
7295

ABSTRACT

We tested the hypothesis that the maternal supply of 
essential fatty acids (EFA), especially α-linolenic acid, 
and conjugated linoleic acid (CLA), affects glucose 
metabolism, the endocrine regulation of energy me-
tabolism and growth, and the intestinal development 
of neonatal calves. We studied calves from dams that 
received an abomasal infusion of 76 g/d coconut oil 
(CTRL; n = 9), 78 g/d linseed oil and 4 g/d safflower 
oil (EFA; n = 9), 38 g/d Lutalin (BASF SE) containing 
27% cis-9,trans-11 and trans-10,cis-12 CLA (CLA; n = 
9), or a combination of EFA and CLA (EFA+CLA; n 
= 11) during the last 63 d of gestation and early lac-
tation. Calves received colostrum and transition milk 
from their own dam for the first 5 d of life. Insulin-like 
growth factor (IGF)-I, leptin, and adiponectin concen-
trations were measured in milk. Blood samples were 
taken before first colostrum intake, 24 h after birth, 
and from d 3 to 5 of life before morning feeding to 
measure metabolic and endocrine traits in plasma. On 
d 3 of life, energy expenditure was evaluated by a bolus 
injection of NaH13CO3 and determination of CO2 ap-
pearance rate. On d 4, additional blood samples were 
taken to evaluate glucose first-pass uptake and 13CO2 
enrichment after [13C6]-glucose feeding and intravenous 
[6,6-2H2]-glucose bolus injection, as well as postprandial 
changes in glucose, nonesterified fatty acids (NEFA), 
insulin, and glucagon. On d 5, calves were killed 2 h 
after feeding and samples of small intestinal mucosa 
were taken for histomorphometric measurements. The 
concentrations of IGF-I, adiponectin, and leptin in milk 
decreased during early lactation in all groups, and the 
concentrations of leptin in first colostrum was higher in 

EFA than in CTRL cows. Plasma glucose concentra-
tion before first colostrum intake was higher in EFA 
calves than in non-EFA calves and was lower in CLA 
calves than in non-CLA calves. Plasma IGF-I concen-
tration was higher on d 1 before colostrum intake in 
EFA calves than in EFA+CLA calves and indicated an 
overall CLA effect, with lower plasma IGF-I in CLA 
than in non-CLA calves. Postprandial NEFA concen-
tration was lowest in EFA and CLA calves. The post-
prandial rise in plasma insulin was higher in EFA than 
in non-EFA calves. Plasma adiponectin concentration 
increased from d 1 to d 2 in all groups and was higher 
on d 3 in CLA than in non-CLA calves. Plasma leptin 
concentration was higher on d 4 and 5 in EFA than in 
non-EFA calves. Maternal fatty acid treatment did not 
affect energy expenditure and first-pass glucose uptake, 
but glucose uptake on d 4 was faster in EFA than in 
non-EFA calves. Crypt depth was lower, and the ratio 
of villus height to crypt depth was higher in the ilea of 
CLA than non-CLA calves. Elevated plasma glucose 
and IGF-I in EFA calves immediately after birth may 
indicate an improved energetic status in calves when 
dams are supplemented with EFA. Maternal EFA and 
CLA supplementation influenced postprandial meta-
bolic changes and affected factors related to the neona-
tal insulin response.
Key words: calf, essential fatty acids, conjugated 
linoleic acid, neonatal energy metabolism

INTRODUCTION

Due to their indispensability for mammalian growth 
and development, and mammals’ inability to synthesize 
them, linoleic acid (18:2 cis-9,cis-12) and α-linolenic 
acid (18:3 cis-9,cis-12,cis-15) are classified as essential 
fatty acids (EFA; Burr and Burr, 1930; Neuringer et 
al., 1986). These molecules serve as structural compo-
nents of membranes, acting as ligands that regulate 

Effect of maternal supplementation with essential fatty acids and conjugated 
linoleic acid on metabolic and endocrine development in neonatal calves
K. L. Uken,1  L. Vogel,1 M. Gnott,1 S. Görs,1 C. T. Schäff,1 A. Tuchscherer,1 A. Hoeflich,1  J. M. Weitzel,1   
E. Kanitz,1 A. Tröscher,2  H. Sauerwein,3  R. Zitnan,4 R. M. Bruckmaier,5  J. J. Gross,5  W. Liermann,1  
and H. M. Hammon1*  
1Leibniz Institute for Farm Animal Biology (FBN), 18196 Dummerstorf, Germany
2BASF SE, 68623 Lampertheim, Germany
3Institute of Animal Science, Physiology Unit, University of Bonn, 53115 Bonn, Germany
4Institute of Nutrition, Research Institute for Animal Production Nitra, National Agricultural and Food Center, 95141 Luzianky, Slovakia
5Veterinary Physiology, Vetsuisse Faculty, University of Bern, 3001 Bern, Switzerland

 

J. Dairy Sci. 104:7295–7314
https://doi.org/10.3168/jds.2020-20039
© 2021, The Authors. Published by Elsevier Inc. and Fass Inc. on behalf of the American Dairy Science Association®. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Received December 14, 2020.
Accepted January 22, 2021.
*Corresponding author: hammon@​fbn​-dummerstorf​.de

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Bern Open Repository and Information System (BORIS)

https://core.ac.uk/display/429691266?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://orcid.org/0000-0002-4877-7690
https://orcid.org/0000-0003-2018-2836
https://orcid.org/0000-0002-4073-6691
https://orcid.org/0000-0002-4198-4427
https://orcid.org/0000-0002-6905-4053
https://orcid.org/0000-0002-9374-5890
https://orcid.org/0000-0002-2578-6076
https://orcid.org/0000-0001-8698-1257
mailto:hammon@fbn-dummerstorf.de


7296

Journal of Dairy Science Vol. 104 No. 6, 2021

transcription factors, and they provide precursors to 
other molecules that modulate cell metabolism (e. g., 
in the neural cell during fetal maturation; Innis, 2005). 
Conjugated linoleic acids, which are predominantly 
formed in the rumen from EFA and also in the mam-
mary tissue of dairy cows (Bauman et al., 2000), can 
also act as ligands for transcription factors, modulate 
the synthesis of lipids (Moya-Camarena et al., 1999; 
Harris et al., 2001), and influence metabolic processes 
in dairy cows (Baumgard et al., 2000; Odens et al., 
2007; Hötger et al., 2013). The cow’s supply of these 
fatty acids has changed as a result of replacing pas-
ture and fresh grass with diets based on corn silage in 
modern dairy cow nutrition. Compared with pasture, 
corn silage provides high amounts of linoleic acid, but 
low amounts of α-linolenic acid (Ferlay et al., 2006). 
Furthermore, less CLA is synthesized in cows fed corn 
silage-based diets than in those fed a pasture or fresh 
grass diet (Kay et al., 2005; Couvreur et al., 2006). 
During gestation and via the intake of colostrum and 
milk, the maternal supply of EFA can be transferred 
to the calf (Garcia et al., 2014). The first results of the 
present study showed increased n-3 fatty acid and CLA 
concentrations, as well as decreased n​-6:​n​-3 fatty acid 
status in colostrum and in the blood plasma of calves 
when dams were supplemented with EFA (mainly n-3 
fatty acids provided by linseed oil) and CLA (cis-
9,trans-11 CLA and trans-10,cis-12 CLA) during late 
gestation and early lactation (Vogel et al., 2020; Uken 
et al., 2021).

The maternal supply of α-linolenic acid and linoleic 
acid can modulate development and the metabolic pro-
cesses in calves (Abuelo, 2020). For instance, maternal 
n-3 supplementation during gestation and lactation 
might improve intestinal glucose absorption by increas-
ing the number of intestinal glucose transporters, as 
has been shown in pigs (Gabler et al., 2007). However, 
in rats an elevated ratio of n-6 to n-3 in the maternal 
diet during gestation and lactation favored glucose up-
take in the jejunum of the offspring (Jarocka-Cyrta et 
al., 1998). Furthermore, calves fed milk replacer that 
provided increased amounts of linoleic and α-linolenic 
acid showed elevated growth performance, had higher 
glucose concentrations, and tended to have higher IGF-
I concentrations in plasma (Garcia et al., 2014). In 
contrast, Hill et al. (2009) and Esselburn et al. (2013) 
observed a linear decrease in serum glucose and urea in 
calves when intake of α-linolenic acid through linseed 
oil or commercial product was increased in the starter 
feed or milk replacer. Interestingly, n-3 fatty acid 
supplementation improved insulin sensitivity in cattle 
(Pires et al., 2008), and the gene expression of enzymes 
related to gluconeogenesis may be under the control of 
long-chain fatty acids (White et al., 2011). The treat-

ment of bovine kidney cells with EFA affected their 
energy metabolism and fatty acid oxidation (Boesche 
and Donkin, 2020), and α-linolenic acid treatment of 
bovine kidney cells increased the activity of pyruvate 
carboxylase promoter 1 (Boesche and Donkin, 2021), 
a key enzyme that regulates gluconeogenesis in cattle 
(Donkin, 2016). Furthermore, intestinal morphology 
might be affected by an enhanced maternal EFA supply 
during gestation and in the early postnatal phase, as 
demonstrated in the ilea of piglets whose dams received 
diets including linseed oil or lard (Boudry et al., 2009). 
Authors showed reduced villus growth and crypt depth 
in the ilea of piglets at birth when sows were fed linseed 
oil during gestation, resulting in elevated n-3 fatty acid 
status. In contrast, neonatal energy metabolism seems 
to be less affected by maternal CLA supply in cattle. 
Petzold et al. (2014) did not find a neonatal metabolic 
response when cows were fed 100 g/d CLA starting at 
3 wk before calving.

The present study aimed to investigate the effects 
of increased maternal supply of EFA and CLA during 
late gestation and early lactation on neonatal energy 
metabolism and intestinal mucosal growth in calves. 
We hypothesized that an enhanced maternal EFA and 
CLA supply would promote glucose metabolism, espe-
cially intestinal glucose uptake, by influencing endo-
crine factors related to energy metabolism, growth, and 
intestinal development in neonatal calves during their 
first 5 d of life.

MATERIALS AND METHODS

The experimental procedures were conducted ac-
cording to German animal-care guidelines and were 
approved by the authorities of Mecklenburg–West 
Pomerania, Germany (Landesamt für Landwirtschaft, 
Lebensmittelsicherheit und Fischerei; LALLF M-V/
TSD/7221.3–1-052/15).

Animals, Experimental Design, and Husbandry

The present study examined the offspring of 37 
German Holstein cows that were evaluated in a com-
prehensive experiment that investigated the effects of 
EFA and CLA during late pregnancy and early lacta-
tion (Vogel et al., 2020, 2021). The planned number of 
animals and group size were chosen to ensure a type I 
error probability of 0.05 and a type II error probability 
of 0.20 (i.e., power of 0.8). 

Briefly, dams received corn silage-based diets with a 
low EFA content, providing particularly low amounts 
of n-3 fatty acids (1.4 and 9.5 g of n-3 and n-6 fatty 
acids per kg of DM) from the middle of the second 
lactation (wk 22 antepartum) to the 3rd lactation (wk 
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9 postpartum). Dams were assigned to 1 of 4 treat-
ments based on milk yield and BW: the control group 
(CTRL), supplemented with 76 g/d coconut oil (Bio-
Kokosöl #665; Kräuterhaus Sanct Bernhard KG); the 
EFA group, supplemented with EFA in the form of 78 
g/d linseed oil (DERBY Leinöl #4026921003087; Der-
by Spezialfutter GmbH) and 4 g/d safflower oil (Gefro 
Distelöl; Gefro Reformversand Frommlet KG), provid-
ing a fatty acid ratio of 1:3 (n​-6:​n​-3) in the supplement 
mixture; the CLA group, supplemented with 38 g/d 
Lutalin (cis-9,trans-11 and trans-10,cis-12 CLA, 10 
g/d each; BASF SE); or the EFA+CLA group, which 
received a combination of the EFA and CLA supple-
ments (78 g/d linseed oil + 4 g/d safflower oil + 38 g/d 
Lutalin). As previously reported by Vogel et al. (2020), 
the CTRL supplement provided less than 1.4 g/d EFA. 
The EFA supplement provided 39.9 g/d α-linolenic 
acid and 14.9 g/d linoleic acid. To compensate for the 
vitamin E that naturally occurs in linseed oil, we added 
vitamin E to the CTRL and CLA supplements. Cows 
were fitted with rumen cannulas and abomasal infusion 
lines, and all supplements were applied via abomasal 
injection to avoid ruminal biohydrogenation. Fatty 
acids were infused using 60 mL catheter-tip syringes 
twice a day (2 equal portions) at 0700 and 1630 h. All 
supplements were liquified by heating to 38°C to allow 
infusion (Vogel et al., 2020). Supplementations started 
63 d before expected parturition and continued into 
early lactation. During the dry period, comprising the 
last 6 wk of gestation, the amount of supplement was 
halved. For technical reasons, the calving periods were 
subdivided into 5 consecutive blocks, with 7 to 8 calves 
born per block.

The experimental design of the calf study was re-
cently presented in detail in a companion paper (Uken 
et al., 2021). In total, 38 calves were investigated: 9 
in the CTRL group (5 male, 4 female), 9 in the EFA 
group (4 male, 5 female), 9 in the CLA group (1 male, 
8 female), and 11 in the EFA+CLA group (4 male, 
7 female; 9 single births and 1 pair of twins: 1 male, 
1 female). All calves were separated from their dam 
immediately after birth. During the experiment, which 
comprised their first 5 d of life, calves were housed in 
a climate-controlled room at 19°C in single boxes on 
straw bedding and with free access to water. The calves 
were fed colostrum and transition milk from their own 
dam. If the first colostrum quantity of a dam was insuf-
ficient, the required volume was replenished with colos-
trum from a cow in the same treatment group to ensure 
a consistent fatty acid supply within treatment groups; 
this happened 4 times (CTRL and EFA groups). First 
colostrum was fed 2.5 ± 1.7 h after birth on average. 
Calves were fed with nipple bottles, and calves that 
refused milk intake were tube-fed to ensure similar in-

take. Calves were fed colostrum from the first milking 
in amounts of 10% BW during the first 24 h after birth, 
divided into 2 meals. Colostrum from the second milk-
ing after calving was fed only if the amount of the first 
colostrum was not sufficient for the second meal. On d 
2 (24 h after birth and before beginning of d 3 of life), 
calves were fed transition milk from milking 3 after 
calving. Feed allowance was 6% of BW on d 2 to ensure 
that all calves received the same amount of transition 
milk before d 3 of life, irrespective of whether they 
were born in the morning or afternoon the day before. 
From d 3 onwards, the calves were fed transition milk 
from the 5th, 7th, and 9th milking after calving at 12% 
BW/d, divided into 2 meals (morning and evening). 
The exact nutrient intakes of the calves are presented 
in a companion paper (Uken et al., 2021) and reported 
in Supplemental Table S1 (https:​/​/​zenodo​.org/​record/​
4559652). Individual colostrum and transition milk 
samples from the daily morning and afternoon milkings 
were collected and stored at −20°C until analysis for 
IGF-I, leptin, and adiponectin.

Milk Analyses

Milk serum was obtained in defatted colostrum and 
transition milk by double centrifugation at 4°C (15 min 
at 1,000 × g). Then, the infranatant was centrifuged 
again (30 min at 20,000 × g). The resulting infranatant 
was used for IGF-I determination by RIA (Vicari et 
al., 2008). Intra- and interassay coefficients of variation 
(CV) for IGF-I RIA were less than 10 and 15%, respec-
tively. Adiponectin in milk was measured by ELISA 
(Mielenz et al., 2013; Kesser et al., 2015). The intra- 
and interassay CV were 8.0 and 9.3%, respectively. 
Milk leptin concentration was determined by ELISA 
(Sauerwein et al., 2004), and the intra- and interassay 
CV were 8.1 and 11.4%, respectively. Concentrations of 
IGF-I, adiponectin, and leptin in colostrum and transi-
tion milk in grams per kilogram were computed from 
concentrations in grams per liter by correcting for the 
density of milk from the respective milking, according 
to data from Madsen et al. (2004).

Blood Sampling and Analyses

Blood was sampled from the jugular vein by venipunc-
ture using evacuated tubes containing K3EDTA (1.2–2 
mg K3EDTA/mL) and sodium fluoride/potassium oxa-
late (2–4 mg/L sodium fluoride and 1–3 mg/L potas-
sium oxalate; Vacuette, Greiner Bio-One International 
GmbH, Kremsmünster, Austria) on d 1 and 2. From d 
3 on, blood was drawn from a catheter (Cavafix Certo 
with Splittocan, B. Braun Melsungen AG) inserted into 
the jugular vein; blood was collected in S-Monovette 
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tubes containing K3EDTA (1.6 mg/mL; Sarstedt AG 
and Co., Nümbrecht, Germany) and sodium fluoride/
potassium oxalate evacuated tubes (Greiner Bio-One 
International GmbH). Blood samples were placed on 
ice immediately after collection and subsequently cen-
trifuged at 1,565 × g and 4°C for 20 min. The obtained 
plasma aliquots were stored at −20°C until analysis.

Basal plasma samples were taken for analyses of 
glucose, fructose, lactate, total protein, urea, triglyc-
erides, nonesterified fatty acids (NEFA), BHB, insu-
lin, glucagon, cortisol, growth hormone, IGF-I, IGF 
binding proteins (IGFBP)-2, -3, and -4, adiponectin, 
and leptin before the first colostrum intake on d 1 and 
before feeding on d 2 to 5. On d 4, postprandial plasma 
concentrations of glucose, NEFA, insulin, glucagon, 
cortisol, and growth hormone were studied by means 
of hourly plasma samples taken during the first 10 h 
(metabolites) or 8 h (hormones) after the morning feed-
ing. For technical reasons, basal plasma samples were 
not collected on d 2 to 4, and postprandial sampling 
was not conducted in block 2.

Metabolites were analyzed in plasma containing sodi-
um fluoride and potassium oxalate using an automatic 
spectrophotometer (ABX Pentra 400; Horiba ABX) 
and the following kits: glucose (#A11A01667), lac-
tate (#A11A01721), and triglycerides (#A11A01640; 
Horiba ABX); BHB (#RB1008) and urea (#LT-UR 
0010; Labor + Technik Eberhard Lehmann GmbH); 
total protein (#553-412; MTI Diagnostics); and NEFA 
(#434-91795, #436–91995; Wako Chemicals). Fructose 
was analyzed in K3EDTA plasma from d 1 by HPLC as 
previously described (Metges et al., 2014).

Concentrations of insulin and glucagon were mea-
sured in plasma containing K3EDTA by RIA using cor-
responding kits (#RIA-1257, #RIA-1258; DRG Instru-
ments GmbH, Marburg, Germany) adapted to bovine 
samples (Hammon et al., 2009). The mean intra- and 
interassay CV were 6.5 and 11.8% for insulin and 6.25 
and 9.9% for glucagon, respectively. The revised quan-
titative insulin sensitivity check index (RQUICKI) 
was calculated according to the equation of Perseghin 
et al. (2001), 

	 RQUICKI = 1/[log (glucose in mg/dL) 	  

+ log (insulin in µU/mL) + log (NEFA in mmol/L)], 

to estimate insulin sensitivity as evaluated for cows by 
Holtenius and Holtenius (2007). Cortisol in K3EDTA 
plasma was analyzed by ELISA as previously reported 
(Gruse et al., 2016). The intra- and interassay CV were 
5.3 and 12.1%, respectively. Concentrations of growth 
hormone and IGF-I in K3EDTA plasma were measured 
by RIA according to Vicari et al. (2008). The intra- and 

interassay CV for both measurements were less than 
10 and 15%, respectively. Concentrations of IGFBP-2, 
-3, and -4 were analyzed in K3EDTA plasma by quan-
titative Western ligand blot analysis as described by 
Wirthgen et al. (2016) and Frieten et al. (2018). The 
intra- and interassay CV were less than 15 and 20%, 
respectively. Concentrations of adiponectin and leptin 
were determined in K3EDTA plasma by ELISA; intra- 
and interassay CV were 7.4 and 10.9% for leptin and 
9.7 and 12.7% for adiponectin, respectively (Sauerwein 
et al., 2004, Mielenz et al., 2013).

Determination of Energy Expenditure

The rate of appearance of CO2 was determined as an 
indirect measure of energy expenditure (Junghans et 
al., 2007). Thirty calves received an intravenous bolus 
of NaH13CO3 (1 mg/kg BW; 99 atom% 13C; Sigma-
Aldrich) dissolved in 9 mL of saline (0.9%) directly 
after the morning feeding. Blood samples were collected 
via catheter on d 3 of life, 15 and 5 min before and 
5, 7.5, 10, 15, 20, 30, 45, 60, 90, 120, 150, and 180 
min after tracer application using K3EDTA Monovettes 
(Sarstedt AG & Co). Whole blood was frozen shortly 
after sampling and stored at −20°C until analysis. The 
abundance of 13C in blood CO2 was determined accord-
ing to the protocol published by Junghans et al. (2007), 
but 500 µL of lactic acid was used to release CO2 from 
500 µL of whole blood. Values for 13C abundance in 
blood CO2 were converted to atom percent excess and 
corrected for the mean 13CO2 abundance in the blood 
at both time points before tracer application. Daily en-
ergy expenditure was calculated according to Junghans 
et al. (2007). The sum of 2 exponentials was applied to 
fit the kinetics of 13C enrichment, and nonlinear regres-
sion analysis was conducted as reported by Kaufmann 
et al. (2011). A recovery factor of 0.81, as published by 
Junghans et al. (2007), was chosen to take into account 
incomplete 13C recovery from blood. A respiratory quo-
tient of 0.76 was applied based on respiration chamber 
measurements in 2-day-old calves during the first 3 h 
after milk feeding (Liermann et al., 2020).

First-Pass Uptake of Glucose

The first-pass uptake [i.e., the proportion of orally 
ingested glucose used by the intestine and liver 
(splanchnic tissue) when it passes the splanchnic tissue 
for the first time] was determined in a tracer study as 
described earlier (Schönhusen et al., 2013) and modi-
fied according to Gruse et al. (2015). The tracer study 
was conducted on d 4 and included 29 calves. Briefly, 
an oral bolus dose of [13C6]-glucose (10 mg/kg BW; 99 
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atom% 13C; Cambridge Isotope Laboratories, Inc.) dis-
solved in 9 mL of saline (0.9%) and D(+)-xylose (0.5 g/
kg BW; 99% xylose; Carl Roth GmbH + Co. KG) was 
mixed with 100 mL of milk and fed to the calves. After 
application of the oral tracer, an intravenous bolus dose 
of [6,6-2H2]-glucose (5 mg/kg BW; 99 atom% 2H; Sigma-
Aldrich) dissolved in 9 mL of saline was injected via the 
jugular vein catheter; the catheter was then thoroughly 
purged with 20 mL of saline. Directly after tracer ap-
plication, the residual morning meal was given. Plasma 
samples for analyses of [13C6]- and [6,6-2H2]-glucose were 
taken 15 and 5 min before and 5, 15, 30, 45, 60, 90, 120, 
150, 180, 240, 360, 480, 600, and 1,440 min after tracer 
application by catheter using lithium heparinized tubes 
(12–13 IU heparin/mL; Vacuette; Greiner Bio-One 
International GmbH). Whole blood was collected for 
measurement of 13CO2 enrichment in tubes containing 
K3EDTA. The samples were taken 15 and 5 min before 
and 60, 120, 150, 180, 210, 240, 300, 360, 480, 600, and 
1,440 min after tracer application. For xylose analysis, 
plasma samples were taken 15 min before and 60, 120, 
180, 240, 300, 360, 420, 480, and 1,440 min after xylose 
application in tubes containing K3EDTA. Whole blood 
and plasma samples were stored at −20°C until analy-
sis. Xylose concentration in plasma was determined 
spectrophotometrically as previously reported (Gruse 
et al., 2015). The enrichment of [13C6]- and [6,6-2H2]-
glucose in plasma was determined by GC-MS as previ-
ously described (Junghans et al., 2010). Mean natural 
abundances in both samples taken before application 
of the tracer were defined as basal tracer abundance. 
The rate of appearance of orally and intravenously ad-
ministered glucose were determined according to the 
equations of Junghans et al. (2007), and from these the 
fractional first-pass uptake was calculated as described 
by Gruse et al. (2015) based on the area under the 
enrichment curves (AUC; mole percent excess · min). 
The enrichment of 13C in blood CO2 was analyzed as 
a measure for glucose oxidation as previously reported 
(Junghans et al., 2007; Gruse et al., 2015), and the 
mean abundance of both samples taken before tracer 
application was used as the basal value.

Sampling and Analyses of Tissues

Calves were slaughtered 2 h after feeding on d 5 of 
life, with the exception of 3 calves, which were slaugh-
tered on d 6 for technical reasons (2 calves from group 
EFA+CLA and 1 calf from group CLA). The weights 
of the liver, kidney, pancreas, spleen, and thymus were 
recorded. For morphometric measurements, pieces of 
the duodenum, mid jejunum, and ileum were sampled, 
rinsed with saline (0.9%), fixed in Histofix (4% form-
aldehyde solution; Carl Roth GmbH + Co. KG), and 

stored at 4°C until analysis. Morphometric measure-
ments of the small intestine (villus circumference, vil-
lus cut surface area, villus height, and crypt depth) 
were conducted as previously published by Schäff et al. 
(2018) based on the protocol of Zitnan et al. (2008). 
Ten images were taken from each segment, and 30 villi 
and crypts were measured from each segment. The ac-
curacy of 30 villi was tested in previous studies; the CV 
for measurements in the intestine could be reduced to 
less than 20% if at least 30 villi and crypts were evalu-
ated (Blättler et al., 2001).

Statistical Analyses

Statistical analyses were performed using SAS for 
Windows (version 9.4; SAS Institute Inc.) using the 
MIXED procedure. The applied model included the 
EFA (yes, no) and CLA (yes, no) treatments, time (d 
relative to calving or min after feeding), block (1 to 
5), sex, and their respective interactions (EFA × CLA; 
EFA × time; CLA × time; EFA × CLA × time) as 
fixed effects. The duration of maternal supplementa-
tion and gestation length were included as covariates. 
For analyses of milk compounds, the model included 
the treatments EFA (yes, no) and CLA (yes, no), time 
(milking relative to parturition), block (1 to 5), and 
their respective interactions (EFA × CLA; EFA × 
time; CLA × time; EFA × CLA × time) as fixed effects 
and the duration of maternal supplementation and 
gestation length as covariates. Gut morphometry was 
analyzed using a model including the treatments EFA 
and CLA, gut segment (duodenum, jejunum, ileum), 
block, sex, and their interactions (EFA × CLA; EFA × 
gut segment; CLA × gut segment; EFA × CLA × gut 
segment) as fixed effects. The REPEATED statement 
was used to take into account repeated measures on the 
same calf. For measurements conducted only once per 
animal (e.g., plasma fructose; AUC for xylose, 13CO2, 
[13C6]-glucose, and [6,6-2H2]-glucose enrichments; first-
pass uptake; rate of appearance of orally administered 
glucose; rate of appearance of intravenously adminis-
tered glucose; energy expenditure; and organ weights) 
a model including the EFA and CLA treatment, block, 
and sex as fixed effects and the calf as random effect 
was used. The Tukey–Kramer test was applied to ana-
lyze pairwise differences of least squares means (LSM). 
Partitioned analyses of the LSM for interactions were 
conducted using the SLICE statement of the MIXED 
procedure. Results are presented as LSM ± standard 
error (SE) unless otherwise stated. Effects were con-
sidered significant at P < 0.05. For analysis of the 
relationship between metabolite and hormone concen-
trations in maternal and calf plasma, Spearman’s rank 
correlation was applied using the CORR procedure of 
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SAS. Correlations were regarded as significant at P < 
0.05.

RESULTS

Concentration in Milk and Daily Intake of IGF-I, 
Adiponectin, and Leptin

Findings for nutrient content in colostrum and tran-
sition milk, as well as nutrient intake, were recently 
published in a companion paper (Uken et al., 2021), 
and nutrient intake is presented in Supplemental Table 
S1 (https:​/​/​zenodo​.org/​record/​4559652). The concen-
trations of IGF-I, adiponectin, and leptin in milk de-
creased (P < 0.001) during early lactation in all groups 
(Table 1). The concentrations of IGF-I in colostrum 
and transition milk were similar among the groups. The 
concentrations of adiponectin tended to be affected by 
maternal CLA supply (P = 0.09), with a higher concen-
tration in milking 1 (first colostrum) in the EFA+CLA 
group than in the CTRL group (P = 0.04) and a higher 
concentration in milking 2 in the CLA group than in 
the CTRL, EFA, and EFA+CLA groups (P < 0.01). 
The leptin concentration in milking 1 (first colostrum) 
was higher in the EFA group than in the CTRL group 
(P = 0.03) but remained similar afterward.

The intake of IGF-I did not differ among the groups 
during the first 5 d of life (Table 1). The intake of adi-
ponectin on d 1 was higher (P < 0.001) in CLA calves 
than in non-CLA calves (LSM ± SE for CLA = 7.66 ± 
0.31 mg/kg BW and for non-CLA = 6.22 ± 0.50 mg/
kg BW) and higher (P = 0.04) in CLA calves than in 
CTRL calves. The intake of leptin on d 1 was higher in 
EFA and CLA calves than in CTRL calves (P < 0.05).

Metabolites and Hormones in Basal Blood Samples

Plasma glucose concentrations directly after birth 
and before first colostrum intake were higher in EFA 
calves than in CTRL and CLA calves (P < 0.05; Table 
2). Plasma glucose on d 1 was higher (P < 0.05) in EFA 
calves than in non-EFA calves (LSM ± SE for EFA = 
5.62 ± 0.43 mmol/L and for non-EFA = 4.03 ± 0.49 
mmol/L), and was lower (P < 0.05) in CLA calves than 
in non-CLA calves (LSM ± SE for CLA = 4.38 ± 0.44 
mmol/L and for non-CLA = 5.27 ± 0.48 mmol/L). The 
basal plasma glucose increased distinctly (P < 0.05) 
from d 1 to d 2 of life in non-EFA calves and remained 
unchanged until d 5 of life. Plasma fructose was mea-
surable only on d 1 of life and did not differ among the 
groups.

Plasma lactate concentrations decreased (P < 0.001) 
from d 1 to d 2 in all groups but indicated no treatment 
effects. Plasma BHB concentrations were highest on d 3 

of life in all calves, and maternal CLA supplementation 
tended to affect BHB (P = 0.08), with lower concentra-
tions in the CLA group than in the CTRL group on d 
4 (P < 0.01). Plasma concentrations of total protein 
increased (P < 0.001) from d 1 to d 2 in all groups and 
were higher on d 2 (P = 0.01) in CLA calves than in 
non-CLA calves. Plasma urea concentrations increased 
(P < 0.001) from d 1 to d 4 and decreased (P < 0.001) 
afterward up to d 5 of life in all groups. Calves in the 
EFA group tended to have lower urea concentrations 
(P = 0.05) than non-EFA calves on d 2 of life (LSM ± 
SE for EFA = 3.63 ± 0.77 mmol/L and for non-EFA = 
5.21 ± 0.86 mmol/L). Plasma concentrations of triglyc-
erides increased (P < 0.05) and NEFA decreased (P < 
0.001) after birth in all groups, but neither metabolite 
showed treatment effects until d 5 of life.

Basal plasma insulin concentrations did not change 
with time and were not affected by treatment (Table 
2). Plasma concentrations of glucagon increased (P < 
0.001) after birth in all groups and on d 2 were lower (P 
< 0.05) in EFA calves compared with non-EFA calves 
(LSM ± SE for EFA = 201.3 ± 29.3 ng/L and for 
non-EFA = 287.2 ± 30.3 ng/L). The ratio of glucagon 
to insulin on d 2 was lower (P = 0.03) in EFA calves 
than in non-EFA calves (LSM ± SE for EFA = 0.82 
± 0.28 and for non-EFA = 1.59 ± 0.30). The ratio 
of glucose to insulin did not respond to the different 
treatments of the dams. However, the RQUICKI in-
dex on d 1 was higher (P < 0.05) in the CLA calves 
than in the non-CLA calves (LSM ± SE for CLA = 
0.50 ± 0.03 and for non-CLA = 0.41 ± 0.03). Plasma 
cortisol concentrations decreased (P < 0.05) and 
plasma growth hormone concentrations increased (P 
< 0.05) after birth, but the plasma concentrations of 
both hormones were not affected by maternal fatty 
acid supplementation. Plasma IGF-I concentrations 
decreased after birth, were higher (P < 0.05) on d 1 
of life in EFA calves than in EFA+CLA calves, and 
indicated an overall CLA effect (P < 0.05), with lower 
plasma IGF-I in CLA calves than in non-CLA calves 
throughout the study (LSM ± SE for CLA = 114.1 
± 14.7 µg/L and for non-CLA = 139.2 ± 15.9 µg/L). 
Plasma concentrations of IGFBP-3 increased from d 
1 to 2 in all groups except for the CTRL group (P < 
0.01), and higher concentrations were observed on d 2 
in EFA calves than in non-EFA calves (P = 0.04; LSM 
± SE for EFA = 2,240 ± 179 µg/L and for non-EFA 
= 1,868 ± 202 µg/L). Ratios of IGFBP-3 to IGFBP-2 
in plasma increased (P < 0.001) from d 1 to d 2, and 
ratios were higher (P < 0.05) on d 2 in EFA calves than 
in EFA+CLA calves. Plasma IGFBP-4 concentrations 
increased (P < 0.05) from d 1 to d 2 in all groups and 
remained elevated until d 5 but did not show effects 
with respect to maternal fatty acid treatment. Plasma 
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adiponectin concentrations increased (P < 0.001) from 
d 1 to d 2 in all groups, remained elevated throughout 
the study, and were higher (P = 0.03) on d 3 in CLA 
calves than in non-CLA calves (LSM ± SE for CLA = 
14.4 ± 1.1 mg/L and for non-CLA = 12.0 ± 1.1 mg/L). 
Plasma concentrations of leptin increased from d 1 to 
2 in calves from the EFA and EFA+CLA groups (P < 
0.05) and were higher (P < 0.05) on d 4 and 5 in EFA 
calves than in non-EFA calves (LSM ± SE on d 4 for 
EFA = 4.82 ± 0.63 µg/L and for non-EFA = 3.49 ± 
0.71 µg/L; on d 5 for EFA = 4.79 ± 0.60 µg/L and for 
non-EFA = 3.50 ± 0.69 µg/L).

Plasma concentrations of glucose in calves before first 
colostrum intake were positively correlated with plasma 
insulin (r = 0.32; P = 0.05) and maternal plasma glu-
cose at parturition (r = 0.37; P < 0.05). Plasma con-
centrations of fructose in calves before first colostrum 
intake were positively correlated with plasma insulin (r 
= 0.51; P < 0.01) and leptin (r = 0.54; P < 0.001), and 
plasma insulin was positively correlated with plasma 
leptin (r = 0.36; P < 0.05). Plasma concentrations of 
IGF-I in the calves before first colostrum intake were 
negatively correlated with plasma lactate (r = −0.34; P 
< 0.05) and positively correlated with maternal plasma 
IGF-I at parturition (r = 0.36; P < 0.05); maternal 
plasma IGF-I concentrations were negatively correlated 
with plasma urea in calves at birth (r = −0.57; P < 
0.001). Plasma concentrations of adiponectin in calves 
before first colostrum intake were negatively correlated 
with maternal plasma concentrations of glucose and 
insulin at parturition (r = −0.36 and −0.34; P < 0.05, 
respectively).

Postprandial Changes in Metabolites  
and Hormones on d 4

Plasma concentrations of glucose increased after 
feeding in all groups except for the CTRL group (P < 
0.05; Figure 1A). Basal glucose levels were exceeded 60 
min after feeding in the EFA and EFA+CLA groups 
and 120 min after feeding in the CLA group (P < 0.05). 
Plasma concentrations of lactate were lower in the EFA 
group than in the EFA+CLA group at 600 min after 
feeding (P < 0.05; Supplemental Figure S1A, https:​/​/​
zenodo​.org/​record/​4559652). Plasma NEFA concentra-
tions decreased (P < 0.05) after feeding in all groups 
except the CTRL group (Figure 1B). Plasma NEFA 
concentrations were lower (P < 0.05) in the EFA group 
than in the CTRL group at 120 and 300 min after 
feeding and were lower (P < 0.05) in the CLA group 
than the CTRL group at 240 min after feeding. Plasma 
NEFA concentrations were higher (P < 0.05) at 60 min 
after feeding in CLA calves than in non-CLA calves. 
Postprandial plasma concentrations of triglycerides and 
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urea resembled basal levels and were similar between 
groups (Supplemental Figure S1B, C).

Plasma insulin concentrations increased (P < 0.01) 
after feeding in all groups (Figure 2A). Plasma insulin 
was higher (P < 0.05) 60 min after feeding in the EFA 
group than in the CLA group and 120 min after feed-
ing in the EFA+CLA group than in the CTRL group. 
Plasma concentrations of glucagon decreased only in 
the calves of the EFA group 60 min after feeding (P 
< 0.01; Figure 2B). Ratios of glucose to insulin and 
glucagon to insulin decreased (P < 0.001) immediately 
after feeding, and the ratio of glucose to insulin was 
lower (P < 0.01) in EFA calves than in non-EFA calves 
at 420 min after feeding. The ratio of glucagon to in-
sulin was higher (P < 0.05) at 360 min in CLA calves 
than in non-CLA calves, and it was lower (P < 0.05) at 
420 min after feeding in EFA calves than in non-EFA 
calves (Supplemental Figure S2A, B: https:​/​/​zenodo​
.org/​record/​4559652). Plasma cortisol concentrations 
decreased (P < 0.05) after feeding in all groups ex-
cept the CTRL group and were higher (P < 0.05) at 
300 min after feeding in the EFA group than in the 
CTRL group (Supplemental Figure S2C). Postprandial 
concentrations of growth hormone in plasma remained 
unchanged, but plasma growth hormone was higher 
(P < 0.05) at 60 and 120 min in EFA calves than in 
non-EFA calves (Supplemental Figure S3A). At 60 min 
after feeding, plasma growth hormone was higher in the 
EFA+CLA group than in the CTRL group (P = 0.04), 
and after 240 min, it was higher in the CLA group 
than in the EFA+CLA and CTRL groups (P < 0.05). 
Compared with the basal values, plasma adiponectin 
or leptin concentrations did not show postprandial 
changes (Supplemental Figure S3B, C). However, plas-
ma adiponectin indicated an overall CLA effect, with 
higher concentrations at 60, 120, 240, and 300 min after 
feeding in CLA calves than in non-CLA calves.

Energy Expenditure and First-Pass  
Uptake of Glucose

Energy expenditure on d 3 was (LSM ± SE) 803 ± 
93, 910 ± 77, 775 ± 78, and 805 ± 74 kJ/d × kg BW0.75 
in the CTRL, EFA, CLA, and EFA+CLA calves, re-
spectively, but did not differ among groups. Plasma 
concentrations of xylose increased in all groups after 
feeding and were lower in EFA calves than in non-EFA 
calves at 360 and 420 min after oral xylose adminis-
tration (P < 0.05; Figure 3A). Nevertheless, the AUC 
of plasma xylose concentration was similar among the 
groups (LSM ± SE; 1,866 ± 80, 1,661 ± 64, 1,669 ± 
66, and 1,704 ± 61 mmol/L × min for the CTRL, EFA, 
CLA, and EFA+CLA groups, respectively). Enriched 
[13C6]-glucose levels exceeded basal values after feeding 

in all groups (P < 0.05; Figure 3B). Moreover, [13C6]-
glucose enrichment at 15 and 30 min after feeding was 
higher in EFA calves than in non-EFA calves (P < 
0.05), and [13C6]-glucose enrichment at 5 and 15 min 
after feeding was higher (P < 0.05) in the EFA+CLA 
group than in the CLA group. Nevertheless, the rate 
of appearance of orally administered glucose, the rate 
of appearance of intravenously administered glucose, 
and first-pass uptake with or without correction for 
xylose absorption were similar among groups (Table 3). 
Enrichment of 13CO2 in blood at 360 min after feeding 

Uken et al.: MATERNAL FATTY ACID SUPPLY IN CALVES

Figure 1. Postprandial concentrations of (A) glucose and (B) non-
esterified fatty acids (NEFA) on d 4 of life in the plasma of calves 
whose dams were supplemented with coconut oil (CTRL; ○; n = 6; 1 
calf was excluded due to fever), linseed and safflower oil (EFA; ▲; n 
= 7), Lutalin (BASF SE; CLA; cis-9,trans-11 and trans-10,cis-12; ▼; 
n = 8), or EFA and CLA (EFA+CLA; ♦; n = 8). Data are presented 
as LSM and SE. Different letters (a, b) represent significant differ-
ences among groups at the same time point (P < 0.05). X indicates 
significant differences between EFA and non-EFA calves; Y indicates 
significant differences between CLA and non-CLA calves. Significant 
effects (P < 0.05) for glucose (time, EFA × time, and CLA × time 
interactions) and NEFA (EFA × CLA interaction and time).

https://zenodo.org/record/4559652
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tended to be lower in EFA calves than in non-EFA 
calves (P = 0.06; Figure 3C), whereas the AUC for 
13CO2 was similar irrespective of maternal treatment.

Organ Development

The weights of the liver, kidney, pancreas, spleen, 
and thymus were similar among groups (Supplemental 
Table S2, https:​/​/​zenodo​.org/​record/​4559652). Mater-
nal fatty acid supplementation did not affect the villus 
size of the small intestine (Table 4). However, crypt 
depth in the ileum was lower in CLA calves than in 
non-CLA calves (P = 0.03; LSM ± SE for CLA = 249 
± 3.5 µm and for non-CLA = 255 ± 3.8 µm). Conse-
quently, the ileal ratio of villus height to crypt depth 
was higher in CLA calves than in non-CLA calves (P = 
0.04; LSM ± SE for CLA = 2.25 ± 0.06 and for non-
CLA = 2.14 ± 0.06).

DISCUSSION

Metabolic and Endocrine Changes at Birth

In a companion paper, we recently showed that 
changing the maternal supply of EFA and CLA during 
late gestation and early lactation affected plasma fatty 
acid concentrations in calves around birth (Uken et al., 
2021). Elevated maternal and fetal n-3 fatty acid status 
resulted in increased plasma glucose concentrations in 
calves immediately after birth. Because fetal endog-
enous glucose production is low and calves are often 
born in a hypoglycemic state, maternal EFA treatment 
might have improved neonatal glucose status at birth 
(Fowden et al., 2009; Hammon et al., 2012). Although 
plasma glucose concentration immediately after birth 
was positively correlated with maternal plasma glucose, 
maternal plasma glucose concentration was not affected 
by fatty acid treatments at parturition (Vogel et al., 
2021). We speculate that maternal EFA treatment may 
have facilitated placental glucose transport during late 
pregnancy. However, we did not investigate placental 
glucose transport in the present study. In the literature, 
a detrimental effect of maternal PUFA administration 
on placental glucose transport was described in rats 
(Shrestha et al., 2020). In contrast, the prevalence of 
placental glucose transporters increased with gestation-
al age in sheep (Ehrhardt and Bell, 1997), and the ges-
tation length tended to be increased in dams receiving 
EFA compared to dams without EFA supplementation 
(Uken et al., 2021). Additional studies are needed to 
investigate the effects of maternal EFA supplementa-
tion on placental glucose metabolism in dairy cows. 
The disappearance of fructose in blood plasma after 
birth in the present study supports previous findings 
of elevated plasma fructose in bovine fetuses that was 

largely metabolized after birth (Kurz and Willett 1992; 
Tyler and Ramsey, 1993). However, in our study ma-
ternal EFA and CLA supplementation did not affect 
plasma fructose levels in the calves at birth.

Although we found no effect of maternal fatty acid 
treatment on birth weight, maternal EFA supplementa-
tion alone during late gestation resulted in increased 
plasma IGF-I concentrations in the calves at birth. The 
somatotropic axis does not control fetal growth, but 
IGF-I is an important growth factor that stimulates 
growth and organ development in the fetus (Breier et 
al., 2000; Gluckman and Pinal, 2003). Because glucose 
is a main driver of fetal IGF-I (Gluckman and Pinal, 

Uken et al.: MATERNAL FATTY ACID SUPPLY IN CALVES

Figure 2. Postprandial concentrations of (A) insulin and (B) glu-
cagon on d 4 of life in the plasma of calves whose dams were supple-
mented with coconut oil (CTRL; ○; n = 6; 1 calf was excluded due to 
fever), linseed and safflower oil (EFA; ▲; n = 7), Lutalin (BASF SE; 
CLA; cis-9,trans-11 and trans-10,cis-12; ▼; n = 8), or EFA and CLA 
(EFA+CLA; ♦; n = 8). Data are presented as LSM and SE. Different 
letters (a, b) represent significant differences among groups at the 
same time point (P < 0.05). X indicates significant differences between 
EFA and non-EFA calves (P < 0.05). Significant effects (P < 0.05) 
for insulin (time and CLA × time interaction) and glucagon (time).

https://zenodo.org/record/4559652
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Figure 3. (A) Postprandial concentrations of xylose in plasma, (B) 
enrichment of [13C6]-glucose in plasma, and (C) enrichment of 13CO2 in 
blood on d 4 of life in calves whose dams were supplemented with coco-
nut oil (CTRL; ○; n = 6; 1 calf was excluded due to fever), linseed and 
safflower oil (EFA; ▲; n = 7), Lutalin (BASF SE; CLA; cis-9,trans-11 
and trans-10,cis-12; ▼; n = 8; 1 calf was excluded from statistical 
analyses of [13C6]-glucose due to technical difficulties), or EFA and 
CLA (EFA+CLA; ♦; n = 8). Data are presented as LSM and SE. 
Different letters (a, b) represent significant differences among groups 
at the same time point (P < 0.05). X indicates significant differences 
between EFA and non-EFA calves (P < 0.05). Significant effects (P < 
0.05) for xylose (time), enrichment of [13C6]-glucose (time and EFA × 
time interaction), and 13CO2 (time). MPE = mole percent excess; APE 
= atom percent excess.
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2003), the elevated plasma glucose concentrations we 
found in EFA calves could have been responsible for 
the higher plasma IGF-I concentrations in those calves. 
However, CLA treatment in our study indicated an 
inhibition of the EFA effect on plasma IGF-I. Previ-
ous studies in growing rats indicated that CLA might 
reduce plasma IGF-I levels, and that the combination 
of n-3 fatty acid and CLA supplementation could re-
duce concentrations of IGFBP-3, which probably de-
creased IGF-I binding capacity in blood plasma (Li et 
al., 1999). Plasma IGFBP-3 might also affect IGF-I 
levels in neonatal calves, but IGFBP-3 concentrations 
did not differ immediately after birth among groups in 
the present study. Furthermore, fetal plasma glucose 
stimulates plasma insulin (Oliver et al., 1996), and our 
data indicated a positive relationship between plasma 
concentrations of glucose and insulin in calves at term. 
However, we found no treatment effect of maternal EFA 
supplementation on plasma insulin in the calves imme-
diately after birth. Interestingly, we found a significant 
overall negative correlation between maternal plasma 
IGF-I and plasma urea in calves at birth. Decreased 
plasma urea in calves might indicate reduced amino 
acid degradation and elevated fetal protein synthesis. 
We could not determine from this study whether ma-
ternal IGF-I affects fetal protein metabolism, but stud-
ies in sheep showed an effect of maternal nutritional 
status on insulin and IGF-I-induced protein synthesis 
in the fetus (Shen et al., 2005).

Plasma glucose concentrations immediately after 
birth were reduced and the RQUICKI was increased by 
maternal CLA treatment, indicating improved insulin 
sensitivity in calves when dams received CLA during 
late gestation (Holtenius and Holtenius, 2007). How-
ever, this result must be confirmed in further studies, 
because the effect of CLA on insulin sensitivity is not 
clear and depends on the specific CLA isomer (Taylor 
and Zahradka, 2004). Previous studies have indicated 
no increased insulin sensitivity (RQUICKI) with CLA 
treatment in cattle (Singh et al., 2014) but elevated 
insulin resistance in rats and humans (Risérus et al., 
2002; Bezan, et al., 2018).

Metabolic and Endocrine Changes Caused  
by Colostrum and Transition Milk Intake

First colostrum milking contained high concentra-
tions of IGF-I, leptin, and adiponectin, and all of those 
decreased with the onset of lactation, in accordance 
with previous findings (Blum and Hammon, 2000; Blum 
and Baumrucker, 2008; Kesser et al., 2015; Palin et al., 
2017). Previous studies in cattle indicated no intestinal 
absorption of colostral IGF-I and insulin (Grütter and 
Blum, 1991; Vacher et al., 1995; Hammon and Blum, 

1997), but an absorption of colostral IGFBP-4 was 
recently discussed in neonatal calves, and IGFBP-4 is 
enriched in bovine colostrum (Blum and Baumrucker, 
2008; Meyer et al., 2017; Liermann et al., 2020). In 
addition, leptin and adiponectin were absorbed from 
colostrum in neonatal calves (Kesser et al., 2015, 2017; 
Liermann et al., 2020), and leptin was absorbed from 
colostrum in neonatal pigs (Palin et al., 2017). The rel-
evance of the different behaviors of colostral endocrine 
factors for the maturation of newborn calves is not clear 
and is the subject of further investigation. Adiponectin 
and leptin from colostrum may affect intestinal devel-
opment (Palin et al., 2017) and insulin sensitivity and 
responses in neonates (Havel, 2002; Palou et al., 2018; 
Liermann et al., 2020). In the present study, maternal 
fatty acid supplementation seemed to have no effect on 
the absorption of colostral endocrine factors, although 
we found slight stimulatory effects of EFA and CLA 
treatment on leptin and adiponectin concentrations in 
the first colostrum after parturition.

Nutrient intake with colostrum and transition milk 
feeding has been described in detail in a companion pa-
per (Uken et al., 2021). Plasma total protein increased 
in all groups to more than 52 g/L, indicating sufficient 
immunoglobulin supply in all groups (Atkinson et al., 
2017). The elevated plasma total protein concentration 
on d 2 of life in CLA calves was not a result of en-
hanced IgG absorption, because plasma IgG concentra-
tions on d 2 of life did not differ among the calves (K. 
L. Uken, E. Trevisi, and H. M. Hammon, unpublished 
observations). In contrast, EFA calves with low plasma 
total protein concentrations showed corresponding 
low plasma urea concentrations on d 2 of life. Because 
protein intake and IgG absorption were not different 
among groups but plasma IGF-I was elevated in EFA 
calves, this finding might indicate enhanced protein 
accretion in the EFA calves, because IGF-I stimulates 
protein synthesis in cattle (Breier et al., 2000; Hammon 
et al., 2012).

Basal plasma NEFA decreased and plasma triglycer-
ides increased during the first days of life but did not 
indicate treatment effects of maternal fatty acid supple-
mentation, although fat content in the colostrum on d 
1 was highest in the CTRL dams. The slight increase in 
plasma NEFA from d 2 to d 3 of life in all groups was 
probably due to the low feed intake on d 2 to equal-
ize the milk quantities between individual calves and 
adjust the milk feeding to 2 meals per d in the morning 
and evening from d 3 onward (Uken et al., 2021).

Changes in the basal plasma concentrations of glu-
cose, lactate, and BHB during the first 5 d of life cor-
responded to the findings of previous studies in calves 
(Hammon and Blum, 1998; Frieten et al., 2017). The 
lower plasma BHB concentrations on d 4 in the CLA 
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calves is hard to explain because BHB concentrations 
are generally very low in neonatal calves without a 
functional rumen (Frieten et al., 2017); these findings 
might indicate lower ketone body production in the 
livers of CLA calves. In contrast, the higher BHB con-
centrations in CTRL calves than in CLA calves on d 
4 could be the result of increased oxidation of medium 
chain fatty acids from the coconut oil supplement given 
to the CTRL dams (Sato, 1994; Garcia et al., 2014). 
Although we found no effect on plasma glucose on d 2, 
the lower plasma glucagon concentrations and ratio of 
glucagon to insulin in EFA calves might have induced 
lower endogenous glucose production in those calves. 
Glucagon stimulates endogenous glucose production in 
calves (Hammon et al., 2012). A possible greater ab-
sorption of glucose from colostrum, as discussed below 
and shown in previous studies (Steinhoff-Wagner et al., 
2011; Gruse et al., 2015), may have reduced the need 
for endogenous glucose production in the EFA calves.

Postprandial plasma glucose concentrations and glu-
cose turnover, as well as first-pass uptake in splanch-
nic tissue, were not affected by maternal fatty acid 
supplementation at d 4 of life. The first-pass uptake 
of glucose decreased during the first week of life in 
neonatal calves, and our findings were within the previ-
ously published ranges (Steinhoff-Wagner et al., 2011; 
Gruse et al., 2015). The oral tracer study indicated 
faster [13C6]-glucose absorption during the first 30 min 
after feed intake in EFA calves. Interestingly, plasma 
glucose also reached its postprandial peak earlier in 
the EFA group than in all other groups. We can only 
speculate that maternal EFA supplementation may 
have influenced intestinal glucose absorption in calves. 
Previous findings in pigs indicated elevated intestinal 
glucose absorption when sows were supplemented with 
n-3 fatty acids (Gabler et al., 2007). An EFA deficiency 
resulted in impaired intestinal lactose digestion in mice 
(Lukovac et al., 2008). Furthermore, increased intake of 
n-3 fatty acids instead of monounsaturated or saturated 
fatty acids accelerated gastric emptying in women 
(Robertson et al., 2002). Thus, we cannot exclude the 
possibility that gastric emptying in the EFA calves was 
faster, allowing earlier absorption of the ingested glu-
cose and higher plasma glucose concentrations shortly 
after feeding.

Although lactose intake (Uken et al., 2021; Supple-
mental Table S1, https:​/​/​zenodo​.org/​record/​4559652) 
and postprandial plasma glucose levels did not differ 
among groups on d 4, the postprandial peak of plasma 
insulin was highest in the EFA and EFA+CLA calves. 
Because the ratio of glucose to insulin in plasma did not 
differ immediately after milk intake among the groups 
on d 4 (Supplemental Figure S2A, https:​/​/​zenodo​.org/​
record/​4559652), the greater insulin rise in plasma in 

the EFA and EFA+CLA calves might have been the 
consequence of elevated glucose absorption shortly after 
feeding. Plasma xylose, which is absorbed by the same 
intestinal route as glucose (Scharrer and Grenacher, 
2000), did not differ among the groups at 60 and 120 
min after milk intake. Morphometric measurements in 
the small intestine did not indicate differences in small 
intestinal absorptive capacity as a result of maternal 
fatty acid supplementation. The elevated ratio of villus 
height to crypt cell in the ileum of CLA calves might 
indicate enhanced intestinal maturation in the ileum 
due to maternal CLA treatment but was not related to 
intestinal glucose absorption in calves (Blättler et al., 
2001; Steinhoff-Wagner et al., 2014). The decrease in 
plasma xylose after 360 min was faster in EFA calves 
than in CTRL calves. The xylose decrease in blood 
plasma might have started earlier in EFA calves because 
of faster xylose absorption, but plasma xylose also may 
have indicated an effect of maternal EFA supplementa-
tion on the xylose clearance rate in calf plasma.

Whole-body energy expenditure in calves as mea-
sured by NaH13CO3 was not affected by maternal fatty 
acid supplementation. With respect to postprandial 
energy metabolism, plasma NEFA levels did not de-
crease after feeding in CTRL calves on d 4, whereas 
the lowest postprandial NEFA concentrations were 
observed in EFA and CLA calves. Because NEFA levels 
indicate mobilization of body fat and NEFA release is 
inhibited by insulin (Hadorn et al., 1997; Kühne et al., 
2000), the present finding corresponded to the elevated 
plasma insulin levels found in EFA calves. Maternal 
EFA supplementation also increased neonatal plasma 
leptin on d 4 and 5 of life. Leptin may stimulate insu-
lin sensitivity in calves after feeding, because leptin is 
known for its insulin-sensitizing effects (Palou et al., 
2018; Liermann et al., 2020). In addition, n-3 fatty acid 
supplementation improves insulin sensitivity in mice 
and in cattle (Pires et al., 2008; Fortin et al., 2010; Fan 
et al., 2020). Furthermore, postprandial plasma NEFA 
levels were temporarily lower in CLA calves than in 
CTRL calves, despite similar postprandial insulin lev-
els between the 2 groups. This finding was surprising 
because energy intake did not differ among the groups. 
However, maternal CLA supplementation increased 
basal plasma adiponectin on d 3 and 4 of life during 
postprandial blood sampling. Adiponectin is known for 
its stimulatory effect on insulin sensitivity, which may 
also occur in calves (Havel, 2002; Liermann et al., 2020). 
This finding corresponds with the elevated RQUICKI 
in CLA calves at birth, as discussed above, and may 
indicate improved insulin sensitivity as a result of CLA 
supplementation. In contrast, CLA treatment, espe-
cially trans-10,cis-12 CLA, caused an insulin-resistant 
state in rodents, although only at very high dosages 
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(Halade et al., 2010; Bezan et al., 2018). Therefore, the 
insulin-sensitizing potential of CLA is still controversial 
(Benjamin et al., 2015).

Postnatal growth and development in calves is regu-
lated by the somatotropic axis, which is in turn affected 
by protein and energy intake (Breier et al., 2000; Ham-
mon et al., 2012). Because protein and energy intake was 
comparable among the study groups, treatment effects 
on plasma concentrations of growth hormone, IGF-I, 
and IGFBP in calves were rarely observed. However, the 
ratio of IGFBP-3 to IGFBP-2 on d 2 of life increased 
most in EFA calves. The ratio of IGFBP-3 to IGFBP-2 
indicates the nutritional energy supply and is a good 
proxy for validating nutrient status in cattle (Breier et al., 
2000; Renaville et al., 2002; Vogel et al., 2021). Whether 
elevated EFA status led to improved nutrient absorp-
tion in newborn calves could not be determined from the 
present study. However, our findings indicated increased 
glucose absorption shortly after feeding, and elevated in-
testinal glucose absorption was described in piglets when 
sows were supplemented with n-3 fatty acids (Gabler et 
al., 2007). These findings indicate improved intestinal 
function in neonates with elevated n-3 fatty acid sta-
tus. Previous findings have indicated elevated plasma 
concentrations of IGF-I associated with higher plasma 
glucose levels in calves fed milk replacer enriched with 
EFA during the preweaning period (Garcia et al., 2014). 
Furthermore, plasma growth hormone was elevated after 
feeding on d 4 in the EFA calves in the present study, 
potentially indicating a stimulated somatotropic axis 
as a result of EFA treatment. In contrast, CLA calves 
had lower plasma IGF-I concentrations than non-CLA 
calves throughout the study. This finding was surprising, 
because CLA treatment increased plasma IGF-I in early 
lactation in the dams (Vogel et al., 2021). A stimulatory 
effect of CLA supplementation in dairy cows is also sup-
ported by further studies (Csillik et al., 2017), but CLA 
treatment reduced plasma IGF-I concentrations in grow-
ing rats (Li et al., 1999). Thus, variable effects of EFA 
and CLA on the somatotropic axis cannot be excluded, 
but the mechanisms behind these effects still need to be 
clarified.

CONCLUSIONS

The present data indicate that maternal EFA and 
CLA supply influences the energy metabolism of 
neonatal calves. Elevated plasma concentrations of 
glucose and IGF-I immediately after birth before first 
colostrum intake indicate enhanced placental nutrient 
transfer and improved energetic status in calves when 
dams received EFA supplementation. In addition, 
maternal supplementation with EFA and CLA during 
late gestation affected the concentrations of endocrine 

factors such as leptin and adiponectin in colostrum, 
but these differences did not result in different plasma 
leptin and adiponectin concentrations in calves after 
first colostrum intake. However, maternal EFA and 
CLA supplementation influenced postnatal and post-
prandial changes associated with energy metabolism. 
Maternal EFA and CLA supplementation probably im-
proved neonatal insulin response by enhancing plasma 
adiponectin and leptin, but it did not promote the so-
matotropic axis in a consistent manner. More research 
is necessary to clarify the effect of maternal EFA and 
CLA supplementation on the endocrine regulation of 
neonatal energy metabolism. Furthermore, maternal 
fatty acid supplementation had only minor effects on 
the growth of intestinal mucosa in calves.
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