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Abstract: Dietary deficiencies in zinc (Zn) and vitamin A (VA) are among the leading micronutrient
deficiencies globally and previous research has proposed a notable interaction between Zn and
VA physiological status. This study aimed to assess the effects of zinc and vitamin A (isolated
and combined) on intestinal functionality and morphology, and the gut microbiome (Gallus gallus).
The study included nine treatment groups (1~11)—no-injection (NI); H,O; 0.5% oil; normal zinc
(40 mg/kg ZnSO4) (ZN); low zinc (20 mg/kg) (ZL); normal retinoid (1500 IU/kg retinyl palmitate)
(RN); low retinoid (100 IU/kg) (RL); normal zinc and retinoid (40 mg/kg; 1500 IU/kg) (ZNRN);
low zinc and retinoid (ZLRL) (20 mg/kg; 100 IU/kg). Samples were injected into the amniotic
fluid of the fertile broiler eggs. Tissue samples were collected upon hatch to target biomarkers.
ZLRL reduced ZIP4 gene expression and upregulated ZnT1 gene expression (p < 0.05). Duodenal
surface area increased the greatest in RL compared to RN (p < 0.01), and ZLRL compared to ZNRN
(p < 0.05). All nutrient treatments yielded shorter crypt depths (p < 0.01). Compared to the oil control,
ZLRL and ZNRN reduced (p < 0.05) the cecal abundance of Bifidobacterium and Clostridium genera
(p < 0.05). These results suggest a potentially improved intestinal epithelium proceeding with Zn and
VA intra-amniotic administration. Intestinal functionality and gut bacteria were modulated. Further
research should characterize long-term responses and the microbiome profile.
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1. Introduction

Micronutrient deficiency is estimated to affect approximately 3—4 billion people
globally—in which, 1 in 2 children and 2 in 3 women suffer from the hidden hunger
for one or more essential nutrients [1,2]. Zinc deficiency (Zn) is among the leading micronu-
trient deficiencies globally and inadequate intake is characterized by severe consequences
to host physiology and overall health, including impaired growth and development, poor
epithelial maintenance, diminished cognitive function, and reduced immune response,
all of which can lead to decreased infection resistance [3-5]. As more than 300 enzymes
and transcription factors are zinc-dependent, and approximately 10% of all proteins in
humans contain zinc as a cofactor, zinc plays an abundant role in biological processes,
hence, severe deficiency can render the aforementioned outcomes [4,6,7]. Several animal
and human studies have proposed a synergistic effect between dietary zinc and vitamin A
metabolism and status [8-10], and it is suggested that a poor physiological status of zinc
may impact vitamin A status [11]. Zinc-dependent enzyme alcohol dehydrogenase (ADH)
participates in the conversion of retinol to retinal and ultimately, retinoic acid—key steps in
vitamin A metabolism that are pertinent to optic function and development [10,12]. Hence,
inadequate dietary zinc status is proposed to impair ADH function [13]. Further, earlier
studies have observed that intra- and intercellular transport of retinol via retinol-binding
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protein (RBP) was zinc-dependent. A rodent model study observed that under dietary zinc-
deficient conditions, retinol accumulated in the liver but was not mobilized into plasma by
RBP [14]. However, zinc supplementation enabled a concomitant export of hepatic retinol
and plasma vitamin A increase [14].

According to the World Health Organization, the global burden of vitamin A deficiency
is a severe public health concern that primarily impacts children under the age of 5 years
and women of childbearing age [15]. Poor vitamin A status is primarily characterized by
blindness; however, it can also cause poor epithelial surface maintenance, reduced growth
and development, impaired immune response, and increased risk of diarrhea [16-18].
Additionally, an inadequate zinc physiological status may potentially affect vitamin A
physiological status via the microbiome [19,20]. Reed et al. (2018)’s study was the first
demonstration whereby the functional capacity of a microbiome under a host zinc-deficient
physiological status presented a reduced microbial capacity to metabolize retinol [19]. This
study also concluded that poor zinc status unfavorably modulates the gut microbiome.
Further, it is evident that populations with zinc and vitamin A deficiencies have a greater
risk of diarrhea [21,22]. Although mechanisms by which dietary zinc and vitamin A
nutriture interact have been postulated, these findings are not from recent years and
remain limited.

Few previous studies have investigated the effects of zinc and vitamin A supple-
mentation in order to elucidate the interrelated nature of zinc and vitamin A on host
health. Regarding immune response, while Kartasurya et al. (2020) found that zinc sup-
plementation alone improved cellular immune response in young children by enhancing
interferon-gamma production, zinc supplementation after vitamin A supplementation
improved the mucosal innate immune response by increasing salivary immunoglobulin A
production [23]. Further, simultaneous long-term zinc and vitamin A supplementation was
shown to be associated with reduced parasitic gastrointestinal infections caused by Giardia
lamblia and Ascaris lumbricoides [24]. Interestingly, host physiology and development were
observed to only improve significantly after the isolated supplementation of vitamin A, as
revealed by the greater weight and height of preschool children [25]. There is an evident
burden to readdress these nutrient interactions. Moreover, there exists a lack of robust
research and biomarkers investigating intestinal functionality and the microbiome in the
context of dietary zinc and vitamin A associations.

The Gallus gallus model is an established in vivo model that has been previously
utilized to investigate the absorption and metabolism of trace minerals such as iron, cal-
cium, and zinc [19,26,27] and non-nutritive bioactive substances [28,29]. The in vivo intra-
amniotic approach has also been employed to investigate the effects of vitamin A on the
immune system of chicken embryos [30]. This procedure makes use of the embryo’s amni-
otic fluid consumption that is naturally initiated on day 17 of embryonic development and
subsequent hatch on day 21. The broiler chicken model is sensitive to dietary micronutrient
deficiencies, it exhibits approximately 73% genetic homology when compared to human
trace mineral and vitamin A transporters, and there is notable similarity at the gut microbial
phylum level (Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria) between broilers
and humans [31-33]. The gut microbiome plays a pertinent role in nutrient metabolism and
absorption, and studying its interactions with dietary zinc and vitamin A in broiler chickens
can provide insights into potential mechanisms underlying host nutrient interactions.

To our knowledge, this is the first study to conduct an in vivo intra-amniotic adminis-
tration of combined zinc (ZnSOy) and vitamin A (retinyl palmitate) concentrations. ZnSOy
is a feed-grade form of zinc that is commonly used to supplement zinc in feed [34]; further,
retinyl palmitate is the most abundant form of host vitamin A storage [35]. The objective of
this study was to observe the effects of zinc and vitamin A—isolated and combined—upon
intestinal functionality, duodenal morphology, and the gut microbiome within a novel
system (Gallus gallus).
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2. Materials and Methods
2.1. Zinc and Vitamin A Preparation

Zinc and vitamin A solutions were prepared as outlined in the appendix (Appendix A.1).
Briefly, zinc sulfate was obtained from Beantown Chemical (Hudson, NH, USA) and retinyl
palmitate was acquired from Sigma-Aldrich (CAS No.: 79-81-2; St. Louis, MO, USA). Zinc
and vitamin A intra-amniotic administration concentrations were determined according
to the National Research Council recommendations for broiler chicks [36]. Further, an
assumed body weight of 20 g was utilized based on previously unpublished data. Zinc
sulfate was diluted with 18 M() H,O to obtain a standard dose of 40 mg/kg and a marginal
dose of 20 mg/kg. Retinyl palmitate was solubilized in corn oil, diluted with 18 MQ)
H,O to obtain a 0.5% oil in water solution, and vortexed for the final vitamin A doses of
1500 IU/kg and 100 IU/kg. Vitamin A treatments were prepared in semi-dark conditions.
Zinc sulfate and retinyl palmitate samples were stored in complete darkness at —20 °C
until intra-amniotic administration.

2.2. Animals and Design

Cornish-cross fertile broiler chicken eggs (1 = 100) were acquired from a commercial
hatchery—Moyer’s chicks, Quakertown, PA, USA. All animal protocols were approved by
Cornell University’s Institutional Animal Care and Use Committee according to the ethics
approval code 2020-0077. The fertile eggs were kept incubated under constant optimal
temperature and humidity in a hatchery at the Cornell University poultry farm. The
osmolarity value for all injection samples was verified prior to administration to ensure a
value of less than 320 Osm.

The weight of viable eggs was verified on day 17 of embryonic incubation and sub-
sequently distributed at random into nine groups. The nine treatment groups (n~11) are
as follows: no injection, 18 M) H,O (H,O only), 0.5% oil, normal ZnSOy4 (40 mg/kg),
low ZnSO4 (20 mg/kg), normal retinyl palmitate (1500 IU/kg), low retinyl palmitate
(100 IU/kg), normal ZnSO4 + normal retinyl palmitate (40 mg/kg; 1500 IU/kg), and low
ZnSOy + low retinyl palmitate (20 mg/kg; 100 IU/kg). All treatment solutions were mixed
to ensure proper content dispersion then eggs were injected with the respective treatment
solution (0.5 mL) with a 21-gauge needle into the amniotic fluid (identified by candling).
Immediately following, eggs were sealed with cellophane tape. On day 21, the hatchlings
were weighed (Table S1) and subsequently euthanized by exposure to CO,. The blood,
duodenum, liver, and cecum were collected and stored until further analysis.

2.3. Hepatic Retinol Content Quantification

Liver tissue samples were quickly weighed (15 mg) under semi-dark conditions in
2 mL tubes. 170 pL of 50% methanol (v/v) was added to each sample. A blank (no liver
tissue) was processed alongside. Each sample was then homogenized and an additional
70 pL of 100% methanol was added followed by 20 uL of the internal standard (retinyl
acetate (RA) (MedChemExpress, CAS No.: 127-47-9; Monmouth Junction, NJ, USA)) at
100 pmol/uL in 100% methanol. The samples were homogenized once more, vortexed at
1800 rpm for five minutes at room temperature, then incubated for an hour (—4 °C) for
deproteination. Samples were centrifuged at 18,000 g for 10 min (4 °C), the supernatant
(200 pL) was collected, then transferred into new vials in which 600 pL Methyl-tert-butyl
ether (Honeywell CAT# 34875) was added. Subsequently, all samples were vortexed at
1800 rpm for 10 min (room temperature). The upper organic phase was transferred into
a clean glass culture tube and evaporated to dryness in a speed vac. The extract was
reconstituted into 200 pL of 75% methanol (v/v).

The prepared samples were measured using high-performance liquid chromatography—
mass spectrometry (HPLC-MS). The HPLC-MS apparatus (ExionLC, Framingham, MA,
USA) was used with a C8 column (Restek, Bellefonte, PA, USA; 100 mm x 1.0 mm)
with a 50 uL autoinjector loop. Mobile phase A: H,O/0.1% formic acid; mobile phase B:
100% methanol. The total run time was 30 min at a constant flow rate (100 uL/min) and
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temperature (5 °C) with the following gradient program: 0-2 min to 20% A, 80% B; 2-5 min
holding at 20% A, 80% B; 5-17 min to 2% A, 98% B; 17-23 min holding at 2% A, 98% B;
23-25 min to 20% A, 80% B; 25-30 min holding at 20% A, 80% B. The Sciex OS 2.0 software
was used for quantitation analysis.

2.4. Plasma Zinc Content Analysis

On the day of the hatch, blood was collected from the heart and placed into micro-
hematocrit heparinized capillary tubes (Fisher Scientific Waltham, MA, USA). Serum
zinc content was quantified using an inductively coupled argon-plasma/atomic emission
spectrophotometer.

2.5. Total RNA Extraction

Total RNA extraction was completed with liver and duodenal tissue samples (30 mg)
using the Qiagen RNeasy Mini Kit (RNeasy Mini Kit, Qiagen Inc., Valencia, CA, USA)
according to the manufacturer’s protocol. Briefly, buffer RLT with 3-Mercaptoethanol was
added to the samples prior to homogenization. After disrupting the tissue, the samples
were centrifuged, and the supernatant was collected. The remaining lysate was washed
with ethanol, buffer RW1, and buffer RPE (twice) while undergoing centrifugation between
each buffer wash. Finally, the samples were treated with RNase-free water and centrifuged
for one minute at 8000 x g to elute the RNA. The remaining content was stored at —20 °C
until used.

2.6. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

A 20 pL reverse transcriptase reaction was used to create the cDNA from the extracted
RNA. To complete the reaction, the BioRad C1000 touch thermocycler (Bio-Rad, Hercules,
CA, USA) using the Improm-II Reverse Transcriptase Kit (CAT# A1250; Promega, Madison,
WI, USA) was utilized. The cDNA concentration was measured by Nanodrop (Thermo
Fisher Scientific, Waltham, MA, USA) at an absorbance of 260 nm and 280 nm using an
extinction coefficient of 33 (for single-stranded DNA). Genomic DNA contamination was
assessed by a real-time RT-PCR assay for the reference gene samples.

The primers used in RT-PCR were designed based on relevant gene sequences from the
GenBank database using the Real-Time Primer Design Tool software (IDT DNA, Coralville,
IA, USA). Table 1 depicts the primer sequences relevant to zinc and vitamin A metabolism,
immune response, and brush border membrane functionality, with the Gallus gallus primer
18S rRNA as the reference gene. Primer specificity was verified through BLAST searches
against the genomic National Center for Biotechnology Information (NCBI) database.

Table 1. DNA primers.

Analyte Forward Primer (5'-3') Reverse Primer (5'-3') Base Pair GI Identifier
Zinc-Related
ZnT1 GGTAACAGAGCTGCCTTAACT GGTAACAGAGCTGCCTTAACT 105 54109718
ZIP4 TCTCCTTAGCAGACAATTGAG  GTGACAAACAAGTAGGCGAAAC 95 107050877
A6 desaturase GGCGAAAGTCAGCCTATTGA AGGTGGGAAGATGAGGAAGA 93 261865208
Vitamin A Metabolism
CRBP2 GGCTACATGGTTGCACTAGACA AACCACCCGGTTATCGAGTC 195 NM_001277417.1
LRAT GATTTTGCCTATGGCGGCAG TTGTCGGTCTGGAAGCTGAC 197 XM_420371.7
RBP4 TGCCACCAACACAGAACTCTC CTTTGAAGCTGCTCACACGG 149 NM_205238.2
STRA6 GTGCGCTGAACTTTGTCTGC TTCTTCCTGCTCCCGACCT 116 NM_001293202.2
Inflammatory Response
NF-«B CACAGCTGGAGGGAAGTAAAT TTGAGTAAGGAAGTGAGGTTGAG 100 2130627
TNF-a GACAGCCTATGCCAACAAGTA TTACAGGAAGGGCAACTCATC 109 53854909
IL-1B CTCACAGTCCTTCGACATCTTC TGTTGAGCCTCACTTTCTGG 119 88702685
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Table 1. Cont.

Analyte Forward Primer (5'-3) Reverse Primer (5'-3') Base Pair GI Identifier
Brush Border Membrane Functionality
AMPK CTCCACTTCCAGAAGGTTACIT  GCAGTAGCTATCGTTCATCCTATC 140 427185
OCLN GTCTGTGGGTTCCTCATCGT GTTCTTCACCCACTCCTCCA 124 396026
CDX2 CCAGCAATGCCAGCATATTG CGGTTTCTCCTTACCACTTCTT 95 2246388
185 rRNA GCAAGACGAACTAAAGCGAAAG TCGGAACTACGACGGTATCT 100 7262899

ZnT1, Zinc transporter 1; ZIP4, Zinc transporter 4, CRBP2, Cellular retinol-binding protein 2; LRAT,
Lecithin/Retinol Acyltransferase; RBP4, Retinol binding protein 4; STRA6, Stimulated by Retinoic aid 6; NF-«B,
Nuclear factor kappa beta; TNF-&, Tumor necrosis factor-alpha; IL-13, Interleukin beta; AMPK, AMP-activated
kinase protein; OCLN, Occludin; SI, Sucrase isomaltase; CDX2, Caudal type homeobox 2.

2.7. Microbial Samples and Intestinal Contents DNA Isolation

All protocols were conducted as previously reported [37,38]. Briefly, the cecum con-
tents were isolated and placed into 15 mL tubes containing PBS (pH 7.4) under sterilized
conditions. Glass beads (4-mm diameter) were added, and the samples were vortexed for
three minutes and immediately centrifuged at 1000 x g for five minutes. The supernatant
was collected and centrifuged at 4000x g for 10 min. The pellet was washed with PBS and
stored at —20 °C until DNA purification. DNA extraction was conducted by treating the
pellet with 50 mM EDTA and 10 mg/mL lysozyme at 37 °C. Ultimately, DNA purification
was completed by Wizard Genomic DNA purification kit according to the manufacturer’s
protocol (Promega Corp., Madison, WI, USA).

2.8. Primer Design and PCR Amplification of Bacterial 16S rDNA

The following primers were used: Bifidobacterium, Lactobacillus, Escherichia coli, Clostrid-
ium, and 165 rDNA (universal) according to what was previously described [39—41]. Es-
sentially, each bacterial group is reported as a relative proportion of the bacteria to the
universal primer. PCR products were applied to 1.5% agarose gel with ethidium bromide
stain and quantified with Gel-Pro analyzer version 3.0 (Media Cybernetics LP, Rockville,
MD, USA).

2.9. Histomorphological Examination

Proximal duodenal tissues were collected on the day of hatch and immediately placed
into 4% (v/v) buffered formaldehyde and stored at room temperature, as described previ-
ously [38,42,43]. Later, the samples were dehydrated, cleared, and embedded into paraffin.
Sections were sliced (5 uM), placed on glass slides where duodenal sections were de-
paraffinized in xylene and rehydrated in graded alcohol, and ultimately stained (Alcian
Blue /Periodic acid-Schiff). Histomorphological assessment commenced by using light
microscopy and relevant software (EPIX XCAP—Standard version, Olympus, Waltham,
MA, USA). For each treatment group, three biological samples (1 = 3) with six segments
each were measured and analyzed. Villi, crypts, and cell measurements and counts were
performed by selecting ten of each at random per segment. To calculate villus surface area,
the following equation was used:

Villus sur face area = 271 X g x VL

where VIV is the average of three villus width measurements, and VL is the villus length.

2.10. Statistical Analysis

Values are reported as the means & standard error mean (SEM). All parameters were
tested for normal distribution and equal variance using a Shapiro-Wilk test. If accepted,
a one-way analysis of variance (ANOVA) was utilized followed by a Tukey post-hoc test
to identify significance based on p < —0.05. Non-normally distributed parameters were
analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test (p < 0.05 or
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p < 0.01). Statistical analyses were conducted using GraphPad Prism (version 8.0) and R
Studio (version 2022.12.0+353).

3. Results
3.1. Plasma Zinc and Liver Retinol Content

Table 2 depicts the plasma zinc and liver retinol concentrations. Between all experi-
mental groups, there were no significant differences observed for concentrations of plasma
zinc, nor were differences observed for hepatic retinol levels.

Table 2. Effect of the intra-amniotic administration of zinc and vitamin A on plasma zinc (ug/mL)

and liver retinol content (pmol/mg).

Treatment No
Group Injection

H,0 Only 0il 0.5% ZN ZL RN RL ZNRN ZLRL

Plasma zinc
(ng/mL)

0.700 +0.322?

0.4714+0.006 0.518£0.113% 0.609 £0.067* 0.756+0.101* 0.343+0.037% 0.507 £0.118* 0.578 £0.058* 0.619+0.116?

Liver retinol 0 199 | 5570 16,605+ 25182 19.020+ 03892 18234+ 15297 17.023 4+ 1.328° 26590 + 51532 21467 +3.6657 21577+ 1.5617 19.226 +1.0942

(pmol/mg)

Values are the means & SEM, n = 3. ? Treatment groups not indicated by the same letter in the same row are
significantly different (p < 0.05) by Kruskal-Wallis with Dunn’s post-hoc test.

3.2. Gene Expression of Duodenal and Hepatic Zinc-Relevant Metabolism Proteins

Figure 1A depicts the impacts of zinc and vitamin A treatments on the gene expression
of proteins related to zinc and its metabolism. The greatest (p < 0.05) expression of ZnT1,
a protein located on the duodenal basolateral membrane, was observed in the ZNRN
and ZLRL groups respectively when compared to group RL which was the lowest gene
expression of ZnT1. ZIP4 gene expression was lowest (p < 0.05) in the ZLRL group when
compared to RL, ZL, and ZN treatment groups. The gene expression of A6 desaturase
within the liver was highest (p < 0.05) in the ZN group compared to all other treatments,
where every group excluding ZN was significantly similar.

A 46 B CRBP2 LRAT RBP4 STRA6
ZnT1 ZIP4 desaturase
Noinjection  abc abc b No injection | ab be _ ab
HOonly abc b D) H,Oonly  abc a a ab
0il05%  abc abc 0il05%  abc ab a ab
ZN C C a
ZL  abc ab ab
RN ab abc a ab
RL a
ZNRN be a b
ZLRL abc ab a ab
C IL-1p TNF-a NF-xf D AMPK OCLN CDX2
No injection a ab No injection|  cd ab c
H,0 only a — ab H,0only  abc ab abc
oil05%a  ab ab 0il05% abcd ab c l
ZN a b b ZN| ab ab ab
ZL a ab b ZL  abc abc
RN a a ab RN 1
RL a | a | ab RL a
ZNRN  a ab [ pASN
zr A a b 7R, bed NG abc
Low AU (I D High AU

Figure 1. Effect of intra-amniotic administration of zinc and vitamin A on zinc (A), vitamin A (B),
inflammatory (C), and functional (D) protein gene expression duodenal and hepatic (A6 desaturase,
RBP4, and STRAG6). Values are the means 4+ SEM, n = 3-5. a-d Treatment groups not indicated by the
same letter in the same column are significantly different (p < 0.05) by Kruskal-Wallis with Dunn’s
post-hoc test (ZnT1, ZIP4, and OCLN) or ANOVA with Tukey post-hoc test (A6 desaturase, CRBP2,
LRAT, RBP4, STRA6, IL-13, TNF-&, NF-kB, AMPK, and CDX2). ZnT1, Zinc transporter 1; ZIP4, Zinc
transporter 4, CRBP2, Cellular retinol-binding protein 2; LRAT, Lecithin/Retinol Acyltransferase;
RBP4, Retinol binding protein 4; STRA6, Stimulated by Retinoic aid 6; NF-«B, Nuclear factor kappa
beta; TNF-«, Tumor necrosis factor-alpha; IL-1f, Interleukin beta; AMPK, AMP-activated kinase
protein; OCLN, Occludin; SI, Sucrase isomaltase; CDX2, Caudal-type homeobox 2.
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3.3. Gene Expression of Duodenal and Hepatic Retinoid-Related Metabolism Proteins

Duodenal retinoid metabolism protein gene expression was investigated in CRBP2
and LRAT Figure 1B. The greatest (p < 0.05) increase in CRBP2 gene expression was evident
in the RL group when compared to ZN and ZNRN treatments. Yet, the gene expression of
CRBP2 in the RL group was similar to the no injection, H,O only and Oil 0.5% controls, the
RN group, and the ZLRL group. Moreover, the gene expression of LRAT was significantly
lowered in the ZN treatment group compared to the zinc and vitamin A treatment groups.
Treatment groups administered vitamin A (RN, RL, ZLRL, ZNRN) had similar LRAT gene
expression. Gene expression of hepatic RBP4 was similar throughout all experimental
groups. However, hepatic STRA6 gene expression was greatest (p < 0.05) in the ZN group
when compared to the RL and ZNRN treatments. Yet, when comparing the controls (no
injection, Hy,O only, and Oil 0.5%) to all treatment groups, significant differences were
not evident.

3.4. Gene Expression of Duodenal Inflammatory-Related Proteins

There were no differences observed for duodenal IL-1(3 gene expression between all
experimental groups Figure 1C. The gene expression of TNF-a was lowered significantly
in the ZN group as compared to the H,O control, and RN, RL, and ZLRL treatments. All
other treatment groups (excluding ZN) were similar to the controls. The highest (p < 0.05)
upregulation of NF-kB was in the ZNRN group, whereas ZLRL, ZL, ZN, and no injection
groups were lower (p < 0.05) than ZNRN, yet similar to the remaining controls (H,O only
and Oil 0.5%) and vitamin A-treated groups.

3.5. Gene Expression of Duodenal Functionality-Relevant Proteins

The gene expression of brush border membrane functionality proteins varied through-
out treatment groups. AMP-activated kinase (AMPK) protein gene expression increase
(p < 0.05) was evident in the ZNRN treatment when compared to the ZLRL group. There
was an upregulation (p < 0.05) of occludin (OCLN) protein gene expression in the ZLRL
group as compared to ZL and RL treatments, but no difference was observed when com-
pared to the control groups. The gene expression of Caudal-type homeobox 2 (CDX2) was
significantly lowered in the RN treatment when compared to RL, but similar between each
concentration of zinc and each treatment administered zinc and vitamin A. Overall CDX2
gene expression was greatest (p < 0.05) in ZNRN, RL, and ZN when compared to the no
injection and Oil 0.5% controls.

3.6. Duodenal Morphology

Duodenal villi surface area (Figure 2A) was significantly greater in the RL group
when compared to the no injection and Oil 0.5% controls (p < 0.01). Villi surface area was
also increased significantly in the ZNRN group when compared to the Oil 0.5% control
(p <0.05). Further, the ZLRL treatment was greater than the no injection and Oil 0.5%
controls (p < 0.01), and the ZNRN treatment group (p < 0.05). Moreover, ZN and ZL group
crypt depth was shorter (p < 0.05) than the H,O-only group, and ZL was also shorter
(p < 0.05) than the no injection control. RL group crypt depth was observably smaller
(p < 0.05) than the no injection control, and both RL and RN groups had a shorter (p < 0.05)
crypt depth than the Oil 0.5% control. Crypt depth in the ZNRN group was shorter
(p <0.01) than the Oil 0.5% control, and the ZLRL group crypt depth was significantly
shorter than the Oil 0.5% control.
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Figure 2. Effect of the intra-amniotic administration of zinc and vitamin A on duodenal villi surface
area and crypt depth. Bars are the means + SEM, n = 3 animals/group, 6 sections, 10 measurements,
with significance (* = p < 0.05; ** = p < 0.01) based on Kruskal-Wallis followed by a post-hoc Dunn’s
test. See supplemental material (Tables S2 and S3) for statistical significance between experimental
groups. (A) Duodenal villi surface area (um?); (B) Duodenal crypt depth (um).

The villi goblet diameters of ZLRL and ZNRN were the greatest among all of the
treatment and control groups, as shown in Table 3. Group RL villi goblet diameter was
greater (p < 0.05) than group RN and the controls except for the no-injection control which
was similar. No differences were observed between the zinc-only treatments, yet ZN and
ZL were also among the significantly lowest villi goblet cell diameter measurements. The
largest (p < 0.05) diameter for goblet cells located in the crypt was observed in the ZNRN
group when compared to the ZLRL treatment, the zinc-only and RN treatments, and the
controls. Within the vitamin A-only treatments, group RL crypt goblet cell diameter was
greater (p < 0.05) than the RN group and the controls, while there were no differences
observed between the zinc-only treatments and controls. Moreover, there was a higher
(p < 0.05) count of goblet cells in the crypt per unit area in the RN group when compared
to all other treatments, but not when compared to the RL group on no injection control
(p > 0.05). The lowest (p < 0.05) crypt goblet cell number count was observed in treatment
groups ZN and ZLRL—in which the ZN group was significantly lower than ZL and the
control groups, and ZLRL was lower (p < 0.05) than the ZNRN group and the controls.

Table 3. Effect of the intra-amniotic administration of zinc and vitamin A on goblet cells located on
duodenal villi and crypt.

Treatment
Group

Villi Goblet
Diameter (um)

Crypt Goblet
Diameter (um)

Crypt Goblet
Cell Number

Crypt Goblet Cell Type

Acidic

Neutral

Mixed

No injection
H,O only
0Oil 0.5%
ZN
ZL
RN
RL
ZNRN
ZLRL

3.37 + 0.06 b¢
3.15 £+ 0.07 <d
2.83+0.074
293 +0.074
3.03+0.074
290 £+ 0.07 4
3.70 +£0.08 b
4.12 4+ 0.08 2
4.08 + 0.07 @

2.92 + 0.06 4
3.04 £ 0.07 <d
2.90 £ 0.07 4
2.79 +0.07 4
2.80 + 0.06 4
3.09 + 0.07 <d
3.58 + 0.07 2P
3.65 + 0.052
3.29 + 0.06 b¢

6.33 £ 0.25 2P
7.11+0.252
453 +0.19°¢
3234+0.144
464 +022¢
5.91 + 0.26 2P
5.51 + 0.23 b¢
5.28 + 0.23 be
315+0.164

5.52 + (.23 abe
6.59 + 0.252
3.84+0.19¢
260+0.14f
440 + 0.35 de

5.40 + 0.25 abed

5.01 + 0.23 bed

4.82 4 (.23 bede
239+0.16f

0.01+0.014

0.01 £0.014
0.07 + 0.02 bed
0.15 4+ 0.03 be
0.07 +0.03 <d
0.08 + 0.02 bed
0.17 + 0.03 2P
0.09 + 0.03 bed
0.32+0.052

0.84 + 0.08 2
0.51 + 0.06 abc
0.62 + 0.06
0.55 4 0.07 be

0.27 +0.04°¢
0.55 + 0.08 b¢

0.33 +0.05¢

0.41 + 0.06 ¢
0.51 + 0.06 b¢

Values are the means 4 SEM, n = 5. 2 Treatment groups not indicated by the same letter in the same column are
significantly different (p < 0.05) by Kruskal-Wallis with Dunn’s post-hoc test.
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Although the abundance of acidic goblet cells per unit area was greatest in the RN
group among treatment groups, significance is only observed when compared to ZN and
ZLRL treatments and the Oil 0.5% control. Neutral goblet cell count within the crypt per
unit area was increased significantly in the ZLRL group compared to the ZNRN group and
all control groups. The abundance of mixed goblet cells was lowered significantly in the
RN and RL groups as well as in the ZNRN and ZLRL groups relative to the no injection
and Oil 0.5% controls.

Table 4 depicts the observed effects of zinc and vitamin A on Paneth cells in the
duodenal crypts. Group ZN had the greatest (p < 0.05) count of Paneth cells per unit area
when compared to No injection and H,O-only controls, as well as RN, ZNRN, and ZLRL
treatments. Among treatment groups, the largest Paneth cell diameter was observed in ZN,
RN, and ZLRL, whereas group ZL had the smallest Paneth cell diameter.

Table 4. Effect of the intra-amniotic administration of zinc and vitamin A on Paneth cells.

Treatment No

P O H,0 Only 0il 0.5% ZN ZL RN RL ZNRN ZLRL

roup Injection

gg’lplt\li‘:;‘gg‘ 117 +£0.069%  131+£0.0454 136400524 149 +0.052 1.3240.04%c 1.074+0.02°¢ 138+£0.04°® 123+£0.03b¢de 1184 0.039
Paneth Cell 1.69£0.03° 156 +0.03% 146+0.03°% 1.64+003%  1.334£0.02° 1.5940.03% 14140.03% 14740.02°¢ 1.5940.03%

Diameter (num)

Values are the means & SEM, n = 5. ¢ Treatment groups not indicated by the same letter in the same column are
significantly different (p < 0.05) by Kruskal-Wallis with Dunn’s post-hoc test.

3.7. Cecal Bacterial Abundance of Select Populations

The relative abundance of Bifidobacterium was greatest (p < 0.05) in the Oil 0.5% control
group, while the lowest abundance was observed in treatment groups RL, ZNRN, and
ZLRL (Figure 3). There were no significant differences between treatment groups and
controls for Lactobacillus abundance in the cecum. The ZLRL group had a great abundance
of E. coli compared to No injection and Oil 0.5% controls and the ZN group. Further, the
abundance of E. coli in the ZNRN and RL groups was significantly greater than the Oil
0.05% control and ZN group. Lastly, the relative abundance of Clostridium was reduced in
RL, ZNRN, and ZLRL groups compared to Oil 0.05% control.

High Density
(INT/mm?2)
Bifidobacterium Lactobacillus E. coli Clostridium
No injection 0.08 + 0.01ab 0.05 + 0.032 0.06 + 0.01bc 0.15 + 0.01ab H
H,0 only 0.08 + 0.01ab 0.07 + Qabe 0.16 + 0ab
0Oil 0.5%
7N 0.07 £ 0.012> 0.16 + 0.012>
7L 0.08 + 0.01ab 0.11 + 0.02abe 0.16 + 0.01ab
RN 0.1 +0.02a> 0.07 £ 0.012 0.17 + 0.02abe 0.15 + 0.022b
0.09 + 02
0.04 + 0.01>
0.08 + 0.022 M
Low Density
(INT/mm?2)

Figure 3. Effect of intra-amniotic administration of zinc and vitamin A on select cecal bacterial (genera-
or species-level) populations. Log transformed values are the means + SEM, n = 5. 2 Treatment
groups not indicated by the same letter in the same column are significantly different (p < 0.05) by
Kruskal-Wallis followed by a Dunn’s test.
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4. Discussion

Given that there is a lack of research assessing intestinal functionality and the mi-
crobiome in the context of dietary zinc and vitamin A associations, this present study
was conducted to investigate the isolated and combined effects of zinc and vitamin A
nutriture via intra-amniotic administration. Intra-amniotic administration is a method that
has been previously used to investigate the effects of particular nutrients on host physiol-
ogy [41,43-45]. The broiler chicken is a valuable model for investigating the associations
between dietary zinc and vitamin A on host physiology due to the genetic homology with
human nutrient metabolism proteins, taxonomic similarity at the phylum level exists, and
sensitivity to micronutrient deficiencies [31-33].

Concerning gene expression, mRNA expression was assessed in duodenal and hepatic
tissue for zinc, vitamin A, and inflammatory- and functionality-related proteins. From
the SLC39 family, ZIP4 is a zinc influx transport protein located on the apical side of the
brush border membrane that imports zinc into the cytoplasm of the enterocyte [6,46]. A
recent review by Kambe et al. (2015) thoroughly highlighted the unique role of ZIP4,
as it is only expressed during dietary zinc deficiency [6]. In our study, we observed
that the marginal concentration of zinc and vitamin A combined significantly (p < 0.05)
downregulated the expression of ZIP4 when compared to RL, ZL, and ZN treatment
groups (Figure 1A). This suggests an improved level of zinc in duodenal tissue despite the
marginal dietary concentrations of zinc and vitamin A administered. This may be further
supported by the observed upregulation of ZnT1 mRNA expression in the combined
zinc and vitamin A treatments. ZnT1 is the zinc efflux transporter protein located on
the basolateral membrane of the enterocyte that functions to shuttle cytosolic zinc to
the blood for systemic distribution [47,48]. Upregulation of ZnT1 mRNA occurs due to
increased cellular zinc [6,49]. Although plasma zinc concentrations did not differ between
treatments (Table 2) and A6 desaturase gene expression was only upregulated in the ZN
group, we hypothesize the aforementioned results suggest an initial enhanced metabolic
response within the primary site of absorption for zinc due to the presence of vitamin
A [27]. Hence, we believe a longer exposure to the nutrients would produce a significant
systemic response. For instance, a six-week feeding trial conducted in broiler chickens by
Knez et al. (2018) observed an upregulation of A6 desaturase gene expression, higher serum
zinc concentration, and lower LA:DGLA (linoleic acid /dihomo-y-linolenic acid) ratio in
treatments administered high-zinc biofortified wheat [50]. Moreover, Figure 1B reveals
the gene expression of vitamin A intestinal (CRBP2 and LRAT) and hepatic (RBP4 and
STRAG6) metabolism proteins. Likewise with zinc, hepatic retinol concentrations did not
differ; yet CRBP2 and LRAT gene expression significantly differed among treatment groups.
Enterocytes contain CRBP2 (cellular retinol-binding protein-II)—a retinol-binding protein
that is expressed to deliver retinol to LRAT (lecithin:retinol acyltransferase) whereby retinol
is esterified to form retinol ester for further transportation and hepatic storage [51,52]. Few
studies have investigated the impact of vitamin A status on duodenal CRBP2 and LRAT
gene expression, and our findings reveal an upregulation of LRAT when the marginal
concentration of vitamin A (RL) was administered and a significant downregulation when
the adequate concentration of zinc (ZN) was administered. Previous research has reported
that levels of LRAT gene expression decrease in the heart, liver, and lungs of vitamin
A-deficient animals [53-55]. Our findings indicate that the administration of zinc alone
did not suggest an improved vitamin A status via vitamin A metabolism protein gene
expression. Hepatic expression of RBP4 (retinol-binding protein 4) and STRA6 (Stimulated
by retinoic acid 6) did not differ when compared to the no injection control. RBP4 functions
to export retinol from the liver to extrahepatic tissues, while STRA®6 is a transmembrane
transporter of the retinol-RBP4 complex [56-58]. We believe a longer exposure to the
treatments would stimulate a clearer gene expression of hepatic vitamin A metabolism
proteins.

Moreover, vitamin A is known for its maintenance role in gut homeostasis via immune
response and cell differentiation [59]. IL-1f is a proinflammatory cytokine that initiates
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an inflammatory response, and as such, the similarity throughout all treatments and the
subsequent inflammatory response elements (TNF-« and NF-«B) indicates the absence of
duodenal epithelial inflammation [60,61]. Further, our results reveal the ZN and ZNRN
treatments simultaneously elevate AMPK and CDX2 expression. AMPK participates in
maintaining intestinal epithelial integrity via tight junctions [62], however, occludin expres-
sion did not differ in the aforementioned groups. Since zinc exposure is also hypothesized
to induce AMPK activation [62,63], this may have influenced AMPK upregulation. Con-
versely, while a previous study by Kim et al. (2015) found retinoic acid supplementation in
human endothelial cells increased AMPK phosphorylation [64], our results do not agree.
Therefore, future studies should include utilizing the active metabolite, retinoic acid, to ob-
serve the effects on gastrointestinal functionality. We observed a concomitant upregulation
of AMPK and CDX2 in the normal zinc and normal zinc with vitamin A treatments. CDX2,
or caudal-type homeobox 2, is a transcription factor that AMPK promotes to enhance
intestinal epithelial homeostasis by regulating cell differentiation [65].

Although zinc and vitamin A are individually known for their maintenance role in
gastrointestinal homeostasis, the interactions between vitamin A and zinc on intestinal
epithelial morphology are not well characterized [66,67]. Interestingly, marginal combined
vitamin A and zinc treatments enhanced the villi surface area greater than the normally
combined treatments (See Figure S1 for representative duodenal morphometric images). A
similar trend was also observed as the marginal treatment of isolated vitamin A improved
villi surface area greater than the normal vitamin A treatment. A study by Wang et al.
(2020) reported long-term vitamin A supplementation in piglets increased jejunal villus
height and surface area by regulating intestinal stem cells [68]. However, the study also
observed an increased crypt depth which was contrary to our results (Figure 2B). All
treatments of zinc, vitamin A, and the nutrients combined yielded shorter crypt depths
(p < 0.01) when compared to the water or 0.5% oil controls. Intestinal morphology is a
primary indicator of gastrointestinal development and health— particularly, villus structure
and crypt depth [69,70]. The lengthening of villi and shortened crypt depth in broilers
was previously associated with sufficient growth performance and increased nutrient
metabolism [71]. Indeed, enterocytes emerge from the crypts of Lieberkiihn and migrate
onto the villus to facilitate nutrient metabolism and absorption [72]. The shorter crypts
and larger surface area are indicative of enhanced small intestine health because a slower
enteric epithelial cell turnover rate allows sufficient time for cellular differentiation and
therefore, optimal enterocyte function [73]. Overall, we observed a synergistic interaction
between zinc and vitamin A for intestinal epithelial maintenance: increased villi goblet cell
diameter in ZLRL and ZNRN groups, and increased crypt goblet cell diameter in group
ZNRN. Further, group ZLRL reduced the number of goblet cells per unit area within the
crypts. Goblet cells are endogenous to intestinal epithelial crypts with specialized functions
to support the enteric environment via mucin glycoproteins and mucous production [74].
Poor vitamin A physiological status was previously shown to increase the number of
goblet cells and cause severe atrophy [75]. While utilizing a murine model, the authors
also reported decreased Paneth cell count and overall dysfunction of intestinal epithelial
cells. We did not observe a similar trend in our study (Table 4) perhaps due to the one-time
administration of the treatments, whereas the previous study was conducted with an aging
model over an extended period.

The complex concomitance of gut microorganisms and nutrients is essential for host
physiology [67,76,77]. Hence, we assessed the relative abundance of select cecal microbial
populations after zinc and vitamin A doses (Figure 3). When compared to the 0.5% oil
control, we found marginal VA administration and both marginal and normal adminis-
tration of combined Zn/VA to decrease the abundance of Bifidobacterium and Clostridium
genera yet increase the relative abundance of E. coli. Previous work in various animal
models has reported Zn and VA to alter gut microbiota; however, the findings are often
inconsistent. A recent study revealed ZnSO, supplementation increased total gut bacteria
in weaned piglets, but without modulation of Lactobacillus, E. coli, and Bifidobacterium
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abundance [78]. However, in a study using a pigeon squab model, the authors reported
10 mg daily supplementation of zinc methionine reduced the abundance of Lactobacillus,
Enterococcus, and Bifidobacterium populations [79]. Host age is also a factor that can impact
the microbiome and must be considered when interpreting results: Davis et al., (2022)
found Lactobacillus species to increase in Zn-supplemented older mice, but not in young
mice [80]. It appears that in the study age-related effects contributed to beta diversity
more than dietary zinc status which was correlated to immunomodulatory-related taxa
such as Lactobacillus spp. and Ruminococcaceae spp. Moreover, VA supplementation was
shown to increase the abundance of Bifidobacterium spp. in VA-supplemented male infants.
However, this was not observed in VA-supplemented female infants [81]. Further, the
complex interactions between VA and gut microbiota were elucidated to contribute to
gut homeostasis via commensal bacteria such as Lactobacillus spp. [82] and Bifidobacterium
bifidum [83] independently converting dietary retinol to retinoic acid (the active form of
VA). This conversion in the intestinal mucus layer can ultimately influence host physiology
as retinoic acid uptake occurs into enterocytes, regulates gene expression through retinoic
acid response elements, and mediates intestinal immune response [83,84].

5. Conclusions

Here, we have assessed the effects of Zn, VA, and combined Zn/VA on intestinal
morphology, functionality, and the microbiome utilizing a novel, naive in vivo model.
Overall, these results suggest a potentially improved intestinal epithelium proceeding
with Zn and VA intra-amniotic administration. Intestinal functionality and gut bacteria
were modulated, albeit differently than in previous studies. Moreover, the intra-amniotic
administration approach is an advantage of this study in that a physiological response
was garnered in a living, developing system without requiring the use of a diet. Further
research and characterization of long-term responses and the gut microbiome profile should
be completed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15122754/s1, Table S1: Effect of the intra-amniotic administration
of zinc and vitamin A on bodyweight (g); Table S2: Dunn’s post-hoc test on duodenal villi surface
area data; Table S3: Dunn’s post-hoc test on duodenal crypt depth data; Figure S1: Representative
images of duodenal morphology per treatment.
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Appendix A
Appendix A.1. Zinc and Vitamin A Preparation

Zinc sulfate (ZnSOy4) was obtained from Beantown Chemical (Hudson, NH, USA)
and retinyl palmitate (RP) was acquired from Sigma-Aldrich (CAS No.: 79-81-2; St. Louis,
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MO, USA). ZnSOy4 and RP intra-amniotic administration concentrations were determined
according to the National Research Council recommendations for broiler chicks [36]. An
assumed bodyweight of 20 g was utilized based on previous unpublished data. Stock
solutions were prepared by diluting ZnSO,4 with 18 MQ H,O (10 mg/mL) and RP with
corn oil (10 mg/mL). Then, the solution for normal ZnSO;, treatment was prepared by
diluting 1.6 mL of the ZnSOy stock in 8.4 mL 18 M) H,O, and the low ZnSO, treatment
solution was prepared by diluting 0.8 mL of the ZnSO; stock in 9.2 mL 18 MQ H,O.
Therefore, ZnSO4 was diluted with 18 M(Q) H,O to obtain a standard dose of 40 mg/kg and
a marginal dose of 20 mg/kg.

Further, normal RP solution was prepared by diluting 33 pL of RP stock solution
in 17 pL corn oil and 9.95 mL of 18 M() H,;0O, and the low RP solution was prepared by
diluting 2.2 uL of RP stock solution in 47.8 uL corn oil and 9.95 mL of 18 MQ)2 H,O. Overall,
RP was solubilized in corn oil and diluted with 18 MQ) H,O to obtain a 0.5% oil in water
solution for the final doses of 1500 IU/kg and 100 IU /kg.

In addition, the treatment of normal ZnSO4 and RP was prepared by adding 1.59 mL
of the ZnSQOy stock to 7.91 mL 18 MQ) H,O, then 33 uL of the RP stock and 17 L of corn oil
was added. Lastly, the treatment of low ZnSO,4 and RP was prepared by adding 0.796 mL
of the ZnSQOy stock to 8.704 mL 18 M) H,O, then 2.2 uL. of the RP stock and 47.8 uL of
corn oil was added. Essentially, the solutions were prepared as combined doses to obtain
a normal zinc and vitamin A combined solution (40 mg/kg; 1500 IU/kg) and a marginal
zinc and vitamin A combined solution (20 mg/kg; 100 IU/kg). All solutions containing
vitamin A were prepared in semi-dark conditions. Solutions were vortexed and stored in
completed darkness at —20 °C until intra-amniotic administration.

References

1.

10.
11.

12.
13.

14.

15.

16.

17.

Stevens, G.A ; Beal, T.; Mbuya, M.N.N.; Luo, H.; Neufeld, L.M.; Addo, O.Y.; Adu-Afarwuah, S.; Alayon, S.; Bhutta, Z.; Brown,
K.H.; et al. Micronutrient Deficiencies among Preschool-Aged Children and Women of Reproductive Age Worldwide: A Pooled
Analysis of Individual-Level Data from Population-Representative Surveys. Lancet Glob. Health 2022, 10, €1590-e1599. [CrossRef]
Wrottesley, S.V.; Mates, E.; Brennan, E.; Bijalwan, V.; Menezes, R.; Ray, S.; Ali, Z.; Yarparvar, A.; Sharma, D.; Lelijveld, N.
Nutritional Status of School-Age Children and Adolescents in Low- and Middle-Income Countries across Seven Global Regions:
A Synthesis of Scoping Reviews. Public Health Nutr. 2023, 26, 63-95. [CrossRef] [PubMed]

Glutsch, V.; Hamm, H.; Goebeler, M. Zinc and Skin: An Update. JDDG ]. Der Dtsch. Dermatol. Ges. 2019, 17, 589-596. [CrossRef]
[PubMed]

Wessels, 1.; Fischer, J.; Rink, L. Annual Review of Nutrition: Dietary and Physiological Effects of Zinc on the Immune System.
Annu. Rev. Nutr. 2021, 41, 133-175. [CrossRef] [PubMed]

Wessels, I.; Maywald, M.; Rink, L. Zinc as a Gatekeeper of Immune Function. Nutrients 2017, 9, 1286. [CrossRef]

Kambe, T.; Tsuji, T.; Hashimoto, A.; Itsumura, N. The Physiological, Biochemical, and Molecular Roles of Zinc Transporters in
Zinc Homeostasis and Metabolism. Physiol. Rev. 2015, 95, 749-784. [CrossRef]

Maret, W. Zinc Biochemistry: From a Single Zinc Enzyme to a Key Element of Life. Adv. Nutr. 2013, 4, 82-91. [CrossRef] [PubMed]
Rahman, M.M.; Wahed, M.A ; Fuchs, G.J.; Baqui, A.H.; Alvarez, ].O. Synergistic Effect of Zinc and Vitamin A on the Biochemical
Indexes of Vitamin A Nutrition in Children. Am. . Clin. Nutr. 2002, 75, 92-98. [CrossRef] [PubMed]

Sklan, D.; Halevy, O.; Donoghue, S. The Effect of Different Dietary Levels of Vitamin A on Metabolism of Copper Iron and Zinc in
the Chick. Int. J. Vitam. Nutr. Res. 1987, 57, 11-18.

Christian, P.; West Jr., K.P. Interactions between Zinc and Vitamin A an Update. Am. |. Clin. Nutr. 1998, 68, 4355—441S. [CrossRef]
Boron, B.; Hupert, J.; Barch, D.; Fox, C.; Friedman, H.; Layden, T.; Mobarhan, S. Effect of Zinc Deficiency on Hepatic Enzymes
Regulating Vitamin A Status. Am. Inst. Nutr. 1987, 118, 995-1001. [CrossRef] [PubMed]

Cvekl, A.; Wang, W.L. Retinoic Acid Signaling in Mammalian Eye Development. Exp. Eye Res. 2009, 89, 280-291. [CrossRef]
Gilbert, R.; Peto, T.; Lengyel, I.; Emri, E. Zinc Nutrition and Inflammation in the Aging Retina. Mol. Nutr. Food Res. 2019,
63, 1801049. [CrossRef] [PubMed]

Cecil Smith, J.; McDaniel, E.G.; Fan, EF,; Halsted, J.A. Zinc: A Trace Element Essential in Vitamin A Metabolism. Science 1973,
181, 954-955. [CrossRef]

World Health Organization. Global Prevalence of Vitamin A Deficiency in Populations at Risk 1995-2005 WHO Global Database on
Vitamin A Deficiency; World Health Organization: Geneva, Switzerland, 2009.

Amimo, J.O.; Michael, H.; Chepngeno, J.; Raev, S.A ; Saif, L.].; Vlasova, A.N. Inmune Impairment Associated with Vitamin A
Deficiency: Insights from Clinical Studies and Animal Model Research. Nutrients 2022, 14, 5038. [CrossRef] [PubMed]

Huang, Z,; Liu, Y.; Qi, G.; Brand, D.; Zheng, S.G. Role of Vitamin A in the Inmune System. J. Clin. Med. 2018, 7, 258. [CrossRef]


https://doi.org/10.1016/S2214-109X(22)00367-9
https://doi.org/10.1017/S1368980022000350
https://www.ncbi.nlm.nih.gov/pubmed/35156607
https://doi.org/10.1111/ddg.13811
https://www.ncbi.nlm.nih.gov/pubmed/30873720
https://doi.org/10.1146/annurev-nutr-122019-120635
https://www.ncbi.nlm.nih.gov/pubmed/34255547
https://doi.org/10.3390/nu9121286
https://doi.org/10.1152/physrev.00035.2014
https://doi.org/10.3945/an.112.003038
https://www.ncbi.nlm.nih.gov/pubmed/23319127
https://doi.org/10.1093/ajcn/75.1.92
https://www.ncbi.nlm.nih.gov/pubmed/11756065
https://doi.org/10.1093/ajcn/68.2.435S
https://doi.org/10.1093/jn/118.8.995
https://www.ncbi.nlm.nih.gov/pubmed/3404291
https://doi.org/10.1016/j.exer.2009.04.012
https://doi.org/10.1002/mnfr.201801049
https://www.ncbi.nlm.nih.gov/pubmed/31148351
https://doi.org/10.1126/science.181.4103.954
https://doi.org/10.3390/nu14235038
https://www.ncbi.nlm.nih.gov/pubmed/36501067
https://doi.org/10.3390/jcm7090258

Nutrients 2023, 15, 2754 14 of 16

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Thirunavukarasu, A.].; Ross, A.C.; Gilbert, R M. Vitamin A, Systemic T-Cells, and the Eye: Focus on Degenerative Retinal Disease.
Front. Nutr. 2022, 9, 914457. [CrossRef]

Reed, S.; Knez, M.; Uzan, A.; Stangoulis, J.C.R.; Glahn, R.P; Koren, O.; Tako, E. Alterations in the Gut (Gallus gallus) Microbiota
Following the Consumption of Zinc Biofortified Wheat (Triticum aestivum)-Based Diet. . Agric. Food Chem. 2018, 66, 6291-6299.
[CrossRef]

Himoto, T.; Masaki, T. Associations between Zinc Deficiency and Metabolic Abnormalities in Patients with Chronic Liver Disease.
Nutrients 2018, 10, 88. [CrossRef]

Imdad, A.; Mayo-Wilson, E.; Herzer, K.; Bhutta, Z.A. Vitamin A Supplementation for Preventing Morbidity and Mortality in
Children from Six Months to Five Years of Age. Cochrane Database Syst. Rev. 2017, 3, CD00852. [CrossRef]

World Health Organization. Global Health Risks: Mortality and Burden of Disease Attributable to Selected Major Risks; World Health
Organization: Geneva, Switzerland, 2009; ISBN 9789241563871.

Kartasurya, M.I; Marks, G.C.; Ahmed, F; Subagio, H.W.; Rahfiludin, M.Z. Effect of Zinc and Vitamin A Supplementation on
Immune Responses in Indonesian Pre-Schoolers. Asia Pac. ]. Clin. Nutr. 2020, 29, 732-742. [CrossRef]

Long, K.Z.; Rosado, J.L.; Montoya, Y.; Solano, M.D.L.; Hertzmark, E.; DuPont, H.L.; Santos, ]J.I. Effect of Vitamin A and Zinc
Supplementation on Gastrointestinal Parasitic Infections among Mexican Children. Pediatrics 2007, 120, e846—e855. [CrossRef]
Smith, J.C.; Rao, D.; Makdani, D.; Hegar, A.; Douglass, L.W. Vitamin A and Zinc Supplementation of Preschool Children. J. Am.
Coll. Nutr. 1999, 18, 213-222. [CrossRef] [PubMed]

Hou, T.,; Kolba, N.; Glahn, R.P; Tako, E. Intra-Amniotic Administration (Gallus gallus) of Cicer arietinum and Lens culinaris
Prebiotics Extracts and Duck Egg White Peptides Affects Calcium Status and Intestinal Functionality. Nutrients 2017, 9, 785.
[CrossRef]

Beasley, ].T.; Johnson, A.A.T.; Kolba, N.; Bonneau, J.P.; Glahn, R.P.; Ozeri, L.; Koren, O.; Tako, E. Nicotianamine-Chelated Iron
Positively Affects Iron Status, Intestinal Morphology and Microbial Populations in Vivo (Gallus gallus). Sci. Rep. 2020, 10, 2297.
[CrossRef]

Hou, T.; Tako, E. The In Ovo Feeding Administration (Gallus Gallus)}—An Emerging In Vivo Approach to Assess Bioactive
Compounds with Potential Nutritional Benefits. Nutrients 2018, 10, 418. [CrossRef] [PubMed]

da Silva, B.P; Martino, H.S.D.; Tako, E. Plant Origin Prebiotics Affect Duodenal Brush Border Membrane Functionality and
Morphology, in Vivo (Gallus gallus). Food Funct. 2021, 12, 6157-6166. [CrossRef]

Shojadoost, B.; Alizadeh, M.; Taha-Abdelaziz, K.; Shoja Doost, J.; Astill, J.; Sharif, S. In Ovo Inoculation of Vitamin A Modulates
Chicken Embryo Immune Functions. J. Interferon Cytokine Res. 2021, 41, 20-28. [CrossRef] [PubMed]

Yegani, M.; Korver, D.R. Factors Affecting Intestinal Health in Poultry. Poult. Sci. 2008, 87, 2052-2063. [CrossRef]

Juste Contin Gomes, M.; Stampini Duarte Martino, H.; Tako, E. Effects of Iron and Zinc Biofortified Foods on Gut Microbiota In
Vivo (Gallus gallus): A Systematic Review. Nutrients 2021, 13, 189. [CrossRef]

Reed, S.; Neuman, H.; Moscovich, S.; Glahn, R.P,; Koren, O.; Tako, E. Chronic Zinc Deficiency Alters Chick Gut Microbiota
Composition and Function. Nutrients 2015, 7, 9768-9784. [CrossRef] [PubMed]

Villagémez-Estrada, S.; Pérez, ].F; Darwich, L.; Vidal, A.; Van Kuijk, S.; Melo-Duran, D.; Sola-Oriol, D. Effects of Copper and Zinc
Sources and Inclusion Levels of Copper on Weanling Pig Performance and Intestinal Microbiota. J. Anim. Sci. 2020, 98, skaal17.
[CrossRef] [PubMed]

D’Ambrosio, D.N.; Clugston, R.D.; Blaner, W.S. Vitamin A Metabolism: An Update. Nutrients 2011, 3, 63-103. [CrossRef]
[PubMed]

National Research Council. Nutrient Requirements of Poultry: 9th Revised Edition, 1994, 9th ed.; National Academies Press:
Washington, DC, USA, 1994.

Cheng, J.; Kolba, N.; Sisser, P; Turjeman, S.; Even, C.; Koren, O.; Tako, E. Intraamniotic Administration (Gallus gallus) of Genistein
Alters Mineral Transport, Intestinal Morphology, and Gut Microbiota. Nutrients 2022, 14, 3473. [CrossRef]

Martino, H.S.D.; Kolba, N.; Tako, E. Yacon (Smallanthus sonchifolius) Flour Soluble Extract Improve Intestinal Bacterial Populations,
Brush Border Membrane Functionality and Morphology in Vivo (Gallus gallus). Food Res. Int. 2020, 137, 109705. [CrossRef]
Wang, X.; Kolba, N.; Liang, J.; Tako, E. Aleterations in Gut Microflora Populations and Brush Border Functionality Following
Intra-Amniotic Administration (Gallus gallus) of Wheat Bran Prebiotic Extracts. Food Funct. 2019, 10, 4834—4843. [CrossRef]
Agrizzi Verediano, T.; Stampini Duarte Martino, H.; Kolba, N.; Fu, Y.; Cristina Dias Paes, M.; Tako, E. Black Corn (Zea mays L.)
Soluble Extract Showed Anti-Inflammatory Effects and Improved the Intestinal Barrier Integrity in Vivo (Gallus gallus). Food Res.
Int. 2022, 157, 111227. [CrossRef]

Dias, D.M.; Kolba, N.; Hart, ].J.; Ma, M.; Sha, S.T.; Lakshmanan, N.; Nutti, M.R.; Martino, H.S.D.; Glahn, R.P.; Tako, E. Soluble
Extracts from Carioca Beans (Phaseolus vulgaris L.) Affect the Gut Microbiota and Iron Related Brush Border Membrane Protein
Expression in Vivo (Gallus gallus). Food Res. Int. 2019, 123, 172-180. [CrossRef]

Jackson, C.; Shukla, V,; Kolba, N.; Agarwal, N.; Padilla-Zakour, O.1; Tako, E. Empire Apple (Malus domestica) Juice, Pomace, and
Pulp Modulate Intestinal Functionality, Morphology, and Bacterial Populations In Vivo (Gallus gallus). Nutrients 2022, 14, 4955.
[CrossRef]

Tako, E.; Ferket, PR.; Uni, Z. Changes in Chicken Intestinal Zinc Exporter MRNA Expression and Small Intestinal Functionality
Following Intra-Amniotic Zinc-Methionine Administration. J. Nutr. Biochem. 2005, 16, 339-346. [CrossRef]


https://doi.org/10.3389/fnut.2022.914457
https://doi.org/10.1021/acs.jafc.8b01481
https://doi.org/10.3390/nu10010088
https://doi.org/10.1002/14651858.CD008524.pub3
https://doi.org/10.6133/apjcn.202012_29(4).0008
https://doi.org/10.1542/peds.2006-2187
https://doi.org/10.1080/07315724.1999.10718854
https://www.ncbi.nlm.nih.gov/pubmed/10376776
https://doi.org/10.3390/nu9070785
https://doi.org/10.1038/s41598-020-57598-3
https://doi.org/10.3390/nu10040418
https://www.ncbi.nlm.nih.gov/pubmed/29597266
https://doi.org/10.1039/D1FO01159F
https://doi.org/10.1089/jir.2020.0212
https://www.ncbi.nlm.nih.gov/pubmed/33471614
https://doi.org/10.3382/ps.2008-00091
https://doi.org/10.3390/nu13010189
https://doi.org/10.3390/nu7125497
https://www.ncbi.nlm.nih.gov/pubmed/26633470
https://doi.org/10.1093/jas/skaa117
https://www.ncbi.nlm.nih.gov/pubmed/32277238
https://doi.org/10.3390/nu3010063
https://www.ncbi.nlm.nih.gov/pubmed/21350678
https://doi.org/10.3390/nu14173473
https://doi.org/10.1016/j.foodres.2020.109705
https://doi.org/10.1039/C9FO00836E
https://doi.org/10.1016/j.foodres.2022.111227
https://doi.org/10.1016/j.foodres.2019.04.060
https://doi.org/10.3390/nu14234955
https://doi.org/10.1016/j.jnutbio.2005.01.002

Nutrients 2023, 15, 2754 15 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Tako, E.; Bar, H.; Glahn, R.P. The Combined Application of the Caco-2 Cell Bioassay Coupled with In Vivo (Gallus gallus) Feeding
Trial Represents an Effective Approach to Predicting Fe Bioavailability in Humans. Nutrients 2016, 8, 732. [CrossRef] [PubMed]
Sun, X.M; Liao, X.D.; Lin, L.U.; Zhang, L.Y.; Lin, X.I.; Luo, X.G. Effect of in Ovo Zinc Injection on the Embryonic Development,
Tissue Zinc Contents, Antioxidation, and Related Gene Expressions of Broiler Breeder Eggs. . Integr. Agric. 2018, 17, 648—656.
[CrossRef]

Dufner-Beattie, J.; Wang, F.; Kuo, YM.; Gitschier, J.; Eide, D.; Andrews, G.K. The Acrodermatitis Enteropathica Gene ZIP4 Encodes
a Tissue-Specific, Zinc-Regulated Zinc Transporter in Mice. J. Biol. Chem. 2003, 278, 33474-33481. [CrossRef]

Hara, T.; Takeda, T.-A.; Takagishi, T.; Fukue, K.; Kambe, T.; Fukada, T. Physiological Roles of Zinc Transporters: Molecular and
Genetic Importance in Zinc Homeostasis. J. Physiol. Sci. 2017, 67, 283-301. [CrossRef] [PubMed]

Cousins, R.J. Gastrointestinal Factors Influencing Zinc Absorption and Homeostasis. Int. ]. Vitam. Nutr. Res. 2010, 80, 243-248.
[CrossRef]

Langmade, S.J.; Ravindra, R.; Daniels, P.J.; Andrews, G.K. The Transcription Factor MTF-1 Mediates Metal Regulation of the
Mouse ZnT1 Gene. J. Biol. Chem. 2000, 275, 34803-34809. [CrossRef]

Knez, M,; Tako, E.; Glahn, R.P; Kolba, N.; De Courcy-Ireland, E.; Stangoulis, ].C.R. Linoleic Acid:Dihomo-y-Linolenic Acid Ratio
Predicts the Efficacy of Zn-Biofortified Wheat in Chicken (Gallus gallus). ]. Agric. Food Chem. 2018, 66, 1394-1400. [CrossRef]
[PubMed]

O’Byrne, S.M,; Blaner, W.S. Retinol and Retinyl Esters: Biochemistry and Physiology. J. Lipid Res. 2013, 54, 1731-1743. [CrossRef]
[PubMed]

Honarbakhsh, M.; Ericsson, A.; Zhong, G.; Isoherranen, N.; Zhu, C.; Bromberg, Y.; van Buiten, C.; Malta, K.; Joseph, L.; Sampath,
H.; et al. Impact of Vitamin A Transport and Storage on Intestinal Retinoid Homeostasis and Functions. J. Lipid Res. 2021,
62,100046. [CrossRef]

Liang, X.; Chen, M.; Wang, D.; Wen, J.; Chen, J. Vitamin A Deficiency Indicating as Low Expression of LRAT May Be a Novel
Biomarker of Primary Hypertension. Clin. Exp. Hypertens. 2020, 43, 151-163. [CrossRef] [PubMed]

Ross, A.C.; Zolfaghari, R. Regulation of Hepatic Retinol Metabolism: Perspectives from Studies on Vitamin A Status. J. Nutr.
2004, 134, S269-5275. [CrossRef] [PubMed]

Amengual, J.; Golczak, M.; Palczewski, K.; von Lintig, J. Lecithin:Retinol Acyltransferase Is Critical for Cellular Uptake of Vitamin
A from Serum Retinol-Binding Protein. J. Biol. Chem. 2012, 287, 24216-24227. [CrossRef] [PubMed]

Lee, Y.S.; Jeong, W.-I. Retinoic Acids and Hepatic Stellate Cells in Liver Disease. ]. Gastroenterol. Hepatol. 2012, 27, 75-79.
[CrossRef]

Kawaguchi, R.; Yu, J.; Honda, J.; Hu, J.; Whitelegge, J.; Ping, P.; Wiita, P.; Bok, D.; Sun, H. A Membrane Receptor for Retinol
Binding Protein Mediates Cellular Uptake of Vitamin A. Science 2007, 315, 820-825. [CrossRef] [PubMed]

Steinhoff, ].S.; Lass, A.; Schupp, M. Retinoid Homeostasis and Beyond: How Retinol Binding Protein 4 Contributes to Health and
Disease. Nutrients 2022, 14, 1236. [CrossRef]

De Medeiros, PH.Q.S.; Pinto, D.V.; De Almeida, J.Z.; Régo, ] M.C.; Rodrigues, EA.P.; Lima, A.AM.; Bolick, D.T.; Guerrant, R.L.;
Oria, R.B. Modulation of Intestinal Immune and Barrier Functions by Vitamin A: Implications for Current Understanding of
Malnutrition and Enteric Infections in Children. Nutrients 2018, 10, 1128. [CrossRef]

Neurath, M.E. Cytokines in Inflammatory Bowel Disease. Nat. Rev. Immunol. 2014, 14, 329-342. [CrossRef]

Andrews, C.; McLean, M.H.; Durum, S.K. Cytokine Tuning of Intestinal Epithelial Function. Front. Immunol. 2018, 9, 1270.
[CrossRef]

Rowart, P; Wu, J.; Caplan, M.].; Jouret, E. Implications of AMPK in the Formation of Epithelial Tight Junctions. Int. . Mol. Sci.
2018, 19, 2040. [CrossRef]

Lin, S.; Tian, H.; Lin, J.; Xu, C.; Yuan, Y.,; Gao, S.; Song, C.; Lv, P.; Mei, X. Zinc Promotes Autophagy and Inhibits Apoptosis
through AMPK/MTOR Signaling Pathway after Spinal Cord Injury. Neurosci. Lett. 2020, 736, 135263. [CrossRef]

Kim, YM.; Kim, J.H.; Park, S.W.; Kim, H.J.; Chang, K.C. Retinoic Acid Inhibits Tissue Factor and HMGB1 via Modulation of
AMPK Activity in TNF-« Activated Endothelial Cells and LPS-Injected Mice. Atherosclerosis 2015, 241, 615-623. [CrossRef]
[PubMed]

Sun, X.; Yang, Q.; Rogers, C.J.; Du, M.; Zhu, M.]. AMPK Improves Gut Epithelial Differentiation and Barrier Function via
Regulating Cdx2 Expression. Cell Death Differ. 2017, 24, 819-831. [CrossRef] [PubMed]

Pham, V.T.; Dold, S.; Rehman, A.; Bird, ] K.; Steinert, R.E. Vitamins, the Gut Microbiome and Gastrointestinal Health in Humans.
Nutr. Res. 2021, 95, 35-53. [CrossRef] [PubMed]

Skalny, A.V.; Aschner, M.; Lei, X.G.; Gritsenko, V.A.; Santamaria, A.; Alekseenko, S.I.; Prakash, N.T.; Chang, J.-S.; Sizova, E.A;
Chao, ]J.C.J.; et al. Gut Microbiota as a Mediator of Essential and Toxic Effects of Zinc in the Intestines and Other Tissues. Int. |.
Mol. Sci. 2021, 22, 13074. [CrossRef]

Wang, Z.; Li, ].; Wang, Y.; Wang, L.; Yin, Y.; Yin, L.; Yang, H.; Yin, Y. Dietary Vitamin A Affects Growth Performance, Intestinal
Development, and Functions in Weaned Piglets by Affecting Intestinal Stem Cells. J. Anim. Sci. 2020, 98, skaa020. [CrossRef]
Biasato, I.; Ferrocino, I.; Biasibetti, E.; Grego, E.; Dabbou, S.; Sereno, A.; Gai, F; Gasco, L.; Schiavone, A.; Cocolin, L.; et al.
Modulation of Intestinal Microbiota, Morphology and Mucin Composition by Dietary Insect Meal Inclusion in Free-Range
Chickens. BMC Vet. Res. 2018, 14, 383. [CrossRef]


https://doi.org/10.3390/nu8110732
https://www.ncbi.nlm.nih.gov/pubmed/27869705
https://doi.org/10.1016/S2095-3119(17)61704-0
https://doi.org/10.1074/jbc.M305000200
https://doi.org/10.1007/s12576-017-0521-4
https://www.ncbi.nlm.nih.gov/pubmed/28130681
https://doi.org/10.1024/0300-9831/a000030
https://doi.org/10.1074/jbc.M007339200
https://doi.org/10.1021/acs.jafc.7b04905
https://www.ncbi.nlm.nih.gov/pubmed/29359556
https://doi.org/10.1194/jlr.R037648
https://www.ncbi.nlm.nih.gov/pubmed/23625372
https://doi.org/10.1016/j.jlr.2021.100046
https://doi.org/10.1080/10641963.2020.1833023
https://www.ncbi.nlm.nih.gov/pubmed/33052059
https://doi.org/10.1093/jn/134.1.269S
https://www.ncbi.nlm.nih.gov/pubmed/14704332
https://doi.org/10.1074/jbc.M112.353979
https://www.ncbi.nlm.nih.gov/pubmed/22637576
https://doi.org/10.1111/j.1440-1746.2011.07007.x
https://doi.org/10.1126/science.1136244
https://www.ncbi.nlm.nih.gov/pubmed/17255476
https://doi.org/10.3390/nu14061236
https://doi.org/10.3390/nu10091128
https://doi.org/10.1038/nri3661
https://doi.org/10.3389/fimmu.2018.01270
https://doi.org/10.3390/ijms19072040
https://doi.org/10.1016/j.neulet.2020.135263
https://doi.org/10.1016/j.atherosclerosis.2015.06.016
https://www.ncbi.nlm.nih.gov/pubmed/26116962
https://doi.org/10.1038/cdd.2017.14
https://www.ncbi.nlm.nih.gov/pubmed/28234358
https://doi.org/10.1016/j.nutres.2021.09.001
https://www.ncbi.nlm.nih.gov/pubmed/34798467
https://doi.org/10.3390/ijms222313074
https://doi.org/10.1093/jas/skaa020
https://doi.org/10.1186/s12917-018-1690-y

Nutrients 2023, 15, 2754 16 of 16

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Wang, ].X.; Peng, K.M. Developmental Morphology of the Small Intestine of African Ostrich Chicks. Poult. Sci. 2008, 87, 2629-2635.
[CrossRef]

Laudadio, V.; Passantino, L.; Perillo, A.; Lopresti, G.; Passantino, A.; Khan, R.U.; Tufarelli, V. Productive Performance and
Histological Features of Intestinal Mucosa of Broiler Chickens Fed Different Dietary Protein Levels. Poult. Sci. 2012, 91, 265-270.
[CrossRef]

Noah, T.K.; Donahue, B.; Shroyer, N.F. Intestinal Development and Differentiation. Exp. Cell Res. 2011, 317, 2702-2710. [CrossRef]
Pluske, ].R.; Thompson, M.].; Atwood, C.S.; Bird, P.H.; Williams, .H.; Hartmann, P.E. Maintenance of Villus Height and Crypt
Depth, and Enhancement of Disaccharide Digestion and Monosaccharide Absorption, in Piglets Fed on Cows” Whole Milk after
Weaning. Br. ]. Nutr. 1996, 76, 409-422. [CrossRef]

Maares, M.; Keil, C.; Straubing, S.; Robbe-Masselot, C.; Haase, H. Zinc Deficiency Disturbs Mucin Expression, O-Glycosylation
and Secretion by Intestinal Goblet Cells. Int. . Mol. Sci. 2020, 21, 6149. [CrossRef] [PubMed]

Cha, H.-R.; Chang, S.-Y.; Chang, ].-H.; Kim, ].-O.; Yang, ].-Y.; Kim, C.-H.; Kweon, M.-N. Downregulation of Th17 Cells in the Small
Intestine by Disruption of Gut Flora in the Absence of Retinoic Acid. J. Immunol. 2010, 184, 6799-6806. [CrossRef] [PubMed]
Barone, M.; D’Amico, F.; Brigidi, P.; Turroni, S. Gut Microbiome-Micronutrient Interaction: The Key to Controlling the Bioavail-
ability of Minerals and Vitamins? BioFactors 2022, 48, 307-314. [CrossRef]

Andreini, C.; Banci, L.; Bertini, I.; Rosato, A. Zinc through the Three Domains of Life. ]. Proteome Res. 2006, 5, 3173-3178.
[CrossRef]

Diao, H; Yan, J.; Li, S.; Kuang, S.; Wei, X.; Zhou, M.; Zhang, J.; Huang, C.; He, P,; Tang, W. Effects of Dietary Zinc Sources on
Growth Performance and Gut Health of Weaned Piglets. Front. Microbiol. 2021, 12, 3316. [CrossRef] [PubMed]

Wang, Y.; Yi, L.; Zhao, M.L.; Wu, ].Q.; Wang, M.Y.; Cheng, X.C. Effects of Zinc-Methionine on Growth Performance, Intestinal
Flora and Immune Function in Pigeon Squabs. Br. Poult. Sci. 2014, 55, 403—408. [CrossRef] [PubMed]

Davis, EW.; Wong, C.P,; Arnold, H.K.; Kasschau, K.; Gaulke, C.A.; Sharpton, T.].; Ho, E. Age and Micronutrient Effects on the
Microbiome in a Mouse Model of Zinc Depletion and Supplementation. PLoS ONE 2022, 17, e0275352. [CrossRef]

Huda, M.N.; Ahmad, S.M.; Kalanetra, KM.; Taft, D.H.; Alam, M.].; Khanam, A.; Raqib, R.; Underwood, M.A.; Mills, D.A;
Stephensen, C.B. Neonatal Vitamin A Supplementation and Vitamin A Status Are Associated with Gut Microbiome Composition
in Bangladeshi Infants in Early Infancy and at 2 Years of Age. . Nutr. 2019, 149, 1075-1088. [CrossRef]

Bonakdar, M.; Czuba, L.C.; Han, G.; Zhong, G.; Luong, H.; Isoherrannen, N.; Vaishnava, S. Gut Commensals Expand Vitamin A
Metabolic Capacity of the Mammalian Host. Cell Host Microbe 2022, 30, 1084-1092. [CrossRef]

Woo, V.; Eshleman, E.M.; Hashimoto-Hill, S.; Whitt, J.; Wu, S.-E.; Engleman, L.; Rice, T.; Karns, R.; Qualls, J.E.; Haslam, D.B,;
et al. Commensal Segmented Filamentous Bacteria-Derived Retinoic Acid Primes Host Defense to Intestinal Infection. Cell Host
Microbe 2021, 29, 1744-1756.e5. [CrossRef]

Lin, D.; Medeiros, D.M. The Microbiome as a Major Function of the Gastrointestinal Tract and Its Implication in Micronutrient
Metabolism and Chronic Diseases. Nutr. Res. 2023, 112, 30-45. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3382/ps.2008-00163
https://doi.org/10.3382/ps.2011-01675
https://doi.org/10.1016/j.yexcr.2011.09.006
https://doi.org/10.1079/BJN19960046
https://doi.org/10.3390/ijms21176149
https://www.ncbi.nlm.nih.gov/pubmed/32858966
https://doi.org/10.4049/jimmunol.0902944
https://www.ncbi.nlm.nih.gov/pubmed/20488794
https://doi.org/10.1002/biof.1835
https://doi.org/10.1021/pr0603699
https://doi.org/10.3389/fmicb.2021.771617
https://www.ncbi.nlm.nih.gov/pubmed/34858378
https://doi.org/10.1080/00071668.2014.919375
https://www.ncbi.nlm.nih.gov/pubmed/24784175
https://doi.org/10.1371/journal.pone.0275352
https://doi.org/10.1093/jn/nxz034
https://doi.org/10.1016/j.chom.2022.06.011
https://doi.org/10.1016/j.chom.2021.09.010
https://doi.org/10.1016/j.nutres.2023.02.007
https://www.ncbi.nlm.nih.gov/pubmed/36965327

	Introduction 
	Materials and Methods 
	Zinc and Vitamin A Preparation 
	Animals and Design 
	Hepatic Retinol Content Quantification 
	Plasma Zinc Content Analysis 
	Total RNA Extraction 
	Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
	Microbial Samples and Intestinal Contents DNA Isolation 
	Primer Design and PCR Amplification of Bacterial 16S rDNA 
	Histomorphological Examination 
	Statistical Analysis 

	Results 
	Plasma Zinc and Liver Retinol Content 
	Gene Expression of Duodenal and Hepatic Zinc-Relevant Metabolism Proteins 
	Gene Expression of Duodenal and Hepatic Retinoid-Related Metabolism Proteins 
	Gene Expression of Duodenal Inflammatory-Related Proteins 
	Gene Expression of Duodenal Functionality-Relevant Proteins 
	Duodenal Morphology 
	Cecal Bacterial Abundance of Select Populations 

	Discussion 
	Conclusions 
	Appendix A
	Zinc and Vitamin A Preparation 

	References

