
Page 1/30

Pyrroloquinoline quinone regulates the redox status
in vitro and vivo of weaned pigs via the Nrf2/HO-1
pathway
Caiyun Huang 

China Agricultural University
Zijuan Fan 

China Agricultural University
Dandan Han 

China Agricultural University
Lee J Johnston 

University of Minnesota
Xi Ma 

China Agricultural University
Fenglai Wang  (  wang�@cau.edu.cn )

China Agricultural University https://orcid.org/0000-0002-7538-0082

Research

Keywords: H2O2, IPEC-J2, Nrf2, Oxidative stress, Pyrroloquinoline quinone, Weaned pig

Posted Date: February 10th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-135680/v2

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-135680/v2
mailto:wangfl@cau.edu.cn
https://orcid.org/0000-0002-7538-0082
https://doi.org/10.21203/rs.3.rs-135680/v2
https://creativecommons.org/licenses/by/4.0/


Page 2/30

Abstract
Background: Oxidative stress is a main cause of piglet gut damage and diarrhea.  Pyrroloquinoline
quinone (PQQ), is a novel redox cofactor with antioxidant properties. However, the effect and mechanism
that PQQ supplementation decreases oxidative injury in weaned pigs is not understood. Therefore, the aim
of this study is to con�rm the effect of PQQ on regulating redox status in weaned pigs and the mechanism
for antioxidant function by porcine intestinal epithelial cell line (IPEC-J2) challenged with H2O2.

Results: Experiment 1, 144 Duroc × Landrace × Yorkshire pigs (weaned at 28 d) were allocated to four
groups: received a basal diet (control) and diets supplemented with 0.15, 0.30, and 0.45 % PQQ. On d 28,
growth performance, diarrhea incidence and redox factors were measured. Experiment 2, IPEC-J2 were
treated with or without PQQ in the presence or absence of H2O2 for indicated time points. Experiment 3,
IPEC-J2 were transfected with or without Nrf2 siRNA, then treated according to Experiment 2. The cell
viability, redox factors, protein of tight junctions and Nrf2 pathway were determined.

In vivo, PQQ supplementation demonstrated dose-related improvements in average daily gain, and gain to
feed ratio (Linear P < 0.05). During d 0-28, compared to controls, 0.45% PQQ supplementation for pigs
decreased diarrhea incidence and MDA content in liver and jejunum, and increased concentration of SOD
in liver; 0.3% PQQ supplementation decreased ileal and liver  MDA concentration; and 0.15% PQQ
supplementation decreased ileal MDA concentration (P < 0.05). In vitro, compared to cells cultured with
H2O2, pre-treatment with PQQ increased cell viability, tight junction proteins expression including ZO-1, ZO-
2, occludin and claudin-1; and decreased ROS concentration and level of Caspase-3 (P < 0.05); as well as
upregulated the ratio of Bcl-2 to Bax and protein expression of nuclear Nrf2, HO-1. Notably, Nrf2
knockdown by transfection with Nrf2 siRNA largely abrogated the positive effects of PQQ pretreatment on
H2O2-induced intracellular changes.

Conclusions: PQQ administration attenuated oxidative stress in weaned pigs which is associated with
activation of Nrf2/HO-1 pathway.

Introduction
Oxidative stress leads to many diseases, such as sepsis and enteritis, in young animals [1, 2]. Early-
weaned pigs suffer oxidative challenges that produce large amounts of reactive oxygen species (ROS) [3].
Continuous accumulation of ROS induces an imbalance in the Bax/Bcl-2 protein ratio and increases the
caspase-3 level, which leads to cell death [4, 5]. As a result of cell death, the organizational structure of the
gut, speci�cally tight junctions, is damaged, resulting in diarrhea and growth retardation [3, 6, 7]. Zinc
oxide and many antibiotics have historically been added to diets for weaned pigs as a nutritional
intervention to mediate oxidative stress induced by weaning. However, undesirable side effects, such as
heavy metal pollution and bacterial antibiotic resistance, have arisen [8]. Thus, alternatives that ameliorate
oxidative challenges without damaging the environment must be discovered.
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Pyrroloquinoline quinone (PQQ) is a novel redox cofactor of microbial quinoprotein enzymes [9, 10] that
has been proven to enhance growth and stress tolerance [11, 12]. Oral administration of PQQ was found to
reduce oxidative injury [13] and inhibit programmed cell death [14] in rat cardiac myocytes. PQQ was also
found to protect the liver against damage by regulating oxidative responses in hens [15] and mice [16]. In
addition, dietary supplementation with pyrroloquinoline quinone disodium (PQQ•Na2) in gestating and
lactating rats improved the intestinal barrier functions of their offspring [17]. In our previous study, dietary
PQQ supplementation was found to regulate redox status and promote gut health in weaned pigs [18], but
the mechanism underlying this response was unclear.

NF-E2-related factor 2 (Nrf2) is a key cellular sensor of oxidative factors such as ROS [19]. Normally, the
inactive Nrf2-Keap-1 complex exists in the cytoplasm. However, after stimulation, Nrf2 dissociates from
this complex to translocate into the nucleus, where it induces the expression of genes encoding various
antioxidant molecules, such as heme oxygenase-1 (HO-1) [20]. Activation of the Nrf2 signaling pathway
plays a protective role in pigs under weaning stress [21]. Notably, PQQ was found to increase the
expression of Nrf2 in human renal tubular epithelial cells to prevent oxidative injury in a high-glucose
environment [22]. However, it is currently unclear whether PQQ affects the activity of the Nrf2/HO-1
pathway to reduce oxidative stress in weaned pigs.

We hypothesize that PQQ supplementation can regulate whole-body redox status via the Nrf2/HO-1
signaling pathway. In the present study, we used weaned pigs and IPEC-J2 cells to evaluate the effect of
dietary PQQ supplementation on the antioxidant defense capacity in postweaning pigs.

Materials And Methods
Animals and diets

All experimental protocols used in the present study were approved by the Animal Care and Use
Committee of China Agricultural University (AW30129102-3) and performed in accordance with the
guidelines of the National Research Council’s Guide for the Care and Use of Laboratory Animals.
Crossbred pigs (Duroc × Landrace × Yorkshire, n=144, initial weight 7.58 ± 1.67 kg, weaned at 28 d, half
barrows and half gilts) were allocated randomly to one of four dietary treatment groups: a group received
a corn-soybean meal-based diet (as a control) and three groups received experimental diets supplemented
with 0.15, 0.30, and 0.45% PQQ•Na2 (Supplemental Tables 1 and 2). The basal diet was formulated
according to the guidelines of the National Research Council [23]. For each treatment, we used six
replicates (pens) with six pigs per pen (50% barrows and 50% gilts). Pigs were housed in pens (1.8 × 1.2
m2) that contained a nipple drinker and a four-hole self-feeder to provide ad libitum access to water and
feed. The room was equipped with air conditioning and ventilation, and the temperature was 27 ± 1℃.
PQQ•Na2 (purity, ≥ 98%; Changmao Biochemical Engineering Co. Ltd., Changzhou, China) was diluted with
corn starch to a concentration of 1 g/kg and was blended into the basal diet to achieve the desired
treatment concentration; the concentration of PQQ in the basal diet was less than 0.01 mg/kg [18].

Growth performance and sample collection
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During the 28-d feeding trial, the diarrhea incidence of pigs was recorded by one person and was based on
the following scale: 1 = well-formed feces, 2 = unformed feces, 3 = diarrhea [24]. The diarrhea incidence
for pigs in a pen was calculated as follows: [(number of pigs with diarrhea × number of days of
diarrhea)/(total number of pigs × number of days in the experiment)] × 100 [25].

On d 14 and d 28 of the experiment, pigs were weighed to calculate the average daily gain (ADG), and feed
disappearance was used to calculate the average daily feed intake (ADFI) and gain-to-feed ratio (G:F) on a
pen basis.

At the end of the feeding trial, blood was collected from the anterior vena cava of one pig per pen (total 24
pigs) after a 12-h fast. Harvested serum was stored at -20℃. The pigs from which blood samples were
obtained were slaughtered for collection of intestinal, hepatic and cardiac tissue samples, which were
stored at -80 °C for further analysis.

Histological examination of the intestinal morphology

The villus height (VH), crypt depth (CD) and villus height/crypt depth ratio (VCR) of three intestinal
segments were analyzed based on methods used in our previous study [26]. In brief, one segment each of
the mid-duodenum, mid-jejunum and mid-ileum were �xed with 4% neutral buffered paraformaldehyde for
24 h and were then dehydrated, embedded in para�n, cut at a thickness of 4 μm

, and stained with hematoxylin and eosin. Images were acquired with a microscope (Olympus, BX-51,
Japan) and analyzed using an Image-Pro Plus (Media Cybernetics, USA). Six slides with two separate
segments per slide were prepared for each sample, resulting in over 20 well-oriented villi and crypts for
measurement.

Redox factor expression

The activity of glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), malondialdehyde (MDA)
and catalase (CAT) in serum, liver, heart, and intestine samples and IPEC-J2 cells were detected using
ELISAs according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). The absorbances were measured at 412 nm for GSH-Px, 550 nm for SOD, 532 nm for MDA, and
405 nm for CAT. The minimal detection thresholds were 20 U/mL for GSH-Px, 5 U/mL for SOD, 0.5
nmol/mL for MDA and 0.2 U/mL for CAT. For each assay, the intra-assay coe�cient of variation (CV) was
< 5%, and the inter-assay CV was < 6%. Six samples per tissue were tested for each treatment group, and
each sample was assayed in triplicate.

Cell culture

The IPEC-J2 porcine intestinal epithelial cell line was kindly provided by Dr. Guoyao Wu (Texas A&M
University, College Station, TX, USA). Cells were cultured as described previously [27]. In brief, cells were
cultured in DMEM/F12 medium (Thermo, Waltham, MA) containing 10% (vol/vol) fetal bovine serum (FBS;
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Gibco, Carlsbad, CA), 1% penicillin (10,000 U/mL)/streptomycin (10,000 g/mL; Gibco) and maintained in
an atmosphere of 95% humidity with 5% CO2 at 37 °C.

Cell viability

IPEC-J2 cells were cultured in 96-well plates. After reaching 90% con�uence, cells were starved for 6 h.
Hydrogen peroxide was added to cells for 2, 6, 18, and 24 h at concentrations of 0, 200 μmol/L, 500
μmol/L, 800 μmol/L, 1 mmol/L, 1.5 mmol/L, and 2 mmol/L. Additionally, PQQ•Na2 was dissolved in PBS
and incubated with cells at concentrations of 0, 1 nmol/L, 10 nmol/L, 100 nmol/L, 1 μmol/L, 10 μmol/L,
and 100 μmol/L for 6, 18, 36, and 48 h. For analysis of cell viability, cells were incubated with Cell
Counting Kit-8 (CCK-8) solution (CK04, Dojindo, Kumamoto, Japan), the absorbances were measured at
450 nm in a microplate reader (Thermo Fisher Scienti�c, Grand Island, NY), and absorbance values were
normalized to those of the control (CTRL) group.

RNA interference and transfection of IPEC-J2 cells

The double-stranded speci�c small interfering RNA (siRNA) targeting Nrf2 was synthesized by RiboBio Co.,
Ltd. (Guangdong, China). The primer sequences were as follows: 5′-GCCCAUUGAUCUCUCUCAUTT-3′ and
5′-AUCACACACAUGGGCTT-3′. IPEC-J2 cells were incubated in six-well plates. After reaching 70%
con�uence, cells were transfected with 10 nmol/L, 50 nmol/L, or 100 nmol/L Nrf2 siRNA or negative
control (NC) siRNA using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA) in Opti-MEM
according to the product manuals.

Western blot analysis

IPEC-J2 cells were transfected with or without 100 nmol/L Nrf2 siRNA and were then cultured with 10
nmol/L PQQ•Na2 for 6 h before replacement with medium containing 10 nmol/L PQQ•Na2 and 200
μmol/L H2O2 for another 2 h. Cells were harvested to analyze protein abundance and the methods
described in our previous study [28]. In brief, cells were lysed in RIPA buffer containing Halt protease
inhibitor cocktail (Thermo Fisher Scienti�c, Rockford, IL) for protein extraction. Nucleocytoplasmic
fractionation was performed using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (78833,
Thermo Fisher Scienti�c). Proteins (30 μg) were separated on SDS-PAGE gels and transferred to
polyvinylidene di�uoride membranes (Millipore). After being blocked for 1 h, membranes were incubated
with primary and secondary antibodies. The information of primary antibodies were listed in
Supplemental Table 3. Band densities were detected and quanti�ed with an Odyssey Clx system (Gene
Company Limited, Hong Kong, China) and ImageJ software, respectively. All expression levels were
normalized to those of Tubulin, PCNA or β-actin, as appropriate.

Quantitative real-time PCR assay

Cells were cultured as described for western blot analysis. Quantitative real-time PCR was performed as
previously described to analyze gene expression [29]. In brief, total RNA was extracted using TRIzol
reagent (TaKaRa Bio Inc, Japan) according to the manufacturer’s instructions. cDNA was reverse
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transcribed from RNA with a reagent kit ( TaKaRa Bio Inc, Japan). Quantitative real-time PCR was
conducted in an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The primer
sequences used in this study are listed in Supplemental Table 4. Each gene was analyzed in triplicate, and
β-actin was used as the reference gene. The relative mRNA expression levels of the target genes were
determined by the 2-ΔΔCT method [30].

Immuno�uorescence staining

IPEC-J2 cells were cultured in a 24-well plate. Cells were treated as described for western blot analysis.
The methods used for immuno�uorescence staining of cells were described previously [31] and were
followed with slight modi�cations. In brief, after 30 min of �xation with 4% paraformaldehyde solution,
cells were permeabilized with 0.2% Triton X-100 for 10 min and blocked with 5% BSA for 1 h. Cells were
incubated with a rabbit anti-Nrf2 antibody overnight at 4 °C and were then incubated with an Alexa Fluor
594-conjugated secondary antibody (ZF-0513, ZSGB-BIO) for 1 h. Subsequently, cell nuclei were stained
with DAPI (Alexa Fluor® 555; ab150078; Abcam) for 10 min and imaged immediately using an Olympus
�uorescence microscope (Tokyo, Japan). Each treatment group was analyzed in triplicate.

Statistical analysis

Normal distribution was validated for diarrhea incidence data by QQ plot, then, the data was evaluated by
the GLIMMIX procedure. Other data from the animal experiment in this study were analyzed using the
MIXED procedure and polynomial contrasts (SAS, version 9.2). Initial body weight and sex were treated as
random effects, and the PQQ supplementation concentration was treated as a �xed effect. The pen was
treated as the experimental unit for the performance data, and the individual pig was treated as the
experimental unit for data from tissue samples, statistical differences among mean values were assessed
using Duncan’s multiple range test (n = 6). Data from cells were evaluated by one-way ANOVA followed by
the Student-Newman-Keuls test. Figures were generated with GraphPad Prism 6, and 6 replicates were
used per treatment for cell viability evaluation. For other data from cell experiments, 3 replicates were
used. Effects were considered to be signi�cant if P < 0.05.

Results
PQQ promotes growth performance and decreases the diarrhea incidence in weaned pigs

Pigs fed PQQ-supplemented diets exhibited a dose-related increase in ADG from d 0-14 (linear, P = 0.02)
and across the entire experimental period (linear, P < 0.01), and their G:F improved across the entire
experimental period (linear, P = 0.01). During d 0-28, compared to that in the CTRL group, the ADG of pigs
fed diets supplemented with 0.15%, 0.30% and 0.45% PQQ increased by 3.57%, 6.25% (P > 0.05) and
11.38% (P < 0.05), respectively. No difference in ADFI was observed among the dietary treatment groups (P
> 0.05). The gain e�ciency of pigs fed 0.15%, 0.30%, and 0.45% PQQ-supplemented diets were increased
by 10.5%, 3.5% (P > 0.05) and 14.0% (P < 0.05), respectively, compared with that of pigs fed a diet without
PQQ (Table 1). Compared to control pigs, pigs received the diet supplemented with 0.45% PQQ had a
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decreased diarrhea incidence during both d 0-14 and d 0-28 (P < 0.01). There was no signi�cant difference
in the diarrhea incidence among the treatment groups during d 15-28 (Table 2).

PQQ inhibits oxidative stress and improves gut morphology in weaned pigs

The levels of SOD in the liver, heart, and jejunum displayed positive improvements (linear, P < 0.01), and
the concentration of MDA in the serum and jejunum was negatively related to the dose of PQQ (linear, P <
0.05). Compared with the basal diet, the diet supplemented with 0.15% PQQ increased the levels of GSH-
Px in both the heart and jejunum and decreased the MDA content in the ileum (P < 0.05). Compared with
control pigs, pigs received dietary supplementation with 0.3% PQQ exhibited increased SOD levels in the
serum and jejunum; increased GSH-Px levels in the serum, liver, heart, jejunum and ileum; and decreased
concentrations of MDA in the serum, liver and ileum (P < 0.05). Compared to pigs fed the basal diet, pigs
that received the basal diet supplemented with 0.45% PQQ exhibited increased SOD activity in the liver and
jejunum, increased GSH-Px levels in the serum and heart, and reduced MDA concentrations in the serum,
liver, jejunum and ileum (P < 0.05, Table 3 and 4).

Notably, the CD and VCR increased (quadratic, P < 0.01) in the jejunum as the percentage of
supplementary PQQ increased. Compared with control pigs, pigs received the diet supplemented with 0.3%
PQQ exhibited an increased VH in the duodenum and ileum, an increased VCR in the jejunum and ileum,
and a decreased CD in the jejunum and ileum. Compared with control pigs, pigs received dietary
supplementation with 0.45% PQQ exhibited a decreased CD in the ileum and an increased VCR in the
jejunum (P < 0.05, Table 5).

Optimal concentration and time point of H2O2 and PQQ treatment in IPEC-J2 cells

Incubation of cells with H2O2 for 2, 6, 18 and 24 h demonstrated that H2O2 signi�cantly decreased cell
viability at a concentration of 200 µM and that the effect was dose-dependent at higher concentrations (P
< 0.05, Fig. 1A). Therefore, IPEC-J2 cells treated with 200 μmol/L H2O2 for 2 h were used for the following
experiments.

The viability of IPEC-J2 cells were determined after treatment with different concentrations of PQQ (0, 1
nmol/L, 10 nmol/L, 100 nmol/L, 1 μmol/L and 10 μmol/L) for 6, 18, 36 or 48 h. Low concentrations of
PQQ (1 nmol/L, 10 nmol/L and 100 nmol/L) added to the cell culture medium did not cause cytotoxicity
after 48 h of culture. Concentrations of 1 μmol/L had no negative effects on cell viability through 36 h but
displayed direct toxic effects on cells (P < 0.05) at 48 h. However, high concentrations of PQQ (1 μmol/L
and 10 μmol/L) signi�cantly decreased cell viability beginning at 36 h of culture (Fig. 1B). Additionally,
pretreatment with 10 nmol/L or 100 nmol/L PQQ for 6 h prior to incubation with PQQ and H2O2 for
another 2 h reversed the negative effect of H2O2 on cell viability (P < 0.05, Fig. 1C). Based on these results,
cells were pretreated with 10 nmol/L PQQ for 6 h prior to incubation with H2O2 (200 μmol/L) and PQQ (10
nmol/L) for another 2 h in further experiments.

PQQ inhibits H2O2-induced oxidative cytokines and tight junction protein expression in IPEC-J2 cells
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Compared to control treatment, treatment of IPEC-J2 cells with 200 μmol/L H2O2 at alone clearly
decreased the levels of SOD and GSH-Px but increased the MDA concentration. In contrast, pretreatment
of cells induced by H2O2 with 10 nmol/L PQQ resulted in increased SOD and GSH-Px levels and a
decreased MDA concentration compared with those in the H2O2 group (P < 0.05, Fig. 2A-C).

Notably, H2O2 supplementation in the medium effectively decreased the protein expression levels of ZO-1,
ZO-2, ZO-3, occludin, and claudin-1 in IPEC-J2 cells compared with CTRL group cells (P < 0.05). In contrast,
cells pretreated with PQQ prior to treatment with both PQQ and H2O2 exhibited increased protein
expression levels of ZO-1, ZO-2, occludin and claudin-1 but not ZO-3 (P > 0.05, Fig. 2D and E).

PQQ decreases the ROS level and the expression levels of ROS-regulating proteins

Compared to control treatment, H2O2 supplementation in the medium effectively increased the level of
ROS and the protein expression levels of Caspase-3 and Bax but decreased the level of bcl-2 and the bcl-
2/Bax ratio (P < 0.05). Pretreatment with PQQ in IPEC-J2 cells challenged with H2O2 resulted in a decrease
in the ROS concentration and levels of Caspase-3 and Bax as well as an increase in the bcl-2 level and the
bcl-2/Bax ratio compared with those in cells treated with H2O2 alone (P < 0.05, Fig. 3A and B).

PQQ increases the activity of the Nrf2 signaling pathway

To determine the mechanism by which PQQ decreases the sensitivity of IPEC-J2 cells to H2O2, the
expression of Nrf2 and HO-1 were assessed. The �uorescence values of nuclear Nrf2 in cells incubated
with H2O2 alone were signi�cantly lower than those in CTRL cells. The �uorescence values of IPEC-J2
cells treated with both H2O2 and PQQ were signi�cantly higher than those of cells incubated with H2O2

alone (Fig. 4A).

Additionally, compared with those in CTRL cells, the protein levels of nuclear Nrf2 and HO-1 in cells treated
with H2O2 were decreased (P < 0.05). This decrease in the levels of nuclear Nrf2 and HO-1 (P < 0.05) were
attenuated in the PQQ group compared with the H2O2 group (Fig. 4B-E).

PQQ exhibits no protective effects on IPEC-J2 cells treated with Nrf2 siRNA

The mRNA and protein expression levels of Nrf2 were signi�cantly reduced (P < 0.05) in the Nrf2 siRNA-1-,
Nrf2 siRNA-2-, and Nrf2 siRNA-3-treated groups compared with the CTRL group. The highest Nrf2
knockdown e�ciency in IPEC-J2 cells was achieved with Nrf2 siRNA-2; thus, we used Nrf2 siRNA-2 in
subsequent experiments (Fig. 5A). Pretreatment of IPEC-J2 cells with Nrf2 siRNA largely abrogated the
bene�cial function of PQQ pretreatment, as indicated by the decreased mRNA and protein levels of Nrf2
and HO-1 (P < 0.05, Fig. 5B-D). Moreover, the reduction in the intracellular ROS level and changes in mRNA
and protein expression levels of caspase-3, bax and bcl-2 induced by PQQ pretreatment in cells cultured
with H2O2 were abolished after transfection with Nrf2 siRNA (P < 0.05, Fig. 6). Treatment with Nrf2 siRNA
largely abrogated the bene�cial effects of PQQ pretreatment on the H2O2-induced decreases in cell
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viability and the protein expression levels of ZO-1, ZO-2, Occludin and Claudin-1 (P < 0.05, Fig. 7); however,
none of these effects were observed in the NC siRNA treatment group.

Discussion
Oxidative stress often leads to structural injury to the gut and resulting diarrhea in pigs after weaning. PQQ
supplementation in the diet improves growth performance in weaned mice [32] and birds [33] and
promotes jejunal health in weaned pigs [34]. In our previous research, pigs fed diets supplemented with
PQQ displayed improved growth performance, small intestinal morphology, and antioxidant capacity and
decreased diarrhea incidence during the weaning transition [18]. In the present study, we con�rmed that
dietary PQQ can decrease oxidative injury induced by weaning and determined the mechanism through
which PQQ supplementation improves antioxidant function in weaned pigs. In this study, the sample size
of 6 replicates (n = 6) is proper for detecting the effect of PQQ on intestinal barrier function and immune
response, however, as for growth performance, it warrants continual test with greater population of piglets.

The small intestinal epithelium is an absorptive barrier for nutrient transport and is the �rst defensive
barrier against harmful substances [35]. Many studies have reported that H2O2 is a central redox signaling
molecule that induces oxidative stress in intestinal epithelial cells, such as IPEC-J2 cells [36-38].

Tight junction proteins, including claudin proteins, zonula occludens proteins and occludin, are the main
components providing barrier function in epithelial cells and maintain epithelial permeability and integrity
[39]. Oxidative stress-induced alterations in tight junction protein levels can reduce the viability of porcine
intestinal epithelial cells [40]. In the present study, we found that H2O2 exposure decreased the expression
levels of ZO-1, ZO-2, occludin and claudin-1 in IPEC-J2 cells and decreased the viability of these cells,
consistent with previous research [41].

Extracellular H2O2 stimulates high levels of intracellular ROS production and induces cell death caused by
excess ROS [42, 43]. As MDA is the end product of lipid peroxidation, its concentration is closely tied to the
extent of oxidative stress-induced cell damage via alteration of cell membrane permeability and
uncoupling of oxidative phosphorylation in mitochondria [44]. Normally, excessive ROS in cells can cause
oxidative stress to increase production of MDA, resulting in cytotoxicity. In addition, GSH-Px and SOD are
considered the main enzymes in the antioxidant system that scavenge ROS [45]. In the present study, we
demonstrated that H2O2 exposure caused the levels of SOD and GSH-Px to decrease and the levels of
MDA and intracellular ROS to increase in IPEC-J2 cells, consistent with previous studies [46, 47].

Excessive production of ROS combined with an increase in the concentration of MDA can initiate
programmed cell death[48]. A decreased Bcl-2/Bax ratio and the release of activated caspase-3 from
mitochondrial cyt-c to the cytoplasm are markers of the programmed cell death process [49, 50].
Consistent with this result, our data demonstrated that H2O2-treated IPEC-J2 cells had a lower Bcl-2/Bax
ratio and higher levels of total caspase-3 than CTRL cells. These results indicated that we successfully
established a model of oxidative damage in IPEC-J2 cells.
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Low supplementary concentrations of PQQ in cell media did not have a negative effect on cell viability [51,
52]. In the present study, we showed that PQQ concentrations of less than 100 nmol/L had no negative
effects on cell viability at 48 h. Pretreatment with 10 nmol/L PQQ resulted in higher cell viability than
pretreatment with the other concentrations of PQQ in IPEC-J2 cells cultured with H2O2. Additionally, the
examined parameters (ZO-1, ZO-2, occludin, claudin-1, ROS, MDA, GSH-Px and SOD) were effectively
restored by pretreatment with 10 nmol/L PQQ prior to exposure to H2O2. Therefore, we con�rmed that
supplementation at a suitable concentration attenuates intestinal injury by regulating intestinal redox
reactions.

Protection of gut tight junction proteins from damage and intestinal epithelial cells from unnatural death
induced by oxidative stress are often associated with the activation of antioxidant signaling pathways.
The Nrf2 pathway is a master regulator of cell resistance to oxidative injury [53] Keap1 is a cytoplasmic
junction protein that may downregulate Nrf2. Normally, under physiological conditions, of low the activity
of Nrf2 activity is maintained at a low level via its distribution in the cytoplasm in the Nrf2-keap1 complex
[54]. After activation, Nrf2 is phosphorylated, dissociates from the complex, and is then released to
translocate into the nucleus, where it induces downstream expression of HO-1 and SOD, which eliminate
ROS [55]. To further identify the pathway through which PQQ supplementation protects cells from
oxidative stress, we determined the key genes involved in the Nrf2-mediated antioxidant response. Our
results showed that PQQ supplementation effectively restored the stimulated oxidative status and
increased the levels of nuclear Nrf2 and HO-1. Additionally, all of these positive effects of PQQ on
cytotoxicity and oxidative stress damage induced by H2O2 were abolished due to siRNA-mediated
knockdown of Nrf-2 in IPEC-J2 cells. Thus, we demonstrated that Nrf2/HO-1 are involved in the
cytoprotective effects of PQQ on H2O2-induced damage in IPEC-J2 cells.

Conclusion
In conclusion, we demonstrated that PQQ administration attenuates oxidative stress in weaned pigs, as
evidenced by increased levels of antioxidant enzymes and tight junction proteins and decreased levels of
ROS and MDA in tissues and cells. This positive effect of PQQ is associated with activation of the
Nrf2/HO-1 pathway.
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Tables
Table 1. Effects of dietary PQQ supplementation on growth performance in weaned pigs1

Items Pyrroloquinoline quinone disodium levels (%) SEM P value

0 0.15 0.30 0.45 ANOVA Linear Quadratic

0~14 d                

ADG, g 345.31 349.41 372.10 384.29 12 0.09 0.02 0.83

ADFI, g 521.00 523.75 528.88 549.25 30 0.91 0.51 0.77

G:F 0.67 0.70 0.71 0.71 0.05 0.71 0.61 0.78

15~28 d                

ADG, g 555.00 568.00 568.75 594.63 32 0.83 0.43 0.85

ADFI, g 1074.25 1129.88 958.25 991.50 72 0.51 0.24 0.95

G:F 0.55 0.52 0.63 0.67 0.05 0.52 0.09 0.68

0~28 d                

ADG, g 447.54a 464.19ab 476.28ab 498.54b 12 0.02 < 0.01 0.82

ADFI, g 797.63 741.00 813.13 770.38 22 0.07 0.93 0.76

G:F 0.57a 0.63ab 0.59ab 0.65b 0.02 0.01 0.01 0.89

1 SEM, standard error of the mean; the values are means ± SEMs; 6 replicates. The linear and quadratic
differences are with respect to pyrroloquinoline quinone disodium levels. Means within a row lacking a
common letter are signi�cantly different (P < 0.05).

 

Table 2. Effects of dietary PQQ supplementation on diarrhea incidence (%) in weaned pigs 1
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Item Pyrroloquinoline quinone disodium levels (%) SEM P value

0 0.15 0.30 0.45

0~14, d   23.07a 22.32a 18.60a 13.24b 1.71  < 0.01

15~28, d   8.04 6.70 4.91 4.91 1.23 0.08

0~28, d   15.55a 14.51a 11.76ab 9.08b 1.29  < 0.01

1 SEM, standard error of the mean; the values are means ± SEMs; 6 replicates. Means within a row lacking
a common letter are signi�cantly different (P < 0.05). The incidence of diarrhea in pigs within a pen was
calculated as follows: Number of pigs with diarrhea in each pen × number of days of diarrhea /(total
number of pigs × number of days in the experiment) × 100.

 

Table 3. Effects of dietary PQQ supplementation on antioxidant activities in weaned pigs1
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Items Pyrroloquinoline quinone disodium levels (%) SEM P value

0 0.15 0.30 0.45 ANOVA Linear Quadratic

Serum

SOD,
U/mg

46.42b 47.04b 52.95a 50.24ab 1.37 0.01 0.09 0.23

GSH-Px,
U/mg

727.62b 688.16b 812.73a 908.16a 35.90 0.02 0.06 0.19

MDA,
nmol/mg

3.09a 2.52ab 2.30b 2.25b 0.20 < 0.01 < 0.01 0.07

CAT,
IU/mg

3.14 4.00 4.57 3.62 0.48 0.21 0.36 0.07

Liver

SOD,
U/mg

156.16b 161.53b 183.95ab 222.86a 11.10 < 0.01 < 0.01 0.15

GSH-Px,
U/mg

968.42b 974.70b 1041.32a 1029.44ab 17.14 < 0.01 0.12 0.49

MDA,
nmol/mg

3.38a 3.12a 1.45b 1.64b 0.32 0.01 0.05 0.60

CAT, U/mg 38.12 39.88 40.71 45.39 4.71 0.73 0.30 0.76

Heart

SOD,
U/mg

163.34 171.12 184.78 193.39 8.40 0.09 0.01 0.96

GSH-Px,
U/mg

500.78b 548.85a 544.61a 537.97a 19.24 < 0.01 0.09 0.06

MDA,
nmol/mg

3.53 4.41 2.82 1.66 0.35 0.31 0.23 0.17

CAT, U/mg 4.16 3.92 4.35 4.31 1.04 0.99 0.85 0.92

1 SEM, standard error of the mean; the values are means ± SEMs; 6 replicates. The linear and quadratic
differences are with respect to pyrroloquinoline quinone disodium levels. Means within a row lacking a
common letter are signi�cantly different (P < 0.05). Antioxidant activities are expressed per mg of protein.

 

Table 4. Effects of dietary PQQ supplementation on antioxidant activities in the intestinal tissues of
weaned pigs1
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Items Pyrroloquinoline quinone disodium levels
(%)

SEM P value

0 0.15 0.3 0.45 ANOVA Linear Quadratic

Duodenum                

SOD, U/mg 95.74 92.16 111.52 98.04 5.98 0.15 0.34   0.42

GSH-Px,
U/mg

85.20 100.79 105.69 103.41 5.09 0.05 0.51   0.10

MDA,
nmol/mg

0.67 0.90 0.68 0.68 0.06 0.05 0.08   0.09

CAT, U/mg 2.14 1.83 2.10 2.13 0.36 0.92 0.89   0.65

Jejunum                

SOD, U/mg 95.53b 106.08ab 114.80a 116.16a 4.60 0.02 <
0.01  

0.33

GSH-Px,
U/mg

102.32b 114.87a 119.05a 109.62ab 2.75 < 0.01 0.10 0.57

MDA,
nmol/mg

0.79a 0.72ab 0.45b 0.40b 0.09 0.01 <
0.01  

0.87

CAT, U/mg 2.22 1.86 2.54 2.43 0.39 0.64 0.46   0.75

Ileum                

SOD, U/mg 87.92 86.71 85.39 89.29 3.42 0.87 0.86   0.46

GSH-Px,
U/mg

103.08 98.32 113.41 108.90 5.50 0.27 0.34   0.98

MDA,
nmol/mg

1.35a 0.93b 0.81b 0.86b 0.11 0.01 0.20   0.05

CAT, U/mg 1.16 1.26 1.29 1.25 0.03 0.08 0.08   0.05

1 SEM, standard error of the mean; the values are means ± SEMs; 6 replicates. The linear and quadratic
differences are with respect to pyrroloquinoline quinone disodium levels. Means within a row lacking a
common letter are signi�cantly different (P < 0.05). Antioxidant activities are expressed per mg of protein.

 

Table 5. Effects of dietary PQQ supplementation on intestinal morphology in weaned pigs1
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Item Pyrroloquinoline quinone disodium levels
(%)

SEM P value

0 0.15 0.30 0.45 ANOVA Linear Quadratic

Duodenum                

Villus
height, μm

332.00b 347.67ab 426.67b 366.50ab 22.30 0.04  0.09   0.11  

Crypt depth,
μm

281.17 268.00 209.83 213.83 26.50 0.17  0.05   0.75  

Villus
height/Crypt
depth

1.22 1.36 2.22 1.99 0.29 0.08  0.06   0.53  

Jejunum                

Villus
height, μm

311.95 271.55 326.70 335.26 16.00 0.05  0.10   0.14  

Crypt depth,
μm

233.26a 181.51ab 135.27b 197.43a 15.00 < 0.01  0.11   < 0.01  

Villus
height/Crypt
depth

1.40b 1.54b 2.46a 1.71ab 0.16 < 0.01  0.32   0.01  

Ileum                

Villus
height, μm

275.51b 256.47b 363.13a 289.20ab 19.00 < 0.01  0.10   0.17  

Crypt depth,
μm

197.39a 164.37ab 131.28b 138.07b 14.10 0.02  0.13   0.18  

Villus
height/Crypt
depth

1.48b 1.58b 2.98a 2.56a 0.41 0.04  0.08   0.53  

1 SEM, standard error of the mean; the values are means ± SEMs; 6 replicates. The linear and quadratic
differences are with respect to pyrroloquinoline quinone disodium levels. Means within a row lacking a
common letter are signi�cantly different (P < 0.05).

 

Figures
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Figure 1

Effects of PQQ and H2O2 on cell viability in vitro. A, Cells were incubated with H2O2 for 2, 6, 18 and 24 h
at concentrations of 0, 200 μmol/L, 500 μmol/L, 800 μmol/L, 1 mmol/L, 1.5 mmol/L and 2 mmol/L; B,
Cells were incubated with PQQ at concentrations of 1 nmol/L, 10 nmol/L, 100 nmol/L, 1 μmol/L, 10
μmol/L and 100 μmol/L for 6, 18, 36 and 48 h; C, Cells were pretreated with PQQ for 6 h at concentrations
of 1 nmol/L, 10 nmol/L, or 100 nmol/L and were then treated with both H2O2 (200 μmol/L) and PQQ for
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another 2 h. Cell viability in all treatment groups were evaluated with a CCK-8 assay. CTRL, cells cultured
in basal medium; H2O2, cells cultured with 200 μmol/L H2O2; PQQ, cells cultured with 10 nmol/L PQQ for
6 h and then incubated with both 200 μmol/L H2O2 and 10 nmol/L PQQ for another 2 h. * denotes a
signi�cant difference (P < 0.05) with respect to the CTRL group. # denotes a signi�cant difference (P <
0.05) with respect to the H2O2 group. n = 6.

Figure 2
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Effects of PQQ on oxidative cytokines and tight junction proteins in cells cultured with H2O2. A-C, Levels
of SOD, GSH-Px and MDA in IPEC-J2 cells. D, Western blot analysis of ZO-1, ZO-2, ZO-3, Occludin, and
Claudin-1. Densitometric values were normalized to those of Tubulin. E, Statistical analysis of the data in
D. CTRL, cells cultured in basal medium; H2O2, cells cultured with 200 μmol/L H2O2; PQQ, cells cultured
with 10 nmol/L PQQ for 6 h and then incubated with both 200 μmol/L H2O2 and 10 nmol/L PQQ for
another 2 h. * denotes a signi�cant difference (P < 0.05) with respect to the CTRL group. # denotes a
signi�cant difference (P < 0.05) with respect to the H2O2 group. n = 3.
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Figure 3

Effects of PQQ on levels of ROS and ROS-regulating proteins in cells cultured with H2O2. A, Level of ROS
in IPEC-J2 cells. B, Western blot analysis of Bax, bcl-2 and Caspase-3. Densitometric values were
normalized to those of Tubulin. CTRL, cells cultured with basal medium; H2O2, cells cultured with 200
μmol/L H2O2 for 2 h; PQQ, cells cultured with 10 nmol/L PQQ for 6 h and then incubated with both 200
μmol/L H2O2 and 10 nmol/L PQQ for another 2 h. * denotes a signi�cant difference (P < 0.05) with
respect to the CTRL group. # denotes a signi�cant difference (P < 0.05) with respect to the H2O2 group. n
= 3.
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Figure 4

Effects of PQQ on proteins expression of Nrf2 and HO-1 in cells cultured with H2O2. A,
Immuno�uorescence staining of cytoplasmic and nuclear Nrf2 in IPEC-J2 cells. The scale bar represents
50 μm. B, Western blot analysis of nuclear Nrf2, cytoplasmic Nrf2, and HO-1. Densitometric values were
normalized to those of PCNA or β-actin, as appropriate; C-E, Statistical analysis of the data in B. CTRL,
cells cultured with basal medium; H2O2, cells cultured with 200 μmol/L H2O2 for 2 h; PQQ, cells cultured
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with 10 nmol/L PQQ for 6 h and then incubated with both 200 μmol/L H2O2 and 10 nmol/L PQQ for
another 2 h. n = 3.

Figure 5

Effects of PQQ on levels of Nrf2 and HO-1 in cells treated with siRNA. A, Nrf2 knockdown e�ciency in cells
transfected with three different sequences of Nrf2 siRNA or with NC siRNA. B and C, mRNA expression
levels of Nrf2 and HO-1 in IPEC-J2 cells transfected with or without Nrf2 siRNA-2. D, Western blot analysis
of Nrf2 and HO-1 in cells transfected with or without Nrf2 siRNA-2. E, Statistical analysis of the data in D.
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CTRL, cells cultured with basal medium; H2O2, cells cultured with 200 μmol/L H2O2 for 2 h; PQQ, cells
cultured with 10 nmol/L PQQ for 6 h and then incubated with both H2O2 (200 μmol/L) and PQQ (10
nmol/L) for another 2 h. NC siRNA, cells transfected with NC siRNA and then pretreated with PQQ for 6 h
prior to incubation with both PQQ and H2O2 for another 2 h. Nrf2 siRNA, cells transfected with Nrf2 siRNA-
2, pretreated with PQQ for 6 h, and then incubated with both PQQ and H2O2 for another 2 h. * denotes a
signi�cant difference (P < 0.05) with respect to the CTRL group. # denotes a signi�cant difference (P <
0.05) with respect to the H2O2 group. n = 3.
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Figure 6

Effects of PQQ on levels of ROS and ROS-regulated proteins in cells treated with siRNA. A, Level of ROS in
IPEC-J2 cells treated with or without Nrf2 siRNA-2. B-C, Ratio of Bcl-2/Bax mRNA levels and mRNA
expression levels of Caspase-3 in IPEC-J2 cells treated with or without Nrf2 siRNA-2. D, Western blot
analysis of cytoplasmic Bax, Bcl-2 and Caspase-3. Densitometric values were normalized to those of β-
actin. E, Statistical analysis of the data in D. F, Statistical analysis of the Bcl-2/Bax protein ratio. CTRL,
cells cultured with basal medium; H2O2, cells cultured with 200 μmol/L H2O2 for 2 h; PQQ, cells cultured
with 10 nmol/L PQQ for 6 h and then incubated with both H2O2 (200 μmol/L) and PQQ (10 nmol/L) for
another 2 h. NC siRNA, cells transfected with NC siRNA and then pretreated with PQQ for 6 h prior to
incubation with both PQQ and H2O2 for another 2 h. Nrf2 siRNA, cells transfected with Nrf2 siRNA-2,
pretreated with PQQ for 6 h, and then incubated with both PQQ and H2O2 for another 2 h. n = 3.
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Figure 7

Effects of PQQ on tight junctions expression and cell viability in cells treated with siRNA. A, Western blot
analysis of ZO-1, ZO-2, Occludin and Claudin-1 in IPEC-J2 cells treated with or without Nrf2 siRNA-2. The
densitometric values were normalized to those of β-actin. n = 3. B, Viability of IPEC-J2 cells treated with or
without Nrf2 siRNA-2 and incubated in the presence or absence of H2O2 or PQQ. CTRL, cells cultured with
basal medium; H2O2, cells cultured with 200 μmol/L H2O2 for 2 h; PQQ, cells cultured with 10 nmol/L
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PQQ for 6 h and then incubated with both H2O2 (200 μmol/L) and PQQ (10 nmol/L) for another 2 h. NC
siRNA, cells transfected with NC siRNA and then pretreated with PQQ for 6 h prior to incubation with both
PQQ and H2O2 for another 2 h. Nrf2 siRNA, cells transfected with Nrf2 siRNA-2, pretreated with PQQ for 6
h, and then incubated with both PQQ and H2O2 for another 2 h. n = 6. * denotes a signi�cant difference (P
< 0.05) with respect to the CTRL group. # denotes a signi�cant difference (P < 0.05) with respect to the
H2O2 group.
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