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ABSTRACT

The aim of the present study was to determine if space 
allocation influenced the concentration of biomolecules 
in buffalo milk and dairy products. Intensively housed 
buffaloes (n = 96) were randomly assigned to 2 groups 
according to days in milk, parity, and milk yield: group 
S10 had a space allocation of 10 m2 per buffalo and 
group S15 had a space allocation of 15 m2 per buffalo. 
Individual milk yield was recorded daily. Twice a month, 
a bulk milk sample was collected for each group, as well 
as whey, ricotta, and mozzarella cheese, to assess cheese 
yield and to conduct HPLC-electrospray ionization-
tandem mass spectrometry, milk antioxidant activity, 
and cell viability analyses. We tested milk extracts 
from the 2 groups in vitro to evaluate their efficacy 
in counteracting endothelial oxidative damage induced 
by high glucose. We evaluated reproductive function 
in 28 buffaloes from each group using the Ovsynch-
timed artificial insemination program. We observed no 
differences in milk quantity or quality in terms of fat, 
protein, or lactose, and reproductive function did not 
differ between the 2 groups. Compared with group S10, 
group S15 had higher concentrations of carnitine (56.7 
± 1.1 vs. 39.8 ± 0.7 mg/L in milk and 40.9 ± 0.8 vs. 
31.7 ± 0.7 mg/L in whey), acetyl-l-carnitine (51.9 ± 
0.3 vs. 39.7 ± 0.7 mg/L in milk and 41.1 ± 1.7 vs. 
28.7 ± 2.6 mg/L in whey), propionyl-l-carnitine (34.8 
± 1.0 vs. 21.0 ± 0.9 mg/L in milk and 26.9 ± 0.8 vs. 
17.6 ± 1.2 mg/L in whey), glycine betaine (23.1 ± 1.9 
vs. 13.5 ± 1.6 mg/L in milk and 10.7 ± 0.4 vs. 7.9 ± 
0.5 mg/L in whey), and δ-valerobetaine (24.2 ± 0.5 

vs. 16.7 ± 0.5 mg/L in milk and 22.0 ± 0.9 vs. 15.5 ± 
0.7 mg/L in whey). Group S15 also had higher total 
antioxidant activity than group S10 (56.7 ± 1.9 vs. 46.4 
± 1.13 mM Trolox equivalents). Co-incubation of high-
glucose-treated endothelial cells with milk extracts 
from group S15 improved cell viability compared with 
cells treated with high glucose only; it also reduced 
intracellular lipid peroxidation (144.3 ± 0.4 vs. 177.5 ± 
1.9%), reactive oxygen species (141.3 ± 0.9 vs. 189.3 ± 
4.7 optical density units), and cytokine release (tumor 
necrosis factor-α, IL-1β, IL-6). Greater space allocation 
was associated with higher levels of biomolecules in buf-
falo milk. This could have been the result of improved 
welfare in buffaloes that were allocated more space.
Key words: buffalo welfare, functional biomolecules, 
cytokine, milk, dairy products

Short Communication

Milk from the Italian Mediterranean water buffalo 
(Bubalus bubalis) is used to produce high-value prod-
ucts, including mozzarella cheese (Addeo et al., 2007). 
The global demand for mozzarella has led to the ex-
pansion of intensive buffalo production in Italy. Inten-
sification has allowed better control of the buffaloes’ 
diet and husbandry, which has improved the efficiency 
and the amount of milk produced by individual buffalo 
cows (De Rosa et al., 2005). Animal welfare has become 
an important consideration in contemporary intensive 
livestock production systems, recognizing the funda-
mental role of welfare in animal health, productivity, 
and product quality and safety (Broom, 2010). One 
study showed that the amount of milk produced by buf-
falo cows did not differ for animals allocated 10 or 22 
m2 of space per animal (Salzano et al., 2017). However, 
the quality of buffalo milk is arguably more important 
than the quantity. Space allocation may influence the 
levels of important bioactive molecules that have high 
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nutritional value and health-promoting properties. 
Particularly important components of buffalo milk are 
l-carnitine (Car) and short-chain acylcarnitines (Ser-
villo et al., 2018a). Levels of acetyl-l-carnitine (C2Car), 
propionyl-l-carnitine (C3Car), butyryl-l-carnitine 
(nC4Car), and isobutyryl-l-carnitine (iC4Car) are re-
lated to anaerobic fermentation in the rumen, which 
produces volatile fatty acids and isoacids (Rychlik et 
al., 2002). The recently identified milk δ-valerobetaine 
(N,N,N,-trimethyl-5-aminovaleric acid) is synthesized 
by rumen microbiota, most likely during the anaerobic 
oxidative deamination of Nε-trimethyllysine and glycine 
(Stickland reaction; Servillo et al., 2018b). The occur-
rence of δ-valerobetaine in ruminant milk, along with 
γ-butyrobetaine (the immediate biosynthetic precursor 
of Car) suggests that buffalo milk has broader health-
promoting properties. Indeed, δ-valerobetaine has in 
vitro antioxidant and anti-inflammatory activities 
against high-glucose-induced endothelial damage, and 
it decreases β-oxidation of fatty acids in mouse cardio-
myocytes (Kärkkäinen et al., 2018a; D’Onofrio et al., 
2019). In humans, the beneficial effects of a diet rich 
in whole grains correlates with increased plasma levels 
of δ-valerobetaine and improved insulin resistance and 
secretion (Kärkkäinen et al., 2018b). It is important 
that production systems do not reduce the biomolecules 
in buffalo milk that confer high nutritional value and 
health-promoting properties. The aim of the present 
study was to examine the effect of space allocation on 
carnitine and its precursors in buffalo milk. The hy-
pothesis tested was that greater space allocation would 
be beneficial for the biomolecule profile in buffalo milk.

The Ethical Animal Care and Use Committee of the 
Federico II University of Naples approved the experi-
mental design and animal treatments. The study was 
undertaken from October 2017 to January 2018 (100 d) 
in a commercial buffalo dairy in southern Italy. The an-
imals were maintained in pens with a concrete floor and 
milked twice per day. Buffaloes were fed the same TMR 
during the study (Table 1). Feed intake was determined 
from feed that remained unconsumed before the next 
feeding. The amount and composition of remaining 
feed was used to calculate DMI and diet composition. 
Individual feedstuff and remaining feed were sampled 
approximately once per week and analyzed according 
to AOAC (1980). We calculated energy values (milk 
forage units = 1,700 kcal) using equations provided by 
the INRA (1988) and the Nutrient Requirements of 
Dairy Cattle (NRC, 2001). Individual feed intake was 
estimated as suggested by Campanile et al. (1998).

Buffaloes (n = 96) were randomly assigned to 1 of 2 
groups according to DIM, parity, and milk yield: group 
S10 had a space allocation of 10 m2 per buffalo, and 

group S15 had a space allocation of 15 m2 per buffalo. 
The 2 groups were maintained in similar pens with a 
concrete floor. After an adaptation period of 15 d, we 
collected a bulk milk sample twice a month for analy-
sis and to assess cheese yield. On the same days, we 
collected and analyzed samples of milk, whey, ricotta, 
and mozzarella cheese from each group. Throughout 
the experimental period, we recorded milk yield per 
individual cow each day, and performed milk sampling 
15 d apart for chemical analysis by infrared spectros-
copy (MilkoScan, FTplus 6000; Foss-Electric, Hillerød, 
Denmark). At the same time, we assessed the BCS of 
each buffalo on a scale of 1 to 9 (Wagner et al., 1988). 
Eighty days after the start of the trial, 28 buffaloes 
in each group underwent synchronization of ovulation 
and artificial insemination using the Ovsynch-timed AI 
program (Neglia et al., 2003, 2016). Pregnancies were 
confirmed by ultrasonography on d 45 after insemina-
tion.

Extracts of buffalo milk, whey, ricotta, and moz-
zarella cheese were prepared and analyzed by HPLC 
electrospray ionization-tandem MS for Car, C2Car, 
C3Car, nC4Car, glycine betaine, γ-butyrobetaine, and 
δ-valerobetaine, as described by Servillo et al. (2018a,b). 
We determined milk antioxidant activity by measuring 
total antioxidant capacity, free radical scavenging ac-

Table 1. Feed (kg of feed) and chemical composition (% of DM) of the 
diet fed to buffaloes in both space allocation groups

Item Amount

Component (kg of feed)
 Corn silage 23
 Straw 1
 Hay (alfalfa second cut) 3.5
 Concentrate 5.8
 Hydrogenated fats 0.3
 1:3 Salt 0.12
 Calcium carbonate 0.03
 Vitamin/mineral supplement1 0.2
Composition (% of DM)
 CP 14.60
 Crude fiber 19.80
 Ether extract (fat) 5.20
 Starch 19.90
 Ash 10.24
 NDF 40
 ADF 24
 Calcium 0.88
 Phosphorus 0.44
 Milk forage units 0.93
1Declared mineral and vitamin content per kg: vitamin A 4,000,000 
IU; vitamin D 100,000 IU; vitamin E 1,500 mg; vitamin B 1,000 mg; 
vitamin B1 500 mg; vitamin B2 2 mg; biotin 1,000 mg; niacin 10,000 
mg; pantothenic acid 1,000 mg; choline chloride 50,000 mg; Ca 180 g; 
Co 210 mg; Fe 9,000 mg; Mn 10,000 mg; Cu 900 mg; I 1,000 mg; Zn 
16,000 mg; Se 10 mg.
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tivity, and reducing power, as described by D’Onofrio 
et al. (2019).

Endothelial cells (CCL 209; ATCC, Manassas, VA) 
were grown at 37°C in a humidified atmosphere (95% 
air, 5% CO2) in minimum essential medium (11095-
080, Gibco; Thermo Fisher Scientific, Waltham, MA) 
supplemented with 20% heat-inactivated fetal bovine 
serum, penicillin (100 U/mL), streptomycin (0.1 mg/
mL), and NEAA (1%) solution. Cells were treated with 
buffalo milk extract (10 µL), added to culture medium 
and then treated with normal glucose (5.5 mM) or high 
glucose (30 mM) for 48 h (D’Onofrio et al., 2019). Cell 
viability was determined by XTT assay (X4626; Sigma 
Aldrich, St. Louis, MO; D’Onofrio et al., 2019). We 
determined intracellular reactive oxygen species levels, 
lipid oxidative degradation, and cytokine release [tu-
mor necrosis factor α (TNF- α), IL-6 and IL-1β] as 
previously described (D’Onofrio et al., 2019). 

Data for milk production, quality, and composition 
(in terms of bioactive peptides, were analyzed using 
repeated-measures ANOVA; findings are presented 
as mean ± standard error. Data from in vitro experi-
ments are also presented as mean ± standard error. We 
performed statistical analysis using SPSS for Windows 
17.0 (SPSS Inc., Chicago, IL). A statistically significant 
difference was accepted at P < 0.05.

Dry matter intake throughout the experimental pe-
riod was similar between the 2 groups (16.4 ± 0.1 vs. 
16.5 ± 0.1 kg in groups S15 and S10, respectively). 
Total milk yield per buffalo was higher in group S15 
throughout the experimental period (764.9 ± 1.5 vs. 
743.4 ± 1.7 kg for group S10, P < 0.01). During the 
first 7 wk, we recorded similar production between the 
2 groups (8.4 ± 0.1 kg/d vs. 8.4 ± 0.2 kg/d), but ob-
served significant differences from wk 8 onward (6.7 ± 
0.3 kg/d vs. 6.4 ± 0.3 kg/d for groups S15 and S10, 
respectively, P < 0.01). We recorded no differences be-
tween the 2 groups in terms of milk gross composition 
or cheese yield. During the trial, BCS was similar be-
tween the 2 groups. Regarding reproductive efficiency, 
2 buffaloes for each group were not in estrus at the 
time of artificial insemination and were excluded from 
the trial. We observed no differences in pregnancy rate 
between the 2 groups (69.2 vs. 73.1% in groups S15 and 
S10, respectively).

Compared with group S10, milk and whey from 
group S15 contained higher levels of Car, C2Car, C3Car, 
δ-valerobetaine, and glycine betaine (P < 0.01; Table 
2). Among the dairy products analyzed, we observed no 
differences in the mozzarella and ricotta cheese (Table 
2). Milk total antioxidant activity, DPPH (2,2-diphe-
nyl-1-picrylhydrazyl) activity and ferric reducing power 
were higher in group S15 than in group S10 [56.7 ± 1.9 
vs. 46.4 ± 1.1 mM; 159 ± 3.1 vs. 121 ± 5.9% of control; T
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12.9 ± 0.8 vs. 9.0 ± 0.9 optical density units (OD) at 
700 nm; P < 0.05]. 

When S15 and S10 milk extracts were tested in 
vitro to evaluate their efficacy in counteracting the 
endothelial oxidative damage induced by high glucose, 
results showed an improvement in cell viability dur-
ing co-incubation with milk extract from group S15 (P 
< 0.001; Figure 1A). This effect was paralleled by a 
reduction in intracellular lipid peroxidation (144.3 ± 
0.41 vs. 177.5 ± 1.9%; P < 0.001; Figure 1B), reactive 
oxygen species (141.3 ± 0.88 vs. 189.3 ± 4.69 OD; P < 
0.001; Figure 1C) and cytokine release (TNF-α, IL-1β, 
IL-6); the efficacy of the milk extract from group S15 
(P < 0.001 vs. high glucose) was higher than that of 
group S10 (P < 0.01 vs. high glucose).

Concentrations of carnitine, short-chain acylcarni-
tines, and δ-valerobetaine in fresh milk and whey were 
higher in milk from buffaloes with a space allocation 
of 15 m2 per animal than in milk from buffaloes with 
a space allocation of 10 m2/animal. Group S15 also 
had higher milk yield. Buffaloes restricted to 10 m2 per 

animal have also been reported to have higher blood 
cortisol levels than buffaloes kept at 10 m2 per ani-
mal but allowed access to a wallowing area (Tripaldi 
et al., 2004). It is possible that buffaloes maintained 
at 10 m2 per animal experienced increased stress and 
had elevated blood glucocorticoid levels. The latter can 
raise plasma glucose levels through increased gluconeo-
genesis and decreased peripheral tissue glucose uptake. 
Glucocorticoids also regulate lipolysis and lipogenesis 
and increase plasma levels of nonesterified fatty acids 
(Parker and Rainey 2004). The higher content of car-
nitine, short-chain acylcarnitine, and δ-valerobetaine in 
buffaloes with a space allocation of 15 m2 per animal 
could be explained by a shift in the glycogenolysis/
gluconeogenesis ratio to glycogenolysis as a result of 
increased production of carnitine and its precursors. 
Carnitine plays a role in the mitochondrial oxidation 
of long-chain fatty acids through the action of special-
ized acyltransferases (Fritz, 1959). It can also regulate 
the mitochondrial acyl-CoA/CoA ratio and buffer the 
free CoA pool by forming acyl-carnitines and prevent-

Figure 1. Cytoprotective effect of milk extracts from buffalo housed with space allocations of 10 (group S10) or 15 m2 (group S15) per ani-
mal. Measured after 48 h of treatment with normal glucose (nG), high glucose (hG), or S15 or S10 milk extract, alone or in combination with 
hG. (A) Endothelial cell viability (XTT assay; Sigma Aldrich, St. Louis, MO); (B) lipid peroxidation (LPO); (C) intracellular reactive oxygen 
species; and (D) cytokine levels. Results are the mean ± SE of 6 independent experiments; †P < 0.001 vs. nG, §P < 0.01 vs. hG; §§P < 0.001 
vs. hG. OD = optical density; TNF-α = tumor necrosis factor-α.
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ing acylation of free CoA (Ramsay and Arduini, 1993). 
Moreover, carnitine can influence energy production 
from glucose by modifying the available free CoA (Ste-
phens et al., 2007). Carnitine can be used as a carbon 
source through multistep metabolism to glycine beta-
ine, which is then successively demethylated to glycine 
that can be used for carbon, nitrogen, and energy 
depending on the bacterial strain (Wargo and Hogan 
2009). In the present study, glycine betaine was higher 
in the milk and whey of buffaloes maintained at 15 m2 
per animal. The greater carnitine and derivatives in 
milk and whey could be linked to a greater ruminating 
time in buffaloes kept at 15 m2 per animal Napolitano 
et al. (2004). The synthesis of the carnitine and its 
derivatives can be related to the persistence of the feed 
in the reticulorumen and through the action of specific 
bacteria (Meadows and Wargo 2015). Indeed, rumen 
microbiota could influence the carnitine status of ru-
minants. Together with the microbiota, anaerobic fungi 
(which synthesize carnitine) are also present (Kaufman 
and Broquist 1977; Strijbis et al., 2009), but fungi have 
less effect than bacteria because of their low contribu-
tion to rumen microbial mass (Krause et al., 2013).

The higher amounts of betaines (glycine betaine and 
δ-valerobetaine) and short-chain acylcarnitine in buf-
faloes maintained at 15 m2 per animal would confer 
increased health-promoting properties, such as anti-
oxidant and anti-inflammatory activity (D’Onofrio et 
al., 2019). In addition to improving the hyperglycemic-
oxidative microenvironment, the in vitro findings from 
the present study indicated that the milk of buffaloes 
maintained at 15 m2 per animal also had greater bio-
potency in suppressing the release of proinflammatory 
cytokines (TNF-α, IL-1β, IL-6). It is likely that the 
bioactive properties of buffalo milk involve the comple-
mentary actions of δ-valerobetaine and short-chain 
acylcarnitine, together with other biomolecules that 
await discovery. These natural compounds have promis-
ing potential for use in combination with hypoglycemic 
drugs to prevent and control inflammation (Liu et 
al., 2017; D’Onofrio et al., 2018). Allowing buffaloes 
to have more space could improve welfare and is as-
sociated with higher levels of functional molecules in 
milk and increased antioxidant activity. This finding 
has important implications for the use of buffalo milk 
as a source of biopharmaceuticals in human health and 
disease.
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