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A B S T R A C T   

Fermented foods have protective effects on body health. In our previously study, we found Lactiplantibacillus 
plantarum fermentation enhanced antioxidant activity of kiwifruit in vitro digestion. Then, in this work we 
explored the protective effect of fermented kiwi on intestinal injury induced by acute lipopolysaccharide (LPS) 
stress. Compared to non-fermented kiwi pulp (KP), Lactiplantibacillus plantarum fermented kiwi pulp (FKP-LP) 
contained more peptides, hormones and vitamins contents, lesser nucleic acid and carbohydrate contents. FKP-LP 
could relieve the intestinal injury by improving morphological of tight junction and upregulating tight junction 
proteins mRNA expression. Fermented kiwi maintained the mitochondrial morphology, mitochondrial respira-
tory function, and mitochondrial homeostasis, and relieved the LPS induced injury by regulating the contents of 
energy substances, and the respiratory chain complex enzyme activity through the pathway of AMPK and its 
downstream factors including PGC-1α, NRF1, NRF2, TFAM, and ULK2.   

1. Introduction 

Intestinal mucosa is the largest interface between the body and the 
external environment (Turner, 2009). Intestinal mucosal mechanical 
barrier can hinder the invasion of pathogenic microorganisms and 
toxins, maintaining the stability of the intestinal environment, which 
plays a key role in the body health (Chen et al., 2021; Turner, 2009). The 
mechanical barrier damage will lead to the increase of intestinal 
permeability, facilitate translocation of harmful substances and patho-
gens to the bloodstream, and induce some diseases, such as infections 
with intestinal pathogens, inflammatory bowel disease, irritable bowel 
syndrome, even systemic diseases such as obesity and diabetes (Gleeson, 
2017; König et al., 2016). Therefore, improving the damage of intestinal 
mucosal epithelial barrier function is crucial to maintain the health and 
prevent the diseases (Feng et al., 2017). 

The growing number of scientific research has revealed the positive 
impact of fermented foods on human health. The most widespread fer-
mented products are dairy products like yogurt. However, other food 
matrixes such as fruits, and vegetables have also been widely studied 
and showed many beneficial effects on health. Fruits are excellent 
matrices for lactic acid fermentation, based on their high content of 

carbohydrates, polyphenols, vitamins, minerals, and dietary fibers 
(Septembre-Malaterre, Remize, & Poucheret, 2018; Szutowska, 2020). 
According to the latest taxonomy, 12 genera of lactic acid bacteria are 
commercially used in the processing of various functional food products. 
Among these, Lactiplantibacillus is the most commonly used genus for the 
fermentation of fruits and vegetables (Carr, Chill, & Maida, 2002). 
Numerous studies have researched the changes of the components 
during juice fermentation processes, such as antioxidant activity, total 
phenolic, flavonoid and anthocyanin content (Szutowska, 2020). 
Fermentation of mulberry juice (Morus nigra) by different Lactiplanti-
bacillus strains contributed to a significant increase of total phenolics, 
anthocyanin, and flavonoid content, and to an improvement of antiox-
idant activity (Kwaw et al., 2018). Fermentation of cherry juice by a 
Lactiplantibacillus plantarum strain contributed to the bioconversion of 
protocatechuic acid into catechol and caffeic acid into dihydrocaffeic 
acid, both of which are characterized by a high bioavailability for 
humans (Filannino, Bai, Di Cagno, Gobbetti, & Gänzle, 2015). 

Lactiplantibacillus plantarum fermented pomegranate juice could be a 
potential treatment of some chronic inflammatory diseases, based on its 
inhibitory activity towards pro-inflammatory mediators (IL-4, IL-6, IL- 
17a, and TNFα) (Filannino et al., 2013). Administration of fermented 
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cactus pear juice by Lactiplantibacillus plantarum to obese mice caused a 
significant decrease in the body weight gain and ameliorated the insulin 
resistance, hyperglycemia, and hyperlipemia that characterize obesity 
(Verón et al., 2019). Carrot juice fermented by Lactiplantibacillus plan-
tarum regulated the levels of blood glucose and related hormones 
including insulin and glucagon in type-2- diabetic rats, which might 
have the potential for the treatment of diabetes (Li et al., 2014). The 
fermented tomato juice by Lactiplantibacillus plantarum was character-
ized by the largest improvement to intestinal barrier integrity (Valero- 
Cases, Roy, Frutos, & Anderson, 2017). 

Kiwifruit is a kind of nutritious fruit, containing high vitamin C, and 
dietary fiber, vitamin E and folate, as well as various bioactive compo-
nents, including a wide range of antioxidants, phytonutrients and en-
zymes, which benefits to digestive, immune and metabolic health 
(Richardson, Ansell, & Drummond, 2018). In our previously study, we 
found that compared to other, Lactiplantibacillus (such as Lactiplanti-
bacillus acidophilus and Lactiplantibacillus casei), kiwi fermented by Lac-
tiplantibacillus plantarum had higher antioxidant and living bacteria in 
vitro digestion (Chen, Yuan, Wang, Zhou, & Sun, 2021). Mitochondria, a 
sensitive site for free radical action, was easily to oxidative damage. 
Recent years, maintaining mitochondrial function had been recognized 
as the key to alleviating intestinal damage and promoting intestinal 
health. Polyphenol may promote mitochondrial biogenesis to ensure gut 
healthy. Whether kiwifruit fermented by L. plantarum can alleviate in-
testinal mitochondrial oxidative damage is not clear. 

In the present study, the constitution between fermented and un-
fermented kiwi were determined by non-targeted metabolomics. Later, 
fermented and non-fermented kiwi were supplemented to Sprague- 
Dawley rats to explore the preventive effect on intestinal injury 
induced by acute LPS (lipopolysaccharide) stress. 

2. Materials and methods 

2.1. Chemicals and reagents. 

Kiwifruit were from Guizhou SanJin ShengGuo Green Food Co., Ltd, 
Guiyang, China. Lactiplantibacillus plantarum were from Yaxin Biological 
Co., Ltd, Taiwan, China. Folin-Ciocalteu reagent, ethylene diamine tet-
raacetic acid, 2,2′-azo-bis-3-ethyl benzothiazoline-6-sulfonic acid, and 
sodium citrate were from Tianjin Fengchuan Chemical Reagent Co., Ltd. 

Hydroxyl radical detection kit, superoxide anion detection kit, 
Diamine oxidase (DAO) were purchased from Nanjing Jiancheng Bio-
logical Co., Ltd. RNA extraction kit (Trizol) were from Beyotime 
Biotechnology Co., Ltd. Genomic reverse transcription kit (Prime Script 
RT reagent Kit with g DNA Eraser, RT), PCR reaction kit (TB Green TM 
Premix Ex Taq TM II), Hematoxylin and Eosin Staining Kit (H&E), 
Catalase (CAT) kit, malondialdehyde (MDA) kit, total superoxide dis-
mutase (T-SOD) kit, glutathione peroxidase (GSH-px), and the respira-
tory chain complex enzyme activity (MRCC I, MRCC III, MRCC IV, and 
MRCC V) were from Shanghai Solarbio Bioscience & Technology Co., 
LTD. Chloroform, isopropyl alcohol, and absolute ethanol (analytically 
pure) were from Tianjin Kemiou Chemical Reagent Co., Ltd. 

2.2. Preparation of fermented kiwifruit pulp 

The ripe kiwi fruit were peeled, pulped, adjusted pH to 5.0 with 
sodium citrate, added 10 % sucrose, then putted in a water bath at 70 ◦C 
for 30 min, cooled to room temperature, divided it into jars (100 g fruit 
pulp in each jar). After that, the Lactiplantibacillus powder (commercial 
products, 1012 CFU/g, colony-forming unit, CFU) was determined the 
number of viable bacteria and then diluted in sterile water at a con-
centration of 106/mL, 0.1 mL of the solution was added to 100 g kiwi 
fruit pulp (105 CFU/100 g). Lactic acid bacteria were inoculated at 105 

CFU/100 g and fermented at 37 ◦C for 72 h. 

2.3. Determination of the change of the antioxidant capacity between 
fermented and nonfermented kiwi pulp 

The Lactiplantibacillus plantarum fermented kiwi pulp (FKP) and kiwi 
pulps (KP) samples (10 mL) was added 80 % methanol (30 mL), heated 
at 60 ◦C and 450 W for 20 min by ultrasound (KQ-500DE, Kunshan 
Ultrasonic Instruments Co., Ltd., Kunshan, China), and the supernatant 
was filtered for the subsequent determination. 

The total phenolic acid and the total flavone content were deter-
mined basically according to previous report (Singh, Kunwar, Sriniva-
san, Nanjan, & Priyadarsini, 2009; Zhang et al., 2013). Briefly, for total 
phenolic acids, 0.5 mL of water and 0.05 mL of the sample as described 
as above were added to a test tube. Folin-Ciocalteu reagent and of so-
dium carbonate (7 %) solution were added, and the absorbance of the 
solution was measured at 760 nm after 90 min. The measurements were 
compared with a standard calibration curve plotted for gallic acid so-
lution and the total phenolic content was expressed as gallic acid 
equivalents in mg/100 g of extract. 

For total phenolic acids, 1 mL of the sample, 1.5 mL of water, and 
0.75 mL of 5 % NaNO2, 0.75 mL of 10 % Al(NO3)3,10 mL of 4 % NaOH 
were added. Rutin was used as the standard and the total flavonoid 
content of the sample was expressed as rutin equivalent in mg/100 g at 
the absorbance of 510 nm. Determination of lactic acid bacteria content 
was performed according to GB 4789.35-2016. 

Determination of antioxidant capacity of DPPH (2,2-diphenyl-1- 
picrylhydrazyl) and ABTS (2,2′-azinobis-(3-ethyl- benzothiazoline-6- 
sulfonic acid)) were performed according to previously reports by 
LUO and RE (Luo, Zhao, Yang, Shen, & Rao, 2009; Re et al., 1999). 
Hydroxyl radical and superoxide anion radical scavenging ability were 
determined using an assay kit. 

2.4. Analysis of the effect of Lactiplantibacillus plantarum fermentation 
on the composition of kiwi fruit by untargeted metabolomics 

The composition of FKP-LP and KP was analyzed by non-targeted 
metabonomics technology, and the changes of differential metabolites 
of kiwifruit before and after Lactiplantibacillus plantarum fermentation 
were determined by multivariate statistical analysis method. For the 
pretreatment of UPLC, the sample mixed with same mass of water (100 
μL) was added 400 μL of 80 % methanal, mixed and stood in ice bath for 
5 min, then centrifured (D3024R, SCILOGEX, America) at 15000 × g for 
20 min at 4 ◦C. The supernatant was collected and for the consequent 
experiments. The Blank sample was 53 % methanal which was treated 
with the same pretreatment method of the sample. The UPLC-MS (Q 
ExactiveTM HF, ThermoFisher, USA) system was performed with Agilent 
UPLC C18 column (2.1 × 100 mm), mobile phase (A: 0.1 % methanoic 
acid, B: 5 mM ammonium acetate) and 0.2 mL/min of flow rate at 40 ◦C 
of column temperature. Both positive and negative ion modes are used 
for detection with at a spray voltage of 3.2 kV, sheath gas velocity of 40 
arb, auxiliary air velocity of 10 arb, capillary voltage of 320 ◦C. 

2.5. Animal experiment of LPS-damaged intestine of rats 

Male SD (Sprague–Dawley) rats weighing 200 ± 20 g were provided 
by the Guizhou Medical University Animal Center. The study was 
approved by the Ethics Committees of Guizhou Medical University. The 
rats were housed in cages under normal conditions at 20–25 ◦C under 55 
%-58 % humidity and under a 12-hr light/dark cycle. After 1 week of 
adaption, SD rats were randomly divided into 4 groups (n = 8, there 
were 8 rats in each group), the control group (Control), lipopolysac-
charide group (LPS), kiwifruit pulp with Lactiplantibacillus plantarum 
powder group (KP + LP, 1010 CFU/g Lactiplantibacillus plantarum were 
added to kiwi pulp, which the content of Lactiplantibacillus plantarum 
were similar with that in FKP, 10 g/kg/day), and kiwifruit pulp fer-
mented by Lactiplantibacillus plantarum fermented group (FKP-LP, 10 g/ 
kg/day). All animals were free access to diet (Standard feed provided by 
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the Guizhou Medical University Animal Center) and water. 
Animals were administrated as once a day for 4 weeks as described 

above, among which, control and LPS groups were administrated the 
same volume of distilled water. During the period, the body weight and 
food intake were recorded. On day 26th of the experiment, LPS (3 mg/ 
kg) were intraperitoneal injected in the rats of LPS, KP + LP, and FKP-LP 
groups for intestinal injury. On day 28th, after fasting 12 h, animals 
were anesthetized, and the plasma and the colon were collected. The 
plasma was centrifuged at 3000 r/min for 10 min at 4 ◦C. The colon was 
washed with saline, weighed, and portion of the colon were frozen and 
reserved at − 80 ◦C for consequent analysis. The other portion of colon 
was immersed in 10 % neutral paraformaldehyde solution and electron 
microscopy fixation solution, then reserved at 4 ◦C for consequent 
analysis. 

2.6. Analysis of effects of FKP-LP on DAO content and morphology of 
LPS-damaged intestine 

The activity of DAO in plasma and intestine was detected by spec-
trophotometry using DAO kit according to the instruction. Morpholog-
ical changes of colon of different groups were observed by pathological 
sections, and tight junctions of intestinal epithelial cells were observed 
by transmission electron microscopy to determine the effect of fer-
mented and unfermented kiwifruit pulp on LPS-damaged intestine of 
rats. 

Real-time PCR was used to detect tight junction protein gene 
expression (Claudin, Occludin and ZO-1) in the intestinal mucosa to 
further clarify the preventive effect of kiwifruit pulp on the damage of 
intestinal mucosal mechanical barrier in fermented and unfermented 
kiwifruit pulp. The primers for Claudin, Occludin and ZO-1 were shown 
in supplementary Table 1. 

For analysis of H&E staining, the intestine taken from rats were fixed 
in 10 % formaldehyde for 24 h. After the gradient dehydration with 
ethanol, xylene transparent, embedded in paraffin, the intestine tissue 
was precooled and sectioned (4–5 μm), and then stained with hema-
toxylin and eosin (H&E) and mounted with mounting medium. Images 
were captured with Ti2R optical inverted microscope (Nikon, Tokyo, 
Japan) at 100× magnification. 

For the observation with transmission electron microscope, the in-
testine taken from rats were fixed in 2.5 % glutaraldehyde for 24 h, 
stained with osmic acid, dehydrated by ethanol and acetone gradient, 
and added with epoxypropane for 20 min. The tissues were immersed 
with a mixture of epoxypropane and embedding medium (1:1) for 1 h, 
and then immersed by embedding medium for 3 h. The immersed tissues 
were fully polymerized at 35 ◦C, 45 ◦C and 60 ◦C for 12 h, 12 h and 24 h, 
respectively, and sliced. The sections were stained for 10 min with 
uranyl acetate, washed by distilled water, stained by lead citrate for 10 
min, and washed again with distilled water. The images were captured 
under transmission electron microscope. 

2.7. Analysis of effects of FKP-LP on mitochondrial activity of LPS- 
damaged intestine 

The activities of MDA, SOD, GSH and CAT in intestinal mitochondria 
were detected by spectrophotometry to clarify the damage mitigation 
effect of kiwifruit pulp on intestinal mucosal mechanical barrier before 
and after fermentation using T-SOD, MDA, CAT and GSH-px kit ac-
cording to the instructions. 

HPLC system was adapted to determine the content of ATP, ADP, and 
AMP. The tissue sample of 0.2 g was added 0.4 mol/L perchloric acid for 
2 min ultrasound, then stood in ice bath for 10 min, and centrifuged 
(3500r/min) for 10 min and filtered. The HPLC was employed with 
column of Agilent C18 (4.6 × 250 mm), flow rate of 1 mL/min, mobile 
phase (A: methanol, B: 50 mmol/L of KH2PO4) and detected at 254 nm 
and 30 ◦C of column temperature. 

The respiratory chain complex enzyme activity (MRCC I, MRCC III, 

MRCC IV, and MRCC V) was detected using commercial kit. 

2.8. Analysis of effects of FKP-LP on RNA expression of LPS-damaged 
intestine 

Total RNA was isolated from the frozen intestine samples with of 
Trizol according to the manufacturer’s instructions. The cDNA was 
prepared using the Genomic reverse transcription kit. The real time-PCR 
was performed on a fluorescence quantitative PCR instrument ((ABI-
viiA7, Applied Biosystems, Carlsbad, CA, USA) using the TB Green TM 
Premix Ex Taq TMII to determine the content of specific mRNAs. The 
values were normalized to β-actin mRNA compared to those of the 
control group. The primers used were as shown in supplementary 
Table 1. 

2.9. Statistical analysis 

The metabonomic analysis includes composition analysis of non- 
fermented and fermented kiwi by heatmap, principal components 
analysis (PCA), partial least squares-discriminant analysis (PLS-DA), the 
most important 25 metabolism between non-fermented and fermented 
kiwi were shown in box diagram, random forest analysis and metabolic 
pathway. To definition the typical differential metabolism between raw 
kiwi and fermented kiwi, T test was used, and the most important 25 
metabolites were selected by P-values from small to large. For random 
forest analysis, “Mean Decrease Accuracy” and “Mean Decrease Gini” 
were used to measure the importance of a metabolite in discriminating 
groups in the random forest. For enrichment analysis of metabolic 
pathway, significant differences between groups (T Test, p < 0.05) were 
selected, and which metabolic pathways these metabolites occur in was 
analyzed. By calculating the ORA (Over Representation Analysis) p 
values of these pathways, whether the metabolites of concern (metab-
olites with significant differences) significantly enriched in these 
metabolic pathways was analyzed. 

SPSS17.0 software was used. When the measurement data were 
normally distributed, they were described by mean ± standard devia-
tion, and when the data were in line with normal distribution and ho-
mogeneity of variance. One-way analysis of variance was used to 
compare the mean of multiple groups, SNK method was used when the 
variances were homogeneous, Games-Howell test was used when the 
variances were not homogeneous. P < 0.05 indicates statistical 
significance. 

3. Result 

3.1. Effects of Lactiplantibacillus plantarum fermentation on composition 
of kiwi fruit pulp 

In order to explore the different effect of raw kiwi and fermented 
kiwi on intestinal barrier function, firstly, we analyzed the composition 
changes in kiwi pulp after Lactiplantibacillus plantarum fermentation. In 
this section, antioxidant ability and small molecule metabolites between 
non-fermented and fermented kiwi were determined. Compared to raw 
kiwi pulp, fermented kiwi pulp showed higher antioxidant ability. After 
fermentation, the content of total phenolic acid and total flavonoid were 
increased from 116.49 mg/100 g, 19.94 mg/100 g to 157.00 mg/100 g, 
and 60.71 mg/100 g, respectively (P < 0.05). The scavenging activities 
of DPPH, ABTS, hydroxyl and superoxide anion radical were increased 
by 240.77 %, 20.83 %, 7.24 %, and 15.41 % in FKP-LP samples 
compared to KP (shown in supplementary Table 2). 

Changes in small molecule metabolites were detected by non- 
targeted metabonomics. The percentage accumulation of top 20 me-
tabolites under positive and negative ion modes were shown in Fig. 1A 
and B. In positive modes, the contents of D-threo-Isocitric acid, Indole-3- 
acrylic acid, DL-Tryptophan, 2-hydroxylpentanoic acid, 2-Hydroxyphe-
nylalanine were increased in FKP-LP when compared to KP, and the 
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contents of α-lactose, DL-arginine, Thr-Leu were decreased (Fig. 1A). 
These top 20 metabolites were contributed to 9 classes, as shown in 
Fig. 1C, compared to KP, the contents of peptides, organic acid, vitamins 
and cofactors, steroids, and hormones and transmitters in FKP-LP were 
increased, while the contents of nucleic acid, and lipids were decreased. 

In negative modes, compared to raw kiwi pulp, Lactiplantibacillus 
plantarum fermented kiwi pulp, the contents of citic acid, palmitic acid, 
surose, α,α-trehalose, DL-malic acid, guanosine, elaidic acid were 
decreased, and the contents of D-(-)-quninc acid, DL-α-methox-
yphenylacetic acid, 2-furoic acid, 2-hydroycaproic acid, citraconic acid 
were increased (Fig. 1B). These 20 compounds were divided into 8 
classes, by fermentation, the contes of lipids, peptides, vitamins and 
cofactors were increased, while organic acids, carbohydrates, nucleic 
acids were decreased (Fig. 1D). 

PCA (principal components analysis) and PLS-DA (partial least 

squares discriminant analysis) were used to analyze the differences be-
tween the two groups to establish a metabolomics model of kiwifruit 
pulp. From PCA score and PLS-DA score under positive (Fig. 1E and F) 
and negative (Fig. 1G and H) ion modes, the two groups in the figure are 
obviously distributed in different areas, it indicated that the metabolite 
composition and structure of the FKP-LP group and KP group were quite 
different. 

Later, in order to demonstrate the key metabolites influenced by 
fermentation, unidimensional statistical analysis was used, 25 metabo-
lites were selected by P-values. Under positive ion mode, 19 compounds 
were increased after fermentation, include artemisinin, 10-hydroxyde-
canoic acid, pyridoxamine, tras-zeatin etc., while 6 metabolites were 
decreased, such as dextromethorphan hydrobromide, tanespimycin, 16- 
heptyne-1,2,4-triol etc. (Fig. 2A). In negative model, 18 metabolites 
were increased in FKP-LP, there were methoxyestredol, 

Fig 1. Contents of the components of kiwifruit pulp (KP) and fermented kiwifruit pulp by Lactiplantibacillus plantarum (FKP-LP). (A) Histogram of percentage 
accumulation of top 20 metabolites under positive ion mode. (B) Histogram of percentage accumulation of top 20 metabolites under negative ion mode. (C) His-
togram of percentage accumulation of metabolites which playing biological roles under positive ion mode. (D) Histogram of percentage accumulation of metabolites 
which playing biological roles under negative ion mode. (E) Principal components analysis (PCA) scores plot of component under positive ion mode. (F) PCA scores 
plot of component under negative ion mode. (G) PLS-DA (Partial least squares-discriminant analysis) scores plot of component under positive ion mode. (H) PLS-DA 
scores plot of component under negative ion mode. 
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hydroxydecenoic acid, 3-methoxycarbonylamino-2,2,3-trimethylbuta-
noic acid, 2,6-dihydroxybenzoic acid etc., 7 metabolites were 
decreased, include N-acety-L-Asp-Glu, uridine, pantetheine etc. 

3.2. Preventive effects of fermented kiwifruit pulp on mechanical barrier 
damage of intestinal mucosa 

The effect of fermented kiwi pulp and kiwi pulp on intestine barrier 
function were investigated. Plasma endotoxin content and DAO activity, 
tight junction protein mRNA expression, intestine and intestinal 
epithelial cells morphology were determined. Elevated plasma DAO 
activity is considered to be a marker of impaired intestinal barrier 
function (Zhang et al., 2022). The plasma DAO activity in control rats 
were 4.77 U/L, after acute LPS stress it increased to 11.24 U/L (P <
0.05), content of LPS group was significantly higher than control group, 
which indicated that LPS stress caused the increase of plasma DAO 
content (Fig. 3A). However, the fermented kiwifruit pulp (FKP-LP) 
suppressed the plasma DAO content increase which caused by LPS. 

The mRNA expression (Clauding-1, ZO-1 and Occludin) of intestinal 
tight junction protein were analyzed as shown in Fig. 3B. The LPS 
intervention induced the significant declines of the mRNA level of 
Occludin, compared with control group (P < 0.05). However, the fer-
mented kiwifruit pulp (FKP-LP) suppressed the decline of mRNA level of 
Occludin. In the same way, the fermented kiwifruit pulp (FKP-LP) sup-
pressed the decline of mRNA level of Clauding-1 and ZO-1. 

The effects of FKP-LP on morphology were shown in Fig. 3C. In the 
control group, the structure of colonic mucosa was clear, and the glands 
were arranged in order. In rats which were injected intraperitoneally 
with LPS, the glands were disordered and accompanied by a large 
number of inflammatory cell infiltration, while the fermented kiwifruit 
pulp (FKP-LP) improved the disorders. Similarly, the transmission 
electron microscopy of colonic epithelial cells at 10 K magnification. In 
the control group, the tight junction structure between colonic epithelial 
cells of rats was clear, and obvious atretic protein was visible (Fig. 3D). 

Compared with the control group, the tight junction of intestinal 
epithelial cells in the LPS group were blurred and loose. However, the 
fermented kiwifruit pulp (FKP-LP) improved the tight junction of in-
testinal epithelial cells. 

3.3. Anti-oxidative effects of fermented kiwifruit pulp on the colon 
mitochondria 

In colonic mitochondria, LPS caused the level of MDA increased from 
39.60 nmol/mg prot into 60.85 nmol/mg prot, while supplementation 
with FKP-LP the content of MDA deceased to 46.73 nmol/mg prot (P <
0.05) (shown in Table 1). Compared to normal rats, the activities of 
GSH-px, T-SOD and CAT were decreased by 33.98 %, 25.00 %, and 
33.80 %, respectively in LPS injection rats. Administration with fer-
mented kiwifruit the activity of GSH-px, T-SOD and CAT were increased 
to 142.57 U/mg prot, 0.51 U/mg prot, and 30.44 U/mg prot, which 
showed significant differences (P < 0.05) compared to LPS group, 
showed no significant differences (P > 0.05) compared to normal rats. 
The activity of GSH-Px, CAT, and the content of MDA showed d no 
significant differences between KP + LP and LPS group. These results 
indicated kiwifruit fermented with LP had more effective effect on 
improving colonic mitochondria antioxidant. 

3.4. Effects of fermented kiwifruit pulp on intestinal mitochondrial 
function and gene expressions in respiratory chain 

We have known that LPS injection induced mitochondria oxidant, 
and these phenomena were improved by FKP-LP rather than KP + LP. 
Mitochondria were the main energy provider. Firstly, the contents of 
ATP, ADP, AMP, and total energy were detected by HPLC, the results 
were shown in Fig. 4A–D. After LPS injury, the contents of ATP, ADP, 
AMP and total energy increased compared with control group (P <
0.05). However, in FKP-LP group the contents of ATP, ADP, AMP and 
total energy were decreased to 52.59 ng/g, 3.42 ng/g, 329.43 ng/g, and 

Fig 2. Box diagram of metabolite difference under positive (A) and negative (B) ion mode.  
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384.85 ng/g respectively, which showed significant difference to LPS 
rats (P < 0.05), while showed no significant difference to normal rats (P 
> 0.05). In KP + LP group, only the content of ADP was decreased to 
normal value, the contents of ATP, AMP, and total energy showed no 
significant differences compared to LPS rats. 

ATP is produced through the mitochondrial respiratory chain, later 
the activities of respiratory chain complex enzyme were determined. 
From Fig. 4E–H, the MRCC III, MRCC IV and MRCC V increased, 
meanwhile MRCC I decreased significantly in LPS group compared with 
control group (P < 0.05). Whereas the increased activities of the MRCC 
III, MRCC IV and MRCC V, and the declined activity of the MRCC I were 

alleviated in KP + LP group and FKP-LP group. Compared with LPS 
group, the activity of MRCC I was increased to 180.79 U/mg prot, and 
activities of MRCC III and MRCC V were decreased to 0.64 U/mg prot 
and 64.30 U/mg prot (P < 0.05). 

The morphological changes of mitochondria in intestinal epithelial 
cells were observed by transmission electron microscope. The 
morphology of mitochondria in the control group was shaped regularly 
with obvious cristae structure, indicating that the morphology of mito-
chondria was complete (Fig. 4I). The outer membrane of mitochondria 
was deformed and broken in the LPS intervention group. After fer-
mented kiwifruit pulp intervention, the mitochondrial damage was 
alleviated in varying degrees, and the mitochondrial structure of FKP-LP 
compared to the LPS group was clearer, which was close to the 
morphology of mitochondria in the control group. 

3.5. Effects of fermented kiwifruit pulp on mitochondrial homeostasis 
regulation related proteins expression 

Mitochondrial homeostasis is the key to maintaining normal mito-
chondrial function. Mitochondrial homeostasis was regulated by various 
proteins, such as AMPK, PGC-1α et al. mRNA of AMPK, PGC-1α, NRF-1, 
NRF-2, TFAM and ULK-2 were analyzed, the results were shown in 
Fig. 5. 

Compared with control group, the LPS injury induced the increase of 
the relative mRNA expression of AMPK to 1.774 compared with control 
group (P < 0.05) (Fig. 5A), whereas the increase was alleviated in the 

Fig 3. The effects of the fermented kiwifruit on diamine oxidase (DAO) activity (A), the mRNA expression of Clauding-1, ZO-1 and Occludin of intestinal tight 
junction protein (B), and the HE staining of colon (C) and the transmission electron microscopic image of colonic epithelial cells with tight junctions (D). 

Table 1 
The effect of L. plantarum fermented kiwifruit on colon antioxidant capacity of 
LPS-stressed rats.  

Colonic 
mitochondria 

Control LPS KP + LP FKP-LP 

GSH-Px (U/ 
mgprot) 

105.63 ±
9.65b 

69.74 ±
10.78a 

57.27 ±
2.28a 

142.57 ±
32.11b 

T-SOD (U/mgprot) 0.48 ±
0.04b 

0.36 ±
0.04a 

0.47 ±
0.08b 

0.51 ± 0.06b 

CAT (U/mgprot) 26.60 ±
3.66bc 

17.61 ±
3.62a 

19.23 ±
4.59ab 

30.44 ±
7.17c 

MDA (nmol/ 
mgprot) 

39.60 ±
5.35a 

60.85 ±
6.05c 

55.67 ±
4.07c 

46.73 ±
3.78b  
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KP + LP group (0.232) and FKP-LP group (0.336), which showed sig-
nificant difference compared with LPS rats and also compared with 
normal rats (P < 0.05). 

In addition, the LPS injury induced the increase of the mRNA 
expression of PGC-1α, NRF-1, NRF-2, TFAM and ULK-2, which were the 
downstream factors of AMPK. After LPS injury, the relative mRNA 
expression related to mitochondrial biogenesis, such as PGC-1α, NRF-1, 
NRF-2, and TFAM were increased significantly (P < 0.05). While sup-
plemented with FKP-LP, it deceased to 0.53, 0.65, 0.263, and 2.344, had 
significantly differences with LPS rats. 

ULK-2 is related to mitochondria autophagy. The relative mRNA 
expression of ULK-2 increased significantly to 12.667 after LPS injury, 
while supplemented with KP + LP and FKP-LP, it deceased to 4.39 and 
1.802, which showed significant difference compared to LPS rats, and 
also normal rats (P < 0.05). 

4. Discussion 

Lactic acid bacteria fermentation has become an important trend in 
the development of nutritious and healthy food (Szutowska, 2020). 
Fermented foods are beneficial to intestinal health because of the lactic 
bacteria and its metabolites. The beneficial effects of lactic acid bacteria 
fermented food may play a role in protection of the intestinal barrier 
(Selhub, Logan, & Bested, 2014). Valero-Cases reported that the fer-
mented tomato juice showed the effect of the improvement of intestinal 
barrier integrity (Valero-Cases et al., 2017). In present study, the 
composition changes of fermented kiwifruit pulp were investigated and 

its preventive effects on intestinal injury and mitochondrial injury were 
investigated in SD rats. 

Firstly, we detected differences constitution between fermented and 
non-fermented kiwi. After fermentation the antioxidant activity were 
increased, such as the content of total phenols and flavonoids, and the 
scavenging activities of DPPH, ABTS and superoxide anion radical were 
higher in fermented kiwi. These phenomena were consistent with pre-
vious studies (Chen et al., 2021). Curiel et al. also reported that lactic 
acid fermentation could increase the content of total phenolic acid, total 
flavonoids and anthocyanins, and the content after fermentation is 5–10 
times higher than that before fermentation (Curiel et al., 2015). Filan-
nino et al. reported that the metabolic pathway of Lactiplantibacillus 
plantarum in cherry juice and broccoli juice is closely related to the 
chemical composition of fruit and vegetable substrates (Filannino, Di 
Cagno, & Gobbetti, 2018). 

The results of non-targeted metabonomics technology (Figs. 1-2) 
showed that the composition of kiwifruit pulp before and after Lacti-
plantibacillus plantarum fermentation changed significantly and the 
peptides, hormones and vitamins of kiwifruit pulp increased after 
fermentation. The specific digestive enzymes will be produced during 
the growth of lactic acid bacteria, causing corresponding changes in 
peptides and vitamins. Among the vitamins, VB6 (pyridoxamine) 
showed the most significant change, and its content increased signifi-
cantly after fermentation (P < 0.05). Previous study by Hamzehlo has 
reported that Lactiplantibacillus has strong capacity of the production of 
VB6 (Hamzehlou, Akhavan Sepahy, Mehrabian, & Hosseini, 2018). 

Lipopolysaccharide (LPS) is one of the components of gram-negative 

Fig 4. The effects of the fermented kiwifruit on intestinal mitochondrial energy metabolism of ATP (A), ADP (B), AMP (C) and total energy (D), the effects of the 
fermented kiwifruit on the content of MRCC I (E), MRCC III (F), MRCC IV (G) and MRCC V (H), and the effects of the fermented kiwifruit on the morphology of 
mitochondria. 
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bacteria cell walls, such as Escherichia coli, which could increase the 
intestinal permeability (Stephens & von der Weid, 2019). Diamine oxi-
dase (DAO) is a highly active intracellular enzyme in the villi of the 
upper intestinal mucosa of humans and mammals, which plays an 
important role in the metabolism of histamine and various polyamines 
(Luk, Bayless, & Baylin, 1980). Our results had shown that administra-
tion with fermented kiwi (FKP-LP) or non-fermented kiwi (KP + LP) all 
could suppressed the plasma DAO activity, which was increase which 
caused by LPS (Fig. 3A). It’s indicated either fermented kiwi or non-
fermented kiwi had positive effect on intestinal protection. Later, mRNA 
of tight junction protein, morphological by H&E and transmission 
electron microscopy were detected (Fig. 3C and D). 

The colon after LPS injury showed morphological changes, such as 
gland disorder and inflammatory cell infiltration, which were improved 
in the fermented kiwifruit pulp group. The tight junctions of colonic 
epithelial cells could be clearly observed under transmission electron 
microscopy. LPS caused intestinal tight junctions to break or even 
disappear, which was alleviated in the kiwi pulp intervention group. 
This was verified by the relative mRNA expression levels of intestinal 
tight junction proteins Occludin, claudin-1 and ZO-1 (Fig. 3B). Fer-
mented kiwifruit pulp can relieve the injury of the intestinal mucosa 
mechanical barrier by increasing the expression of Clauding-1, ZO-1 and 
Occludin. Previous study has reported that the fermented foods can in-
crease the expression of intestinal tight junctions and maintain the 
integrity of intestinal tract morphology and function. Woo et al. found 
that fermented barley could enhance the integrity of intestinal me-
chanical barrier by upregulating the expression of tight junction protein 
in intestinal epithelial cells, to prevent intestinal mucosal permeability 
damage caused by DSS (Woo et al., 2016). The results in this study 
indicated that the kiwifruit pulp after fermentation had a certain pre-
ventive effect on the stress damage of intestinal mucosal mechanical 
barrier. Its preventive effect is mainly to increase the expression of tight 

junction protein related genes in intestinal epithelial cells, to maintain 
the structural integrity of intestinal mucosal mechanical barrier. 

Oxidative damage is an important cause of intestinal injury induced 
by LPS. Mitochondria was the main place, which production of free 
radicals, however, it was easily be injured by free radical (Xu et al., 
2019). Then, the antioxidant activity in colonic mitochondria was 
detected (Table 1). The fermented kiwifruit pulp intervention could 
improve the damage of mitochondria caused by LPS, through effectively 
inhibit the expression of MDA in intestinal tract and intestinal mito-
chondria after LPS injury, and increase the expression of GSH-Px, SOD 
and CAT. Li et al. reported that Lactiplantibacillus plantarum fermented 
soymilk could effectively upregulate catalase (CAT), superoxide dis-
mutase (SOD), and glutathione peroxidase (GSH-Px) levels and decrease 
malondialdehyde (MDA) content in the liver, brain, and serum (Li et al., 
2021), which was consistent with our result in this study. Musa et al. also 
found that Lactobacilli-fermented cow’s milk attenuated the reduction of 
antioxidants (SOD and GPx) and increment of MDA, which induced by 
LPS (Musa et al., 2017). 

The previous results showed that the addition of fermented and non- 
fermented kiwifruit could alleviate the oxidative damage of mitochon-
dria. Next, we determined the structure and function of mitochondria 
(Fig. 4). Providing energy is the main function of mitochondria and is 
produced through the mitochondrial respiratory chain. The mitochon-
drial respiratory chain is located on mitochondrial inner membrane, 
consists of five complexes, NADH-Q dehydrogenase (MRCC I), 
succinate-Q dehydrogenase (MRCC II), UQ-cytochrome C oxidoreduc-
tase (MRCC III), cytochrome C oxidase (MRCC IV), and ATPase (MRCC 
V). In this study, the respiratory chain complex enzyme activity in LPS 
group (MRCC III, MRCC IV and MRCC V) increased, and its consistent 
with the increase of ATP, ADP, AMP, and total energy. While the 
intervention of fermented kiwifruit pulp inhibited the increase in 
varying degrees (Fig. 4E–H), which indicated that fermented kiwifruit 

Fig 5. The effects of fermented kiwifruit pulp on the expression of intestinal tight junction protein genes of AMPK (A), PGC-1α (B), NRF-1 (C), NRF-2 (D), TFAM (E) 
and ULK-2 (F). 
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pulp might reduce the stress reaction by LPS. It has been reported that 
the lipopolysaccharide was able to promote ATP release from macro-
phage cells (Sperlágh, Haskó, Németh, & Vizi, 1998). Peters et al. also 
observed that increased extracellular ATP concentrations following LPS 
incubation (Peters et al., 2015). Hoshino et al. found that the extracel-
lular concentration of ATP was increased soon after stimulation with 
LPS and peaked at 10 to 20 min in THP-1 human monocytes (Hoshino 
et al., 2013). Imura et al. reported that lipopolysaccharide increased the 
ionomycin-induced release of ATP, which was dependent on the in-
crease in vesicular nucleotide transporter (Imura et al., 2013). 

Mitochondrial form and function are intimately connected in normal 
cells, playing an essential role of meeting the energy requirements of the 
cell. Numerous cellular processes are dependent upon healthy mito-
chondria for an adequate energy supply. From the view of the 
morphology of mitochondria, the outer membrane of mitochondria was 
deformed and broken caused by LPS. After fermented kiwifruit pulp 
intervention, the mitochondrial damage and mitochondrial stress (as 
shown by lower energy production and respiratory chain activity, 
compared to LPS) was alleviated, and the mitochondrial structure were 
improved (Fig. 4I). AMPK is the control center for energy metabolism in 
cells, and play a key role in controlling mitochondrial homeostasis (Li 
et al., 2016). Then, AMPK and its downstream molecules were deter-
mined. Firstly, AMPK could regulation mitochondrial biogenesis to in-
crease the number of mitochondria. PGC-1α is an important downstream 
molecule, when PGC-1α is activated by AMPK, it increased the expres-
sion of NRF1/NRF2-TFAM. TFAM a regulator of mitochondrial DNA 
replication and transcription, increased TFAM promote mitochondrial 
biogenesis and increase the number of mitochondria. Secondly, AMPK 
could influence mitochondria autophagy. Mitochondria autophagy is a 
manner that to clearance the damaged mitochondria, ensuring mito-
chondrial quality. ULK is an important molecule, which can initiate 
mitochondrial autophagy, and it can be activated by AMPK. 

The role of AMPK in LPS treatment is controversial. Some studies 
reported that LPS could increase AMPK expression. Chang et al. reported 
that LPS induced cPLA2 gene expression via activation of AMPK in 
preadipocytes (Chang et al., 2019). Chen et al. reported that LPS treat-
ment led to a dramatic increase in autophagosome formation, which was 
mediated through the AKT-mTOR and AMPK-ULK1 pathway by 
increasing AMPK expression (Chen, Liu, Yang, & Ling, 2017). In this 
study, LPS injury increased AMPK and its downstream molecules (PGC- 
1α, NRF-1, NRF-2, TFAM and ULK-2) expression (Fig. 5), as well as ATP 
production. The reason for this phenomenon may be that high doses of 
LPS were injected, after 48 h of this acute LPS stress animals were 
slaughtered, at this time rats maybe in an acute stress period, in order to 
cope with injury compensatory pathways were initiated, such as 
increased mitochondria biogenesis and autophagy, and ATP production. 
When early intervention by FKP, the stress response of rats induced by 
LPS were decreased, lowered ATP production, and mitochondria 
biogenesis and autophagy related protein’s mRNA expression. 

Some articles reported increased AMPK expression may improve the 
injury. Chang et al. reported that 6-Gingerol could modulate proin-
flammatory responses in dextran sodium sulfate (DSS)-treated Caco-2 
cells and experimental colitis in mice through AMPK activation 
(Chang & Kuo, 2015). Cao et al. reported that curcumin could amelio-
rate oxidative stress-induced intestinal barrier injury and mitochondrial 
damage by promoting Parkin dependent mitophagy through AMPK 
signal pathway (Cao et al., 2020). In our study, supplementation FKP the 
expression of AMPK and its downstream molecules were decreased, that 
maybe due to animals’ status, because LPS increased AMPK expression. 

5. Conclusions 

In conclusion, we demonstrated that Lactiplantibacillus plantarum 
fermentation could improve the antioxidant capacity, change the 
composition of kiwifruit pulp, and fermented kiwifruit pulp could 
relieve the LPS injury of the intestine targeting mitochondria. The 

mechanism might contribute to reduced mitochondrial stress response, 
which regulated by AMPK pathway and its downstream factors, 
including PGC-1α, NRF-1, NRF-2, TFAM and ULK-2. These findings 
spotlight the protective role of fermented kiwifruit pulp on the intestinal 
damage, which provides theoretical support for fermented foods on in-
testinal health. 
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