4

Food and Nutrition Sciences, 2024, 15, 1065-1084

““ Scientific https://www.scirp.org/journal/fns

0 " Research :
94% Publishing ISSN Online: 2157-9458
* ISSN Print: 2157-944X

Tributyrin in the Diet of Lambs and Its Impacts
on Energy Metabolism and Oxidative Status in
the Liver and Intestine, as Well as the Fatty
Acid Profile in Meat

Ana Iris S. dos Santos?, Julcemar D. Kesslerz, Bruna Kleinz, Andrei L. R. Brunetto?,
Guilherme L. Deolindo3, Luiz Eduardo L. Silva%, Roger Wagner+, Poliheny Martins da Silvas,
Matheus D. Baldissera5, Aleksandro S. da Silvat.23*

'Programa de P6s-graduagdo Zootecnia, Universidade do Estado de Santa Catarina (UDESC), Chapecd, Brasil
“Departamento de Zootecnia, Universidade do Estado de Santa Catarina (UDESC), Chapeco, Brasil

*Programa de Pds-graduagdo Multicéntrico em Bioquimica e Biologia Molecular, Universidade do Estado de Santa Catarina
(UDESC), Lages, Brasil

“Departamento de Ciéncia de Alimentos, Universidade Federal de Santa Maria, Santa Maria, Brasil

*Laboratorio de Bioprospecgdo e Biologia Experimental, Universidade Franciscana (UFN), Santa Maria, Brasil

Email: *aleksandro_ss@yahoo.com.br

How to cite this paper: dos Santos, A.LS., Abstract

Kessler, J.D., Klein, B., Brunetto, A.L.R., De-
olindo, G.L., Silva, L.E.L., Wagner, R., da
Silva, P.M., Baldissera, M.D. and da Silva,
A.S. (2024) Tributyrin in the Diet of Lambs
and Its Impacts on Energy Metabolism and

This study aimed to determine whether adding tributyrin to the diet of lambs
impacts health, energy metabolism, ruminal environment, and meat quality.
Twelve lambs were used; the control group received a basal diet, while the

Oxidative Status in the Liver and Intestine,
as Well as the Fatty Acid Profile in Meat.
Food and Nutrition Sciences, 15, 1065-1084.
https://doi.org/10.4236/fns.2024.1511069

Received: September 16, 2024
Accepted: November 9, 2024
Published: November 12, 2024

Copyright © 2024 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(OMOMY e Acces:

tributyrin group received a diet with the additive mixed with concentrate (2
g/day/animal). The blood count was used for Leukocyte and lymphocyte counts,
which were significantly higher in tributyrin-fed animals than in controls. The
activity of the enzymes adenylate kinase and pyruvate kinase was higher in the
liver and intestine of the tributyrin group than the controls; cytosolic creatine
kinase activity was significantly higher in the intestine of lambs fed tributyrin.
Glutathione S-transferase activity in the liver was significantly higher in ani-
mals in the tributyrin group. Superoxide dismutase activity was significantly
higher in the intestine, with a lower protein carbonyl concentration in the
tributyrin group. Bacterial activity through ruminal fluid collection was sig-
nificantly lower when tributyrin was consumed, unlike the protozoan count,
which was significantly higher in animals in the tributyrin group than in the
controls. Tributyrin intake caused lower levels of short-chain fatty acids with-
out changing the proportion of volatile fatty acids. The water retention capac-
ity measured using an external compression method was significantly higher
in the meat of the tributyrin group. The treatment affected some fatty acids in
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the meat, these acids were separated by chromatography where a lower amount
of saturated fatty acids and a higher amount of monounsaturated fatty acids
in the group that consumed tributyrin. These findings suggest that tributyrin
in lamb diet alters blood and rumen environment biomarkers and improves
the fatty acid profile of the meat.

Keywords

Additive, Animal Production, Tributyrin, Fatty Acids,
Animal Health

1. Introduction

In its pure form, butyrate has an unpleasant odor, with volatile and unstable be-
havior in the environment [1] to avoid these problems, butyric acid molecules are
esterified to mono-, di-, and tributyrates. Compared to butyric acid, tributyrin
(TB) is more stable and has less odor, thus allowing a slower release to reach the
lower gut and eliminating the possibility of animal consumption rejection. TB en-
compasses a complex interplay between diet, gut microbiota, energy metabolism,
and immunity [2]-[4]. In recent years, it has attracted much attention and is
widely used as a food additive in diets to improve the health and performance of
farm animals, as it can be metabolized into three free butyric acid molecules in
the gastrointestinal tract. In adult sheep, the addition of TB improved the ruminal
environment and metabolites, thus resulting in greater activity of fibrolytic bacte-
ria and utilization of dietary nutrients [5] Butyrate recruits innate immunity mol-
ecules [6] [7]. In pre-weaned dairy calves, added to milk replacer promoted intes-
tinal development by increasing the intestinal barrier and attenuating the inflam-
matory response [8] [9].

In practice, TB is used in the production of swine [10], poultry [9] [11], and
aquatic organisms [12]-[14] as it is a potent growth promoter with effective anti-
biotic functions. However, the effects of TB on sheep diets are relatively unknown.
In recently weaned lambs, a basal diet with additives of mono-, di-, and tri-glyc-
erols allowed researchers to attribute a positive role to TB in the degradation of
ruminal fiber, which combined with other esters of glycerol, increased average
daily weight gain, even without an effect on the rumen microbiome. On the other
hand [15], evaluated various doses of protected or unprotected TB in the diet of
sheep and did not observe a contribution to growth, final weight, average daily
gain (ADG), gain:feed ratio, hot carcass yield, or carcass yield. We hypothesize
that TB will alter the flora and profile of AVGs in the rumen environment and
reach the intestine, where enterocytes will use it, favoring intestinal and animal
health. Therefore, this study aimed to determine whether adding TB to the diet of
lambs impacts animal health, energy metabolism, rumen environment, and meat

quality.
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2. Materials and Methods
2.1. Tributyrin

The TB additive used in this study was a commercial product based on butyric

acid glyceride molecules (Villonat®, Feedis, Salto, Sdo Paulo, Brazil).

2.2. Animals, Data, and Sample Collection

The experiment was conducted on an Experimental Farm of the Center for Higher
Education of the West of the State University of Santa Catarina, in Guatambu
(Southern Brazil). FECEO-UDESC at latitude 27°8°5" South, longitude 52°47°15"
W between March and June 2023.

Twelve castrated male Lacaune lambs (2.5 £ 0.5 months old and 21 + 2 kg) were
housed in 3-m? wooden pens with individual drinking and feeders for 79 days.
The distribution of the stalls in the respective treatments in the installation was
sequential to avoid environmental interference. All animals were treated preven-
tively with Ripercol anthelmintic based on 5% levamisole hydrochloride (Riper-
col®).

The basal diet was formulated with nutritional requirements for growing lambs,
according to NRC 2007. Feed was provided twice daily (08:30 am and 3:30 pm) in
a 75:25 concentrate:roughage ratio. The amount of feed provided to the animals
was adjusted whenever the animals were weighed, with the total mixed ration
(TMR) corresponding to 4% of live weight (Table 1).

From the record of the offer and refusal of daily feed, dry matter intake (DMI),
feed conversion (weight animal weight in several studies: gain/DMI), and feed ef-
ficiency per pen were calculated; for these zootechnical variables, the pen was used
as an experimental unit. The additive was adjusted accordingly, ensuring that the
animals always ingested 2 g/day/animal defined by the source of tributyrin or bu-
tyric acid and the average First, the concentrate was supplied after consumption,
and the bulky portion (corn silage) was supplied to guarantee maximum additive
consumption.

To evaluate performance, in addition to weighing, weight gain and average
daily weight gain were calculated five times on a digital scale (days 1, 15, 35, 45,
and 70). The leftovers were weighed before the day’s first batch was delivered.
Based on this data, feed conversion, and feed efficiency were calculated.

2.3. Hematology and Serum Biochemistry

Blood was collected on days 1, 15, 35, 45, and 70 days of the experimental period
by puncture of the jugular vein of fasting animals using two types of vacuolated
tube: without anticoagulant and with EDTA as anticoagulant; samples were trans-
ported refrigerated for serum biochemistry and complete blood counts, respec-
tively.

Blood collected without anticoagulant was centrifuged at 7,000 rpm for 10 min
to separate the serum and stored at —-20°C until biochemical assays were performed.

Serum activity of aspartate aminotransferase (AST), gamma-glutamyl transferase
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Table 1. Ingredients and chemical composition of the experimental diet concentrate.

Ingredients (g/kg) Composition
Corn meal 506.00
Soybean meal 246.00
Wheat bran 180.00
Mineral core! 47.00
Calcitic limestone 20.00
Chemical composition? Control Tributyrin
Items Corn silage Concentrate Concentrate
DM 34.00 89.64 89.87
MM 4.60 12.01 12.37
CP 8.78 22.00 22.88
NDF 25.60 14.77 14.01
ADF 13.70 6.66 6.22
EE 2.10 3.26 3.24

"Nucleus composition: Calcium (min./max.) 175/245 g; Phosphorus (min.) 40 g; Sulfur (min.) 25 g; Magnesium (min.) 12 g; Sodium
(max) 100 g. Mineral Matter (max) 980 g; Cobalt (min.) 40 mg; Iron The animals were allocated to two experimental groups: 8
received concentrated feed containing 2 g/day/animal of the TB additive, while another 8 received concentrated feed without the
additive. The dose of TB added to the concentrate during its production was based on the concentrate/day consumed. Corn
silage and concentrate samples were collected to determine the chemical composition of dry matter (DM), crude protein (CP),
ether extract (EE), and ash according to AOAC (2000) (Table 1). (min.) 1,800 mg; Iodine (min.) 80 mg; Manganese (min.) 1,400
mg; Selenium (min.) 12 mg; Zinc (min.) 4,000 mg; Vit. A (min.) 300,000 IU; Vit. D3 (min.) 60,000 IU; Vit. E (min.) 600 IU;
Fluoride (max) 600 mg; Monensin sodium (600 mg); 2DM (dry matter), MM (mineral matter), CP (crude protein), NDF (neutral
detergent fiber), ADF (acid detergent fiber), EE (ether extract). Note: Basal concentrate, used in all groups. The chemical com-
position of the concentrate from both groups was the same; TB did not change the chemical composition of the concentrate
consumed by the lambs.

(GGT), and levels of total protein, albumin, glucose, triglycerides, and cholesterol,
calcium, phosphorus were measured on a Zybio EXC-200 model analyzer using
commercial kits (Analisa®, Belo Horizonte, Brazil) according to the manufacturer’s
recommendations. Globulin levels were calculated as total protein - albumin.

Hematologic analyses were performed with whole blood stored in tubes con-
taining EDTA within two hours of collection. An automatic hematologic analyzer
measured the erythrocyte count, total leukocyte count, leukocyte differential,
hematocrit percentage, and hemoglobin concentration (3-part EQUIP VET
3000°).

2.4. Rumen Parameters

Ruminal fluid (50 ml) was collected on days 1, 35, and 70 (two hours after feeding
in the morning) through a silicone ororuminal cannula connected to a vacuum
pump. Half of the fluid (25 ml) was filtered for pH assessments using a portable
digital potentiometer (TESTO 205°) and measuring the functional activity of the
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ruminal microbiota using the methylene blue reduction test—MBRT (0.05% so-
lution), as described by [16]. The methylene blue reduction time was measured
accordingly. From this filtered portion, 2 mL was used to determine short-chain
fatty acids (SCFA), and the proportion of acetic, propionic, butyric, valeric, and
isovaleric acids using a gas chromatograph with a flame ionization detector (GC-
FID; Varian Star 3600, Palo Alto, USA) and automatic sampler (Varian 8200CX,
Palo Alto, USA), according with adjusted detail in Supplementary Material 1.
The results were expressed as mmol-L™ of each SCFA in ruminal fluid.

An unfiltered aliquot was used in the protozoan counting process using a
Sedgewick Rafte chamber, where in one drop of dilution (10™"), protozoan micro-

structures are counted with a 40x objective according to literature [4].

2.5. Post-Mortem Analysis
2.5.1. Slaughter and Sample Collection

Once the confinement phase (79 days) was completed, the twelve lambs were
fasted for 12 hours, and transported to the slaughterhouse following local regula-
tions. After bleeding, skinning, and eviscerating the animals, the liver, jejunum,
and longissimus thoracis (LT) muscle were collected for the analyses described

below.

2.5.2. Energy Metabolism and Oxidative Status in the Liver and Intestine
The intestine was washed in SET buffer (0.32 M sucrose, 1 mM EGTA, 10 mM
Tris-HCI, pH 7.4) and homogenized in the same buffer (1:10 w/v) using a Potter
tissue homogenizer. The homogenate was centrifuged at 800 x g for ten minutes
at 4°C. An aliquot of the supernatant was used to evaluate adenine kinase (AK)
activity; the pellet was discarded, and the supernatant was centrifuged again at
10,000 x gfor 15 min at 4°C. The cytosol supernatant was collected to determine
cytosolic pyruvate kinase (PK) and creatine kinase (CK) activity. The pellet con-
taining mitochondria was washed twice with the same buffer and resuspended in
100 mM Trizma and 15 mM MgSO, buffer (pH 7.5) to measure mitochondrial CK
activity.

CK intestinal activity was conducted based on Hughes’s colorimetric method
(1962), which estimates creatine levels at a wavelength of 540 nm, as reported in
detail by researchers [17]. The results were expressed as nmol of creatine formed/
min/mg of protein. Intestine and liver AK activity was measured with an enzy-
matic assay coupled with hexokinase (HK) and glucose 6-phosphate dehydrogen-
ase [17] [18]. The activity was expressed as pmol of ATP formed/min/mg of pro-
tein. Gut and liver PK activity were published in detail by researchers [17]. Activ-
ity was expressed as umol of pyruvate formed/min/mg of protein.

Detection of serum lipid peroxidation was performed indirectly and expressed
as serum thiobarbituric acid reactive substance (TBARS), according to [18] Serum
glutathione S-transferase (GST) activity was measured using the technique de-
scribed [19]. Results were expressed as umol CDNB/min/mg protein.

Superoxide dismutase (SOD) activity was determined according to the
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principle of pyrogallol autooxidation, which inhibits the presence of SOD. The
variation in optical density was determined kinetically for two minutes at 420 nm,
in 10-s intervals, according to the methodology described by researchers [20].

SOD activity was expressed as U SOD/mg protein.

2.5.3. Carcass Characteristics and Meat Quality

Measuring pH with a portable pH meter equipped with a penetrating electrode
(Testo® model 205) in carcasses’ loins (LT) immediately after evisceration, then
individually weighing the carcass components on a digital scale. These were
cooled at 4°C for 24 h to obtain cold carcass weight (CCW); in the cold carcass,
pH was also measured. Hot and cold carcass yields were calculated by expressing
hot carcass weight (HCW) and CCW as a percentage of empty body weight
(EBW), being (EBWZ = slaughter BW - [HCW OR CCW * 100]). Subsequently,
the carcasses were ribbed in the twelfth and thirteenth to obtain the LT muscle,
and stored at —18°C until analysis of the chemical composition and fatty acid pro-
file of the meat.

2.5.4. Color and Water Retention Capacity

The LT muscle was used to evaluate meat quality characteristics immediately
upon arrival in the laboratory. Color analysis was performed using a portable
spectrophotometer model CM-25d (Konika Minolta®) placed on the surface of the
muscle to record brightness (L*), redness (a*), and yellowness (b*). All meat qual-
ity measurements were made in triplicate for each lamb.

For water retention capacity (WRC), a circular piece of meat (0.05 kg) from LT
muscle was weighed on a precision scale and subjected to a rapid absorptive
method of external compression, where the meat was pressed between two paper
filters and loaded with a 2-kg block for five minutes, as detailed by researchers
[21]. The WRC value was expressed as a percentage: WRC (%) = (Final weight -
initial weight) x 100.

2.5.5. Chemical Composition and Fatty Acid Profile

The LT muscle samples were thawed to detail the chemical composition of the
meat obtained using a near-infrared reflectance spectrometer, model Spectra Star
2600 XT series of Near-Infrared Analyzers (Unity Scientific®).

Fatty acid profiling, intramuscular fat extraction, methylation, and fatty acid
profile analysis on LT samples were performed according to literature [22] as fol-
lows: at 15 mL polypropylene tube was added 1.5 g of ground muscle, 0.5 mL of
distilled water, 5 mL of methanol, and 2.5 mL of chloroform to undergo mechan-
ical agitation for 1 hour and 30 minutes, thus forming a homogeneous solution.
Next, 2.5 mL of chloroform and 2.5 mL of 1.5% sodium sulfate (Na,SO,) solution
were added to promote a biphasic solution and undergo mechanical agitation for
30 minutes, then centrifuged for 10 minutes at 2000 rpm. The lipids in the lower
phase of the solution were subjected to fat quantification by gravimetric method
and fatty acid analysis. For fat, 2.5 mL of the obtained solution was placed in a

crucible and subjected to an oven for 45 minutes at 105°C; the crucible was then
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weighed to quantify the fat after evaporation of the chloroform.

The fatty acids (FA) methylation was from a previously obtained solution using
quantitative method [21]. In a glass tube with a lid, 0.8 mL of solution in 1 mL of
0.4 M KOH in methanol was added, kept in a water bath at 100°C for 10 minutes,
and cooled to room temperature. Then, 3 mL of 1 M H,SO, in methanol was added
and kept in a water bath at 100°C for ten minutes. After cooling, 2 mL of hexane
was added, vortexed for two minutes, and centrifuged at 2000 rpm for 10 min.
Finally, 1 pL of hexane with fatty acid methyl esters (FAME) was subjected to
chromatographic analysis.

A gas chromatograph model TRACE 1310 was used to characterize FAME,
equipped with a flame jionization detector (Thermo Scientific) with hydrogen used
as a carrier gas at a constant flow of 1.5 mL/min. One microliter of sample was
injected into a split-splitless injector, operated in split mode with a 1:10 ratio at
250°C.

FAME separation used an RT 2560 chromatography column (100 m x 0.25 mm
x 0.20 um film thickness, Restek, USA). The initial oven temperature was pro-
grammed at 100°C for 5 min and increased to 180°C at an 8°C/min rate. Then, it
increases to 210°C at a rate of 4°C /min, and finally up to 240°C, increasing by
20°C/min and maintaining for 20 min at isothermal conditions. The detector
temperature was kept constant at 250°C.

Fatty acid values were expressed as a percentage (%) determined by comparing
the total amount of FA to the authentic standard (MIX-37, Sigma Aldrich, St. Lois,
MO). The percentages of saturated fatty acids (SFA), monounsaturated fatty acids
(MIFA), and polyunsaturated fatty acids (PUFA) were calculated.

2.6. Statistical Analysis

The design was in a completely randomized model where each pen was considered
an experimental unit. Data were tested for normality and homogeneity of variance
using the Shapiro-Wilk and Levene tests, respectively. The complete blood count
results, quantification of protozoa in ruminal fluid, and the oxidative status of tis-
sues required transformation to achieve normality and homogeneity and they
were then retransformed to the original units for description. All data were ana-
lyzed using the SAS “MIXED procedure” (SAS Inst. Inc., Cary, NC, USA; version
9.4), with the Satterthwaite approximation to determine the denominator degrees
of freedom for the fixed effects test. Growth performance data (exception for PC)
were tested for fixed treatment effects using animal (treatment) as a random effect.
Body weights, complete blood counts, and serum biochemical data were analyzed
as repeated replicates. All data obtained on day 1 for each variable were included
as covariates in each analysis. The first-order autoregressive covariance structure
was selected according to Akaike’s least information criterion. Means were sepa-
rated using the PDIFF method, which selected a t-test, and all results were ex-
pressed as means with standard errors. Between treatments, differences were de-
fined when P < 0.05 and trends when P > 0.05 and <0.10.
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3. Results

3.1. Performance

There was no effect of treatment and treatment x day interaction for body weight
of lambs (Table 2). TB intake did not enhance weight gain, alter DMI, or improve

feed conversion and efficiency (Table 2).

Table 2. Zootechnical performance of lambs fed with tributyrin.

Treatments
Items SEM P-value
Control Tributyrin
Weight gain (kg)
Adaptation period (10 days) 20.2 19.8 0.36 0.86
D1 23.9 23.8 0.33 0.94
D15 28.6 27.7 0.35 0.92
D35 33.9 33.2 0.35 0.95
D53 37.4 37.9 0.46 0.97
D70 44.1 44.2 0.41 0.97
Days 1 to 70 (trial period) 20.2 20.4 0.23 0.96
A dail in (ADG),

verage daily gain (ADG) 0.288 0.291 0.05 0.94

kg/day

Dry matter intake (DMI).

1.37 1.38 0.11 0.96

kg/day

Feed conversion (DMI/ADG).

4.75 4.77 0.18 0.94

kg/kg

Feed efficiency (ADG/DMI).

0.210 0.210 0.01 0.98

kg/kg

3.2. Hematology and Serum Biochemistry

Table 3 displays the results of hematologic and biochemical variables. Treatment
had a significant effect on leukocyte count (P = 0.045). There was a significant
effect of treatment (P = 0.022) and a tendency for treatment x day interaction (P
=0.080) for lymphocyte count, being significantly higher in TB animals compared
to control. No significant effect of treatment and treatment x day interaction was
observed for monocyte, granulocyte, erythrocyte, platelet counts, or hemoglobin
concentration and hematocrit percentage.

There was a trend toward a treatment effect for serum glucose concentration,
which was significantly higher in the blood of animals that consumed TB. No sig-
nificant effect was observed for treatment and treatment x day interaction for

AST, GGT, total protein, cholesterol, albumin, globulin, calcium, or phosphorus.

3.3. Ruminal Indicators

The results of biomarkers in the rumen environment are displayed in Table 4.
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Table 3. Serum biochemistry and blood count of lambs fed tributyrin mixed with concentrate.

Treatments
Variable!
SEM P-value

Biochemistry Control Tributyrin Treat. Treat. x day
AST (U/L) 95.59 94.02 2.659 0.930 0.912
GGT (U /L) 64.97 65.13 2.347 0.898 0.941
Total prot. (g/dL) 6.48 6.55 0.088 0.923 0.881
Cholesterol (mg/dL) 79.24 78.72 1.505 0.906 0.784
Glucose (mg/dL) 93.97 99.4 1.065 0.091 0.141
Albumin (g/dL) 3.36 3.35 0.056 0.953 0.932
Globulin (g/dL) 3.11 3.20 0.104 0.947 0.956
Calcium (mg/dL) 11.31 11.42 0.228 0.970 0.970
Phosphorus (mg/dL) 10.60 10.58 0.303 0.962 0.947

Hemogram (p/L)

Leukocytes 7.470P 10.33* 0.951 0.045* 0.105
Lymphocytes 5.380° 7.727° 0.316 0.022* 0.080*
Monocytes 0.621 0.901 0.242 0.180 0.207
Granulocytes 1.469 1.706 0.155 0.274 0.398
Erythrocytes 10.10 10.42 0.166 0.965 0.981
Hemoglobin (g/dL) 12.44 12.61 0.240 0.950 0.963
Hematocrit (%) 27.83 27.54 0.240 0.951 0.968
Platelets 282.8 239.9 20.80 0.694 0.725

'AST (aspartate aminotransferase), GGT (gamma-glutamyl-transferase). *Within the lines, differ (P < 0.05) or tend to differ (P <
0.10).

Table 4. Ruminal parameters of lambs fed tributyrin mixed with concentrate.

Treatments
Varidveis!
Control Tributyrin EPM P-value
Treatment Treat x Day
pH ruminal fluid 6.243 6.403 0.03 0.920 0.950
MBRT! 92.05° 118.5* 6.21 0.031 0.128
Protozoans (n°/L) 0.253 0.050*
D1 131.7 133.5 9.66
D35 100.2 136.4 9.57
D70 110.7° 131.4° 4.26
SCFA (mnol/L) 0.02* 0.01*
D1 83.4 83.8 0.36
D35 74.1* 62.8° 0.34
D70 90.5% 85.1° 0.33
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Continued
Acetic acid (%) 59.2 59.4 0.81 0.95 0.97
Propionic acid (%) 28.4 27.7 0.34 0.96 0.92
Butyric acid (%) 8.49 8.69 0.12 0.93 0.95
Isovaleric acid (%) 1.59 1.69 0.03 0.82 0.76
Valeric acid (%) 2.23 2.42 0.06 0.88 0.71
Acetic/Propionic 2.24 2.23 0.05 0.97 0.95

'MBRT (methylene blue reduction test).

*Within the lines, differ (P < 0.05) or tend to differ (P < 0.10).

There was no significant effect of treatment for pH; however, there was a signifi-
cant effect of treatment for MBRT, with a longer time for consumption of meth-
ylene blue by bacteria, indirectly indicating lower microbial activity in the rumen
environment when lambs consumed TB but without treatment x day interaction
for MBRT. There was a significant treatment x day interaction on day 70 (P =
0.50) for protozoa counts in rumen fluid, with the number being significantly
higher in lambs that consumed TB.

There was a significant effect of treatment and treatment x day interaction for
concentrations of short FA, being significantly lower in lambs that consumed TB
on days 35 and 70 (Table 4). We did not find a significant effect of treatment on
the proportion of volatile FA called acetic, propionic, butyric, valeric, or isovaleric
acids (Table 4; P > 0.05).

3.4. Energetic Metabolism and Oxidative Status

Table 5 displays the activity of energy metabolism enzymes and oxidative status
in the liver and intestine. Treatment significantly affected AK activity in the liver
(P = 0.05) and intestine (P = 0.01) PK activity. AK and PK significantly reduced
their activities in the livers and intestines of lambs that consumed TB compared
to the control group. In the intestine, there was a significant effect of treatment on
cytosolic CK activity (P = 0.02), significantly higher in the jejunum of lambs in
the TB group; Mitochondrial CK activity tended to be lower in the jejunum of
animals in the TB group (P = 0.08).

There was no effect on protein carbonyl in the liver; however, there was in the
intestine. That is, the concentration of this biomarker of protein oxidation was
lower in the jejunum of lambs that consumed TB (Table 5). Treatment affected
GST activity in the liver (P = 0.01), with the highest activity in lambs in the TB
group; however, there was no change in this enzyme in the jejunum of the animals.
There was no effect of treatment on SOD activity in the liver; however, in the in-
testine/jejunum, the activity of this enzyme was higher (P = 0.01) in lambs that
consumed TB than control animals. It had no treatment effect for TBARS levels

in the liver or intestine.
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Table 5. Energy metabolism and oxidative status of the liver and intestine of lambs fed with tributyrin mixed with concentrate.

Treatments
Variable!
Control Tributyrin SEM P-value
Liver

AK 9.98* 7.95° 0.29 0.05*
PK 0.56* 0.47° 0.01 0.01*
TBARS 1.85 1.82 0.24 0.92
Carbonyl protein 3.68 3.47 0.63 0.73
GST (U/L) 152° 274 5.89 0.01*
SOD (U/mg) 12.8 14.6 0.95 0.56

Jejunum
AK 9.29% 6.35° 0.42 0.01*
PK 0.86* 0.59° 0.06 0.05*
(CK-C)? (nmol/mg) 1.85° 2.50° 0.07 0.02*
(CK-M)? (nmol/mg) 3.922 3.38° 0.07 0.08*
TBARS 2.64 2.25 0.13 0.43
Carbonyl protein 4.58* 3.27° 0.15 0.02*
GST (U/L) 46.3 51.2 2.84 0.55
SOD! (U/mg) 8.56" 11.72 0.89 0.01*

Icytosolic creatine kinase (CK-C), mitochondrial creatine kinase (CK-M), thiobarbituric reactive substances (TBARS), glutathione

S-transferase (GST), superoxide dismutase (SOD), adenylate kinase (AK), pyruvate kinase (PK). >nmol of creatine formed per min
per mg of protein (CK-C e CK-M), nmol of pyruvate formed per min per mg of protein (PK). *Within the lines, differ (P < 0.05) or

tend to differ (P < 0.10).

3.5. Carcass and Meat

Carcass results are presented in Table 6. There were no significant differences
between treatments in carcass yield or pH in hot and cold carcasses. There were
no significant differences between groups for the color characteristics (brightness,
red color, and yellow color) or chemical composition (protein, fat, and organic
matter) of the meat (Table 7). However, WRC was significantly higher in meat
from TB-fed animals (Table 7; P = 0.050).

Results of the fatty acid profile in meat are displayed in Table 8. There was a
significant effect of the treatment for the sum of SFA (P = 0.046) and monoun-
saturated fatty acids (MUFA) (P = 0.050), with lower SFA and higher MUFA in
animals in the TB group. In the meat of animals in the TB group, there was a
higher proportion of oleic acid (P = 0.041) and omega-3 eicosapentaenoic acid (P
= 0.042), in addition to a tendency toward a higher percentage of linoleic acid (P
= 0.074). The animals that consumed TB had a lower proportion of palmitic acid
(P =0.001) and a tendency toward a lower percentage of palmitoleic acid (P =
0.091). The other variables determined in chromatography did not differ between
groups and are presented in Table 8.
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Table 6. Carcass parameters of lambs fed tributyrin mixed with concentrate.

Treatment
Variables'
Control Tributyrin EPM P-value*
HCW (%. kg) 47.4 47.5 0.051 0.917
CCW (%. kg) 43.5 44.3 0.034 0.183
pH HCW 6.88 6.86 0.090 0.951
pH CCW 6.21 6.47 0.314 0.804

THCW (hot carcass weight), CCW (cold carcass weight). Hot carcass weight (HCW), cold carcass weight (CCW). *Within the lines,
differ (P < 0.05) or tend to differ (P < 0.10).

Table 7. Meat quality of lambs fed with tributyrin mixed with concentrate.

Treatment
Variables!
Control Tributyrin EPM P-value
WRC (%) 84.8° 87.7° 1.562 0.050
Cor
Luminosity (L) 35.9 34.3 0.548 0.625
Redness (a) 10.8 9.35 0.420 0.502
Yellowness (b) 9.72 8.42 0.340 0.752
Chemical composition (%)

Moisture 71.9 72.4 0.952 0.909
Total protein 22.2 21.6 0.812 0.892
Total fat 2.61 2.62 0.625 0.974

'WRC (water retention capacity). **Within the lines, unusual subscripts differ (P < 0.05) or tend to differ.

Table 8. Fatty acid profile of lamb meat fed with tributyrin mixed with concentrate.

Variables Treatment
FA (%) Control Tributyrin SEM P-value
C10:0 (Capric) 0.068 0.065 0.003 0.951
C12:0 (Lauric) 0.080 0.083 0.003 0.957
C14:0 (Myristic) 1.937 1.766 0.067 0.428
C14:1 (Myristoleic) 0.088 0.093 0.018 0.921
C15:0 (Pentadecanoic) 0.305 0.317 0.033 0.938
C16:0 (Palmitic) 26.115* 23.902° 0.306 0.001*
C16:1 (Palmitoleic) 1.948* 1.605° 0.061 0.091*
C17:0 (Heptadecanoic) 1.175 1.076 0.045 0.820
C18:0 (Stearic) 15.325 15.718 0.146 0.967
C18:1n9t (Elaidic) 1.381 1.393 0.091 0.983
C18:1n9c (Oleic) 43.18° 45.02° 0.350 0.041*
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Continued
C18:2n6¢ (Linoleic) 4.774° 5.201* 0.177 0.074*
C20:0 (Arachidic) 0.132 0.115 0.003 0.873
C18:3n6 (?-Linolenic) 0.074 0.069 0.003 0.882
C20:1n9 (cis-11-Eicosenoic) 0.100 0.113 0.002 0.904
C18:3n3 (a-Linolenic) 0.176 0.198 0.008 0.913
C21:0 (Henicsanoic) 0.300 0.279 0.012 0.856
C20:2 (cis-11.14-Eicosadienoic) 0.043 0.048 0.002 0.899
C22:0 (Behenic) 0.026 0.031 0.002 0.621
C20:3n6 (cis-8.11.14-Eicosatrienoic) 0.155 0.166 0.009 0.795
C20:4n6 (Arachidonic) 2.459 2.566 0.122 0.823
C24:0 (Lignoceric) 0.027 0.030 0.002 0.941
C20:5n3 (cis-5.8.11.14.17-Eicosapentaenoic) 0.059° 0.0722 0.004 0.042*
C24:1n9 (Nervonic) 0.024 0.024 0.002 0.981
C22:6n3 (cis-4.7.10.13.16.1 Docosahexanoic) 0.042 0.042 0.003 0.978
Sum (%)*
SFA 45.49* 43.38° 0.333 0.046*
MUFA 46.72° 48.25° 0.335 0.050*
PUFA 7.782 8.363 0.332 0.510

!Saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), polyunsaturated fatty acid (PUFA). **Within the lines, unusual
subscripts differ (P < 0.05) or tend to differ.

4. Discussion

The addition of TB to the lamb diet had more marked effects on immune system
cells, oxidative status, and fatty acid profile in the meat. Therefore, we need to
understand the response mechanisms that were accentuated in these variables.
SCFAs are believed to have a close relationship between diet, energy metabolism,
ruminal and intestinal microbiota, and host immunity. SCFAs are used as energy
and signaling for rumen development and immunomodulatory functions [3] [23].
However, its use in animal feed for ruminants is generally in protected form,
which increases the costs of the additive, mainly due to the pungent odor that
limits consumption in the free form for ruminants. In the present study, when
butyric acid was used as TB, this did not limit the consumption of concentrate by
the lambs. In another study, adult sheep had reduced food consumption when the
additive TB was present [5] the trophic effect of exogenous TB on the gastrointes-
tinal system is age-dependent in ruminants because butyrate stimulates IGF-1 and
IGF-2 in young animals for rumen development, resulting in a greater absorptive
surface in the rumen and better growth performance [8] [24]; this effect is not
necessary for adult animals. The lambs in the present study were three months old

when we started the study, although they had already adapted to the palatability
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of the concentrate. According to researchers, the various butyric molecules are
more effective in this early stage of the ruminants’ life having effects on nutrient
absorption and promoting animal development in the first months of life [25];
however, this effect does not persist or is no longer different from control animals
over time [23] [26] [27]. Growth performance was analyzed in this study as a com-
plementary variable, since our sample size was planned to study mechanisms and
pathways of action of BT in lambs without differences between groups, although
offering sodium butyrin in the diet of calves in the pre-weaning phase [8] and
found an increase in growth performance while found positive modulations in the
diversity of the intestinal microbiota [28]. On the other hand, researchers [1] used
0.03% of tributyrin or sodium butyrin per kg of DM consumed and found lower
final weight and ADG/DMI of calves than the control. The same authors reported
an increase in plasma glucose concentration in both phases of the study, suggest-
ing an improvement in energy metabolism, corroborating our trend for higher
glycemia levels.

Researchers who fed lambs with glycerol monolaurate, a medium-chain glycer-
ide, combined with TB (3 g/kg DM) recorded changes in the rumen microbiome,
highlighting a greater abundance of the phyla Bacteroidetes and Verrucomicrobia,
the first group of bacteria being more generalized in the process. This phenom-
enon differed from the second group, which had an enzymatic system for break-
ing down more complex polysaccharides/fibers. Furthermore, these researchers
found that this additive could increase the apparent digestibility of NDF [29] and
observed an increase in the relative abundance of the phyla Firmicutes, Bac-
teroidetes, and Fibrobacteres in lambs that consumed TB. In the present study, we
did not evaluate microbiota or digestibility but rather rumen bacterial activity,
which was lower in the rumen fluid of lambs that consumed TB. Our finding
might indicate the antimicrobial effects of the glyceride, a biological property that
is well known. This lower bacterial activity may be directly related to the lower
levels of volatile FA in the rumen of these lambs. Nevertheless, this is a hypothesis
that needs to be tested.

In adult sheep and in vitro, researchers observed more significant activity of
fibrolytic enzymes (kilase and carboxymethyl cellulase), a higher concentration of
total volatile FA, and lower rumen pH in the presence of TB [5]. A class of mole-
cules that links the microbiota and the immune system are volatile FA, and they
even play an active role in the innate reactions of cattle [6] [30]. Butyrate requires
the mobilization of Ca?* with a particular concentration in plasma to produce cy-
tokines [6]. However, in the present study, there were no changes in serum Ca**
levels; at the evaluated moments, this relationship was not observed. However,
there were changes in immune response biomarkers.

According to the literature, the stimulus that TB causes in the animal can alter
the immune function of lambs, especially free butyrate fatty acids that are received
by G/GPCR proteins (FFA2 AND FFA3) throughout the gastrointestinal tissue,

acting on the expression of immunocompetent cells, such as neutrophils, and on
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the mobilization of Ca?* in organs such as the liver, small intestine (duodenum),
and rumen [1]. These differential effects on immune cell functions at various
times can be explained by two independent mechanisms [5]: a) activation of free
fatty acid receptors, FFAR2 and FFAR3 [1] and b) inhibition of histone deacety-
lase (HDAC) [29].

SCFA are agonists mainly of FFA2 and receipt free fatty acids in an order ac-
cording to the chain length (C4 > C3 > C2), as the length of the carbon chain is
fundamental in the interaction of fatty acids and triglycerides with cells of the
system immunological [29]. On the other hand, the mechanism in the modulation
of butyrate immune responses is related to HDAC inhibition that occurs in mac-
rophages and deserves to be investigated in future studies for TB.

In both tissues (liver and intestine), we observed effects on the oxidative status
associated with changes in the activity of ATP metabolism enzymes, e, AK, PK,
and CK. The increase in cytosolic CK activity in the jejunum demonstrates that
TB treatment stimulates ATP production and improves energy homeostasis since
it is considered a central controller of cellular energy homeostasis activity through
the reversible interconversion of creatine into phosphocreatine [31]. It is essential
to report that CK accumulates a large pool of rapidly diffusing phosphocreatine
for temporal and spatial buffering of ATP levels. Thus, CK is particularly critical
in tissues with large and fluctuating energy demands, such as muscles, jejunum,
and brain [17].

AK is involved in energy metabolism and homeostasis of cellular adenine nu-
cleotide ratios in different intracellular compartments through catalyzing the re-
versible transfer of a y-phosphate group from ATP to AMP, releasing two mole-
cules of ADP [32] In the present study, the use of tributyrin reduced AK activity,
indicating that treatment impairs liver energetic homeostasis, a condition that can
be corroborated with reduced PK activity in the same tissue. It is essential to high-
light that AK and PK activities were also reduced in jejune, but cytosolic CK ac-
tivity increased, which can be considered a compensatory mechanism that aims
at improving oxidative energy metabolism [18]. It is necessary to highlight a mu-
tual compensatory relationship between CK, AK, and PK to safeguard the cellular
energy economy, which contributes to efficient intracellular energetic communi-
cation to maintain the balance between cellular ATP use and synthesis [18].
Therefore, the use of TB improves energy metabolism in the jejunum by increas-
ing cytosolic CK, while the reduction in AK and PK activity may be compensatory
mechanisms for maintaining homeostasis.

Analyzing the intestinal and hepatic oxidative status, ingesting TB has an anti-
oxidant effect. Other studies mentioned an activation of the activity of antioxidant
enzymes combined with a reduction in oxidation reactions; however, the mecha-
nisms involved are not clear; nevertheless, we believe that this phenomenon is
related to improved animal health in general, primarily due to the anti-inflamma-
tory effect provided by butyric acid glycerides. Researchers fed sodium butyrate
via milk to calves and found that serum glutathione peroxidase activity increased

linearly with increasing sodium butyrate levels, while serum maleic dialdehyde
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concentration decreased linearly [8]. The researchers also evaluated the activity of
CAT and SOD, but with no effect of treatment on both [8], unlike our study,
where the activity of intestinal SOD was higher associated with lower protein ox-
idation in this organ. Furthermore, the present study observed more significant
GST activity in the liver, a hepatic antioxidant enzyme critical for the organ’s de-
toxification process.

In carcasses, our findings aligned with those of other authors [15], who evalu-
ated different doses of protected or unprotected TB fed to lambs, ie., without ef-
fects on hot carcass yield and final carcass yield. However, in the present study,
carcasses from animals fed with TB suffered fewer cooling losses; this is an excel-
lent result and may be directly related to the antioxidant response of TB, which
leads to cell protection. However, this finding can also represent a negative effect
if we consider that losing less water can make it difficult to adequately reduce pH,
which is necessary for muscle transformation and maturation.

Like other variables, the color, chemical composition, and fatty acid profile of
lamb can be influenced by nutrition and production systems [33] [34]. Therefore,
many nutritionists have used this knowledge to produce healthier foods, as dis-
cussed below. In the present study, eicosapentaenoic (omega n3) and linoleic
(omega C18:2n-6) fatty acids were in more significant proportion in the meat of
lambs that consumed TB; when added to other unsaturated substances, meat
showed a higher proportion of MUFAs, while the levels of SFA were lower, mak-
ing the meat more sensitive to oxidation but healthier for humans. Several risk
factors for cardiovascular diseases are beneficially modified by increased intake of
MUFAs, including blood pressure, platelet reactivity, thrombosis, plasma concen-
trations of triacylglycerols, vascular function, cardiac arrhythmias, blood flow var-
iability, heart rate, and inflammation [35]. Because the VFA profile results were
discreet in rumen fluid, with a lack of treatment effect on serum biomarkers of
lipid metabolism, we could not determine the mechanism involved in the changes

in the fatty acid profile in the meat of lambs that consumed TB.

5. Conclusion

Intake of 2 grams of TB/day by lambs did not alter growth performance varia-
bles but changed the activity/concentration of blood, ruminal environment, and
meat markers. Among our primary conclusions, we highlight the intestinal and
hepatic antioxidant activity associated with regulating ATP in the phosphoryla-
tion process. Furthermore, TB consumption increases the proportion of unsatu-

rated FA in meat and reduces SFAs.
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Appendix
Supplementary Material 1. Standardization of methods for measuring short-chain fatty acids.
Acetic acid Propionic acid Butyric acid
R? 0.9998 0.9996 0.9998
Equation y =0.011x - 0.0027 y =0.0193x - 0.0121 y =0.0268x — 0.0118
Linear range (mmol-L™1)* 2.22 -132.99 1.72 - 102.95 1.35-81.15
LOD (mmol-L™*) 1.11 0.86 0.68
LOQ (mmol-L™) 2.22 1.72 1.35
Accuracy 96.44 95.31 92.84
Repeatability (RSD) 3.31 2.54 2.14

Isovaleric acid
0.9998
y =0.034 - 0.0051
0.57 - 18.30

0.29
0.57

93.56
1.80

The LR (linear range), LOD (limit of detection), and LOQ (limit of quantification) were expressed as mmol SCFA per L of rumen

fluid.
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