
ABSTRACT

The present work aimed to investigate the effects 
of nucleotide oral administration on oxidative stress 
biomarkers, immune responses, gut morphology, serum 
biochemical parameters, and growth performance in 
calves from birth to 25 d of life. A total of 40 male Hol-
stein Friesian calves were randomly divided in 2 groups. 
All the calves were born and reared on the same com-
mercial dairy farm. They were fed the same colostrum, 
milk replacer, and calf starter. Five grams/head of an 
additive were orally administered with a syringe direct-
ly in the mouth to calves of the nucleotide group (NG). 
The additive contained 74.12 g/100 g of nucleic acids 
from hydrolyzed yeast, and 75.38% was free nucleotide 
sodium salt. The other group represented the negative 
control (CG). At 25 d of life all of the calves were 
slaughtered. Calves supplemented with nucleotides had 
a higher final live weight and improved average daily 
gain, which was associated with better efficiency of nu-
trient use. Oral nucleotide administration did not affect 
IgG absorption efficiency; however, NG calves showed 
greater duodenum villi length and higher crypt depth 
compared with CG. Oral nucleotide administration in-
creased the activity of antioxidant enzymes (superoxide 
dismutase, catalase and glutathione peroxidase) and the 
antioxidant capacity [ferric reducing antioxidant power 
and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic 
acid) scavenging activity] both in plasma and in liver. 
An enhanced ability of cells to counter reactive oxygen 
species– and reactive nitrogen species–mediated damage 
was also observed in peripheral blood mononuclear cells 
from NG. The findings highlight the effectiveness of 
oral nucleotide administration, and potentially dietary 

supplementation of nucleotides, in boosting oxidative 
and immune status in newborn calves.
Key words: nucleotides, oxidative status, calf, immune 
response

INTRODUCTION

During the early postnatal period, colostrum confers 
passive immunity by allowing the transfer of maternal 
immunoglobulins (McGrath et al., 2016; Zhao et al., 
2018). Colostrum plays a key role in calf health beyond 
passive immunity, as it affects the endocrine system 
and improves gut function through the absorption of 
specific components (Hammon et al., 2013). Colostrum 
is a source of micronutrients (e.g., vitamins, and miner-
als) and other nonnutrient substances, including cyto-
kines, hydrolytic enzymes, hormones, growth factors, 
and nucleotides (Michaelidou and Steijns, 2006). Com-
position and biological functions of colostrum differ 
markedly when compared with mature milk; thus, the 
transition from colostrum to milk may have important 
effects on calf health (Fahey et al., 2020). Generally, 
mature milk has a lower content of nucleotides than 
colostrum (Schlimme et al., 2000; Sauer et al., 2011). 
During lactation, the content of nucleotides in milk 
further decreases, likely as a consequence of their use 
for DNA synthesis in the mammary gland (Kim et al., 
1999).

Nucleotide requirements are particularly high in 
stress conditions, such as nutrient deficiencies or star-
vation, or during a rapid growth phase (Stein and Kil, 
2006). Mammals may recover nucleotides through the 
diet, through either the salvage pathway or by de novo 
synthesis (Sauer et al., 2011). But the latter pathway 
is a metabolically costly process; thus, the salvage 
pathway to recycle dietary nucleotides is more favor-
able, especially during the growth phase (Abbaslou 
et al., 2020). Nucleotides are involved in several bio-
logical processes including the coding and decoding of 
genetic information, biosynthetic pathway regulation, 
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and chemical energy transfer (Jiao and Kim, 2018). 
Dietary nucleotides may act as physiological mediators, 
coenzyme components, and promoters of cell growth 
and division (Domeneghini et al., 2004; Daneshmand 
et al., 2017). An effect of nucleotides on intestinal 
health was reported in several monogastric species by 
modulating the local immune response, increasing the 
replication rates of enterocytes, and promoting muco-
sal remodeling (Jung and Batal, 2012; Amorim et al., 
2017). Moreover, nucleotide supplementation in piglet 
diets seems to affect the gut microbial population, pro-
moting the proliferation of beneficial bacteria such as 
Bifidobacterium spp. and lactobacilli, and counteract-
ing the enterotoxigenic Escherichia coli strains (Rutz et 
al., 2006; Sauer et al., 2010). The mechanism whereby 
oral nucleotide administration may affect the growth 
performance of calves has not been fully elucidated. 
The efficacy of oral nucleotide administration on calf 
growth is poorly reported, and findings are inconclusive. 
In fact, although Kròl (2011) reported that nucleotides 
improved calf feed efficiency and weight gain, Górka et 
al. (2021) observed no effect of nucleotide addition on 
calf growth.

Immune-enhancing effects of nucleotides previously 
described in humans and nonruminant animals include 
lymphocyte stimulation, macrophage activation, and 
immunoglobulin release (Gil, 2002; Mc Naughton et 
al., 2007; Sauer et al., 2011). Additionally, the role of 
nucleotides in inflammatory status and oxidative stress 
responses were also demonstrated in the same animal 
models (Salobir et al., 2005; Frankič et al., 2006; Weaver 
and Kim, 2014). To the best of our knowledge, informa-
tion regarding the antioxidant and antiinflammatory 
potential of dietary nucleotides in calves is limited, and 
findings on immune system effects are contradictory. 
For example, Mashiko et al. (2009) observed increased 
IgA and IFN-γ levels and peripheral blood mononuclear 
cell (PBMC) proliferation after supplementation with 
uridine 5′-monophosphate, whereas others did not find 
the same effects (Kehoe et al., 2008; Kentler, 2012). 
Comprehensive studies on the actual effects of dietary 
nucleotides in calves are lacking. We hypothesized that 
oral administration of nucleotides would improve body 
growth, as reported by Kròl (2011), probably through-
out variation of the morphological aspects of duodenum 
villi and crypts. We further hypothesized that specific 
physiological conditions including oxidative stress and 
immune challenge would benefit from the oral admin-
istration of dietary nucleotides. Thus, the present work 
investigated whether oral nucleotide administration 
was effective on oxidative stress biomarkers, immune 
responses, gut morphology, serum biochemical param-
eters, and growth performances in calves from birth to 
25 d of life.

MATERIALS AND METHODS

All animal use and procedures for the study were ap-
proved by the Ethical Committee for Animal Welfare of 
Animals employed in scientific research of the Depart-
ment of Veterinary Medicine of the University of Bari 
(approval no. 07/2020).

Animal Housing and Feeding

Forty male Holstein Friesian calves were divided in 
2 groups, with each calf assigned to a group randomly 
by birth order. The freeware software R. V. Lenth 
(2006–9) was used to determine the minimum sample 
size (retrieved 4/12/2019 from http:​/​/​www​.stat​.uiowa​
.edu/​~rlenth/​Power). The experimental design consid-
ered the 2 treatments and the 5 times, and for sample 
calculation the value of α was set to 0.05 and β to 
0.20, for a power of 0.80. The expected difference was 
set at 0.15. The plasma concentration of superoxide 
dismutase (SOD) and its standard deviation (12.2; 
Seifzadeh et al., 2021) was the outcome considered for 
sample size calculation. The sample size obtained was 
of 17 calves, but we included 20 animals, considering 
the possibility of exclusion of some of them during 
the trial. All the calves were born and reared on the 
same commercial dairy farm (Azienda Montecamplo). 
Soon after calving, each calf was moved to an indi-
vidual 1.2 × 2.4 m stall. Straw bedding was added 
at a minimum of 20 cm depth for each pen. Manure 
was removed 4 times each week (4 different days) 
and straw was added 3 times each week (3 different 
days) or as needed to ensure a dry indoor and outdoor 
environment. The stalls had the same orientation in 
the farm area and calves were allocated side by side 
alternating calves from the 2 groups, so that each calf 
was between 2 calves of the opposite experimental 
group, to avoid microenvironmental effects that could 
potentially affect results. Before calf recruitment, 89 
cows were milked within 4 h after calving on 36 farms 
in the Apulia region to collect colostrum that was then 
pooled. All the collected colostrum was stored at 4°C 
until reaching the volume of 480 L of total collected 
colostrum. The volume was reached in 24 h, so that 
the first colostrum collected was stored at refrigera-
tion conditions no more than 24 h. All the colostrum 
was pooled and stored frozen in 2-L plastic bottles, so 
the colostrum fed to calves had the same composition. 
After colostrum pooling, Brix degrees were measured 
using a refractometer (Pal-Colostrum Pocket refrac-
tometer, ATAGO USA Inc.) and a sample was stored 
at −20°C separately for IgG concentration analysis. 
The Brix degrees were 25.5 and the IgG concentration 
was approximatively 85 g/L.
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All calves received 2 L of pooled colostrum within 
2 h of birth. Thereafter, calves received 2 L of the 
pooled colostrum for the next 5 feedings, every 12 h, 
at 0700 and 1900 h. Colostrum was thawed in a 50°C 
water bath until a temperature of 38°C was reached. If 
calves did not suckle colostrum, they were fed through 
a plastic probe placed in the abomasum. After the sixth 
colostrum feeding, 2 L of milk replacer was fed through 
scaled buckets provided with valves and teats every 12 
h. Milk replacer (DM 95.5%, CP 23.5%, fat 19.1%, lac-
tose 49.9%; Elvor Starter 60, Sofivo SAS) was diluted 
in water at 13% (130 g of milk powder in water brought 
up to 1 L volume) and fed immediately. During the trial 
all calves consumed the provided amount of milk re-
placer without refusals. Fresh calf starter (DM 87.40%, 
CP 17.95%, NDF 14.1%; UniCalf19, Plantamura Carlo 
Alimenti Zootecnici) was offered ad libitum beginning 
at 1 d, through a manger and intake was recorded daily. 
Fresh and clean water was offered free choice daily. The 
nucleotides group (NG) was orally administered with 
5 g/head of an additive containing hydrolyzed yeast 
(Ribofeed, Prosol SpA) once daily from birth to 25 d. 
Nucleotides were mixed with water to obtain a cream, 
which was then administered directly in the mouth us-
ing a large syringe, as described by Maggiolino et al. 
(2019). Table 1 shows gross and nucleotide composi-
tion, analyzed according to the method described by 
Tan et al. (2021). The dosage used in the present trial 
was indicated by the manufacturer, according to previ-
ous empirical trials. Just before oral administration the 
additive was suspended in 15 mL of fresh water. The 
control group (CG) was orally administered 20 mL of 
fresh water/head once daily. Both administration of the 
additive and of fresh water was carried out using a 
20 mL syringe and it was completed soon before the 
morning colostrum/milk feeding. All the calves were 
clinically monitored by a veterinarian. During the trial 
8 calves (3 NG and 5 CG calves) showed diarrhea. 
Three were excluded from the trial (2 from CG and 1 
from NG) because they needed antimicrobial therapy, 
whereas the other 5 had a total recovery from clinical 
signs after hydration therapy lasting 3 d, and continued 
to be included in the trial. The whole trial lasted 4 mo, 
from September 2020 to December 2020.

Blood and Tissue Sampling

Blood samples were collected from each calf at T0 
(soon after birth and before first colostrum feeding), 
T3 (third day of life and soon before the sixth colos-
trum feeding, 1800 h), T7, T15 (at 7 and 15 d of life 
respectively, 1800 h), and T25 (slaughter). Blood was 
drawn from the jugular vein through sterile Vacutainer 
tubes (Becton Dickinson and Co.). At all the times 

described above, a 9-mL lithium-heparin and a 9-mL 
clot activator tube was collected. All of the tubes were 
centrifuged on the farm and serum and plasma were 
stored immediately at −20°C until analysis. At T25 
four 9-mL EDTA tubes were collected for PBMC analy-
sis, and they were transported at room temperature to 
the laboratory no more than 2 h after sampling. After 
the T25 blood draw, calves were transported 67 km 
(travel time ranging from a minimum of 55 min to a 
maximum of 80 min) to an abattoir and slaughtered. 
Soon after evisceration, a 5-cm-long duodenum sample 
was taken at 20 cm from the pylorus from each calf 
and fixed in 10% buffered formalin. Moreover, a sample 
of liver (100 g) was taken and stored at −80°C until 
analysis. All tissue samples were collected about 12 h 
after the last feeding.

Growth Performance

All calves were weighed at birth (before first colos-
trum) and at 25 d of life (slaughter). From these data 
an ADG was calculated for each calf. In addition, the 
total amount of milk and starter administered to each 
calf from birth to 25 d of life was recorded daily. As 
the quantity of milk replacer and calf starter intake 
in each experimental group was not different, all the 
subsequent parameters were calculated from the com-
bined intake of both feeds. Both milk and starter gross 
compositions were used to calculate DM, ME, and CP 
intake of each calf. To determine DM conversion rate, 
metabolizable energy conversion rate (MECR), and 
crude protein conversion rate (CPCR), the amount of 
DM, ME, and CP necessary for 1 kg of live weight gain 
were estimated, respectively. The calculation of ME 
intake was carried out according to Rauba et al. (2019).

Morphometric Measurements of Duodenal  
Villi and Crypts

For histological analysis, fragments of duodenum of 
17 NG calves and 20 CG calves were collected and fixed 
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Table 1. Gross and nucleotide chemical composition of the supplement

Gross chemical composition %

Moisture 7.70
Protein 55.63
Free nucleotides sodium salt (7H2O) 55.87
Total nucleic acids 74.12
Nucleotide composition (total nucleotides = 100%)  
  Cytidine monophosphate 21.50
  Uridine monophosphate 25.71
  Adenosine monophosphate 24.21
  Guanosine monophosphate 28.57
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in 10% formalin for 24 h; they were washed in distilled 
water, dehydrated through a graded alcohol series, and 
embedded in paraffin. Serial longitudinal sections (4–5 
µm) were stained by hematoxylin and eosin (Zitnan et 
al., 2008). The images of the sections were acquired us-
ing an HD camera (DS-Fi2 high-definition color camera, 
Nikon Corporation) connected to an optical microscope 
(Nikon Eclipse Ni-U, Nikon Corporation) with a 10× 
and 20× magnification; morphometric analyses were 
carried out using an interactive image analysis system 
(NIS Elements BR, Nikon Corporation). At least 10 
villous with intact lamina propria of each sample were 
selected and their height was measured; the crypt depth 
was measured randomly on 5 fields per slide. Villus 
height was measured from the tip of the villus to the 
villus-crypt junction, whereas crypt depth was defined 
as the depth of the invagination between adjacent villi.

Clinical Biochemical Parameters  
and Serum IgG Concentration

Serum clinical biochemical parameters were deter-
mined using an automated biochemistry analyzer (CS-
300B; Dirui) as described by De Palo et al. (2018). 
The following parameters were assessed: alanine amino-
transferase (ALT), aspartate aminotransferase (AST), 
alkaline phosphatase (ALP), total proteins (TP), and 
albumin (Alb). Globulins (Glob) were calculated from 
TP and Alb parameters. Activities of ALT, AST, and 
ALP were expressed as U/L, whereas TP, Alb, and Glob 
concentrations were reported as g/dL. Before beginning 
each analytical session, the standards furnished in the 
assay kits were used to calibrate the multiparameter 
analyzer (Seracal, Gesan Production Kit, Campobello 
di Mazara). After setting the calibration curve, 2 multi-
parameter control sera (Seracontrol N and Seracontrol 
P, Gesan Production Kit, Campobello di Mazara) were 
used to verify internal accuracy and were considered 
satisfactory when the measured value deviated by no 
more than 3.00% from the manufacturer’s declared 
values.

To determine bovine IgG concentration in serum 
samples, a commercially available radial immunodiffu-
sion test was performed (Triple J Farm). Briefly, 5 µL 
of each serum sample was transferred in a radial immu-
nodiffusion plate containing anti-bovine IgG antibody 
within agarose gel. Three standard solutions of bovine 
serum (18.0, 147.2, and 280.3 mg of IgG/L) were pro-
vided in the radial immunodiffusion kit and included 
in each test plate. After a 20-h incubation at room 
temperature, precipitin ring diameters were measured 
and plotted on a concentration–diameter best fit line, 
established using standard sera. Samples were tested 

in duplicate wells in 2 independent experiments to de-
termine inter- and intraassay coefficients of variation 
(CV). Inter- and intraassay CV were ≤11.7%. Samples 
with higher CV were retested.

Antioxidant Enzymes and Total Antioxidant Capacity

Liver samples were homogenized (1:10, wt/vol) in 
100 mM phosphate buffer, pH 7.4 with an electrically 
driven Teflon pestle. The homogenate was centrifuged 
at 4°C for 20 min at 7,000 × g, and the supernatant 
was collected to determine the antioxidant enzyme 
activities and total antioxidant capacity. Plasma was 
analyzed without dilution.

Superoxide dismutase (EC1.15.1.1) activity was 
determined as described by Misra (1985). The enzy-
matic activity was based on the 50% inhibition rate 
of epinephrine autooxidation at 480 nm. Stimulation 
of epinephrine autoxidation by traces of heavy met-
als present as contaminants in the reagents or by the 
other metals under investigation was prevented by 
adding 10−4 M EDTA in the buffer to chelate those 
ions. Activity of SOD in plasma and liver tissue were 
expressed, respectively, as U/mL and U/mg of protein. 
The plasma intraassay CV were lower than 1.79 and 
interassay CV were lower than 11.19. The liver intraas-
say CV were lower than 0.60 and interassay CV were 
lower than 1.52. Catalase (CAT, EC 1.11.1.6) activity 
was evaluated by following the decrease in absorbance 
of H2O2 at 240 nm (Clairborne, 1985). One unit of en-
zyme activity was defined as the amount of enzyme 
required to degrade 1 μmol of H2O2 in 60 s. Activ-
ity of CAT in liver tissue was expressed as U/mg of 
protein. The intraassay CV were lower than 1.10 and 
interassay CV were lower than 9.89. Glutathione per-
oxidase (GPx, EC1.11.1.9.) activity was measured by 
the method of Gunzler (1986). The reaction measured 
the rate of reduced glutathione oxidation by tert-butyl 
hydroperoxide, catalyzed by GPx. Reduced glutathione 
was maintained at constant concentration by the addi-
tion of exogenous glutathione reductase and NADPH, 
which converted the oxidized glutathione to reduced 
glutathione. The rate of oxidized glutathione formation 
was then measured by the change in the absorbance 
of NADPH at 340 nm. Activity of GPx in plasma and 
liver tissue were expressed, respectively, as nmol of 
NADPH oxidized/min per mL and nmol of NADPH 
oxidized/min per mg of protein. Protein concentration 
was determined by Bradford’s method using BSA as 
a standard (Bradford, 1976). The plasma intraassay 
CV were lower than 1.56 and interassay CV were lower 
than 12.33. The liver intraassay CV were lower than 
0.56 and interassay CV were lower than 2.64. The ferric 
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reducing antioxidant power (FRAP) assay was used 
to measure total antioxidant potential according to the 
method described by Benzie and Strain (1996) with a 
slight modification. Three milliliters of freshly prepared 
FRAP reagent (1 mL of a 10 mM 2,4,6 tripyridyl-s-
triazine solution in 40 mM HCl plus 1 mL of 20 mM 
FeCl3 in a 10-mL H2O solution and 10 mL of 300 mM 
acetate buffer, pH 3.6) was incubated at 37°C for 40 
min after mixing with 100 μL of plasma sample or su-
pernatant. The plasma intraassay CV were lower than 
1.70 and interassay CV were lower than 5.29. The liver 
intraassay CV were lower than 1.20 and interassay CV 
were lower than 4.21.

The absorbance of the reaction mixture was recorded 
at 593 nm and the antioxidant power was expressed 
as μmol Trolox equivalents/mL. 2,2′-Azino-bis [3-eth-
ylbenzothiazoline-6-sulphonic acid] (ABTS) radical 
scavenging activity was determined according to the 
procedure previously described by Re et al. (1999) with 
some modifications. Briefly, ABTS radical cation was 
produced by mixing 7 mM ABTS stock solution with 
2.45 mM potassium persulfate and keeping the mixture 
in the dark at 25°C for 12 to 16 h. The solution was 
then diluted in PBS to reach an absorbance value of 
0.70 ± 0.02 at 734 nm. Then, 10 μL of plasma sample 
or supernatant was added to 990 μL of diluted ABTS 
radical cation solution and incubated at 30°C for 5 
min. The reagent blank was prepared by adding 10 μL 
of PBS instead of the sample. The scavenging of the 
ABTS radical cation was determined spectrophotomet-
rically at 734 nm. Antioxidant activity was expressed 
as a percentage inhibition of ABTS radical cation and 
calculated by the following equation:

	 % inhibition = 100 × (Absorbance734 Control 	  

− Absorbance734 Sample)/Absorbance734 Control.

Each sample analysis was performed in triplicate. The 
plasma intraassay CV were lower than 2.23 and inter-
assay CV were lower than 9.30. The liver intraassay 
CV were lower than 1.13 and interassay CV were lower 
than 2.24.

PBMC and Monocyte Isolation

Peripheral blood was used to isolate PBMC using 
a Ficoll–Hypaque gradient as reported in Latronico 
et al. (2007). Briefly, 20 mL of whole blood, diluted 
1:1 with cold 0.9% (wt/vol) sodium chloride solution 
(0.9%), was layered on 10 mL of Histopaque-1077 solu-
tion and centrifuged at 400 × g for 35 min at 20°C. The 
white cell rings were recovered, washed twice with PBS, 

and then pellets were suspended in Iscove’s modified 
Dulbecco’s medium (IMDM), without calcium and 
magnesium (Sigma Aldrich). Cells were counted in a 
Burker cell counting chamber, and the viability of cells 
were obtained by Trypan blue dye exclusion (Sigma 
Aldrich). For the isolation of monocytes, PBMC sus-
pension in IMDM supplemented with 10% fetal calf 
serum was plated in 96-well flat-bottom microplates 
(100 μL, 2 × 106 cells/well). After incubation for 1 
h at 37°C in 5% CO2, nonadherent lymphocytes were 
collected and adherent cells, represented by monocytes 
(about 2 × 105 cells/well), were washed several times. 
Samples of PBMC suspension (100 μL, 2 × 105 cells/
well) were plated in 96-well U-bottom microplates in 
serum-free medium and treated with concanavalin A 
(ConA, at final concentration of 5 μg/mL), LPS (at 
final concentration of 10 μg/mL), or hydrogen peroxide 
(H2O2, at a final concentration of 1 mM) and cultured 
at 37°C in 5% CO2. Nontreated PBMC represented the 
negative sample. After incubation for 20 h, the plates 
were centrifuged at 400 × g for 10 min at 20°C in a 
microplate centrifuge; then, the culture medium was 
collected, centrifuged at 10,000 × g for 10 min at 20°C, 
and supernatants were stored at −80°C until analysis, 
whereas cells were subjected to the viability assay.

Proliferation and Viability Assay

Cell viability or cytotoxicity of PBMC from the 
different groups of animals was detected using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay as reported in Di Bari et al. 
(2014). This assay is based on the reduction of MTT 
by the mitochondrial succinate dehydrogenase in vi-
able cells, to a blue formazan product, which can be 
spectrophotometrically measured by using a microplate 
reader. This assay was specifically identified to detect 
cell viability and proliferation since, in contrast to 
other colorimetric or fluorescent dyes used to detect 
cell viability in cultured cells, it allows one to distin-
guish between healthy cells and cells that, though still 
alive, have lost their vital functions. Briefly, after the 
removal of culture medium, cells were rinsed with PBS 
and incubated at 37°C, 5% CO2 for 2 h with 0.5 mg/
mL MTT. After centrifugation of the microplates, the 
reaction was stopped by removing the medium and the 
formazan crystals in the cells were solubilized with ab-
solute ethanol. The absorbance values at 560 and 690 
nm were recorded by means of a VersaMax Microplate 
Reader (Molecular Devices). The difference between 
the absorbance of each sample at 560 and 690 nm was 
calculated. Results are expressed as optical density.
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Reactive Oxygen Species and Reactive Nitrogen 
Species Detection in PBMC and Monocytes

Detection of intracellular free radicals was performed 
by loading PBMC (2 × 105 cells/well in 96-well plates) 
or monocytes (2 × 105 cells/well in 96-well plates) with 
10 μM 2’,7’-dichlorofluorescein diacetate in phenol red-
free IMDM at 37°C for 30 min (Latronico et al., 2021), 
then treated for 90 min with ConA (at final concentra-
tion of 5 μg/mL), LPS (at final concentration of 10 μg/
mL), or H2O2 (at a final concentration of 1 mM). After 
incubation, the culture medium was removed and cells 
were rinsed twice with PBS. Cells were resuspended 
in phenol red-free IMDM and the spectrofluorometric 
analysis was performed at 485 nm excitation/525 nm 
emission. A negative control sample was represented by 
cells treated in the same experimental conditions with 
2’,7’-dichlorofluorescein diacetate. Reactive oxygen spe-
cies (ROS) production was expressed as arbitrary units 
of photoluminescence intensity.

Total ROS/reactive nitrogen species (RNS) free 
radical activity in PBMC supernatants were measured 
by OxiSelect In Vitro ROS/RNS Assay Kit Green 
Fluorescence (Cell Biolabs Inc.), according to the 
manufacturer’s instructions. This assay is based on the 
reaction of ROS and RNS species with 2’,7’-dichlorodi-
hydrofluorescein, which is rapidly oxidized to the highly 
fluorescent 2’,7’-dichlorodihydrofluorescein. Green fluo-
rescence was read with a VersaMax Microplate Reader 
(Molecular Devices) at 480 nm excitation/530 nm emis-
sion. The fluorescence of blank samples was subtracted 
from sample measurements to eliminate background 
fluorescence. The fluorescence intensity was directly 
proportional to the total ROS/RNS levels within the 
sample and was expressed as arbitrary units of photo-
luminescence intensity.

Statistical Analysis

Different data sets were considered and subjected to 
statistical analysis. The growth performance data were 
subjected to analysis with mixed model according to 
the following model:

	 Yijk = µ + αi + Nj + BWij + εijk,	

where Yijk represents the growth performance depen-
dent variables, µ is the overall mean, αi is the ith calf 
random effect (i = 1, . . . , 40), Nj is the effect of the 
jth oral administration treatment (j = 1, 2), BWij is 
the birth weight as covariate, and εijk is the error term.

Villus length and crypt depth data were subjected to 
analysis with mixed model according to the following 
model:

	 Yijk = µ + αi + Nj + SWij + εijk,	

where Yijk represents the dependent variables, µ is the 
overall mean, αi is the the ith calf random effect (i = 1, 
. . . , 40), Nj is the effect of the jth oral administration 
treatment (j = 1, 2), SWij is the weight at slaughtering 
as covariate and εijk is the error term.

The biochemical parameters were subjected to ANO-
VA according to the General Linear Model (GLM) 
procedure as reported the following model:

	 Yijkl = µ + αi + Nj + Tk + (N × T)jk + εijkl,	

where Yijkl represents the biochemical dependent vari-
ables, µ is the overall mean, αi is the ith calf random 
effect (i = 1, . . . , 40), Nj is the effect of the jth oral 
administration treatment (j = 1, 2), Tk is the effect 
of the kth time (1, . . . , 5), (N × T)jk is the binary 
interaction effect of jkth (1, . . . , 10) treatment × time, 
and εijkl is the error term. A Tukey test was applied to 
evaluate the differences among means when the effect 
of time or the binary interaction of treatment × time 
was significant.

Liver parameter data were subjected to ANOVA 
according to the GLM procedure as reported in the 
following model:

	 Yijk = µ + αi + Nj + εijk,	

where Yijk represents the liver parameters as dependent 
variables, µ is the overall mean, αi is the ith calf ran-
dom effect (i = 1, . . . , 40), Nj is the effect of the jth 
oral administration treatment (j = 1, 2), and εijk is the 
error term.

The ROS level parameter data were subjected to 
ANOVA according to the GLM procedure as reported 
in the following model:

	 Yijkl = µ + αi + Nj + Hk + (N × H)jk + εijkl,	

where Yijkl represents the ROS levels as dependent vari-
ables, µ is the overall mean, αi is the ith calf random 
effect (i = 1, . . . , 40), Nj is the effect of the jth oral 
administration treatment (j = 1, 2), Hk is the effect of 
the kth H2O2 in vitro stimulation (k = 1, 2), (N × H)jk 
is the binary interaction of oral administration and in 
vitro stimulation (jk = 1, . . . , 4), and εijkl is the error 
term. Pairwise comparison was performed by Bonfer-
roni test.

Cell viability parameter data were subjected to 
ANOVA according to the GLM procedure as reported 
in the following model:
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	 Yijkl = µ + αi + Nj + Vk + (N × V)jk + εijkl,	

where Yijkl represents the cell viability as dependent 
variables, µ is the overall mean, αi is the ith calf ran-
dom effect (i = 1, . . . , 40), Nj is the effect of the jth 
oral administration treatment (j = 1, 2), Vk is the effect 
of the kth in vitro stimulation (k = 1, . . . , 4), (N 
× V)jk is the binary interaction of oral administration 
and in vitro stimulation (jk = 1, . . . , 8), and εijkl is 
the error term. Pairwise comparison was performed by 
Bonferroni test.

Significance was set at P < 0.05, and the results were 
expressed as means and mean standard error. All the 
analysis were performed using SAS software (2011, SAS 
Institute Inc.).

RESULTS

Growth Performance

Growth performance patterns of calves are reported 
in Table 2. At slaughter, NG showed a higher final 
BW (P < 0.01), compared with CG, although the live 
weight at birth did not differ. In addition, NG showed 
higher ADG than CG (P < 0.01). Regarding feed effi-
ciency, CPCR and MECR were lower (P < 0.05) in NG 
relative to CG; however, no differences were recorded 
in DM conversion rate between dietary treatments (P 
> 0.05).

Intestinal Morphology

The morphometric analyses revealed differences of 
duodenal villi height and crypt depth in relation to 
the oral administration of nucleotides. As illustrated in 
Figure 1, mean values of villi height increased after oral 
administration of nucleotides (NG) compared with CG 
(P < 0.01; histological images are reported in Figure 2). 

Similarly, the mean value of crypt depth was greater in 
NG compared with CG (P < 0.01).

Serum Biochemical Profile

Results for serum chemical and immunological pa-
rameters are shown in Figure 3. Serum TP concentra-
tion increased from T0 to T3 for CG and from T0 to T7 
for NG, decreased thereafter, and was higher at T7 for 
NG compared with CG (time × treatment interaction, 
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Table 2. Effects of oral administration of nucleotides on growth performance measures in control or 
supplemented calves for the first 25 d of life

Growth performance2

Diet1

SEM P-valueCG NG

Live weight at birth (kg) 42.70 43.31 1.82 0.2963
Live weight at slaughter (25 d; kg) 56.89 59.6 2.12 0.0002
Average starter assumption (kg) 2.67 2.18 0.57 0.4773
ADG (kg/d) 0.57 0.64 0.10 0.0328
DMCR (kg of feed/kg of LWG) 1.45 1.35 0.29 0.2822
CPCR (kg of CP/kg of LWG) 0.33 0.30 0.09 0.0227
MECR (Mcal/kg of LWG) 17.27 13.37 2.63 0.0345
1CG = control group; NG = nucleotide group.
2DMCR = dry matter conversion rate; CPCR = crude protein conversion rate; MECR = metabolizable energy 
conversion rate; LWG = live weight gain.

Figure 1. Effects of oral nucleotide administration on duodenum 
mucosa morphology in control group (CG) or nucleotide group (NG) 
calves at 25 d of age. Data are reported as LSM ± SEM. Significant 
differences between the 2 groups are indicated with ** (P < 0.01).
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P < 0.001). Albumin content remained stable during 
the feeding trials. Serum Glob concentration increased 
from T0 to T3 for CG and from T0 to T7 for NG, 
decreased thereafter, and was higher for NG compared 
with CG at T3 and T7 (time × treatment interaction, 
P < 0.001). The IgG concentration increased from T0 
to T3 in both groups and then remained stable (time, 
P < 0.001); no difference was detected between treat-
ments at any sampling point.

Figure 4 shows results for enzyme activities. The ALP 
was relatively stable to T15 for CG and then increased, 
whereas for NG it increased from T0 to T7 and then 
decreased (time × treatment interaction, P < 0.001); 
however, no differences between treatments at any 
sampling point were detected. The AST activity de-
creased in CG from T0 to T7 and then remained stable, 
whereas in the NG group it decreased from T0 to T3, 
increased from T3 to T15, and then decreased again 
until T25. Moreover, it was higher in CG compared 
with NG at T3 and T7 (time × treatment interaction, 
P < 0.0001). There was effect of treatment, time, and 
time × treatment (P < 0.001) for ALT concentration. 

The ALT concentration decreased with time and was, 
in general, higher for CG than NG; however, no differ-
ence at sampling points were detected between treat-
ments also although time × treatment interaction was 
detected, due to apparent ALT increase at T7 for NG.

Oxidative Profile in Plasma and Liver Tissue

The antioxidant enzyme activity and total antioxi-
dant capacity determined in plasma samples are report-
ed in Figure 5. Plasma SOD activity increased from T0 
to T15 for NG and remained stable during the trial in 
CG; moreover, it was higher in NG compared with CG 
from T3 to T25 (time × treatment interaction, P < 
0.0001). The plasma GPx activity increased from T0 
to T25 for NG and from T0 to T3 for CG; moreover, it 
was higher in CG at T3 and in NG at T7, T15, and T25 
(time × treatment interaction, P < 0.0001). The total 
antioxidant capacity of plasma was measured through 
ABTS and FRAP assays. The FRAP increased from 
T0 to T3 and from T15 to T25 for NG, the ABTS 
increased from T0 to T3 for NG, then decreased until 
T7 and increased again from T7 to T15. In contrast, 
both FRAP and ABTS remained stable during the trial 
for CG. Moreover, both ABTS and FRAP were higher 
in NG compared with CG from T3 to T25 (time × 
treatment interaction, P < 0.0001).

Liver enzyme activities are reported in Figure 6. The 
SOD, CAT, GPx, FRAP, and ABTS activity increased 
for NG compared with CG treatment effect (P < 
0.0001).

Quantification of ROS/RSN in PBMC and Monocytes

To gain insight into potential protective effects 
against oxidative stress, we investigated the accumu-
lation of ROS within PBMC under the regular redox 
state as well as under H2O2 treatment (Figure 7A). The 
ROS level produced by untreated PBMC for CG was 
higher compared with NG, and under H2O2 stimulation 
the response was magnified in CG compared with un-
treated CG. In contrast, the H2O2 stimulation did not 
induce different ROS production levels (binary interac-
tion, P < 0.0001).

Unlike PBMC, no difference in ROS production was 
observed between CG and NG untreated monocytes. 
However, H2O2 stimulation induced higher ROS pro-
duction in both CG and NG relative to untreated cells 
(P < 0.05).

Other than ROS, RNS are also involved in inflam-
matory processes, thus we determined total ROS/RNS 
free radical activity in PBMC supernatants (Figure 8). 
Higher levels of ROS/RNS were detected in PBMC 
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Figure 2. Representative hematoxylin and eosin histology sections 
of duodenum samples. The panel shows villus and crypts layer of the 
control group (A) and nucleotide group (B) calves; A1 and B1 illus-
trate magnification of crypts. (A, B) bars = 100 µm; (A1, B1) bars 
= 50 µm.
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supernatants from CG compared with NG (treatment 
effect, P < 0.05).

PBMC Viability and Proliferation

Cell viability was determined by the MTT test in 
PBMC from CG and NG (Figure 9), and it was also 
tested after 20 h of in vitro stimulation with ConA, 
LPS, or H2O2. In both CG and NG, only H2O2 stimula-
tion reduced cell viability. In contrast, no effect was 
observed after LPS and ConA stimulation (stimulation 
effect, P < 0.001).

DISCUSSION

During the last decade, the administration of exog-
enous nucleotides as a feed additive to animal diets 
has gained the interest of researchers and producers. 
Nucleotide supplementation has been mainly imple-
mented in monogastric animals and fish (Tie et al., 

2019; Valini et al., 2021), but few research studies have 
reported effects of nucleotides on ruminants (Abbaslou 
et al., 2020; Górka et al., 2021). Thus, our trial fo-
cused on effects of oral administration of nucleotides on 
oxidative stress, immune challenge, and morphological 
changes of calves.

At birth, the transition from the intrauterine hypoxic 
environment to the relatively hyperoxic external envi-
ronment likely exposes mammalian neonates to potential 
oxidative challenge. In fact, cells from newborn animals 
produce a large amount of ROS in response to the envi-
ronmental change, leading to neonatal oxidative stress 
(Mutinati et al., 2014). Routine farm activities, such 
as weaning, may also induce stress in cattle, putting 
antioxidant capacity to the test (Jang and Kim, 2019). 
The balance between oxidative damage and antioxidant 
capacity is important for maintaining cell homeostasis 
and physiological activities (Domingues et al., 2016). 
Our results showed that oral administration of nucleo-
tides significantly decreased ROS levels in PBMC af-
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Figure 3. Serum levels of total proteins (TP, panel A), albumin (Alb, panel B), globulins (Glob, panel C), and IgG (panel D) in control 
group (CG) or nucleotide group (NG) calves during the first 25 d of life. Data are reported as LSM ± SEM. Different letters indicate significant 
differences (A–C: P < 0.01; a–c: P < 0.05) among sampling days within each group. Significant differences between the 2 groups within days 
are indicated with ** (P < 0.01).
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ter 25 d of life in calves, improving potential animal 
health. In fact, an increase of ROS and RNS combined 
with poor antioxidant defense may result in cytotoxic 
events and oxidative stress-mediated macromolecular 
damage (Celi et al., 2010). Probably, the high ROS 
levels found in PBMC from CG may be due to an im-
mature antioxidant system against prooxidants, due to 
the early stage of life. In contrast, oral administration 
of nucleotides boosted the antioxidative pathways of 
calves through the increase of antioxidant enzymes, in-
cluding SOD, CAT, and GPx, in both plasma and liver 
tissue, allowing the conversion of ROS into harmless 
products. Moreover, their plasma activity increased by 
the third day of administration, showing an increased 
activity in calves fed nucleotides. However, there is no 
clear mechanism to explain how oral administration of 
nucleotides acts to enhance the antioxidant enzymatic 
machinery. In fact, although orally administered di-
rectly in the mouth until 25 d of life, we must consider 
the possibility that part of nucleotide dose went in the 
rumen and not directly into the abomasum. For this 
reason, mechanism of action could be more complex 
than initially hypothesized. For example, the ROS de-
crease observed in PBMC from NG may be attributed 
to the ability of purines to prevent the formation of 
electron-radical couples from hydroxyl ions by acting 
as electron donors (Gudkov et al., 2006). Moreover, the 
nucleotides’ ability to protect cells against oxidative 
stress-related cytotoxicity could be considered (Kaspar 
et al., 2009; Ihara et al., 2011; Ma, 2013). It has been 
reported that this mechanism occurred throughout the 
activity of nitrated guanine derivates, resulting from 
the combined action of RNS, ROS, and guanylate cy-
clase, which react with sulfhydryls of sensor proteins, 
activating an array of defensive genes encoding de-
toxifying enzymes and antioxidant proteins. Consistent 
with this proposed mechanism, some authors studying 
other species including suckling pigs (Hu et al., 2018; 
Weaver and Kim, 2014), chickens (Frankič et al., 2006), 
and mice (Xu et al., 2013) reported a protective role 
of dietary nucleotides against the genotoxic effect on 
DNA induced by high oxidative loads.

Although H2O2 treatment compromises the intrinsic 
antioxidant potential of cells by blunting catalase activ-
ity and leading to ROS accumulation (Akhter et al., 
2019), nucleotides seem to reduce this negative effect. 
Additionally, we cannot rule out the ability of dietary 
nucleotides to directly quench ROS/RNS radicals in the 
extracellular space as detected in PBMC supernatants. 
Unlike PBMC, monocytes did not show differences in 
ROS levels according to dietary treatment, even after 
stimulation with H2O2, probably due to their ability to 
engulf microorganisms through an oxygen-dependent 
system (Yamamoto et al., 2009; Lemke, 2019).
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Figure 4. Serum levels of alkaline phosphatase (ALP, panel A), 
aspartate aminotransferase (AST, panel B), and alanine aminotrans-
ferase (ALT, panel C) in control group (CG) or nucleotide group (NG) 
calves during the first 25 d of life. Data are reported as LSM ± SEM. 
Different letters indicate significant differences (A–D: P < 0.01; a–c: P 
< 0.05) among sampling days within each group. Significant differenc-
es between the 2 groups within days are indicated with ** (P < 0.01).
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To evaluate the effect of dietary nucleotides to aug-
ment the antioxidant system of calves, we measured 
the activity of antioxidant enzymes (SOD, CAT, and 
GPx) and the antioxidant capacity (FRAP and ABTS) 
in plasma and liver. Our results showed an improve-
ment in enzyme activity and antioxidant capacity due 
to nucleotide administration, after first administration 
and consistently during the entire trial. Many authors 
reported similar results studying dietary nucleotides in 
other species. Tan et al. (2021) reported increased total 
antioxidant capacity in gestating sows fed 0.1% nucleo-
tides and increased GPx activity in their offspring. 
In rats, Cai et al. (2016) observed a greater ability of 
the liver to recover from injury through a considerable 
increase of SOD tissue after nucleotide supplementa-
tion. A similar pattern of SOD activity was found in 
pigs undergoing intrauterine growth retardation (Hu et 
al., 2018), and in mice under exercise-induced fatigue 
(Xu et al., 2017). As reported previously, many studies 

were conducted on dietary nucleotide addition in fish 
species. Although there are differences in physiology 
and metabolism that make a direct comparison of our 
findings impossible with those recorded in fish, most 
studies suggest that dietary nucleotides ameliorate the 
oxidative status by reinforcing the antioxidant capacity 
and upregulating genes encoding for antioxidant en-
zymes (Tie et al., 2019; de Lima et al., 2020). Indeed, 
there is a growing body of evidence on the correlation 
between exogenous nucleotides and high mRNA levels 
associated with antioxidant enzymes (Salobir et al., 
2005; Frankič et al., 2006; Tie et al., 2019).

Overall, the data observed from the serum biochemi-
cal profiles in calves of both groups were within the 
physiological range (Mohri et al., 2007; Yu et al., 2019). 
However, AST and ALT were subject to high variabil-
ity, during the 25 d of life, in both groups. This pre-
cluded discrimination of meaningful trends attributable 
to the dietary treatments or time, though differences 
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Figure 5. Plasma levels of superoxide dismutase (SOD, panel A), glutathione peroxidase (GPx, panel B), ferric reducing antioxidant power 
(FRAP, panel C), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) scavenging activity (ABTS, panel D) in control group (CG) or 
nucleotide group (NG) calves during the first 25 d of life. Data are reported as LSM ± SEM. Different letters indicate significant differences 
(A–D: P < 0.01; a–c: P < 0.05) among sampling days within each group. Significant differences between the 2 groups within days are indicated 
with ** (P < 0.01). FRAP was expressed as μmol Trolox equivalents (TE)/mL. The ABTS scavenging activity was expressed as a percentage 
of inhibition (% I).
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for AST were recorded between CG and NG during 
T3 to T15. The variability of AST and ALT may 
primarily be explained by the wide diffusion of these 
enzymes in different tissues and cells, and by the high 
number of isoenzymes for each enzyme. Indeed, AST 
is found in cardiac and skeletal muscle, kidney, brain, 
pancreas, lung, leukocytes, and erythrocytes, whereas 
ALT is mainly present in the liver and kidneys, with 
low amounts in cardiac and skeletal muscle. Second, 
liver enzymes do not always reflect hepatic dysfunction 
because their release may be due to injured cells as well 
as to a high rate of development (De Palo et al., 2018; 
Lehmann-Werman et al., 2018). In fact, AST and ALT 
activities usually increase concomitantly with animal 
growth (Schuh et al., 2016). Furthermore, the long 
half-lives of ALT and AST limits their reliability as 
markers of liver damage (Kim et al., 2008). Similarly in 
both groups, serum ALP activity varied widely within 
the physiological range (166–5,118 U/L; Onomi et al., 
2019). Distribution of ALP is wide across different tis-
sues (e.g., liver, bone, intestinal mucosa, kidney, and 
leukocytes), with a plurality of isoenzymes showing dis-

tinct physicochemical properties (Genova et al., 2020). 
Overall, the increase of ALP activity in newborn calves 
may be related to colostrum intake or to the production 
of endogenous enzymes in response to the rapid skeletal 
growth or to the activity of some organs (De Palo et 
al., 2018; Onomi et al., 2019). The catalytic role of 
ALP deals with the breakdown of ingested nucleotides, 
leading to inorganic phosphate and nucleosides. The 
latter may be further broken down by nucleosidases 
to produce purine and pyrimidine bases (Zimmermann, 
2001). Once degraded, nucleosides and bases may be 
incorporated into liver, intestine, and skeletal muscle, 
although the mechanism whereby they exert their ef-
fects on tissue is unclear.

At the gut level, Jang and Kim (2019) reported that 
dietary nucleotides may improve the intestinal histo-
morphology in weaned pigs by reducing the mucosal 
inflammatory response and increasing villi height and 
crypt depth. It was reported that the villi develop-
ment also depends on the availability of nucleosides 
to synthesize DNA, RNA, and ATP molecules, which 
are essential to enterocyte replication and mucosal 
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Figure 6. Liver levels of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx; panel A), and ferric reducing antioxi-
dant power (FRAP) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) scavenging activity (ABTS; panel B) in control group (CG) or 
nucleotide group (NG) calves at 25 d of age. Data are reported as LSM ± SEM. Significant differences between the 2 groups are indicated with 
** (P < 0.01). FRAP was expressed as μmol Trolox equivalents (TE)/mL. ABTS scavenging activity was expressed as percentage of inhibition 
(% I). Prot = protein.
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remodeling (Sato et al., 1999; Jung and Batal, 2012; 
Amorim et al., 2017). Our results showed that animals 
that received oral administration of nucleotides showed 

increased villi height and crypt depth, and also im-
proved productive performance, resulting in higher BW 
at slaughter and greater ADG, CPCR, and MECR. Of 
course, our experimental conditions are different from 
that reported for piglets or weaned pigs, considering 
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Figure 7. Production of reactive oxygen species (ROS) in peripheral blood mononuclear cells (PBMC) and monocytes from control group 
(CG) or nucleotide group (NG) calves at 25 d of age. Histograms represent the ROS production in untreated (negative) and H2O2-treated PBMC 
(panel A) or monocytes (panel B) from the 2 groups of animals. Results are expressed as photoluminescence (PL) intensity units. Data are 
reported as LSM ± SEM. Significant differences are indicated with * (P < 0.05) and **** (P < 0.0001).

Figure 8. Total reactive oxygen species (ROS)/reactive nitrogen 
species (RNS) free radical activity in peripheral blood mononuclear 
cell (PBMC) supernatants from control group (CG) or nucleotide 
group (NG) calves at 25 d of age. The scatter plots show the distribu-
tion of ROS/RNS production, expressed as photoluminescence (PL) 
intensity, in supernatants of PBMC from the 2 groups of animals, 
collected after 20 h of incubation at 37°C, 5% CO2. Horizontal bars 
indicate the median. Significant differences between the 2 groups are 
indicated with * (P < 0.05).

Figure 9. Effect of oral administration of nucleotides on cell vi-
ability of peripheral blood mononuclear cells (PBMC) from control 
group (CG) or nucleotide group (NG) calves at 25 d of age. Cell vi-
ability, expressed as optical density (OD), was detected by the in vitro 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 
test in untreated PBMC (negative) from the 2 groups of animals or 
PBMC treated for 20 h at 37°C, 5% CO2 with LPS, concanavalin A 
(ConA), or H2O2. Data are reported as LSM ± SEM. Significant differ-
ences are indicated with * (P < 0.05) and *** (P < 0.001).
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that calves are developing ruminants. In fact, although 
they are functional monogastric, we cannot totally 
superimpose hypothetical mechanisms of delivery to 
the intestine and subsequent action to those described 
for monogastric species. Researchers reported that the 
greater villi height improved intestinal efficiency of 
digestive and absorptive processes in chicken (Danesh-
mand et al., 2017) and weaned pigs (Hernandez et al., 
2000). This greater intestinal efficiency can be hypoth-
esized to support the improved growth performance of 
NG calves. Different results were reported in suckling 
and postweaning calves by Abbaslou et al. (2020), 
possibly due to the differences in administration, the 
different dose used, or both (2 g/head, lower than our 
dose of 5 g/head). They did not observe any difference 
in feed efficiency and in final BW of calves fed with 
addition of nucleotides. Similarly, Kehoe et al. (2008) 
reported no effect of dietary nucleotides on calf growth 
performance, but they also used a lower dose, although 
they proposed that nucleotides would improve entero-
cyte function, increase surface area due to longer villi, 
or both. Thus, the better growth performance in the 
NG calves could be due to a more efficient utilization 
of nutrients and to greater surface area for nutrient 
absorption, although our observations are limited to 
the duodenum and further investigation of the small 
intestine, especially jejunum, is warranted. In addition 
to the prominent role of nucleotides in improving the 
intestinal histomorphology and nutrient absorption, we 
should also consider the energy gain attributable to the 
inhibition of de novo synthesis by exogenous nucleo-
tides (Grimble, 1996).

During the dietary treatment, the levels of Alb re-
mained stable, whereas Glob concentrations were sub-
ject to substantial variations. Levels of Glob and IgG 
were mainly affected by their passive immune transfer 
via colostrum, as shown by the peaks at T3. The effi-
ciency of IgG absorption is influenced by several factors, 
with the timing of colostrum feeding being the most 
critical. In fact, calves are capable of immunoglobulin 
absorption mainly during a brief period up to 24 h af-
ter birth (Halleran et al., 2017). Because the quality 
and quantity of colostrum administered was the same 
for all the enrolled animals and no differences in IgG 
uptake were observed between CG and NG, nucleotide 
treatment had no effect on passive transfer. Indeed, it 
is unlikely that the improved intestinal efficiency re-
sulting from the intake of dietary nucleotides occurs 
quickly enough to facilitate IgG absorption. Therefore, 
we conclude that IgG levels are not improved by dietary 
nucleotide supplementation. However, it is well known 
that intestinal and immune tissues are closely related 
because a significant proportion of intestinal cells are 

of immune origin and intestinal epithelial cells can 
produce immunomodulatory molecules (Dahan et al., 
2007). Considering this, we cannot exclude a potential 
role of nucleotide administration in newborn calves’ im-
mune response (Kletikova et al., 2021). Therefore, oral 
nucleotide administration may modulate the immune 
status of calves without directly affecting IgG uptake.

CONCLUSIONS

Our results clearly indicate that oral nucleotide ad-
ministration can improve health and growth of calves 
during the first 25 d of life, with practical implica-
tions for the dairy industry. Nucleotide administration 
improved the activity of antioxidant enzymes (SOD, 
CAT, and GPx) and the antioxidant capacity (FRAP 
and ABTS) in calf plasma and liver starting as early as 
the third day of administration. The enhanced ability 
of cells to counter ROS- and RNS-mediated damage 
was also observed in PBMC from calves fed nucleo-
tides. Moreover, nucleotide administration increased 
the intestinal villi height and crypt depth, with posi-
tive consequence on economically important growth 
parameters (weight gain, ADG, CPCR, and MECR). 
By stimulating the antioxidant enzymatic machinery 
and maximizing nutrient intake during weaning, oral 
nucleotide administration may have the potential to 
counteract the high prevalence of mortality and mor-
bidity after birth, and to affect long-term cow health 
and future milk production. The efficacy of dietary 
nucleotide supplementation was proven in healthy 
calves under typical farm conditions and are thus easily 
transferable to the field.
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