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ABSTRACT The present study was undertaken to eval-
uate the efficacy of 2 graded levels (0.03 and 0.05% of diet)
of a monoglyceride blend containing butyric, caprylic, and
capric acids in broilers’ diet for optimizing gut structure
and animal growth performance. For this purpose, a total
of 210, one-day-old male Ross 308 broiler chicks were ran-
domly allocated to 3 experimental treatments using 7 repli-
cates each and 10 birds/replicate. The treatment groups
involved supplementation of blend of short and medium
chain fatty acids at the level of 0, 0.03, and 0.05% of the
diet for 42 d. The incorporation of mixes of monoglycerides
into broilers’ diet linearly improved BWG between d 0
and 21 (P= 0.034). At the end of trial, however, no signifi-
cant changes were observed in performance indexes
(BWG, FI, FCR). Jejunal morphometric parameters
(villus height, crypt depth, and their ratio) remained unal-
tered with the monoglyceride supplementation on d 21.
The results further showed that monoglycerides supple-
mentation increased the goblet cell counts along the jejunal
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villi (P= 0.034) and crypt regions (P= 0.022), as well as it
effectively modulated the mRNA abundances of tight
junction protein (ZO-1, P= 0.033) and nutrient transport-
ers (SGLT, PePT1; P = 0.005, 0.023, respectively) in the
jejunum. Moreover, the downregulation in mRNA abun-
dance of TNFa (P = 0.030) was observed with the mono-
glyceride supplementation. The SCFAs analysis of cecal
contents showed no notable differences with monoglyceride
blend supplementation when compared to the unsupple-
mented group. Collectively, high goblet cell numbers in
the jejunum along with downregulation of the mRNA
abundances of pro-inflammatory cytokines, upregulation
of tight junction proteins, and nutrient transporters
showed favorable responses of low doses of monoglycerides
blend in broiler feeding. Further studies should be con-
ducted in different rearing conditions to examine the effec-
tiveness of such low levels of a monoglyceride blend in the
modulation of gut structure, its functionality and animal
performance.
Key words: short- & medium chain fatty acids, intestinal histomorphology, tight junction proteins, cytokines, nutri-
ent transporters

2022 Poultry Science 102:102359
https://doi.org/10.1016/j.psj.2022.102359
INTRODUCTION

In livestock production, poultry enterprises have a
mega share in producing quality protein for human con-
sumption. Such contribution would not be possible if it
was not for the genetic improvements in the poultry
industry; however, these modifications also brought
many challenges along with it. For many years, antibi-
otic growth promoters (AGPs) assisted the farmers to
prevent various infections as well as to cope with perfor-
mance efficiency (Gomez-Osorio et al., 2021). Neverthe-
less, with the implementation of antibiotic free
production, the livestock industry started investing in
alternative feed additive strategies mainly targeting
the gut health and making it resilient to harmful
pathogens.
The diversified gut microbial communities and their

role in warding off different diseases and health preser-
vation has been revealed by a great amount of scientific
literature, suggesting a robust link between stable func-
tioning of gut ecosystem and animal performance (Peru-
malla et al., 2012; Liao et al., 2020). Gut microbiota and
their metabolites (short-chain fatty acids, SCFAs)
interact in a complex way with the intestinal morpholog-
ical structure improving its functionality (Calik and
Erg€un, 2015). SCFAs can regulate the bacterial
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Table 1. Ingredients and composition of basal diet (as-fed basis).

Ingredient, g/kg Starter Grower Finisher

Corn 54.73 57.23 61.34
Soybean meal, CP 48% 38.00 34.72 30.00
Vegetable oil 2.75 4.00 5.00
Monocalcium phosphate 1.80 1.65 1.42
Limestone 1.35 1.20 1.10
Sodium bicarbonate 0.20 0.20 0.20
L-Lysine sulphate (55%) 0.28 0.20 0.18
DL-Methionine (98%) 0.33 0.28 0.26
L-Threonine 0.11 0.07 0.05
Sodium chloride 0.25 0.25 0.25
Vitamin premix1 0.10 0.10 0.10
Mineral premix2 0.10 0.10 0.10
Total 100 100 100

Chemical composition (Calculated)
Dry matter, % 88.05 88.12 88.14
Crude protein, % 23.00 21.52 19.54
AMEn, kcal/kg 3000 3109 3217
Lysine, % 1.44 1.30 1.15
Dig. Lysine, % 1.28 1.15 1.02
Methionine + cysteine, % 1.07 0.98 0.90
Dig. Methionine + cysteine, % 0.95 0.87 0.80
Threonine, % 1.00 0.90 0.80
Dig. Threonine, % 0.86 0.77 0.68
Calcium, % 0.96 0.87 0.78
Available phosphorus, % 0.48 0.44 0.39
1Provided per kilogram of complete diet: vitamin A, 15,000 IU; vitamin

D3, 5,000 IU; vitamin E, 100 mg; vitamin K3, 3 mg; thiamin, 5 mg; ribofla-
vin, 8 mg; pyridoxine, 5 mg; pantothenic acid, 16 mg; niacin, 60 mg; folic
acid, 2 mg; biotin, 200 mg; vitamin B12, 20 mg.

2Provided per kilogram of complete diet: Cu, 16 mg; I, 1.5 mg, Co, 500
mg; Se, 350 mg; Fe, 60 mg; Zn, 100 mg; Mn, 120 mg; Mo, 1 mg.
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virulence via reducing the severity and span of different
enteric infections; moreover, they can promote the intes-
tinal barrier integrity by enhancing the tight junctions’
function (P�erez-Reytor et al., 2021).

Previous studies have demonstrated that dietary
supplementation of different blends containing short
and medium chain fatty acids (MCFAs) protected
the gut function in broilers against necrotic enteritis
challenge, which also subsequently translated into
better performance results (Gharib-Naseri et al.,
2021; Kumar et al., 2021a,b). Scientific data also
unveiled the role of dietary SCFAs and MCFAs in
the regulation of intestinal health in animals. Studies
showed improvements in intestinal architecture of
broilers fed diets supplemented with different fatty
acid blends (Bedford et al., 2018; Amer et al., 2020).
Apart from being the immediate energy source for
the intestinal epithelium, these fatty acids have been
shown to greatly impact the intestinal inflammatory
responses and immune function (Liu, 2015). There is
great evidence implicating therapeutic role of dietary
short and/or medium chain fatty acids by regulating
the chemical mediators of inflammatory responses
critical in maintaining immune quiescence, thus, lead-
ing to healthier and stable gut environment (Tan
et al., 2014; Çenesiz and Çiftci, 2020). Literature also
showed SCFAs induced strengthening of the intesti-
nal tight junction proteins, thus, further enhancement
of the intestinal barrier function and prevention of a
digestive condition known as ‘leaky gut syndrome’
(Tan et al., 2014; Onrust et al., 2015).

Due to all these beneficial effects, the usage of short
and medium chain fatty acids in poultry diets is gaining
popularity and various fatty acid products are available
in the livestock market solely or in different combina-
tions. Along with chemical composition, the pKa value,
form and molecular weight are one of the driving factors
determining the efficacy of these products in animal
nutrition (Patten and Waldroup, 1988). Butyrate is one
of the most widely studied supplemental SCFAs in ani-
mal diets, and reports revealed that efficacy of dietary
fatty acids could be enhanced when using their mono-
glyceride forms (Rimoldi et al., 2018; Çenesiz and Çiftci,
2020), thus avoiding their digestion in the proximal part
of the digestive system. Potential nutritional and physi-
ological effects of MCFAs, similar to SCFAs, have also
been widely documented (Zentek et al., 2011; Çenesiz
and Çiftci, 2020) making them a possible candidate as
alternative to AGPs.

The present study aimed to explore the efficacy of 2
graded levels (0.03 and 0.05% of diet) of a commercial
blend containing monoglycerides of butyric, caprylic,
and capric acids in broilers’ diet on gut structure and
performance. We hypothesized that, low-dose regimens
of the blend of short- and medium chain fatty acid would
exert positive effects on intestinal histomorphology,
markers of cell proliferation and apoptosis, mRNA abun-
dance of intestinal tight junction proteins, intestinal
nutrient transporters, and cytokines ultimately resulting
in better performance.
MATERIALS AND METHODS

Birds and Management

A total of 210, one-day-old male Ross 308, broiler chicks
were obtained from a commercial hatchery (Beypiliç,
Bolu, Turkey). Upon arrival, all chicks were orally vacci-
nated against coccidiosis. In the experiment, birds were
randomly allocated to 3 experimental groups using seven
replicates each and ten birds/replicate. Diets (except con-
trol) were supplemented with two graded levels of a mono-
glyceride blend (BalanGut LS P, supplied by BASF SE,
Ludwigshafen, Germany) as 0.03 and 0.05% of the diet.
Birds were housed in a controlled environment for 42 d.
Ambient temperature was gradually decreased from 33°C
at first day to 22°C after 3 wk of age and remained con-
stant thereafter. The relative humidity of the house during
the experiment was 50 § 5%. The house was artificially
ventilated and lighting schedule was 24L:0D for first 3 d,
reduced further to 23L:1D from d 4 to 7 and then kept
constant at 20L:4D thereafter. All experimental proce-
dures were approved by the Animal Ethics Committee of
the Ankara University.
The starter, grower, and finisher diets were based on the

corn-soybean meal and were offered to birds from 0 to 14,
14 to 28, and 28 to 42 d of age, respectively (Table 1). All
diets were formulated to meet or exceed Aviagen, 2019
nutrient recommendations. Each pen was equipped with a
plastic feeder and an automatic nipple drinker with fresh
wood shavings as litter. Water and diets (in mash form)
were provided ad libitum throughout the experimental
period. All chicks were weighed individually, and feed
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intake (FI) was recorded at weekly intervals. Any mortal-
ity was removed and recorded (including bird weight)
daily. Body weight gain (BWG), FI, and feed conversion
ratio (FCR) were subsequently calculated to evaluate
growth performance.
Sampling Procedures

At 21 d of age, two birds from each replicate were
selected based on average pen body weight. Birds were
euthanized by cervical dislocation and the intestinal
tract was immediately removed. Tissue samples were
obtained from the jejunum (middle section, 1 cm) for
histomorphological and immunohistochemical analyses.
A second sample was collected from the jejunum (middle
section, 1 cm) and snap-frozen in liquid nitrogen to
assess the mRNA abundances of some cytokines, tight
junction proteins, and nutrient transporters related
genes. Furthermore, ceca were ligated and aseptically
removed from the gastrointestinal tract for short chain
fatty acid analysis.
Morphological Measurements of the
Jejunum and Goblet Cell Counting

Histomorphological examination of samples were per-
formed on 5-mm thick sections of 10% buffered formalin
fixed, paraffin embedded tissue. Cross sections were
stained with Masson’s trichrome stain, as modified by
Crossmon, in order to determine the jejunal morphome-
try (Culling et al., 1985). Villus height (VH) was mea-
sured from the top of the villus to the crypt mouth, and
crypt depth (CD) was defined as the depth of the invag-
ination between adjacent crypt mouths. A total of 10
well-oriented villi and crypts were randomly selected for
histological measurements. Acidic and neutral mucin
goblet cells were identified by staining with Alcian blue-
periodic acid-Schiff reagent. Quantification of the num-
ber of goblet cells were performed on a site where there
were at least three contiguous and intact crypts and vil-
lus in 5 random fields, a total of 10 crypts and villus
being studied in each segment (Figure 1). Histological
sections were examined under a light microscope (Leica
DM 2500, Leica Microsystems GmbH, Wetzlar, Ger-
many) and images were captured with a digital micro-
scope camera (Leica DFC450, Leica Microsystems
GmbH). The images were evaluated using the ImageJ
software (US National Institutes of Health, Bethesda,
MD).
Proliferating Cell Nuclear Antigen Staining

Proliferating jejunal cells were identified via immuno-
histochemistry by using antibody directed against prolif-
erating cell nuclear antigen. Tissue sections were placed
on poly-L-lysine microscope slides (Thermo Scientific,
Braunschweig, Germany), which were incubated at 37°
C overnight and de-paraffinized with xylene and rehy-
drated through graded alcohols. After deparaffinization
and rehydration step endogenous peroxidase activity
was blocked by quenching with 3% hydrogenperoxide
solution for 15 min. To remove the methylene bridges
between proteins a heat induced epitope retrieval
method performed with a sodium citrate (10 mM, pH 6).
After cooling for 20 min at room temperature, tissue sec-
tions were washed with PBS and incubated with 10%
normal goat serum for 30 min for protein blocking to
prevent the nonspecific binding of antibody, followed by
incubation with the primary antibody to proliferating
cell nuclear antigen (PCNA) (MAB424, mouse anti
PCNA monoclonal antibody, PC10 clone; EMD Milli-
pore, Darmstadt, Germany) at dilutions of 1:100 over-
night at 4�C. After incubation with the primary
antibody, the tissue sections were washed with PBS and
incubated with a biotinylated secondary antibody (Goat
anti-mouse IgG, Invitrogen, Waltham, MA) for 30 min
at room temperature. Background controls were
included by replacing the primary antibodies with PBS.
After a PBS wash, tissue sections were incubated using
a streptavidin horseradish peroxidase kit (Histostain-
Plus IHC Kit, HRP, broad spectrum, Invitrogen) for
30 min at room temperature. A final PBS wash was fol-
lowed by incubation for color development with 3,3-dia-
minobenzidine tetrahydrochloride (DAB, Invitrogen)
for 3 min at room temperature. Tissue sections were
counterstained with Gill’s hematoxylin, dehydrated in
graded alcohols, applied to a coverslip using Entellan
(Merck, Darmstadt, Germany), and examined with a
Leica DM2500 light microscope. All images were cap-
tured with a digital camera (Leica DFC450) and proc-
essed with Image J (Figure 1). PCNA positive nuclei of
total crypt epithelial cells on 10 different randomly
selected intact crypts, regardless of the staining inten-
sity, were counted as described by (Bologna-Molina
et al., 2011).

Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling Assay

Apoptotic jejunal cells were identified by terminal
transferase deoxyuridine nick-end labeling (TUNEL)
by using the ApoBrdU-IHC DNA Fragmentation Assay
Kit (Biovision Inc., K403-50, Waltham, MA). The stain-
ing procedure was performed with slight modifications
to the manufacturer’s instructions. Tissue sections were
deparaffinized to ddH2O and then processed for antigen
retrieval by heating in a microwave at 800 W in sodium
citrate (10 mM, pH 6) for 10 min. Sections were washed
and then incubated with the TUNEL reaction mixture
for 45 min at 37°C in a dark, humidified chamber. The
sections were then counterstained with Gill’s (III) hae-
matoxylin and cover slipped. A section was incubated
with DNase to serve as the positive control (DNase
RQ1). A section incubated without the terminal trans-
ferase served as the negative control. Cells were consid-
ered to be apoptotic if they stained positive (Figure 1)
with chromogen and exhibited nuclear morphology con-
sistent with that of apoptotic cells (chromatin clumping
and condensation).



Figure 1. Representative light microscopy images of the jejunum on d 21. Masson’s trichrome staining of jejunum sections. AB/PAS staining of
jejunal goblet cells. Immunohistochemistry staining for determining the expression of PCNA and detection of late apoptosis by TUNEL assay in dif-
ferent groups. Scale Bars: 50 mm.

4 SACAKLI ET AL.
Short Chain Fatty Acid Concentration

Frozen cecal contents were thawed at 4�C and diluted
with 4-fold double-distilled water in sterile screw cap
tubes. Cecal contents were homogenized and centrifuged
at 4,000 £ g for 15 min at 4°C. One mL of supernatant
was then transferred to Eppendorf tube and mixed with
0.2 mL of ice-cold 25% metaphosphoric acid solution.
Subsequently, tubes were placed in an ice bath for
30 min and samples were centrifuged at 11,000 £ g for
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10 min at 4°C. Supernatants were analyzed by using gas
chromatography (Shimadzu GC-2010, Shimadzu Co.,
Kyoto, Japan) coupled with 30 m £ 0.25 mm £ 0.25 mm
column (Stabilwax-DA, Restek, Bellefonte, PA) and a
flame ionization (FID) detector to determine SCFA
concentrations of cecal digesta. Injector port and FID
temperatures were fixed at 230�C and 250�C, respec-
tively. The temperature program was as follows: the ini-
tial temperature was held at 120�C for 4 min after
injection, then programed to increase at 4�C/min to
160�C, held there for 4 min. Helium was used as carrier
gas. Injection volume was set to 1 mL and analyses were
performed in duplicate. Total SCFA represents the sum
of acetate, propionate, butyrate, isobutyrate, valerate,
and isovalerate derivatives (Calik and Erg€un, 2015).
Total RNA Extraction and Reverse
Transcription

On d 21, two birds/pen were selected, euthanized, and
jejunal sections (from the middle, 1 cm) were excised to
assess the mRNA abundance of cytokines, tight junction
proteins, and nutrient transporter related genes.
Approximately 50 mg aliquot of jejunal tissues was
weighed into a 2 mL microcentrifuge tube and homoge-
nized in 900 mL TRI Reagent (Zymo Research, Irvine,
CA) by a FastPrep-24 homogenizer (MP Biomedicals,
Santa Ana, CA). Total RNA was extracted from the
homogenate using the Direct-zol RNA Miniprep Plus
Kit (Zymo Research, Irvine, CA) according to the manu-
facturer’s recommendations. Total RNA concentration
was determined at optical density (OD) of 260 (Nano-
Drop-1000, Thermo Fisher Scientific, Waltham, MA),
and RNA purity was verified by evaluating the 260/280
OD ratios. RNA integrity was evaluated by gel
Table 2. Sequences of primer pairs used for amplification of target an
(F) and reverse (R) (5ʹ-3ʹ) primers, the amplicon size (bp) and the NCB

Gene1 Primer sequence

IL-1b CCCGCCTTCCGCTACA
CACGAAGCACTTCTGGTTGATG

IL-10 CGCTGTCACCGCTTCTTCA
CGTCTCCTTGATCTGCTTGATG

IL-17A AGCTGGACCACAGCGTCAAC
GGCGGAGGACGAGGATCT

TNFa CCCATCCCTGGTCCGTAAC
ATACGAAGTAAAGGCCGTCCC

ZO-1 GGAGTACGAGCAGTCAACATAC
GAGGCGCACGATCTTCATAA

ZO-2 GCGTCCCATCCTGAGAAATAC
CTTGTTCACTCCCTTCCTCTTC

Occludin CCGTAACCCCGAGTTGGAT
ATTGAGGCGGTCGTTGATG

PepT1 CCCCTGAGGAGGATCACTGTT
CAAAAGAGCAGCAGCAACGA

SGLT1 GCCATGGCCAGGGCTTA
CAATAACCTGATCTGTGC
ACCAGTA

NaPi-IIb GGCTGGCATGACTTTCGTTG
GGGTGAGGGGATAAGAACGC

GAPDH

CCTAGGATACACAGAGGACCAGGTT64NM_204305GGTGGAGGAAT
1Abbreviations: GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; IL,

peptide transporter-1 (SLC15A1); SGLT1, sodium glucose transporter-1 (SLC5
electrophoresis on 1.5% agarose gel in 0.5 £ TAE buffer.
After extraction, two micrograms of total RNA were
used to synthesize first-strand cDNA using the One-
Script Plus cDNA Synthesis Kit (Applied Biological
Materials Inc., Richmond, BC, Canada) according to
the manufacturer’s recommendation and the cDNA was
stored at �20°C.

Quantitative Real-Time PCR

The mRNA abundance of cytokines (IL-1b, IL-10, IL-
17A, and TNFa), tight junction proteins (ZO-1, ZO-2,
Occludin), and nutrient transporters (SGLT1, PePT1,
and NaPi-IIb) related genes were determined by CFX
Connect Real-Time PCR System (Bio-Rad Laboratories
Inc., Hercules, CA) using BlasTaq 2X qPCR MasterMix
(Applied Biological Materials Inc., Richmond, BC, Can-
ada). Details of primer sets are provided in Table 2. The
cDNA was diluted 1:5 in nuclease-free water, and 4 mL of
the diluted cDNA was added to each well of a 96-well
plate. Next, 16 mL of real-time PCR master mix contain-
ing 10 mL of BlasTaq 2X qPCR MasterMix, 1 mL each of
10 mM forward and reverse primers and 4 mL of sterile
nuclease-free water per reaction were added to each well
for a final volume of 20 mL. During the RT-PCR reaction,
samples were subjected to initial enzyme activation at 95°
C for 3 min followed by 40 cycles of denaturation at 95°C
for 15 s, annealing, and extension at 60°C for 1 min. Prod-
uct specificity was confirmed by analysis of the melting
curves. The mRNA levels were analyzed using glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as an
endogenous control. Average mRNA abundance relative
to GAPDH for each sample was calculated using the
2�DDCt method (Livak and Schmittgen, 2001). The cali-
brator for each gene was the average DCt value from the
control group.
d reference genes. For each gene, the primer sequence for forward
I Accession number (Acc) used for the primer design are listed.

Size Acc (Reference)

66 NM_204524.1

63 NM_001004414.2

57 NM_204460.1

77 MF000729.1

101 XM_413773

89 NM_204918

214 NM_205128.1

66 NM_204365

71 NM_001293240

107 NM_204474

GGCTGTCA
Interleukin; NaPi-IIb, type IIb sodium-phosphate cotransporter; PepT1,
A1); TNFa, Tumor necrosis factor alpha, ZO, Zonula occluden.



Table 3. Effects of monoglycerides blend supplementation on broiler performance.1

Dietary treatments2 P-value4

Item3 Control 300 500 SEM P L Q

0 to 14 d
BWG (g) 395.1 393.5 399.1 3.00 0.753 0.608 0.588
FI (g) 511.9 514.1 524.3 4.09 0.438 0.234 0.650
FCR 1.294 1.306 1.314 0.01 0.674 0.383 0.942

0 to 21 d
BWG (g) 838.2 861.0 881.8 8.37 0.099 0.034 0.955
FI (g) 1,158.5 1,168.5 1191.7 8.35 0.261 0.114 0.706
FCR 1.381 1.359 1.353 0.01 0.471 0.252 0.687

14 to 28 d
BWG (g) 1,116.5 1,163.6 1181.4 17.03 0.287 0.131 0.685
FI (g) 1,610.3 1,644.4 1650.9 16.10 0.566 0.326 0.695
FCR 1.449 1.414 1.399 0.01 0.206 0.086 0.701

28 to 42 d
BWG (g) 1,701.7 1,722.2 1,716.4 11.61 0.778 0.627 0.614
FI (g) 2,821.0 2,843.9 2,872.8 20.59 0.613 0.330 0.948
FCR 1.657 1.650 1.673 0.01 0.293 0.290 0.245

0 to 42 d
BWG (g) 3,213.3 3,279.3 3296.9 25.38 0.386 0.196 0.659
FI (g) 4,943.1 5,002.4 5048.0 35.28 0.500 0.247 0.929
FCR 1.539 1.526 1.531 0.01 0.408 0.456 0.268
Mortality, % 1.43 2.86 4.29 - 0.509 - -
1Data represent mean values from 7 replicates per treatment.
2Control: birds fed a basal diet; 300: birds fed a basal diet supplemented with 300 mg/kg monoglycerides blend; 500: birds fed a basal diet supplemented

with 500 mg/kg monoglycerides blend.
3Abbreviations: BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio.
4L: Linear, Q: Quadratic.
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Statistical Analyses

Data were analyzed using the ANOVA procedure of
the SPSS software, version 14.01 (SPSS Inc., Chicago,
IL). One-way ANOVA was used to determine the effects
of monoglycerides supplementation and significant
means were separated using Tukey test. Polynomial con-
trasts were also applied to determine the linear and qua-
dratic effects. Mortality rates were compared using a
chi-square test. Statistical differences were considered
significant at P ≤ 0.05.
RESULTS

Broiler Performance and Mortality

Overall, all the birds showed optimum health signs
and differences in the mortality were insignificant
(P = 0.509) among treatments (Table 3). During the 42
Table 4. Effects of monoglycerides blend supplementation on intestin

Dietary treatments2

Item3 Control 300 500

Villus height, mm 972.3 961.9 987.5
Crypt depth, mm 176.5 172.3 186.2
VH:CD ratio 5.56 5.59 5.3
Goblet cell, villus 117.1ab 108.0b 135.7
Goblet cell, crypt 39.40 43.13 46.9
PCNA positive cells 34.83 35.11 35.6
TUNEL positive cells 64.17 63.51 70.0

1Data represent mean values from 14 birds per treatment.
2Control: birds fed a basal diet; 300: birds fed a basal diet supplemented with

with 500 mg/kg monoglycerides blend.
3Abbreviations; PCNA, proliferating cell nuclear antigen, TUNEL, transfera
4L: Linear, Q: Quadratic.
d of production period, inclusion of blend of monoglycer-
ides of butyric, caprylic, and capric acids in broilers’
diets had no effect on performance parameters (BWG,
FI, FCR) when compared to the control group
(P = 0.386, 0.500, 0.408, respectively). However, data
revealed linear dose response (P = 0.034) for BWG as
well as a tendency (P = 0.086) of linear improvement in
FCR during the 0 to 21 d and 14 to 28 d of production,
respectively.
Jejunum Histomorphology, Goblet Cells
Counts, and Immunohistochemistry

Supplementation of monoglyceride blend to broilers’
diets at different levels (0.03 and 0.05%) did not affect
the overall histomorphological features of jejunum,
including villus height (P = 0.871), crypt depth
(P = 0.075), and VH:CD ratio (P = 0.554; Table 4).
al morphology of the jejunum on d 21.1

P-value4

SEM P L Q

126.67 0.871 0.757 0.674
16.70 0.075 0.118 0.092

1 0.72 0.554 0.379 0.527
a 28.58 0.034 0.081 0.044
4 8.59 0.071 0.022 0.988
2 4.67 0.912 0.673 0.945
6 13.89 0.418 0.279 0.437

300 mg/kg monoglycerides blend; 500: birds fed a basal diet supplemented

se deoxyuridine nick-end labeling.
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Increased goblet cell count (P = 0.034) was observed
along the jejunal villi when monoglyceride blend at the
concentration of 0.05% was added to broiler diets,
whereas a linear (P = 0.022) dose response was noted in
goblet cell numbers in crypt region with monoglyceride
blend supplementation (Table 4). The obtained results
on PCNA immunohistochemistry in jejunal crypts
showed no significant variations (P = 0.912) in PCNA-
positive staining with the supplementation of monoglyc-
eride based additive in broilers’ diets (Table 4). In addi-
tion, no difference (P = 0.418) was found between
treatments for the numbers of TUNEL-positive cells
evaluated in the villi regions of the jejunum (Table 4).
Cecal Concentration of SCFAs

Supplementation of monoglyceride blend to broilers’
diets did not influence (P > 0.05) the cecal concentrations
of SCFAs either individually or in total albeit there was a
linear increase (P = 0.037) observed in the valeric acid
levels (Table 5).
mRNA Abundance of Cytokines, Tight
Junction Proteins, and Nutrient Transporters
in the Jejunum

The mRNA abundance of cytokines (IL-1b, IL-10, IL-
17A, and TNFa), tight junction proteins (ZO-1, ZO-2,
Occludin) and nutrient transporters (SGLT1, PePT1,
NaPi-IIb) related genes were examined and results are
presented in Figures 2 and 3. Supplementation of mono-
glyceride blend into broilers’ diets significantly lowered
(P= 0.030) the mRNA abundance of TNFa in jejunal tis-
sues. Results on TNFa mRNA levels also exhibited a
trend of linear decrease (P = 0.009) with the increase in
monoglycerides dosage. Furthermore, there was a linear
tendency (P = 0.069) of lower IL-1b mRNA abundance
in the jejunum due to supplemented monoglyceride blend
whilst no significant variations were noted for IL-17A
(P = 0.894) and IL-10 (P = 0.568) mRNA abundances.
Table 5. Effects of monoglycerides blend supplementation on short ch

Dietary treatment2

Item Control 300 500

Acetate 44.07 49.10 48.81
Propionate 4.50 4.37 5.23
Butyrate 7.98 8.84 9.05
Isobutyrate 0.57 0.57 0.62
Isovalerate 0.52 0.60 0.61
Valerate 0.73 0.82 0.84
Total SCFA 58.37 64.29 65.14
Acetate, % 75.67 76.00 74.63
Propionate, % 7.68 7.08 8.37
Butyrate, % 13.51 13.75 13.74
Isobutyrate, % 0.99 0.91 0.98
Isovalerate, % 0.89 0.96 0.97
Valerate, % 1.26 1.30 1.31

1Data represent mean values from 14 birds per treatment.
2Control: birds fed a basal diet; 300: birds fed a basal diet supplemented with

with 500 mg/kg monoglycerides blend.
3L: Linear, Q: Quadratic.
Jejunal ZO-1 mRNA levels increased linearly (P = 0.033)
alongside a tendency (P = 0.086) for linear increment in
ZO-2 mRNA in the jejunum of broilers fed increased lev-
els of monoglyceride blend. There was no significant vari-
ation (P = 0.537) among groups for the occludin mRNA
levels. With regards to nutrient transporters, a significant
response to monoglyceride supplementation was observed
in mRNA abundance of SGLT1 (P = 0.005) and PePT1
(P = 0.023) in jejunum; both of which also responded lin-
early to applied dosages (P = 0.001, 0.011, respectively).
On the other hand, the mRNA levels of NaPi-IIb showed
non-significant changes (P = 0.155), although there was
a linear tendency (P = 0.077) of increment with the addi-
tive supplementation.
DISCUSSION

Over the years, the associated risks of antibiotic admin-
istration in livestock enterprises including growing antibi-
otic resistances in animals and humans as well as
environmental pollution, triggered the poultry producers
to invest in alternative feed additives in order to expand
the animal performance up to its genetic potential. On
many occasions, literature has showed beneficial effects of
supplemental SCFAs and MCFAs or their blends on
intestinal health modulation and performance enhance-
ment in broilers. The current study is a continuation of
that work and was undertaken with an objective to evalu-
ate the potential usage of 2 dosages of a commercial blend
containing monoglycerides of butyric, caprylic, and capric
acids in broilers’ diets.
Previously, it was corroborated that, opposed to

unsupplemented groups, dietary addition of the same
fatty acid blend at levels ranging from 0.1 to 0.5% signif-
icantly improved the FCR in broilers raised under sub-
clinical or clinical necrotic enteritis challenges (Gharib-
Naseri et al., 2021; Kumar et al., 2021a). In the present
study, under unchallenged conditions, we only observed
a linear improvement in BWG between d 0 and 21. How-
ever, by the end of 42-d production cycle, the perfor-
mance indexes (BWG, FI, FCR) from the supplemental
ain fatty acid composition (mmol/g of digesta) of cecum on d 21.1

P-value3

SEM P L Q

1.60 0.363 0.233 0.437
0.21 0.210 0.162 0.276
0.02 0.557 0.369 0.551
0.41 0.542 0.299 0.711
0.02 0.155 0.078 0.425
0.02 0.082 0.037 0.409
1.95 0.310 0.162 0.541
0.42 0.400 0.325 0.353
0.38 0.393 0.463 0.250
0.04 0.689 0.978 0.391
0.42 0.968 0.832 0.891
0.04 0.674 0.433 0.683
0.03 0.738 0.450 0.862

300 mg/kg monoglycerides blend; 500: birds fed a basal diet supplemented



Figure 2. Effects of monoglycerides blend on relative mRNA abundance of IL-1b, IL-10, TNF-a, and IL-17A in jejunum on d 21. The relative
mRNA abundance of IL-1b, IL-10, TNF-a, and IL-17A was determined by qPCR and analyzed by 2�DDCt method using control group as a calibra-
tor. Data represent mean values from 14 birds per treatment (mean § SEM).
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groups (0.03 and 0.05% of diet) did not reveal any signif-
icant differences when compared to the control group
(Table 3). Consistent with our results, when compared
with the control group, research showed no significant
effect on overall growth performance of unchallenged
broilers fed a mixture of fatty acid glycerides at levels
ranging 0.05 to 0.5% of the diet (Bedford et al., 2018;
Khatibjoo et al., 2018; Amer et al., 2020; Lin et al.,
2022). In another study with broilers raised under
necrotic enteritis challenge (Kumar et al., 2021b), signif-
icant improvement in feed efficiency was reported in
response to the dietary supplementation with a blend of
SCFAs and MCFAs (0.1−0.25%). The lack of prominent
response in overall growth performance in this study,
therefore, could mainly be attributed to the absence of
disease challenge or low stress condition. In addition,
the observed linear-dose responses for BWG in the first
half of this trial showed the beneficial role of the product
but it seemed to be frittered away in later half. One
might advocate phase dependent effect of such additives
in varied doses; however, more research is needed to
gain further understanding.

The intestine is the primary digestive organ in ani-
mals, and it must harbor the environment not conducive
to pathogenic proliferation. Intestinal morphological
features that is, villus height, crypt depth, and their
ratio are considered main representatives of its environ-
ment, and developments in intestinal villus-crypt axis
are critical in determining the digestive and absorptive
efficiency of this organ. In this study with broilers, when
compared to the control group, the morphometric
measurements in the jejunal segment remained unal-
tered with the monoglycerides supplementation regard-
less of the dosage (Table 4). Similarly, under healthier
conditions, some earlier studies did not show statistical
changes in the intestinal villi and crypt characteristics of
broilers fed diets supplemented with different short- and
medium-chain fatty acid blends at levels ranging from
0.03 to 0.3% (Khatibjoo et al., 2018; Liu et al., 2021; Lin
et al., 2022). In other reports, however, broilers fed fatty
acid blends (0.2−0.5%) showed beneficial effects on
intestinal structure (Amer et al., 2020; Dauksiene et al.,
2021; Letlole et al., 2021), and such effects were more
pronounced under disease challenge (Santos et al., 2019;
Abdelli et al., 2020).
Further in the intestinal architecture, the goblet cells

located in epithelium are one of the components engaged
in the innate defense system as they provide a mechani-
cal barrier in the form of mucin (Pearson and Brownlee,
2005). Any shift in mucin production dynamics could be
detrimental to the absorptive and protective functions
of the small intestine (Uni et al., 2003). The present
study examined the stimulatory effects of dietary mono-
glyceride mixture on goblet cell counts in jejunum along
the villi and crypt regions. Data showed positive dose-
dependent changes in goblet cells distribution along the
jejunal villi and crypt regions (Table 4). The linear effect
was more obvious in crypt goblet counts. These results
were in agreement with previous studies reporting alter-
ation in the intestinal goblet cell counts with the supple-
mentation of fatty acid blends to broilers (Amer et al.,
2020; Letlole et al., 2021). However, some authors



Figure 3. Effects of monoglycerides blend on relative mRNA abundance of ZO-1, ZO-2, Occludin, SGLT1, PePT1, and NaPi-IIb in jejunum on
d 21. The relative mRNA abundance of ZO-1, ZO-2, Occludin, SGLT1, PePT1, and NaPi-IIb was determined by qPCR and analyzed by 2�DDCt

method using control group as a calibrator. Data represent mean values from 14 birds per treatment (mean § SEM).
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reported no treatment effect of fatty acid mixtures on
goblet cell counts in the intestine of either healthy or
stressed animals (Abdelli et al., 2020; Lin et al., 2022).
Increased number of goblet cells in the jejunum may
potentially imply good mucin production, hence
improved protection against pathogen infiltration.
Thus, monoglyceride blend under investigation might
provide a modulatory factor promoting the goblet cell
development in the small intestine.

The main ingredient in the fatty acid blend being
studied was 4-carbon fatty acid, the butyrate. Butyrate
supplementation has been recorded to offer multiple
benefits to intestinal architecture including its role in
enhancing epithelial cell proliferation (Canani et al.,
2011). Therefore, for the assessment of the impact of
monoglyceride blend on epithelial cell turnover, we also
evaluated PCNA and TUNEL markers in the jejunal
tissue sections to visualize the balance between cell pro-
liferation and cell death activities. Our data suggest that
dietary addition of monoglyceride blend to broilers
raised under unchallenged experimental model had no
effect on metabolic fate of jejunal cells, as no significant
variations were observed between cell proliferation and
apoptosis markers (Table 4). Butyrate supplementation
was reported to alleviate the intestinal injury in piglets
via restraint in the apoptosis and enhancement in the
gut junction integrity (Hou et al., 2014). In another
study with piglets, cecal infusion of butyrate increased
the intestinal cell proliferation while no effect on apopto-
sis of enterocytes was observed (Kien et al., 2007). How-
ever, these findings corroborate with jejunum villus and
crypt morphometric measurements of the current study.
The gut junction integrity is another constitutive fea-

ture of animal health, any disruption to which decreases
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the nutrient absorption along with increased invasion of
the enteric pathogens (Emami et al., 2019; Suzuki,
2020). In the present study, dose-dependent upregula-
tion of the mRNA levels of jejunal ZO-1 and ZO-2 in
response to monoglyceride blend supplementation
(Figure 3) could mean reduced gut permeability and
pathogenic invasion, thus, revealing better gut health
status. Coinciding with our results, opposed to unsup-
plemented group, the dietary addition of same monogly-
cerides blend to broiler diets upregulated the tight
junction protein (ZO-1) while no difference was observed
in the mRNA levels of jejunal occludin (Kumar et al.,
2021a). In another study with broilers, a blend of
MCFAs, organic acids and polyphenol alleviated the
heat stress associated deleterious effects in jejunum by
modulating the mRNA levels of tight junctions (ZO-1
and ZO-2) as well as nutrient transporters (Santos et al.,
2019). Our study also showed modulation in the trans-
porter genes of glucose (SGLT) and peptides (PePT1)
in the jejunum with the supplementation of monoglycer-
ide blend to broilers (Figure 3). Therefore, observed
improvements in performance between d 0 and 21 could
be attributable to upregulation of nutrient transporter.
More follow-up studies are needed, especially under
tough conditions that is, pathogen challenge, heat stress,
feed restriction etc. to effectively understand the role of
SCFA and/or MCFA in maintaining gut permeability
and nutrient transportation when supplemented into
broiler diets.

Animal gastrointestinal tract is not only a digestive
organ, also it is the largest immunological organ (Den-
bow, 2015). In the present study, when compared to con-
trol group, the supplemental groups (0.03 and 0.05% of
diet) revealed significant down-regulation of TNFa and
a tendency of decrement in IL-1b mRNA expression in
the jejunum (Figure 2). It might suggest the anti-inflam-
matory effect of monoglycerides blend, which could
modulate the inflammatory response notably through
changes in the expression of pro-inflammatory cytokines.
Previously, in a study with broilers, increment in serum
IL-10 levels was reported when high (0.5%) rather than
low dosage (0.1%) of MCFAs monoglycerides was
administered (Amer et al., 2020), thus, also indicating a
dose-dependent response.

The SCFAs analysis of cecal contents showed no nota-
ble differences with monoglyceride blend supplementa-
tion when compared to the unsupplemented group
(Table 5) although higher quantities of valeric acid were
accumulated in the cecum of supplemental groups show-
ing a dose-dependent response. In another study with
broilers, Gharib-Naseri et al. (2021) also published similar
results stating no significant variations for cecal SCFAs
among monoglycerides supplemental (0.075−0.3%) and
unsupplemented groups. Contrary to these results, Dauk-
siene et al. (2021) found statistical increase in the concen-
trations of cecal acetic, propionic, isobutyric, butyric,
isovaleric, and valeric acids when broilers were fed diets
supplemented with MCFAs (C6-C8-C10-C12) at the level
of 0.2% of feed; they attributed these modifications to the
changes in the cecum microbial profiles.
Collectively, early improvement in BWG, high goblet
cell numbers in the jejunum along with downregulation
of the mRNA levels of pro-inflammatory cytokines and
up-regulation of tight junction proteins and nutrient
transporters showed favorable responses of low doses of
monoglycerides blend in broiler feeding. For future
research, challenging environment should be considered
which might show more pronounced impact of supple-
mental monoglycerides at these dosage rates than
observed in this experiment.
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