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Abstract
Ferulic acid, a phenolic antioxidant,  is  widely utilized for its antioxidative properties.  The roles of
ferulic acid in regulating intestinal redox potential and alleviating chronic diarrhea were investigated
in this  study.  Through in vitro antioxidant activity and in vivo tests,  ferulic acid exhibited a more
pronounced  capacity  in  reducing  the  intestinal  redox  potential  of  rats  than  other  common
antioxidants. Meanwhile, ferulic acid significantly enriched the abundance of Actinobacteriota while
reducing  the Lachnospiraceae_NK4A136_group in  the  colon.  Metabolomics  analysis  revealed  that
ferulic acid treatment resulted in a two-fold increase of reductive metabolites in the colon, thereby
contributing  to  the  maintenance  of  a  lower  intestinal  redox  potential.  A  diarrheal  rat  model  was
induced  by  magnesium  citrate  to  validate  the  roles  of  ferulic  acid  in  alleviating  chronic  diarrhea.
Ferulic  acid  effectively  reduces  the  diarrhea  index  to  prevent  the  expansion  of  Bacteroidota  by
maintaining a low intestinal redox potential. Simultaneously, ferulic acid significantly enhanced the
abundance  of Blautia during  diarrhea,  facilitating  a  more  rapid  recovery  of  intestinal  microbiota.
Lachnospiraceae_NK4A136_group made  a  notable  contribution  to  the  high  redox  potential.  The
findings  suggest  that  redox  potential  is  a  promising  target  for  alleviating  diarrhea,  and  provides
novel insights into the mechanism by which ferulic acid regulates the health of animals or humans.
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Introduction
The compound ferulic acid (FA) is derived from the resin of asafetida, a
perennial herb belonging to the Umbelliferaceae family. Within the plant
kingdom,  FA  serves  as  a  prevalent  phenolic  acid  with  diverse  health
benefits, encompassing its role as an efficacious scavenger of free radicals,
antithrombotic  and  antibacterial  agent,  modulator  of  inflammation,
among  other  effects[1].  The  physiological  functions  of  FA  as  an  anti-
oxidant  are  numerous,  although  its  mechanism  is  not  fully  understood
compared to other antioxidants.

The redox potential  value serves as a macroscopic manifestation of
intricate  reactions  occurring  within  the  intestinal  environment.  Fluc-
tuations  in  redox  potential  are  intricately  associated  with  the  multi-
faceted  response  of  intestinal  bacteria  and  overall  gastrointestinal
health[2].  Diarrhea  frequently  co-occurs  with  inflammation,  resulting
in alterations in the microbial composition of the gut as bacteria flour-
ish  in  an  inflammatory  and  oxygen-rich  environment.  Intestinal
dysbiosis is characterized by enhanced respiratory metabolism of aero-
bic  bacteria,  elevated  redox  potential[3].  This  ecological  imbalance
provides  electron  acceptors  for  cellular  metabolism,  thereby  prompt-
ing microorganisms to prefer metabolic reactions with higher thermo-
dynamic  redox  potential  energy[4].  Conversely,  due  to  the  anaerobic
environment,  metabolic  reactions  with  lower  oxidation-reduction
potential  energy  are  favored  in  thermodynamics  within  a  healthy
organism[5].  Therefore,  it  is  crucial  to  regulate  the intestinal  chemical

environment  to  reduce  redox  potential  and  promote  stability  within
the intestinal microecology while reducing the occurrence of diarrhea.
Research has substantiated that dietary consumption of phenolic acids
can augment gut functionality through their anti-inflammatory prop-
erties  on  the  gastrointestinal  tract  and  modulation  of  the  gut  micro-
biome[6]. The multifaceted regulatory functions of the intestinal micro-
biota  primarily  stem  from  its  metabolic  capacity  and  the  array  of
metabolites  it  generates[7].  These  microbial  metabolites  regulate  host
homeostasis  through  various  mechanisms,  while  polyphenols  modu-
late the composition and metabolism of the intestinal microbiome[8,9].
Consumption  of  antioxidant-rich  foods  could  serve  as  an  effective
strategy for  modulating the  oxygen environment  within the  gastroin-
testinal tract[10,11].

The  magnesium  citrate  diarrhea  model  involves  administering  a
hypertonic  solution of  magnesium citrate  to  animals,  which is  poorly
absorbed  by  the  body  and  leads  to  the  development  of  chronic  diar-
rhea  in  rats[12].  Nutritional  chronic  diarrhea  commonly  manifests  in
weaned  piglets  during  clinical  production.  Diarrhea  often  coincides
with  intestinal  Enterobacter  dilatation,  and  the  heightened  oxygen
content  within  the  intestine  leads  to  an  elevation  in  intestinal  redox
potential,  thereby  facilitating  intestinal Escherichia  coli dilatation[13].
Given  the  association  between  intestinal  redox  potential  and  host
susceptibility to pathogenic bacteria,  it  is  worth investigating whether
low  redox  potential  correlates  with  nutritional  diarrhea.  Therefore,
studying  the  pathogenesis,  drug  efficacy,  and  nutritional  support  of
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chronic diarrhea holds significant clinical value. As an antioxidant, FA
possesses  a  diverse  range  of  physiological  functions.  However,  the
precise  mechanism  underlying  its  antioxidative  properties  remains
incompletely understood. Antioxidants can modulate the redox poten-
tial  within  the  gastrointestinal  tract.  Despite  limited  research  on
mammals, it is worth noting that apart from its antioxidant effects, FA
may exert  influence  on  intestinal  redox  potential  through the  regula-
tion of gut microflora and metabolites. Notably, there existed a corre-
lation between redox potential and intestinal health (e.g.,  diarrhea) in
animals.  Consequently,  further  investigation  is  warranted  to  explore
whether  FA  can  alleviate  diarrhea  by  mitigating  redox  potential.  The
current study will provide new insights for modulating intestinal redox
potential and alleviating chronic diarrhea. 

Materials and methods
 

Evaluating of different antioxidants on regulating redox
potential ability 

Antioxidant assays in vitro
The  assessment  of  antioxidant  activity in  vitro was  conducted  using
various  concentrations  of  antioxidants,  as  outlined  in  the  references[14].
Antioxidants including chemical classes [Ethoxyquin (EQ, HPLC, 94.7%)
and  butylated  hydroxytoluene  (BHT,  HPLC,  98.1%)],  polyphenols  (FA,
Supplementary  Information  1,  HPLC,  99.9%  and  resveratrol,  HPLC,
99.8%),  natural  pigments  (anthocyanin,  HPLC,  95.1%  and  carotene,
HPLC,  99.3%),  vitamins  [vitamin  C (VC,  HPLC,  95.2%)  and  vitamin  E
(VE,  HPLC,  93.6%)]  and  rutin  (HPLC,  96.3%)  were  evaluated  2,2'-
diphenyl-1-picrylhydrazyl  (DPPH),  2,2'-azino-bis  (3-ethylbenzothia-
zoline-6-sulfonic  acid)  (ABTS)  and  ferric-reducing  antioxidant  power
(FRAP) activity. All antioxidants were purchased from Shanghai Yuanye
Biotechnology  Co.,  Ltd.  (Shanghai,  China).  The  DPPH  scavenging
activity of antioxidants was assessed using the DPPH scavenging assay kit
(Solarbio, Beijing, China). Briefly, a 10 µL sample was combined with 190
µL  of  DPPH  working  solution  and  incubated  in  darkness  at  room
temperature for 30 min. Subsequently,  absorbance was measured at  515
nm.  The  percentage  of  DPPH  free  radical  scavenging  rate  (%)  was
calculated  using  the  formula:  [As0 − (As1− As2)]  /  As0 ×  100,  where  As0
represents  the  absorbance  of  the  control  group  (dH2O  replaces  the
sample solution), As1 represents the absorbance of the sample mixed with
DPPH solution, and As2 represents the absorbance with only the sample
solution.  The  ABTS  clearance  assay  kit  was  employed  to  evaluate  the
ABTS scavenging activity of nine antioxidants[15]. Briefly, a 10 µL sample
was added to 190 µL of ABTS working solution at ambient temperature
and  incubated  in  the  absence  of  light  for  6  min.  Subsequently,  the
absorbance was measured at 405 nm. The percentage scavenging rate of
ABTS free radicals can be calculated using the formula (%) = [As0 − (As1
− As2)]  /  As0 ×  100,  where  As0 represents  the  absorbance  of  the  control
group  (replacing  the  sample  solution  with  dH2O),  As1 represents  the
absorbance  of  the  sample  mixed  with  ABTS,  and  As2 represents  the
absorbance  of  an  individual  sample  solution.  Ferric-reducing  activity  of
antioxidants was evaluated using the FRAP assay kit (Yuanye, Shanghai,
China)  according  to  the  manual  instructions.  Briefly,  264  µL  FRAP
working solution was added to 30 µL of  sample and incubated at  37 °C
for  30  min.  The  absorbance  was  measured  at  593  nm.  The  results  were
expressed as Fe2+ quivalents. 

Intervention experiments of different antioxidants in vivo
EQ, FA, rutin, and resveratrol antioxidants were screened based on FRAP
analysis.  Six-week  old  male  sprague-dawley  (SD)  rats  (average  initial
weight 150 g) were purchased from Cavens Biogle (Suzhou, China) and
allowed  to  acclimatize  to  the  animal  facility  environment  for  a  week
before the experiments. All rats had ad libitum access to food and water.
Thirty rats were randomly divided into five groups, i.e., the control (n =
6) group, EQ (n = 6),  FA (n = 6),  rutin (n = 6),  and resveratrol  (n = 6)
groups.  The experimental  rats  were individually  housed in a  single  cage

with an iron frame at the bottom. Refer to Supplementary Information 2
and Supplementary Information 3 for an inventory of various antioxidant
dietary  formulations.  In  detail,  low  and  high  concentrations  of
antioxidants  were  supplemented  into  the  daily  ration  of  rats  in  the  EQ,
FA, rutin, and resveratrol groups. After the end of the low concentration
of  antioxidants  intervention  period,  the  high  concentration  of
antioxidants intervention began after feeding the antioxidant-free diet for
one week.  All  interventions continued for  15 d.  During the experiment,
fresh fecal samples were collected daily for redox potential measurements.
Finally, all rats were euthanized by CO2 asphyxiation, ileum and colonic
tissues,  and  digesta  were  collected.  Samples  were  immediately  snap-
frozen and transferred for storage at −80 °C until further 16S rRNA gene
sequencing and metabolite analysis. 

Rat diarrhea model induced with magnesium citrate
A  magnesium  citrate-induced  diarrhea  model[12] was  established  using
6-week-old SD rats. Thirty rats were randomly divided into three groups:
Con (no treatment; n = 10); ConMg (Chronic Mg-induced diarrhea; n =
10),  and  FAMg  (a  diet  supplemented  with  FA  in  chronic  Mg-induced
diarrhea;  n = 10).  Throughout the experiment,  rats  in Con and ConMg
groups were provided with a standard diet and had ad libitum access to
feed and water. Rats in the FAMg group were given a diet enriched with
FA  antioxidant  along  with ad  libitum access  to  feed  and  water.  The
experimental rats were individually housed in a cage with an iron frame
at the bottom. After 10 d of feeding, the corresponding chronic diarrhea
model  was  established.  The  weight,  water  intake,  redox  potential,  and
diarrhea  index  were  measured  at  consistent  time  points.  The  fecal
samples  of  days  7,  17,  and  24  were  immediately  snap-frozen  and
transferred for storage at −80 °C for further 16S rRNA gene sequencing
analysis. 

Redox potential measurement
Fresh  feces  and  intestinal  digesta  were  collected  in  a  pre-filled  zip-lock
bag with CO2, ensuring that each sampling point was controlled within a
half-hour timeframe. After sample collection, it was promptly sealed and
mixed before determining the redox potential. Subsequently, the samples
were collected using freeze-storage tubes free from dnases and rnases to
preserve  their  microbial  composition  and  antioxidant  capacity.  All
samples were initially flash-frozen in liquid nitrogen and then transferred
to a −80 °C freezer. In accordance with our previous methodology[13], the
redox potential of feces and intestinal digesta was measured using a direct
method. The fecal redox potential in the diarrhea model was determined
through a dilution method. 

Observation of diarrhea
The characteristics and color of the feces were observed. Each rat's loose
feces and formed feces were counted daily, and the diameter of each loose
feces was measured using a divider and scale. Diarrhea rate and diarrhea
index[12] were  primary  indicators  to  evaluate  diarrhea  severity.  Loose
feces rate = Number of loose feces per animal ÷ Total number of feces per
animal.  The  grading  system  for  watery  feces  consistency  is  based  on
diameter: < 1 cm is grade 1, ~1.9 cm is grade 2, 2~3 cm is grade 3, and > 3
cm is grade 4. Average watery feces consistency = Total volume of watery
feces ÷ Number of watery feces. 

Determination of T-AOC, SOD, ROS, and MDA in
intestine
Colon and ileal tissue were excised, rinsed with ice-cold saline, and dried
with filter paper. Then, the samples were homogenized with 0.1 g/mL wet
weight of ice-cold physiological saline in a glass Teflon homogenizer for
3  min  at  4  °C[16],  which  was  followed  by  centrifugation  at  2,000×  g  for
20  min  at  4  °C.  The  supernatant  was  collected  and  used  for  the  deter-
mination  of  total  antioxidant  capacity  (T-AOC),  superoxide  dismutase
(SOD),  reactive  oxygen  species  (ROS),  and  malondialdehyde  (MDA)
using  commercial  kits  (Solarbio,  Beijing,  China).  Please  refer  to
Supplementary Information 4 for detailed procedures. 
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16S rRNA gene sequencing and processing
The microbial DNA was extracted from frozen intestinal digesta and fecal
samples using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Norcross,
GA,  USA)  following  the  manufacturer's  recommended  protocols.  DNA
concentration  and  integrity  were  measured  with  Nanodrop  2000
(Thermo  Fisher  Scientific,  USA)  and  agarose  gel  electrophoresis.
Extracted  DNA  was  stored  at −20  °C  until  further  processing.  The
extracted DNA was used as a template for PCR amplification of bacteria.
16S rRNA genes with the barcoded primers and takara ex taq (Takara).
For  bacterial  diversity  analysis[17],  V3−V4 variable  regions  of  16S  rRNA
genes was amplified with universal primers 343F (5'-TACGGRAGGCA-
GCAG-3') and 798R (5'-AGGGTATCTAATCCT-3') for V3−V4 regions.
The  unweighted  unifrac  distance  matrix  performed  by  R  package  was
used for unweighted unifrac principal coordinates analysis to estimate the
beta diversity[18]. Then the R package was used to analyze the significant
differences  between  different  groups  using  the  wilcoxon  statistical  test.
The  linear  discriminant  analysis  effect  size  (LEfSe)  method  was  used  to
compare the taxonomy abundance spectrum[19]. 

Metabolome analysis
The metabolomic analysis was performed by Shanghai Luming Biological
Technology  Co.,  Ltd  (Shanghai,  China).  An  qcquity  uplc  I-class  plus
(Waters  Corporation,  Milford,  USA)  fitted  with  q-exactive  mass
spectrometer  equipped  with  heated  electrospray  ionization  (ESI)  source
(Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the
metabolic profiling in both ESI positive and ESI negative ion modes. The
original  LC-MS  data  were  processed  by  software  progenesis  QI  V2.3
(Nonlinear,  Dynamics,  Newcastle,  UK)  for  baseline  filtering,  peak
identification,  integral,  retention  time  correction,  peak  alignment,  and
normalization.  Compound identification  was  based  on  precise  mass-to-
charge ratio (M/z), secondary fragments, and isotopic distribution using
the human metabolome database (HMDB), lipidmaps (V2.3), metlin, and
self-built  databases.  The  extracted  data  were  then  further  processed  by
removing any peaks with a missing value (ion intensity = 0) in more than
50% in groups, by replacing zero value with half of the minimum value,
and  by  screening  according  to  the  qualitative  results  of  the  compound.
The matrix was imported in R to carry out principal component analysis
(PCoA)  to  observe  the  overall  distribution  among  the  samples  and  the
stability  of  the  whole  analysis  process.  A  two-tailed  student’s t-test  was
further  used  to  verify  whether  the  metabolites  of  difference  between
groups were significant. 

Data calculation and statistical analyses
Statistically  significant  differences  were  performed  using  SPSS  Statistics
23.0  software  and p <  0.05  presented  the  statistical  significance  of
differences.  All  data  are  expressed  as  mean  ±  SD.  Correlations  between
datasets were calculated using Pearman rank correlation. Besides, specific
details of the statistical analyses for all experiments were displayed in the
figure legends and results section. 

Results
 

Comparison of the ability of different antioxidants to
reduce gut redox potential
All types of antioxidants exhibited high DPPH clearance (Supplementary
Information 5, Fig.  1a),  and different antioxidants of  the same type also
displayed  differences  in  the  clearance  of  ABTS  (Supplementary
Information  6, Fig.  1b).  Both  VE  and  carotene  had  poor  clearances  of
DPPH and ABTS. FRAP assay involved the reduction of Fe3+ to Fe2+ by
the  antioxidant  in  the  sample,  resulting  in  the  formation  of  a  stable
orange-red  complex  with  phenolines  and  exhibiting  a  characteristic
absorption peak at a wavelength of 520 nm (Supplementary Information
7, Fig. 1c). Based on FRAP analysis,  EQ, FA, rutin, and resveratrol were
selected for in vivo testing.  The effect  of  different antioxidants on redox
potential  was  analyzed via a  one-way  analysis  of  variance.  Then,  the

dynamic  changes  of  redox  potential  were  not  significant  under  the
intervention  of  low  concentration  of  FA  (Fig.  1d).  However,  at  high
concentration, FA showed a significant reduction in fecal redox potential.
The  subsequent  reduction  of  the  redox  potential  was  observed  with
resveratrol  and  rutin,  followed  by  EQ  (Fig.  1e).  The  ratio  of  Δredox
potential  to  FRAP  in  high-concentration  intervention  test  could  be
utilized  for  assessing  the  reduction  rate  of  antioxidants  on  redox
potential.  The  results  showed  that  FA  exhibited  the  highest  ratio  of
Δredox  potential  to  FRAP  (Fig.  1f).  Furthermore,  compared  to  other
antioxidants, FA also displayed the capacity to reduce the redox potential
of ileal (Fig. 1g) and colonic (Fig. 1h) digesta. 

Effects of FA supplementation on gut microbiota in rats
Based on the observed effects of FA on fecal redox potential, the impact of
FA  on  intestinal  microbial  communities  was  further  investigated.
According to the Venn diagram (Fig.  2a),  2,311 ASVs were clustered in
colonic digesta, in which 427 and 428 ASVs were unique in the Con and
FA  groups,  respectively.  As  shown  in Fig.  2b,  compared  with  the  Con
group,  FA  supplementation  had  no  significant  effect  on  α-diversity
(Chao1, Ace) of ileal and colonic microbiota (p > 0.05). Moreover, a plot
of  principal  coordinate  analysis  (Fig.  2c)  showed  that  there  was  no
separation  of  colonic  microbiota  between  the  two  groups  (p >  0.05).
However, FA significantly decreased colon redox potential and increased
the abundance of Actinobacteriota (Fig. 2d; p < 0.05). At the genus level,
FA significantly decreased the abundance of Prevotella and Rodentibacter
and enhanced the abundance of Corynebacterium, Christensenellaceae_R-
7_group in the colon (Fig. 2e; p < 0.05). LEfSe analysis was performed for
diverse  taxa  compared  with  the  integration  of  ileum  and  colon
microflora. Eubacterium sraeum_group was the only distinctive genus in
the FA ileum microbiome. Actinomycetes, Christensenellaceae_R-7_group,
Erysipelatoclostridium and Paludicola were enriched by FA treatment in
the colon (Fig. 2f). Prevotella and Lachnospiraceae_NK4A136_group were
enriched in the colon of the Con group. 

Effects of FA supplementation on metabolites in the gut
of rats
The  volcano  plot  showed  that  48  differentially  metabolites  (15  up-
regulated and 33 downregulated) were identified in ileal digesta (Fig. 3a)
and  255  differentially  metabolites  (111  up-regulated  and  144  down-
regulated)  were  identified  in  colonic  digesta  (Fig.  3c).  Overall,  the  most
significant  downregulated  metabolite  was  gluconic  acid  in  ileal  digesta
(Fig. 3b; p < 0.05) and alpha-muricholic acid in colonic digesta. Whereas
the most significant up-regulated metabolite was tic10 in ileal digesta and
azelaic acid in colonic digesta (Fig. 3d; p < 0.05). The chemical properties
of  differential  metabolites  were  classified  based  on  Funmeta
(https://funmeta.oebiotech.com/).  The  results  showed  that  FA increased
the proportion of  reductive metabolites  in up-regulated metabolites  and
decreased  the  proportion  of  oxidizing  metabolites  in  down-regulated
metabolites  (Fig.  3e & f).  Furthermore,  D-fructose  was  found  to  be  a
reductive metabolite that was significantly up-regulated in the ileum (Fig.
3g; p < 0.05) but down-regulated in the colon (Fig.  3h; p < 0.05).  In the
ileum (Fig. 3i), the differential metabolites were predominantly enriched
in lipoic  acid metabolism and pentose  phosphate  pathway,  as  well  as  in
galactose metabolism and amino sugar and nucleotide sugar metabolism.
On the other hand, the differential metabolites in the colon (Fig. 3j) were
significantly  enriched  in  metabolic  pathways  such  as  linoleic  acid
metabolism,  fructose  and  mannose  metabolism,  and  taurine  and
hypotaurine metabolism. 

Improvement of intestinal antioxidant activity by FA
supplementation
The  intestinal  redox  potential  is  closely  associated  with  the  activity  of
antioxidants in the intestine. FA significantly increased T-AOC level (Fig.
4a)  and  decreased  MDA  level  (Fig.  4d)  in  ileal  and  colonic  tissue  (p <
0.05).  In  addition,  FA  significantly  increased  SOD  (Fig.  4b)  and  ROS
levels  (Fig.  4c)  in  ileal  tissue  (p <  0.05).  Pearman  correlation  analysis
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showed that the redox potential of ileum and colon were both negatively
correlated with T-AOC (Fig. 4e & i). Additionally, a negative correlation
between  colonic  redox  potential  and  MDA  level  was  observed  (Fig.  4l),
but  no significant  correlation in  ileal  was  found (Fig.  4h).  Furthermore,
the  SOD  (Fig.  4f & j)  and  ROS  (Fig.  4g & k)  levels  had  no  significant
association with redox potential in both the ileum and colon. Correlation
heat  map  analysis  showed  that  metabolites  including  l-phenylalanyl-l-
proline, aspartyl-cysteine, and D-fructose were positively correlated with
redox potential. On the other hand, alpha-muricholic acid glucoside and
furocoumarinic  acid  glucoside  were  negatively  correlated  with  T-AOC
(Fig. 4m). 

Alleviation of diarrhea by FA supplementation in a
diarrhea model
During  the  balance  period  (days  0−7),  FA  failed  to  show  a  weight  gain
advantage due to the limited intervention time (Fig. 5a & b). The FAMg

group did not exhibit a significant increase in body weight compared to
the ConMg group on both days 17 and 24 (Fig. 5a; p > 0.05). There was
no significant difference in water intake among all groups throughout the
experiment  (Fig.  5c & d; p >  0.05).  While  the  diarrhea  index  was
consistently  maintained  at  a  low  level  and  was  significantly  reduced  on
days 13 and 14 in the FA group (Fig. 5e & f; p < 0.05). The diarrhea index
gradually declined to zero on days 18 to 24 following the cessation of the
diarrhea model. On day 7, FA significantly reduced redox potential (Fig.
5g; p < 0.05). The redox potential of the FA group also remained at a low
level  during  the  diarrhea  period  (days  8-17)  and  decreased  significantly
on  days  13,  14,  16,  and  17  (Fig.  5h; p <  0.05).  Furthermore,  FA
demonstrated  its  ability  to  sustain  a  lower  redox  potential  during  the
recovery  period  (Fig.  5i).  The  correlation  analysis  indicated  that  redox
potential  was  positively  correlated  with  the  diarrhea  index  (Fig.  5j;  R  =
0.6976; p = 0.0006). 
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Fig. 1    Comparison of regulating redox potential ability of different antioxidants. (a), (b) The DPPH and ABTS clearance of different kinds of antioxidants in
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Effects of FA on fecal microbiota in diarrhea model
FA had no significant effect on the α-diversity (Chao1 and ACE indices)
on day 7 (Fig. 6a & c; p > 0.05). However, the Chao1 and ACE indices in

FAMg  group  increased  significantly  compared  with  ConMg  on  day  17
(Fig. 6b & d; p < 0.05). Furthermore, from the structural composition of
the  microbiota  (Fig.  6e),  FA had no significant  effect  on Firmicutes  but
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Fig. 3    Effects of FA supplementation on intestinal metabolism of rats. (a), (c) The volcano plot displays the distribution of differentially expressed metabolites
of ileal and colonic digesta. Fold change (FC) was calculated by comparing with the Con group. Metabolites over the dashed line have a significant difference (p
< 0.05, VIP > 1 and FC < 1). The red dots represent significantly up-regulated differential metabolites (p < 0.05, VIP > 1 and FC > 1), while the blue dots indicate
significantly down-regulated differential metabolites (p < 0.05, VIP > 1 and FC < 1). (b), (d) Lolipopmaps of ileal and colonic digesta showing metabolites and
their log2 (FoldChange) values. Red font indicates antioxidant; blue font indicates oxidant. An asterisk indicates the significance of differential metabolism (*
indicates significance < 0.05, > 0.01; ** indicates significance < 0.01, > 0.001; *** indicates significance < 0.001, > 0.0001; **** means significance < 0.0001), and
the  dot  size  is  determined  by  the  VIP  value.  (e),  (f)  Statistical  analysises  of  redox  metabolites  in  ileal  and  colonic  digesta.  (g),  (h)  Differential  expression
analysises of D-Fructose in ileal and colonic digesta. (i), (j) KEGG pathway enrichment analysis on the differential metabolites identified in the ileum and colon.
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increased  the  abundance  of  Actinobacteriota  on  day  7  (p <  0.05).
However, on day 17, the abundances of Firmicutes in ConMg and FAMg
groups  were  significantly  decreased  compared to  Con group (p <  0.05).
Conversely,  Bacteroidota  expanded  significantly  in  the  ConMg  group
compared to the Con group on day 17 (Fig. 6f; p < 0.05).

At  the  genus  level,  the  abundances  of Lachnospiraceae_NK4A136_
group,  Helicobacter,  Eubacterium  siraeum group,  and Eubacterium

xylanophilum group  were  decreased  significantly  in  the  FA  group
(Fig.  7a; p <  0.05).  During  day  17,  both  FAMg  and  ConMg  signifi-
cantly  increased  the  abundance  of Bacteroides, while  decreasing  the
abundance  of Lachnospiraceae_NK4A136_group, Lactobacillus, and
Limosilactobacillus (p < 0.05). Importantly, FAMg showed an ability to
significantly increase Blautia abundance compared to ConMg (Fig. 7b;
p <  0.05).  During day 24,  FAMg significantly  reduced the  abundance
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Fig. 6    Effects of FA on fecal microbiota at defferent periods of rats. (a), (c) Dynamic changes of Chao 1 and ACE indexes in each group of diarrhea model. (b),
(d) Comparison of the change of Chao 1 and ACE indexes in the balance, diarrhea and recovery periods.  (e) Composition of fecal microbiota at the phylum
level. (f) Statistical analysis of abundances of Firmicutes, Bacteroidota and Actinobacteria in different periods.

Ferulic acid alleviates chronic Mg-induced diarrhea  

Feng et al. Animal Advances  2024, 1: e004   9



of Bifidobacterium,  Flavonifractor and Ruminococcus  torques group
compared  to  ConMg  (Fig.  7c; p <  0.05).  The  presence  of  numerous
bacterial  genera  was  identified  at  the  genus  level,  followed  by  the
prediction of influential variables using a random forest model. GCA-
900066575  and Lachnospiraceae_NK4A136_group in  the  database

displayed a  higher  value of  contribution to enhance the redox poten-
tial  and  had  a  significant  positive  correlation  with  redox  potential
(Fig. 7d & e). Moreover, Negativibacillus, Adlercreutzia, UCG.005, and
Ralstonia contributed substantially to reducing the redox potential.
 

  a

b

e

Con7d

Lachnospiraceae NK4A136 group
Helicobacter

Eubacterium siraeum group
Eubacterium xylanophilum group

Aerococcus
Corynebacterium

FA7d

0 5 10
Mean proportion Difference in mean proportions

15 0 10 20 30

0.0086
0.0411
0.0181
0.0043
0.0259
0.0259

Bacteroides

Lachnospiraceae
NK4A136 group

Barnesiella

Lactobacillus

Blautia

Limosilactobacillus Parabacteroides

Lachnoclostridium

R
el

at
iv

e 
ab

un
da

nc
e 

(%
)

Con
17

d

Con
Mg1

7d

FA
Mg1

7d

Con
17

d

Con
Mg1

7d

FA
Mg1

7d

Con
17

d

Con
Mg1

7d

FA
Mg1

7d

Con
17

d

Con
Mg1

7d

FA
Mg1

7d

14,0000

12,000

10,000

8,000

6,000

4,000

2,000

0

0.10

G
C

A-
90

00
66

57
5

La
ch

no
sp

ira
ce

ae
 N

K4
A1

36
 g

ro
up

20

15

10

5

0

−5

0.05

0.00

−0.05

−400 −300 −200
Redox potential (mV)

−100

−400 −300 −200
Redox potential (mV)

−100

d

c
ConMg24d
FAMg24d

Bifidobacterium
Flavonifractor

Ruminococcus torques group

0.0411

0.0086

0.0294

0.0 0.5 1.0
Mean proportion Difference in mean proportions

1.5 0 1 2

r = 0.7887
p = 0.0001

r = 0.6451
p = 0.0038

Fig. 7    Effects of FA on fecal microbiota at genus level by regulating redox potential. (a) Differential microbiota was analyzed using the Wilcoxon test in the
balance period. (b) Statistical analysis on the top eight microbiota in the diarrhea period. Different letters on the column indicate significant differences, while
the same letters indicate non-significant differences. (c) Differential microbiota was analyzed using the Wilcoxon test in the recovery period. (d) Significantly
different microbiota was ranked in descending order of importance to redox potential prediction using random forest regression. (e) The correlation between
GCA-900066575, Lachnospiraceae_NK4A136_group and  redox  potential.  The  random  forest  regression  was  calculated  using  the  hmisc  R  package  (v.4.5.0).
Pearman's rho with asymptotic measure-specific P value between microbiota and redox potential and p < 0.05 was used to identify a significant correlation.

  Ferulic acid alleviates chronic Mg-induced diarrhea

10   Feng et al. Animal Advances  2024, 1: e004



Discussion
Diarrhea  is  a  major  global  health  problem.  Studies  have  reported  that
diarrhea  can  cause  a  series  of  disorders  such  as  malnutrition,  vitamin
deficiency, anemia, and reduced body resistance, which seriously damage
body health. Some studies have found that intestinal imbalance is one of
the  main  pathogenic  factors  of  diarrhea[20].  Notably,  in  our  previous
study[13], a significant increase in intestinal redox potential was observed
during diarrhea. Therefore, it is of great significance to reduce the redox
potential  by  regulating  the  intestinal  chemical  environment  to  promote
intestinal  microecological  stability  and  further  reduce  the  occurrence  of
diarrhea.  Thus,  in  the  current  experiment,  a  rat  model  of  diarrhea  was
established  to  investigate  the  potential  regulatory  effects  of  antioxidant
supplementation  on  the  intestinal  chemical  environment  to  reduce  the
occurrence of diarrhea. In this study, the findings demonstrated that fecal
administration  could  enhance  the  structure  of  redox  metabolites  in  rats
by  regulating  intestinal  microflora,  thereby  reducing  intestinal  redox
potential.  Furthermore, preventing bacterial overgrowth during diarrhea
expedited the reestablishment of intestinal microbiome composition and
function after diarrhea.

A fish study has found that the addition of antioxidants in vitro can
effectively  decrease  the  intestinal  redox  potential,  thereby  inhibiting
the  colonization  of  pathogens  in  the  intestine[11].  Any  substance  or
compound  that  scavenges  oxygen  free  radicals  or  inhibits  cellular
oxidation processes is considered an antioxidant[21]. Antioxidants play
a crucial role in human health by inhibiting or delaying adverse oxida-
tive reactions,  thereby preventing the development of  diseases associ-
ated  with  oxidative  stress[22].  However,  assessing  antioxidant  capacity
is  a  complex  task,  as  no  single  method  can  fully  capture  the  natural
reactions  occurring  in  the  body[23].  Various  methods  have  been
employed  to  evaluate  antioxidant  activity,  including  those  based  on
scavenging  stable  free  radicals  (such  as  DPPH,  ABTS,  and  FRAP)[24].
Although  both  DPPH  and  ABTS  methods  are  relatively  simple  and
feasible, their chemical properties limit their applicability in biological
environments. On the other hand, FRAP and ABTS methods demon-
strated good correlation and consistency in results[25].

Over  the  past  few  decades,  extensive  studies  have  been  conducted
on  the  antioxidant  activity  of  polyphenols.  Numerous  studies  have
been  published  demonstrating  their  protective  effects  against  various
diseases  caused  by  oxidative  stress,  including  neurodegenerative
diseases[26],  diabetes[27],  cardiovascuar  disease[28],  and  allergies[29].
Recent  investigations  have  also  unveiled  other  mechanisms  by  which
polyphenol  antioxidants  regulate  the  gut  microbiome[30].  However,
these  protective  effects  are  primarily  attributed  to  their  ability  to
directly  scavenge  free  radicals  such  as  oxygen  and  nitrogen  species,
which  is  dependent  on  the  presence  of  intramolecular  phenolic
hydroxyl  groups  that  generate  stable  phenoxyl  radicals  and  their
spatial arrangement i.e.,  electronic structure[31,32].  Polyphenol antioxi-
dants,  such  as  FA  and  resveratrol,  exhibited  significant  efficacy  in
reducing  redox  potential,  with  comparatively  higher  FRAP-based in
vitro antioxidant  activity.  The  association  between  FARP  and  redox
potential  was  assessed  according  to  Miliciac  et  al.[33],  and  the  results
demonstrated that the ratio of FA-induced changes in redox potential
to FRAP was the highest, indicating that FA had a significant effect on
reducing intestinal redox potential.

Further assessment of ileum and colonic digesta confirmed that FA
exhibited  superior  efficacy  in  reducing  redox  potential.  Intestinal
redox  potential  serves  as  a  crucial  internal  environmental  factor.  To
comprehend the effect  of  FA on intestinal  redox potential,  16S rRNA
gene sequencing analysis was conducted to investigate the dynamics of
microbial community reestablishment in rat feces across ileal,  colonic
digesta, and diarrhea models following FA treatment. In the absence of

diarrhea, FA supplementation did not significantly affect the α-diversity
of intestinal microbiota. Similarly, previous studies have reported that
although  FA  does  not  significantly  affect  the  α-diversity  of  intestinal
microbiota,  it  does  reshape  its  composition[34].  Furthermore,  the
present results demonstrate a significant alteration in the β-diversity of
intestinal  microbiota  induced  by  FA.  FA  supplementation  signifi-
cantly  reduced the abundance of Lachnospiraceae_NK4A136_group,  a
member  of  the  Lachnospiraceae  family,  while  increasing  the  preva-
lence of Christensenellaceae_R-7_group,  a  genus in the Christensenel-
laceae  family.  Lachnospiraceae  has  been  reported  to  be  effective
against  age-induced  oxidative  stress  and  inflammation[35],  whereas
Christensenellaceae_R-7_group is  considered  a  reliable  biomarker  for
overall health in organisms[36].

Metabolome sequencing of ileal colon contents was then utilized to
evaluate the impact of FA supplementation on intestinal redox status.
Gut  microbes  communicate  through  metabolites,  but  the  exact  effect
of  these  metabolites  on  gut  redox  potential  remains  largely  unex-
plored[37].  However,  the  redox  activity  exhibited  by  these  microbial
metabolites  directly  reflects  the redox state  of  the gut[38].  The present
findings  suggest  that  FA  supplementation  significantly  increases  the
proportion  of  reduced  metabolites  in  both  the  colon  and  ileum,
thereby  maintaining  a  lower  intestinal  redox  potential.  These  results
are  consistent  with  the  findings  of  previous  studies[39].  To  further
understand  the  changes  in  oxidative  and  reductive  metabolism,  the
analysis  of  KEGG  pathway  enrichment  of  differential  metabolites
demonstrated  that  the  differential  metabolites  were  predominantly
enriched in lipoic acid metabolism and pentose phosphate pathway, as
well  as  galactose  metabolism  and  amino  sugar  and  nucleotide  sugar
metabolism in the ileum. On the other hand, the differential  metabo-
lites  in  the  colon  were  significantly  enriched  in  metabolic  pathways
such  as  linoleic  acid  metabolism,  fructose  and  mannose  metabolism,
and taurine and hypotaurine metabolism. Furthermore,  they enhance
the  reductive  metabolism  in  the  intestine  by  increasing  intestinal
metabolism[40]. However, the causal effect of FA on host response and
reduced redox potential remains unclear, even though the reduced gut
redox  potential  has  been  associated  with  gut  microbiota  remodeling
and metabolite  changes  due  to  FA supplementation.  It  is  known that
intestinal redox potential is often influenced by host-related factors[41].
For  instance,  during  periods  of  stress,  intestinal  antioxidant  active
substances  are  significantly  reduced,  thereby  decreasing  intestinal
resistance[42].  This  study  focused  on  examining  the  correlation
between  FA  supplementation  and  antioxidant  status  as  well  as  redox
potential.  Additionally,  the  relationship  between  metabolites  and
redox  potential  was  investigated.  FA  supplementation  can  enhance
intestinal  antioxidant  activity  and  is  associated  with  intestinal  redox
potential.  Interestingly,  it  was  discovered  that  metabolites  linked  to
both redox potential  and total  antioxidant capacity in the gut did not
overlap,  suggesting  that  host-related  factors  were  not  primarily
responsible for reducing FA-induced redox potential.

In  the  case  of  diarrhea,  FAMg  slowed  down  the  decline  in  gut
microbiota  α-diversity  and  facilitated  a  faster  recovery  from  signifi-
cantly  reduced  levels  compared  to  ConMg.  To  investigate  the  exam-
ined process of the disrupted gut microbiome during diarrhea, both its
composition and function were examined[43].  The average abundance
of Lactobacillus and Limosilactobacillus in the FAMg group was more
similar to that in the Con group. Limosilactobacillus has been demon-
strated  to  have  a  potent  antioxidant  mechanism  against  oxidative
stress and its associated chronic ailments[44]. In the meantime, empiri-
cal  studies  have  demonstrated  that Limosilactobacillus can  effectively
mitigate the symptoms of diarrhea and colon inflammation induced by
antibiotics  and concurrently  facilitate  the  normal  expression of  colon
immune factors[45], indicating that the gut microflora can cascade with
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the  body's  immune  system  to  fight  against  the  disease  in  the  case  of
diarrhea. Importantly, FAMg demonstrated the ability to significantly
enhance Blautia abundance compared to ConMg. Studies have shown
that Blautia, one of the most prevalent and crucial acetogenic bacteria
in the gut, could alleviate depression and accelerate the progression of
breast cancer[46]. Consequently, a decrease in gut redox potential leads
to  an  increase  in  the  abundance  of  key  probiotics  in  the  gut  during
diarrhea.  To elucidate the microbial  contributors and their associated
functions  in  diarrhea  following  FA  supplementation,  the  bacterial
genera  responsible  for  redox  potential  regulation  was  identified.
Notably, Lachnospiraceae_NK4A136_group made  a  significantly
higher  contribution  to  redox  potential  regulation.  Interestingly,  the
abundance  of Lachnospiraceae_NK4A136_group was  found  to  be
markedly  reduced  in  the  FA-treated  group  during in  vivo screening
and  subsequent  recovery  period  after  diarrhea. Lachno-
spiraceae_NK4A136_group belongs to sporogenic anaerobic bacteria of
the  trichospirillaceae  family. Lachnospiraceae_NK4A136_group
produces  SCFAs  through  fermentation  of  dietary  polysaccharides,
which is negatively associated with a variety of metabolic diseases and
chronic  inflammation[47].  The  abundance  of Lachnospiraceae_
NK4A136_group was positively correlated with redox potential. There-
fore, Lachnospiraceae_NK4A136_group may  represent  a  bacterial
genus  that  potentially  regulates  the  redox  potential  in  the  intestinal
environment.  However,  the  important  role  of Lachnospiraceae_
NK4A136_group in regulating intestinal redox potential and its mech-
anism still needs to be further studied. 

Conclusions
In  summary,  the  present  study  demonstrated  that  FA  supplementation
reduced  diarrhea  by  decreasing  the  intestinal  redox  potential.  Further-
more,  it  has  been  observed  that  FA-regulated  gut  microbiota  and
metabolites  contributed  to  a  more  rapid  reduction  in  intestinal  redox
potential  and  enhanced  microbial  reductive  metabolism  in  rats  after
diarrhea. This study uncovered the potential of FA in alleviating diarrhea
and  highlights  the  interplay  between  FA-regulated  gut  microbiota  and
changes  in  redox  potential  during  post-diarrhea  processes.  The  present
findings  provide  novel  insights  into  the  mechanisms  by  which  FA
regulates  intestinal  redox  potential  and  identify  potential  strategies  for
mitigating diarrhea. 

Ethical statement
All procedures were reviewed and preapproved by the Animal Care and
Use  Committee  of  Nanjing  Agricultural  University,  identification
number:  SYXK2019-0066,  approval  date:  2023-05-09,  and  implemented
based on the standard of Experimental Animal Care and Use Guidelines
of  China,  identification  number:  EACUGC2018-01.  The  research
followed  the  'Replacement,  Reduction,  and  Refinement'  principles  to
minimize  harm  to  animals.  This  article  provides  details  on  the  housing
conditions, care, and pain management for the animals, ensuring that the
impact on the animals is minimized during the experiment. 

Author contributions
The authors confirm contribution to the paper as follows: data curation:
Feng N, You J, Wang D, Li L; formal analysis: Feng N, Wang D; writing -
original draft: Feng N, You J; writing - review: Feng N; writing - editing:
Feng  N,  You  J,  Su  Y,  Feng  X;  investigation:  You  J;  resources:  Xu  R;
validation:  Xu R,  Chen L;  conceptualization,  supervision:  Su  Y,  Feng X;
project  administration,  funding  acquisition:  Su  Y.  All  authors  reviewed
the results and approved the final version of the manuscript. 

Data availability
The  raw  data  of  16S  rRNA  gene  sequencing  in  the  study  have  been
deposited in the repository of the Sequence Read Archive,  with number
SUB14680623.  The  data  of  metabolome  analysis  have  been  included  as
part of the supplementary material.

Acknowledgments
This research was supported by the National Natural Science Foundation
of  China  (32272891)  and  the  National  Key  R&D  Program  of  China
(2022YFD1300402).

Conflict of interest
The  authors  declare  that  they  have  no  conflict  of  interest.  Lian  Li  and
Yong Su are the Editorial Board members of Animal Advances who were
blinded  from  reviewing  or  making  decisions  on  the  manuscript.  The
article was subject to the journal's standard procedures, with peer-review
handled  independently  of  these  Editorial  Board  members  and  the
research groups.

Supplementary  information accompanies  this  paper  at
(https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004)

References 

 Dong X,  Zhao D. 2023. Ferulic  acid  as  a  therapeutic  agent  in  depression:
Evidence  from  preclinical  studies. CNS  Neuroscience  &  Therapeutics
29:2397−412

1.

 Xiao Y, Cui J, Shi Y, Sun J, Wang Z, et al. 2010. Effects of duodenal redox
status on calcium absorption and related genes expression in high-fat diet-
fed mice. Nutrition (Burbank, Los Angeles County, Calif. ) 26:1188−1194

2.

 Neish  AS,  Jones  RM. 2014. Redox  signaling  mediates  symbiosis  between
the gut microbiota and the intestine. Gut Microbes 5:250−53

3.

 Rivera-Chávez F,  Lopez CA, Bäumler AJ. 2017. Oxygen as a driver of gut
dysbiosis. Free Radical Biology & Medicine 105:93−101

4.

 Kim M, Friesen L, Park J, Kim HM, Kim CH. 2018. Microbial metabolites,
short-chain  fatty  acids,  restrain  tissue  bacterial  load,  chronic  inflamma-
tion,  and  associated  cancer  in  the  colon  of  mice. European  Journal  of
Immunology 48:1235−47

5.

 Singh R,  Chandrashekharappa S,  Bodduluri  SR,  Baby BV,  Hegde B,  et  al.
2019. Enhancement  of  the  gut  barrier  integrity  by  a  microbial  metabolite
through the Nrf2 pathway. Nature Communicationsl 10:89

6.

 Safari Z, Gérard P. 2019. The links between the gut microbiome and non-
alcoholic  fatty  liver  disease  (NAFLD). Cellular  and  Molecular  Life
Sciences 76:1541−58

7.

 Chen JH, Zhao CL, Li YS, Yang YB, Luo JG, et al. 2023. Moutai Distiller’s
grains Polyphenol extracts and rutin alleviate DSS-induced colitis in mice:
Modulation of gut microbiota and intestinal barrier function (R2). Heliyon
9:e22186

8.

 Kang L, Li Q, Jing Y, Ren F, Li E, et al. 2024. Auricularia auricula anionic
polysaccharide nanoparticles for gastrointestinal delivery of Pinus koraien-
sis polyphenol  used  in  bone  protection  under  weightlessness. Molecules
29:245

9.

 Vaccaro A, Kaplan Dor Y, Nambara K, Pollina E, Lin C, et al. 2020. Sleep
Loss Can Cause Death through Accumulation of Reactive Oxygen Species
in the Gut. Cell 181:1307−1328.E15

10.

 Qi  X,  Zhang  Y,  Wang  G,  Ling  F. 2023. Gut  redox  potential  affects  host
susceptibility to pathogen infection. Aquaculture 574:739661

11.

 Chen Q,  Wang P,  Wang J,  Xu J,  Liu C,  et  al. 2022. Zinc Laurate  Protects
against Intestinal Barrier Dysfunction and Inflammation Induced by ETEC
in a Mice Model. Nutrients 15:54

12.

 Feng N, Xu R, Wang D, Li L, Su Y, et al. 2024. The fecal redox potential in
healthy and diarrheal  pigs  and their  correlation with microbiota. Antioxi-
dants 13:96

13.

 Zhou HB, Huang XY, Bi Z, Hu YH, Wang FQ, et al. 2021. Vitamin A with
L-ascorbic  acid  sodium  salt  improves  the  growth  performance,  immune
function and antioxidant capacity of weaned pigs. Animal 15:100−33

14.

  Ferulic acid alleviates chronic Mg-induced diarrhea

12   Feng et al. Animal Advances  2024, 1: e004

https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004
https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004
https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004
https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004
https://www.maxapress.com/article/doi/10.48130/animadv-0024-0004
https://doi.org/10.1111/cns.14265
https://doi.org/10.1016/j.nut.2009.11.021
https://doi.org/10.4161/gmic.27917
https://doi.org/10.1016/j.freeradbiomed.2016.09.022
https://doi.org/10.1002/eji.201747122
https://doi.org/10.1002/eji.201747122
https://doi.org/10.1038/s41467-018-07859-7
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.1016/j.heliyon.2023.e22186
https://doi.org/10.3390/molecules29010245
https://doi.org/10.1016/j.cell.2020.04.049
https://doi.org/10.1016/j.aquaculture.2023.739661
https://doi.org/10.3390/nu15010054
https://doi.org/10.3390/antiox13010096
https://doi.org/10.3390/antiox13010096
https://doi.org/10.1016/j.animal.2020.100133


 Chung WSF, Meijerink M, Zeuner B,  Holck J,  Louis P,  et  al. 2017. Prebi-
otic potential of pectin and pectic oligosaccharides to promote anti-inflam-
matory  commensal  bacteria  in  the  human  colon. FEMS  Microbiology
Ecology 93:fix127

15.

 Chen X, Zhang J, Li R, Zhang H, Sun Y, et al. 2022. Flos Puerariae-Semen
Hoveniae medicinal  pair  extract  ameliorates  DSS-induced  inflammatory
bowel  disease  through  regulating  MAPK  signaling  and  modulating  gut
microbiota composition. Frontiers in Pharmacology 13:1034031

16.

 Nossa CW, Oberdorf WE, Yang L, Aas JA, Paster BJ, et al. 2010. Design of
16S  rRNA  gene  primers  for  454  pyrosequencing  of  the  human  foregut
microbiome. World Journal of Gastroenterology 16:4135−44

17.

 Chao  A,  Bunge  J. 2002. Estimating  the  number  of  species  in  a  stochastic
abundance model. Biometrics 58:531−39

18.

 Hill  TCJ,  Walsh KA, Harris JA, Moffett  BF. 2003. Using ecological  diver-
sity  measures  with  bacterial  communities. FEMS  Microbiology  Ecology
43:1−11

19.

 Kurokawa  S,  Kishimoto  T,  Mizuno  S,  Masaoka  T,  Naganuma  M,  et  al.
2018. The  effect  of  fecal  microbiota  transplantation  on psychiatric  symp-
toms  among  patients  with  irritable  bowel  syndrome,  functional  diarrhea
and functional constipation: An open-label observational study. Journal of
Affective Disorders 235:506−512

20.

 Feillet-Coudray C, Sutra T, Fouret G, Ramos J, Wrutniak-Cabello C, et al.
2009. Oxidative stress in rats fed a high-fat high-sucrose diet and preven-
tive  effect  of  polyphenols:  Involvement  of  mitochondrial  and  NAD(P)H
oxidase systems. Free Radical Biology & Medicine 46:624−32

21.

 Apak  R,  Özyürek  M,  Güçlü  K,  Çapanoğlu  E. 2016. Antioxidant
Activity/Capacity Measurement. 1. Classification, Physicochemical Princi-
ples,  Mechanisms,  and  Electron  Transfer  (ET)-Based  Assays. Journal  of
Agricultural and Food Chemistry 64:997−1027

22.

 Siano  F,  Sammarco  AS,  Fierro  O,  Castaldo  D,  Caruso  T,  et  al. 2023.
Insights  into  the  Structure-Capacity  of  Food  Antioxidant  Compounds
Assessed Using Coulometry. Antioxidants 12:1963

23.

 Rumpf J, Burger R, Schulze M. 2023. Statistical evaluation of DPPH, ABTS,
FRAP,  and  Folin-Ciocalteu  assays  to  assess  the  antioxidant  capacity  of
lignins. International Journal of Biological Macromolecules 233:123470

24.

 Wootton-Beard  P,  Moran  A,  Ryan  L. 2011. Stability  of  the  total  antioxi-
dant  capacity  and  total  polyphenol  content  of  23  commercially  available
vegetable  juices  before  and  after in  vitro digestion  measured  by  FRAP,
DPPH, ABTS and Folin–Ciocalteu methods. Food Research International
44:217−24

25.

 Hor  SL,  Teoh  SL,  Lim  WL. 2020. Plant  polyphenols  as  neuroprotective
agents  in  Parkinson's  disease  targeting  oxidative  stress. Current  Drug
Targets 21:458−76

26.

 Pereira LD, Barbosa JMG, Ribeiro da Silva AJ, Ferri PH, Santos SC. 2017.
Polyphenol  and  ellagitannin  constituents  of  jabuticaba  (Myrciaria
cauliflora) and chemical variability at different stages of fruit development.
Journal of Agricultural and Food Chemistry 65:1209−19

27.

 Plaza  M,  Batista  ÂG,  Cazarin  CBB,  Sandahl  MS,  Turner  C,  et  al. 2016.
Characterization  of  antioxidant  polyphenols  from Myrciaria  jaboticaba
peel and their effects on glucose metabolism and antioxidant status: a pilot
clinical study. Food Chemistry 211:185−97

28.

 Rakha A, Umar N, Rabail R, Butt M, Kieliszek M, et al. 2022. Anti-inflam-
matory  and  anti-allergic  potential  of  dietary  flavonoids:  a  review.
Biomedicine & Pharmacotherapy 156:113945

29.

 Anhê  FF,  Roy  D,  Pilon  G,  Dudonné  S,  Matamoros  S,  et  al. 2015. A
polyphenol-rich  cranberry  extract  protects  from  diet-induced  obesity,
insulin  resistance  and  intestinal  inflammation  in  association  with
increased Akkermansia spp. population in the gut microbiota of mice. Gut
64:872−83

30.

 Yang  B,  Kotani  A,  Arai  K,  Kusu  F. 2001. Estimation  of  the  antioxidant
activities of flavonoids from their oxidation potentials. Analytical Sciences
17:599−604

31.

 Hotta H, Nagano S, Ueda M, Tsujino Y, Koyama J, et al. 2002. Higher radi-
cal  scavenging  activities  of  polyphenolic  antioxidants  can  be  ascribed  to

32.

chemical  reactions  following  their  oxidation. Biochimica  Et  Biophysica
Acta 1572:123−132
 Miličević A. 2019. The relationship between antioxidant activity, first elec-
trochemical oxidation potential, and spin population of flavonoid radicals.
Arhiv Za Higijenu Rada I Toksikologiju 70:134−39

33.

 Zhang N, Zhou J, Zhao L, Zhao Z, Wang S, et al. 2023. Ferulic acid supple-
mentation  alleviates  hyperuricemia  in  high-fructose/fat  diet-fed  rats via
promoting uric acid excretion and mediating the gut microbiota. Food &
Function 14:1710−25

34.

 Xu Y,  Yang Y,  Li  B,  Xie Y,  Shi  Y,  et  al. 2022. Dietary methionine restric-
tion improves gut microbiota composition and prevents cognitive impair-
ment in D-galactose-induced aging mice. Food & Function 13:12896−914

35.

 Cheng Y, Huang Y, Liu K, Pan S, Qin Z, et al. 2021. Cardamine hupingsha-
nensis aqueous  extract  improves  intestinal  redox  status  and  gut  micro-
biota in Se-deficient rats. Journal of  the Science of Food and Agriculture
101:989−96

36.

 Bell  HN,  Rebernick  RJ,  Goyert  J,  Singhal  R,  Kuljanin  M,  et  al. 2022.
Reuterin  in  the  healthy  gut  microbiome  suppresses  colorectal  cancer
growth through altering redox balance. Cancer Cell 40:185−200E6

37.

 Zhang J, Wang J, Ma Z, Fu Z, Zhao Y, et al. 2024. Enhanced antioxidative
capacity  transfer  between  sow  and  fetus  via  the  gut-placenta  axis  with
dietary  selenium yeast  and glycerol  monolaurate  supplementation  during
pregnancy. Antioxidants 13:141

38.

 Xu  R,  Li  Q,  Wang  H,  Su  Y,  Zhu  W. 2023. Reduction  of  Redox  Potential
Exerts  a  Key  Role  in  Modulating  Gut  Microbial  Taxa  and  Function  by
Dietary  Supplementation  of  Pectin  in  a  Pig  Model. Microbiology  Spec-
trum 11:e0328322

39.

 Morito  K,  Shimizu  R,  Kitamura  N,  Park  S,  Kishino  S,  et  al. 2019. Gut
microbial  metabolites  of  linoleic  acid  are  metabolized  by  accelerated
peroxisomal  β-oxidation  in  mammalian  cells. Biochimica  et  Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids 1864:1619−28

40.

 Circu  ML,  Aw  TY. 2012. Intestinal  redox  biology  and  oxidative  stress.
Seminars in Cell & Developmental Biology 23:729−37

41.

 Xie Y, Wang L, Sun H, Wang Y, Yang Z, et al. 2019. Immunomodulatory,
antioxidant and intestinal morphology-regulating activities of alfalfa poly-
saccharides  in  mice. International  Journal  of  Biological  Macromolecules
133:1107−14

42.

 Zha A, Tan B, Wang J, Qi M, Deng Y, et al. 2023. Dietary supplementation
modified  attapulgite  promote  intestinal  epithelial  barrier  and  regulate
intestinal  microbiota  composition  to  prevent  diarrhea  in  weaned  piglets.
International Immunopharmacology 117:109742

43.

 Paulino  do  Nascimento  LC,  Lacerda  DC,  Ferreira  DJS,  de  Souza  EL,  de
Brito Alves JL. 2022. Limosilactobacillus fermentum, current evidence on
the antioxidant properties and opportunities to be exploited as a probiotic
microorganism. Probiotics and Antimicrobial Proteins 14:960−79

44.

 Qu  Q,  Zhao  C,  Yang  C,  Zhou  Q,  Liu  X,  et  al. 2022. Limosilactobacillus
fermentum-fermented ginseng improved antibiotic-induced diarrhoea and
the  gut  microbiota  profiles  of  rats. Journal  of  Applied  Microbiology
133:3476−89

45.

 Sen P, Sherwin E, Sandhu K, Bastiaanssen TFS, Moloney GM, et al. 2022.
The  live  biotherapeutic  Blautia  stercoris  MRx0006  attenuates  social
deficits, repetitive behaviour, and anxiety-like behaviour in a mouse model
relevant to autism. Brain, Behavior, and Immunity 106:115−26

46.

 Ma H, Zhang B, Hu Y, Wang J,  Liu J,  et  al. 2019. Correlation Analysis of
Intestinal Redox State with the Gut Microbiota Reveals the Positive Inter-
vention of Tea Polyphenols on Hyperlipidemia in High Fat Diet Fed Mice.
Journal of Agricultural and Food Chemistry 67:7325−35

47.

Copyright:  ©  2024  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Nanjing

Agricultural  University.  This  article  is  an  open access  article  distributed
under Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

Ferulic acid alleviates chronic Mg-induced diarrhea  

Feng et al. Animal Advances  2024, 1: e004   13

https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.3389/fphar.2022.1034031
https://doi.org/10.3748/wjg.v16.i33.4135
https://doi.org/10.1111/j.0006-341X.2002.00531.x
https://doi.org/10.1111/j.1574-6941.2003.tb01040.x
https://doi.org/10.1016/j.jad.2018.04.038
https://doi.org/10.1016/j.jad.2018.04.038
https://doi.org/10.1016/j.freeradbiomed.2008.11.020
https://doi.org/10.1021/acs.jafc.5b04739
https://doi.org/10.1021/acs.jafc.5b04739
https://doi.org/10.3390/antiox12111963
https://doi.org/10.1016/j.ijbiomac.2023.123470
https://doi.org/10.1016/j.foodres.2010.10.033
https://doi.org/10.2174/1389450120666191017120505
https://doi.org/10.2174/1389450120666191017120505
https://doi.org/10.1021/acs.jafc.6b02929
https://doi.org/10.1016/j.foodchem.2016.04.142
https://doi.org/10.1016/j.biopha.2022.113945
https://doi.org/10.1136/gutjnl-2014-307142
https://doi.org/10.2116/analsci.17.599
https://doi.org/10.1016/S0304-4165(02)00285-4
https://doi.org/10.1016/S0304-4165(02)00285-4
https://doi.org/10.2478/aiht-2019-70-3290
https://doi.org/10.1039/d2fo03332a
https://doi.org/10.1039/d2fo03332a
https://doi.org/10.1039/d2fo03366f
https://doi.org/10.1002/jsfa.10707
https://doi.org/10.1016/j.ccell.2021.12.001
https://doi.org/10.3390/antiox13020141
https://doi.org/10.1128/spectrum.03283-22
https://doi.org/10.1128/spectrum.03283-22
https://doi.org/10.1128/spectrum.03283-22
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.bbalip.2019.07.010
https://doi.org/10.1016/j.semcdb.2012.03.014
https://doi.org/10.1016/j.ijbiomac.2019.04.144
https://doi.org/10.1016/j.intimp.2023.109742
https://doi.org/10.1007/s12602-022-09943-3
https://doi.org/10.1111/jam.15780
https://doi.org/10.1016/j.bbi.2022.08.007
https://doi.org/10.1021/acs.jafc.9b02211
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Evaluating of different antioxidants on regulating redox potential ability
	Antioxidant assays in vitro
	Intervention experiments of different antioxidants in vivo

	Rat diarrhea model induced with magnesium citrate
	Redox potential measurement
	Observation of diarrhea
	Determination of T-AOC, SOD, ROS, and MDA in intestine
	16S rRNA gene sequencing and processing
	Metabolome analysis
	Data calculation and statistical analyses

	Results
	Comparison of the ability of different antioxidants to reduce gut redox potential
	Effects of FA supplementation on gut microbiota in rats
	Effects of FA supplementation on metabolites in the gut of rats
	Improvement of intestinal antioxidant activity by FA supplementation
	Alleviation of diarrhea by FA supplementation in a diarrhea model
	Effects of FA on fecal microbiota in diarrhea model

	Discussion
	Conclusions
	Ethical statement
	Author contributions
	Data availability
	References

