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a b s t r a c t

This study aimed to determine the regulatory mechanism of dietary zinc lactate (ZL) supplementation on
intestinal oxidative stress damage in a paraquat (PQ)-inducedpigletmodel. Twenty-eight piglets (mean body
weight 9.51± 0.23 kg) weaned at 28 d of agewere randomly divided into control, ZL, PQ, and ZLþ PQ groups
(n ¼ 7 in each group). The ZL-supplemented diet had little effect on growth performance under normal
physiological conditions. However, under PQ challenge, ZL supplementation significantly improved average
daily gain (P < 0.05) and reduced the frequency of diarrhea. ZL improved intestinal morphology and ultra-
structure by significantly increasing the expression level of the jejunal tight junction protein, zonula
occludens-1 (ZO-1) (P < 0.05), and intestinal zinc transport and absorption in PQ-induced piglets, which
reduced intestinal permeability. ZL supplementation also enhanced the expression of antioxidant and anti-
inflammatory factor-related genes and decreased inflammatory cytokine expression and secretion in PQ-
induced piglets. Furthermore, ZL treatment significantly inhibited the activation of constitutive androstane
receptor (CAR) signaling (P < 0.01) in PQ-induced piglets and altered the structure of the gut microbiota,
especially by significantly increasing the abundance of beneficial gut microbes, including UCG_002, Rumi-
nococcus, Rikenellaceae_RC9_gut_group, Christensenellaceae_R_7_group, Treponema, unclassified_Christense-
nellaceae, and unclassified_Erysipelotrichaceae (P < 0.05). These data reveal that pre-administration of ZL to
piglets can suppress intestinal oxidative stress by improving antioxidant and anti-inflammatory capacity and
regulating the crosstalk between CAR signaling and gut microbiota.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

Oxidative stress increases intestinal permeability, which is
detrimental to maintaining the function and integrity of the in-
testinal epithelial barrier and disrupts the microbiota balance,
thus causing diarrhea or reducing growth performance (Gresse
et al., 2017; Moeser et al., 2007). Minerals are essential trace
substances for normal physiological functions in animals and are
crucial for the balance of the gut microbiota and intestinal
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function under normal physiological and stress states (Skalny
et al., 2021). For example, zinc (Zn), is an essential trace element
and an activator or a component of various enzymes in mammals,
plays an important role in promoting animal growth and repro-
duction, and may be critical for maintaining the integrity of
morphology and function of the intestinal mucosa (Andreini et al.,
2006; Powell, 2000; Vallee and Falchuk, 1993). Under normal
conditions, adequate Zn in the diet could alleviate oxidative stress
damage, bacterial infection, and diarrhea by increasing intestinal
tight junction protein expression, decreasing intestinal perme-
ability, reducing intestinal villous cell apoptosis, and modulating
the Th1 immune response (Crane et al., 2007; Sturniolo et al.,
2001; Zhang and Guo, 2009). However, Zn deficiency in animals
could disrupt intestinal barrier function and multiple systems
including the digestive, neurological, immune, and endocrine
systems, leading to intestinal dysfunction, T-lymphocyte reduc-
tion, oxidative stress, and inflammatory cell infiltration. These
disruptions could, in turn, retard growth and cause diseases
(Overbeck et al., 2008; Shankar and Prasad, 1998; Shi et al., 1998).
Hence, an optimal dose of Zn used as a dietary supplement is
important for helping maintain the homeostasis of gut microbiota
and intestinal function. In contrast, dietary Zn concentrations that
are too high or too low result in ecological dysbiosis of the gut
microbiota (Reed et al., 2015).

Zinc oxide (ZnO), zinc sulfate (ZnSO4), basic zinc chloride, and
organic forms of Zn that include zinc-amino acid complexes, zinc
proteinate, and zinc lactate (ZL) are the main types of Zn that can be
used in feedstuffs in China. The bioavailability of organic Zn is
higher than that of inorganic Zn, which can decrease the amount of
Zn addition, reduce heavy metal residues, and minimize environ-
mental pollution by heavy metals (Diao et al., 2021; Long et al.,
2022).

ZL is an organic acid-trace element chelate that has high sol-
ubility and dialysis. ZL readily binds ligands or metal carriers in
the intestine and is delivered to cells. Hence, it has relatively high
bioavailability (Meng et al., 2021). ZL improves growth perfor-
mance and intestinal barrier function of weaned piglets, increases
the proportion of beneficial bacteria, such as Lactobacilli, and re-
duces the proportion of pathogenic Escherichia coli (Diao et al.,
2021). In vitro experiments also showed that ZL can promote
the proliferation of IPEC-J2 intestinal porcine epithelial cells and
upregulate the expression of Zn transporter-related genes.
Moreover, ZL can reduce hydrogen peroxide-induced apoptosis
and production of reactive oxide species (ROS) (Tang et al., 2020).
Recent studies reported that the constitutive androstane receptor
(CAR) nuclear receptor is mainly distributed in the liver and in-
testine and is closely related with cell proliferation and apoptosis,
mineral element transport, hormone secretion, and energy
metabolism in animals (Wang et al., 2012; Xiang et al., 2023; Yan
et al., 2015). However, the effect of ZL supplementation on gut
microbiota and CAR signaling pathway in oxidative stress piglets
is unclear. The present study investigated whether ZL supple-
mentation could alleviate intestinal oxidative stress by regulating
CAR activation and supporting the gut microbiota balance in
weaned piglets.

2. Materials and methods

2.1. Animal ethics statement

The handling of all experimental animals was approved by the
Animal Welfare Committee of the Institute of Subtropical Agri-
culture, Chinese Academy of Sciences (20220056; Changsha,
China) and all animal experiments complied with the ARRIVE
guidelines.

2.2. Animal and experimental design

A total of 28 healthy Duroc � (Landrace � Yorkshire) piglets
with similar body weight (BW ¼ 9.51 ± 0.23 kg) were weaned at
28 d of age. The basal diet (Supplementary Table S1) meets the
nutritional requirements of pigs according to the recommendations
of the National Research Council (National Research Council, 2012).
The whole experiment was divided into two phases. In phase 1,
piglets in the control (CON) and ZL groups (n ¼ 14 per group) were
routinely fed for 4 weeks. In phase 2, each group of piglets was
divided randomly into two sub-groups: paraquat (PQ) and ZL þ PQ
(n¼ 7 per treatment group). Piglets were fed a basal diet containing
80 mg/kg ZnSO4 (CON and PQ groups) or 80 mg/kg ZL (ZL and
ZL þ PQ groups). Piglets in the PQ and ZL þ PQ groups were
intraperitoneally injected with PQ (Chengdu HuaXia Chemical Re-
agent, Chengdu, China) at a dose of 8 mg/kg BWon d 28, 30, and 32.
The CON and ZL groups were injected with the same volume of
saline until slaughter on d 33.

2.3. Chemical analyses

Crude protein was detected by the national standard of China
(GB/T 6432- 2018) using a flow injector (AA3, Seal, Norderstedt,
Germany). Ether extracts were detected via national standard (GB/T
6433-2006) using a Soxhlet extractor (Soxtherm 6, Gerhardt,
Nordrhein-Westfalen, Germany). Crude fiber was determined by
the national standard of China (GB/T 6434-2022) using an auto-
matic fiber analyzer (Fibretherm FT12, Gerhardt, Nordrhein-
Westfalen, Germany). Calcium and phosphorus were determined
by standards (GB/T 6436-2018 and GB/T 6437-2018) using an
inductively coupled plasma emission spectrometer (5110 ICP-OES,
Agilent, California, USA). Amino acids were determined by the
national standard of China (GB/T 18246-2019) using an amino acid
analyzer (L8900, Hitachi, Tokyo, Japan).

2.4. Sample collection

Feed intake and diarrhea were recorded daily for each group of
piglets, and BW was recorded weekly. Average daily feed intake
(ADFI), average daily gain (ADG), feed conversion ratio (FCR), and
diarrhea rate were calculated from the records. At the end of the
experiment, all piglets were anesthetized with sodium pentobar-
bital (60 mg/kg BW), followed by carotid artery bleeding to cause
death. Blood samples were collected from the anterior vena cava
and subsequently centrifuged at 3,000 � g for 10 min at 4 �C. The
collected jejunum, ileum, and colonic chymewere stored at�80 �C.

2.5. Serum physiological and biochemical properties

The serum levels of malondialdehyde (MDA), total antioxidant
capacity (T-AOC), and superoxide dismutase (SOD) were measured
using an Infinite M200 PRO microplate reader (Tecan, M€annedorf,
Switzerland) with kits produced by Beijing Boxbio Science &
Technology Co., Ltd as previously reported (Tang et al., 2020).
Serum glutathione peroxidase (GSH-Px), glutathione (GSH),
oxidized glutathione (GSSG), diamine oxidase (DAO), intestinal
fatty acid binding protein (iFABP), interleukin-1 beta (IL-1b), IL-10,
IL-12, and interferon-gamma (IFN-g) levels were measured using
ELISA kits (Jiangsu Meimian Industrial, Jiangsu, China) and the
aforementioned Infinite M200 PRO microplate reader.

2.6. Intestinal histomorphology

The jejunum and ileum were fixed in 4% formaldehyde. After
dehydration, paraffin embedding, sectioning, and hematoxylin and
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eosin staining, intestinal histomorphology was observed by fluo-
rescent microscopy using a model BX51 microscope (Olympus,
Tokyo, Japan) as previously described (He et al., 2022b). The ileum
was fixed with 3% glutaraldehyde, semithin sections were stained
with methylene blue, ultrathin sections were stained with uranyl
acetate and lead citrate, and microvilli were observed by trans-
mission electron microscopy (TEM) using a JEM-1400-FLASH mi-
croscope (JEOL, Tokyo, Japan) as described previously (Hu et al.,
2022).

2.7. Cell apoptosis

Ileal epithelial apoptosis was determined using a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
apoptosis assay kit (Beyotime Biotech, Shanghai, China). Fluores-
cence signals were observed using a model DM3000 fluorescence
microscope (Leica, Shanghai, China) as previously described (Xiang
et al., 2023).

2.8. Immunohistochemical analysis

The location of Claudin 1, Occludin, and ZO-1 proteins in the
jejunum and ileum was determined using immunohistochemical
analysis as previously described (He et al., 2017). Sections were
incubated with antibodies against the three proteins (all from
Proteintech, Rosemont, IL, USA). Protein expression levels were
expressed as the average optical density using the aforementioned
BX51 microscope at 400� magnification.

2.9. Real-time PCR analysis

Total RNA was extracted from the jejunum and ileum using
TRIzol (Beyotime, Shanghai, China). cDNAwas synthesized using an
Evo M-MLV reverse transcription kit (Accurate, Changsha, China).
Each sample was evaluated three times using the SYBR Green
Premix Pro Taq HS qPCR Kit (Accurate) as previously described (He
et al., 2022a). The primers used are shown in Supplementary
Table S2.

2.10. Western blot analysis

The jejunum was treated with cytosolic and nuclear extraction
reagents to extract nuclear proteins. These proteins were used to
determine the levels of CAR (Abcam, Cambridge, MA, USA), retinoid
X receptor a (RXRa) (Proteintech, Wuhan, China), and PCNA (Pro-
teintech, Wuhan, China). The procedural details have been
described previously (He et al., 2018).

2.11. Gut microbiota profile

After extraction of genomic DNA from colonic chyme, PCR
amplificationwas performed and the products were quantified and
homogenized. A sequencing library was created, followed by
double-end sequencing using a Novaseq 6000 device (Illumina, San
Diego, CA, USA). Quality filtering, data splicing, and denoising were
performed on the sequencing results to obtain the final valid data.
Sequencing services were performed by Beijing Biomarker Tech-
nologies Co., Ltd (BMKcloud, Beijing, China). Alpha and Beta di-
versity were visualized using QIIME2 execution and R software
(v3.2.0), and correlation heat maps between differential microbes
and antioxidant, anti-inflammatory, and zinc transporter carriers
were constructed using Spearman correlation analysis.

2.12. Statistical analysis

Data were analyzed by a t-test or two-way ANOVA using SPSS
20.0 software (IBM-SPSS Inc., Chicago, IL, USA). The statistical
model included the effects of challenge (saline or PQ), diet (ZnSO4
or ZL), and their interactions. P < 0.05 indicates a significant dif-
ference, and Duncan's method was used for multiple comparisons
to evaluate the differences among the treatments. Results are
expressed as the mean ± standard error of the mean.

3. Results

3.1. Growth performance and intestinal morphology in weaned
piglets

Under normal conditions, dietary ZL supplementation showed a
significant increase in FCR at 14 to 21 d (P ¼ 0.017), but no signif-
icant effect on growth performance at other stages (Table 1). In the
first two weeks, there was no significant difference in the diarrhea
rate of piglets fed the basal and ZL diets. The diarrhea rate was
higher for piglets in the ZL group. However, these piglets had
diarrhea before the experiment began. In the next two weeks,
compared with that of the CON group, the ZL treatment had the
greatest reduction in the diarrhea rate. After PQ challenge, the ADG
of the PQ groupwas significantly decreased (P < 0.05) and the value
was negative. However, compared with that of the PQ group, the
ZL þ PQ group had significantly increased ADG (P < 0.05) and the
diarrhea rate was decreased by 49.96% (Fig. 1AeE).

Compared with that in the CON group, ZL treatment markedly
increased (P < 0.05) villus height in the jejunum of piglets (Fig. 1G).
PQ exposure damaged jejunal and ileal morphology (Fig. 1F).
Moreover, the villus height and villus height/crypt depth in the
jejunum and ileum were markedly decreased (P < 0.05; Fig. 1G, I).

Table 1
Effect of zinc lactate (ZL) on growth performance of weaned piglets.

Item CON ZL P-value

1 to 7 d
IBW, kg 9.47 ± 0.36 9.54 ± 0.30 0.877
FBW, kg 11.98 ± 0.58 12.25 ± 0.46 0.722
ADG, kg/d 0.37 ± 0.03 0.38 ± 0.02 0.937
ADFI, kg/d 0.55 ± 0.03 0.55 ± 0.03 0.887
FCR, % 1.55 ± 0.09 1.47 ± 0.07 0.505
DR, % 9.52 ± 2.83 19.39 ± 4.04 0.069
7 to 14 d
IBW, kg 11.98 ± 0.58 12.25 ± 0.46 0.722
FBW, kg 14.78 ± 0.64 14.61 ± 0.61 0.851
ADG, kg/d 0.40 ± 0.03 0.34 ± 0.03 0.145
ADFI, kg/d 0.74 ± 0.07 0.62 ± 0.05 0.173
FCR, % 1.89 ± 0.17 1.88 ± 0.10 0.956
DR, % 4.76 ± 1.68 7.14 ± 2.20 0.407
14 to 21 d
IBW, kg 14.78 ± 0.64 14.61 ± 0.61 0.851
FBW, kg 17.95 ± 0.70 17.18 ± 0.80 0.498
ADG, kg/d 0.53 ± 0.03 0.43 ± 0.04 0.075
ADFI, kg/d 0.97 ± 0.05 0.93 ± 0.07 0.718
FCR, % 1.84 ± 0.09 2.30 ± 0.15 0.017
DR, % 1.19 ± 1.19 1.02 ± 1.02 0.915
21 to 28 d
IBW, kg 17.95 ± 0.70 17.18 ± 0.80 0.498
FBW, kg 21.62 ± 0.83 20.57 ± 0.97 0.441
ADG, kg/d 0.61 ± 0.06 0.56 ± 0.03 0.427
ADFI, kg/d 1.05 ± 0.06 0.99 ± 0.05 0.370
FCR, % 1.79 ± 0.12 1.82 ± 0.15 0.882
DR, % 0.00 0.00

ZL ¼ zinc lactate; IBW ¼ initial body weight; FBW ¼ final body weight;
ADG ¼ average daily gain; ADFI ¼ average daily feed intake; FCR ¼ feed conversion
ratio; DR ¼ diarrhea rate. n ¼ 7.
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In contrast, ZL treatment significantly increased (P < 0.05) villus
height in the ileum (Fig. 1G). No PQ challenge � ZL diet interaction
effect was observed in the jejunal and ileal morphology of piglets.

3.2. Intestinal barrier function in paraquat (PQ)-induced weaned
piglets

Under normal conditions, the intestinal ultrastructure of the ZL
and CON groups showed no noticeable differences (Fig. 2A). Under
PQ stimulation, the ileal microvilli were short and thick, loosely
arranged, and morphologically irregular. Tight junctions were not
obvious and cell gaps were widened, and mitochondrial
morphology was heterogeneous. Furthermore, the number of
mitochondria was significantly reduced (P < 0.01; Fig. 2B), with
reduced and broken cristae evident. In PQ-induced piglets treated
with ZL, the microvilli were tightly arranged without breakage,
tight junctions were dense and undamaged, and mitochondrial
morphology was normal, and the number of mitochondria was not
significantly changed (Fig. 2B). TUNEL staining showed that PQ
treatment led to massive apoptosis of ileal epithelial cells in
weaned piglets compared to that in the CON group (P < 0.01;
Fig. 2CeD). In contrast, ZL administration reduced the apoptosis
rate by 9.10% (Fig. 2D).

To investigate the effect of ZL on intestinal barrier function, we
detected the localization and expression levels of the Occludin,
Claudin-1, and ZO-1 tight junction proteins and intestinal perme-
ability markers (DAO and iFABP). Compared to the CON group, ZL
administration had no adverse effect on tight junction proteins or
intestinal permeability (Fig. 3AeF). However, in piglets injected
with PQ, significantly inhibited expression was evident for jejunal
Occludin (P < 0.05) and ZO-1 (P < 0.01), and ileal Claudin-1
(P < 0.01), Occludin (P < 0.01), and ZO-1 (P < 0.01). ZL adminis-
tration significantly increased (P < 0.05) expression of jejunal ZO-1

in PQ-induced piglets. After PQ challenge, intestinal permeability
was significantly altered. iFABP activity in the PQ group was
markedly higher (P < 0.01) than that in the CON group, and the DAO
content showed an increasing trend (P ¼ 0.053; Fig. 3EeF). How-
ever, ZL treatment did not significantly improve this undesirable
damage.

3.3. Antioxidant capacity and inflammatory response in paraquat
(PQ)-induced weaned piglets

Compared to that in the CON group, ZL supplementation
significantly increased serum levels of T-AOC (P < 0.05; Fig. 4C),
GSH (P < 0.05; Fig. 4E), GSSG (P < 0.05; Fig. 4E), jejunal GSH
(P < 0.01; Fig. 4F), and GSSG (P < 0.01; Fig. 4G). ZL supplementation
also significantly upregulated the mRNA expression of jejunal
MnSOD (P < 0.05; Fig. 4M). PQ treatment resulted in significant
increases in serum MDA (P < 0.01; Fig. 4A), GSH-PX (P < 0.01;
Fig. 4B), and GSSG (P < 0.05) levels but markedly decreased serum
T-AOC (P < 0.05), SOD (P < 0.01) (Fig. 4D), serum and jejunal GSH
(P < 0.01 and P < 0.05, respectively), and serum, jejunal, and ileal
GSH/GSSG levels (P < 0.01, P < 0.05, and P < 0.01, respectively)
(Fig. 4H). The mRNA expression of jejunal GPX4 was significantly
upregulated (P < 0.01) in the PQ group (Fig. 4M). In contrast, ZL
supplementation dramatically reduced (P < 0.05) serum MDA and
GSSG levels and enhanced serum SOD (P < 0.05), jejunal GSH
(P < 0.01), and serum and jejunal GSH/GSSG levels (P < 0.05 and
P < 0.01, respectively). However, ZL supplementation had no sig-
nificant effect on the mRNA expression of jejunal GPX4, MnSOD,
GCLC, or GCLM.

The inflammatory response is typically accompanied by oxida-
tive stress. Compared to that in the CON group, the ZL group dis-
played significantly reduced serum IL-1b levels (P < 0.05; Fig. 4I).
PQ challenge resulted in the significant elevation in serum levels of

Fig. 1. Effect of zinc lactate (ZL) on growth performance and intestinal morphology in weaned piglets. (AeE) The initial body weight (IBW), final body weight (FBW), average daily
feed intake (ADFI), average daily gain (ADG), and diarrhea rate (DR) for different groups after paraquat (PQ) challenged. (F) Representative jejunal and ileal morphology of the
Hematoxylin and Eosin (H&E) staining results (magnification, 100�; scale bars ¼ 100 mm). (G) Villus height of jejunum and ileum in weaned piglets. (H) Crypt depth of jejunum and
ileum in weaned piglets. (I) Vellus height to crypt depth ratios of jejunum and ileum in weaned piglets. *, P < 0.05; **, P < 0.01; ns, P > 0.05. n ¼ 7.
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IL-1b (P < 0.01) and IFN-g (P < 0.05) (Fig. 4J) and significantly
increased mRNA expression of jejunal IFN-g (P < 0.05; Fig. 4N).
Notably, ZL supplementation decreased serum IL-1b (P < 0.05)
levels in PQ-induced piglets, downregulated (P< 0.01) jejunal IFN-g
mRNA levels, and upregulated (P < 0.01) mRNA expression level IL-
10 (Fig. 4N).

3.4. Gene and protein expression of Zn transporters and CAR
pathway-related targets in paraquat (PQ)-induced weaned piglets

Compared to that in the CON group, ZL supplementation
significantly upregulated the mRNA expression of ZnT-1 (P < 0.01;
Fig. 5B). After PQ challenge, ZL supplementation markedly upre-
gulated themRNA expression levels of Zip4 (P < 0.05; Fig. 5A), ZnT-1
(P < 0.01), CRIP1 (P < 0.01) (Fig. 5D), and CRIP2 (P < 0.01; Fig. 5E).

Subsequently, we examined the effects of ZL on the CAR
pathway in the jejunum. Compared to that in the CON group, no
effect of ZL supplementation on the expression of CAR signaling-
related genes and proteins was observed. The ZL supplementation
did significantly reduce the mRNA expression of HSP90 (P < 0.05;
Fig. 5H). However, PQ dramatically upregulated the mRNA
expression of CAR (P < 0.05), RXRa (P < 0.01), and PP2Ac (P < 0.01)
(Fig. 5FeG, J), significantly upregulated the mRNA expression of the
target gene CYP1A2 (P < 0.05; Fig. 5K), and significantly down-
regulated the mRNA expression of GSTA1 (P < 0.05; Fig. 5N).
Moreover, the PQ challenge significantly increased the expression
of CAR and RXRa nuclear proteins (both P < 0.01; Fig. 5P). In
contrast, ZL supplementation significantly downregulated the

mRNA expression of CAR, RXRa, HSP90, PP2Ac (all P < 0.01), and
CYP2B22 (P < 0.05), while significantly decreasing the protein
expression of CAR and RXRa (both P < 0.01).

3.5. Gut microbiota profile in paraquat (PQ)-induced weaned
piglets

We performed 16S rRNA sequencing to evaluate the changes in
the gut microbiota during dietary ZL supplementation. Alpha di-
versity measured using the Chao1 (Fig. 6A) and Shannon indices
(Fig. 6B) revealed no difference between the ZL and CON groups.
However, the Chao1 and Shannon indices were significantly lower
(P < 0.01) in the PQ group, and ZL treatment improved the
reduction of alpha diversity in PQ-induced piglets. Partial least
squares-discriminant analysis separated the overall microbiota
composition into three clusters: CON, PQ, and ZL and ZL þ PQ
(Fig. 6C). Further explorations of the distribution of the gut
microbiota revealed that, at the phylum level, PQ treatment
decreased the relative abundance of Bacteroidota but increased
the relative abundance of Firmicutes and Actinobacteriota
(Fig. 6D). At the genus level, Family_XIII_UCG_001, Mogibacterium,
and Dialister were the main microbes (Supplementary Fig. S1).
However, the result of linear discriminant analysis (LDA) effect
size (LDA score > 3.0) showed that the prominent gut microbes in
the ZL group were opposite to those in the PQ group (Fig. 6F). At
the phylum level, the relative abundance of Bacteroidota in the ZL
group was higher than that in the PQ group, and the relative
abundance of Actinobacteriota in the ZL group was lower than

Fig. 2. Effect of zinc lactate (ZL) on ileal ultrastructure and apoptosis rate in weaned piglets. (A) Epithelial cells ultrastructure in the ileum (magnification, 15,000�; scale
bars ¼ 1 mm). (B) The number of mitochondria in ileal epithelial cells. (C) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of the ileum (magni-
fication, 400�; scale bars ¼ 50 mm). (D) Quantitation of apoptosis rate in the ileum. PQ ¼ paraquat. *, P < 0.05; **, P < 0.01; ns, P > 0.05. n ¼ 7.
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that in the PQ group (Fig. 6D). At the genus level, ZL treatment
mainly increased (P < 0.05, unless noted) the relative abundance
of UCG_002, Christensenellaceae_R_7_group (P < 0.01), Rumino-
coccus, Rikenellaceae_RC9_gut_group, unclassified_Christensenella-
ceae, Treponema (P < 0.01), and unclassified_Erysipelotrichaceae
and reduced (P < 0.05) the relative abundance of Olsenella
(Fig. 6G) in PQ-induced piglets. Finally, the differential gut
microbe profile correlated with oxidative stress, inflammatory
cytokines, and Zn transporters (Fig. 6H). Olsenella was signifi-
cantly positively correlated (P < 0.05) with MDA and GSSG and
negatively correlated (P < 0.01) with T-AOC. In addition, UCG_002,
Treponema, Rikenellaceae_RC9_gut_group, Ruminococcus, Chris-
tensenellaceae_R_7_group, unclassified_Christensenellaceae, and
unclassified_Erysipelotrichaceae were positively correlated
(P < 0.05) with antioxidants and Zn transporters and negatively
correlated with (P < 0.05) MDA, GSSG, and IL-1b.

4. Discussion

Zn regulates the appetite of animals and contributes to
increased feeding and growth (Shay andMangian, 2000). Diao et al.
(2021) found that organic Zn compounds significantly reduced the

feed-to-gain value and diarrhea rate when the diet of weaned
piglets was supplemented with both inorganic zinc (ZnSO4) and
organic zinc (Gly-Zn and ZL) (Diao et al., 2021). However, other
studies have shown that the zinc-amino acid complex does not
significantly improve the growth performance of piglets compared
to the same dose of ZnO in the diets (Case and Carlson, 2002). In our
study, dietary ZL supplementation had little growth-promoting
effects under normal conditions but significantly increased ADG
and reduced the diarrhea rate under oxidative stress conditions. It
is possible that piglets appear less sensitive to different Zn sources
when their nutritional needs are met, but ZL supplementation may
enhance the bioavailability of Zn and provide more energy for
piglet growth and antioxidative stress.

Zn transporters control Zn uptake and excretion through
organelle membranes and are essential for regulating Zn distribu-
tion and maintaining Zn homeostasis (Ohashi and Fukada, 2019).
Regulation of Zn homeostasis occurs primarily in the gastrointes-
tinal tract, where this homeostasis contributes to the maintenance
of intestinal barrier function and promotes the repair and regen-
eration of the intestinal mucosa (Ohashi and Fukada, 2019). Zn-
regulated transporters and iron-regulated transporter-like protein
(Zip) and cysteine-rich intestinal protein (CRIP) are involved in the

Fig. 3. Effect of zinc lactate (ZL) on intestinal tight junction protein and permeability in weaned piglets. (AeB) Immunohistochemical staining of Claudin-1, Occludin, and ZO-1 in
the jejunum and ileum (magnification, 400�; scale bars ¼ 50 mm). (CeD) The relative protein expression of Claudin-1, Occludin, and ZO-1 in the jejunum and ileum, expressed as
average optical density (AOD). (EeF) Serum intestinal fatty acid binding protein (iFABP) and diamine oxidase (DAO) levels. PQ ¼ paraquat. *, P < 0.05; **, P < 0.01; ns, P > 0.05. n ¼ 7.
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transport and absorption of Zn ions in the small intestine, whereas
Zn transporter (ZnT) and metallothionein (MT) is mainly involved
in the excretion of Zn into the gastrointestinal tract (Jeong and Eide,
2013; Liuzzi and Cousins, 2004; Levenson et al., 1993). Other au-
thors have reported that chitosan-chelated Zn treatment upregu-
lated the gene and protein expression of ZnT1, Zip4, and Zip5 in
piglets to regulate Zn homeostasis (Lv et al., 2016). Furthermore,
expressions of the Zn transporter Zip4 and divalent metal trans-
porter are upregulated at low concentrations of Zn to promote Zn
uptake, whereas the efflux transporters ZnT1 and MT1 are upre-
gulated at high concentrations of Zn to enhance Zn efflux and
maintain Zn homeostasis (Huang et al., 2016; Shen et al., 2008). In
the present study, ZL administration upregulated the expression of
Zn transporter-related genes (Zip4, ZnT-1, CRIP1, and CRIP2) under
both normal and oxidative stress conditions. Although our results
did not reveal whether lactic acid plays a role in this process, our
previous results confirm that the combination of lactic acid and

ZnSO4 could elevateMT1A levels and decrease CRIP1 levels in IPEC-
J2 cells compared to ZnSO4 alone, which appeared to be detri-
mental to the maintenance of Zn homeostasis (Tang et al., 2020).
These results suggest that the chelated form of lactic acid and
ZnSO4 can promote Zn ion transport and absorption and maintain
Zn homeostasis by increasing intestinal Zn excretion, improving
intestinal barrier function.

Integrity of the intestinal barrier is critical for nutrient absorp-
tion and immune function. However, oxidative stress disrupts the
intestinal structure, damages intestinal tight junction proteins, in-
creases permeability, and causes epithelial cell apoptosis (Wang
et al., 2020). The amino acid Zn complex in the diet alleviates
heat stress-induced reduction in ileal villus height and improves
intestinal integrity in growing pigs (Pearce et al., 2015). In the
present study, dietary ZL supplementation increased jejunal and
ileal villus heights in stressed piglets and improved microvillus
structure, tight junctions, and mitochondrial morphology in ileal

Fig. 4. Effects of zinc lactate (ZL) on antioxidant capacity and inflammatory response in weaned piglets. (AeD) The malondialdehyde (MDA), glutathione peroxidase (GSH-Px), total
antioxidant capacity (T-AOC), and superoxide dismutase (SOD) levels in the serum. (E) The glutathione (GSH) and oxidized glutathione (GSSG) levels in the serum. (FeG) The GSH
and GSSG levels in the jejunum and ileum. (H) The GSH/GSSG levels in the serum, jejunum and ileum. (IeL) The interleukin-1b (IL-1b), interferon-g (IFN-g), interleukin-10 (IL-10),
and interleukin-12 (IL-12) levels in the serum. (M) The mRNA expression levels of glutathione peroxidase 4 (GPX4), manganese superoxide dismutase (MnSOD), glutamate-cysteine
ligase catalytic subunit (GCLC), and glutamate-cysteine ligase modifier subunit (GCLM) in the jejunum. (N) The mRNA expression levels of IL-1b, IFN-g, IL-10, and IL-12 in the
jejunum. PQ ¼ paraquat. *, P < 0.05; **, P < 0.01; ns, P > 0.05. n ¼ 7.
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epithelial cells but did not reduce apoptosis. These changes may be
related to the dose of Zn added, given the prior descriptions that
supplementation with 50 mg/kg chitosan Zn chelate had no dif-
ferential effect on apoptosis compared to 100 mg/kg ZnSO4, which
significantly reduced ileal apoptosis and increased the ratio of villi
height to crypt depth in the small intestine (Han et al., 2014).
Claudin-1, Occludin, and ZO-1 proteins are the most critical parts of
the tight junction structure and play primary roles in maintaining
intestinal permeability (Tsukita et al., 2001). High dietary Zn can
significantly upregulate mRNA and protein expression of Occludin
and ZO-1 in piglet ileal mucosa (Zhang and Guo, 2009). We
observed that dietary ZL supplementation significantly upregulated
the protein expression of ZO-1 in the jejunum of PQ-induced piglets
and reduced intestinal permeability, which may contribute to the
reduction of diarrhea in piglets experiencing oxidative stress.

Inadequate Zn supplementation increases production of ROS,
heightens the vulnerability to oxidative stress, and causes inflam-
matory responses (Higashimura et al., 2020; Oteiza et al., 1995). In
another study, the combination of chromium methionine com-
plexes and Zn-amino acid complexes increased T-AOC and SOD

activity and decreased serum MDA concentrations compared to
ZnSO4 (Xu et al., 2017). We previously reported that ZL treatment
increased GSH-PX and SOD activity in IPEC-J2 cells more than
combination treatment with ZnSO4 and lactic acid and that lactate
dehydrogenase and MDA levels increased after treatment with
ZnSO4 and lactic acid (Tang et al., 2020). These findings indicate
that ZL administration improves the antioxidant capacity of piglets
by regulating antioxidant-related gene expression and antioxidant
enzyme activity and reducing MDA levels; lactate plays a minimal
role in these processes. Zn modulates intestinal immune function
and has anti-inflammatory effects (Tapiero and Tew, 2003). Our
results showed that dietary ZL supplementation reduced serum IL-
1b levels and jejunal IFN-g mRNA abundance and upregulated the
mRNA expression of IL-10 in stressed piglets. These findings are
consistent with the previous report that ZL treatment can down-
regulate the mRNA expression level of IL-12 and upregulate mRNA
expression of IL-10 in the small intestine of grass carp (Song et al.,
2017). Furthermore, Zn supplementation can increase T cell
numbers and reduce cytokine secretion to improve immunity in
piglets (Kloubert et al., 2018).

Fig. 5. Effects of zinc lactate (ZL) on zinc transporters and constitutive androstane receptor (CAR)-regulated pathway genes in weaned piglets. (AeE) The mRNA expression levels of
Zrt/Irt-like protein 4 (Zip4), zinc transporter-1 (ZnT-1), metallothionein 1A (MT1A), cysteine-rich intestinal protein-1 (CRIP1), and cysteine-rich intestinal protein-2 (CRIP2) in the
jejunum. (FeJ) The mRNA expression levels of CAR, retinoid X receptor a (RXRa), heat shock protein 90 (HSP90), cytoplasmic CAR retention protein (CCRP), and protein phosphatase
2Ac (PP2Ac) in the jejunum. (KeO) The mRNA expression levels of cytochrome P450 1A2 (CYP1A2), cytochrome P450 2B22 (CYP2B22), cytochrome P450 3A29 (CYP3A29), glutathione
S-transferase Alpha 1 (GSTA1), and glutathione S-transferase Alpha 2 (GSTA2) in the jejunum. (P) The nuclear protein expression levels of CAR and RXRa in the jejunum.
PQ ¼ paraquat. *, P < 0.05; **, P < 0.01; ns, P > 0.05. n ¼ 7.
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Fig. 6. Effects of zinc lactate (ZL) on gut microbiota in weaned piglets. (AeB) Chao1 and Shannon index of operational taxonomic unit (OTU) levels. (C) Partial least-squares
discriminant analysis (PLS-DA) score plot of the four groups. (DeE) Relative abundance of bacteria classified at phylum-level and genus-level taxonomy. (F) Linear discriminant
analysis Effect Size (LEfSe) test showing the distinctive gut microbes (LDA > 3.0) in the four groups. (G) Differences in microbes between the PQ group and ZL þ PQ group. (H)
Correlation between gut microbiota and antioxidant, anti-inflammatory parameters and zinc transporters at the genus levels. PQ ¼ paraquat. *, P < 0.05; **, P < 0.01; ns, P > 0.05.
n ¼ 7.
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CAR signaling can regulate the expression of detoxification en-
zymes and antioxidant genes and induce the expression of IL-10, a
key anti-inflammatory factor, to exert detoxification and antioxi-
dant effects (Chen et al., 2021). Our results are similar to those of Du
et al. (2017), who observed that PQ-induced oxidative stress
phosphorylated CAR, prevented the formation of the CAR-CCRP-
HSP90 complex, and promoted CAR nuclear translocation, which
bound to RXRa, thereby regulating the expression of downstream
target genes CYP450 and accelerating CAR activation. However,
supplementation with ZL inhibited CAR nuclear translocation and
the expression of CYP450 enzyme systems under oxidative stress
conditions to maintain intestinal redox homeostasis. This may be
because ZL administration provides more Zn to combine with these
key enzymes, alleviating the response to oxidative stress in the
body.

The host immune system and microbiota are closely linked.
Dysregulation of the gut microbiota may affect host metabolism and
health, causing chronic inflammation and metabolic disorders (Yan
et al., 2011). Zn is an essential mineral for many bacteria and is
involved in intestinal microbial barrier function against the invasion
of pathogenic bacteria (Davis et al., 2009; Skalny et al., 2021). Zn
deficiency results in decreased intestinal microbial diversity and
growth of bacteria suitable for Zn concentration. These changes alter
the intestinal microbial composition, leading to dysbiosis of the in-
testinal microecology (Reed et al., 2015). A previous study reported
that Zn supplementation in broilers infected with Salmonella typhi-
murium improved intestinal barrier health by increasing gut micro-
biota diversity and reducing Salmonella populations (Shao et al.,
2014). Our results showed that under normal conditions, ZL treat-
ment had no effect on the diversity of the gut microbiota. However,
under oxidative stress conditions, ZL administration significantly
increased the diversity and composition of the gut microbiota, sug-
gesting that ZL can improve the gut microbial balance of piglets
under stressful conditions. In parallel with the increased diversity
resulting from ZL treatment, we also observed some significant
changes in the structure of the intestinal microbial community that
may have a probiotic effect on the intestine of piglets. These changes
included the enrichment of Rikenellaceae_RC9_gut_group, Trepo-
nema, Christensenellaceae_R_7_group, and unclassified_Erysipelo-
trichaceae, and the downregulation of Olsenella. Rikenellaceae_
RC9_gut_group promotes lipid metabolism and enhances intestinal
mucosal immune function to improve the health of the body (Fan
et al., 2020; Zhou et al., 2018). Treponema is involved in the degra-
dation of lignocellulose (Baniel et al., 2021). Furthermore, probiotic
supplementation in stunted calves can increase the relative abun-
dance of intestinal Treponema and improve growth (Du et al., 2018).
The Christensenellaceae_R_7_group is involved in amino acid and lipid
metabolism and exerts beneficial effects on organismal health by
influencing host metabolism (Goodrich et al., 2014; Waters and Ley,
2019). Erysipelotrichaceae are associated with host lipid metabolism
(Kaakoush, 2015). Some studies have reported an increase in the
relative abundance of Erysipelotrichaceae in mice on a high-fat or
western diet (Lohuis et al., 2019). However, we presently observed a
significant reduction in body weight after PQ challenge, which may
be related to the reduced relative abundance of Erysipelotrichaceae.
Olsenella is highly correlated with inflammation, oxidative stress,
and lack of intestinal integrity, and its imbalance causes dysregula-
tion of the intestinal microecology (Wang et al., 2022). Subsequent
correlation analyses suggested that these differential microbes
upregulated by ZL administration were highly positively associated
with antioxidant and Zn transport and significantly negatively
correlated with oxidative stress and inflammation, whereas the
opposite findings were observed for downregulated microbes. The
findings indicate the improvement of intestinal health via the
crosstalk between gut microbes and ZL metabolism.

5. Conclusion

The collective results of this study indicate that the ZL-
supplemented diet had little effect on the growth performance of
piglets under normal physiological conditions. However, ZL sup-
plementation could reduce the rate of diarrhea and improve in-
testinal morphology in both normal and stressful conditions. In
particular, dietary ZL supplementation could increase the ADG of
piglets, improve intestinal barrier function and Zn transport and
absorption, and enhance antioxidant capacity and immunity in
response to PQ damage. We suggest that the mechanism underly-
ing the protective effects of ZL against oxidative stress is its critical
role in inhibiting CAR activation and altering gut microbiota di-
versity and structure. The efficacy of ZL suggests that it can be used
to reduce oxidative stress and prevent diarrhea in animals and
humans.
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