.464 

D-mannitol0-6h 33.3 30.8 3.08 0.597 

Cr0-6h 3732.3 3208.1 396.69 0.403 

Lactulosecmax 11.1 9.0 1.45 0.343 

D-mannitolcmax 8.0 7.5 0.76 0.689 

Crcmax 897.5 745.7 105.79 0.369 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 22. LSM ± SEM of oxidative stress and serum acute phase protein haptoglobin of 
neonatal dairy calves fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio 
of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 14) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment Time 
Treat × 
time 

TBARS (nM MDA)2    0.650 0.282 0.332 

   0 h 232.3 237.1 11.05    

   4 h 251.4 238.1 8.00    

FRAP (µmol Fe2+/L)    0.014 0.043 0.871 

   0 h 357.3 318.0 18.63    

   4 h 325.3 290.6 14.56    

GPx activity (nmol/min)    0.434 0.400 0.324 

   0 h 59.8 56.5 2.26    

   4 h 56.4 56.8 2.11    

Haptoglobin (µg/mL)       

   0 h 222.7 354.6 164.53 0.004 1.000 1.000 

   4 h 288.8 314.8 162.14    
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
2MDA = malondialdehyde 
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Table 23. LSM ± SEM of cytokine concentrations (pg/mL) and GPx activity after an ex vivo LPS 
challenge with whole blood collected 4 h after the morning meal on d 22 of neonatal dairy calves 
fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 
(Omega-3; n = 14) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment LPS 
Treat × 
LPS 

IFN-γ2    0.550 <0.001 0.615 
   Unstimulated 7.0 5.8 1.17    
   LPS 17.9 17.6 4.09    
IL-1α    0.362 <0.001 0.314 
   Unstimulated 8.5 14.6 3.64    
   LPS 892.3 769.2 63.73    
IL-1β    0.198 <0.001 0.181 
   Unstimulated 87.8 156.0 43.84    
   LPS 15349.0 12579.0 997.26    
IL-4    0.007 0.029 0.842 
   Unstimulated 42.3 29.0 4.23    
   LPS 54.3 39.1 4.64    
IL-6    0.472 <0.001 0.238 
   Unstimulated 147.6 96.4 64.47    
   LPS 1066.4 1183.0 239.11    
IL-8    0.101 0.335 0.809 
   Unstimulated 735.0 570.1 230.53    
   LPS 906.6 646.7 158.91    
IL-10    0.879 <0.001 0.297 
   Unstimulated 202.1 171.0 34.82    
   LPS 6834.6 8552.4 1666.59    
IL-17A    0.252 0.363 0.513 
   Unstimulated 3.0 3.3 0.40    
   LPS 3.1 4.1 0.54    
IL-36RA    0.104 0.572 0.852 
   Unstimulated 173.5 150.2 14.27    
   LPS 167.2 139.7 13.63    
MCP-1    0.254 <0.001 0.452 
   Unstimulated 195.7 182.4 16.08    
   LPS 395.2 332.8 32.71    
MIP-1α    0.709 <0.001 0.980 
   Unstimulated 136.5 143.5 16.22    
   LPS 1507.8 1596.8 392.01    
TNF-α    0.733 <0.001 0.832 
   Unstimulated 410.6 400.7 76.76    
   LPS 15321.9 13834.7 2466.25    
VEGF-A    0.718 <0.001 0.649 
   Unstimulated 68.2 67.6 2.33    
   LPS 130.4 139.8 12.19    
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 67% of palm 
oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to omega-3 FA ratio from 40.6 
to 6.5 
2IFN = interferon, LPS = lipopolysaccharide, IL = interleukin, RA = receptor antagonist, IP = interferon γ-induced 
protein, MCP = monocyte chemoattractant protein, MIP = macrophage inflammatory protein, TNF = tumour 
necrosis factor, VEGF = vascular endothelial growth factor 
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Table 24. LSM ± SEM of FA types of proximal jejunum and ileum tissue from 
neonatal dairy calves fed MR twice daily for 25 d with an omega-6 to omega-3 FA 
ratio of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

Proximal jejunum     

   Saturated FA 45.7 44.0 1.10 0.315 

   Monounsaturated FA 29.2 27.2 0.85 0.073 

   Polyunsaturated FA 25.3 28.8 1.14 0.066 

   Omega-6 FA 22.6 22.7 0.98 0.929 

   Omega-3 FA 2.6 6.0 0.20 <0.001 

   Omega-6:Omega-3 FA 9.1 3.8 0.31 <0.001 

Ileum     

   Saturated FA 38.9 39.6 0.48 0.221 

   Monounsaturated FA 30.1 28.2 0.66 0.030 

   Polyunsaturated FA 30.9 32.2 0.79 0.214 

   Omega-6 FA 26.7 24.9 0.75 0.121 

   Omega-3 FA 4.1 7.2 0.34 <0.001 

   Omega-6:Omega-3 FA 6.9 3.7 0.41 <0.001 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 25. LSM ± SEM of FA composition of proximal jejunum tissue from neonatal dairy calves 
fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 
(Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

C10:0 0.14 0.12 0.029 0.606 

C12:0 4.46 4.14 0.612 0.673 

C14:0 3.83 3.19 0.339 0.240 

C14:1 0.08 0.09 0.023 0.892 

C15:0 0.14 0.14 0.008 0.867 

C15:1 cis 10 0.79 0.78 0.180 0.990 

C16:0 24.78 23.40 0.635 0.123 

C16:1 cis 9 0.90 0.71 0.134 0.223 

C17:1 cis 10 0.27 0.26 0.045 0.874 

C18:0 10.77 11.62 0.398 0.132 

C18:1 cis 9 24.32 22.59 0.612 0.039 

C18:1 cis 11 1.36 1.33 0.069 0.700 

C18:2 cis 9, 12 (n-6) 15.82 17.62 0.687 0.073 

C18:2 trans 9, 12 (n-6) 0.05 0.03 0.013 0.287 

C18:3 cis 6, 9, 12 (n-6) 0.11 0.08 0.014 0.127 

C18:3 cis 9, 12, 15 (n-3) 0.31 1.03 0.033 <0.001 

C18:4 cis 6, 9, 12, 15 (n-3) 0.09 0.13 0.016 0.079 

C19:0 0.12 0.15 0.023 0.409 

C20:0 0.27 0.28 0.012 0.583 

C20:1 cis 11 0.43 0.37 0.022 0.094 

C20:2 cis 11, 14 (n-6) 0.42 0.36 0.034 0.224 

C20:3 cis 5, 8, 11 0.05 0.05 0.043 0.914 

C20:3 cis 8, 11, 14 (n-6) 0.60 0.42 0.057 0.055 

C20:3 cis 11, 14, 17 (n-3) 0.01 0.07 0.007 <0.001 

C20:4 cis 5, 8, 11, 14 (n-6) 4.09 3.41 0.326 0.209 

C20:5 cis 5, 8, 11, 14, 17 (n-3) 0.22 0.95 0.039 <0.001 

C22:0 0.47 0.48 0.033 0.729 

C22:1 cis 13 0.20 0.23 0.029 0.368 

C22:2 cis 13, 16 (n-6) 0.31 0.22 0.046 0.061 

C22:4 cis 7, 10, 13, 16 (n-6) 1.01 0.47 0.090 0.001 

C22:5 cis 4, 7, 10, 13, 16 (n-6) 0.17 0.10 0.030 0.166 

C22:5 cis 7, 10, 13, 16, 19 (n-3) 1.02 1.60 0.092 0.002 

C22:6 cis 4, 7, 10, 13, 16, 19 (n-3) 0.96 2.13 0.076 <0.001 

C23:0 0.13 0.16 0.015 0.167 

C24:1 cis 15 0.80 0.84 0.074 0.785 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 67% of palm 
oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to omega-3 FA ratio from 40.6 
to 6.5 
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Table 26. LSM ± SEM of FA composition of ileum tissue from neonatal dairy calves fed MR 
twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 
(Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

C12:0 0.29 0.20 0.058 0.256 

C14:0 1.49 1.45 0.120 0.791 

C14:1 0.09 0.13 0.028 0.241 

C15:0 0.18 0.19 0.014 0.854 

C15:1 cis 10 1.74 1.56 0.252 0.671 

C16:0 23.41 23.88 0.438 0.375 

C16:1 cis 9 0.72 0.67 0.074 0.543 

C17:1 cis 10 0.50 0.41 0.056 0.338 

C18:0 12.10 12.32 0.312 0.565 

C18:1 cis 9 21.83 20.57 0.595 0.091 

C18:1 cis 11 2.36 2.31 0.051 0.430 

C18:2 cis 9, 12 (n-6) 12.50 12.23 0.477 0.672 

C18:2 trans 9,12 (n-6) 0.06 0.06 0.015 0.998 

C18:3 cis 6, 9, 12 (n-6) 0.22 0.21 0.021 0.861 

C18:3 cis 9, 12, 15 (n-3) 0.24 0.40 0.038 0.034 

C18:4 cis 6, 9, 12, 15 (n-3) 0.05 0.03 0.010 0.285 

C19:0 0.15 0.17 0.029 0.585 

C20:0 0.37 0.35 0.025 0.575 

C20:1 cis 11 0.67 0.62 0.029 0.248 

C20:2 cis 11, 14 (n-6) 0.92 0.81 0.049 0.088 

C20:3 cis 5, 8, 11 0.04 0.03 0.013 0.427 

C20:3 cis 8, 11, 14 (n-6) 1.37 1.33 0.073 0.727 

C20:3 cis 11, 14, 17 (n-3) 0.03 0.10 0.016 0.010 

C20:4 cis 5, 8, 11, 14 (n-6) 8.63 8.31 0.383 0.533 

C20:5 cis 5, 8, 11, 14, 17 (n-3) 0.41 0.79 0.062 <0.001 

C22:0 0.71 0.74 0.045 0.693 

C22:1 cis 13 0.72 0.61 0.074 0.220 

C22:2 cis 13, 16 (n-6) 0.51 0.46 0.069 0.594 

C22:4 cis 7, 10, 13, 16 (n-6) 2.31 1.44 0.135 0.001 

C22:5 cis 4, 7, 10, 13, 16 (n-6) 0.22 0.16 0.020 0.034 

C22:5 cis 7, 10, 13, 16, 19 (n-3) 1.99 3.10 0.169 <0.001 

C22:6 cis 4, 7, 10, 13, 16, 19 (n-3) 1.43 2.78 0.143 <0.001 

C23:0 0.09 0.13 0.019 0.050 

C24:1 cis 15 1.03 1.03 0.110 0.971 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 67% of palm 
oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to omega-3 FA ratio from 40.6 
to 6.5 
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Table 27. LSM ± SEM of FA composition of phospholipid fraction of proximal jejunum tissue 
from neonatal dairy calves fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 
40.6 (Control; n = 14) or 6.5 (Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

C12:0 0.30 0.28 0.024 0.619 

C14:0 1.03 0.99 0.085 0.731 

C14:1 0.02 0.01 0.003 0.280 

C15:0 0.12 0.12 0.006 0.633 

C16:0 21.18 21.80 0.179 0.005 

C16:1  1.58 1.30 0.176 0.205 

C18:0 15.41 15.50 0.381 0.822 

C18:1  23.61 21.86 0.894 0.088 

C18:2 (n-6) 21.10 21.66 0.756 0.523 

C18:3 (n-6) 0.08 0.05 0.003 <0.001 

C18:3 (n-3) 0.29 0.96 0.020 <0.001 

C18:4 (n-3) 0.01 0.01 0.002 0.404 

C20:0 0.45 0.44 0.018 0.611 

C20:1  0.56 0.49 0.014 0.003 

C20:2 (n-6) 0.51 0.45 0.016 0.028 

C20:3 (n-6) 0.81 0.48 0.045 <0.001 

C20:3 (n-3) 0.01 0.06 0.002 <0.001 

C20:4 (n-6) 5.81 4.36 0.169 <0.001 

C20:4 (n-3) 0.01 0.02 0.001 <0.001 

C20:5 (n-3) 0.12 0.99 0.032 <0.001 

C22:0 0.75 0.79 0.047 0.591 

C22:1  1.13 0.97 0.082 0.198 

C22:2 (n-6) <0.01 <0.01 0.001 0.739 

C22:4 (n-6) 1.45 0.58 0.054 <0.001 

C22:5 (n-6) 0.13 0.08 0.008 0.003 

C22:5 (n-3) 1.00 1.75 0.051 <0.001 

C22:6 (n-3) 0.65 2.17 0.041 <0.001 

C24:0 0.77 0.79 0.032 0.680 

C24:1  1.01 0.92 0.035 0.113 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 28. LSM ± SEM of FA composition of phospholipid fraction of ileum tissue from neonatal 
dairy calves fed MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n 
= 14) or 6.5 (Omega-3; n = 15) 
 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

C12:0 0.10 0.08 0.008 0.188 

C14:0 1.01 0.95 0.029 0.124 

C14:1 0.02 0.01 0.006 0.409 

C15:0 0.15 0.15 0.006 0.387 

C16:0 22.97 23.69 0.160 0.002 

C16:1  1.88 1.73 0.061 0.094 

C18:0 14.39 14.39 0.139 0.998 

C18:1  23.38 21.89 0.364 0.014 

C18:2 (n-6) 13.48 12.63 0.357 0.129 

C18:3 (n-6) 0.18 0.15 0.011 0.098 

C18:3 (n-3) 0.16 0.35 0.014 <0.001 

C18:4 (n-3) 0.05 0.04 0.010 0.805 

C20:0 0.39 0.38 0.009 0.172 

C20:1  0.68 0.62 0.015 0.014 

C20:2 (n-6) 0.60 0.59 0.025 0.900 

C20:3 (n-6) 1.45 1.31 0.053 0.094 

C20:3 (n-3) 0.02 0.09 0.008 <0.001 

C20:4 (n-6) 10.06 9.39 0.258 0.114 

C20:4 (n-3) 0.01 0.03 0.003 0.003 

C20:5 (n-3) 0.11 0.62 0.016 <0.001 

C22:0 0.78 0.77 0.018 0.871 

C22:1  0.78 0.83 0.080 0.671 

C22:2 (n-6) 0.01 0.01 0.003 0.599 

C22:4 (n-6) 2.68 1.42 0.075 <0.001 

C22:5 (n-6) 0.21 0.11 0.026 0.019 

C22:5 (n-3) 1.57 3.11 0.059 <0.001 

C22:6 (n-3) 0.78 2.68 0.036 <0.001 

C24:0 0.65 0.68 0.021 0.463 

C24:1  1.33 1.24 0.037 0.075 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Table 29. LSM ± SEM of intestinal histomorphology of neonatal dairy calves fed MR 
twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 
(Omega-3; n = 15) 

 Treatment1  P-value 

 Control Omega-3 SEM Treatment 

Proximal jejunum (µm)     

   Villus height 422.9 505.4 35.14 0.167 

   Villus width 178.1 183.3 4.30 0.400 

   Crypt depth 452.3 439.0 18.18 0.668 

   Crypt width 59.4 58.6 1.58 0.619 

   Surface area 5.91 6.96 0.485 0.192 

   Muscularis 331.1 309.6 13.28 0.284 

   Villus height:crypt depth 1.04 1.25 0.104 0.169 

Distal jejunum (µm)     

   Villus height 433.8 437.0 17.30 0.904 

   Villus width 154.7 160.7 4.10 0.361 

   Crypt depth 476.7 533.7 25.67 0.140 

   Crypt width 55.8 60.0 2.00 0.170 

   Surface area 6.69 6.46 0.323 0.610 

   Muscularis 395.0 349.5 20.47 0.110 

   Villus height:crypt depth 1.02 0.89 0.058 0.147 

Ileum (µm)     

   Villus height 480.4 454.3 20.24 0.415 

   Villus width 159.4 150.0 4.48 0.145 

   Crypt depth 490.8 526.5 18.92 0.220 

   Crypt width 57.3 59.6 1.56 0.302 

   Surface area 7.24 6.93 0.377 0.583 

   Muscularis 384.1 362.6 13.92 0.293 

   Villus height:crypt depth 1.06 0.91 0.057 0.071 

Cecum (µm)     

   Crypt depth 538.4 525.1 18.57 0.657 

   Crypt width 64.7 63.7 2.00 0.729 
1MR fed to Control contains 67% of palm oil and 33% of coconut oil, while MR for Omega-3 contains 
67% of palm oil, 32% of coconut oil, 1% of linseed oil and 1% of algae oil, reducing the omega-6 to 
omega-3 FA ratio from 40.6 to 6.5 
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Figure 15. LSM ± SEM of chromium, lactulose and D-mannitol concentrations in serum 
and chromium, lactulose and D-mannitol recovery in urine of neonatal dairy calves fed 
MR twice daily for 25 d with an omega-6 to omega-3 FA ratio of 40.6 (Control; n =14) or 
6.5 (Omega-3; n =14) 
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Figure 16. LSM ± SEM of FA compositions of phospholipid fraction of proximal jejunum 
and ileum tissue of neonatal dairy calves fed MR twice daily for 25 d with an omega-6 to 
omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 15). * indicates 
treatment P < 0.05 and T indicates treatment P < 0.10 
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Figure 17. LSM ± SEM of relative expression ratio of genes in mucosa of proximal 
jejunum or ileum of neonatal dairy calves fed MR twice daily for 25 d with an omega-6 to 
omega-3 FA ratio of 40.6 (Control; n = 14) or 6.5 (Omega-3; n = 15). * indicates 
treatment P < 0.05 and T indicates treatment P < 0.10 
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7 General Discussion 

In the past, dairy calves received little attention because they do not contribute to 

farm profit directly for the first two years of life. Rearing strategies aim to minimize cost, 

for example feeding low levels of milk and weaning early to encourage solid feed intake. 

However, in recent years, the dairy industry is changing its perspective on calf rearing. 

Calf care is considered an investment that could contribute to farm profitability in the form 

of reduced medical costs or increased lifetime productivity (Soberon and Van Amburgh, 

2013; Gelsinger et al., 2016). This has led to nutritional strategies aiming to promote 

growth during the preweaning phase by providing larger amounts of liquid feed and 

delaying weaning.   

7.1 Glucose Metabolism 

The recent shift to feeding calves larger quantities of liquid feed raised the concern 

that it may impact glucose metabolism early in life, potentially setting the calf up for 

metabolic issues later in life. More specifically, the periparturient phase in the adult could 

become more challenging, since it is already characterized by a reduction in insulin 

sensitivity of extrahepatic tissues to partition nutrients toward the fetus and the mammary 

gland (Hayirli, 2006). Previous studies have demonstrated the impact of feeding large 

quantities of high lactose MR on insulin sensitivity in the veal industry (Palmquist et al., 

1992; Hugi et al., 1998). This thesis demonstrated that fasting insulin sensitivity in calves 

fed a MR of 46% lactose and 18% fat is not different from that of calves fed 40% lactose 

and 25% fat in the first week of life. However, we observed a tendency for reduced 

postprandial insulin sensitivity in the calves fed the high lactose MR based on 

mathematical modeling of postprandial glucose-insulin kinetics. Stahel et al. (2019) 

demonstrated that this tendency for decreased postprandial insulin sensitivity was not 

apparent at 4 wk of age in calves fed the same MR at 7 L/d. It is unclear if the tendency 

for decreased postprandial insulin sensitivity during the first week of life affects insulin 

sensitivity later in life. Therefore, future studies should focus on the long-term effects of 
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high lactose intake and evaluate insulin sensitivity at different stages of life (preweaning, 

postweaning and around the periparturient phase).          

7.2 Intestinal Adaptations  

Previous studies evaluating the quantities of macronutrients in MR have 

predominantly focused on BW gain and body composition (Bartlett et al., 2006; Hill et al., 

2009). Although nutritional strategies impacting growth performance are practical and 

convincing when communicated to farmers, the importance of strategies to improve calf 

health, which impacts labour, costs and calf welfare, should not be underestimated. The 

main cause of calf morbidity (56%) and mortality (32%) is due to digestive disturbances 

(Urie et al., 2018). Hence, understanding how nutrition impacts intestinal health is key to 

developing nutritional strategies that improve calf health on dairy farms. Therefore, this 

thesis mainly focused on characterizing changes of the GIT, such as the weight and 

length, the dimensions of its microstructures and the expression of genes coding for tight 

junction proteins, nutrient sensing receptors, nutrient transporters and immune molecules 

in response to different macronutrient compositions of MR.  

A limitation of evaluating dietary macronutrient composition is that one must choose 

to offer equal amounts of DM or ME, resulting in different ME intakes or DM intakes, 

respectively. Offering different volumes of MR affects abomasal emptying rates, which 

regulates nutrient supply to the GIT (MacPherson et al., 2016). This may affect glucose 

homeostasis and would therefore interfere with postprandial measurements, as collected 

in Chapter 3. However, offering different amounts of ME, as in Chapters 3 and 4, may 

have confounded BW gain and GIT growth since more energy is available for retention 

after energy requirements for maintenance are met. In Chapter 5, the ME intake of the 

supplemented groups (FAT, PRO and LAC) was equal, resulting in different DM intakes. 

Although this approach leads to different levels of inclusion for each of the macronutrients 

for each of the treatment groups, the total DM and ME intake for the macronutrients, other 

than the one being increased in that group, is the same. For instance, the protein inclusion 

levels were 21, 35 and 18% for the FAT, PRO and LAC groups, respectively. The intake 



 

 

183 

 

in g/d for a 50 kg-calf was 174, 310 and 174 for the FAT, PRO and LAC groups, 

respectively. In addition, the CP:ME intake did not differ across the supplemented groups 

(except for the PRO group), which is important when evaluating growth, since BW gain 

generally tends to be limited by one or the other (Bartlett et al., 2006). We acknowledge 

the limitations present for both approaches and suggest another way of evaluating 

macronutrient composition is by including extra treatment groups (i.e., in Chapters 3 and 

4, a HL group fed more DM and a HF group fed less DM to compensate for the different 

ME intakes).   

We demonstrated that partially replacing lactose in MR with fat increased BW gain 

in the first week of life (Chapter 3). Dietary fat is crucial for delivering energy and 

regulating body temperature (Young, 1976). Moreover, it is an applicable strategy to 

increase energy intake per unit of DM intake, which may be beneficial to fight infections, 

e.g. from bacteria that cause diarrhea (Urie et al., 2018). We also demonstrated that 

partially replacing lactose with fat promoted intestinal growth in Chapter 4, and therefore, 

may benefit GIT development. However, supplementing isocaloric amounts of fat, protein 

or lactose to a basal MR did not result in differences in GIT growth relative to BW (Chapter 

5). It is important to note that the difference in GIT weight between the treatment groups 

in Chapter 4 and the CON and FAT group in Chapter 5 is similar (approximately 10%). 

Potentially, the number of calves in Chapter 5 (n = 8 or 9 per treatment) was insufficient 

to detect a difference compared with Chapter 4 (n = 17 per treatment). However, the FAT 

and LAC groups had similar GIT weights. Therefore, the difference in GIT weight 

observed in Chapter 4 may be driven by differences in ME intake rather than differences 

in macronutrient (i.e., fat and lactose) supply. 

Partially replacing lactose with fat seems favorable to promote growth performance 

during the first week of life, however, the associated increase in paracellular permeability 

may be a concern as it could be an indicator of mucosal damage (Bjarnason et al., 1995; 

Bischoff et al., 2014). We cannot exclude any effect the macronutrient composition of the 

diet may have had on the results of the GIT permeability assessment because the 

permeability markers were added to the morning meal. For instance, Kvietys et al. (1991) 
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found that jejunal infusions of oleic acid caused disruption of the intestinal epithelium in 

rats. The GIT permeability results from Chapter 6 also stress the importance of the timing 

of the marker administration relative to a meal. Feeding a meal 3 h after marker 

administration may reflect the direct impact of the meal on paracellular permeability. 

Clearly, more research is required to elucidate how administration of the markers and 

collection of body fluids (i.e., relative to a meal) influences marker recovery, and therefore, 

the interpretation of the test results.   

The interpretation of increased recovery of permeability markers is a heavily 

discussed topic. GIT permeability has been associated with increased diarrhea 

occurrence (Araujo et al., 2015; Buss et al., 2021), however, it is currently unclear which 

occurs first. Araujo et al. (2015) demonstrated that calves with increased paracellular 

permeability at birth were more likely to develop diarrhea. This suggests that an increase 

in paracellular permeability may cause diarrhea. Potentially, it allows pathogens or toxins 

to enter the mucosa and cause infection (Bjarnason et al., 1995; Bischoff et al., 2014). 

For this reason, it is important to consider the composition of the gut microbiome. Previous 

studies in rodents demonstrated that high fat diets resulted in a shift toward LPS-

producing bacteria, including Desulfovibrio spp., and away from bacteria enhancing 

gastrointestinal health such as Lactobacillus spp. and Bifidobacterium spp. (Cani et al., 

2008; Rohr et al., 2019). Potentially, this increases the amount of LPS in the lumen, which 

could subsequently cross the intestinal mucosal barrier. In contrast, it has been 

demonstrated that increasing omega-3 FA promotes the abundance of Bifidobacterium 

spp. and Lactobacillus spp. This thesis did not evaluate the effects of macronutrient 

composition on gut microbial populations, which remains a topic for further investigation. 

However, it is important to note that the small intestine has a relatively small population 

of bacteria and a low concentration of active LPS (i.e., LPS shed during bacterial growth; 

Wiest and Rath, 2003, Plaizier et al., 2012). In addition, no in vivo studies have linked 

immune system activation or diarrhea occurring in response to a more permeable GIT to 

an increase in translocation of bacteria or their components. Therefore, an increase in 
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recovery of permeability markers is currently interpreted as a decrease in mucosal 

integrity. 

7.3 Polyunsaturated FA 

Omega-6 and omega-3 FA intake must be evaluated in relation to each other since 

they compete for metabolism (Calder, 2012). Firstly, we considered the intake of both FA 

in calves fed whole milk or MR. A calf consuming 7 L of whole milk (30% fat of DM) ingests 

7.8 and 1.6 g/d of omega-6 and omega-3 FA, respectively (Moallem, 2009; Markiewicz-

Keszycka et al., 2013). In Chapter 6, intakes of omega-6 and omega-3 FA were 18.0 and 

0.4 g/d for CONTROL and 18.6 and 2.9 g/d for OMEGA-3, respectively. The omega-6 to 

omega-3 FA ratios were 40.6:1 (CONTROL) and 6.5:1 (OMEGA-3) compared with 4.9:1 

for whole milk. Decreasing a ratio can be achieved by decreasing the numerator, 

increasing the denominator or both. It is best to change only one aspect at a time to truly 

understand the impacts of the dietary change. Considering the very low omega-3 FA 

content of the fat blend of the CONTROL MR, which contained coconut oil and palm oil 

(1:2), we chose to increase dietary omega-3 FA. Future research could evaluate the 

impact of decreasing the omega-6 FA to alter the ratio or total intakes of omega-6 or 

omega-3 FA on growth performance and intestinal health of calves. 

Furthermore, the type of ingredient used to alter the omega-6 to omega-3 FA ratio 

should be evaluated in more detail. Chapter 6 evaluated the inclusion of flax oil and algae 

oil. Flax oil is rich in omega-3 FA α-linolenic acid, whereas algae oil contains 

predominantly EPA and DHA. Omega-3 FA exert their action by inhibiting omega-6 FA 

metabolism, which prevents the development of proinflammatory molecules (Calder, 

2010). When provided in the form of α-linolenic acid, it offers competition for the enzymes 

delta-5 and 6 desaturase and elongase 5 and 7, thereby inhibiting the conversion of 

linoleic acid to ADA, a precursor for proinflammatory molecules (Calder, 2012). When 

provided as EPA and DHA, the omega-3 FA compete with omega-6 FA for synthesis of 

eicosanoids, such as prostaglandins and leukotrienes, by enzymes including 

lipoxygenase and cyclooxygenase (Calder, 2010). Therefore, the magnitude of the effect 
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of omega-3 FA inclusion is partially dependent on the activity of these enzymes. For 

instance, if the conversion of α-linolenic acid to EPA is low due to low enzymatic activity, 

the effect on preventing synthesis of proinflammatory eicosanoids may be limited. In adult 

humans, the amount of DHA synthesized from α-linolenic acid is negligible (Brenna et al., 

2009). In contrast, in 1-mo-old infants fed formula containing 0.64% DHA, an average of 

42% of DHA is biosynthesized from α-linolenic acid (Carnielli et al., 2009). It is currently 

unknown how efficient the conversion from linoleic acid to ADA and α-linolenic acid to 

EPA and DHA is in neonatal calves. Therefore, future studies should investigate the 

efficiency of conversion of omega-6 and omega-3 FA to determine which omega-3 FA 

are most effective in increasing epithelial integrity and attenuating inflammation in calves 

to select the most effective ingredient(s).  

In this thesis, the dose rate of omega-3 FA in Chapter 6 was based on the amount 

required to decrease the omega-6 to omega-3 FA ratio of MR to that of whole milk (i.e., 

5:1), without altering the concentrations of FA, other than omega-3 FA. This was achieved 

by solving for the lowest residual sum of squares calculated from the difference of each 

individual FA between the control MR and the omega-3 FA-enriched MR. A few 

constraints were set, namely the omega-6 to omega-3 FA ratio should be between 3.5 

and 4.5, the sum of EPA and DHA was between 0.05 and 0.6% of fat (not greater than 

whole milk), and the difference in polyunsaturated FA content between the MR was <1%. 

The total inclusion rate of the oils was only 0.6% per kg MR product due to their high 

omega-3 FA contents. Similarly, Karcher et al. (2014) and Esselburn et al. (2013) 

evaluated one inclusion rate. Future studies should evaluate the dose response 

relationships of altering the dietary omega-6 and omega-3 FA and their ratio to determine 

the most suitable inclusion rates. Dose rates that are too high may negatively impact calf 

health and performance by decreasing intake. For instance, Flaga et al. (2019) 

supplemented preweaning dairy calves with 0, 1.13, 2.26 and 3.38 g/d of DHA from algae 

and found that BW gain decreased with increasing dose rate of algae due to a lower 

intake. The authors ascribed this effect to the palatability of the MR when it contained 

algae. However, starter intake was also negatively impacted by algae oil inclusion, which 
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led the authors to speculate that algae oil may impact the animals’ appetite by affecting 

secretion of hormones regulating feed intake. 

7.4 Conclusion 

This thesis evaluated how the quantity of macronutrients and composition of fat in 

MR affect glucose-insulin kinetics and intestinal structure and function in neonatal calves 

fed high planes of milk nutrition. It was demonstrated that partially replacing lactose in 

MR with fat may benefit glucose homeostasis and promote growth of calves during the 

first week of life. More research is required to understand the impact of partially replacing 

lactose with fat in MR on glucose homeostasis and insulin sensitivity at later stages in life, 

especially during the periparturient period. Furthermore, the results of this research 

suggests that GIT growth is driven by ME intake rather than the type of macronutrient, 

such as fat, protein or carbohydrates. This research also demonstrated that the fat 

sources that were used for the MR (coconut oil and palm oil) may have negatively 

impacted intestinal epithelial integrity based on the observation that paracellular 

permeability was increased in calves fed a high fat MR. Subsequently, the knowledge 

gap regarding the impact of omega-6 to omega-3 FA ratio of MR on GIT permeability was 

evaluated. It was demonstrated that decreasing the high omega-6 to omega-3 FA ratio of 

MR by inclusion of oils rich in omega-3 FA, such as linseed and algae oil, may have 

increased intestinal epithelial integrity and tight junction complex function by incorporating 

dietary omega-3 FA into plasma membranes. However, it also increased expression of 

immune molecules in ileum tissue and acute phase protein haptoglobin in serum, 

potentially due to the presence of antinutritional factors or the relatively high DHA content 

of algae oil. Therefore, more research is required to evaluate the suitability of fat sources 

for inclusion in calf MR. The results of this study could be used to alter MR formulations 

to improve dairy calf health and growth performance on farm. 
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