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Abstract

Fifty-six piglets (6.26 + 0.64 kg BW) were weaned at 21 d and randomly assigned to one of the eight dietary treatments
with seven replicate pens for a 14-d experimental period. The eight experimental diets were prepared via a 2 x 4 factorial
arrangement with citric acid (CA; 0% and 0.3%) and dietary electrolyte balance (dEB, Na + K — Cl mEq/kg of the diet; -50,
100, 250, and 400 mEq/kg). Varying dEB values were obtained by altering the contents of calcium chloride and sodium
bicarbonate. An interaction (P < 0.05) between dEB and CA in diarrhea score and the number of goblet cell in jejunum were
observed. lleum pH significantly decreased in weaned piglets fed 250 mEq/kg dEB diet compared with those fed -50 and
400 mEq/kg dEB diets (P < 0.05). Supplementation of 0.3% CA decreased the number of goblet cell in the ileal crypt (P <

0.05) and the relative mRNA expression of cystic fibrosis transmembrane conductance regulator, tumor necrosis factor-a,
interferon-y (IFN-y), interleukin-1f (IL-1f), interleukin-10 (IL-10), zona occludens-1, and Claudin-1 (P < 0.05). Increasing dEB
values increased the number of goblet cells in the jejunal crypt (P < 0.05). A 250-mEq/kg dEB diet decreased the relative
mRNA expression of IFN-y, IL-1f, and IL-10 (P < 0.05) than 100-mEq/kg dEB diet. The interaction between dEB and CA on the
relative abundances of Cyanobacteria and Saccharibacteria was observed (P < 0.05). Supplementation of 0.3% CA increased
relative abundances of and Streptococcus hyointestinalis. Piglets fed 250-mEq/kg diet increased relative abundances of
Firmicutes and Lactobacillus rennini, and decreased the relative abundance of Proteobacteria, Veillonella, Actinobacillus minor,
and Escherichia-Shigella.In conclusion, supplementation of 0.3% CA resulted in differential expression of inflammatory
cytokines, ion transporters, and tight junction proteins, and changes in the microbial community composition. A 250-mEq/
kg dEB diet reduced gastrointestinal pH and promoted the enrichment of beneficial microbes in the gut microbiota, thereby
suppressing inflammation and harmful bacteria. However, the addition of CA to diets with different dEB values did not
promote intestinal function in weaned piglets.
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Abbreviations
CA citric acid
CFTR cystic fibrosis transmembrane

conductance regulator
dEB dietary electrolyte balance

ETEC enterotoxigenic Escherichia coli
IFN-y interferon-y

IL-10 interleukin-10

IL-1B interleukin-1f

NKCC1 Na-K-Cl cotransporter

TNF-a tumor necrosis factor-a

Z0-1 zona occludens 1
Introduction

During weaning, young pigs are exposed to various stress factors
which may be psychological, dietary, and/or environmental,
with a consequent incidence of intestinal dysfunction with
diarrhea and reduction of growth performance (Pluske et al.,
1997; Heo et al., 2013). Thus, it is necessary to identify possible
nutritional mitigation strategies to improve intestinal health
and function in weaned piglets to control the negative effects
of post-weaning stress. Sodium (Na), potassium (K), and
chlorine (Cl), as the main cations and anions in the body, play
an important role in maintaining normal body fluid, osmotic
pressure, acid-base balance, and water-salt metabolism,
participating in nutrient metabolism, and neuroregulation.
However, changing the relative proportion of these ions may
alter the dietary electrolyte balance (dEB, Na + K - Cl, reported in
mEq/kg of diet; Mongin, 1981) inducing an electrical imbalance
which is the predominant cause of acid-base disorders (Adeva-
Andany et al.,, 2014), which may lead to diarrhea in animals
(Okada et al., 2018).

In addition, the colon has the capacity to store water and
electrolytes, which is about three times normal, but, if it is
exceeded or damaged, it will lead to a net water loss and
ultimately lead to diarrhea (Rao, 2019). Therefore, NRC (2012)
recommended that the optimal dEB for pigs is approximately
250 mEqg/kg. Although a number of studies have found that
dEB changed blood, urine, and gastric pH and influenced the
acid-base buffer system, nutrient digestibility, and growth
performance in pigs (Patience et al., 1987; Haydon et al., 1990;
Dersjant-Li et al., 2002; DeRouchey et al., 2003; Cheng et al.,,
2015; Guzman-Pino et al.,, 2015), few studies were observed that
suggested dEB affected intestinal health and its mechanism is
still unclear.

Since antibiotics have been banned as growth promoters in
animal production, organic acids have been proposed to replace
them to promote growth and reduce post-weaning diarrhea.
Organic acids improve intestinal health by reducing the pH value
of digestive tract, increasing the number of lactic acid bacteria
and Bifidobacteria, reducing Escherichia coli, and promoting the
development of intestinal morphology, thus enhancing growth
performance and nutrient digestibility of pigs (Zhai et al., 2017,
Long et al., 2018). In addition, some organic acids participate
in energy metabolism and enzyme catalysis in animals, thus
promoting the proliferation and differentiation of intestinal
cells such as lactic acid which is a final product of glycolysis and
can release energy through gluconeogenesis (Hui et al., 2017).
Citric acid (CA) participates in the tricarboxylic acid cycle as
an energy sources, avoiding the tissue degradation caused by
gluconeogenesis and fat decomposition, thus further increasing
the digestibility of nutrients (Bodner, 1986). More importantly,

CA increases the number of goblet cells in the gut (Khosravinia
et al.,, 2015).

Intestinal microbiota plays a key role in maintaining
intestinal health, including gut barrier function and immune
system maturation (Min and Rhee, 2015; Thaiss et al., 2016).
Alterations in gut microbiota cause the decrease in intestinal
digestion and absorption capacity, the proliferation of
pathogenic bacteria, and ultimately diarrhea (Huang et al., 2019).
CA showed a high bacteriostatic effect on pathogenic bacteria
such as coliform bacteria and Staphylococcus aureus (Aydin et al.,
2010; Olaimat et al., 2017). However, it is still unknown whether
there are interactions between dEB and CA. The present study
was conducted to test the hypothesis that the effects of dEB may
modulate the intestinal microbial structure and there may be
interactions between dEB and CA.

Materials and Methods

The care and handling of the weaned piglets used in this study
complied with the standards adopted by the Animal Care and
Use Committee of Hunan Normal University, Changsha City,
Hunan, China.

Animals and experimental design

Fifty-six weaned piglets (Duroc x Landrace x Yorkshire, barrows),
21 d of age and initially weighing 6.26 + 0.64 kg, were randomly
assigned to one of the eight dietary treatments with seven
replicate pens (one piglet per replicate pen) for a 14-d period.
Eight experimental diets were prepared using a 2 x 4 factorial
arrangement of dEB (-50, 100, 250, and 400 meq/kg) and CA
(0% and 0.3%) with similar nutritional levels. The value of
dEB was calculated using this formula: dEB (mEg/kg) = [(Na x
434.98) + (K x 255.74) - (Cl x 282.06)] (Mongin, 1981). The dEB
values were obtained by varying calcium chloride and sodium
bicarbonate concentrations. The compositions of the basal
diets are shown in Table 1. All diets were formulated to meet
or exceed all nutrient concentrations recommended by the NRC
(2012). Before starting the experiment, the diets were analyzed
for Na, K, and Cl contents. The contents of Na and K (method
985.01) were determined according to AOAC (2007) procedures
and Cl (method 6495-1) was determined according to ISO (2005)
procedures. Weaned piglets had ad libitum access to water
and the experimental diet throughout the experiment. Room
temperature was maintained at 29 + 1 °C during week 1 and then
reduced by 1.5 °C each week. The health status was observed
and recorded daily throughout the experimental period.

Sample treatment and collection

All piglets were fasted overnight, weighed in the morning,
and then fed to ensure the sampling of intestinal contents
approximately 4 h before slaughter. Then, the weaned piglets
in each treatment group were euthanized with Zoletil (15 mg
tiletamine/kg body weight, 15 mg zolazepam/kg body weight,
intramuscular injection). Their abdominal cavities were opened,
and the small intestines were separated from the mesentery.
The boundaries between the stomach, duodenum, jejunum,
ileum, cecum, and colon were ligatured to prevent chyme flow
into other parts of the intestine. The pH values of digesta were
measured with a Testo 205 pH meter (Testo AG, Germany), and
then the ileal digesta samples were collected with 5 mL sterile
and enzymatic eppendorf tube and immediately frozen in liquid
nitrogen and stored at -80 °C until required for microbiota
analysis. Intestinal tissues from the middle part of the jejunum
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Table 1. Experimental diets’ ingredients and chemical composition (as-fed basis)
0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg
Ingredient -50 100 250 400 -50 100 250 400
Ingredients,%
Corn 66.00 66.12 64.14 61.48 65.70 65.82 63.84 61.18
Soybean meal 6.33 6.31 6.72 7.27 6.33 6.31 6.72 7.27
Soy-protein concentrates 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Whey 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Fish meal 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Spray-dried plasma protein 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Limestone 0.06 0.88 1.07 1.06 0.06 0.88 1.07 1.06
Dicalcium phosphate 0.40 0.40 0.41 0.42 0.40 0.40 0.41 0.42
CA 0.00 0.00 0.00 0.00 0.30 0.30 0.30 0.30
Chromic oxide 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
L-LyseHCI (98%) 0.53 0.53 0.52 0.51 0.53 0.53 0.52 0.51
DL-Met 0.11 0.11 0.11 0.11 0.11 0.11 0.11 0.11
L-Thr 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
L-Trp 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04
Soybean oil 1.30 1.27 1.90 2.75 1.30 1.27 1.90 2.75
Calcium chloride 1.08 0.21 0.00 0.00 1.08 0.21 0.00 0.00
Sodium bicarbonate 0.00 0.00 0.96 2.23 0.00 0.00 0.96 2.23
Choline chloride (50%) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Antioxidant 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin and mineral premix* 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
Calculated composition
CP, % 18.00 18.00 18.00 18.00 18.00 18.00 18.00 18.00
ME?, kcal/kg 3,350 3,350 3,350 3,350 3,350 3,350 3,350 3,350
Calcium, % 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Phosphorus, % 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
Lys?, % 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35
MET%% 0.39 0.39 0.39 0.40 0.39 0.39 0.39 0.40
Met+Cys?,% 0.74 0.74 0.74 0.74 0.74 0.74 0.74 0.74
Thr?,% 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79
Trp%,% 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Analyzed composition
Na,% 0.17 0.18 0.44 0.78 0.16 0.18 0.41 0.82
K,% 0.65 0.65 0.65 0.65 0.57 0.67 0.70 0.66
CL% 1.05 0.52 0.39 0.38 0.95 0.55 0.40 0.43
dEB?, mEq/kg -55.99 97.86 247.62 398.33 -52.59 94.51 244.54 404.19

Witamin-mineral premix supplied per kilogram of feed: 10,000 IU of vitamin A, 100 IU of vitamin D3, 80 IU of vitamin E, 2.0 mg of vitamin
K3, 0.03 mg of vitamin B12, 12 mg of riboflavin, 40 mg of niacin, 25 mg of D-pantothenic acid, 0.25 mg of biotin, 1.6 mg of folic acid, 3.0 mg of
thiamine, 2.25 mg of pyridoxine, 300 mg of choline chloride, 150 mg of Fe (FeSO,), 100 mg of Zn (ZnS0O,), 30 mg of Mn (MnSO,), 25 mg of Cu
(Cus0,), 0.5 mg of I (KIO,), 0.3 mg of Co (CoSO,), 0.3 mg of Se (Na,SeO,), and 0.4 mg of ethoxyquin.

2Standardized ileal-digestible.

*dEB was calculated using the following equation: dEB (mEq/kg) = [(Na x 434.98) + (K x 255.74) — (Cl x 282.06)].

and ileum were collected (approximately 20 cm of each tissue)
after being washed with phosphate-buffered saline (pH = 7.2
to 7.4), and then the glass slide was used for the collection of
mucosa. The mucosal tissue samples were immediately frozen
in liquid nitrogen and stored at -80 °C for use in the mRNA
analysis.

Diarrhea score

We used diarrhea incidence as described by Li et al. (2018).
Briefly, the clinical signs of diarrhea were visually assessed
daily by observers blinded to the treatments. Fecal scoring
is as follows: 1 = hard; 2 = slightly soft; 3 = soft, partially
formed; 4 = loose, semi-liquid; and 5 = watery, mucous-like.
The diarrhea score was calculated by the following formula:
diarrhea score = sum of the morning and evening diarrhea

total scores for each weaned piglet/repetition/experiment
days.

RNA extraction and real-time quantitative PCR

Real-time quantitative PCR analysis was conducted according
to a previous study (Chen et al., 2019). Briefly, total RNA was
isolated from jejunum samples, frozen in liquid nitrogen
using TRIZOL reagent (TaKaRa, Dalian, China), and treated
with DNase I (TaKaRa, Dalian, China) to remove trace DNA.
RNA was reverse transcribed to cDNA using the high-capacity
cDNA Reverse Transcription Kit (TaKaRa, Dalian, China).
Primers against nutrient transporters were designed using
Primer-BLAST (National Center for Biotechnology Information,
Bethesda, MD) (Table 2). The expression of all target genes was
normalized to that of B-actin. Relative transcript abundance
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Table 2. Primers used for real-time PCR analysis

Gene! Sequence(5’-3)? Product size, bp Accession no.

AQ3 F: TGACCTTCGCTATGTGCTTCC 212 NM_001110172.1
R: GTCCAAGTGTCCAGAGGGGTAG

AQS8 F: GGTGCCATCAACAAGAAGACG 227 NM_001112683.1
R:CCGATAAAGAACCTGATGAGCC

NKCC1 F: CCAATGCTGTTGCAGTTGCT 264 XM_005661615.2
R: TGGGCTTCTTGCTCTCCAAG

NHE3 F: AGCTGGAGATCATAGACCAGGTG 147 AF_123280
R: CGGTGAAGAAGATGACGATGAG

CFTR F: ACTATGGACCCTTCGAGCCT 123 NM_001104950.1
R: CGCATTTGGAACCAGCGTAG

TNF-a F: ACAGGCCAGCTCCCTCTTAT 102 NM_214022.1
R: CCTCGCCCTCCTGAATAAAT

IFN-y F: CCATTCAAAGGAGCATGGAT 146 NM_213948.1
R: GAGTTCACTGATGGCTTTGC

IL-1B F: CCTGGACCTTGGTTCTCT 123 XM_021085847.1
R: GGATTCTTCATCGGCTTCT

IL-10 F: GGGCTATTTGTCCTGACTGC 105 NM_214041.1
R: GGGCTCCCTAGTTTCTCTTCC

Occludin F: GAGTGATTCGGATTCTGTCT 181 XM_005672525.3
R: TAGCCATAACCATAGCCATAG

Z0-1 F: TTGATAGTGGCGTTGACA 126 XM_021098896.1
R: CCTCATCTTCATCATCTTCTAC

Claudin-1 F: CTAGTGATGAGGCAGATGAA 250 XM_005670262.3
R: AGATAGGTCCGAAGCAGAT

f- actin F:AGTTGAAGGTGGTCTCGTGG 216 XM_003357928.4

R: TGCGGGACATCAAGGAGAAG

*AQP3, aquaporin 3; AQP8, aquaporin 8; NHE3, Na+/H+ exchanger 3.
°F, forward primer; R, reverse primer.

was determined by the comparative AACT method. Real-time
PCR was performed according to previous publications by our
laboratory.

Alcian blue-periodic acid-Schiff staining

Tissue samples fixed in formalin were dehydrated in a
graded series of ethanol solutions and embedded in paraffin
wax. Sections of 5-pm-thick tissue samples were cut using
a microtome (RM2235; Leica; Germany) and then mounted
for staining with Alcian blue-periodic acid-Schiff staining
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s protocol. Briefly, the slices
were cleaned twice in xylene for 10 min each. The slices
were dewaxed with xylene twice for 10 min each time and
rehydrated with 95%, 70%, and 30% ethanol and with distilled
water for 2 min each. All slices were treated with Alcian blue
dye for 15 min, washed with distilled water for 1 min, and
incubated at room temperature for 10 min. After washing with
distilled water for 3 min, the sections were incubated with
Schiff’s staining for 5 min. All the slices were washed with
tap water for 5 min, following which they were dehydrated
through xylene and covered with a coverslip. The stained
slides were examined under a light microscope (Leica DM3000;
Leica Microsystems, Wetzlar, Germany). The number of goblet
cells in both villus and crypt was counted manually in 30
complete villus or crypts.

Immunoblotting

Samples of jejunal mucosa were powdered in liquid nitrogen and
then lysed in ice-cold radioimmunoprecipitation assay buffer
supplemented with protease inhibitor phenylmethanesulfonyl
fluoride (Beyotime Biotechnology, Shanghai, China). The lysates

were centrifuged at 12,000 x g for 10 min at 4 °C. The protein
concentration was quantified using Bicinchoninic Acid assay
(Beyotime Biotechnology, China), and then all the samples were
adjusted to 2 pg/pL.

Solubilized proteins from jejunal mucosa were separated
by reducing sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to polyvinylidene
fluoride (Millipore, Billerica, MA) membranes and blocked with
5% nonfat milk in tris-buffered saline with tween (Applygen
Technologies Inc., Beijing, China) for 1 h. The primary antibodies
for B-actin (SC-47778; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA; 1:3,000 dilution), anti-occludin (66378-1-Ig,
Proteintech Group, Inc. Los Angeles, CA, USA; 1:1,000 dilution),
and anti-claudin 1 (ab129119; Abcam, Cambridge, MA; 1:8,000
dilution) were incubated overnight at 4 °C, followed by
horseradish peroxidase-linked secondary antibodies (Santa
Cruz Biotechnology Inc.) incubated for 1 h at 25 °C before the
development of the blots using enhanced chemiluminescence
(Applygen Technologies Inc.). Target protein abundance was
normalized via f-actin. Alphalmager 2200 software (Alpha
Innotech Corporation, CA, USA) was used to quantify the bands
of each protein per sample.

Ileum content microflora 16S rRNA sequencing

Based on the diarrhea scores of weaned piglets, four groups (-50
mEq/kg dEB, 250 mEq/kg dEB, -50 mEq/kg dEB + 0.3% CA, and
250 mEq/kg dEB + 0.3% CA) were selected for ileum microbiota
analysis. Microbial DNA was extracted from approximately 0.25 g
of each fecal sample using a QIJAamp DNA Stool Mini Kit (Qiagen,
Hilden, Germany), following the manufacturer’s instructions.
Successful DNA isolation was performed by 2% agarose gel
electrophoresis. The 16S rRNA gene V3-V4 region was amplified



from genomic DNA using the universal bacterial primers 515F
(5-ACTCCTACGGGAGGCAGCAG-3) and the reverse primer 806R
(5-GGACTACHVGGGTWTCTAAT-3). The specific sequencing
method was done as previously reported (Zhao et al., 2018).
Briefly, paired-end sequenced on an Illumina HiSeq2500platform
(Ilumina, USA) at Novogene Bioinformatics Technology (Beijing,
China). Raw sequencing data were assembled and filtered using
QIIME (Version 1.9.1) and the UPARSE (Uparse v7.0.1001) software
to obtain clean data. Clustering and species classification analysis
were conducted using the operational taxonomic units (similarity
level of 97%) of the clean data. Then, the alpha and beta diversity
measurements were done using QIIME (Version 1.9.1) software.

Statistical analysis

SPSS (Version 17.0) analyzed all data as a 2 x 4 factorial
arrangement of treatments in a randomized complete block
design. Pen (N = 56) was the experimental unit. Data were analyzed
by a two-way ANOVA for dEB (-50, 100, 250, 400 mEq/kg) and CA
(0%, 0.3%), and their interaction (dEB x CA). When the effect of dEB
or CA was significant, statistical differences between treatments
were compared further using the Duncan’s multiple range test.
Alpha and f diversity were analyzed using QIIME (v1.9.1). All data
are expressed as the means + SEM. Statistical significance was
determined at P < 0.05 and tendencies at P < 0.10.

Results

Diarrhea score and gastrointestinal tract pH

An interaction between dEB and CA in diarrhea scores was
observed (P < 0.05), whereas no such effect was found on
gastrointestinal tract pH (Table 3). CA supplementation did not
affect stomach, jejunum, ileum, cecum, or colon pH. lleum pH
significantly decreased in weaned piglets fed 250 mEq/kg dEB
diet compared with those fed -50 mEq/kg and 400 mEq/kg dEB
diets (P < 0.05). Colon pH showed decreasing trend in piglets fed
250 mEq/kg dEB diet than —-50 mEq/kg dEB diet (P < 0.10). Piglets
fed 100 mEq/kg and 250 mEq/kg dEB diets decreased stomach
pH compared with those fed -50 mEq/kg dEB diet (P < 0.10).
However, jejunum and cecum pH were not significantly affected.

Intestinal goblet cells

There was an interactive effect of dEB and CA on the number
of goblet cells in jejunal villus and crypt (P < 0.05), whereas no
such effect was observed on ileum (Table 4). Supplementation
of 0.3% CA decreased the number of goblet cells in the ileal
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crypt (P < 0.05), but no effect was found in ileal villus, jejunal
villus, and crypt. Increasing dEB values increased the number
of goblet cells in jejunal crypt (P < 0.05). However, the number
of goblet cells in ileal villus and crypt, and jejunal villus was not
significantly affected.

The expression of intestinal aquaporins, ion
transporters, cytokines, and tight junction proteins

No significant interaction effects were observed on transporters
mRNA expression (Table 5). Supplementation of 0.3% CA
decreased the relative mRNA expression of cystic fibrosis
transmembrane conductance regulator (CFTR), tumor necrosis
factor-a (TNF-o), interferon-y (IFN-y), interleukin-1f IL-1p),
interleukin-10 (IL-10), zona occludens-1 (ZO-1), Claudin-1
(P <0.05). Moreover, the relative mRNA expression of Na-K-Cl
cotransporter (NKCC1, P < 0.10) showed a decreased tendency
in 0.3% CA diet. A 250-mEq/kg dEB diet decreased the relative
mRNA expression of IFN-y, IL-1f3, IL-10 (P < 0.05), and Claudin-1
(P < 0.10) than 100 mEq/kg dEB diet. A 250-mEq/kg dEB diet
decreased the relative mRNA expression of TNF-a (P < 0.10) than
-50 and 100 mEq/kg dEB diets. However, no significant effects
were observed on occludin and claudin-1 proteins expression in
the jejunum (Figure 1).

Composition of the ileal microbiota

The microbiota composition and diversity of the ileal samples
in 2-wk-old piglets were assessed by deep sequencing of the
V3-V4 region of the 16S rRNA genes. Alpha-diversity measures
(observed species and Chaol indices) of the fecal bacteria
community showed no differences between weaned piglets of
dEB and CA (Table 6 and Figure 2A and B). Piglets fed the 250 mEq/
kg dEB diet increased the Shannon index, but the addition of CA
to the 250 mEqg/kg dEB diet did not lead to a further increase,
so the interaction effect (P < 0.10) between dEB and CA was
observed (Table 6 and Figure 2C). Dietary supplementation with
0.3% CA decreased the Shannon index (P < 0.05). The 250 mEq/kg
dEB diet decreased (P < 0.10) the Shannon index compared with
the -50 mEq/kg dEB diet. Unconstrained principal co-ordinate
analyses of weighted UniFrac distances were performed to
investigate the patterns of separation between microbial
communities revealed that the gut microbiota showed obvious
segregation in weaned piglets from -50 dEB diet to 250 dEB diet
(Figure 2D). Furthermore, the unweighted pair-group method
with arithmetic mean analysis was applied to the weighted
UniFrac distances and the phenogram showed the relationship
of all the observed samples (Figure 2E).

Table 3. Effect of dEB and CA on diarrhea score and gastrointestinal tract pH of weaned piglets®

0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg P-value
Item -50 100 250 400 -50 100 250 400 SEM CA? dEB CA x dEB
Diarrhea score 1.80% 1.32%¢ 1.22¢ 1.50%¢ 1.32%¢ 1.732b¢ 1.593b¢ 1.872 0.06 0.160 0.433 0.026
Stomach 4.51 3.52 2.86 4.66 5.21 3.10 3.84 3.38 0.25 0.992 0.091 0.308
Jejunum 6.74 6.30 6.18 6.45 6.11 6.11 6.29 6.35 0.10 0.380 0.855 0.685
Ileum 7.00 6.79 6.35 6.99 7.26 6.69 6.63 6.86 0.08 0.586 0.020 0.615
Cecum 5.84 5.70 5.70 5.68 5.94 5.74 5.64 5.69 0.04 0.800 0.321 0.953
Colon 6.16 6.07 5.96 5.91 6.17 6.01 5.80 6.19 0.04 0.796 0.052 0.127

‘Data were means of seven piglets per treatment.
2CA x dEB = the interaction between citric acid and dietary electrolyte balance.
~Within a row, means with different superscripts differ (P < 0.05).
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Table 4. Effect of dEB and CA on the number of goblet cell in weaned piglets*

0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg P-value

Item -50 100 250 400 -50 100 250 400 SEM CA? dEB CA x dEB
Ileum

Villus 19.99 15.37 14.57 16.89 15.43 14.79 17.09 15.32 0.60 0.387 0.491 0.234

Crypt 27.37 24.22 23.96 26.47 22.35 22.26 22.71 22.76 0.35 <0.001 0.248 0.241
Jejunum

villus ~ 14.17% 1883  12.66°  1545® 1491  1323°  16.62% 1649  0.54 0.974  0.639 0.025

Crypt ~ 21.45®  2051® 1849 2258 18.11°  21.63® 22976 23.70°  0.42 0.322 0.047 0.020
'Data were means of seven piglets per treatment.
2CA x dEB = the interaction between citric acid and dietary electrolyte balance.
#PWithin a row, means with different superscripts differ (P < 0.05).
Table 5. Effects of dEB and CA on aquaporins, ion transporters, cytokines, and tight junction proteins of jejunum in weaned piglets?

0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg P-value

Item? -50 100 250 400 -50 100 250 400 SEM CA® dEB CAxdEB
AQ3 1.07 0.97 1.21 0.91 0.71 0.90 0.85 1.16 0.07 0.390 0.886 0.441
AQS8 1.25 1.33 1.14 1.27 1.76 1.43 0.93 1.10 0.13 0.831 0.598 0.756
NKCC1 111 0.68 0.66 0.74 0.53 0.72 0.43 0.65 0.06 0.066 0.400 0.282
NHE3 1.02 1.26 0.76 1.00 0.76 0.97 0.84 0.91 0.05 0.197 0.202 0.589
CFTR 1.02 1.43 0.94 1.00 0.48 0.79 0.80 0.90 0.09 0.047 0.530 0.587
TNF-a 1.07 0.94 0.55 0.69 0.36 0.53 0.29 0.50 0.06 <0.001 0.075 0.238
IFN-y 1.06 1.09 0.71 1.14 0.35 0.92 0.19 0.46 0.08 <0.001 0.044 0.510
IL-1B 1.02 1.36 0.66 1.03 0.39 1.00 0.43 0.53 0.09 0.011 0.047 0.838
IL-10 1.04 1.19 0.59 0.92 0.39 0.78 0.32 0.47 0.07 <0.001 0.023 0.734
Occludin 1.04 0.78 0.75 1.17 0.58 0.79 0.67 0.78 0.06 0.042 0.351 0.344
Z0-1 1.02 0.84 0.65 0.84 0.51 0.75 0.60 0.74 0.04 0.028 0.396 0.195
Claudin-1 1.04 1.94 1.17 1.62 0.76 1.59 0.94 1.32 0.10 0.136 0.011 0.997

Data were means of seven piglets per treatment.
2AQP3, aquaporin 3; AQP8, aquaporin 8; NHE3, Na+/H+ exchanger 3.

3CA x dEB = the interaction between citric acid and dietary electrolyte balance.

The top 10 phyla and genus in the relative abundance of
the fecal microbiota present in piglets were also displayed in
Table 7 and Figure 3A and B. At the phyla level, Firmicutes and
Proteobacteria were the most dominated phyla in both dEB and
CA piglets; these phyla accounted for more than 99% of total
sequences. The interaction between dEB and CA on the relative
abundance of Cyanobacteria and Saccharibacteria was observed
(P < 0.05). Dietary supplementation with 0.3% CA decreased the
relative abundance of Bacteroidetes and Saccharibacteria (P < 0.10).
Piglets fed 250 mEq/kg dEB diet increased the relative abundance of
Firmicutes and decreased the relative abundance of Proteobacteria
(P<0.05).

At the genus level, Clostridium_sensu_stricto_1, Lactobacillus,
and Actinobacillus are the most dominant in both dEB and CA
piglets; these genera accounted for more than 77% of total
sequences. In 0% CA diets, increasing dEB levels from 100 to
250 mEq/kg increased the relative abundance of Lactobacillus,
whereas in 0.3% CA diets, no effect of dEB level was observed
(dEB x CA, P < 0.10). Dietary supplementation with 0.3% CA
decreased the relative abundance of Streptococcus (P < 0.05) and
Lactobacillus (P < 0.10). Piglets fed 250 mEq/kg dEB diet increased
the relative abundance of Clostridium_sensu_stricto_1, Turicibacter,
and Sarcina (P < 0.10) and decreased the relative abundance of
Actinobacillus and Veillonella (P < 0.05).

Microbial compositions between CA and dEB piglets were
further analyzed using the linear discriminant analysis coupled
with effect size (Figure 3C and D). The results showed that
class Bacilli, order Lactobacillales, family Streptococcaceae,
genus Sarcina and Streptococcus, and species Lactobacillus_rennini
were significantly enriched in 0.3% CA. Phylum Firmicutes,
order Sphingobacteriales, genus Tetragenococcus, and species
Lactobacillus_rennini were significantly enriched in 250 mEq/kg
dEB. However, phyla Fibrobacteres and Proteobacteria; genus
Fibrobacter, Catenisphaera, Pasteurella, Veillonella, Escherichia_
Shigella, Romboutsia, and Actinobacillus; class Fibrobacteria,
Negativicutes, and Gammaproteobacteria; order Fibrobacterales,
Selenomonadales, and Pasteurellales; familiae Fibrobacteraceae,
Veillonellaceae, Peptostreptococcaceae, and Pasteurellaceae;
and species Pasteurella__aerogenes and Actinobacillus_minor in —50
mEq/kg dEB were enriched.

Discussion

It has been reported that diarrhea results when there is loss
of the dynamic and finely balanced absorption and secretion
of water and electrolytes within the gut (Kelly et al., 2018).
In the present study, the occurrence rate of diarrhea among
weaned piglets was not affected by increase in dEB levels.
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Figure 1. Effect of dEB (Na + K - Cl) and CA on expression of tight junction protein in the jejunum of weaned piglets. Protein expression of occluding (A) and claudin-1(B)

was determined by western blotting and normalized to -actin. The data were analyzed by two-way ANOVA for dEB (-50, 100, 250, and 400 mEq/kg), CA (0% and 0.3%),
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Table 6. Effects of dEB and CA on a-diversity indices of bacterial communities in ileal digesta in weaned piglets®

0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg P-value
Item -50 250 -50 250 SEM CA? dEB CAxdEB
Observed_species 157.50 164.00 154.86 136.57 4.52 0.110 0.521 0.183
Shannon 3.58° 3.58° 3.352 2.55° 0.10 0.006 0.070 0.069
Chao1l 172.70 178.41 170.44 150.57 4.52 0.110 0.442 0.171

Data were means of seven piglets per treatment.

2CA x Deb = the interaction between citric acid and dietary electrolyte balance.

#*Within a row, means with different superscripts differ (P < 0.05).

Although nonsignificant result was obtained for dEB addition,
yet minimum diarrhea rate was gained by the weaned piglets
fed 250 mEq/kg dEB diet likely due to the decrease of ileum
and colon pH levels. A reduction in intestinal pH inhibits the
growth of pathogenic bacteria and promotes the proliferation of
probiotics (Kim et al., 2005).

Previous studies reported that the increase of the pH in the
small intestine of weaned piglets would cause a decrease of
pepsin activation and the proliferation of pathogenic bacteria
which resulted in diarrhea among weaned piglets (Kim et al.,
2005; Chenget al., 2006; Jia et al., 2010). Therefore, many literature
suggested that pigs fed 166 to 250 mEq/kg dEB diet improved
growth performance (NRC 2012; Xin et al., 2017; Jones et al,,
2019). The diarrhea rate among weaned piglets was affected by
the inclusion of 0.3% CA to a dEB diet in this study. This showed
that the effects of adding CA may be further influenced by a
different dEB, which changed intestinal health.

Goblet cells are specialized secretory cells found throughout
mucosal epithelia; they play an important role in maintaining
tissue homeostasis by secreting a variety of factors, including
proteins, trefoil factors, and mucins, all of which contribute

to the mucus layer protecting mucosal epithelium (Mccauley
and Guasch, 2015). ZO-1, occludin, and claudins are the main
components of the tight junctions, which involved in maintaining
the function of cell polarity and tight junction barrier. Our study
observed that a CA-free diet increased the number of goblet
cells in ileal crypt and the mRNA expression of cytokines such
as TNF-a, IFN-y, IL-1f, IL-10, and tight junction proteins such as
occluding and ZO-1. These results indicated that inflammation
may damage the integrity of intestinal epithelium, leading to
increased permeability which may exacerbate immune system
activation. In contrast, Morel et al. (2019) reported that the
supplementation of benzoic acid in the diet had no effect on the
number of villus and crypt goblet cells in grower-finisher pigs.
Giannenas et al. (2016) indicated that dietary inclusion of 5 g/
kg benzoic acid was not affected in jejunal goblet cell numbers
in fattening pigs. The result of these conflicts may be that the
diet without CA significantly increases the number of goblet
cells in response to allergens or inflammation. An increase
in the number of goblet cells or the production of mucus is a
normal physiological response of mucosal epithelium to harmful
stimuli (Deplancke and Gaskins, 2001; Asselin and Gendron,
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Figure 2. Effect of dEB (Na + K - Cl) and CA on microbial community diversity in ileal digesta of weaned piglets. (A) Comparison of the number of observed operational
taxonomic units (OTUs), (B) Chao1, and (C) Shannon index. (D) Principle co-ordinates analysis (PCoA) of microbial communities. (E) Unweighted pair-group method
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Table 7. Effects of dEB and CA on the composition of the ileal microbiota in weaned piglets!

0% CA 0.3% CA
dEB, mEq/kg dEB, mEq/kg P-value

Item -50 250 -50 250 SEM CA? dEB CA x dEB

Phylum, %
Firmicutes 42.067 67.994 38.263 68.067 5.20 0.859 0.013 0.854
Proteobacteria 57.706 31.559 61.555 31.774 5.20 0.847 0.013 0.863
Actinobacteria 0.073 0.201 0.055 0.088 0.03 0.214 0.132 0.368
Bacteroidetes 0.127 0.167 0.077 0.045 0.02 0.094 0.938 0.476
Cyanobacteria 0.006° 0.0532 0.014° 0.006° 0.01 0.106 0.102 0.028
Fusobacteria 0.005 0.013 0.019 0.013 0.00 0.463 0.924 0.435
Spirochaetes 0.004 0.007 0.005 0.004 0.00 0.606 0.632 0.259
Chlorobi 0.000 0.000 0.003 0.000 0.00 0.273 0.273 0.273
Saccharibacteria 0.008® 0.001° 0.001° 0.003° 0.00 0.068 0.096 0.007
Ignavibacteriae 0.001 0.000 0.002 0.000 0.00 0.516 0.241 0.516
Others 0.004 0.005 0.005 0.000 0.00 0.358 0.295 0.078

Genus, %
Clostridium_sensu_stricto_1 22.350 24.500 16.900 47.586 4.850 0.341 0.083 0.129
Lactobacillus 1.050° 24.4432 1.529° 0.857° 3.722 0.097 0.103 0.085
Actinobacillus 51.350 27.386 53.029 29.386 5.199 0.854 0.024 0.987
Romboutsia 8.083 3.214 14.029 6.414 1.934 0.237 0.111 0.719
Turicibacter 3.850 6.429 1.329 9.786 1.423 0.880 0.055 0.292
Sarcina 0.200 4514 0.057 0.914 0.712 0.167 0.061 0.200
Escherichia-Shigella 1.583 1.743 3.929 0.214 0.654 0.751 0.176 0.142
Streptococcus 2.083 2.271 1.014 0.257 0.357 0.033 0.679 0.494
Veillonella 2.550 0.400 1.271 0.514 0.327 0.346 0.025 0.262
Helicobacter 0.003 0.754 0.045 0.003 0.185 0.347 0.347 0.295
Others 6.883 4.371 6.857 4.014 0.474 0.821 0.004 0.845

'Data were means of seven piglets per treatment.
2CA x dEB = the interaction between citric acid and dietary electrolyte balance.
*Within a row, means with different superscripts differ (P < 0.05).
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2014). IFN-v, the pro-inflammatory cytokine, has been reported
to induce intestinal epithelial cells expression of IL-10 receptor
and signaling the maintenance and restitution of epithelial
barrier (Lu et al., 1998; Jarry et al., 2008; Suenaert et al., 2010;
Kominsky et al., 2014). IL-36, a member of the IL-1 family, plays
a role in promoting repair of the intestinal epithelial barrier by
recruiting neutrophils and releasing IL-22 (Medina-Contreras
et al.,, 2016; Scheibe et al., 2017), indicating a dynamic interaction
between inflammatory cytokines and barrier function. Therefore,
cytokines and tight junction proteins are upregulated at the
same time, which paradoxically promotes the repair and
strengthening of intestinal barrier. However, the occluding and
claudin-1 protein expression was not consistent with the mRNA
expression in this study, which may be due to the regulation of
occludin and claudin-1 expression at the transcriptional level.

In the present study, increasing dEB values increased the
number of goblet cells in the jejunal crypt. This may have a
protective effect on the intestinal mucosa. In addition, piglets
fed 250 mEq/kg dEB diet downregulated cytokines and tight
junction protein expression may be related to the numerical
reduction of diarrhea rate. Furthermore, 250 mEqg/kg dEB
reduces the pH of the gastrointestinal tract, which also inhibits
the growth of harmful bacteria and promotes intestinal health.
The interactions between CA and dEB in goblet cells of jejunum
were observed, which indicated that optimal dEB for weaned
piglets were affected by the addition of CA in the diet. Piglets fed
the 250 mEq/kg dEB diet without CA showed reduced goblet cells
of jejunum, whereas piglets fed the 400 mEq/kg dEB diet with
0.3% CA showed a increase. This interaction may be related to
diarrhea among piglets. Diarrhea causes the destruction of the
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intestinal mucosal barrier, while a transient increase in goblet
cell numbers may be a crucial response to inflammation.

In the pathophysiology of diarrheal disease, alterations in
fluid and electrolyte transport are of prime importance. Diarrheal
disorders are almost always associated with changes in fluid and
electrolyte movement, especially accompanied with a decrease
in absorption and/or an increase in secretion (Dennehy and
Penelope, 2005). CFTR is a cAMP-dependent chloride channel
and is considered to be the major channel for Cl- secretion in
the intestine (Keely and Barrett, 2000). CFTR was also essential
for HCO, secretion, especially in maintaining pH and mucus
production in the small intestine (Venkatasubramanian
et al., 2010). The basolateral NKCC1 is a key determinant of
transepithelial chloride secretion, and dysregulation of chloride
secretion is a common feature of many diseases including
secretory diarrhea (Tang et al., 2010). The present study observed
that mRNA expression of NKCC1 and CFTR in a CA-free diet was
upregulated. Inflammation has a profound impact on intestinal
hydroelectrolytic transport. The activation of CFTR is thought
to be one of the main causes of cholera-induced diarrhea
(Rao, 2004). Increase in intracellular cAMP induced by toxins or
another pathologic condition may activate NKCC1 and CFTR
(Lee et al., 2019). Zhu et al. (2017) reported that enterotoxigenic
Escherichia coli (ETEC) K88 treatment increased the expression
of NKCC1 in the jejunum, ileum, and colon of piglets. In this
study, we observed a simultaneous increase in cytokines and
ion transports. Interestingly, however, increased Cl- secretion
did not lead to an increase in diarrhea. This may be due to the
CA-free diet increasing the number of goblet cells and mRNA
expression of tight junction proteins.

Intestinal microbiota plays a key role in the maturation of the
immune system and efficient absorption/utilization of nutrients
(Min and Rhee, 2015; Thaiss et al.,, 2016). A study reported
that after 2 d post-weaning of piglets, intestinal Lactobacillus
decreased sharply, while the number of coliforms increased
(Mathew et al., 1996). Lactobacillus is an important probiotic,
which may regulate intestinal flora, enhances immunity,
improves intestinal function, and prevents diarrhea (Bauer et al.,
2006; Lebeer et al., 2008; Li et al., 2015). The anti-inflammatory
effect of Sarcina in the intestine has been reported by Getachew
et al. (2018). Moreover, a potentially novel protease-insensitive
antimicrobial produced by Streptococcus hyointestinalis was
observed (O’Shea et al., 2009). Hence, the improvement of these
intestinal microorganisms by a CA-free diet may contribute to
the maintenance of intestinal mucosal integrity.

As shown in our study, the microbiota in 250 mEq/kg dEB
group increased the proportion of Firmicutes and decreased
the population of Proteobacteria and Actinobacillus compared
with -50 mEq/kg dEB group. Firmicutes are the dominant
beneficial bacteria, whereas Proteobacteria and Actinobacillus are
usually considered as pathogens. These results demonstrated
that 250 mEq/kg dEB regulates the abundance of Firmicutes,
Proteobacteria, and Actinobacillus, thus improving intestinal
microecology. Enterotoxigenic and Shiga toxin-producing
E. coli are one of the most important pathogenic bacteria that
cause diarrhea among newborn and weaned piglets (Cheng
et al,, 2006). Huang et al. (2019) found that the abundance of
Escherichia-Shigella and Veillonella increased in fecal microbiota
of piglets due to dysbiosis induced by porcine epidemic diarrhea
virus infection. In the present study, piglets fed 250 mEq/kg dEB
diet significantly decreased the abundance of Escherichia-Shigella
and Veillonella and increased Lactobacillus reuteri in the ileum.
The changes in these bacteria reflect that the proliferation of
probiotics may inhibit the growth of pathogenic microorganisms

in the intestine, thereby maintaining intestinal health. However,
the abundances of Actinobacillus minor, Pasteurella aerogenes,
and Gammaproteobacteria were increased in the -50 mEq/kg
dEB group.

Previous studies have shown that Actinobacillus minor and
Pasteurella aerogenes were opportunistic pathogens in humans
or animals (Kuhnert et al., 2000; Arya and Niven, 2011; Xu et al.,
2019). Gammaproteobacteria and Proteobacteria were increased
in inflammation in the distal gut (Winter and Baumler, 2014). The
tilt of the balance of healthy flora to pro-inflammatory microbial
species may lead to intestinal inflammation (Tamboli et al.,
2004; Kaur et al., 2011). Here also, as noted earlier, -50 mEq/kg
dEB diet may cause intestinal microbial dysbiosis and increase
the risk of intestinal inflammation among piglets. Interestingly,
the abundance of Fibrobacter significantly increased in the -50
mEq/kg dEB group. Fibrobacter is one of fiber-degrading bacteria,
which consumes cellulose in the intestine to maintain the
growth characteristics of the host animals. Furthermore, fiber
improves the thickness of intestinal mucus layer, which serves
as a primary defense against enteric pathogens (Mahesh et al.,
2016). Therefore, enrichment of Fibrobacter in -50 mEq/kg dEB
may be a unique response to anti-inflammation. Increasing
dEB values from -50 to 250 mEq/kg without CA increased
Cyanobacteria and Lactobacillus, and decreased Saccharibacteria,
but no such effect was observed on the diets with 0.3% CA. This
suggested that the addition of CA to the dEB diets affected the
intestinal microbial composition of the weaned piglets.

Conclusion

Supplementation of 0.3% CA resulted in differential
expression of inflammatory cytokines, ion transporters, and
tight junction proteins, and changes in microbial community
composition. A 250-mEq/kg dEB diet reduced gastrointestinal
pH and promoted the enrichment of beneficial microbes in
the gut microbiota, thereby suppressing inflammation and
harmful bacteria. The interaction between dEB and CA affected
the diarrhea score, intestinal goblet cells, and microbial
composition in weaned piglets. However, the addition of CA
to diets with different dEB values did not promote intestinal
function in weaned piglets.
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